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Mitochondrial uncoupling protein 3 blocks skin carcinogenesis and drives bulge 
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Supervisor:  Edward M. Mills 

 Malignant cells increase glycolysis and down regulate mitochondrial 

respiration for ATP production.  Mechanisms for respiratory impairment in cancerous 

cells and their importance for carcinogenesis are not well defined.  We found that 

expression of the respiration-inducing uncoupling protein 3 (UCP3) was normally 

expressed in murine skin and was greatly decreased in cutaneous malignancies.  To better 

understand the significance of UCP3 in epidermal biology and to test the importance of 

respiratory changes in cancer development, we generated hemizygous mice expressing a 

keratin-5 promoter-UCP3 transgene (K5-UCP3).  Compared to wild type, K5-UCP3 mice 

exhibited increased cutaneous mitochondrial respiration, had decreased mitochondrial 

membrane potential in isolated keratinocytes, and were completely resistant to 

chemically-induced skin carcinogenesis.  We showed that the mechanism of UCP3-

dependent cancer protection is most likely not due to increased intracellular heat 

production or ATP depletion in pre-cancerous cells.  Therefore, because hair follicle 

“bulge” stem cells (bSC) are K5+ and progenitors of cutaneous carcinomas, we 



viii 

hypothesized that K5-UCP3 animals were protected from skin carcinogenesis due to 

alterations in their bSC population.  Unlike WT, most (85%) hair follicle bulge regions in 

K5-UCP3 mice lost biochemical markers of quiescent bSC, but bSC functions were fully 

intact.  Supporting our hypothesis that increased skin turnover protected K5-UCP3 mice 

from skin cancer; we showed that basal keratinocyte cell cycling was increased 3% in 

K5-UCP3 skin compared to WT.  Moreover, the tumor promoter 12-O-

tetradecanoylphorbol-13-acetate (TPA) induced similar proliferative responses in both 

WT and K5-UCP3 skin, but the magnitude of TPA-induced skin thickening was greatly 

decreased in K5-UCP3 versus WT mice.   Together with microarray, histochemical and 

in vitro morphologic analyses showing that keratinocyte differentiation was sharply 

increased in K5-UCP3 skin, this implies that UCP3 may increase keratinocyte transit 

from stem to differentiated daughter cells.  Thus, the cancer resistance mechanism in K5-

UCP3 mice likely stems from UCP3-induced mitochondrial respiration, which promotes 

the differentiation and abrogates the tumorigenicity of progenitor keratinocytes.  This is 

the first demonstration in any context that UCP3 blocks carcinogenesis and promotes 

cellular differentiation.  These observations support Warburg’s contention that respiratory 

dysfunction promotes cancer development, and suggest that mitochondrial uncoupling 

may be a novel target for cancer prevention and treatment.     
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Chapter 1: Introduction 

1.1  Background 

‘Cancer’ is the term for diseases which are characterized by uncontrolled growth 

of abnormal cells and possible invasion of those cells into nearby tissues (National 

Cancer Institute).  Although most aspects of mammalian anatomy are susceptible to 

cancer and the severity of the disease is often dependent on the specific tissue or organ 

that it is affected, skin cancer is the most common type.  In the United States alone, 

cancer that forms in tissues of the skin accounts for about half of all reported cancers.  

Classification into various skin cancer types depends on the cell type within the skin 

organ in which the cancer originates.  For example, basal and squamous cell carcinomas 

are estimated to make up the 1 million new cases of non-melanoma skin cancers that will 

be detected in this country every year.  Because skin cancer statistics are not as routinely 

reported to cancer registries as other cancer types, it is further estimated that about 70-

80% of annually reported non-melanoma skin cancers are of the basal cell origin.  These 

skin cancers often develop on sun- and environmental-exposed areas of the body and, 

depending on cell type, can be both fast and slow growing but are rarely known to 

metastasize to other parts of the body.  If detected and treated early, these skin cancers 

are often completely curable.  It is estimated that about 2,000 deaths each year are 

attributed to non-melanoma skin cancers and most of these occur in the elderly or people 

with severely suppressed immune systems.  Another type of skin cancer is melanoma, a 

skin cancer that forms in the pigment producing melanocytes, which is often detected in 

skin areas which are well protected from harsh environmental factors.  Melanoma is the 

most dangerous skin cancer type although it only accounts for a small percentage of total 

skin cancers detected each year.  Estimated to account for about 8,000 per year, most 

deaths are attributed to melanoma as adequate treatment options are limited once this 

disease has metastasized to distant regions of the body (American Cancer Society, 2009). 
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Research to develop more efficient treatment options for skin cancers is necessary 

as surgical excision, radiation, and systemic chemotherapy options are the most standard 

procedures today (American Cancer Society, 2009).  More importantly, basic research 

into preventative treatments and practices which could potentially target all skin cancer 

types is needed.  Exploration of characteristics common to both basal and squamous 

carcinomas and melanomas that could be equally targeted in the pre-cancerous cells of 

each of these skin types would be beneficial.  As the term implies, preventative strategies 

must be aimed at the very early stages of cancer progression in an initiated cell, if not a 

completely normal cell.  Research to understand all of the multiple stages required for a 

normal cell to turn cancerous with preventative treatment approaches in mind are 

important.           

 

1.2  Cellular bioenergetics 

1.2.1  Normal, differentiated cell types 

 Cellular metabolism in a normal, differentiated, non-proliferating cell begins with 

the breakdown of food products into the basic protein, lipid and sugar components 

(Illustration 1.1).  Sugar, in the form of glucose, gets transported into the cell by the 

GLUT family of transporters (isoforms are specific to tissue type (Moreno-Sanchez et al, 

2007)) where it is converted to glucose-6-phosphate (G6P) by hexokinase (HK) in the 

first rate-limiting step of glycolysis.  G6P is either stored as glycogen or further broken 

down and modified through a series of steps resulting in the production of two pyruvate 

and two adenine-triphosphate (ATP) molecules per initial glucose metabolized.  Due to 

the inhibition of complete glycolysis (the conversion of glucose to lactate) by oxygen, a 

phenomena known as the Pasteur effect (Eigenbrodt & Grossmann, 1980), in non-

proliferating, differentiated cells lactate fermentation occurs only in the absence of 

oxygen.  Therefore, the pyruvate molecules are then shuttled into the mitochondrial 

matrix where they are broken down by pyruvate dehydrogenase (PDH) to form acetyl-

CoA instead of being converted to lactate and transported out of the cell entirely.    



Illustration 1.1  Bioenergetics:  normal, differentiated cell types.

In non-proliferating, more differentiated cells complete glycolysis to lactate fermen-
tation is often very low.  Under normal conditions, in which oxygen is readily avail-
able, beta-oxidation of fatty acids and glucose oxidation to pyruvate are both key 
pathways which supply substrates for the TCA cycle.  This cycling of glucose and 
fats which are obtained extracellularly produce the essential cofactors NADH and 
FADH2 which are utilized by the ETC and OXPHOS to produce mitochondrial ATP, 
the main source of energy for this cell type.  Because they are such important organ-
elles to normal cells, there are often numerous mitochondria per cell which are very 
mature in cristae structure.  The highly conserved PI3K/AKT/mTOR pathway, 
important for cellular biosynthesis, is often downregulated in this normal cell type 
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Similarly, free fatty acids are imported into a normal cell and broken down into their fatty 

acid components which are then further modified with a Co-A moiety by acyl-CoA 

synthetase (ACL).  The modified fatty acid is then transported into the mitochondrial 

matrix where it gets broken down in the β-oxidation pathway resulting in the production 

of acetyl-CoA.  Under adequate dietary conditions, de novo fatty acid synthesis is very 

low in a normal cell as all necessary lipids are derived from the diet (Kuhajda, 2000).  

 Normal cells do not proliferate autonomously and only enter the cell cycle when 

instructed to do so by growth factor signaling pathways such as the widely expressed and 

highly conserved phosphatidylinositol 3-kinase (P13K)/AKT/mammalian target of 

rapamycin (mTOR) pathway (Franke et al, 2003).  The P13K/AKT/mTOR pathway is a 

key pathway involved in increased metabolic activity necessary for the cellular 

biosynthesis of a proliferating cell.  In response to growth factor binding to a surface 

receptor, PI3K gets activated and phosphorylates phosphatidylinositol lipids located at 

the plasma membrane on the 3 position hydroxyl group of the inositol ring.  One result of 

this is the recruitment and/or activation of the serine/threonine kinases AKT and mTOR.  

In normal cells, activation of this pathway is tightly controlled by dephosphorylation of 

the phosphatidylinositol lipids by phosphatase and tensin homolog (PTEN) (Moreno-

Sanchez et al, 2007).  Glycolysis is also tightly regulated in normal cells and is only 

initiated under hypoxic conditions.   The hypoxia-inducible factor 1 (HIF-1) transcription 

factor complex is primarily responsible for coordinating a response to decreased oxygen 

availability by targeting genes encoding glycolytic enzymes, glucose transporters, and 

lactate dehydrogenase–A (LDH-A) (Gordan & Simon, 2007); (O'Rourke et al, 1996); 

(Semenza et al, 1994).  Expressed under the control of the PI3K/AKT/mTOR pathway, 

HIF-1α is a subunit required for HIF-1 activity (Jiang et al, 2001).  Under normoxic 

conditions, HIF-1α gets targeted for ubiquitination and degradation after posttranslational 

modification by prolyl hydroxylation which allows it to associate with the von Hippel-

Lindau (VHL) tumor suppressor.  During hypoxia, mitochondrial ROS inhibits prolyl 



5 

hydroxylation which stabilizes the HIF-1α protein as well as activity of the HIF-1 

complex (Guzy et al, 2005); (Moreno-Sanchez et al, 2007).    

 The tricarboxylic acid cycle (TCA cycle) cycle (Krebs or citric acid cycle) utilizes 

acetyl-CoA in a series of steps to produce the cofactors NADH and FADH2.  These 

cofactors deliver their electrons (e-) to the electron transport chain (ETC) (Illustration 

1.2) where they are transfered from complex I (e- from NADH) or complex II (e- from 

FADH2) to complex III with the aid of coenzyme Q.  From complex III the electrons get 

delivered to complex IV, with the assistance of the cytochrome c complex, where they 

combine with molecular oxygen to produce water in the mitochondrial matrix.  The 

passing of electrons leads to a conformational change in complexes I, III, and IV causing 

them to pump protons (H+) out of the mitochondrial matrix and into the inner membrane 

space forming a proton/pH electrochemical gradient which is usually kept at about -

220mV in a normal cell (Rottenberg, 1975).  Most importantly, 34 ATP molecules are 

produced by the utilization of this proton motive force by complex V, otherwise known at 

the F1F0 ATPase, in a process known as oxidative phosphorylation (OXPHOS).  

Homeostasis keeps ATP levels within a narrow, optimal concentration range of about 

4mM (Voet & Voet, 2004) in cells by “respiratory control”, wherein plentiful ATP (low 

ADP/ATP ratio) inhibits the ATPase. In turn, electron movement and therefore 

respiration slows, membrane potential is elevated, and production of superoxide (O2
-) 

anion increases due to the increased biophysical tendency of electrons to slip from 

complexes I and III toward the partial reduction of O2 during slow respiration.   

 Therefore, through glycolysis (glucose to pyruvate), the TCA cycle and OXPHOS 

one glucose molecule gives rise to 36 molecules of ATP in a normal cell.  Because the 

mitochondria are so essential for energy production, there are normally many 

mitochondrial per cell.  It has been estimated that there are about 83-677 mitochondrion 

per cell when virtual mitochondrial number was analyzed in five cell types from 4 

different mammalian species (Robin & Wong, 1988), while mitochondrial DNA content  



Illustration 1.2  The mitochondrial electron transport chain and OXPHOS.

The Krebs cycle (TCA cycle) utilizes acetyl-CoA in a series of steps to produce the 
cofactors NADH and FADH2.  These cofactors deliver their electrons (e-) to the 
electron transport chain (ETC) which pass those electrons from complex I (e- from 
NADH) or complex II (e- from FADH2) to complex III with the aid of coenzyme 
Q.  From complex III the electrons get delivered to complex IV, with the assistance 
of the cytochrome c complex, where they combine with molecular oxygen to pro-
duce water in the mitochondrial matrix.  The passing of electrons leads to a confor-
mational change in complexes I, III, and IV causing them to pump protons (H+) out 
of the mitochondrial matrix and into the inner membrane space forming a 
proton/pH electrochemical gradient.  Most importantly, about 34 ATP molecules 
are produced by the utilization of this proton motive force by complex V, otherwise 
known at the F1F0 ATPase, in a process known as oxidative phosphorylation 
(OXPHOS).  
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per mitochondria was constant in all cell types tested.   Within a living cell, mitochondria 

are constantly undergoing fission (division) and fusion; processes which are regulated by 

dedicated GTPases that reside on the mitochondrial membranes (Alberts et al, 2002).  It 

is believed that mitochondrial number is correlated with a cell’s metabolic activity level 

as it is the presence of the ETC in the inner mitochondrial membrane that is essential for 

respiration and the greatest ATP production.  Therefore, the mitochondria in normal, 

more differentiated cell types often have very mature cristae development and structure 

with an overall size in the range of 0.5-10µm (Campbell et al, 1999).   

1.2.1.1  Reactive oxygen species 

 During the process of aerobic metabolism and mitochondrial OXPHOS in a 

normal cell, the main function of molecular oxygen is to receive the electrons that flux 

across the ETC.  Although oxygen consumption and mitochondrial respiration are vital to 

adequate ATP production and survival of the cell, metabolic side products have been 

shown to cause damage leading to organismal aging and the development of several 

degenerative diseases (Balaban et al, 2005).  Of these, reactive oxygen species (ROS) are 

the most studied.  ROS species are formed when oxygen becomes partially reduced and 

includes the superoxide anion (O2
-), hydrogen peroxide (H2O2), and the hydroxyl radical 

(HO·-) (Illustration 1.3).   In vivo, O2
- is formed from both enzymatic and non-enzymatic 

sources.  Enzymatically,  O2
- originates from the NADPH-dependent enzymes NADPH 

oxidase (NOX) and nitric oxide synthase (NOS) located on the plasma membrane of a 

variety of cell types (Turrens, 2003), the peroxisomal proteolytic conversion of xanthine 

dehydrogenase to xanthine oxidase (Yokoyama et al, 1990); (Schrader & Fahimi, 2006), 

and the cytochrome P450-dependent oxygenases in the cytosol (Coon et al, 1992).  The 

main non-enzymatic source of O2
- is the mitochondria where electrons slip away from 

ubiquinone-binding sites in complexes I and III of the ETC.  Although the in vivo 

estimate is slightly decreased due to the exposure of different tissues to atmospheric 

oxygen, in vitro studies have estimated that 1-2% of the overall oxygen consumed by the  



Illustration 1.3  Reactive oxygen species in the cell:  production and destruction.

Antioxidant scavenging enzymes such as superoxide dismutase (SOD), catalase, glu-
tathione peroxidase (GP) and peroxiredoxin (Prx) are all essential in a cell’s redox 
regulation.  Conversion of supoxide (O2.) to hydrogen peroxide (H2O2) and eventu-
ally to water (H2O) are necessary to prevent the deleterious effects of these reactive 
oxygen species (ROS).  These aspects of redox regulation are found throughout the 
cell including the mitochondria, the cytosol, and the peroxisomes.  
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mitochondria gets converted to O2
- (Alvarez et al, 2003; Genova et al, 2001).  Increased 

O2
- formation by the mitochondrial respiratory chain is a result of increased oxygen 

concentration and slowing of electron flow through the ETC (Turrens et al, 1982).  

Alternatively, most H2O2 is the product of O2
- dismutation by the superoxide dismutase 

(SOD) enzymes, although it is also known to be independently produced in peroxisomes 

by β-oxidation of fatty acids and the enzymatic reactions of the flavin oxidases (Schrader 

& Fahimi, 2006).  Interestingly, in certain tissues, peroxisomal H2O2 production accounts 

for about 20% of total oxygen consumed by the cell and results in about 35% of all total 

H2O2 produced (Reddy & Mannaerts, 1994); (Boveris et al, 1972).  Finally, H2O2 is then 

partially reduced to OH·, one of the strongest and most destructive oxidants in nature, or 

completely reduced to water (H2O) by various antioxidant systems in a variety of cellular 

compartments (Turrens, 2003).  

 Antioxidant systems in various cellular compartments help keep the redox state of 

the cell and ROS levels in the mitochondria low enough to prevent most deleterious 

effects of excessive ROS.  Due to these antioxidant defenses, in the mitochondria steady 

state concentrations of O2
-  and H2O2 have been estimated to be about 10-10 M and 5x10-9 

M, respectively (Cadenas et al, 2000).  In the dismutase reaction of O2
- to H2O2, the 

superoxide dismutase (SOD) isozyme Mn-SOD is the first line of defense in the 

mitochondrial matrix while the Cu, Zn-SOD isozyme catalyzes this same reaction in the 

cytoplasm.  To deal with excess H2O2, the cell is equipped with multiple antioxidant 

systems that convert this ROS into water and oxygen.  To name a few, the enzyme 

catalase is primarily located in the peroxisomes, glutathione peroxidase is present in all 

cell compartments, thioredoxin systems are both in the cytoplasm and mitochondria, 

peroxiredoxin systems are found in the nucleus, cytoplasm and mitochondria, and there 

are many oxidase systems in the peroxisome including acyl-CoA and xanthine oxidases 

(Schrader & Fahimi, 2006).   
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 Although the cell, and mitochondria in particular, express a variety of defenses, 

including repair and the above mentioned antioxidant enzymes, it has been proposed that 

the continual oxidation and damage to cellular components such as proteins, lipids, DNA 

(Halliwell et al, 1999) and polysaccharides (Kaur & Halliwell, 1994) significantly 

contribute to the aging process (Sohal, 1993); (Ames, 1995) and development of chronic 

diseases.  ‘Oxidative stress’ is a term that refers to the continuous formation of and 

limited defense against extreme levels of ROS and has been speculated to be involved in 

the development of atherosclerosis, cancer, diabetes, Alzheimer’s disease, and many 

other diseases (Turrens, 2003); (Lambeth, 2007).  Alternatively, recent evidence shows 

that mitochondrial ROS may have a very important and specific role in many cell 

signaling processes including cell proliferation, migration, and differentiation (Rhee et al, 

2000); (Sundaresan et al, 1995).  An efficient signaling molecule must be able to 

reversibly modify signaling proteins and be able to readily access those target proteins.  

H2O2 is the most likely ROS involved in redox signaling as it is believed to be able to 

freely diffuse across membranes and/or be transported by aquaporins, diffusion-

facilitating channel proteins utilized by noncharged solutes, or changes in the membrane 

lipid composition (Bienert et al, 2006).  Conserved cysteine residues which exist as 

thiolate anions, possess a low pKa as a result of surrounding amino acids, and reside 

within the catalytic triad of a protein are most susceptible for oxidation by H2O2 (Rhee, 

2006) and are reversed by various mechanisms such as the thioredoxin antioxidant 

system.    

1.2.2  Most malignant, proliferating cell types 

 In most malignant, rapidly proliferating cells (Illustration 1.4) metabolism begins 

just as in normal, non-proliferating cells with the accumulation of basic protein, lipid and 

sugar components from consumed food.  Often there is an increase in glucose import into 

the cell as a result of increased GLUT mRNA and protein levels compared to non-

tumorigenic tissues (Medina & Owen, 2002); (Wood & Trayhurn, 2003);             



Illustration 1.4  Bioenergetics: most malignant, proliferating cell types.

Most malignant, proliferating cells rely heavily upon the complete oxidation of 
glucose to lactate for extra ATP required for increased biosynthesis of lipids, non-
essential amino acids, and nucleic acids.  Decreased shuttling of pyruvate into the 
TCA cycle and increased utilization of TCA intermediates for these biosynthetic 
pathways leads to decreased ETC activity and OXPHOS mitochondrial ATP pro-
duction.  It is suggested that this leads to increased ROS production in most malig-
nant cell types.  In addition, activity of the PI3K/AKT/mTOR pathway is often 
upregulated or constitutively on due to inactivating mutations in PTEN.  Even in 
the presence of oxygen, most malignant cells eventually become mitochondrially 
quiescent as evidenced by decreased mitochodnrial number per cell and immature 
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(Macheda et al, 2005), and overall GLUT activity is often 10-12 fold increased in tumor 

cells compared to normal cells (Christopher et al, 1976); (Lane et al, 1999).  Glucose 

degradation provides cells with the necessary biosynthetic intermediates needed for 

increased cellular proliferation; including but not excluding non-essential amino acid 

production, ribose sugars needed for nucleotide synthesis, and citrate and glycerol for 

lipid production necessary for membrane synthesis (Moreno-Sanchez et al, 2007).  

Because glycolysis is often at maximal capacity in these malignant cell types, and 

pyruvate oxidation in the mitochondria is a slower and more elaborate process, lactate 

production and fermentation are often increased as a mechanism to deal with excess 

pyruvate accumulation in the cellular cytoplasm.  In fact, a predictor of malignancy is 

high levels of lactate production from a cell (Walenta et al, 2000).  It has been shown that 

oncogenes such as C-MYC (Shim et al, 1997) upregulate lactate dehydrogenase–A (LDH-

A), the enzyme responsible for converting pyruvate to lactate, the latter of which can then 

be readily secreted from the cell.  In addition, pyruvate dehydrogenase (PDH), which is 

responsible for the entry of pyruvate into the TCA cycle, has recently been shown to be 

repressed in cancer cells and reactivation of PDH activity in xenografts and several solid 

tumor cell lines by dichloroacetate induces cell death (Bonnet et al, 2007).   

 The pyruvate that does get imported into the mitochondria fuels the TCA cycle in 

a delicate balance between cataplerosis (export of TCA intermediates for direct 

biosynthetic pathways) and anaplerosis (influx of TCA intermediates to keep fueling the 

biosynthetic pathways).  Even in the presence of molecular oxygen, the TCA cycle is 

primarily involved in feeding these biosynthetic pathways rather than driving the ETC 

and OXPHOS for energy production in this cell type.  Citrate, which is utilized for the 

synthesis of fatty acids and cholesterol, gets exported to the cytoplasm where it is cleaved 

by ATP citrate lyase (ACL) to acetyl-CoA.  The fatty acid synthase (FAS), which is 

commonly upregulated in a variety of human cancers independent of dietary fatty acid 

levels in the cell, combines acetyl-CoA with malonyl-CoA in the NADPH-dependent 

production of the fatty acid palmitate (Kuhajda, 2000).   Because the overall function of 
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the TCA cycle is impacted upon the export of citrate for lipid synthesis, it is often 

referred to as being “truncated” due to the relative decrease in the fraction of 

mitochondrial citrate that gets oxidized (Parlo & Coleman, 1984).  Also, α-ketoglutarate 

(α-KG) and oxaloacetate (OAA) are both directly exported to the cytoplasm or in the case 

of OAA produced from cytoplasmic citrate degradation, where they are both needed for 

the supply of intracellular pools of non-essential amino acids necessary for nucleotide 

and protein synthesis (Moreno-Sanchez et al, 2007).         

 Although minute compared to ATP production levels from OXPHOS, the 

glycolysis to lactate fermentation process produces a net gain to the tumor cell of two 

ATP per glucose molecule.  When this process occurs in the presence of adequate levels 

of oxygen, it is referred to as aerobic glycolysis.  Interestingly, even when molecular 

oxygen is present in the environment, although this is not the case in the hypoxic center 

of a solid tumor, OXPHOS ATP production is significantly decreased in most malignant 

cell types.  It is hypothesized that this is due to various reasons including opposing 

regulation and transcription of mitochondrial respiratory and glycolysis genes, which are 

decreased and increased respectively.  The rate of ATP synthesis from OXPHOS and 

glycolysis has been correlated to the degree of malignancy in tumor cells (Pedersen, 

1978).   

 Most tumor cells do not require extracellular stimulation to trigger intracellular 

signaling events and therefore exhibit metabolic independence.  Most of this autonomy 

can be attributed to deregulation of the P13K/AKT/mTOR pathway.  For example, 

common mutations are those which activate PI3K (Bachman et al, 2004), cease activity 

of the negative regulator PTEN (Ohgaki, 2005), or increase expression of nutrient 

transporters such as EGFR (Cappuzzo et al, 2005).  These all result in unregulated AKT 

kinase pathway activity which has been shown to enable cancer cells to increase aerobic 

glucose metabolism as well as protect them from apoptosis (Elstrom et al, 2004).  

Unregulated glycolysis under normoxic conditions (aerobic glycolysis) due to 
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constitutive altered expression of HIF-1 target genes (increased glycolytic and decreased 

OXPHOS enzymes (Cuezva et al, 2002)) is another example of metabolic autonomy in 

most tumor cells.  For example, stabilization of the HIF-1α protein due to mutations in 

fumarate reductase (FH) and succinate dehydrogenase (SDH) lead to interference with its 

prolyl hydroxylation due to the buildup of fumarate or succinate (Isaacs et al, 2005); 

(Selak et al, 2005).  Also, mutations in the VHL tumor suppressor (Moreno-Sanchez et al, 

2007) can contribute to increased HIF-1 activity.    

 Most malignant and rapidly proliferating cells have increased constitutive ROS 

stress (Pelicano et al, 2004) and it is believed that a majority of the production is 

mitochondrial derived.  Alternatively, recent evidence has linked overexpression or 

increased activity of the peroxisomal NADPH-oxidase enzymes with increased ROS 

production in certain tumor cell types.  Specifically, increased H2O2 levels from NOX 

enzymes have been shown to be involved in the formation of prostate cancer (Lim et al, 

2005), melanoma (Brar et al, 2002), and glioblastoma (Cheng et al, 2001) to name a few 

cancer types.  Also, mitochondrial number is correlated with a cell’s metabolic activity 

and utilization of OXPHOS as the main source of energy production (Campbell et al, 

1999).  It has been shown that rapidly growing tumors have fewer mitochondria which 

are smaller in size and less structurally mature compared to normal tissues (Pedersen, 

1978), data which correlates nicely with the observations that in most malignant cell 

types the mitochondria are often underutilized and the tumor cells tend to eventually 

become mitochondrially quiescent.    

1.2.3  Mitochondrial bioenergetics: normal vs. malignant cells 

 To further emphasize the importance of understanding and exploring cellular 

bioenergetics in cancer biology, a clear and concise comparison between differentiated 

and most malignant cells types will be explained.  Although some of these differences 

may have been previously mentioned, it is important to note that these two distinct cell 

types have completely opposite phenotypes in regards to the following five bioenergetic 
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characteristics:  1) glycolysis  /  lactate fermentation, 2) ROS production, 3) ETC 

function, 4) mitochondrial respiration, and 5) mitochondrial membrane potential (ΔΨm).  

Evidence in the literature supports the perturbation of each of these characteristics in 

various cancer types often due to mutations in genes commonly associated with 

malignancy. 

 First, aerobic glycolysis resulting in lactate fermentation for cellular ATP 

production is very low in normal, differentiated cells.  Alternatively, as previously 

explained, most malignant cell types rely heavily on this pathway for energy production 

to fuel their proliferating state as well as a way to survive independent of the 

mitochondria.  Kim et al. 2007 have shown that HIF-1 and the oncogene C-MYC work 

together to increase glycolysis and angiogenesis.  Specifically, these two transcription 

factors work together to induce genes responsible for the first step of glycolysis 

(hexokinase 2 (HK2)), the inactivation of pyruvate dehydrogenase (pyruvate 

dehydrogenase kinase 1 (PDK1)), and increased angiogenesis (vascular endothelial 

growth factor (VEGF)) (Kim et al, 2007).  Secondly, mitochondria are the main source of 

ROS production in a cell.  In a normal, differentiated cell various aspects of redox 

regulation keep the harmful effects of ROS low and preferentially utilize these species as 

signaling molecules.  On the other hand, it is observed that most malignant cell types 

have higher basal ROS levels (Pelicano et al, 2004) and the assumed advantages that this 

gives a cancer cell over other cell types are only speculated.  One explanation is that 

malignant cells could be using high ROS levels to activate and induce expression of 

oncogenes that are needed for further progression.  In support of this, Lu and Finkel have 

done quite a bit of work to show that ROS is important in activation of the oncogene Ras 

and that alternatively, Ras expression triggers a rise in ROS levels within a cell (Lu & 

Finkel, 2008).  Thirdly, under aerobic conditions where ATP is limiting, the ETC is fully 

functional in normal, differentiated cells.  This is often also the case in malignant cells.  

Although the ETC and OXPHOS may not be utilized for a majority of the ATP 

production, most malignant cells do not initially completely shut down all electron 
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transfer through the ETC and mitochondrial respiration.  Interestingly, one must wonder 

why certain cancers are then a direct result of mutations in proteins essential for proper 

ETC function.  Specifically, and previously described in detail, Neumann et al and 

Schiavi et al describe how point mutations in subunits B, C, and D of succinate 

dehydrogenase lead to respiratory defects in complex II of the ETC and mediate 

susceptibility to hereditary paragangliomas in humans (Neumann et al, 2004); (Schiavi et 

al, 2005).  Perhaps mutations such as these enable a malignant cell to immediately bypass 

initial mitochondrial involvement in the early stages of progression and quickly acquire 

mitochondrial independence.  Fourth, proper mitochondrial respiration is required for 

adequate ATP production in normal, differentiated cells.  As explained, most malignant 

cell types prefer not to rely on the presence of oxygen (which is often lacking in the 

hypoxic environment of a solid tumor core) for their energy production and therefore 

often keep mitochondrial respiration low.  Recently, Matoba et al. supported this 

difference between normal and malignant cells when they showed that p53, the most 

commonly mutated gene in cancers today, regulates mitochondrial respiration.  

Specifically, they showed that p53 directly transactivates Synthesis of Cytochrome c 

Oxidase 2 (SCO2) which is required for the proper assembly of the mitochondrial 

cytochrome c oxidase (COX) complex which in turn is the major site of cellular oxygen 

consumption (Matoba et al, 2006).  Lastly, the mitochondrial membrane potential (ΔΨm) 

established by the proton gradient between the mitochondrial inner membrane and matrix 

spaces is utilized by the ATPase for ATP production in a normal, differentiated cell.  In 

most malignant cell types, ATP production by this mechanism is often low as these cells 

rely more upon the glycolysis to lactate fermentation process for a majority of their 

energy production.  Therefore, although a detectable ΔΨm is always present in a living 

cell, it is considerably lower in normal cells compared to malignant cells which do not 

utilized that proton gradient to do work.  This idea, that a higher ΔΨm potential is 

important for the cancer phenotype, is supported by work by Heerdt et al. 2005.  This 

group showed that in sub-clonal populations of cells, with no biochemical differences 
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between them except basal membrane potential levels, those with the highest ΔΨm 

showed increased levels of an angiogenesis factor (VEGF), basement membrane invasion 

and proteins important for that process (Matrix metalloproteinase-7 MMP-7)), and a 

decreased response to chemoprevention agents (Heerdt et al, 2005). 

 These dramatic differences between normal, differentiated and malignant, 

proliferating cells highlight the importance of further investigations into this field of 

cellular bioenergetics in terms of cancer biology.  Independent analysis and further 

exploration of each of these five characteristics with regard to cancer progression is 

essential.   

1.3  Characteristics of cancer    

1.3.1  Cancer stem cell theory 

 The cancer stem cell theory is based on the observations that some normal adult 

stem cell characteristics, such as limitless replicative and multi-lineage potential, are 

important characteristics required for a normal cell to become malignant and give rise to 

heterogeneous, distant metastases (Reya et al, 2001).  It is believed that the self-renewal 

abilities and the slow-cycling nature of adult stem cells enable their physical presence in 

the body long enough for them to acquire any other necessary mutations to either a) then 

themselves become cancerous, or b) give rise to daughter cells that are then a few 

mutations closer to becoming malignant.  These ideas are the basis for the scientific 

urgency to identify and understand the mechanisms by which stem cells operate in the 

hopes that cancer stem cells can be more efficiently targeted and regulated.     

 In support of this theory, research in skin tumor development which often uses a 

two-stage chemical model of mouse skin carcinogenesis, provides evidence that skin 

stem cells may be the targets of the carcinogen initiation.  When these pre-cancerous 

stem cells are then exposed to a tumor promoting agent, they then undergo expansion and 

give rise to benign papillomas and eventually carcinomas.  In this model, data showing 



18 

that promotion of carcinogen-treated mice can be delayed up to one year without a 

significant effect on tumor yield (Morris, 2000), that carcinogen-retaining cells have cell 

kinetic features consistent with slow-cycling cells (LRCs) (Lavker et al, 1993), that 

quiescent cells rather than cycling cells are the targets of skin carcinogenesis (Morris et 

al, 1997), and that papillomas arise from interfollicular epidermis (IFE) and within the 

hair follicle while carcinomas only arise from bulge stem cells (Morris et al, 2000) all 

support the idea that it is the most pluripotent stem cell population in the adult skin that 

gives rise to the cancer cells. 

1.3.2  Hallmarks of cancer 

 In 2000, Hanahan and Weinberg set out to explain what they believed to be six 

characteristics common to most, if not all, cancer cell genotypes.  These “hallmarks of 

cancer” are 1) insensitivity to growth-inhibitory (antigrowth) signals, 2) self-sufficiency 

in growth signals, 3) limitless replicative potential, 4) evasion of programmed cell death 

(apoptosis), 5) sustained angiogenesis, and 6) tissue invasion and metastasis.  They 

hypothesized that a normal, more differentiated cell type must acquire these same six 

traits in order to progress through the multistage tumorigenesis process before becoming 

a highly malignant cell.  Because of the large variety of types of cancer and the subtypes 

within each category, these authors explain that there is often great variability in the 

mechanism and order in which these hallmarks are obtained and they emphasize that the 

number of steps required to obtain all six characteristics may be different due to 

differences in genetic stability between cancer types (Hanahan & Weinberg, 2000).  

 A few years later, in a strong and cohesive argument, Trosko et al. 2004 brought 

together these six “hallmarks of cancer” with the cancer stem cell theory which was 

gaining momentum as evidence accumulated in various cancer organ models with 

identifiable adult stem cell populations.  It was pointed out that the cancer stem cell 

theory is based on the assumption that it is the stem and early progenitor cells, which are 

by nature “immortal”, rather than the more differentiated, “mortal” cells hypothesized by 
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Hanahan and Weinberg, that are the targets of cancer initiation.  The contradiction 

between hypotheses lies in what is believed to be the initiating step or first hallmark of 

carcinogenesis; to prevent the differentiation or “mortalization” of a stem cell (Trosko et 

al. 2004 and the cancer stem cell theory) or to cause the “immortalization” of a normal 

cell (Hanahan and Weinberg).  Although gap junctional intercellular communication 

(GJIC) is increased in cancer and suggested in this review by Trosko et al. 2004 to be an 

additional hallmark, the originally proposed characteristics necessary for malignant 

transformation are indeed supported (Trosko et al, 2004).  It is not unlikely that as cancer 

is seen more and more as a problem involving a heterogeneous mixture of cell types, 

rather than a cell autonomous issue as it is portrayed in most in vitro studies with various 

cancer cell lines, additional “hallmarks of cancer” will be discovered and explained.           

1.3.2  The Warburg effect 

 In the early 1930’s, what is now known as the “Warburg effect” was hypothesized 

by the work of Nobel laureate Otto Warburg.  He observed that rapidly growing cancer 

cells metabolically switch their main ATP production away from mitochondrial oxidative 

phosphorylation (OXPHOS), resulting in decreased respiration, and towards the more 

inefficient glycolysis pathway.  Warburg hypothesized that this shift was in response to 

an energy deficiency in the cell as a result of irreversible damage to mitochondrial 

function and was the cause of most cancers (Warburg, 1956b).  Today, because this 

metabolic switch is a common characteristic of most cancers it is the basis for the 

common cancer detection method [F18] fluorodeoxyglucose positron emission 

tomography (FDG-PET) (Pauwels et al, 2000). It is estimated that most (>90%) 

metastatic tumors are extremely glycolytic and that most cancer types (>90%) are 

accurately detected using this method (Czernin & Phelps, 2002).     

 Of current debate is whether cells require this metabolic switch to become 

malignant or if this is one of many metabolic adaptations that cancer cells use for their 

protection, growth, and survival (Hanahan & Weinberg, 2000; Pedersen, 2007).  Equally 
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important points of contention, each supported by strong evidence, are whether this 

metabolic switch is caused by mitochondrial-specific defects (as Warburg hypothesized), 

results from mutations in cytoplasmic signaling pathways involved in nutrient uptake, or 

is an adaptive mechanism to deal with the energy burden on the tumor cell resulting from 

increased proliferation.  In most malignant cells the TCA cycle is fully functional and 

opposite to Warburg’s hypothesis, aerobic glycolysis is not a result of mitochondrial 

derangement.  Alternatively, the degree of oxidative phosphorylation deficiency has been 

linked to malignant severity and specific mutations in proteins essential for successful 

OXPHOS are responsible for certain types of cancers.  For example, familial 

paragangliomas are caused by specific mutations in succinate dehydrogenase (SDH) 

subunits B, C, and D (Favier et al, 2005); (Astuti et al, 2003); (Niemann & Muller, 2000) 

and pheochromocytomas (Gimm et al, 2000) are due to mutations in SDHB and SDHD; 

all of which lead to inactivation of this mitochondrial electron transport chain (ETC) and 

tricarboxylic acid (TCA) cycle enzyme.  Similarly, mutations in fumarate hydratase (FH) 

are known to cause dominantly inherited uterine fibroids, papillary renal cell cancer, and 

skin leiomyomata (Tomlinson et al, 2002).    

 Also, as previously mentioned, unregulated PI3K/AKT/mTOR kinase pathway 

activity has been shown to aid cancer cells in increasing aerobic glucose metabolism and 

protect them from apoptosis (Elstrom et al, 2004).  By either mechanism, cancer cells 

acquire energetic autonomy independent of mitochondria which may explain why rapidly 

growing tumors have fewer mitochondria which are smaller in size and less structurally 

mature compared to normal tissues (Pedersen, 1978).  Also, many cancers show 

increased hypoxia-inducible factor 1 (HIF-1) mediated expression of glycolytic enzymes 

and decreased OXPHOS enzymes (Cuezva et al, 2002).  Independence from the oxygen 

requirement of mitochondrial-based energy production can be interpreted as a cancer 

cell’s survival mechanism as mitochondria are key players in intrinsic programmed cell 

death (apoptosis).  Also, the function of these organelles partially dependent upon oxygen 

consumption (respiration) and adaptation to the hypoxic environment typical of many 
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solid tumors is necessary for growth advancement over normal cells.  Lastly, because 

most TCA cycle intermediates are exported from the mitochondria for utilization in 

biosynthetic pathways including non-essential amino acid production necessary for new 

proteins, lipid synthesis for new membranes, and ribose sugar production for nucleotide 

synthesis; it makes sense to hypothesize that aerobic glycolysis would be increased in a 

proliferating tumor cell to deal with the energetic demand imposed by these processes.   

 Based on this “Warburg effect” and the cancer stem cell theory, metabolic 

comparisons of stem cells and cancer cells gained momentum in the early 2000’s when a 

detailed characterization of mitochondrial oxygen consuming reactions in hematopoietic 

stem cells (HSCs) was completed.  As a result of intense biochemistry, CD34+ 

hematopoietic stem cells (HSCs) were qualified as a poor oxidative phosphorylating cell 

type because they displayed a low amount of mitochondrial respiratory chain complexes, 

had a poor content of mitochondrial cytochromes, and had a low oxygen consumption 

rate (Piccoli et al, 2005).  More recently, one of the most commonly mutated genes in 

cancer, the tumor suppressor p53, was shown to regulate the balance between a cell’s use 

of glycolytic and respiratory pathways (Matoba et al, 2006).  Also, it was recently 

demonstrated that ~50 mitochondrial respiratory genes were significantly downregulated 

in follicular bulge stem cells of the adult skin compared to their differentiated 

counterparts (Trempus et al, 2007).  Needless to say, no conclusive cause for the 

“Warburg effect” will be determined until scientists can find a way to clearly analyze 

mitochondrial respiration and cytosolic glycolysis independent of one another within the 

context of stem cells and cancer cells. 

1.4  Mitochondrial respiratory efficiency 

 The efficiency of OXPHOS and substrate oxidation in terms of number of ATP 

molecules produced for each oxygen molecule consumed (also known as the P/O ratio) 

has been investigated and debated for decades.  More specifically, the precise number of 

protons pumped from the mitochondrial matrix into the inner membrane space for each 
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oxygen molecule consumed (also known as the H+/O ratio) and the number of protons 

that must flow back into the mitochondrial matrix for each ATP molecule produced 

(known as the H+/ATP ratio) is constantly changing as more is discovered about the 

biochemistry of the various components involved in these processes.  Today, evidence 

suggests that the H+/O ratio is 10 for the ETC, from NADH to oxygen, and that the 

overall H+/ATP of mammalian mitochondria is 13/3 or more specifically 4.33.  

Interestingly, using these ratios, the oxidation of glucose may produce as little as 29 ATP 

molecules, a value considerable lower than the 38 molecules as previously suspected 

(Brand, 2005).  For a long time in this field of bioenergetics and biochemistry it has been 

accepted that the P/O ratio is 3, but it is not uncommon for that ratio to decrease based on 

incomplete coupling of the mitochondrial membrane potential (ΔΨm) to ATP production 

(Brand, 2005). 

 Mitochondrial membranes are known to leak protons, thereby decreasing the 

proton gradient available for ATP production by the ATPase.  In the absence of ATP 

production, oxygen consumption drives a wasted steady-state cycle of proton pumping 

and proton leak across the inner mitochondrial membrane (Brand, 2005).  This basal 

proton leak is suggested to be responsible for about 20-50% of the total cellular 

respiration rate in rodents (Rolfe et al, 1999); (Rolfe & Brand, 1996) and these values are 

relatively consistent across multiple species.  Based on these values, the coupling 

between mitochondrial respiration and ATP production (OXPHOS) is only about 50-80% 

efficient (Brand, 2005).   

 Although a small proportion of basal proton conductance can be attributed to 

diffusion across the mitochondrial membranes, the majority of basal proton conductance 

in mitochondria is due to the presence, rather than the activity, of the adenine nucleotide 

translocase (ANT) located in the membrane (Brand et al, 2005).  Alternatively, 

mitochondria also have an inducible proton conductance mediated through a family of 

uncoupling proteins (UCPs).  Studies using UCP-knockout mice (Esteves & Brand, 2005) 
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have supported the general hypothesis that these UCPs are not involved in the basal 

proton leak across membranes.  Alternatively,  their ability to alter proton leak in 

response to activators and inhibitors has been shown to be important for a variety of 

physiologically relevant mechanisms including, but not limited to, thermoregulation, 

redox regulation, aging, and disease progression (Brand, 2005).        

1.4.1  Mitochondrial uncoupling protein family 

 Uncoupling proteins (UCPs) are evolutionarily conserved nuclear encoded 

members of the mitochondrial solute carrier superfamily that regulate proton conductance 

across the inner mitochondrial membrane in a variety of tissues.  Proton conductance 

increases mitochondrial respiration by increasing the flux of electrons across the electron 

transport chain and the reduction of molecular oxygen to water in the mitochondrial 

matrix.  The archetypal UCP1, also known as thermogenin, was first discovered in the 

1970’s and is a 33kDa protein which is most abundant in brown adipose tissue (BAT) of 

rodents (mostly in the interscapular region) and infant humans.  Recent evidence suggests 

that UCP1 is also present in the adult human as BAT deposits have been identified in the 

neck, supreaclavicular, mediastinum, paravertebral and suprarenal areas (Nedergaard et 

al, 2007), as well as in mitochondria isolated from rat and mouse thymus (Carroll et al, 

2004); (Carroll et al, 2005); (Porter, 2006).  Extensive studies since thermogenin’s 

discovery have shown that by increasing metabolic flux, UCP1 leads to increased heat 

production in the mitochondrial matrix (Jacobsson et al, 1985) and thereby mediates non-

shivering thermogenesis in BAT.  Blood circulation to and from BAT ensures that the 

whole animal is kept warm under cold conditions (Brand, 2005); (Porter, 2008).  

Therefore, in response to cold, β- and α-adrenergic receptors on the surface of brown 

adipocytes are activated by the sympathetic nervous system (Cannon & Nedergaard, 

2004).  This leads to activation of protein kinase A and stimulation of hormone-sensitive 

lipase which then releases fatty acids into the cytoplasm by hydrolyzing intracellular 
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triacylglycerol stores.  These fatty acids then act as substrates for electron transport and 

also activate UCP1 mediated proton conductance (Brand, 2005); (Porter, 2008). 

 As previously mentioned, UCP-dependent proton leak is mediated by activators 

and inhibitors.  In addition to the ability of fatty acids to activate UCPs, superoxide (O2
-) 

is well established to play an important role in this process through direct covalent 

modification of these proteins (Echtay et al, 2003); (Esteves & Brand, 2005).  It is 

hypothesized that this occurs through 4-hydroxy-2-nonenals (4-HNE) which are 

byproducts of polyunsaturated fatty acids damaged by O2
- (Porter, 2008).  Also, recent 

evidence has shown that the proportion of serine 51 residues that are phosphorylated 

within the first domain of UCP1 is increased in cold-acclimated rats compared to room 

temperature controls (Carroll et al, 2008), suggesting that this posttranslational 

modification may be an important aspect of UCP1’s thermogenic response.  The 

significance of this phosphorylation event for other UCPs has yet to be elucidated.  On 

the other hand, inhibitors of UCPs (UCP1-3) include the nucleotides guanosine 

diphosphate (GDP) and adenosine diphosphate (ADP) (Echtay et al, 2003).  In regard to 

UCP1, which is suggested to have a tripartite structure, studies show that residues within 

the C terminus and third domain are required for purine nucleotide binding (Klingenberg 

et al, 1999). Importantly, more than 100-fold overexpression of uncoupling proteins can 

lead to unphysiologic and GDP-uninhibitable uncoupling of mitochondria resulting in 

metabolic catastrophe (Stuart et al, 2001).  Also, in the presence of ROS and fatty acids, 

UCP-induced mitochondrial uncoupling is not inhibited by physiological concentrations 

of ATP (Brand, 2005). 

 With regard to specific mechanisms by which UCPs actually uncouple the 

mitochondrial proton gradient, a few mechanisms have been hypothesized and supported 

for UCP1 but there is yet to be a conclusive answer.  One proposed mechanism is that 

UCPs act as a dimer which forms a pore or direct transporter for protons to move from 

the inner membrane space to the matrix space.  It is hypothesized that fatty acids act as 
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cofactors in this mechanism by binding to an intermembrane site within the UCP dimer 

and allowing the carboxyl group to help facilitate proton movement (Klingenberg & 

Huang, 1999).  Evidence in support of this model has been speculated as opposing results 

have been obtained by various groups with the use of liposomes and native reconstituted 

UCP1 (Breen et al, 2006).  The second proposed mechanism is often referred to as the 

“flippase” model.  This model hypothesized that independent of UCP1, protonated fatty 

acids flip across the inner mitochondrial membrane, get deprotonated in the 

mitochondrial matrix, and then get translocated back across the membrane into the inner 

membrane space by UCP1 acting as a “flippase” (Skulachev, 1991); reviewed in (Garlid 

et al, 2001).  In this model the uncoupling protein does not directly transport protons but 

facilitates the cycling of fatty acids which results in mitochondrial uncoupling (Porter, 

2008).  Supported by a variety of researchers, more evidence exists for this second model 

although there are still points of contention regarding the methodologies used and optical 

experiment designs to test the hypothesis.   

 Over the past decade, many researchers have been interested in the novel 

uncoupling proteins (UCP2-5) and their similarity to UCP1.  Of these, UCP2 and UCP3 

were first identified in 1997 and have the highest amino acid (a.a.) sequence homology to 

UCP1, 59% and 57% respectively (Fleury et al, 1997); (Vidal-Puig et al, 1997); (Boss et 

al, 1997), although their expression patterns are vastly different.  UCP2 is expressed 

ubiquitously (Fleury et al, 1997) while UCP3 is well established to be in adipose tissues, 

heart, and skeletal muscle (Vidal-Puig et al, 1997); (Clapham et al, 2000).  Most recently, 

UCP3 has been shown to be present in human pancreatic islets (Li et al, 2008) and human 

skin (Mori et al, 2008).  To date, no consensus exists as to the physiologic function of 

either of these two novel UCPs, namely because paralogous compensatory effects have 

likely masked observable phenotypes (Affourtit et al, 2007; Brand & Esteves, 2005).  As 

with UCP1, reconstitution of UCP2 and UCP3 into liposomes showed that these novel 

UCPs are also able to mediate proton flux across lipid bilayers (Jaburek et al, 1999).  

Similarly, it is believed that these UCPs also do not play a role in basal proton 
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conductance but rather mitigate mitochondrial proton leak in an inducible manner.  

Because respiratory stimulation by uncoupling decreases the generation of mitochondrial 

ROS (Esteves & Brand, 2005), and UCP1-3 can be activated by superoxide as previously 

mentioned, it has been argued that an important function of these novel, more widely 

distributed UCPs (UCP2, UCP3) is redox regulation.  In a positive feedback situtaion, 

these UCPs are activated by ROS but lead to decreased oxidant production from normal 

aerobic metabolism. Indeed, mice null for UCP2 (Arsenijevic et al, 2000); (Zhang et al, 

2001) and UCP3 (Cadenas et al, 2002) generate more ROS as a byproduct of higher 

mitochondrial coupling (slower mitochondrial respiration), are not obese when housed at 

23°C, and have normal adaptive thermogenesis in response to cold exposure (4-5°C).  

Other data suggests that UCP2 may be important in regulating insulin secretion and 

contribute to glucose-stimulated insulin secretion (GSIS) in type-2 diabetes (Anello et al, 

2005), whereas UCP3 may play an opposing role in glucose homeostasis (Li et al, 2008).  

UCP2 has also been implicated in regulating cellular oncosis in certain transformed cells 

(Mills et al, 2002) although the implications of this induced cell death are unknown.  In 

regard to UCP3, evidence suggests that it is important in fatty acid metabolism.  It is 

believed that UCP3 is involved with or directly exports nonesterified fatty acids from the 

mitochondrial matrix which may prevent lipotoxicity (Schrauwen et al, 2001) and 

facilitate β-oxidation and the TCA cycle by liberating coenzyme A (Himms-Hagen & 

Harper, 2001).  UCP3-deficient mice have few phenotypic abnormalities besides 

decreased muscle and brown fat proton leak indicative of UCP3 functioning similarly to 

UCP1 (Gong et al, 1997).  Interestingly, UCP3 null animals are resistant to the harmful, 

thermogenic effects of 3,4-methylenedioxymethamphetamine, the recreational drug 

ecstasy (Mills et al, 2003).  This evidence supports the role of UCP3 in skeletal muscle 

thermoregulation and heat production under certain pharmacological conditions, and 

warrants further investigation into the involvement of UCP3 in adaptive non-shivering 

thermogenesis.   Most recently discovered, UCP4 and UCP5 have the least sequence 

homology to UCP1 at ~34% and are mainly found in the nervous system (Mattson & Liu, 
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2003).  Not much is known about them physiologically, although there is evidence to 

suggest that UCP4 may actually be the most conserved of all of the UCPs as it is this 

homologue that is most similar to the only uncoupling protein family member in the 

nematode Caenorhabditis elegans (C.elegans).   

 In summary, all UCPs increase proton leak (via an as yet unidentified mechanism) 

across the inner mitochondrial membrane, which in turn lowers the mitochondrial 

membrane potential, increases electron transport, and drives oxygen consumption that is 

“uncoupled” (as they are so named) from ATP synthesis.  This UCP-dependent 

respiration is typically measured as that portion of overall mitochondrial respiration that 

is oligomycin-insensitive (ATPase independent) and GDP-inhibited (a well established 

physiological, albeit not exclusively specific, inhibitor of UCP1-3 (Echtay et al, 2003)).  

Because UCPs are not inhibited by increased ATP levels in the cell, they might be used 

as a tool to continually drive mitochondrial respiration in a cellular system.     

1.4.3  UCPs and cancer  

 Given that increased mitochondrial ROS production is implicated in the 

progression of all stages of cancer development, and a universal feature of malignancy 

that promotes growth and survival (Fischer et al, 1988; Pelicano et al, 2006; Wallace, 

2005), UCP-dependent antagonism of ROS production is consistent with a possible 

cancer suppressive function.  When ectopically expressed in mouse skeletal muscle (a 

tissue in which it is not normally found), UCP1 led to increased average lifespan and 

decreased age-related diseases including atherosclerosis and naturally occurring 

lymphomas (Gates et al, 2007).  Consistent with a potential tumor suppressor function of 

uncoupling proteins, researchers demonstrated enhanced chemically-induced colon 

carcinogenesis in UCP2-deficient mice (Derdak et al, 2006).  Modestly increased levels 

of UCP2 protein was shown to induce oncosis in certain transformed cells (Hela cells), 

but not normal fibroblasts (Mills et al, 2002), although inhibition of UCP2 has no effect 

on apoptotic stress in those cancer cells.  Alternatively, UCP2 is also reported to promote 



28 

chemoresistance in human colon cancer cells, to be induced in a variety of drug-resistant 

malignant cell types (Derdak et al, 2008), and to promote cell survival (Harper et al, 

2002a).  Recent evidence has also shown that leukemia cells co-cultured with bone 

marrow-derived mesenchymal stromal cells (MSC) show increased UCP2 expression, are 

more resistant to chemotherapy, show increased aerobic glycolysis (no change in glucose 

uptake but decreased entry of pyruvate into the Krebs cycle), and decreased ΔΨm.  

Interestingly though, these authors show that siRNA of UCP2 does not affect the ΔΨm in 

the leukemia cells and therefore they attribute the pro-survival effects of enhanced UCP2 

to a mitochondrial metabolic shift away from pyruvate oxidation (Samudio et al, 2008); 

(Samudio et al, 2009).  UCP3 on the other hand is linked in numerous clinical studies to 

human metabolism but to our knowledge no investigation has yet connected its 

involvement to tumorigenesis.  Moreover, in support of mitochondrial uncoupling having 

tumor suppressor implications, each of the UCP-driven effects on mitochondrial 

energetics is opposed to the corresponding bioenergetic respiratory phenotypes observed 

in malignant cancer cells which typically display increased respiratory coupling and 

membrane potential, decreased oxygen consumption, and increased ROS production as 

mentioned previously.    

1.5  Murine skin model 

 Murine skin is made up of both dermal and epidermal regions, the latter including 

the interfollicular epidermis (IFE), hair follicle (HF), and sebaceous glands (SG).  Most 

cells within the epidermis are referred to as keratinocytes because they contain either 

small (46-58kDa) or small and large (63-67kDa) keratin proteins depending on the skin 

layer (Fuchs & Green, 1980).  The epidermis is a stratified tissue that is anchored to the 

basement membrane by an undifferentiated, proliferating basal cell layer (BL) which is 

adjacent and biochemically similar to the hair follicle outer root sheath (ORS) (Tumbar et 

al, 2004).  Both the epithelium and the hair follicle are separated by basement membrane 

from the dermis (Alonso & Fuchs, 2006) (Illustration 1.5).   It is  



Illustration 1.5  Murine skin model.

Murine skin is made up of both dermal and epidermal regions, the latter including 
the interfollicular epidermis (IFE), hair follicle (HF), and sebaceous glands (SG).  
The epidermis is a stratified tissue that is anchored to the basement membrane 
(BM) by a proliferating basal cell layer.  IFE stem cells (SC) divide asymetrically 
to replenish this basal layer with transit amplifying (TA) cells.  Proliferation of TA 
cells generates more committed keratinocytes which differentiate  and move 
towards the outer skin surface.  The outermost protective layer of the skin is com-
posed of squames (Sq) which are dead, protein filled sacs that make up this corni-
fied epithelium.  
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hypothesized that in order to maintain both the differentiating and stem cell 

compartments of the skin, stem cells in the IFE give rise to two daughter cells; one 

transit-amplifying (TA) cell and another stem cell (Koster & Roop, 2005).  This is in 

accordance with the idea that stem cell populations in numerous systems are believed to 

periodically divide asymmetrically under normal, steady-state conditions   Although TA 

cells are mitotically active, they are only capable of dividing two to three times.  

Committed cells, resulting from basal TA cell division, will detach from the basement 

membrane and migrate outward to the skin surface as they differentiate.  Keratinocyte 

differentiation is a process that is in part calcium dependent and mediated by an internal 

Ca2+ gradient that forms in the epidermis.  Calcium levels are lowest at the basal cell 

layer and highest in the outermost layers of the skin (Menon et al, 1985).  Although 

mechanisms by which calcium helps to regulate differentiation in the skin are complex, in 

vitro evidence suggests that changes in calcium concentrations effect specialized proteins 

required for keratinocyte differentiation such as small proline-rich  proteins, filaggrin, 

involucrin, loricrin, and keratins at the transcriptional, and in certain cases post-

transcriptional, levels (Simon, 1994).  In regards to keratin proteins, basal keratinocyte 

differentiation is in part indicated by a switch from keratin K5 and K14 expression to 

keratin K1 and K10 (Fuchs & Green, 1980 H., 1980).  Towards the end of the terminal 

differentiation process the cells transition into a layer of dead, protein-filled sacs, called 

squames.  The cells in this layer acts as the final level of protection against environmental 

elements before sloughing off from the skin surface altogether (Alonso & Fuchs, 2003 E., 

2003).  This differentiation process from basal cell to squame takes about 10-14 days in 

mouse skin, whereas human skin has a slower turnover time. 

 The hair coat of a mammal is another mechanism by which the animals are kept 

dry, warm, and relatively protected from harsh elements.  The continual supply of new 

hairs is a process that occurs throughout the lifetime of the animals and is marked by 

three distinct phases; anagen (growth), catagen (regression), and telogen (rest) (Alonso & 

Fuchs, 2006).  Anagen is the active growth phase when a new hair fiber is produced.  
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Hair follicle morphogenesis begins in the mid gestation phase of embryogenesis and 

continues until postnatal day 14-16 (Hanif et al, 2009).  After this initial growth phase, 

the first catagen phase occurs between postnatal days 14-18 in dorsal skin from the 

midsection of the animal and lasts for approximately 3-4 days in mice.  Catagen is a 

period of controlled regression marked by significant apoptosis (programmed cell death) 

in the lower two-thirds of the hair follicle.  Next, the hair follicle enters telogen, a resting 

phase where it lies dormant.  The first telogen phase in mice begins at postnatal day 19 

and lasts only 1-2 days.  The second phase of the hair cycle then begins with another 

round of growth (anagen) at postnatal day 21-25 and originates in the bulge region where 

the stem cells necessary to seed this new growth reside.  It is marked by downward 

growth of the matrix region (bottom) of the hair follicle until the subcutis is reached.  

From this point the hair shaft begins to form and the bottom of the hair follicle continues 

to grow until it reaches the subcutaneous muscle layer at a 40˚ to the epidermis (Paus et 

al, 1999).  The hair follicle is then identified at postnatal day 35 in the second catagen 

phase and at postnatal day 42 in the second telogen phase which lasts for more than 2 

weeks.  At postnatal day 70 the cycle continues with another anagen phase (Alonso & 

Fuchs, 2006); (Hanif et al, 2009).       

 ‘Epidermal turnover’ is a term which refers to this continual regeneration process 

of the skin, beginning from stem cell populations in the epidermis, through the stages of 

epidermal proliferation and hair follicle cycling, epidermal differentiation, and ending 

with the sloughing of the squames.  There are important signaling cascades, specific to 

the skin, which influence each of these different stages and transitions.  In mouse skin, 

the canonical NOTCH1 pathway suppresses signaling by the WNT ligand and is essential 

for triggering cell cycle withdrawal and inducing differentiation in primary keratinocytes 

(Dotto, 2008).  Notch 1 has been shown to be a tumor suppressor in murine skin as the 

loss of the Notch 1 gene or its activity increases keratinocyte-derived tumor development 

(Nicolas et al, 2003).  In the adult epidermis there are both cells which have high self-

renewal potential (stem cells) and cells with high proliferative potential (basal 
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keratinocytes).  In both of these cell types, the transcription factor p63, a homologue of 

p53, suppresses Notch signaling (Dotto, 2008) to prevent differentiation and maintain the 

proliferative potential of these cells (Koster & Roop, 2004).  In normal, untreated skin it 

is estimated that the epidermal turnover process takes about 10-14 days in mice and about 

38-40 days in humans.  

1.5.1  Adult skin stem cells 

 In accordance with the idea that progenitor cell populations are quiescent and 

normally slow-cycling, undifferentiated cells capable of self-renewal (Morris & Potten, 

1999 C.S., 1999), there is evidence to suggest that there are multiple stem cell 

populations in the adult skin with varying degrees of multipotential.  Each population is 

hypothesized to play an essential role in the various functions of the skin including 

epidermal turnover, wound healing, and hair follicle cycling.  The most well 

characterized murine skin stem cell population is located in a well protected “niche” or 

bulge region midway down the hair follicle immediately beneath the sebaceous gland 

(Cotsarelis et al, 1990).  These bulge stem cells (bSC) are activated during the growth 

(anagen) phase of the normal hair cycle to generate a new hair follicle, are involved in 

sebaceous gland development, and contribute to regeneration of the interfollicular 

epidermis especially in response to epidermal wounding or hyperproliferative stimulation 

(Claudinot et al, 2005; Ito et al, 2005; Liu et al, 2003).  Also, evidence shows that this 

bSC population is the only carcinogen target capable of giving rise to a carcinoma 

(Morris, 2000).  Quantification of this bSC population in multiple genetic backgrounds 

based on the surface expression levels of CD34+ and α6-integrinbright is estimated to be 

about 7-9% of the basal cell population in murine adult skin (Trempus et al, 2003). 

However, it is still unclear if this bulge SC population maintains other stem cell 

populations in the adult skin.   

 Evidence suggests that as much as 10-12% of the murine basal layer (Alonso & 

Fuchs, 2003) consists of what is now referred to as IFE stem cells.  These cells can be 
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identified by CD71dim and α6-integrinbright surface protein levels (Tani et al, 2000), are 

hypothesized to be replenished by bSC in response to epidermal wounding, and can give 

rise to papillomas but not carcinomas in response to skin carcinogenesis regimens 

(Morris et al, 2000).  Adult epidermal Hoechst side population (SP) cells, named so by 

their ability to efflux Hoechst 33342, a potential trait of all stem cells first shown in the 

bone marrow (Goodell et al, 1996), have been shown to be a rare subset population of 

follicular and interfollicular enriched keratinocyte stem cells also marked by CD71dimα6-

integrinbright.  This progenitor population has been shown to be of keratinocyte origin 

based on the absence of CD45+ intraepithelial lymphocytes, Oil red O stained sebocytes, 

and c-kit+ melanocytes.  Combined with evidence that these epidermal SP cells are small 

(SSClow), basal epidermal cells (K14+), the fact that they are also CD34- confirms that 

they are an interfollicular epidermal stem cell population that does not originate from 

within the hair follicle and particularly from the bSC population (Redvers et al, 2006).  

Alternatively, a unipotent stem cell population, identified by expression of the 

transcription factor Blimp1, resides within or adjacent to the sebaceous gland (SG).  

These Blimp1+ cells appear to be necessary for SG homeostasis but this population does 

not appear to be maintained by the bSC population (Horsley et al, 2006).  Recently, the 

cell surface marker MTS24 was used to detect another progenitor population in the hair 

follicle that localizes between the sebaceous gland and hair follicle bulge region in mouse 

skin.  These cells are CD34- and K15- and have few LRCs within the population but 

showed increased colony growth characteristics in vitro (Nijhof et al, 2006).  It is 

hypothesized that MTS24+ cells may be involved in epidermal maintenance or repair 

supported by data showing the presence of MTS24+ cells in the interfollicular epidermis 

of hyperplastic skin (treated with the tumor promoter TPA), but not normal skin.  This 

suggests that these cells are recruited from the hair follicle into the interfollicular 

epidermis during tumor promotion (Trempus et al, 2007).   Stem cells of the melanocyte 

lineage, cells that produce and transfer the pigment melanin to hair, have been identified 

by their expression of the Dct gene which codes for the enzyme dopachrome tautomerase 
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(known also as TRP-2) and localized within the skin with the use of a Dct-lacZ reporter 

in transgenic mice.  Throughout the hair cycle these progenitor cells are always located in 

the lower permanent portion of the mouse hair follicle (Nishimura et al, 2002).  Lastly, 

using a panel of common hematopoietic stem cell (HSC) markers, a cell population in the 

dermis is marked by a Lin-Sca1+CD117-K14- expression profile and is involved in the 

adipocyte lineage responsible for producing the adipocyte layer beneath the lower dermis 

in the mouse skin (Meindl et al, 2006).    

 Decades of research has made possible the enrichment of what is believed to be 

the most pluripotent stem cell population in the adult murine skin, the bSCs.  

Identification and isolation of both fixed and live bSC from adult mouse hair follicles is 

of common practice today based on the identification of both intracellular (keratin-15) 

and extracellular (CD34, α6 and β1 integrin subunits) markers (Watt et al, 2006) of these 

cells.  K15 is expressed throughout the epidermis before day 20 (Liu et al, 2003) but 

specific to bulge-region hair follicle stem cells in the weaned, adult animal.   Although its 

function is dependent on the cell context (Trempus et al, 2007), the cell surface 

glycoprotein CD34 has long been used as a marker of mouse hematopoietic stem and 

progenitor cells (Krause et al, 1994) before its expression in mouse hair follicle bulge 

keratinocytes was discovered (Trempus et al, 2003) (Illustration 1.6).  In addition to 

discoveries such as the ability of stem cells to form large, distinct clonal colonies in 

culture (>32cells/colony) (Jones & Watt, 1993 F.M., 1993) and their ability to be induced 

to differentiate in vitro when cultured in high calcium (Ca2+) medium (Hennings et al, 

1980), these tools have enabled researchers to characterize and manipulate skin stem cells 

both in vitro and in vivo.   

1.6  Significance of studying metabolic regulation of cancer 

 Most malignant cells have a significantly altered bioenergetic phenotype 

compared to normal, differentiated cells.  First hypothesized by Warburg nearly 80 years 

ago (Warburg, 1956a), but not mentioned by Hanahan and Weinberg in 2000       



Illustration 1.6  Adult murine skin stem cell populations.

The bulge stem cell (bSC) population is believed to be the most pluripotent adult 
SC population in murine skin.  There is evidence to suggest the these bSC are 
involved in replenishing other adult SC populations in the skin such as those found 
in the epidermis (IFE SC) and sebaceous gland (SG SC).  Yet other SC populations 
do exist that are not hypothesized to originate from these bSC such as the side 
population SCs in the epidermis, the MTS24 positive SCs located between the SG 
and bulge regions of the hair follicle, the melanocyte SCs at the base of the hair 
follicle, and the adipocyte SCs located in the dermis.
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(Hanahan & Weinberg, 2000), mitochondrial respiratory depression is today 

hypothesized to be a very common characteristic of most cancers.  Recent advances 

including the regulation of mitochondrial respiration by p53, the most commonly mutated 

gene in cancer (Matoba et al, 2006), and the significant shift towards aerobic glycolysis 

and away from mitochondrial OXPHOS in most tumor cells begs further investigation 

into the importance of mitochondrial quiescence for cancer cell survival and tumor 

development.   

 The implications of studying metabolic regulation in relation to cancer 

susceptibility and in regard to therapeutic treatments are significant to the future of basic 

cancer biology.  For example, I hypothesize that analysis of common gene expression 

profiles of different cancer types for similar trends in mitochondrial respiratory genes is 

an important future endeavor.  Experiments of this type and others may help identify 

additional key regulatory genes and proteins responsible for increased mitochondrial 

quiescence in the malignant phenotype.  Identification of the main pathways which allow 

a malignant cell to become independent from mitochondria will allow us to properly 

target this potential ‘7th hallmark of cancer’ for therapeutic strategies.  I hypothesize that 

in regard to mitochondrial respiratory depression, research should be focused on cancer 

prevention as it is hypothesized that with mitochondrial function intact and dependent on 

oxygen, malignant cell survival is limited.  In addition to approaches to restore a pre-

malignant cell’s sensitivity to mitochondrial-dependent apoptosis, I hypothesize that 

research into ways to restore mitochondrial respiration which mimics a normal, non-

cancerous cell could be very beneficial.  Developing novel research techniques to target 

all aspects of the bioenergetic differences between a normal and cancer cell are of 

significant importance.  

1.7  Significance of studying skin cancer in mice 

 As a general model system, the mouse has given scientists extraordinary insight 

into human diseases from an anatomical, physiological, and genetic standpoint.  Because 
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about 80% of mouse genes have a detectable human ortholog (Sands, 2003), human 

genes involved in or responsible for various disease states often have murine orthologs 

with which science can study.  Genetic manipulation involving the overexpression, 

knocking-out, or mutation of these specific genes within the mouse genome has become a 

very standard in vivo scientific approach.  More specifically, murine skin is a model 

system that has been characterized in detail over the past several decades and is well 

established for studying adult skin stem cells and skin carcinogenesis.  Advances in the 

field of skin biology have allowed the identification and isolation of multiple stem cell 

populations in various regions of the skin (for example IFE and HF bulge) and the 

establishment of multiple carcinogenesis regimens (for example UV and two-stage 

chemical) which simulate numerous types of human skin conditions and cancers (for 

example basal and squamous cell carcinomas and melanoma).  The ability to target 

different regions of this epithelial tissue for genetic manipulation (bSCs with keratin 15 

(K15) and basal keratinocytes with keratin 5 (K5)) allows researchers to ask both global 

and cell autonomous questions.  Also, because there are sometimes common gene 

expression profiles within various mammalian tissues, scientific advances in one specific 

organ or tissue may be applicable on a more general scale.  For example, K5 expression 

in basal, proliferating cells is common in all epithelial tissues making the advances in the 

skin model potentially applicable to other epithelial tissues including breast/mammary, 

bladder, prostate, and pancreas (Purkis et al, 1990).  Therefore, the significance of 

studying skin cancer in mice is very important.  Immense amounts of research involving 

novel therapeutic approaches and prevention strategies can be done in this one mammal 

that in the end are generally applicable to human diseases.     

1.8  Dissertation objectives   

 Novel approaches are needed to investigate which specific aspects of 

mitochondrial respiration are incompatible with tumorigenesis.  As an alternative to 

targeting specific effects such as oxygen consumption, ROS production and levels, and 
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mitochondrial derived ATP production independently, one approach would be to 

simultaneously target all aspects of mitochondrial respiration at the same time using 

forced mitochondrial uncoupling.  By uncoupling mitochondrial respiration from ATP 

production, we hypothesize that this would keep mitochondria engaged and actively 

respiring and prevent a pre-cancerous cell from becoming mitochondrially quiescent.  

Although ATP production from glycolysis to lactate fermentation may actually be 

increased in cells with increased mitochondrial uncoupling activity, this approach will 

allow us to investigate the importance of mitochondrial involvement in or prevention of 

malignant transformation and progression.  We hypothesized that increased 

mitochondrial uncoupling can be used as a tool to test the importance of mitochondrial 

respiratory depression in cancer susceptibility and progression.    

 Therefore, the primary focus of my work was to further understand this potential 

‘7th hallmark of cancer’ and explore how a mitochondrial uncoupling protein may be 

utilized to prevent or reverse this putative metabolic adaptation of cancer.  The first main 

objective of my dissertation was to understand the specific role of UCP3 in skin 

carcinogenesis.  I pursued this objective in hopes of gaining a better understanding of 

which specific aspects of mitochondrial uncoupling are important both positively and 

negatively in the cancer phenotype.  I have shown that UCP3 is normally expressed in the 

mouse epidermis and explored the importance of this finding in skin biology.  We 

developed an intact animal model which overexpresses UCP3 driven from a bovine 

keratin 5 promoter and I have shown that both mitochondrial respiration and respiratory 

uncoupling were stimulated in vivo and isolated skin keratinocytes have decreased 

membrane potential (ΔΨm) in vitro.  I then used this animal model as a tool to investigate 

the involvement of UCP3-induced mitochondrial respiration in skin carcinogenesis.  I 

have shown that K5-UCP3 mice are completely protected from two-stage chemical 

induced skin carcinogenesis and that UCP3 is near to completely absent in cutaneous 

malignancies from WT animals.  This work provides compelling evidence that enhanced 
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mitochondrial respiration can be cancer protective and that UCP3-dependent 

mitochondrial uncoupling could be an important therapeutic target.    

 The secondary focus of my work was to investigate the mechanism of UCP3-

induced cancer protection.  As mentioned previously, effects of mitochondrial respiration 

induced by increased mitochondrial uncoupling can include changes in oxygen 

consumption, mitochondrial ROS and ATP production and levels, thermogenesis, et 

cetera.  Any of these various effects could be important cancer protective mechanisms in 

the K5-UCP3 animal model.  Therefore, I initially evaluated two hypothesized 

mechanisms.  The first being that increased matrix heat production due to UCP3-

mediated uncoupling was acting in part like an internal hyperthermia cancer treatment in 

an initiated cell  The second hypothesis was that initiated cancer cells were incapable of 

uncontrolled proliferation and growth (i.e., tumor development) because ATP levels were 

significantly depleted due to increased mitochondrial uncoupling.  I performed 

preliminary indirect investigations of the heat response and ATP availability within K5+ 

cells although the results did not support these two potential mechanisms.  Therefore, I 

then hypothesized that perhaps UCP3-induced mitochondrial respiration in the bSC 

population, the optimal target of carcinogenesis, affected the presence and function of 

those cells in regard to tumor development.  In support of this hypothesized mechanism, I 

have shown that K5-UCP3 animals have lost markers of quiescent bSC but not normal 

bSC functions.  Specifically, I have shown that together loss of quiescent bSCs, increased 

keratinocyte proliferation and epidermal differentiation, and decreased TPA-induced 

epidermal hyperplasia support the hypothesis that increased skin turnover in the K5-

UCP3 model is a mechanism of cancer protection.  In conjunction with my work in 

Chapter 3, this work provides novel support for the involvement of UCP3 in bSC and 

keratinocyte differentiation and mechanistic insight into the role of UCP3 in normal 

murine epidermal biology.      
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Chapter 2:  Methods and materials 
2.1  Methods and materials for chapter 3 

2.1.1  K5-UCP3 transgenic animals   

 The coding sequence for murine UCP3 was amplified from a mouse heart cDNA 

library flanked by Not1 restriction sites and sub-cloned into a bovine keratin-5 promoter 

(BK5) targeting construct well established for epidermal gene targeting (DiGiovanni et 

al, 2000a; Ramírez et al, 1994).   The UCP3 expression cassette was inserted downstream 

of the K5 promoter and rabbit β-globin intron followed by a SV40 poly A site.  K5-UCP3 

DNA was microinjected into the pro-nucleus of fertilized eggs of wild type FVB/N mice 

(WT), which were then transferred to pseudo-pregnant female mice.  The founders, 

identified by PCR and Southern blot analysis, were bred to WT mice purchased from 

Harlan (Indianapolis, IN). Hemizygous K5-UCP3 transgenic mice were used for this 

study because of the strong phenotype. Genotypes of the mice were confirmed by PCR 

analysis with WT littermates being were used as controls.  All mice were maintained at 

Science Park and housed in a climate-controlled, AAALAC-accredited facility.  We 

thank the staff at the Transgenic Animal Core, MD Anderson Science Park Division for 

assistance with making this animal model.   

 

2.1.2  Northern blotting for mUCP3 

 Whole skins from untreated wild-type and K5-UCP3 transgenic mice were snap 

frozen and ground to a powder in liquid nitrogen, and lysed in TriReagent (Molecular 

Research Center, Cincinnati, OH).  RNA was extracted per manufacturer’s protocol and 

10 µg of each sample was run on a 1% agarose, 0.65 M formaldehyde gel, blotted onto 

0.45 µm nylon membrane, and UV cross-linked using Stratalinker (Stratagene, Madison, 

WI).  Blot was hybridized overnight at 68° (PerfectHyb Plus, Sigma, St. Louis, MO) with 
32P-labelled (DecaPrime II random primed labeling kit, Ambion, Austin, TX) full-length 

cDNA probe for mouse UCP3, washed to a stringency of 0.5X SSC (saline sodium 
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citrate; 1X SSC = 0.15 M NaCl, 15 mM sodium citrate, pH 7.0), 0.1% sodium dodecyl 

sulfate (SDS) at 68°, and exposed to x-ray film (BioMax XAR, Kodak, Rochester, NY). 

2.1.2  Mitochondrial isolation from tissues and tumors 

 Mitochondria were isolated from dorsal skin, gastrocnemius muscle, and 

papilloma and carcinomas murine samples.  Briefly, samples were place in 1mL CP-1 

Buffer (pH 7.4) (100 mM KCl, 50 mM Tris-HCl, 2 mM EGTA) in a petri dish on ice and 

minced into small pieces with scissors.  The sample was then transferred to a 30-ml glass 

homogenizer (VWR #62400-788) with an additional 4mL CP-1 Buffer.  Muscle and 

tumor samples were ground by ~40 hand strokes.  Skin was ground using a drill press at 

10 stroke increments, ~40 strokes total.  Homogenized samples were then transferred to a 

15mL conical tube and spun at 500 x g for 10min at 4˚C.  A 40µm cell strainer (VWR cat 

#21008-949) was then used to clear supernatant and was collected in a new 50mL conical 

tube.  The supernatant was then cleared again by spinning at 10,500 x g for 10min at 4˚C.  

At this point the supernatant was removed as the mitochondrial fraction resides in the 

pellet.  Mitochondrial pellet was washed by resuspending in 500uL CP-1 Buffer and 

spinning again at 10,500 x g for 10min at 4˚C.   

 With the tumor samples, when possible all tumors were processed individually, 

but if needed small papillomas were sometimes pooled together.  Skin samples often 

required an additional wash in CP-1 Buffer and spin at 10,500 x g for 10min at 4˚C to 

remove residual fat.  For preparations used for polarography, mitochondria were isolated 

from fresh skin and muscle samples.  For Western blot analysis, all samples were flash 

frozen when removed from animal and stored at -80˚C until processing.  Once isolated, 

mitochondrial pellets were lysed on ice for ≥30min in ~50µL Radio-immunoprecipitation 

assay (RIPA) lysis buffer (50mM Tris + 150mM NaCl + 0.1% SDS + 0.5% 

Na.Deosycholate + 1% Triton X-100 + protease inhibitors), depending on the pellet size, 

followed by protein quantification using the BCA Protein Assay Kit (BioRad # 500-

0116). 
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2.1.3  Western blotting for mUCP3   

 Protein samples (whole tissue or mitochondrial lysates) were loaded onto 12.5% 

SDS-PAGE gels and run at 80-100V for 1-1.5hrs.  Gels were then transferred to 

nitrocellulose membranes at 330mA for 1hr.  To confirm equal protein loading, 

nitrocellulose membranes were stained with Ponceau S Solution (Sigma #P-7170). 

Nitrocellulose membranes were blocked in 5% milk in TBST1% (either for 2hrs at room 

temperature (RT) or O/N at 4°C) and then incubated with primary rabbit polyclonal anti-

UCP3 1/300 (Abcam 3477) in 5% milk in TBST1% (either for 1hr at RT or O/N at 4°C).  

Membranes were blocked again in 5% milk in TBST1% (30min at RT) followed by 

incubation with donkey anti-rabbit-HRP (GE Healthcare) 1/3000 in 5% milk in TBST1% 

for 50min at RT.  Membranes were then developed with SuperSignal West Pico or Femto 

Chemiluminescent substrate system (Pierce).   

 

2.1.4  bSC isolation using FACS 

 Keratinocytes were harvested from adult (6-8 week-old) WT FVB mice as 

described in Appendix A using the 70micron filter technique.  Single-cell suspensions 

were equally divided into 5mL polystyrene (12x75mm) (BD Falcon cat# 35-2058) sort 

tubes which had been filled with >10% FBS / EMEM-2 cell culture media and stored 

O/N at 4°C to keep the cells from sticking to the tubes.  Cells were then stained with 

antibodies against α6-integrin (PE-anti-human CD49f (Integrin a6 chain), clone GoH3) 

(BD Pharmingen cat# 555736) and CD34 (FITC-rat anti-mouse CD34, RAM 34 clone) 

(eBioscience cat# 11-0341-85).  Briefly, cells were incubated with 2µL of each primary 

antibody / million cells / tube at 4°C in the dark for 30min, vortexed, and then incubated 

again under the same conditions for another 30min.  Cells were washed with media by 

spinning at 1000rpm for 8min at 4°C; tubes were combined to concentrate cells, and then 

resuspended in 1mL 20% FBS media for sorting.  Dead cells were then excluded by 

adding 15µL/million cells of 7AAD (BD Pharmingen cat#559925).  Cells were then 

examined on a FACS Aria flow cytometer.  All samples were excited at 488nm, and 
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FITC, 7AAD, and PE were detected at 515-545, >670, and 564-606, respectively.  The 

bSC enriched population was collected as being CD34+ / α6high / 7AAD-, while the 

mature keratinocyte enriched population was collected as being CD34- / α6high / 7AAD- 

and unsorted cells came directly from the primary keratinocyte preparation.  We thank R. 

Salinas and the Microscopy Core at the Institute of Cellular and Molecular Biology at 

The University of Texas at Austin for assistance with the cell sorting protocol and 

procedure. 

 

2.1.5  Reverse transcription polymerase chain reaction (RT-PCR)    

 Total RNA was extracted using TRIzol® Reagent (Invitrogen #11596-018) 

followed by optional RNA cleanup using the QIAGEN RNeasy mini kit (QIAGEN, Inc., 

#74104).  Samples included whole dorsal skin or isolated keratinocytes from untreated 

WT FVB/N and K5-UCP3 mice.  Skin was flash frozen in liquid nitrogen and primary 

keratinocytes from both genotypes had been growing under specified culture conditions 

before RNA extraction.  RNA was reverse transcribed into cDNA using SuperScript II 

Reverse Transcriptase (Invitrogen #18064-014) and then analyzed for specific mRNA 

expression.   

 

2.1.5.1  Primer sets and polymerase chain reaction conditions 

 For genotyping of the initial founder K5-UCP3 animals, the primers were as 

follows: sense in the β-globin intron 5’-CCT GGT CAT CAT CCT GCC TTT C and 

antisense in the UCP3 transgene 5’-CTT GGG GGT GTA GAA CTG CTT G, generating 

a 520pb product.  Using Green GoTaqTM Polymerase PCR System (Promega #M7502) 

PCR conditions were as follows: 30 cycles; 94°C 30s, 60°C 45s, 72°C 1 min. 

 For mUCP3 expression in tissue and cell samples, primers were as follows: sense 

5’-ACTATGGATGCCTACAGAACC and antisense 5’-GACCCGATACATGAACGCT, 

generating a 261bp product.  As previously shown (Trempus et al, 2003), RNA integrity 

was assessed using expression of mouse β2 microglobulin with the following primers: 
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sense 5’-GACTGGTCTTTCTATATCCTGG and antisense 5’-

CAATTTATGCACGCAGAAAG, generating a 217bp product.  Using Taq DNA 

Polymerase w/ThermoPro Buffer (New England BioLabs #M0267), PCR conditions for 

mUCP3 and β2 microglobulin amplification were as follows:  35 cycles; 95°C 30s, 60°C 

30s, 68°C 1 min. 

 

2.1.6  Adult primary keratinocyte isolation   

 Primary keratinocytes were harvested from the dorsal skin of adult (6-8 week old) 

WT FVB/N and K5-UCP3 mice as previously described (Morris et al, 1990).  Briefly, 

dorsal skin sections were removed from the animal and soaked in 2% PenStrep (Gibco 

#15070-0014).  Skin sections were dissociated from all underlying subcutis material 

(containing muscle and fat tissue) and then floated hair-side up on 0.25% Trypsin (Gibco 

#15090-046) for 2hrs in a 30°C incubator.  Next, the epidermis was removed from the 

dermis, minced in EMEM-2 / 10%FBS culture media, and stirred at room temperature for 

30min.  The cell suspension was then filtered through a 149 micron nylon mesh, and 

processed through a 22.5% Percoll gradient or a 70 micron cell strainer to exclude non-

keratinocytes and large cells.  Once isolated, cells were cultured in collagen coated plates 

in EMEM-2 / 1%FBS (0.05 mM Ca2+) culture media for the 24hrs.  Following two 

phosphate-buffered saline (PBS) washes, cells were cultured in either EMEM-2 / 1%FBS 

or KGM-2 (Lonza, Basel, Switzerland) base culture media supplemented with calcium. 

 See Appendix A for detailed protocol and Appendix B for EMEM base media 

components and Supplemental 2 packet components for EMEM media base. 

 

2.1.7  UCP3 immunofluorescence and mitochondrial membrane potential   

 Primary keratinocytes from WT FVB/N and K5-UCP3 adult animals were 

isolated, plated in 2- chamber (400,000 cells/well) or 4-chamber, collagen coated Nunc™ 

Lab-Tek™ II Chamber Slide™ System (Nalge Nunc International cat# 154461 (2 well) 
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or #154526 (4 well)) and cultured in EMEM-2 / 1%FBS (0.05mM Ca2+) media for 24hrs.  

Cells were then washed, replaced with fresh media, and cultured for an additional 5 days.  

Cells were then washed five times with Hanks’ Balanced Salt Solution (HBSS) (Sigma) 

incubated with 50nM MitoTracker® Red CMXROS (Invitrogen # M-7512)) in HBSS for 

30min in a 37°C incubator in the dark.  Cells were then washed in HBSS and then fixed 

in 4% paraformaldehyde in PBS for 6min at RT.  After immunofluorescent staining for 

UCP3 using a rabbit anti-hUCP3 (Chemicon #AB3046) primary antibody diluted 1/200 

and a anti-rabbit Oregon Green (Invitrogen #O11038) secondary antibody diluted 1/200, 

images were acquired with a Nikon Eclipse epifluorescent inverted microscope and 

CMXROS intensity was quantified in N ≥ 93 individual cells per genotype using NIS 

Elements software with internal controls for background fluorescence in each individual 

image.  Experiment was repeated with alternative low calcium culture conditions KGM-2 

(0.03mM Ca2+) for the final 5 days which resulted in similar results.  See Appendix C for 

detailed protocol.      

 

2.1.8  Whole tissue and isolated mitochondrial polarography  

 (Tissue)  Dorsal skin and gastrocnemius muscle from N > 10 adult (6-8 week) 

WT FVB/N  and K5-UCP3 mice was isolated (~500 µg) and placed in a 1 mL respiration 

chamber containing pre-warmed (37°C) Krebs-Ringer buffer.  Rates of oxygen 

consumption were assessed using a polarographic oxygen-sensitive probe to monitor the 

loss of oxygen (consumption) per unit time (Instech Laboratories, Plymouth Meeting, 

PA).   

 (Mitochondria)  Mitochondria were isolated from the dorsal skin and 

gastrocnemius muscle of adult (6-8 weeks) WT FVB/N and K5-UCP3 mice and the 

UCP3-sensitive oxygen consumption was quantified as described with minor 

modifications (Clapham et al, 2000).  Briefly, mitochondria were suspended in assay 

buffer containing 120mM KCl, 5mM KH2PO4, 3mM HEPES, 1mM EGTA, 2mM MgCl2, 

0.3% (w/v) defatted BSA.  Rates of oxygen consumption in 500μg mitochondria per 
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experiment were determined over time (10 minutes).  UCP3-dependent respiration is 

measured as the difference in oxygen consumption rates (nmol O2 consumed/min/mg 

mitochondrial protein) after the inhibition of phosphorylating respiration by 1µg/mL 

oligomycin (Sigma #O4876) and the inhibition of UCP3 by 1mM GDP (Sigma #G7127).  

All assay buffer components, substrates and inhibitors were purchased from Sigma (St. 

Louis, MO). 

 

2.1.9  Food consumption 

 Three 7-8 week old K5-UCP3 and WT FVB/N female mice were housed in one 

cage per genotype for the duration of the study period.  For three consecutive time 

periods, food was measured (g) at the beginning and end of a three day period.  Food 

consumption was measured as grams consumed per mouse per day.   

 

2.1.10  Body composition analysis 

 7 week old K5-UCP3 and WT FVB/N male mice were sacrificed using CO2.  

Cardiac punctures were performed using an 18 gauge needle to remove all possible 

blood.  Blood samples were spun at 14000rpm for 10min at 4°C to remove the serum, 

which itself was snap frozen in liquid nitrogen.  The whole carcass was then snap frozen 

and placed in a -80°C freezer.  Total weight, fat and lean mass were then measured on the 

mice with a Dual-energy X-ray Absorptiometer (DXA) (GE Lunar PIXImus). Three 

replicate scans of each of the K5-UCP3 and WT FVB/N mice (heads excluded) were 

made on N ≥ 4 thawed carcasses per genotype.  We thank L. Malone, N.C. Smith, and S. 

Hursting and the Division of Nutritional Sciences, The University of Texas at Austin for 

assistance with this experiment and data analysis. 

 

2.1.11  Two-stage chemical carcinogenesis study  

 For two-stage chemical carcinogenesis, adult (6-8-week old) male and female WT 

FVB/N (N=40) and hemizygous K5-UCP3 (N=17) littermates were initiated topically on 
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shaved dorsal skin with a single application of 7,12-dimethylbenz[a]anthracene (DMBA; 

Sigma, #D3254; 100µg in 200µL acetone).  Beginning two weeks later, biweekly 

applications of 12-O-tetradecanoylphorbol-13-acetate (TPA; LC Laboratories #P-1680; 

2.5µg in 200µL acetone) were carried out for a period of 26 weeks.  Mice were 

physically examined weekly at which time tumor incidence (the percentage of mice with 

skin tumors) and tumor multiplicity (the number of skin tumors per mouse) were 

recorded.  Mice were sacrificed if moribund, if any individual tumor reached a diameter 

of >1 cm, or at the termination of the experiment.  Tumors and organ samples from each 

animal were snap-frozen in liquid nitrogen or fixed in formalin. 

  

2.1.12  Statistics   

 Analysis of variance comparisons between genotypes for oxygen consumption, 

body weight, food consumption, and CMXROS intensity were analyzed by single factor 

ANOVA, with a p < 0.05 set a priori as statistically significant.   Polarography 

experiments were performed in at least duplicate runs in whole tissue (gastrocnemius 

muscle and skin) biopsies and isolated mitochondria from N > 6 animals per experiment.  

Body weight was calculated using three replicate DXA scans each of N ≥ 4 animals per 

genotype.  Food consumption was measured in grams of food consumed in three 

consecutive time periods, three days per measurement period, three 7-8 week old female 

animals of the same genotype per cage, one cage per genotype.  Mitochondrial membrane 

potential was quantified by measuring CMXROS fluorescent intensity in N ≥ 93 

keratinocytes per genotype grown in low calcium culture conditions.  For all histograms, 

data are represented as mean ± SEM.  

 

2.2  Methods and materials for chapter 4 

2.2.1  Bead array gene expression analysis 

 RNA was isolated from untreated dorsal skin and primary keratinocytes directly 

after isolation from each of three 7 week old WT FVB/N and K5-UCP3 mice using 
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TRIzol® Reagent (Invitrogen #11596-018) followed by a clean-up procedure using the 

QIAGEN RNeasy kit (QIAGEN, Inc., #74104).  Sample amplification was performed 

using 100ng of total RNA as input material by the method of Van Gelder et al (Van 

Gelder et al, 1990 1990, 87: 1663-1667).  Amplified RNA synthesized from limited 

quantities of heterogeneous cDNA (Van Gelder et al) was performed using the Illumina 

RNA Amplification kit (Ambion, Inc., Austin, TX) following the Manufacturer’s 

instructions.  Labeling was achieved by use of incorporation of biotin-16-UTP (Perkin 

Elmer Life and Analytical Sciences, Boston, MA) present at a ratio of 1:1 with unlabeled 

UTP.  Labeled, amplified material (700ng per array) was hybridized to the Illumina 

MouseRef-6 BeadChip according to the Manufacturer’s instructions (Illumina, Inc., San 

Diego, CA) Amersham fluorolink streptavidin-Cy3 (GE Healthcare Bio-Sciences, Little 

Chalfont, UK) following the BeadChip manual.  Arrays were scanned with an Illumina 

Bead array Reader confocal scanner according to the Manufacturer’s instructions.  Array 

data processing and analysis was performed using Illumina BeadStudio software.  We 

thank D. Loose at the University of Texas Health Science Center microarray facility for 

help with microarray studies. 

 

2.2.2  Western blotting for kinase signaling pathways 

 Protein samples (whole skin or primary keratinocyte lysates) from both WT 

FVB/N and K5-UCP3 mice were loaded onto 12.5% SDS-PAGE gels and run at 80-100V 

for 1-1.5hrs.  Gels were then transferred to nitrocellulose membranes at 330mA for 1hr at 

room- temperature (RT) or at 15V overnight (O/N) at 4°C.  To confirm equal protein 

loading nitrocellulose membranes were stained with Ponceau S Solution (Sigma #P7170). 

Nitrocellulose membranes were blocked in 5% milk in TBST1% (either for 2hrs at RT or 

O/N at 4°C) and then incubated with primary antibodies against various members (+/- 

phosphorylation) of common kinase signaling pathways in the cell.  All antibodies were 

diluted in TBST1% and membranes were incubated either for 1hr at RT or O/N at 4°C.  

Membranes were blocked again in 5% milk in TBST1% (30min at RT) followed by 
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incubation with donkey anti-rabbit-HRP or goat anti-mouse-HRP (GE Healthcare) 

1/3000 in 5% milk in TBST1% for 50min at RT.  Membranes were then developed with 

SuperSignal West Pico or Femto Chemiluminescent substrate system (Pierce).  Following 

are the primary antibodies, all were used at a dilution of 1/1000 in TBST1% O/N at 4°C:  

Akt (Cell Signaling #9272), Phospho-Akt (Ser473) (Cell Signaling #9271), Phospho-Akt 

(Thr308) (Cell Signaling #9275), 4E-BP1 (Cell Signaling #9452), Phospho-4E-BP1 

(Thr37/46) (Cell Signaling #9459), p70S6K (Cell Signaling #9202), Phospho-p70S6K 

(Thr421/Ser424) (Cell Signaling #9204), Phospho-p70S6K (Thr389)(108D2)(rabbit) 

(Cell Signaling #9234), ERK 1 (C-16) (Santa Cruz Biotechnology, Inc. cat# sc-93), ERK 

1 (K-23) (Santa Cruz Biotechnology, Inc. cat# sc-94), p-ERK (E-4) (Santa Cruz 

Biotechnology, Inc. cat# sc-7383), SAPK/JNK (Cell Signaling #9252), Phospho-

SAPK/JNK (Thr183/Tyr185) (Cell Signaling #9251), , p38 MAP Kinase (Cell Signaling 

#9212), Phospho-p38-MAP Kinase (Thr180/Tyr182) (Cell Signaling #9211), Phospho-

p44/42 MAPK (Thr202/Tyr204) (E10) (mouse mAb) (Cell Signaling #9106), or AMPKα 

(Cell Signaling #2532), Phospho-AMPKα (Thr172)(40H9)(rabbit mAb) (Cell Signaling 

#2535). 

 

2.2.3  Immunohistochemistry for bSC and keratinocyte differentiation  

  markers 

 Tumors and dorsal skin sections were obtained from sacrificed animals.  The 

Science Park Histology Service Core (MD Anderson, Smithville, Texas) performed the 

embedding, sectioning and immunohistochemistry staining.  All specimens were fixed 

overnight in 10% formalin, switched to 70% ethanol, then embedded in paraffin and 

sections were stained with haematoxylin and eosin (H&E) for light microscopy.  Bulge 

stem cells were detected with either a rat anti-mouse CD34 (1/50) (eBioscience #14-

0341) or a mouse anti-K15 (1/2000) (Lab Vision #MS-1068-P) primary antibody in 

untreated skin sections.  K15 statistics represent N ≥ 250 hair follicles / genotype.  Early 

and late stage keratinocyte differentiation stages were detected with rabbit anti-K1 
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(1/500) (Covance #PRB-165P-100), rabbit anti-loricrin (1/1000) (BabCo #PRB-145P), 

and rabbit anti-involucrin (1/1000) (BabCo #PRB-140C) primary antibodies respectively.  

Proliferating cells were identified with rat anti-Ki67 (1/200) (Dako #M7248) primary 

antibody.  Images were acquired with a Nikon Eclipse epifluorescent inverted microscope 

and processed using NIS Elements software. 

 

2.2.4  Detection of slow-cycling cells   

 To label the slow-cycling cells, a previously established protocol with minor 

modifications (Taylor et al, 2000) was followed.  Briefly, neonatal K5-UCP3 and WT 

FVB/N mice were injected subcutaneously (s.c.) over dorsal rear flanks beginning at day 

3 of life with 5-bromo-2-deoxyuridine (BrdU; Sigma # B5002; 50µg/g body weight) 

twice daily for 3 days.  Cells retaining the label after 8 or 10 weeks were identified as 

label-retaining cells (LRCs).  Dorsal skin sections were removed, fixed in formalin, and 

processed for BrdU immunohistochemistry by staff at the Histology Core, MD Anderson 

Science Park Division.   

 

2.2.5  Epidermal wounding study 

 Epidermal wound healing was measured on 10.5 week male and female WT 

FVB/N and K5-UCP3 mice.  Briefly, mice were anesthetized with metofane so that their 

dorsal skin surface could be shaved and washed with betadine followed by 70% ethanol.   

Epidermal wounds were generated using a rotary tool with ~1 cm diameter felt wheel.  

The 2 largest perpendicular wound diameters were measured with calipers every other 

day until all wounds completely healed.  Experiments were performed in duplicate with 

N ≥ 4 animals per genotype.   

  

2.2.6  Cell cycle analysis 

 Cell cycle analysis was performed on primary keratinocytes harvested from WT 

FVB/N and K5-UCP3 animals as previously reported (Trempus et al, 2003).  Briefly, 
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cells were fixed in cold 70% ethanol, pelleted, washed once with PBS, and then stained 

with a propidium iodide (PI) solution (20µg/mL PI per 10units of RNase ONE) 

(Promega, Madison, WI) for 20min in the dark at room temperature.  Using a FACSAria 

SORP (BD Biosciences) with an initial gate set for doublet discrimination, >7500 PI 

stained cells were examined for each sample.  Margins were set around the visible G2/M 

peak and analyzed using Cell Quest software.  Results represent triplicate experiments 

from keratinocyte isolations using pooled littermates.  We thank K. Claypool staff at the 

Cell and Tissue Analysis Core, MD Anderson Science Park for assistance with flow 

cytometry. 

 

2.2.7  Epidermal proliferation and hyperplasia   

 12-O-tetradecanoylphorbol-13-acetate (TPA) induced epidermal proliferation and 

hyperplasia was measured in 6-8 or 12-14 week old WT FVB/N and K5-UCP3 animals 

(≥3 animals/treatment group/genotype).  Animals were topically treated with either 1X or 

4X (twice weekly) applications of TPA (2.5 µg in 200 µL acetone) or acetone on shaved 

dorsal skin and skin sections were harvested for processing 18hrs after the final 

application.  Epidermal proliferation was assessed by Ki67 immunostaining.  Ki67-

positive and Ki67-negative basal cells were counted in five randomly selected skin 

sections per N ≥ 3 animals per treatment group and the mean percentage of Ki67-positive 

cells for each treatment group was determined.  Hyperplasia was assessed from the same 

skin sections as mentioned above.  Five random areas within an image from these five 

randomly selected areas of each skin section were used to measure epidermal thickness 

and the mean percentage of epidermal thickness (µm) for each treatment group was 

determined.   

 

2.2.8  In vitro light microscopy 

 Primary keratinocytes from WT FVB/N and K5-UCP3 adult animals were 

isolated, plated at the same density (5.6 x 106 cells/10cm collagen coated cell culture 
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dish) and cultured in EMEM-2/1%FBS (0.05mM Ca2+) media for 3 days.  Phase contrast 

images were then captured using a Nikon Eclipse epifluorescent inverted microscope. 

 

2.2.9  In vitro RT-PCR for differentiation-induced UCP3 

 Primary keratinocytes from WT FVB/N and K5-UCP3 adult pooled animals per 

genotype were isolated and plated at the same density (6-8 x 106 cells/10cm collagen 

coated cell culture dish) in EMEM-2 / 1%FBS (0.05mM Ca2+).  Cells were washed with 

PBS 24hrs after plating and replaced with fresh media.  Cells were cultured in EMEM-2 / 

1%FBS plus specified [Ca2+] for 2 days.  Calcium was supplemented to 0.05mM, 0.1mM 

and 1.2mM final concentrations.  Total RNA was extracted using 1mL TRIzol® Reagent 

(Invitrogen #11596-018) per 10cm culture dish.  RNA (1µg) was reverse transcribed into 

100µL cDNA using SuperScript II Reverse Transcriptase (Invitrogen #18064-014) and 

then analyzed for specific mRNA expression.   

 

2.2.9.1  Primer sets and polymerase chain reaction conditions  

 For mUCP3 expression in cell samples, primers were as follows: sense 5’-

ACTATGGATGCCTACAGAACC and antisense 5’-GACCCGATACATGAACGCT, 

generating a 261bp product.  As previously shown (Trempus et al, 2003), RNA integrity 

was assessed using expression of mouse β2 microglobulin with the following primers: 

sense 5’-GACTGGTCTTTCTATATCCTGG and antisense 5’-

CAATTTATGCACGCAGAAAG, generating a 217bp product.  Using Taq DNA 

Polymerase w/ThermoPro Buffer (New England BioLabs #M0267) and 250ng cDNA 

template per 50µL reaction, PCR conditions for mUCP3 and β2 microglobulin 

amplification were as follows:  35 cycles; 95°C 30s, 60°C 30s, 68°C 1 min. 

 

2.2.10  Electron microscopy   

 WT FVB/N and K5-UCP3 primary keratinocyte cultures were grown on collagen 

coated ACLAR® film in EMEM-2 / 1%FBS (0.05mM Ca2+) media for 24hrs. then 
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switched to KGM-2 media supplemented with either 0.03mM or 1.2mM Ca2+ as 

indicated and grown until confluent.  Cultures were then fixed in 2.5% glutaraldehyde / 

2% paraformaldehyde in cacodylate buffer (0.1M cacodylate, pH 7.4) for 1.5hrs at room 

temperature.  Cells were rinsed in 0.1M cacodylate buffer and post-fixed in 2% osmium 

tetroxide / 2% potassium ferrocyanide in 0.1M cacodylate buffer for 2hrs in the dark on 

ice.  Cells were rinsed in dH2O, dehydrated in graded ethanols (50-70-100%), and then 

transferred to acetone for infiltration with epoxy resin (a 1:1 mixture of Spurr and EMbed 

812) (Electron Microscopy Sciences, Hatfield, PA).  Ultrathin sections (60-70nm) were 

collected on copper grids, counterstained with uranyl acetate and lead citrate, and then 

visualized by using a transmission electron microscope (Philips EM208, FEI, Oregon) 

operated at 80kV.  We thank D. Romanovich and the Microscopy Core at the Institute of 

Cellular and Molecular Biology at The University of Texas at Austin for assistance with 

the transmission electron microscopy.  

 

2.2.11  Statistics   

 Analysis of variance comparisons between genotypes for K15 staining, epidermal 

proliferation, and epidermal hyperplasia were analyzed by single factor ANOVA, with a 

p < 0.05 set a priori as statistically significant.  K15 quantification was performed in 

>250 follicles per genotype in N = 2 animals.  Epidermal proliferation was quantified by 

Ki67 immunostaining in five independent skin sections per treatment group per genotype 

in N ≥ 3 animals.  In the same skin sections, epidermal hyperplasia was quantified by 

measuring skin thickness in five random areas per skin sections in micrometers (µm).  

For all histograms, data are represented as mean ± SEM.  
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Chapter 3:  Mitochondrial uncoupling protein 3 blocks skin    

  carcinogenesis 

3.1  Introduction   

 Carcinogenesis is a multistage process including distinct initiation, promotion, 

and progression stages.  In general, the initiation stage involves the permanent damage to 

DNA within the target cell (most likely a stem or early progenitor cell) which prevents 

that cell from terminal differentiation (Trosko et al, 2004).  In regard to studying murine 

skin carcinogenesis, there are three common experimental techniques to induce tumor 

formation and growth.  Namely, they include slight variations of the two-stage chemical 

regimen, the genetically initiated Tg.AC mouse model and UV irradiation (UVA/B or 

UVA alone).  There are different genetic backgrounds of mice that work best with each 

of these techniques as the FVB/N strain is commonly used with the DMBA/TPA and the 

Tg.AC approaches and the hairless SKH background is often used for UV studies.  In the 

well established two-stage chemical carcinogenesis regimen, used for the development 

and study of both skin papillomas and carcinomas, 7,12-dimethylbenz[a]anthracene 

(DMBA) is often the initiating agent used.  Like many other chemical carcinogens, the 

pro-carcinogen DMBA needs to be properly metabolized by P450 enzyme family 

members before it is activated.  The activated forms, 7,12-DMBA-3,4-dihydro-1,2-

epoxide (DMBADEs) (DiGiovanni, 1992), are able to structurally damage nucleic acids 

and proteins through a covalent modification, often at a guanine or adenine residue, 

known as a carcinogen-DNA adduct.  Most tumors that arise from initiation with DMBA 

contain mutations in the c-Ha-ras oncogene (Balmain & Pragnell, 1983).  The relevance 

of this murine carcinogenesis model to human cancer involves the correlation of Ras-

dependent pathways as evidence suggests that about 30% of human tumors contain point 

mutations in the Ha-ras oncogene leading to uncontrolled activation (Bos et al, 1987).  

Tumors cannot form in the absence of DNA adducts and in any experimental design the 

detected adducts reflect tissue-specific rates of adduct instability, carcinogen activation, 
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DNA repair, and tissue turnover (Poirier et al, 2000).  The promotion stage of 

carcinogenesis is where tumors initially develop and grow, a process that is for the most 

part reversible and can be interrupted.  In general, promotion is marked by increased cell 

proliferation and decreased cell death of a clonal population from a single initiated cell 

(Trosko et al, 2004).  Also, during this promotion stage, cells can acquire additional 

epigenetic or genetic changes which help to give them a selective advantage along the 

progression to malignancy (Deelman, 1927).  In the skin model, the non-carcinogenic 

tumor promoting agent 12-O-tetradecanoylphorbol-13-acetate (TPA) or phorbol ester is 

used in both the standard two-stage chemical regimen and the genetically initiated Tg.AC 

model of carcinogenesis.  TPA is known to function by increasing superoxide anion 

levels in the skin (Fischer et al, 1988) and its effects on murine epidermal proliferation 

and hyperplasia are mediated by interleukin-1a (IL-1a) (Lee et al, 1994) and ornithine 

decarboxylase (ODC) (Gilmour et al, 1987).  The primary target of TPA is believed to be 

the protein kinase C (PKC) family of proteins which is downregulated in response to 

TPA treatment.  PKC isoforms alpha, beta, delta, and zeta but not the epsilon and gamma 

are present in murine skin (Fischer et al, 1993); (Bollag et al, 2005).  Without TPA 

promotion, and DMBA initiation alone, there would be little to no papilloma formation 

and if TPA promotion is stopped after papillomas have formed, these tumors will stop 

growing and sometimes even disappear.  For the most part, skin papillomas are often 

benign tumor masses which do not always reach the progression stage of carcinogenesis.  

This final stage is reached when an initiated and promoted cell acquires the 

characteristics known as resistance to apoptosis, growth stimulus independence, and 

resistance to growth inhibitors caused by further genetic mutations (Trosko et al, 2004).  

In the two-stage skin cancer model this is seen with the formation of squamous cell 

carcinomas which possess both invasive and metastatic capabilities.   

 A common tool often used with the DMBA/TPA two-stage chemical 

carcinogenesis regimen is the bovine keratin-5 promoter (K5) targeting construct which 

is well established for epidermal gene targeting (DiGiovanni et al, 2000a; Ramírez et al, 
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1994).  Keratin-5 is expressed in most stratified epithelium including mammary/breast, 

prostate, bladder, pancreas and skin (Purkis et al, 1990).  In skin, K5+ cells are found in 

all basal keratinocytes adjacent to the epithelial basement membrane (including IFE stem 

cells), in all cells lining the hair follicle shaft as this is a continuation of the epidermis, as 

well as in the bulge stem cell (bSC) population.  Therefore, all of the adult stem cell 

populations shown to be necessary for papilloma (IFE stem cells) and carcinoma (bSC) 

(Morris et al, 2000) formation in murine skin are equally targeted with this construct.  In 

addition, because this targeting construct is expressed in both stem and proliferating cell 

populations, it can be used to look at how global expression of certain transgenes in the 

adult skin affects an animal’s susceptibility to skin carcinogenesis.          

 In regard to the bioenergetic phenotype of most malignant cells, increased 

mitochondrial uncoupling antagonizes four of the five characteristics previously 

described (Illustration 3.1).  By dissipation of the proton gradient that builds up in the 

inner mitochondrial membrane space due to normal OXPHOS, uncoupling results in a 

lowering of that ΔΨm.  This in turn leads to an increase in the activity of the ETC and 

overall mitochondrial respiration rates as electrons are fluxed across the ETC.  Also, the 

opportunity for electrons to slip from complexes I and III to form ROS are reduced with 

increased uncoupling.  Regarding the rate of glycolysis to lactate fermentation, the effect 

of increased mitochondrial uncoupling is hypothesized to be dependent on the energy 

state and demand of the cell.  In order to keep ATP levels constant in an uncoupled state, 

a normal cell may actually increase its rate of glycolysis to lactate fermentation as is seen 

in most malignant cell types.  Therefore, by artificially increasing mitochondrial 

uncoupling in a cell we have designed a tool which will enable us to test the importance 

of mitochondrial involvement in malignant progression.  Because we are keeping the 

mitochondria actively involved in various aspects of cellular bioenergetics, and may even 

be causing a slight increase in glycolysis, we hypothesized that we would be able to 

adequately test Warburg’s hypothesis that irreversible mitochondrial dysfunction and 

subsequent increased aerobic glycolysis are necessary for cancer formation.  In essence,  



Illustration 3.1  Uncoupling opposes the bioenergetic phenotype of cancer.

In support of the cancer protective potential of UCP3, UCP-driven mitochondrial 
uncoupling opposes most of the mitochondrial bioenergetic characteristics of ma-
lignant cells.  Although the effect of mitochondrial uncoupling on the glycolysis to 
lactate fermentation pathway is not yet known, there is data to support that 
uncoupled cells display decreased ROS production and levels, increased ETC 
acitivity and oxygen consumption (mitochondrial respiration), and decreased mito-
chondrial membrane potential.
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what effect does prevention of mitochondrial quiescence and independence have on the 

susceptibility of a cell to the stages of carcinogenesis?  Alternatively, but in regard to the 

same topic, we hypothesized that utilization of forced mitochondrial uncoupling in an in 

vivo animal model would allow us to test the importance of mitochondrial respiratory 

depression as a putative additional hallmark of cancer by preventing these characteristics 

altogether.     

 We hypothesized that the best approach to design this novel tool which could then 

be used to test Warburg’s hypothesis would involve moderate overexpression of a 

mitochondrial uncoupling protein (UCP).  Alternatively, artificially increasing substrate 

delivery to mitochondria or overexpressing an ETC complex component may also drive 

continual mitochondrial respiration, but all processes involved in these approaches are 

subject to inhibition by high ATP levels in the cell.  We believe that utilizing a UCP 

would be the best approach because as previously mentioned, these proteins are not 

subject to the normal inhibition by ATP in a fed and respiring cell where low levels of the 

UCP activators, ROS and fatty acids, are present (Brand, 2005)(Illustration 3.2).  

Common functional outputs of uncoupling proteins such as GDP-inhibited mitochondrial 

oxygen consumption, a lowering of the mitochondrial membrane potential (ΔΨm), and 

decreases in mitochondrial ROS production are all easily measurable in ex vivo and in 

vitro systems.     

 Due to its moderate tissue distribution at the time (adipose tissue, skeletal muscle, 

and heart) (Vidal-Puig et al, 1997) compared to other UCPs which were either in only 

one tissue (UCP1) or ubiquitously expressed (UCP2), we hypothesized that UCP3 would 

be the best uncoupling protein to use when designing this tool.  Studies investigating 

UCP2’s role in cancer are conflicting (Harper et al, 2002a); (Derdak et al, 2006); (Derdak 

et al, 2008) and to our knowledge nothing existed in the literature regarding the 

involvement of UCP3 in cancer susceptibility or prevention.  Also, UCP3 was known to 

be an important mediator of mitochondrial redox regulation (Vidal-Puig et al, 2000)  



Illustration 3.2  UCPs drive mitochondrial respiration independent of ATP 
inhibition.

A novel approach to continually drive mitochondrial respiration independent of the 
ATP/ADP ratio in a cell is to moderately overexpress a UCP.  Because ATP levels 
are kept within a narrow range in cells, increased substrate delivery to the ETC or 
overexpression of an ETC complex protein would soon be subject inhibition by 
high ATP levels.  Therefore, because UCPs are not subject to this normal inhibition 
continual mitochondrial respiration can be driven with this protein family as long 
as fuel substrates and oxygen are present.
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which could be important given that ROS levels are high in most malignant cells 

(Pelicano et al, 2004), H2O2 has been linked to previous epithelial cancers (Lim et al, 

2005), and oxidative stress significantly contributes to aging and chronic disease 

development (Turrens, 2003); (Lambeth, 2007).  Therefore, using a K5-UCP3 transgene 

to increase mitochondrial respiration in all potential carcinogen targets within the skin 

(K5+ proliferating keratinocytes, IFE stem cells, and quiescent bSC), we sought to 

investigate the global effect of UCP3 overexpression on skin carcinogenesis.   

3.2  Results  

3.2.1  UCP3 expression is present in wild-type mouse skin but lost in wild-

type skin carcinomas.  Up until very recently it was believed that UCP3 protein (both 

mouse and human) was only present in fat (both brown and white adipose tissue), heart, 

and skeletal muscle.  In support of our findings, it was recently shown by Mori et al. that 

UCP3 protein is also present in human keratinocytes and other skin-derived human cells 

(Mori, 2008).  Here, we observed that UCP3 protein is expressed in isolated skin 

mitochondria from WT FVB/N animals at levels comparable to the positive control tissue 

gastrocnemius muscle (Figure 3.1A).  These Western blots were performed using an 

antibody (Abcam, #3477) that we and others (Sprague et al, 2007) have verified 

unequivocally is specific to UCP3 based upon UCP3 knockdown controls (Figure 3.1B).  

Knowing that there is a thin layer of both white adipose and skeletal muscle tissues 

directly beneath the skin dermis (Figure 3.2A), we wanted to further identify which skin 

layers expressed UCP3 protein.  Using a technique to dissociate the skin into the various 

fractions (that is whole skin, epidermis, epidermis + dermis, and subcutaneous material 

(skeletal muscle + while fat)), we show that UCP3 protein is expressed in all skin layers 

including both epidermal and dermal fractions (Figure 3.2B).   

 To explore the physiological relevance behind the idea that UCP3-induced 

respiratory uncoupling may be incompatible with the malignant conversion of a pre-

cancerous cell, we wanted to look at UCP3 protein and mRNA levels in tumors compared  
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Figure 3.1  UCP3 protein is detected in wild-type mouse skin mitochondria.  

(A)  Immunoblot analysis of UCP3 expression in isolated mitochondria from WT 
FVB mouse skin & gastrocnemius muscle (gastr). 
 
(B)  Immunoblot analysis of UCP3 expression in skin (left) from WT FVB, WT 
C57BL/6J, and UCP3 KO mice and gastrocnemius muscle (right) from WT 
C57BL/6J and UCP3 KO mice.  This shows that the anti-UCP3 antibody (ab3477) 
is specific for the 34kDa UCP3 protein as it is absent in UCP3 KO tissues.   
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Figure 3.2  UCP3 is present in both epidermal and dermal mouse skin regions.  

(A)  Hematoxylin and eosin (H&E) staining of a WT FVB skin section showing 
the distinct regions of murine skin.  Identified are regions referred to as the hair 
follicle (HF), epidermis (Epi), dermis (Derm), and subcutaneous material includ-
ing a thin layer of white adipose tissue (Fat) and skeletal muscle (Sk mus).    

(B)  Immunoblot analysis of UCP3 expression in isolated mitochondria from WT 
FVB and K5-UCP3 skin (positive control), and in tissue lysates from dissociated 
skin layers.  WS = whole skin, Epi = epidermis, E+D = epi + dermis, Sbc = subcu-
taneous layer.  Upper blot is a stronger exposure showing UCP3 is expressed in all 
layers.  Loading is indicated by Ponceau S membrane staining. NS = non specific 
band  (~ 60 kD).
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to adjacent, normal dorsal skin from wild-type (WT) animals.  Both papillomas and 

carcinomas induced by topical application of the mutagen 7, 12-

dimethylbenz[a]anthracene and phorbol ester (DMBA / TPA) in WT FVB/N mice and 

carcinomas induced by repeated UV (A/B) treatment in wild type (WT) SKH mice 

(Fischer et al, 2007) were analyzed.  Mitochondria were isolated from these skin and 

tumor samples and used for both mRNA and protein analysis of mUCP3.  Interestingly, 

we saw that compared to WT FVB/N skin and gastrocnemius controls, UCP3 protein was 

expressed at equivalent or slightly higher levels in papillomas (Figure 3.3B, lane 2), but 

remarkably, was near to completely absent in carcinomas (Figure 3.3B, lane 1).  In all 8/8 

skin carcinomas tested (Figure 3.4A, lanes 5-7, Figure 3.4B, lanes 3-6) similar results 

were seen regardless of the tumor regimen used (DMBA/TPA vs. UV) or the background 

of wild-type mouse (FVB/N vs. SKH).  Similarly, UCP3 mRNA expression was greatly 

decreased in squamous carcinomas compared to normal skin and papillomas from WT 

FVB/N mice (Figure 3.3A). 

3.2.2  UCP3 expression in wild-type bulge stem cell population.  In light of 

our findings that UCP3 protein was present in adult mouse skin and benign papillomas, 

yet near to completely lost in all of the carcinomas from WT animals that we tested, we 

hypothesized that perhaps there was a difference in UCP3 expression in the stem cell 

populations responsible for giving rise to these different tumor types.  It has been well 

established that inner follicular epidermal (IFE) stem cells are only capable of giving rise 

to papillomas, while bulge stem cells (bSC) give rise to both papillomas and carcinomas 

but primarily the latter (Morris et al, 2000).  Also, utilizing forced mitochondrial 

respiratory uncoupling for cancer prevention would optimally be done in the cell type 

most prone to malignant conversion, bSCs.  To give physiological relevance to and 

initially explore the utility of a potential UCP3 transgenic model, we wanted to see if 

bSCs basally expressed UCP3 under normal conditions.  Therefore, we hypothesized that 

if the bSC population in WT FVB/N mouse skin had basal UCP3 expression, it may be 

lower compared to more mature keratinocyte populations and that this initial difference  
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Figure 3.3  UCP3 is present in murine skin papillomas but lost in carcinomas.

(A)  RT-PCR analysis of UCP3 mRNA levels in tissue lysates from K5-UCP3 and 
WT FVB skin and DMBA/TPA-induced papillomas (P1, P2) and carcinoma (C). 
Loading and RNA integrity is indicated by amplification of β2-microglobulin (β
2m). 

(B)  Immunoblot analysis of UCP3 expression in tissues and tumors from WT 
FVB mice, showing squamous carcinoma (C1), papilloma (P1) and FVB (WT) 
mouse skin & gastrocnemius muscle (gastr), and K5-UCP3 skin.  
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Figure 3.4  UCP3 is lost in mouse skin malignancies.

(A)  Immunoblot analysis of UCP3 expression in isolated mitochondria from 
WT FVB, WT SKH, and K5-UCP3 skin, and in DMBA/TPA (FVB, C2, C4) 
and ultraviolet (SKH, C3)-induced squamous carcinomas.

(B)  Immunoblot analysis of UCP3 expression in isolated mitochondria from 
4 additional DMBA/TPA-induced tumors in WT FVB mice (C5-C8).  Load-
ing is indicated by Ponceau S membrane staining. NS = non specific band (~ 
60 kD).
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would explain the decreased UCP3 mRNA and protein in mitochondria from developed 

carcinomas.  Because it is well established that murine bSCs, unlike human bSCs, 

selectively express CD34 (Trempus et al, 2003), antibodies against this marker combined 

with the general keratinocyte marker α6-integrin can be used to identify and isolate the 

different keratinocyte cell populations away from other murine skin cell types.  Using this 

technique, we isolated the bSC and daughter keratinocytes from WT FVB/N animals.  

Together with an unsorted primary keratinocyte enriched population we analyzed all 

samples for mUCP3 mRNA expression levels using polymerase chain reaction (PCR) 

(Figure 3.5).  Using primer sets against mCD34 as a control for the sorting procedure and 

against mouse β2 microglobulin as a control for RNA integrity (Trempus et al, 2003); we 

show that mUCP3 is present at comparably low levels in the bSC and daughter 

keratinocyte populations (Figure 3.5, lanes 3 and 4, respectively).  The higher mUCP3 

mRNA levels seen in the unsorted primary keratinocyte enriched population (Figure 3.5, 

lane 5) was most likely due to the presence of larger, more differentiated keratinocytes in 

the cell preparation which were gated out of the FACS sorted populations based on size 

parameters.   

3.2.3  K5-UCP3 transgenic mouse model characterization:  UCP3 protein 

presence and function.  To examine the functional importance of changes in UCP3 

expression in skin carcinogenesis, we first generated hemizygous FVB/N mice 

expressing a bovine keratin-5 promoter (bK5) UCP3 transgene (Figure 3.6A) in skin 

keratinocytes. The coding sequence for murine UCP3 was amplified from a mouse heart 

cDNA library and sub-cloned into a bovine keratin-5 promoter (K5) targeting construct 

well established for epidermal gene targeting (DiGiovanni et al, 2000a; Ramírez et al, 

1994) as K5 is expressed in both basal keratinocyte and bSC populations.    

 More than 100-fold overexpression of uncoupling proteins can lead to 

unphysiologic and GDP-uninhibitable uncoupling of mitochondria resulting in metabolic 

catastrophe (Stuart et al, 2001).  Therefore, in order to maintain UCP3 overexpression  



Figure 3.5  UCP3 expression in WT FVB/N bSC.

RT-PCR analysis of UCP3 mRNA expression in bSC enriched (CD34+ / 
alpha 6+), mature keratinocyte enriched (CD34- / alpha 6+), and unsorted 
primary keratinocyte cell populations from WT FVB pooled adult animals.  
Beta 2 microglobin is used as an RNA integrity control.     
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Figure 3.6  Generation of hemizygous K5-UCP3 mouse model.

(A) Bovine keratin 5 (BK5) gene targeting construct used to overexpress mouse 
UCP3 in the FVB murine background.

(B)  Northern blot for UCP3 showing initial characterization of skin from K5-
UCP3 founder lines 1, 12, 3, and 2 and the presence of UCP3 RNA in WT FVB 
skin samples.

(C)  Polymerase chain reaction (PCR) DNA gel showing genotyping results for the 
K5-UCP3 line 12 founder animal compared to WT FVB littermates.  This PCR 
reaction uses primers directed against the beta-globin intron of the BK5 targeting 
construct.  

BK5 promoter       mUCP3   sv40 pAbeta globin intron  5’ 3’

B.

C.
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within a more physiologically relevant induction range, we generated multiple 

hemizygous founder lines in the WT FVB/N background.  Shown by Northern blot 

analysis, UCP3 RNA expression levels were compared in dorsal skin samples from these 

original founder animals (1, 2, 3, and 12) (Figure 3.6B).  Due to the highest UCP3 

expression in animals from the line 12 founder, all subsequent experiments were done in 

this transgenic line which will be hereafter referred to as the K5-UCP3 mouse.  Initially, 

genotypes were confirmed for these K5-UCP3 transgenic lines by PCR analysis (Figure 

3.6C) using primers targeted against both the β-globin intron and the UCP3 gene in the 

targeting construct.  Subsequent genotyping was unnecessary due to an obvious hair 

phenotype.  Notably, UCP3 RNA was detected (black arrows) in skin from WT FVB/N 

animals of various founder lines, further supporting the physiological relevance of 

making this UCP3 overexpression mouse skin model.  

 To further characterize this transgenic model, we next wanted to look at UCP3 

protein presence and function in the skin of these animals to see if it correlated with the 

increased UCP3 RNA levels shown previously.  Western blot analysis showed that in K5-

UCP3 compared to WT FVB/N, UCP3 protein was increased in isolated mitochondria 

from dorsal skin biopsies (Figure 3.7A).  This corresponded with increased UCP3 

immunoreactivity and function (significantly decreased mitochondrial membrane 

potential, ψ) in isolated keratinocytes in vitro (Figure 3.7B-C).  Similarly, the rate of 

mitochondrial oxygen consumption in whole skin was increased two-fold in K5-UCP3 

compared to WT FVB/N mice (Figure 3.8A), yet unchanged in gastrocnemius control 

tissue as the K5 promoter is not expressed in skeletal muscle.  To ensure that this K5-

UCP3 specific effect was not due to increased mitochondrial number per se, we isolated 

respiring mitochondria from both skin and gastrocnemius muscle from both genotypes 

and showed that the increased oxygen consumption correlated with a larger portion of 

respiration that was inhibited by guanosine diphosphate (GDP), a physiological inhibitor 

of UCP3 (Figure 3.8B) (Echtay et al, 2003).  Furthermore, we analyzed the overall 

metabolic rate of the K5-UCP3 animals and showed that although they consumed about  
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Figure 3.7  K5-UCP3 model characterization; UCP3 protein presence and function.   

A)  Immunoblot analysis of UCP3 expression in isolated mitochondria from skin & gas-
trocnemius muscle (gastr) from WT FVB mice and K5-UCP3 skin.  

B)  UCP3 immunohistochemistry and mitochondrial membrane potential (ψ) in primary 
keratinocytes from WT FVB and K5-UCP3 mice.  Scale bars = 10 microns.

C)  Quantification of UCP3-induced effects on ψ in isolated keratinocytes.  Bars are 
means +/- SEM; * indicates significant differences between K5-UCP3 and WT (P < 0.05) 
by Student’s t-test. 
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Figure 3.8  K5-UCP3 model characterization; UCP3 ex vivo and in vivo function.

Quantification of UCP3-induced affects on tissue respiration in cutaneous and gastroc-
nemius biopsies (A), uncoupled GDP-sensitive respiration in isolated skin and muscle 
(gastr) mitochondria (B), and on in vivo body weight and food consumption (intake) 
(C).  Bars are means +/- SEM; * indicates (P < 0.05) and ** indicates (P < 0.002) 
significant differences between K5-UCP3 and WT FVB by single factor ANOVA.  
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18.5% more food, their total body weight was 14% less than WT FVB/N animals 

indicating that these transgenic animals are burning through the food that they consume 

more quickly (Figure 3.8C).   

3.2.4  UCP3 blocks skin carcinogenesis when overexpressed.  To date, no 

evidence exists in the literature to our knowledge connecting UCP3-induced respiratory 

uncoupling with cancer.  Using the K5-UCP3 transgenic model we hypothesized that 

forced mitochondrial respiration in skin keratinocytes may have an effect on 

susceptibility to and progression of basal or squamous cell carcinogenesis.  To test this, 

we used a well established two-stage chemically-induced skin carcinogenesis model 

(Rundhaug et al, 1997) whereby adult (6-8 week old) WT FVB/N and K5-UCP3 mice (N 

≥ 17 per genotype) were topically administered a single dose of the pro-carcinogen 7,12-

dimethylbenz[a]anthracene (DMBA) (100μg) followed two weeks later with biweekly 

applications of the promoting agent 12-O-tetradecanoylphorbol-13-acetate (TPA) (2.5µg) 

for a period of 26 weeks.  Each week tumor burden and size was measured.  As shown in 

Figure 3.9, after 15 weeks of treatment, WT FVB/N mice expressed an average of 9 

tumors per mouse (Figure 3.9A, left) and 100% of WT FVB/N animals bore tumors 

(Figure 3.9A, middle).  In stark contrast, none of the K5-UCP3 mice developed any 

tumors at 15 weeks (Figure 3.9).  At 26 weeks, approximately half of the K5-UCP3 mice 

remained tumor-free, and those that developed any tumors typically bore only one small 

papilloma (Figure 3.9B, right).  Moreover, 70% of WT FVB/N animals developed at least 

one carcinoma by 26 weeks, but remarkably, none of the K5-UCP3 mice developed a 

malignancy (Figure 3.9A, right).  Confirming that cancer protection in K5-UCP3 mice 

was due specifically to mitochondrial uncoupling, animals expressing the prototypical 

UCP1 in skin (K5-UCP1) were also protected from carcinogenesis (data not shown).  

3.3  Discussion  

 The physiological role of one of the more novel uncoupling proteins, UCP3, has 

yet to be elucidated.  Until very recently, the dogma in regard to this protein was that it  
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Figure 3.9  UCP3 blocks skin carcinogenesis upon overexpression.   

(A)  Tumor development in WT FVB and K5-UCP3 mice indicating total 
papillomas/ mouse (left), % mice bearing papillomas (middle) and % mice bearing 
carcinomas (right). 

(B)  Representative tumors in K5-UCP3 and WT FVB mice. Arrow indicates a 
typical small and slow-growing K5-UCP3 papilloma. 
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was only present in adipose tissues, skeletal muscle, and heart (Vidal-Puig et al, 1997); 

(Clapham et al, 2000).  In accordance with the very recent publication by Mori et al. 

showing that UCP3 was present in human keratinocytes and other skin derived cells 

(Mori et al, 2008), here we have shown that UCP3 is also normally expressed in all layers 

of murine skin.  Aside from any of the other proposed function of this uncoupling 

protein, the importance of UCP3 in skin biology is unknown.  In an attempt to investigate 

the role of UCP3 in murine skin development and disease progression, we used a keratin- 

5 promoter construct to globally overexpress UCP3 at moderate levels in both basal 

keratinocyte and bSC populations.  Like UCP1, evidence shows that in other tissues, 

namely skeletal muscle, and in vitro systems UCP3 is capable of increasing all aspects of 

mitochondrial respiration, including lowering the mitochondrial membrane potential 

(ΔΨm) and increasing oxygen consumption (Garcia-Martinez et al, 2001).  In primary 

keratinocytes from hemizygous K5-UCP3 animals, we showed that mitochondrial 

membrane potential was significantly decreased in vitro and that total and UCP3-specific 

mitochondrial oxygen consumption was moderately but significantly increased in vivo.  

Previous work suggests that through these effects, mitochondrial uncoupling establishes a 

condition of increased metabolism and negative energy balance, in essence a situation of 

“wasted energy” (Echtay et al, 2002).  Aside from the importance in protecting a cell 

from ROS damage which has been connected to multiple types of cancer (Turrens, 2003); 

(Lambeth, 2007), the ability of UCP3 to lower the energy balance of a cell may be 

important to cancer susceptibility.  In a study conducted by the American Cancer Society 

(ACS), obesity was associated with a variety of cancers and was estimated to contribute 

to 20% of all cancer deaths in adult women and 14% of all cancer deaths in men (Calle et 

al, 2003).  Although there is significant work that still needs to be done to explore the 

mechanisms behind this weight / cancer relationship, the anti-cancer effects of calorie 

restriction (CR) are well established (reviewed in (Patel et al, 2004)) and promising 

research has shown that exercise can decrease cancer initiation and progression through 
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pathways involving carcinogen activation and ROS production (reviewed in (Rogers et 

al, 2008)). 

 With regard to cancer specifically, uncoupling might be a uniquely powerful 

mechanism to simultaneously target a variety of procarcinogenic bioenergetic adaptations 

for cancer prevention and treatment.  Unfortunately, the evidence that does exist in the 

uncoupling protein and cancer fields are significantly lacking.  With UCP1, ectopic 

overexpression of this UCP in skeletal muscle, an organ where it is not normally 

expressed, led to decreased age-related diseases in mice, including certain types of 

naturally occurring hematologic cancers (Gates et al, 2007).  In regards to UCP2, a close 

homolog of UCP3, data from different groups is conflicting.  On one hand, UCP2 

knockout mice exhibit increased chemically-induced colon carcinogenesis compared to 

wild-type animals (Derdak et al, 2006).  On the other hand, UCP2 is reported to promote 

cell survival and be induced in a variety of drug-resistant malignant cells (Harper et al, 

2002a); (Derdak et al, 2008).  To our knowledge, there is nothing in the literature that 

deals with UCP3 and carcinogenesis.  Therefore, we subjected our K5-UCP3 animals to a 

standard two-stage chemical carcinogenesis regimen and showed that they were partially 

protected from papilloma formation and completely protected from carcinoma formation.  

Of note, one potential problem with using the DMBA/TPA model with these K5-UCP3 

animals is the ability to ensure the complete metabolism of DMBA by P450 enzymes to 

the active carcinogen DMBADE (DiGiovanni, 1992).  Because we showed that K5-

UCP3 animals have evidence of increased systemic metabolism, marked by increased 

food consumption but decreased body weight, the possibility does exist that DMBA 

metabolism could be altered in the skin of these mice.  Therefore, inadequate carcinogen 

production leading to decreased DNA adducts in the K5-UCP3 animals could be partially 

responsible for decreased tumor formation and complete protection from skin 

carcinogenesis.  Measurement of the total DNA adduct level after treatment with a pro-

carcinogen similar to DMBA, benzo[a]pyrene, has been confounded in this K5-UCP3 

model by increased basal epidermal thickness (see Chapter 4).  Therefore, we have 
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initiated an alternative approach to ensure that the protection from skin carcinogenesis in 

these animals is UCP3 dependent and not an artifact of decreased DMBA initiation.  

Because these K5-UCP3 animals are on the FVB/N genetic background and because we 

are concerned about the initiation stage of the two-stage carcinogenesis regimen, this 

future approach is based on the utilization of the Tg.AC mouse model.  This is referred to 

as a ‘genetically initiated’ model as these Tg.AC animals contain a transgene containing 

the coding region of the v-Ha-ras oncogene and are able to therefore develop tumors 

independent of an initiation step (Leder et al, 1990).  This transgene is transcriptionally 

silent until activated by TPA treatment, full-thickness wounding (Leder et al, 1990), or 

UV irradiation (Trempus et al, 1998) at which time its expression drives cellular 

proliferation and tumor formation (Humble et al, 2005).  In response to standard TPA 

treatment, both hemizygous and homozygous Tg.AC animals show a similar tumorigenic 

response (Hansen et al, 1998); (Spalding et al, 1999) consisting of papilloma formation 

beginning at about 4 weeks and reaching a maximum of about 27 papillomas/mouse at 

about 11 weeks (Humble et al, 2005).  After breeding these animals to our K5-UCP3 

mice to generate a Tg.AC / K5-UCP3 double transgenic mouse, we plan to subject these 

animals (along with WT FVB/N and each single transgenic) to TPA (2.5 µg) treatment to 

induce tumor formation.  If UCP3 does promote cancer protection, we would expect that 

the Tg.AC / K5-UCP3 animals would rescue the Tc.AC only tumor phenotype, the extent 

to which is unknown.  Specifically, we hypothesize that the tumor incidence of this 

double transgenic would be less than the Tg.AC alone animals but more than the WT 

FVB/N or K5-UCP3 only animals as these genotypes are not expected to develop any 

tumors in response to TPA alone.  Also, exploring the susceptibility of these K5-UCP3 

animals to a UV dependent skin carcinogenesis regimen is an important future endeavor 

because exposure to UV light is the major cause of human skin cancer (Ananthaswamy, 

1997); (de Gruijl et al, 2001).  Utilizing these animals to explore a variety of cancer types 

may broaden our scope of how forced mitochondrial respiration, and therefore 
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mitochondrial respiratory depression, may indeed be an important cancer adaptation and 

characteristic of most malignancies. 

 As further support of the involvement of UCP3-dependent mitochondrial 

uncoupling in protection from skin carcinogenesis, we also showed here that UCP3 is lost 

in cutaneous malignancies.  Specifically, in tumors from WT animals, we showed that 

both UCP3 protein and mRNA levels were near to completely absent in all carcinomas 

tested but were present at normal levels or above in benign papillomas.  In hypothesizing 

the reasoning for this discrepancy between tumor types, one line of reasoning was that as 

a papilloma converts to a malignant carcinoma it degrades existing UCP3 protein and 

stops transcription of the UCP3 gene.  The problem with this hypothesis is two-fold.  

First, there is no existing evidence of how UCP3 protein, or for that matter any inner 

mitochondrial membrane UCP, gets degraded.  Futher exploration into the involvement 

of mitochondrial peptidases (Kaser & Langer, 2000) or alternative mitochondrial protein 

degradation machinery and UCP processing or proteolysis is needed.  Second, most 

murine skin papillomas are benign and never actually convert to a malignant carcinoma.  

The second explanation of this data is that perhaps the carcinomas develop from a cell 

population that had little to no UCP3 to begin with, whereas the papillomas arise from a 

cell type with higher basal UCP3 levels.  In opposition to the first explanation, this 

hypothesis is supported by two lines of reasoning.  To begin, it is well established that 

IFE stem cells are only capable of giving rise to papillomas whereas the bSCs are the 

only cells able to give rise to carcinomas (Morris et al, 2000).  Interestingly, the second 

piece of evidence in support of this hypothesis is that we showed that UCP3 mRNA was 

present at very low levels in the enriched bSC population from skin of adult WT FVB/N 

animals.  Although the difference in mUCP3 expression between the bSC and daughter 

keratinocyte populations is minimal, mUCP3 mRNA is known to increase in response to 

skeletal myocyte differentiation into myotubes (Guigal et al, 2002) as well as in normal 

keratinocytes from WT FVB/N murine skin cultured under in vitro differentiation 

conditions (see Chapter 4).  Therefore, we hypothesize that the low basal UCP3 levels 
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detected in the quiescent, slow-cycling bSC population would remain low even in 

response to tumor initiation, promotion, and progression to a developed carcinoma.  

Thereby, the carcinomas that arise from this bSC population would have little to no 

detectable UCP3 as we have shown.  Interestingly, these results were observed in basal 

and squamous cell carcinomas from multiple strains of WT mice, FVB/N and SKH, as 

well as from tumors developed in response to varying carcinogenesis regimens, the two-

stage chemical model and UV irradiation.  Based on this, we speculate that these 

differences in UCP3 expression may be observed in other skin tumor types, including 

tumors of other epithelial origins or melanomas.  Furthermore, it would be interesting to 

investigate, in other UCP3 containing tissues from mouse and human, tumors 

representing different stages of progression for the presence or absence of this uncoupling 

protein.  

 In summary, these results indirectly support Warburg’s original idea that 

respiratory dysfunction may contribute to carcinogenesis and the premise of a revival of 

scientific interest in cancer bioenergetics (Pan & Mak, 2007).  Warburg’s original 

hypothesis stated that the diminution of mitochondrial respiration is indispensible for 

carcinogenesis.  Although our model system in which cutaneous respiration is induced 

and carcinogenesis is blocked is supportive of Warburg’s contention, it is by no means 

proof that mitochondrial respiration per se has blocked cancer.  However, these data do 

provide compelling support for the notion that mitochondrial uncoupling, by driving 

uncoupled respiration, is a powerful tool to provoke the development and / or 

maintenance of the respiratory phenotypes of cancer cells and may be of significant 

therapeutic benefit in cancer prevention and treatment.   
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Chapter 4:   Mechanism of UCP3-induced cancer protection 

4.1  Introduction 

 Based on the developing importance of cellular bioenergetics in cancer biology, 

investigation into the uncoupling protein family regarding regulation of mitochondrial 

respiration and malignancy seems very lucrative.  Little is known not only about how 

involved or not UCPs are in cancer progression, but more specifically, what aspect of 

their function could be most important for cancer prevention.  Although no previous 

evidence supports the involvement of UCP3 in cancer prevention, our data shows that by 

some unknown mechanism(s) UCP3 activity protects animals from skin carcinogenesis.  

In the K5-UCP3 mouse model, we showed that the moderate overexpression of UCP3 

increases mitochondrial respiration in K5+ basal keratinocytes and it is assumed that this 

also occurs in the K5-expressing bSC population.  What we still do not know is two-fold.  

First, what specific aspect(s) of UCP3-dependent mitochondrial respiration (decreased 

ROS, increased matrix heat production, decreased OXPHOS ATP production, et cetera) 

promotes cancer protection?  And second, because in the K5-UCP3 model both basal 

keratinocytes and bSC are targeted, are these effects of increased mitochondrial 

respiration cell-type specific in regard to tumor formation?  If we are to elucidate the 

mechanism(s) of UCP3-induced cancer protection, both of these questions must be 

addressed.   

 To begin with the first of these questions, one potential effect of UCP3-dependent 

mitochondrial respiration which may be important to explore are changes in 

mitochondrial matrix heat production.  Shown first with UCP1 and later hypothesized for 

the more novel UCPs, it is assumed that increased uncoupling leads to an increase in 

mitochondrial matrix temperature (Jacobsson et al, 1985), although the extent and 

significance of this change is unknown. In relation to cancer, hyperthermia therapy is a 

treatment that has been used for decades to aid in the treatment of a wide variety of 

cancers including breast, bladder, lung, head and neck, and melanoma among others (van 
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der Zee, 2002).  In general, hyperthermia therapy utilizes various methods to increase the 

temperature of a tumor, organ or tissue, or the whole body to around 42.5 - 44˚C (Ito et 

al, 2006).  This treatment is often used in combination with other cancer therapies, such 

as radiotherapy or chemotherapy, to selectively kill cells within a solid tumor mass.  The 

architecture of solid tumors includes significant regions of low pH, hypoxia, and low 

blood perfusion.  These characteristics are hypothesized to aid in the selective destruction 

of tumor cells, rather than normal cells, due mainly to severe protein denaturation (van 

der Zee, 2002).  In normal tissues, there is adequate blood supply to keep the 

environment under enough control to prevent cell damage and death as long as 

temperatures do not exceed 44˚C and the length of treatment is no more than 1 hour 

(Fajardo, 1984).  Also, in normal tissues induction of heat shock proteins (HSPs), which 

are synthesized in response to stress including hyperthermia treatment, is a tightly 

controlled process (Rossi et al, 2006).  Unfortunately for treatment purposes, cancer cells 

have adapted a mechanism of thermotolerance by inducing their own expression of 

various HSPs.  Studies have shown that techniques to suppress basal and heat-shock 

induced expression of key HSPs, such as the use of the cytokine interferon-gamma (IFN-

gamma) to downregulate Hsp27 expression (Oba et al, 2008), or silencing transcription 

factors necessary for induction of HSPs, such as small interfering RNA (siRNA) of heat 

shock transcription factor 1 (HSF1) (Rossi et al, 2006), can aid in the selective killing of 

tumor cells in response to hyperthermia therapy variations.  Taken together, investigation 

into the connection between UCP3-dependent changes in skin temperature and the skin’s 

heat shock response before and after carcinogen initiation may be important.  Although 

hyperthermia therapy is used for the treatment of existing, solid tumors, we hypothesized 

that increased UCP3 expression could lead to a scenario of sustained hyperthermia which 

selectively kills cells as they become initiated by the carcinogen DMBA and thereby act 

as a cancer preventative mechanism. 

 Another result of increased UCP3-dependent mitochondrial respiration which 

could be cancer protective is the potential decrease in OXPHOS derived ATP in an 
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uncoupled cell.  In has been shown that treatment of fibroblasts with the chemical 

uncoupler carbonyl cyanide p-(trifluromethoxy) phenyl hydrazone (FCCP) (200µM) 

caused a 25% decrease in ATP levels after 30 minutes and four times the lactate 

production compared to untreated cells after 24 hours (Rohas et al, 2007).  Similarly, 

treatment of human muscle cells in culture with the chemical protonophoric uncoupler 

CCCP (5µM for 1 hour) caused a significant reduction in the mitochondrial membrane 

potential (ΔΨm), ATP levels, and the ATP / ADP ratio (Garcia-Martinez et al, 2001).  

Interestingly, this same group showed that overexpression of UCP3 in cultured human 

muscle cells also decreased the ΔΨm but raised the ATP / ADP ratio, by decreasing ADP 

and not effecting ATP levels, and modestly increased glucose uptake and glycolysis 

which was fatty-acid inhibitable.  Although they fail to suggest that the unchanged ATP 

levels could be due to the compensatory ATP-producing glycolysis pathway, the authors 

speculate that these differences between CCCP and UCP3 overexpression are due to 

UCP3 being mostly involved in ‘nutrient partitioning’ between glucose metabolism and 

fatty acid oxidation (Garcia-Martinez et al, 2001), rather than just acting as a physical 

uncoupler.  Furthermore, expression of human UCP3 in rat L6 myotubes and H9C2 

cardiomyoblasts, but not 3T3-L1 adipocytes, increased tissue specific glucose 

metabolism shown by increased glucose uptake, cell surface GLUT 4 levels, PI3K 

activity, and lactate release into culture medium (Huppertz et al, 2001).  Taken together, 

mitochondrial uncoupling decreases OXPHOS derived ATP production, but if properly 

controlled (as with moderate UCP3 activity) does not lead to decreases in total ATP 

levels.  This is due to a compensatory increase in the glycolysis to lactate fermentation 

pathway which is not normally active in a differentiated, coupled cell.  As previously 

explained, adequate ATP levels are necessary for proliferating, malignant cells to deal 

with increases in many biosynthetic processes including non-essential amino acid 

production, nucleotide synthesis, and lipid production necessary for membrane synthesis 

(Moreno-Sanchez et al, 2007).  Aerobic glycolysis, although not extremely efficient, is 

often increased in most malignant cells to deal with this ATP demand (Pedersen, 1978).  



82 

Therefore, we hypothesized that an initiated cell, which may already be dependent on 

aerobic glycolysis for basal energy production, might not have the capacity to increase 

this process even further as a way to compensate for UCP3-dependent mitochondrial 

ATP decreases.  Therefore, we speculate that this would lead to an initiated cell’s 

inability to grow and form a tumor and in essence be a mechanism of UCP3-induced 

protection from cancer.    

 With regard to the second important mechanistic question, we are not sure if these 

various effects of increased mitochondrial respiration play a different role in cancer 

prevention depending on what specific cell type they are occurring in.  For example, 

although all are K5-expressing cells, basal keratinocytes, IFE stem cells, and bSC all play 

very different roles in normal skin maintenance as well as in skin carcinogenesis.  bSC, 

the most pluripotent stem cell population in the adult mouse skin, is marked by K15, 

CD34 (Trempus et al, 2003), (Watt et al, 2006), and its ability to retain a DNA label over 

a long period of time (Morris & Potten, 1999).  Under normal conditions this bSC 

population is mainly involved in hair follicle and sebaceous gland regeneration and in 

response to wounding or epidermal stresses these bSC are essential in replenishing the 

epidermis (Claudinot et al, 2005; Ito et al, 2005; Liu et al, 2003).  Evidence also suggests 

that the bSC population is responsible for giving rise to the IFE stem cells and potentially 

other stem cell populations throughout the adult skin.  Because of this, it is hypothesized 

that the bSC has become the initial and most important cell needed for epidermal 

regeneration whether in response to wounding or not.  ‘Epidermal turnover’ is a term 

which refers to the continual regeneration process of the skin, beginning with a stem cell 

(bulge or IFE) population, through the stages of epidermal proliferation (basal 

keratinocytes) and hair follicle cycling, epidermal differentiation (committed 

keratinocytes), and ending with the sloughing of the squames from the skin altogether.  

The latter half of this process is distinctly marked along the progression of keratinocyte 

differentiation with specific protein expression patterns which are all correlated to the 

internal calcium gradient in the epidermis.  In regard to the involvement of these various 
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K5+ cells in skin carcinogenesis, early investigations showed that carcinogen-retaining 

cells have cell kinetic features consistent with slow-cycling cells (LRCs) (Miller et al, 

1993), (Lavker et al, 1993) and that quiescent rather than cycling cells are the targets of 

skin carcinogenesis (Morris et al, 1997).  A few years later, the idea that the adult skin 

stem cells, which are present in the skin for the lifetime of the animal, were the cells 

necessary for tumor development was supported by evidence showing that promotion of 

carcinogen-treated mice can be delayed up to one year without a significant effect on 

tumor yield (Morris, 2000).  More specifically, in a clever experimental model using a 

two-stage chemical regimen in conjunction with epidermal abrasion (to remove the IFE 

stem cells), Morris et al. concluded that papillomas arise from the IFE and within the hair 

follicle while carcinomas only arise from bulge stem cells (Morris et al, 2000).  In 

response to standard tumor promoting agents such as TPA, the basal keratinocytes and 

TA cells in the skin will be induced to rapidly proliferate.  Therefore, one might imagine 

how a DNA mutation in a bSC or an IFE stem cell could be passed on to subsequent cell 

lineages culminating in a mutated basal keratinocyte that gets promoted to proliferate and 

form a papilloma which then may or may not progress to a carcinoma.  Taking these 

differences of all K5+ cells into account, we hypothesized that mitochondrial uncoupling 

via UCP3 overexpression may also have different effects in these different cell types.  

Since the bSC is the most important target of skin carcinogenesis, we hypothesized that 

UCP3-dependent protection from cancer in the K5-UCP3 skin may be due to an 

alteration of this cell’s functional competence regarding tumor formation.      

4.2  Results 

4.2.1  UCP3-induced affects on skin hyperthermia.  The proton gradient, 

which builds up in the inner membrane space as a result of mitochondrial respiration, is 

dissipated by UCP3 driven mitochondrial uncoupling.  Because the energy of this 

membrane potential is not being used for ATP production through the ATPase, it is 

instead simply used to generate heat in the mitochondrial matrix and is only limited by 



84 

the rate of substrate oxidation (Argyropoulos & Harper, 2002).  Therefore, an indirect 

function of UCP3 activity could be mitochondrial matrix heat production.  Hyperthermia 

therapy is a treatment, often used together with chemotherapy or radiation therapy, that 

has been used for decades to aid in the treatment of solid tumors in a wide variety of 

cancers including breast, bladder, lung, head and neck, and melanoma among others (van 

der Zee, 2002).  In regard to cancer protection in the absence of solid tumors in the K5-

UCP3 skin, we hypothesized that UCP3-dependent uncoupling was increasing the 

mitochondrial matrix temperature and making a premature hyperthermic condition in K5+ 

cells.  We hypothesized that once those cells become initiated, this mild UCP3-dependent 

hyperthermic environment would be protected from cancer encompassing rampant cell 

proliferation and tumor promotion.  We reasoned that if UCP3 was significantly 

increasing the heat production in the K5-UCP3 skin then this would be seen by an 

increase in the skin’s heat response including the induction of heat shock and other heat 

response genes.  Therefore, to investigate this possibility, we compared mRNA 

expression profiles of genes common to cellular heat mediated responses between the 

WT FVB/N and K5-UCP3 animals.  Interestingly, in independent microarrays from both 

untreated whole skin and basal keratinocyte populations from adult mice, we observed no 

significant increase in heat response genes in K5-UCP3 animals compared to WT 

FVB/N.  Figure 4.1 shows the fold change in mRNA expression levels of K5-UCP3 / WT 

FVB/N on the y-axis and a variety of heat response genes, including the mitochondrial 

heat shock gene cvHsp or Hspb7, on the x-axis.  Using the criteria of significance to be a 

2-fold increase or decrease in expression, most of the genes analyzed from both sample 

types were not significantly different between genotypes and in some cases even 

decreased in the K5-UCP3 animals.  We have also done some preliminary thermal 

imaging of the dorsal skin surface of these K5-UCP3 animals and saw no significant 

change in skin temperature (°C) compared to WT FVB/N (data not shown).  Although 

further studies could be done to investigate the heat response in K5-UCP3 skin after 

carcinogen initiation, it is the basal level of hyperthermia in the K5+ cells that we  



Figure 4.1  UCP3 overexpression does not significantly increase skin temperature. 

Graph representing fold change (K5-UCP3 / WT FVB) in mRNA of various heat 
response genes detected in an Illumina microarry analysis on untreated whole skin and 
primary keratinocytes from three individual animals per genotype.   
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hypothesized to make the most impact on tumor development rather than the ability of 

initiated cells to mount a thermoprotective response using HSPs.  Therefore, this data 

does not support the hypothesis that increased heat production leading to internal 

hyperthermic conditions, as a result of increased mitochondrial uncoupling, was the 

primary mechanism of UCP3-dependent cancer protection.  

4.2.2  UCP3-induced affects on keratinocyte ATP levels.  Mitochondrial 

uncoupling proteins are believed to be under relatively tight control by various activators 

and inhibitors within the cell.  Although the activity of these proteins is not normally 

subject to changes in cellular ATP levels, one might imagine how uncontrolled 

uncoupling would be detrimental to a cell due to a significant and sustained decrease in 

mitochondrial ATP production (Rohas et al, 2007); (Garcia-Martinez et al, 2001).  As a 

mechanism to deal with the high energy demand of a rapidly proliferating state and of 

decreased mitochondrial dependence, most malignant cells will significantly increase 

ATP production from aerobic glycolysis (Pedersen, 1978).  In fact, in vivo tumor studies 

have shown that in combination with anticancer agent therapy, ATP-depleting agents that 

reduce tumor cell ATP levels to 15% of normal lead to enhanced tumor regression 

(Martin et al, 2000).  Taken together, we hypothesized that perhaps another possible 

mechanism of cancer protection in the K5-UCP3 skin was due to UCP3-dependent ATP 

depletion in initiated, pre-cancerous cells.  If metabolism in initiated cells was 

excessively increased due to uncoupling, then we hypothesized that these cells may not 

have high enough ATP levels to proliferate, clonally expand and give rise to tumor 

growth.  To initially investigate this potential mechanism, we looked at phosphorylation 

patterns of common kinase-dependent cell signaling pathways.  The ability of a kinase 

enzyme to properly phosphorylate its substrate is ultimately dependent on ATP 

availability within a cell.  We reasoned that genotype specific differences in the 

phosphorylation patterns of key pathway substrates may not only give us information 

about the energy status of the cell, but may also give us clues as to which specific 

signaling pathways were important in UCP3-dependent cancer protection.  Interestingly, 
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we saw no difference in protein phosphorylation patters in the AKT, 4E-BP1, p70S6K, 

ERK, SAPK/JNK, p38 MAPK, or AMPK pathways between WT FVB/N and K5-UCP3 

primary keratinocyte lysates (Figure 4.2) or whole skin lysates (data not shown).  

Although the effects of increased mitochondrial respiration on total ATP and ADP levels, 

as well as the proportion of ATP produced from OXPHOS verses glycolysis to lactate 

fermentation have not yet been measured, it appears as though there is adequate ATP 

availability in K5-UCP3 keratinocytes for proper cell signaling.  Therefore, this data does 

not support the hypothesis that UCP3-dependent cancer protection is due to lack of 

cancer cell proliferation and tumor growth as a result of significantly decreased ATP 

levels.           

4.2.3  UCP3 alters bSC quiescence and epidermal turnover  

4.2.3.1  Loss of bulge stem cell markers without loss of stem cell functions in 

K5-UCP3 skin.  The keratin-5 promoter has been extensively utilized to regulate gene 

expression in stem (SC) and daughter skin keratinocytes, including the established 

tumorigenic SC populations in the interfollicular epidermis (IFE) and follicular bulge 

region (Ramirez et al, 1994; Rundhaug et al, 2007).  Among all keratinocytes, increasing 

evidence indicates that only the slowly cycling (quiescent), multipotential follicular bulge 

SC (bSC) is both necessary and sufficient for squamous carcinogenesis (Astuti et al, 

2004).  Recently, Trempus and colleagues compared mRNA levels of CD34+ (follicular 

SCs) and CD34- keratinocytes isolated from mouse skin, with previously published 

mRNA datasets from hematopoietic and neural human SC.  These experiments showed 

that follicular and human SCs have significantly diminished expression of a large cohort 

of ~50 mitochondrial respiratory genes compared to non-SC keratinocytes (Trempus et 

al., 2007).  This, together with our previous data showing that UCP3 mRNA was low in 

the bSC enriched keratinocyte population and that malignant skin carcinomas have little 

to no UCP3 protein, supports the idea that bSC may have bioenergetic features of  



Figure 4.2  UCP3 overexpression does not alter kinase signaling pathways.

Immunoblot analysis of multiple kinase signaling pathways and phosphorylation 
patterns in WT FVB and K5-UCP3 primary keratinocyte lysates.  The following 
pathways were analyzed:  p70S6K, ERK, AKT, 4E-BP1, SAPK/JNK, p38 MAPK, 
and AMPK.
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respiratory quiescence as seen in hematopoietic stem cells (HSC) (Piccoli et al, 2005).  

Therefore, we hypothesized that the mechanism of cancer resistance in the K5-UCP3 

mice was due to effects on the tumorigenicity and quiescent state of the bSC resulting 

from increased UCP3-induced mitochondrial respiration.   

 bSCs in the adult mouse are marked by keratin 15 (K15) and CD34 expression, 

and as a result of their slow cycling and quiescent state, selectively retain DNA labels 

such as BrdU lost in other cells to proliferation and differentiation.  Remarkably, 

although the bulge region was morphologically present and normal in the K5-UCP3 skin, 

these transgenic mice showed a near perfect correspondence in their lack of 

immunostaining for K15 (Figure 4.3A) and CD34 (Figure 4.4A) in the bulge region.   

Quantification of these effects (shown for K15) in more than 250 follicles per genotype 

revealed a more than 8-fold decrease in follicles positive for bSC markers (Figure 4.3B), 

and loss of these bSC markers was evident in young (3 weeks) and adult (7 weeks) mice 

alike (Figure 4.4A-B).  Similar results were seen in label retaining cell experiments with 

immunostaining for BrdU both eight (Figure 4.5C) and ten (data not shown) weeks after 

BrdU administration.  To investigate the possibility that these changes were due to cell 

death, we performed TUNEL staining on skin sections from K5-UCP3 versus WT 

FVB/N mice 36hrs after vehicle or TPA (1X) treatments, yet saw no evidence of 

increased apoptosis by this marker (data not shown).   

 Others have shown that bSC depletion or ablation leads to hair follicle and 

sebaceous gland degeneration along with the inability to heal wounds and failure to form 

new follicles after developmental follicular degeneration or catagen (Benitah et al, 2005; 

Gandarillas & Watt, 1997).  Surprisingly, K5-UCP3 mice not only had normal hair 

follicle number and overall morphology at 3 and 7 weeks of age (Figure 4.4), but they 

also exhibited enlarged sebaceous glands (Figure 4.5A) and healed epidermal abrasion 

wounds at comparable rates to WT FVB/N (Figure 4.5B).  Thus, consistent with 

decreased quiescence and increased normal function, but not the loss of bSC altogether in  
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Figure 4.3  Loss of bulge stem cell marker keratin 15 in K5-UCP3 follicles.

(A)  Immunohistochemistry for keratin 15 (K15) in follicular bulge regions in WT 
FVB and K5-UCP3 adult skin.  Arrows (K15) represent antigen localized to the 
follicular bulge region.  Scale bars = 50 microns.  

(B)  Quantification of the percentage of  K15 immunoreactive follicles (N > 250 per 
genotype).   Bars are means +/- SEM; * indicates significantly different from WT 
(p<0.001) by single factor ANOVA.  
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Figure 4.4  UCP3-induced loss of bulge stem cell markers across developmental stages.

Immunohistochemistry for stem cell markers (A) CD34 and (B) K15 in skin sections from 
newborn, 3-week, and 7-week aged WT FVB and K5-UCP3 mice.  Arrows indicate positive 
immunoreactivity in the follicular bulge regions of WT mice.  Scale bars = 50 microns.
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Figure 4.5  Loss of label retaining cells in K5-UCP3 bulge but not bSC function.

(A)  Sebaceous gland morphologies in adult mouse skin (arrow).  Note the follicular 
density is unchanged in K5-UCP3 versus WT FVB skin.  Scale bars = 50 microns.  

(B)  Rates of wound healing after epidermal abrasion (days).   Bars are means +/- 
SEM.

(C)  Immunohistochemistry for BrdU label retention (8 wk pulse-chase) in follicular 
bulge regions in WT FVB and K5-UCP3 adult skin.  Bottom panels represent magni-
fied inset of follicle bulge cells showing BrdU label retaining cells (arrowheads).  
Scale bars = 50 microns.  
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K5-UCP3 skin, no known bSC function was lacking in K5-UCP3 mice except for 

carcinogenesis. 

4.2.3.2  K5-UCP3 skin is resistant to TPA-induced skin thickening but not 

proliferation.  The epidermis is a keratinocyte-enriched (95%), rapidly cycling skin 

region wherein cells originate from stem cell pools, undergo a limited number of cell 

divisions, eventually differentiate and migrate toward the skin surface, and fuse to form 

the outer squamous barrier layer of dead cells before ultimately sloughing.  Since the bSC 

population appears to have lost markers of a quiescent state, yet maintains normal 

functions in K5-UCP3 mice, we reasoned that the overall transit from bSC to early 

proliferative and finally to terminally differentiated keratinocyte may likewise be 

increased in K5-UCP3 skin.  Consistent with this notion, we observed that the 

proliferative cells within the epidermis (epi) in WT FVB/N mice consisted of a typical 

single keratinocyte layer but in K5-UCP3 skin comprised 2-3 cell layers (Figure 4.6A), 

suggesting that in fact basal epidermal proliferation is increased in K5-UCP3 mice.  This 

was confirmed using cell cycle analysis in isolated keratinocytes showing that the 

percentage of cells in S- and G2/M phases of the cell cycle increased from 1.6 to 4.9%, 

and 3.2 to 5.2%, respectively, in K5-UCP3 compared to WT FVB/N mice (Figure 4.7).   

 Because of its dramatic effects on keratinocyte proliferation but not 

differentiation, repeated topical application of TPA normally induces a large increase in 

skin thickness (hyperplasia).  It has been shown that during this promotion stage, skin 

tumors develop in part as a consequence of this chronic epidermal hyperplasia 

(DiGiovanni, 1992).  As expected, in both WT FVB/N and K5-UCP3 mice, single or 

acute (1X) and multiple or chronic (4X) cutaneous TPA treatments induced a three-fold 

increase in staining of basal epidermal keratinocytes with the proliferation marker Ki67 

(Figure 4.6A-B) compared to vehicle (acetone) treatment.  However, TPA-induced skin 

thickening was largely blunted in K5-UCP3 skin (56% increase) compared to WT FVB/N 

(224% increase) (Figure 4.6C).  Together with observations that the K5-UCP3 mice are  
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Figure 4.6  TPA increases proliferation but not skin thickening in K5-UCP3 skin.

(A)  Ki67 immunohistochemistry in WT and K5-UCP3 mice after single (1X) and 
repeated (4X) applications of TPA (2.5 μg / 200 μl acetone - vehicle).  Arrow indicates 
epidermal region.  Scale bars = 20 microns. 

(B-C)  Quantification of TPA-induced basal keratinocyte proliferation and epidermal 
thickness (microns).  Bars are means +/- SEM.  
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Figure 4.7  UCP3 expression increases basal keratinocyte cell cycling.

Cell cycle analysis on primary keratinocytes from WT FVB and K5-UCP3 
pooled adult animals using propidium iodide (PI).
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dramatically protected from skin carcinogenesis, these data argue that TPA-stimulated 

proliferating keratinocytes in K5-UCP3 mice are being lost at a pre-cancerous state, 

perhaps to increased transit and skin sloughing, compared to WT FVB/N mice which do 

develop tumors.   

4.2.3.3  Keratinocyte differentiation is increased in K5-UCP3 mice.  As 

previously mentioned, keratinocytes begin in a very proliferative state (basal cell), 

transition to the early stages of differentiation without additional proliferation (a 

committed cell), and eventually differentiated completely (terminally differentiated cell) 

before sloughing from the skin surface all together.  Based on the previous data, we 

hypothesized that the only explanation for increased basal keratinocyte proliferation 

together with decreased hyperplasia (indicative of increased cell sloughing) in the K5-

UCP3 skin would be a dramatic increase in the normal intermediate process, keratinocyte 

differentiation.  To further explore this mechanistic hypothesis of how skin turnover leads 

to UCP3-induced cancer resistance, we compared mRNA expression profiles in normal 

skin of adult WT FVB/N and K5-UCP3 mice and observed an increase in the expression 

of a large cohort of 19 differentiation genes (Table 4.1).  Similarly, immunohistochemical 

staining with both early and late epidermal keratinocyte differentiation markers keratin 1 

(early), loricrin (late) and involucrin (late) were increased in K5-UCP3 versus WT 

FVB/N skin (Figure 4.8).    

 We next sought to determine if UCP3-induced differentiation was cell 

autonomous using isolated basal keratinocytes from adult dorsal skin.  In vitro, 

differentiation of keratinocytes is Ca2+-dependent and is typified by enlargement as cells 

progress from small and round toward a larger “fried egg” morphology followed by cell 

fusion and formation of a squamous layer. At low [Ca2+] (0.03 – 0.05 mM), isolated cells 

typically remain small and proliferative, but undergo squamous differentiation and are 

marked by the presence of large cytoplasmic keratin filaments when cultured in higher 

[Ca2+] (0.1 – 1.2 mM).  Notably, keratinocytes from K5-UCP3 mice showed signs of  



Table 4.1  Increased differentiation markers in K5-UCP3 skin by microarray analysis.

Data from an Illumina microarry analysis shows decreased mRNA levels (fold change) of 
the SC marker K15 and induction of skin differentiation genes in K5-UCP3 versus WT 
FVB whole, untreated skin.  Epidermal keratinocytes (EK), stem cells (SC), cornified 
squamous layer (Sq).
 

Name / Description Tg/WT (fold) Comments Structure or Location

  1. Keratin complex 1, acidic, gene 15(K15) 0.42 SC marker follicular SC
  2. Small proline rich-like 7 (Sprrl7) 2.00 Differentiation Sq
  3. Desmocolin 2.23 Differentiation hair follicles, Sq
  4. Calgranulin A (S100 protein A8) 2.31 Differentiation Sq
  5. Involucrin 2.34 Differentiation Sq
  6. Keratin complex 1, acidic, gene 2(K2) 3.21 Differentiation Suprabasal EK
  7. Calgranulin B (S100 protein A9) 5.60 Differentiation Sq
  8. Small proline rich-like 1A (Sprrl1a) 5.81 Differentiation Sq
  9. Similar to keratin type II, hair B4 7.26 Differentiation EK
  10. Keratin complex 1, acidic, gene 16(K16) 8.34 Differentiation EK

11. Small proline rich-like 2A (Sprrl2a) 10.6 Differentiation Sq
  12. Keratin complex 1, acidic, gene 18(K18) 14.94 Differentiation EK
  13. Keratin complex 1, acidic, gene 5(K5) 22.85 Differentiation Proliferating EK, follicular SC
  14. Small proline rich-like 1b (Sprrl1b) 23.21 Differentiation Sq
  15. Calgranulin A3 (S100a3) 33.07 Differentiation Sq
  16. Small proline rich-like 4 (Sprrl4) 39.8 Differentiation Sq
  17. Keratin complex 1, acidic, gene 29 85.02 Differentiation EK
  18. Trichohyalin 153.8 Differentiation Sq
  19. Keratin complex 1, acidic, gene 73 727.2 Differentiation Sq

p , , g ( )
2. Small proline rich-like 7 (Sprrl7) 2.00 Diffff erentiation Sq
3. Desmocolin 2.23 Diffff erentiation hair follicles, Sq
4. Calgranulin A (S100 protein A8) 2.31 Diffff erentiation Sq
5. Involucrin 2.34 Diffff erentiation Sq
6. Keratin complex 1, acidic, gene 2(K2) 3.21 Diffff erentiation Suprabasal EK
7. Calgranulin B (S100 protein A9) 5.60 Diffff erentiation Sq
8. Small proline rich-like 1A (Sprrl1a) 5.81 Diffff erentiation Sq
9. Similar to keratin type II, hairii B4 7.26 Diffff erentiation EK
10. Keratin complex 1, acidic, gene 16(K16) 8.34 Diffff erentiation EK
11. Small proline rich-like 2A (Sprrl2a) 10.6 Diffff erentiation Sq
12. Keratin complex 1, acidic, gene 18(K18) 14.94 Diffff erentiation EK
13. Keratin complex 1, acidic, gene 5(K5) 22.85 Diffff erentiation Proliferating EK, follicular SC
14. Small proline rich-like 1b (Sprrl1b) 23.21 Diffff erentiation Sq
15. Calgranulin A3 (S100a3) 33.07 Diffff erentiation Sq
16. Small proline rich-like 4 (Sprrl4) 39.8 Diffff erentiation Sq
17. Keratin complex 1, acidic, gene 2922 85.02 Diffff erentiation EK
18. Trichohyalin 153.8 Diffff erentiation Sq
19. Keratin complex 1, acidic, gene 7377 727.2 Diffff erentiation Sq

1. Keratin complex 1, acidic, gene 15(K15) 0.42 SC marker follicular SC

97



           

           

WT

InvolucrinLoricrinK1

Figure 4.8  Increased keratinocyte differentiation markers in K5-UCP3 skin.

Immunohistochemistry for early and late keratinocyte differentiation markers 
keratin 1 (K1), loricrin, and involucrin in the epidermis of WT FVB and K5-UCP3 
mice.  Arrows indicate antigen location.  Scale bars = 50 microns. 
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differentiation even in low calcium medium.  Light microscopy revealed that 0.05 mM 

Ca2+-cultured K5-UCP3 cells were larger than WT FVB/N keratinocytes, and displayed 

differentiation morphologies that were absent in WT FVB/N cultures (Figure 4.9A). 

Similarly, transmission electron micrographs confirmed the UCP3-induced increase in 

cell size and revealed that the large cytosolic filamentous keratin strands induced by high 

Ca2+ in WT cells were similarly present in K5-UCP3, but not in WT FVB/N, 

keratinocytes cultured in low Ca2+ conditions (Figure 4.10).  Moreover, we found that 

UCP3 mRNA levels were strongly induced during Ca2+-stimulated differentiation of WT 

FVB/N keratinocytes (Figure 4.9B).  Taken together, this data support the hypothesis that 

a mechanism of cancer resistance in the K5-UCP3 mice is increased epidermal turnover 

including decreased bSC quiescence, increased keratinocyte proliferation and 

differentiation, and decreased hyperplasia indicative of increased skin sloughing.  Most 

importantly, this data supports the hypothesis that it is increased UCP3-dependent 

mitochondrial respiration in the K5+ bSC population that has the most impact on 

complete protection from skin carcinogenesis in the K5-UCP3 mice.     

4.3  Discussion 

 To our knowledge, no other evidence in the literature suggests that mitochondrial 

uncoupling protein 3 (UCP3) could be protective against cancer.  Because the 

physiological relevance of UCP3 and its main function in the few tissues in which it is 

expressed are not known, we are now challenged with the question of how UCP3 induces 

protection from cancer.  Therefore, we first sought to determine what specific effect of 

increased UCP3-dependent mitochondrial respiration may be most important in 

protecting the K5-UCP3 animals from skin carcinogenesis.  Although the effects on 

oxygen consumption, ROS production and levels, and mitochondrial calcium 

sequestration all need to be explored in the future, we chose to initially investigate how 

mitochondrial matrix heat production and alterations in OXPHOS ATP production might 

be involved in UCP3-dependent cancer protection.   
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Figure 4.9  Keratinocyte differentiation and UCP3 induction in vitro.

(A)  WT FVB and K5-UCP3 keratinocyte morphology by phase contrast 
microscopy in low (0.05 mM Ca2+) calcium medium.  Arrows indicate 
differentiated morphology.  Scale bars = 20 microns.  

(B)  RT-PCR for UCP3 and β2 microglobulin expression in WT FVB kerati-
nocytes in response to increased Ca2+-stimulated differentiation.  
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Figure 4.10  Differentiation morphology in K5-UCP3 keratinocytes by TEM imaging.

WT FVB and K5-UCP3 keratinocyte morphology by electron microscopy in low (0.03 mM 
Ca2+) and high (1.2 mM Ca2+) calcium medium. Arrows indicate cytoplasmic keratiniza-
tion.  Scale bars =  2 microns 
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 With regard to a potential UCP3-induced hyperthermic condition within K5+ 

cells, we observed that any temperature increase due to uncoupling is not significant 

enough to cause a detectable heat response in untreated whole skin or isolated basal 

keratinocytes.  In addition, preliminary evidence showed no change in dorsal skin 

temperature between K5-UCP3 and WT FVB/N mice.  Therefore, we concluded that 

internal hyperthermia resulting from increased UCP3-dependent mitochondrial 

respiration is not the mechanism of cancer protection in the K5-UCP3 model, although I 

do hypothesize that it could be a novel approach to treat existing tumors.  For example, 

what would happen to the rates of tumor growth or papilloma to carcinoma conversion if 

UCP3 expression in the K5-UCP3 mouse, or even a K15-UCP3 animal model, was 

inducible?  If mitochondrial uncoupling could be turned on after tumor formation and the 

internal temperature in the IFE stem cell and bSC populations increased, would that be 

enough to stop the clonal expansion from the cancer stem cell and / or lead to tumor 

regression?  With respect to UCP3-dependent mitochondrial respiration significantly 

altering total ATP levels in an initiated cell and thereby acting as a mechanism of cancer 

protection, our preliminary evidence opposes this hypothesis.  We demonstrated that 

kinase-dependent signaling, which is dependent on adequate cellular ATP levels, was no 

different in K5-UCP3 primary keratinocytes and whole skin that it was in samples from 

WT FVB/N animals.  We realize that overall cellular ATP / ADP levels need to be 

measured and that we need to determine what proportion of cellular ATP is derived from 

OXPHOS and the glycolysis to lactate fermentation pathway in an uncoupled, K5-UCP3 

expressing keratinocyte compared to WT FVB/N.  Evidence in the literature using 

various in vitro UCP3 overexpression models shows that moderate uncoupling does not 

affect total ATP levels (Garcia-Martinez et al, 2001) but does increase aerobic glycolysis 

in a normal cell (Huppertz et al, 2001).  Therefore, we hypothesize that in the K5-UCP3 

model where the moderate increase in mitochondrial respiration can be controlled 

(inhibited by GDP); ATP production from aerobic glycolysis to lactate fermentation may 

be slightly increased with no significant change in total ATP levels.  Furthermore, if this 
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hypothesis suggests that increased UCP3 expression may simulate the increases in 

aerobic glycolysis seen in most malignant cells, yet the K5-UCP3 model is completely 

protected from skin carcinogenesis, then alterations in mitochondrially derived ATP 

levels is most likely not the major mechanism of UCP3-induced cancer protection.           

 In the K5-UCP3 model, both basal keratinocytes and bSC are targeted for 

increased mitochondrial respiration.  Therefore, our second objective was to determine if 

the various effects of increased mitochondrial respiration were cell-type specific in regard 

to UCP3-induced cancer resistance.  The bSC population has keratin-5 promoter activity 

and is a precursor for normal keratinocytes and basal or squamous cell carcinomas arising 

from ultraviolet and DMBA/TPA treatment models.  This, together with the data showing 

that the K5-UCP3 animals were completely protected from skin carcinogenesis (Chapter 

3, Figure 3.9), we hypothesized that the competence of this cell population could be 

altered in a way that would protect the animals from cancer.  Interestingly, we observed 

that markers of hair follicle bulge stem cells are lost in the vast majority of K5-UCP3 

follicles, but that normal stem cell functions are intact in these mice.  Expression of 

CD34 is a bSC characteristic that is lost during differentiation and has been recently 

shown to be required for skin carcinogenesis.  It has been shown that in CD34KO mice, 

which do not show a hyperplastic response to TPA exposure, the bSC are not properly 

activated by proliferative signals which normally emerge from hyperplastic skin and that 

this may explain the lack of tumorigenesis in these animals (Trempus et al, 2007).  Thus, 

loss of CD34 in the K5-UCP3 follicles may contribute both to increased keratinocyte SC 

differentiation and strong cancer resistance in K5-UCP3 mice especially because 

epidermal hyperplasia in response to TPA is significantly blunted in the K5-UCP3 skin. 

 We also showed that in untreated skin UCP3 overexpression causes increased 

epidermal thickening resulting from increased basal keratinocyte proliferation.  Given 

that ‘cancer’ is a condition of uncontrolled and rapid cell proliferation (National Cancer 

Institute), we questioned the significance of increased cellular proliferation in the K5-
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UCP3 mouse model regarding cancer protection.  A sound explanation for this concern 

comes from our further results showing that in response to the tumor promoter TPA, the 

hyperplastic response of the K5-UCP3 skin was significantly blunted compared to WT 

FVB/N yet both genotypes responded similarly to TPA-induced proliferation.  Together, 

this data shows that the increase in cell number, due to increased proliferation, is not 

being translated to an increase in skin thickening.  Regarding tumor formation, if a K5+ 

cell acquired DNA mutations from DMBA and was induced to proliferate due to some 

effect of increased mitochondrial uncoupling, that cell would not be kept within the 

epidermis for a long enough period of time to give rise to a tumor.  Without a method to 

directly measure the levels or rate of squame sloughing, we hypothesized that the only 

explanation for increased basal keratinocyte proliferation but decreased hyperplasia in the 

K5-UCP3 model is a result of increases in the final stages of epidermal turnover, i.e. 

sloughing.        

 We also demonstrated for the first time the capacity for any uncoupling protein to 

promote cellular differentiation.  Keratinocyte differentiation was increased in vivo, but 

also in vitro in K5-UCP3 keratinocytes, suggesting that the mechanism of UCP3-induced 

cellular differentiation is likely to be cell autonomous, or rather, that the effect is not 

necessarily a microenvironment phenomenon of mitochondrial uncoupling in the skin.  

Arguing that these effects on differentiation observed upon UCP3 overexpression are 

physiologically relevant, we also observed that UCP3 expression increases significantly 

during differentiation of WT FVB/N primary keratinocytes in culture.  This is consistent 

with previous observations showing that UCP3 expression increases during skeletal 

myocyte differentiation and supports that one function of UCP3 might be to protect cells 

from the higher ROS production associated with greater metabolic demands and 

mitochondrial respiratory activity of the differentiated state (Guigal et al, 2002).  

Therefore, the data argue that a likely mechanism of UCP3-induced cancer protection is 

the surprising induction of stem cell differentiation by UCP3.  Interestingly, very recent 

reports have linked mitochondrial energetics to keratinocyte differentiation and apoptosis. 
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It was shown that mitochondrial respiratory dysfunction, by generating mitochondrial 

ROS, leads to keratinocyte differentiation (Tamiji et al, 2005).  Another article implicated 

ROS production and simultaneous respiratory impairment (decreased membrane 

potential) as inducers of keratinocyte differentiation (Hornig-Do et al, 2007). Notably, the 

authors suggested that ROS may be lowering membrane potential by activating UCP-

dependent proton leak, but they measured no detectable levels of the homolog UCP2 in 

keratinocytes.  We also failed to detect UCP2 in keratinocytes (data not shown).  Thus, 

together with our observations that UCP3 is expressed normally in mouse skin, along 

with a recent corroborating report in human keratinocytes (Mori et al, 2008), it is 

tempting to speculate that that the link between mitochondrial ROS and keratinocyte 

differentiation may be the regulation / activation of UCP3 by mitochondrial oxidants.      

 In summary, this data shows that alterations in the bSC population, due to an 

increase in UCP3-dependent mitochondrial respiration, are in part responsible for cancer 

resistance in the K5-UCP3 mouse model.  The data suggests that effect(s) of the 

increased mitochondrial respiration responsible for decreasing bSC quiescence and 

increasing both bSC and epidermal differentiation have yet to be determined.  

Preliminary studies thus far have not supported the hypotheses that mitochondrial matrix 

heat production or alterations in OXPHOS ATP production might be involved in UCP3-

dependent cancer protection.  Therefore, future research will need to explore how 

alternative effects of increased UCP3-dependent mitochondrial respiration including 

increased oxygen consumption, decreased ROS production and levels, and changes in 

mitochondrial calcium levels among others may be involved in the cancer protective 

mechanism in the K5-UCP3 mouse model.     
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Chapter 5:  Concluding remarks  

 Uncoupling proteins (UCP1-5) are evolutionarily conserved nuclear encoded 

members of the mitochondrial solute carrier superfamily that regulate proton conductance 

across the inner mitochondrial membrane in a variety of tissues.  Proton conductance 

increases mitochondrial respiration by increasing the flux of electrons across the ETC and 

the reduction of molecular oxygen to water in the mitochondrial matrix.  Although work 

with this family of proteins began with UCP1 in the 1970’s and gained momentum with 

the discovery of UCP2 and UCP3 in 1997, a conserved mechanism of action for how 

these homologs ‘uncouple’ the mitochondrial proton gradient away from ATP synthesis 

has not been established.  Furthermore, often due to compensatory actions by other 

UCPs, involvement of these proteins in protection from or susceptibility to aging, cancer, 

or other disease states is speculated but evidence is sometimes correlative.   

 When ectopically expressed in mouse skeletal muscle (a tissue in which it is not 

normally found), UCP1 led to an increased average lifespan and decreased age-related 

diseases including atherosclerosis and naturally occurring lymphomas (Gates et al, 2007).  

In regard to obesity, UCP1 ablated mice housed under conditions of thermoneutrality 

(~30°C for mice) showed increased body weight due entirely to increases in fat mass 

under both normal and obesogenic diets and had increased metabolic efficiency 

(Feldmann et al, 2009).  Further implicating UCP activity as a target for obesity and 

obesity-related diseases, UCP3 expression and mitochondrial proton leak are positively 

correlated with weight loss success in women (Harper et al, 2002b).   Therefore, given 

that obesity is associated with numerous types of cancers and is estimated to contribute to 

14-20% of all cancer deaths in adults according to the American Cancer Society (ACS) 

(Calle et al, 2003), targeting UCPs and mild mitochondrial uncoupling for obesity and 

anti-cancer therapy is important.  Consistent with a potential tumor suppressor function 

of UCPs, researchers demonstrated that UCP2-deficient mice had enhanced chemically-

induced colon carcinogenesis (Derdak et al, 2006) although there is conflicting evidence 



107 

in vitro from this same lab and others that UCP2 promotes cell survival in cancer cells 

(Derdak et al, 2008); (Harper et al, 2002a); (Samudio et al, 2008); (Samudio et al, 2009).  

We were the first to show that both UCP1 and UCP3 overexpression protect animals 

from skin carcinogenesis, with the latter being a near complete protection from 

tumorigenesis altogether.  Moreover, in support of mitochondrial uncoupling having 

tumor suppressor implications, four of the five UCP-driven effects on mitochondrial 

energetics, namely decreased respiratory coupling and membrane potential, increased 

oxygen consumption, and decreased ROS production, are opposed to the corresponding 

bioenergetic respiratory phenotypes observed in malignant cancer cells.  Based on the 

developing importance of cellular bioenergetics in cancer biology, further investigation 

into the UCP family in regard to regulation of mitochondrial respiration and malignancy 

is needed.  For example, the K5-UCP3 animals could be used to investigate epithelial, 

K5+ cell derived cancers such as breast, prostate, or pancreas which are more applicable 

to human health than chemically induced skin carcinogenesis.  It would be very 

interesting to cross the K5-UCP3 animals to other mouse models of spontaneous aging 

and a variety of cancer types (K5-Tert mice with transgenic telomerase expression 

(Gonzalez-Suarez et al, 2002), spontaneous mammary adenocarcinomas (any of the 

mouse mammary tumor virus (MMTV) promoter plus oncogene models (Hennighausen, 

2000)),  or spontaneous prostate adenocarcinomas (BK5.IGF1 transgenic mice 

(DiGiovanni et al, 2000b).  I would hypothesize that if not for the direct effect in K5+ 

cells, increased mitochondrial respiration in the microenvironment may have a cancer 

protective effect on the cells within these various tumor models which develop into 

cancers.  If mitochondrial respiratory depression is in fact an additional ‘hallmark of 

cancer’, then one would expect that increased mitochondrial respiration via UCP3 

overexpression would be cancer protective in these various double transgenic models. 

 In regard to our findings with the K5-UCP3 model and skin carcinogenesis 

specifically, it would be interesting to further explore what aspect of mitochondrial 

uncoupling in the bSC leads to loss of the quiescent state and residence in the protective 
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niche environment of the hair follicle bulge.  We assume that loss of quiescence leads to 

an induction of proliferation and differentiation in these bSCs, causing them to leave the 

protective niche environment and migrate towards to the epidermis.  This assumption is 

based on increases in the various stages of skin turnover as well as increases in sebaceous 

gland development and an adequate wound healing response, all of which would not 

occur without a functioning bSC population.  Investigating what effect, if any, increased 

uncoupling has on the regeneration of the bSC population is also very important.  Other 

mouse models, such as the K14-MYC2 mouse, have shown that bSC depletion without 

regeneration leads to spontaneous wounding (Waikel et al, 2001).  Therefore, lack of bSC 

markers K15 and CD34 combined with normal skin morphology and bSC function in the 

K5-UCP3 model leads us to hypothesize that increased mitochondrial respiration must 

not have a negative impact on proper bSC regeneration.  In addition, the potential for 

mitochondrial uncoupling via UCP3 to increase stem cell regeneration is very novel.  We 

also hypothesize that increased mitochondrial respiration in all K5+ keratinocytes, not just 

the bSC, could be affecting the quiescent nature of this stem cell population.  Changes in 

paracrine signaling events, via ROS for example, between the bSC and other cells which 

make up the bulge niche environment could be responsible for bSCs being expelled from 

the protective bulge niche.  Decreases in bSC quiescence, and subsequent increases in 

bSC differentiation, may be reactions to changes in the environment rather than internal 

effects of increased mitochondrial respiration.  Utilization of a model which specifically 

targets increased uncoupling to only the bSC population, such as a K15-UCP3 transgenic 

animal, may help us to understand whether this UCP3-dependent cancer protection is:  a) 

a result of increased differentiation in just the bSC population, or both stem and mature 

keratinocyte populations, and b) if changes in signaling pathways dependent on ROS for 

example, effect overall skin turnover more if they occur within the bSC or the 

microenvironment of the bSC.    

 In addition to our data showing that increased mitochondrial respiration leading to 

decreased bSC quiescence and increased skin turnover is an important mechanism of 
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UCP3-induced cancer protection, we have hypothesized other possible mechanisms that 

we believe warrant further investigation.  The first of these is actually a more detailed 

mechanism of the UCP3-specific effects on keratinocyte differentiation.  Specifically, we 

hypothesize that UCP3-mediated mitochondrial calcium transport is involved in 

regulating the required calcium threshold in normal keratinocyte differentiation biology.  

Intracellular calcium levels are essential for many normal processes, including cellular 

differentiation, and must be tightly regulated to maintain proper homeostasis.  Cytosolic 

calcium levels can be replenished by general uptake but are most often delicately 

maintained by intracellular calcium stores.  Both the ER and the mitochondria have large 

calcium storage capacity and balance influxing and effluxing calcium in response to 

cytosolic levels.  In the mitochondria, this process is mediated through the mitochondrial 

Ca2+ uniporter (MCU) (Kirichok et al, 2004).  The inner mitochondrial membrane 

potential has been shown to be critical for regulating whether mitochondria are involved 

in storing calcium (influx) or releasing calcium stores into the cytoplasm (efflux) 

(Nicholls & Ward, 2000).  Specifically, mitochondrial uncoupling has been shown to 

limit mitochondrial calcium overloading (Stout et al, 1998) and to increase intracellular 

calcium levels (Biswas et al, 1999); (Luo et al, 1997); (Bernardi et al, 1984); (Pozzan et 

al, 1977); (Sandoval, 1980); (Kessler et al, 1976).  The untested hypothesis in regard to 

how UCP3 may induce keratinocyte differentiation stems from a recent report 

implicating UCP3 in the regulation of mitochondrial calcium transport (Trenker et al, 

2007).  The limited evidence that exists is rather conflicting with regard to whether 

uncoupling proteins are required for Ca2+ uptake by the mitochondria (UCP2 and UCP3) 

(Trenker et al, 2007);(Graier et al, 2008), have established roles as mitochondrial Ca2+ 

uniports (UCP2 and UCP3) (Brookes et al, 2008), restrict mitochondrial Ca2+ influx 

through effects on the ΔΨm (UCP2) (Teshima et al, 2003), or actually function to reduce 

mitochondrial Ca2+ uptake (UCP4) (Chan et al, 2006).  Therefore, given the pivotal role 

for calcium in keratinocyte differentiation, these results imply that UCP3-mediated 
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mitochondrial calcium transport may be a novel regulator of keratinocyte SC fate and 

should be explored further in regard to chemoresistance in the K5-UCP3 animal model.        

 A second alternative hypothesis is that a general increase in molecular oxygen 

consumption may be an important effect of increased UCP3-dependent mitochondrial 

respiration that promotes cancer resistance.  Numerous studies with the HIF-1 complex 

show that cancer cells located in the very hypoxic center of a solid tumor will prepare 

themselves for survival in the anaerobic environment by increasing glycolysis genes and 

decreasing genes needed for OXPHOS (Guzy et al, 2005); (Moreno-Sanchez et al, 2007); 

(Cuezva et al, 2002).  One might imagine how forced expression of UCP3 in these cells 

could make them more vulnerable to the low-oxygen environment and thereby lead to 

decreased survival of these cancer cells.  In the K5-UCP3 mouse model where the 

transgene is expressed before carcinogen initiation and solid tumor formation, increased 

oxygen consumption is probably not the UCP3-specific mechanism that explains the 

complete protection from skin carcinogenesis.  Alternatively, developing methods to 

increase mitochondrial respiration in the cells found in the hypoxic center of an 

established tumor could be very beneficial.  One might imagine how topical application 

or injection of a chemical uncoupling agent at low doses into the center of a solid tumor 

mass could be detrimental to a cancer cell but mimic normal UCP-dependent uncoupling 

in the normal cells surrounding the tumor mass.     

 Third, emerging evidence suggests that decreased mitochondrial function leads to 

accumulation of mitochondrial intermediary respiratory substrates that have 

procarcinogenic signaling functions.  Increased levels of the mitochondrial complex II 

substrate succinate in the cytosol leads to Hypoxia Inducible Factor-1 alpha (HIF-1α) 

stabilization in normoxic conditions (Selak et al, 2005), and HIF-1 further impairs 

mitochondrial function in a feed forward mechanism of respiratory failure (Zhang et al, 

2007).  As long as fuel substrates (for example succinate) and oxygen are present and 

available, forced mitochondrial uncoupling can be used to continually drive respiration 
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independent of cellular ATP levels.  Therefore, we hypothesize that one mechanism of 

cancer prevention would be to decrease cytosolic succinate levels by forcing uncoupled 

mitochondria to ‘waste’ this energy substrate as matrix heat production.   

 A fourth and final hypothesis proposed for future studies is that increased UCP3 

activity significantly changes reactive oxygen species (ROS) production and overall 

levels.  Evidence strongly supports the idea that UCP3 is important in a type of positive 

feedback mechanism important for decreasing mitochondrial ROS production.  

Activation of UCPs by super oxide (O2
-), and other byproducts of ROS damage, leads to 

increased uncoupling which causes increases in electron flux through the ETC and results 

in less mitochondrial O2
- production from complexes I and III.  Given that increased 

mitochondrial ROS production is implicated in the progression of all stages of cancer 

development, and a universal feature of malignancy that promotes growth and survival 

(Fischer et al, 1988; Pelicano et al, 2006; Wallace, 2005), the connection between 

changes in ROS levels and mitochondrial uncoupling in cancer protection seems like an 

obvious but broad hypothesis.  Additionally, by stimulating uncoupled respiration and 

decreasing mitochondrial oxidant generation, UCP3 may antagonize carcinogenesis in 

part by preventing excessive ROS signaling in developing tumor cells.  To uncover the 

novelty of this hypothesis in regard to skin carcinogenesis, experiments are needed to 

determine how UCP3 activity affects the ROS threshold levels (cell signaling verses 

damaging agent) necessary for malignant development.  Also, whether these changes are 

most important within an initiated cell or throughout the whole skin organ still need to be 

answered.  Therefore, uncoupled respiration may simultaneously target procarcinogenic 

effects of respiratory impairment by altering the calcium threshold required for 

keratinocyte differentiation via changes in mitochondrial calcium transport, increase 

cellular dependence on oxygen availability, antagonize the production of ROS, and / or 

increase the combustion of mitochondrial respiratory substrates.  Thus, uncoupling may 

abrogate procarcinogenic signaling from mitochondria via pleiotropic mechanisms.   
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 In summary, owing to the ability to waste consumed energy and decrease 

mitochondrial reactive oxygen species (ROS) production in muscle (Echtay et al, 2002), 

UCPs have become attractive targets for the mitigation of age-related diseases (Gates et 

al, 2007).  With regard to cancer, uncoupling might be a uniquely powerful mechanism to 

simultaneously target a variety of procarcinogenic bioenergetic adaptations for cancer 

prevention and treatment.  The cancer stem cell theory holds that the complete 

elimination of cancer stem cells will lead to a cure for cancer.   Given that mildly 

increased uncoupling had no ill effects in K5-UCP3 mice or in other transgenic mouse 

models (Clapham et al, 2000), it is tempting to speculate that mitochondrial engineering 

approaches as we have here employed, but targeted specifically to cancer stem cell 

compartments, point to a new direction for cancer therapeutics.   
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Appendices 

Appendix A Adult mouse epidermal keratinocyte primary culture protocol 

 *Original protocol from DiGiovanni Lab at MD Anderson, Science Park; learned 
 from Melissa Simper in Fischer Lab at MD Anderson, Science Park 

 Mediums and Buffers: 

 Collagen Coating:  no filtration 

  MCDB 153- 100mL 

  Fibronectin-1mg (1 ampule): Sigma (cat# F-4759); 1mg/$25.00 

  PureCol-1mL:  Inamed Biomaterials (cat# 5409); $320.00 

  BSA-10mg: Sigma (cat# A-3156); 5g/$70.00 

  HEPES-1mL of 2M HEPES: Sigma (cat# H-9135); 100g/$34.45 

 MEM-2 (for 2L): (10xE-MEM-200mL) + (dH2O-1740mL) + (7.5%   
  NaHCO3-60mL) + (1N HCl- 8mL) + (100xPenStrep-20mL) + (Insulin  
  (2.5mg/mL in 4mM  HCl)-1.24mL) + (EGF (5ug/mL H2O)-2mL) +  
  (Transferrin  (10mg/mL MCDB)- 2mL) + (Phosphoethanolamine     
  (10-2M)-2mL) + (Hydrocortisone (10-3M)-2mL) 

  Insulin: Eli Lilly Sigma (cat# I-1882); Comes in 100mg bottle, makes 2X  
  (add 25mL of 4mM HCl-don’t filter) store at -20°C; gives 2.5mg/mL  
  final 

  EGF: Sigma (cat# 40001); epidermal growth factor, mouse natural,  
  culture grade,  100ug.  Dissolve in sterile ddH2O (don’t filter) to 5ug/mL  
  and store at -20°C. 

  Transferrin: Sigma (cat# T-1147); Make 20-30mL in MCDB or PBS to  
  10ng/mL at a time, filter and store at -20°C. 

  Phosphorylethanolamine: Sigma (cat# P-0503); Make 20mL in MCDB  
  (1.411g/L) at a time, filter and store at -20°C.   

  Ethanolamine: Sigma (1.0117 g/L); Make 10X stock (0.611mL/100mL) in 
  MCDB (or PBS) and store at 4°C.  Filter the 10X stock and dilute to 1X  
  (~20-30mL) and then store at -20°C.   

  Hydrocortisone: Steraloids Inc. (cat# H-4001); Make 20-30mL in 100%  
  EtOH  (3.625mg/10mL); don’t filter but store at 4°C.  
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 2.5% Trypsin (10X): Gibco (cat# 15090-046); 100mL/bottle, store at -20°C. 

 Penicillin-Streptomycin (Penn-Strep): Sigma (cat# P-0781) or Gibco (cat#  
  15070- 0014); 100mL/bottle; store at -20°C. 

 L-glutamine - 200mM: Gibco (cat# 25030-081); Add 2.5mL/500mL MEM-2 

 FBS (Fetal Bovine Serum): Irvine Scientific (cat# 3000A); 147mg/L Ca2+ 

 PBS (10X for 2L): KCl= 4g + KH2PO4= 4g + NaCl= 160g + Na2HPO4= 43.2g 

  *Make up the 10X PBS and store in cold room (NOT sterile); when  
  desired make  1:10 dilution, adjust to ~pH 7.4, and  autoclave. (Note: 10X 
  PBS will fall out of solution at 4°C; can be redissolved in water bath). 

 7.5% NaHCO3 

 1N HCl:  1.753g NaCl + 30mL dH2O; sterile syringe filter before adding to  
  Percoll 

 22.5% Percoll:  one option to eliminate the fibroblasts which works best but  
  takes more time. 

  Stock: Sigma (cat#P4937-500mL); $274.50; invert the bottle several times 
  to suspend particles before usage 

  For 400mL 22.5% Percoll: 90mL Percoll + 10mL 1N NaCl (filtered) +  
  300mL PBS 

  *Store at 4°C.  Invert several times before usage 

 Cell Strainer:  70µm Nylon; BD Falcon ref# 352350: another option to   
  eliminate larger cells, takes less time than Percoll. 

 Polypropylene Mesh 149 Micron Opening 106 Micron Thread Diameter 34.2 
 Percent Open Area 12" x 12"; Small Parts cat# CMP-0149-C:  for filtering  
  the skin homogenate through. 

Preparation:  do this set up the day before the cell culture 

1.  Medium and Buffers 
a.  Collagen Coating (4°C) 
b. 22.5% Percoll (4°C) 
c. 10X or 2.5% Trypsin (-20°C) 
d. Penn-Strep (-20°C) 
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e. MEM-2 with L-glutamine (4°C):  Add 2.5mL of 200mM to 500mL 
MEM-2 

f. FBS (4°C) 
g. PBS (4°C) 

2. Autoclave the following: 
a.  Glassware (glass petri dishes if using those for plating cells in and 1X 

for scraping epidermis; glass funnel to place mesh in; beakers)  
3. Turn on UV light in the hood O/N 

Preparation:  do this set up on the day of the cell culture 

1. Soak the following in a 400mL beaker filled with 70% EtOH; Make sure to rinse 
tools in 1X PBS once they are taken out of this 70% EtOH beaker and before they 
are used on the animals 

a.  Scissors (2) 
b. Forceps (2) 
c. Scalpel (1) 
d. Polypropylene monofilament mesh: Small Parts, Inc. (cat# CMP149-

C); $7.87/unit 
e. Small stir bar 

2.  Wipe down hood with 70% EtOH 
3. Put blade on scalpel 
4. Put out 1 large plastic petri dish (150mm); plastic petri dishes (100mm) for 

scraping (1dish/mouse); glass petri dishes for floating (1dish/3mice) 
5. Dilute (1:50) Penn-Strep w/PBS – 2mL/100mL PBS in 150mL beaker 

Dilute (1:10) 2.5% or 10X Trypsin w/PBS – 5mL Trypsin/45mL PBS (~15mL 
needed to cover bottom of each glass petri dish) 

Procedure: 

1.  Sacrifice mice using cervical dislocation or CO2 
-Shave mice (if not done 2 days prior) and apply Nair for ~1min.  Rinse off Nair 
with dH2O with gentle massaging, then place mouse in plastic container 
containing Betadine solution so that it is completely covered.   
-Once all mice are killed, rinse out container with dH2O until solution is clear 
(some of the Betadine will stick to the hair that is left on the mouse, but try and 
get rid of most of it). 
-Rinse 2X with 70% EtOH (don’t rinse with dH2O between these rinses) 
-Place animals in hood 

2. Placing animals in 150mm dish one at a time (and dabbing off excess EtOH)-do 
 this and following steps in hood. 
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3. Remove all dorsal skins with scissors and place in small beaker w/PBS + Penn-
 Strep. 

 Hints: 

 *Rinse tools in 1xPBS after being soaked in 70% EtOH and before using on mice. 

 *Use long cutting strokes to prevent tearing during the scraping process 

 *If you become unsure of sterilization of anything-put it back in EtOH!!! 

 ***Add 1X Trypsin to glass dishes in preparation for Step#5 

4. Spread skin out with hair side down in 100mm plastic petri dish.  Scrape fat and 
connective tissue away until skin is almost translucent.  BE CAREFUL, it is very 
easy to tear a hole in the skin 
***IMPORTANT*** Epidermis will not separate if all fat is not removed.  

5. Transfer skin to the cover of the plastic petri dish (the lid of the dish that the skin 
was scraped in) with hair side up (this means that you have to flip the skins 
over), spread out completely.  Thus the skin has to be flipped over in the transfer 
from where the fat is scraped off and where it needs to semi-dry!  Often 2-3 skins 
can be scraped and set out before the first one is ready to transfer to the 1X 
Trypsin. 

6. Transfer semi-dried skin (hair side still up) to the glass petri dish (3skins/dish) 
filled with a thin layer of 0.25% or 1X Trypsin.  This is anywhere from 15-25mL.   
 *The skins need to be floating with no edges curled under. 
 *Try to remove all large air bubbles. 

7. Place the glass dishes in 30°C incubator for 2hrs.   
 *Skins should not sit on Trypsin for more than 3hrs total or else the 
 viability decreases. 

8. If cells will be cultured after isolation, during this incubation coat dishes 
w/collagen mixture and allow them to dry for 1hr in the hood; drying with the lids 
slightly open.  Use ~0.5mL/dish; add all to first dish and coat, then transfer to 
next dish and coat, and transfer to next dish, etc. 

  *Okay to leave for 2.25hrs; completely dry when you see crystals and no 
 more wetness 

9. Make 10% FBS/EMEM-2 w/glutamine: 5mL FBS + 45mL EMEM-2, store at 4˚C 

 Make 1% FBS/EMEM-2 w/glutamine: 1mL FBS + 99mL EMEM-2, keep at RT 

10. Prop up one edge of a small glass petri dish and add 3-4mL of cold 10% 
FBS/EMEM-2 
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  Place a piece of incubated skin (hair side up) on the dish above the 
 medium.  The hair side is already up when incubating in the Trypsin.  Make sure 
 to remove as much of the Trypsin as possible. 

  Using a scalpel (perpendicular to the skin) and forceps lightly scrape 
 epidermis into medium.  The epidermis should come off as a sheet of tissue.  You 
 do not want to contaminate the media in the dish with fibroblasts so do not let the 
 piece of skin fall down into the media; keep at top of tilted dish.   

 Hints:  

 *Don’t force the scrape if the epidermis won’t come off easily or the fibroblasts 
 will be pushed out and they will destroy the culture 

 *Be careful.  The epidermis will “roll up” at the end of the scrape 

 *Use the same plate for all skins from the same genotype. 

11. Carefully transfer the epidermis scrapings to a 50mL beaker.  It is easiest just to 
pour  from the petri dish into the beaker.  I have found that using a pipette to 
suck up the epidermis causes some to get stuck in the pipette.  Rinse the dish with 
1-2mL 10% FBS/EMEM-2 media. 

  Mince the epidermis slightly with dissecting scissors for ~5min.  Add 
 medium up to ~30mL total.  Be careful not to touch the rim of the beaker. 

  Add the sterile stir bar and stir gently for 30min.  Stir as slow as possible, 
 but make sure that the stir bar does not stop. 

12. If using a Percoll gradient then prepare Percoll tubes (20mL of 22.5% Percoll/6 
 mice/50mL conical tube) and store at 4°C.   

 *Make sure to swirl the large bottle of 22.5% Percoll before pouring into the 
 50mL conical tubes. 

13. Take mesh out of EtOH and shake, then (rinse in 1XPBS beaker, shake) twice 
until  mostly dry.  Place mesh in the glass funnel on top of a 50mL conical tube 
and strain cells through nylon mesh.   

 *Spin cells at 1000rpm (IEC Centra-8R Centrifuge) for 10min at 4°C.   

14. Suck or pour off supernatant and add 2.5mL cold 10% FBS/EMEM-2 per Percoll 
gradient from this cell pellet.  Thus if you started with ~12mice then re-suspend in 
5mL total because you need to put 2.5mL on each Percoll gradient.  You can 
usually do up to 6 mice per Percoll gradient. 
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 OR:  Resuspend the ~5ml cold 10% FBS/EMEM-2 and run through a 70um cell 
 strainer.  Then rinse out original 50mL conical tube with ~25mL cold 1% 
 FBS/EMEM-2 and spin again at 1000rpm (IEC Centra-8R Centrifuge) for 10min 
 at 4°C.   

15. Slowly add 2.5mL cell suspension per Percoll gradient tube.  Swirl Percoll well 
before using in order to distribute colloidal particles. 

 *Tilt the tube at a 30˚ angle and break the surface tension with the pipette tip.  
 Release the cell suspension about ½ in. about the Percoll and release slowly.  Be 
 careful since the cells have a tendency to clump.  Do not make bubbles.   

16. Spin up to 1000rpm manually for 15min total at 4˚C.  For the IEC centrifuge this 
is done by spinning gradually with the brake OFF in 100rpm increments.  Start at 
200rpm. 

17. Quickly remove ALL the Percoll with a pipette from the top to the bottom. 

 *Resuspend cell pellet(s) in 5mL 1% FBS/EMEM-2 and transfer all the basal 
 cells to a new 50mL conical tube, and then add up to 30mL total of cold 1% 
 FBS/EMEM-2 and mix gently.   

18. Spin at 1000rpm for 8-10min at 4˚C. 

 *Suck off supernatant with a pipette and resuspend cell pellet in 5-7mL 1% 
 FBS/EMEM-2 per Percoll gradient pellet.  Therefore, for fewer than six mice (1 
 Percoll gradient) resuspend in this volume only; but if you used 12 mice to 
 begin with and had to split the cells up between 2 Percoll gradients, then 
 resuspend first in a small volume like 5mL and then bring the volume up to 10-
 15mLl depending on  how you need to use the cells. 

19. Count the cells using a hemacytometer: 

 *If using the Fischer Lab equipment, then for a 100uL cell 1:10 dilution mix the 
 following: 80uL 1XPBS + 10uL 5X  Trypan Blue + 10uL cell suspension 

 *Count only cells that are round and transparent; dead cells=blue cells 

20. For convenience adjust the cell suspension to 1 or 2 million cells/mL.  This will 
make  plating them easier since normally 8-10million cells are plated/ 100cm 
dish. 

21. The cells can be transported back to Austin if the prep is done in Science Park.  
Just keep them at RT. 
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  *Change the medium the next day.  This is done by removing the old medium 
 containing the floating dead cells, gently washing the plate with 1XPBS twice, 
 and then replacing the EMEM-2/1%FBS medium.  The cells should be ~90% 
 confluent at day 3 or 4 depending on if 8-10million cells were originally plated.  
 The EMEM-2 media allows the adult keratinocytes to sit down and grow 
 properly.    
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Appendix B EMEM-2 base media and supplemental packet #2 components 

 

EMEM Base without calcium 

 Components       Concentration (g/L) 

1.  Sodium Chloride        6.80g 

2.  Potassium Chloride       0.40g 

3.  Dextrose         1.00g 

4.  Sodium Phosphate monobasic      0.14g 

5.  Magnesium Sulfate Heptahydrate      0.20g 

6.  Phenol red         0.1g 

7.  L-glutamine        0.292g 

8.  L-cystine         0.024g 

9.  L-tyrosine         0.036g 

10.  L-arginine *HCl        0.126g 

11.  L-histidine *HCl*H2O       0.042g 

12.  L-isoleucine        0.052g 

13.  L-leucine         0.052g 

14.  L-lysine *HCl        0.074g 

15.  L-methionine        0.016g 

16.  L-phenylalanine        0.034g 

17.  L-threonine        0.048g 

18.  L-tryptophan        0.010g 

19.  L-valine         0.046g 

20.  L-alanine         0.009g 

21.  L-asparagine        0.013g 
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22.  L-aspartic acid        0.013g 

23.  L-glutamic acid        0.015g 

24.  Glycine         0.008g 

25.  L-proline         0.012g 

26.  L-serine         0.011g 

27.  Choline chloride        0.001g 

28.  Nicotinimide        0.001g 

29.  D-Ca-Pantothenate       0.001g 

30.  Pyridoxal *HCl        0.001g 

31.  Thiamine *HCl        0.001g 

32.  I-inositol         0.002g 

33.  Folic Acid        0.001g 

34.  Riboflavin        0.0001g 

*Base needs to be pH 7.5; therefore bicarbonate and HCl needs to be added accordingly 
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Supplemental Packet #2 

 Components       [FinalConcentration] 

1.  Calcium (CaCl2*2H2O) MW: 147.0, Sigma #C7902   0.05mM  

2.  EGF (epidermal growth factor), BD #3540001    5ng/mL  

3.  Etho (ethanolamine) MW:  61.08, Sigma #E0135    10µM 

4.  L-Glutamine, Cambrex #17-605F      1mM 

5.  HEPES, MW:  238.3, Sigma #H3375     10mM 

6.  Insulin, Sigma #I6634       5µg/mL 

7.  Pen-Strep (penicillin & streptomycin), Gibco #15140-122  100µg/mL 

8.  Phospho (O-phosphorylethanolamine), MW:  141.1, Sigma #P0503 10µM 

9.  Transferrin, Sigma #T1147      10µg/mL 
   

 



123 

Appendix C Immunofluorescent and mitochondrial membrane potential staining  
  detailed protocol 

 AU1 Immunostaining on Nunc Lab Tek 2 or 4 well glass chamber slide (NUNC 
 product number 154461 (2 well) or 154526 (4 well)) with removable wells.  
 *Volumes / Cell numbers listed below are for a 2 well slide. 
 

1. DAY 1 - Seed cells at 70,000 HELA cells per well in 1 ml in the 2-chamber slide 
as normal. 

2. DAY 2 - transfect both wells with 1-3ug DNA per well  
3. DAY 3 or 4 aspirate the medium in the wells and gently stream 1-2 ml of 1x 

Hanks Balanced Salt Solution (4° C) into each well gently along the side of the 
well.  Repeat 4 times.  Never let cells the cells dry.  I usually wash one well at a 
time and leave the final wash solution in the well while I move to start washing 
the next well.  I use Hanks here because if you let live cells sit in PBS, even after 
a few minutes they will lift away from the glass.  Hanks buffer will keep them 
very sticky to the well. 

4. Go to either stain mitochondria (step 5), nuclei (step 9) or to immunostaining only 
(step 9 fixation without DAPI).   

 
 

CMXRos (MitoTracker) STAINING for fixable mitochondrial staining 
 

5. Remove media from cells and wash 3X 1ml each time with pre-warmed Hanks 
Balanced Salt Solution (better than PBS because of glucose).  PBS is fine to use 
though. 

6. Add 1ml serum-free HBSS (37º) containing CMXRos at 50nM final 
concentration.  NOTE:  CMXRos stocks are made from DMSO.  

7. Incubate for 30’ at 37°C in the dark. 
8. Wash cells 3X in HBSS 37º and leave them in 1 ml HBSS for up to 4 hr in the 

incubator if necessary before proceeding. 
 
 

CELL FIXATION, PERMEABILIZATION, AND NUCLEAR LABELLING: 
 

9. Remove HBSS and add room temp PBS-buffered 4% Paraformaldehyde solution 
(CAS# [30525-89-4]) (if more a year old re-order) containing 0.1% Triton for 
permeabilization for 15-30 minutes.  If you want to fix the cells and then 
permeabilize them in separate steps then fix in 4%PF in PBS for 6min at RT,  
wash twice with PBS, and then permeabilize with 0.2% Triton X-100 in PBS for 
6min. 
*The other option is to fix/permeabilize cells in -20C methanol at -20C for 6min. 
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**Different Abs work better with different fixing procedures, my experience is 
that most everything works in methanol though so unless I just want to fix and 
NOT permeabilize or if the Ab says it only works with PF fixation then I do 
methanol. 

10. Remove PF (or Triton X-100) and wash 2X with PBS. 
*At this point the slides can be immersed in PBS and stored at 4C for several 
weeks if necessary. 

11. Add solution containing 10 µg/ml 4'6-diamidino-2-phenylindole (DAPI, Sigma). 
The nuclei are observed using excitation wavelength 350 nm. Nuclei are 
considered to have the normal phenotype when glowing bright and 
homogenously. Apoptotic nuclei can be identified by the condensed chromatin 
gathering at the periphery of the nuclear membrane or a total fragmented 
morphology of nuclear bodies. 
*Nuclei can alternatively be stained at the very end after the secondary antibody; 
see notes below for details. 

12. Wash away dye 3X 1 ml PBS or HBSS 
 
 

Immunocytochemical staining and detection of intracellular antigens and their 
localizations. 

 
13. Aspirate wash solution and add to each well 1 ml permeabilizing blocking 

buffer:  1x PBS containing 5 % goat serum and 0.1% triton X -100.  Put dishes in 
a humidified incubator for 1 hr at 37° C.   
*You can also make do with setting slides in a row in a large culture dish 
(150mm) with some wet Kim wipes; wrapping the whole thing in foil when 
needed, and setting it in a bacterial incubator at 37C. 

14. Aspirate the blocking solution and without washing add 1:200 dilution of primary 
antibody in NON-PERMEABILIZING blocking buffer (this is Blocking buffer 
without the triton-X-100) 0.5ml per well.  Put dishes in incubator for one hr at 37º 
or you can stain overnight at 4º C.  ** Caution ** these chamber slides can leak, 
so be sure they’re not leaking before leaving them overnight.  My experience has 
been 1-2 hr at 37º works just as well without the danger of leaking while you’re 
asleep. 

15. Wash with PBS five times as above, VERY gently, along the side of the dish.   
16. Add 1:200 dilution of Oregon green labeled secondary goat anti-mouse or anti-

rabbit antibody (Molecular Probes, emission = 514 nm) in NON-
PERMEABILIZING blocking buffer.  Incubate in humidified incubator 1 hr at 
37C.  Keep all solutions or preparations containing fluorescent secondary 
antibodies covered in foil unless immediately working on that dish.  I like to do 
all manipulations with secondary antibody in a darkened room with just enough 
light to see by.   
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17. Wash 5 times with PBS. 
*If staining nuclei now then add 2uM Hoechst 33342 in NON-permeabilizing 
blocking buffer for 10min at RT in the dark; 500uL total per well. 
*Wash again 5 times in PBS. 

18. Remove the final wash PBS from one slide at a time, being careful not to touch 
the cells and it is important not let them dry out. 

19. NOTE:  You can look at the slides at this time as long as there’s plenty of PBS or 
HBSS to cover the cells and avoid their drying out. 

20. For coverglass wells lacking removable chambers, fill the wells with cold PBS; 
keep them covered in foil in the refrigerator for immediate or later analysis.   We 
don’t have a way to store these indefinitely but they will last a few to several days 
in the fridge covered in foil.   For regular glass and chamber slides with 
removable wells, proceed to next step.     

21. One at a time, place slides on a hard flat surface.  Aspirate the wash solution.  
While pressing on the slide firmly, gently remove the upper plastic well chamber 
by pulling slowly upward until all the “glue/jelly” adhesive is removed from the 
slide.  The glass chambers can be difficult to separate.  Be sure to remove the 
adhesive.   

22. Kimwipe without touching the cells the edges of the slide, holding the slide at an 
angle, to wick away excess liquid and minimize air bubbles. 

23. Put a drop or two of Vectastain antifade reagent onto the slide over each area of 
cells, cover with a rectangular coverslip.  

24. Seal edges of coverslip with nail polish to prevent cells from drying.  Let them 
dry laying flat on parafilm, Kimwipes, etc.   

25. Once dry place in a slide box and keep at 4° C.   
 
NOTES: 
 

• Corning coverglasses have low auto-fluorescence compared to other glass 
manufacturers.    Seems like the gold standard. 

• Molecular probes Oregon green secondary antibodies are great.  The Texas red 
conjugates aren’t bad either. 

• Plastic is more highly green auto fluorescent than glass. 
• Plastic bends, avoid it if you can because microscopic focusing can be impossible. 
• This method is easily adapted in live cells using chamber coverglass slides from 

NUNC, and GFP tagged proteins, and CMXROS staining.   
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