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ABSTRACT 

 

 

 

 

The goal of the present studies was to localize two proteins known to be involved 

in regulation of cell proliferation and survival in specific cell populations in normal mouse 

skin, during multi-stage skin carcinogenesis, following skin injury, and during tumor 

angiogenesis. The proteins evaluated included activated Akt, as defined by 

phosphorylation of Akt at Serine-473 (pAkt) and mTOR, defined by phosphorylation of 

mTOR at Serine-2448 (pmTOR).  

Our laboratory previously identified a novel murine VEGF splice variant, 

VEGF205*, which was differentially expressed in mouse skin carcinomas, but not in 

normal skin. VEGF205* encodes for a truncated 145 amino acid polypeptide with a unique 

7 amino acid carboxyl-terminal tail, YVGAAAV, that is significantly different from the 

carboxyl-terminal tail of other mouse or human VEGF proteins previously identified. In 

the present studies, we demonstrate that VEGF205* stimulated a significant increase in 

Akt phosphorylation at Serine-473 residue in human vascular endothelial cells compared 

to VEGF120. Akt phosphorylation following exposure of endothelial cells to VEGF205* was 

completely blocked by the PI3-K inhibitor, LY294002. Additionally, VEGF205* induced 

phosphorylation of mTOR at Serine-2448 in a PI3-K-dependent manner. The selective 

activation of PI3-K/Akt signaling pathway in endothelial cells following exposure to 

VEGF205* may provide utility as a potential molecular target for inhibiting skin tumor 

angiogenesis. In addition, VEGF205* splice variant may serve as a useful diagnostic in 

oncology and may be used as a potential therapeutic agent in tissues whose vascular 

supply has been insufficient or inappropriate, including cardiovascular diseases.  

One of the goals of the present study was to identify specific populations of cells, 

including mouse Keratinocyte stem cells (KSC) within a specific niche in hair follicles 

defined as “the bulge” region and preneoplastic papilloma cells that contain pAkt and 
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pmTOR during development of skin tumors using a murine multi-stage carcinogenesis 

model. The location of CD34+/K15+ KSC remained restricted to the bulge region 

throughout the 22-week time period examined during which pre-malignant papillomas 

developed and rapidly expanded. CD34+ cells within the numerous hair follicles in 

hyperplastic skin treated with DMBA followed by repetitive exposure to 2 µg TPA were 

found to undergo proliferation during the process of multi-stage skin carcinogenesis. Our 

results also provide the first evidence for the presence of pAkt and pmTOR in 

CD34+/K15+ KSC localized to the ORS niche of the bulge region of mouse hair follicles. 

Within papillomas tissues isolated at 15 weeks following DMBA/TPA treatment, pAkt was 

confined to non-proliferating suprabasal cells. In addition to the presence of pmTOR in 

suprabasal cells within papillomas, there were fewer proliferating cells within the basal 

cell layer that contained pmTOR. Collectively, the present observations suggest that 

pAkt and pmTOR may allow the KSC cell population to evade terminal differentiation 

and to persist for long periods of time in their specific niche. Strategies that target pAkt 

and pmTOR may deplete both cells within the CD34+/K15+ KSC compartment as well as 

may impact the survival of non-proliferating suprabasal cells within pre-malignant 

papillomas.  

The present studies further evaluated the temporal sequence of pAkt and 

pmTOR induction following acute and chronic exposure to UVB light in Skh/hr mice. 

Increases in pAkt staining at 24 hr and 48 hr following exposure to UVB light preceded 

the presence of pmTOR, which was only present at week 1 and week 20 following UVB 

exposure. Activation of pmTOR in epidermal keratinocytes at week 1 after exposure to 

UVB coincided with production of VEGF by epidermal keratinocytes and an increase in 

the number of blood vessels within the dermal area. The present results suggest that 

UVB induces a sequential activation of Akt and mTOR in epidermal and follicular 

keratinocytes, which may induce VEGF expression and stimulate formation of blood 

vessels within hyperplastic skin. Our results demonstrate the utility of targeting pAkt and 

pmTOR as potential anti-promoting molecules during UVB-induced skin carcinogenesis. 

The temporal presence of pAkt and pmTOR in specific skin cell populations in 

wound tissues isolated from FVB/N mice as well as the location of CD34+/K15+ KSC 

were also examined over a 21-day time course of full-thickness wound healing. At 48 hr 

following wounding, all proliferating as well as non-proliferating epidermal keratinocytes 

localized to the wound edge contained pAkt, compared to the few epidermal 
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keratinocytes that contained pAkt in skin distal to the wound site. Following complete 

closure of the epithelial layer at day 5, the highest levels of pAkt immunoreactive protein 

were detected within proliferating and non-proliferating epidermal keratinocytes located 

within the wound site. At day 21 following wounding, levels of pAkt in epidermal 

keratinocytes along the wound healing line was comparable to that detected in 

keratinocytes distal to the wound site. pmTOR was only detected during the 

reepithelialization phase in epidermal keratinocytes located in the reepithelialized wound 

site, which coincided with the presence of pAkt. pAkt was also present within CD34+ 

KSC, which remained localized to the bulge niche of hair follicles in skin tissues adjacent 

to the wound site at all times during cutaneous wound healing. While pAkt was present 

within the ORS as well as the IRS of hair follicles, pmTOR was confined specifically to 

cells in the ORS. The present results suggest that pAkt and pmTOR may serve as 

therapeutic strategies to enhance wound repair in chronic wounds that fail to heal, such 

as non-healing ulcers from patients with diabetes. 

Using the highly invasive and metastatic human Hs578T breast tumor cell line 

and the slow growing and non-invasive human MCF-7 breast tumor cell line, the goal of 

the last series of studies was to compare the effects of the selective PI3-K inhibitor, 

LY294002, alone and in combination with the selective mTOR inhibitor, rapamycin, on 

tumor cell proliferation and phosphorylation of downstream targets of PI3-K and mTOR, 

including, 4E-BP1 and cyclin D1. Cell proliferation of Hs578T and MCF-7 breast tumor 

cells was significantly inhibited by the combination of LY294002 and rapamycin 

compared to the effect on proliferation by either agent alone. The combination of 

LY294002 and rapamycin also inhibited hyperphosphorylation of the slower migrating 

(δ, γ, β) species of phospho-4E-BP1, and significantly decreased cyclin D1 protein levels. 

These studies demonstrate that molecules downstream of IP3-K/Akt and mTOR, 

including hyperphosphorylated forms (δ, γ) of 4E-BP1, may provide therapeutic targets 

for inhibition of breast tumor cell proliferation. 

 Collectively, given that pAkt and pmTOR were present in KSC, skin tumor cells, 

as well as vascular endothelial cells undergoing angiogenesis, the present studies 

indicate that strategies that inhibit both Akt and mTOR signaling pathways may also be 

applicable for treatment of skin cancers. On the other hand, activation of Akt and mTOR 

signaling pathways may enhance regeneration of the vasculature in tissues whose 

vascular supply has been insufficient. 
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INTRODUCTION 

 
 
 
 
Structure of the skin 

The skin, being the largest organ of the body, serves as both a tough and flexible 

barrier to protect against water loss, invading microorganisms, wounds, and UV-induced 

damage. The skin is composed of three main layers, which include the epidermis, the 

dermis, and the hypodermis (Figure 1 A). The epidermis is composed of keratinocytes, 

which are specialized epithelial cells within the skin (Figure 1 A). The epidermis 

maintains homeostasis by proliferation of a single layer of mitotically active, 

undifferentiated columnar basal cells. Keratinocytes within the basal layer express 

cytokeratin K5 and K14 [1]. Upon proliferation, a basal cell gives rise to a daughter cell, 

transit-amplifying (TA) cell, which becomes committed to the process of terminal 

differentiation as it migrates upwards in the skin [2, 3]. As TAs detach from their 

underlying basement membrane, they down-regulate expression of integrins [4, 5] and 

stop dividing before entering the spinous layer [2]. Keratinocytes within the spinous layer 

develop many desmosomes that join adjacent cells, thus giving keratinocytes a spine-

like appearance [6]. Keratinocytes within this layer express two new cytokeratins, K1 and 

K10 [7]. They also produce glutamine and involucrin, lysine-rich envelope proteins that 

are deposited on the inner surface of the plasma membrane. While the metabolically 

active keratinocytes within the next layer, the granular layer, stop expression of keratins, 

they synthesize a new structural protein, filaggrin, which is involved in bundling of keratin 

filaments. They also synthesize loricrin, a major component of the cornified envelope. 

They also secrete transglutaminase [8], an enzyme that cross-links loricrin and other 

substances to form the cornified envelope in the outer-most layer, the stratum corneum 

[9]. Keratinocytes in this layer, referred to as squames, are terminally differentiated, have 

lost their organelles and become thin and flattened [10]. While squames, now cross-
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linked together with lipids, constitute an impermeable, insoluble, and protective layer, 

they are constantly being sloughed off the skin. However, squames are continually 

replaced by committed TA cells that move outwards in the skin, rendering the epidermis 

in a constant state of dynamic equilibrium. 

Fibroblasts are the main cell type present within the dermal layer and produce 

the structural proteins collagen and elastin, which provide support and elasticity to the 

skin. The dermis also contains hair follicles, muscles, and nerves. Blood vessels are also 

present within the dermis to provide oxygen and nutrients. The hypodermis consists of 

an adipose layer, which is composed of fat-storing cells that provide thermal insulation 

(Figure 1 A).   

The ability of the stratified skin epithelium to self-renew during normal 

differentiation and to regenerate following cutaneous injury is dependent upon the 

survival and proliferative potential of keratinocyte stem cells (KSC). Since stem cells are 

characterized by their lack of expression of both markers of terminal differentiation and 

proliferation, only a limited number of cellular markers have been found to be useful for 

identification and isolation of KSC. In the absence of cellular markers, initial studies that 

defined the specific location of cutaneous stem cells were based on the slow-cycling 

nature of this cell population. Using long-term pulse-chase experiments, only mouse 

stem skin cells that rarely entered the cell cycle retained the nucleoside analog labels 

methyl-[3H]thymidine (3H-T) and bromodeoxyuridine (BrdU), and therefore were termed 

“label-retaining cells” (LRC) [11-16]. An estimated 1-2% LRC have been shown to be 

present in the basal layer of the interfollicular epidermis, and were defined as “epidermal 

stem cells” [11, 14-17] (Figure 1 A). The nuclei labeled within the basal layer were 

distributed as single cells within the center of distinct columnar units composed of 10 

basal cells and their suprabasal maturing progeny, defined as epidermal proliferative 

units (EPU) [13, 18] (Figure 1 B). However, the majority of LRC were present as clusters 

of cells that were located to a specific “growth and differentiation-restricted” niche within 

hair follicles [19], defined as “the bulge” (Bu) region (Figure 1 A) [11, 20]. The Bu region 

presents a special niche that is relatively protected from harmful environmental insults or 

physical injuries [21].  

However, identifying bulge KSC by using label retention methods does not allow 

easy isolation of cutaneous stem cells for further analysis. Many attempts have recently 

been made to identify cellular markers to isolate bulge KSC. More recent studies have 
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used CD34, a cell surface glycoprotein that is expressed by hematopoietic progenitor 

cells and endothelial cells [22-24], as a specific marker for bulge KSC (Table 1). CD34 

has recently been shown to be expressed specifically on cells in the outer root sheath of 

the bulge region of hair follicles in mice [25, 26] (Figure 1 A); however, CD34 was not 

present in this niche in skin human tissues [27]. In addition to CD34, cytokeratin 15 

(K15) has been identified as a cellular marker to identify and isolate bulge KSC localized 

to the bulge region [28-31] (Table 1). K15 is a cytoplasmic marker that is present in the 

least differentiated cells of neonatal epidermis and in cells within the outer and inner root 

sheath of the bulge region of adult mouse and human hair follicles. Mouse KSC have 

also been isolated based on their high expression of cell surface adhesion molecules, 

such as α6 integrin [25, 32, 33], which labels basal keratinocytes that are in contact with 

the basement membrane [26, 34], and β1 integrin, which mediates adherence of 

keratinocytes to the underlying extracellular matrix [35, 36].  

The similarity in characteristics of LRC and KSC suggested that these cell 

populations are equivalent. Using the combination of α6 integrin and a proliferation-

associated cell surface marker, the transferrin receptor (CD71), as well as long-term 

labeling with 3H-T, the majority of α6
bright CD71dim fractions were enriched for LRC [32]. 

This direct correlation between LRC and KSC was further verified by the co-localization 

of CD34 [25] and K15 [31] with LRC in the bulge region of hair follicles.  

Recent evidence suggests that KSC located to the Bu are more multipotent 

compared to epidermal KSC [37, 38]. Furthermore, when isolated and grown in culture, 

bulge KSC have been shown to possess a higher clonogenic potential compared to 

epidermal KSC [39]. Functionally, bulge KSC have been defined as a cell population that 

rarely divides, yet bulge-derived cells have been shown to possess a high proliferative 

potential [26, 40, 41] as well as are able to grow as holoclones [25, 26, 40]. In addition, 

bulge KSC persist in the specific bulge niche over the lifespan of the organism, and are 

multipotent, serving as precursors for all cell types within hair follicles [26].  

However, evidence is conflicting regarding the contribution of KSC in the bulge 

region of hair follicles in skin homeostasis and regeneration following wounding. 

Blanpain et al. initially demonstrated that bulge KSC not only had the ability to give rise 

to functional hair follicles that underwent normal hair cycling when grafted to the back of 

nude mice where the skin has been surgically removed, but also were able to 

differentiate into all lineages of epidermis and sebaceous glands [26]. However, recent 
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studies have shown that although bulge KSC are responsible for regeneration of cells 

within hair follicles and they do participate in wound repair and regeneration, these bulge 

cells are not believed to be involved in renewal of the epidermis under normal conditions 

[42, 43]. These observations suggest that, under homeostasis, the epidermis and hair 

follicles contain two distinct KSC populations, the epidermal stem cells (Figure 1 A and 

B) and bulge stem cells (Figure 1 A), with no migration of cells from one compartment to 

another in the absence of environmental insults such as wounding.   

The structure of hair follicles is complex (Figure 1 A). Hair follicles are composed 

of external concentric rings, defined as outer root sheath (ORS), which are continuous 

with the epidermis, an inner root sheath (IRS), and the hair shaft at the center of the hair 

follicle [44]. Hair follicles also contain specialized epithelial cells, the matrix cells, which 

localize to the bulb region at the distal end of hair follicles. Matrix cells surround 

specialized mesenchymal cells within the dermal papilla (DP) region, which is located at 

the base of the bulb (Figure 1 A). While the growth of keratinocytes within the epidermal 

layer is continuous, hair growth is cyclic. It is only the lower two-third of the follicle that 

undergoes cycles of growth (anagen), regression (catagen), and rest (telogen) [45]. The 

uppermost portion of hair follicles, also known as the infundibulum, which contains 

sebaceous glands and the bulge region, the location of KSC, is the permanent part of 

hair follicles [44]. Apoptosis of matrix cells during the catagen phase induce hair growth 

cessation and degeneration of the lower part of the hair follicle. During the resting phase 

telogen, interactions between mesenchymal cells within DP region and the epithelial 

matrix cells in the bulb stimulate matrix cells to proliferate, therefore regenerating the 

lower part of the hair follicle, including the IRS, as well as inducing the formation of a 

new hair shaft [46]. 

 

Skin cancer statistics and risk factors 

Skin cancers are the most prevalent types of tumors in the United States (US) 

population. Human skin cancers can be divided into two types, melanoma and non-

melanoma skin cancers (NMSC), which include basal cell carcinoma (BCC) and 

squamous cell carcinoma (SCC). While melanoma arises from the pigmented 

melanocytes that reside in the basal layer of the epidermis, BCC originates from basal 

keratinocytes in the epidermal layer and SCC originates from the upper layers of the 

epidermis. Although melanoma incidence accounts for only 6% of all skin cancers, it is 
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characterized by an aggressive growth pattern and high metastasis rates. A recent 

Cancer facts and Figure survey by the American Cancer Society indicates that, of the 

62190 new cases of melanoma diagnosed this year, 7910 will be associated with death. 

However, more than 1 million new cases of BCC and SCC are diagnosed for the year 

2006, outnumbering the incidence rate of melanoma. These numbers reflect the fact that 

skin cancer is the most common cancer in the US, and its incidence accounting for more 

than prostate, breast, lung, colon, and pancreas combined together. Although more than 

80% of diagnosed NMSC are SCC and 16% are BCC, it is estimated that only 2800 

cases will be associated with death for this year. In contrast to BCC, which rarely 

metastasize to distant organs, SCC is associated with a substantial risk of metastasis 

[47]. Although rarely fatal, NMSC can result in extensive local destruction of the skin 

tissue, leading for a severe morbidity and potential functional impairment [48, 49].   

 
Models of skin carcinogenesis 

 The skin is continuously exposed to environmental insults. The more common 

and ubiquitous etiologic risk factor involved with the development of NMSC is ultraviolet 

light in the 290-320 nm wavelength, defined as UVB, which is derived from routine 

exposure to sunlight [50, 51]. Most of the UVB radiation is absorbed by the earth’s 

stratospheric ozone layer; however, the rapid loss of the ozone layer and the 

concomitant increase in the amount of UVB light reaching the earth’s surface represent 

an important factor leading to the dramatic increase in the incidence of NMSC [52]. 

Exposure to polycyclic aromatic hydrocarbons derived from the combustion of coal tar 

and fossil fuel by-products has been associated with development of skin malignancies 

as well. Exposure to environmental and chemical agents has historically been a major 

cause of NMSC [47]. In 1775, Sir Percival Pott was the first to report a high incidence of 

scrotal cancer among chimney sweeps, which was related to a continual exposure to 

soot [53].  

Skin cancer is a multi-stage process that involves a stepwise accumulation of 

genetic and epigenetic alterations, leading to malignancy. One of the most commonly 

used animals models for the evaluation of genetic and epigenetic changes that occur 

during development of human skin cancers is the mouse skin model of multi-stage 

carcinogenesis. Distinct and sequential stages of mouse skin carcinogenesis have been 

recognized, which include tumor initiation, promotion, and progression.  
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The first experimental induction of skin cancer was achieved in 1915 by repetitive 

topical applications of coal tar to mouse skin [54]. The definition of skin carcinogenesis 

as a multi-stage process dates back to 1924. These studies demonstrated that mice 

previously treated with coal tar developed visible benign skin lesions, termed papillomas, 

only following wounding [55]. It was further demonstrated that coal tar contains an active 

chemical carcinogen, a polycyclic aromatic hydrocarbon, known as 

dibenz(a,h)anthracene. In 1940, Peyton Rous observed that treatment of rabbit skin with 

one topical application of coal tar results in the formation of “latent tumor cells”, which 

could be “promoted” to reveal themselves by further treatment of the skin with agents 

including wounding, turpentine, and chloroform [55]. In 1941, Berenblum reported that, 

while few mice developed papillomas following topical applications of dorsal skin with a 

carcinogen, all mice that had previously been initiated with a carcinogen developed 

papillomas following repetitive topical applications of croton oil extracted from Croton 

triglium [56]. Results from these previous studies demonstrated that croton oil acts as a 

potent promoting agent. The simplified classical method of murine two-stage skin 

carcinogenesis was later established by Mottram and is achieved by a single topical 

application of a sub-carcinogenic dose of benzo-[a]-pyrene, a process termed initiation, 

followed by repetitive topical applications of croton oil, a process termed promotion [54, 

57].  

 Initiation is accomplished by a single topical application of a sub-carcinogenic 

dose of a skin carcinogen, 7,12 dimethylbenz[a]anthracene (DMBA), a chemical 

belonging to the family of polycyclic aromatic hydrocarbons. However, DMBA is not 

active as such, but requires metabolism by the microsomal cytochrome P-450 

monooxygenase system, yielding a highly reactive intermediate, the bay-region diol 

epoxide [58, 59]. The electrophic nature of diol epoxides allow them to attack 

nucleophilic sites within nucleic acids, including oxygen and nitrogen atoms on purine 

and pyrimidine rings, resulting in the intercalation of the flat and planar rings of polycyclic 

aromatic hydrocarbons between the stacked bases of the double helical DNA, thus 

forming covalent bulky adducts on DNA bases and distorting the helix [60, 61]. Upon cell 

proliferation, DNA replication leads to a frame mutation past the point of intercalation of 

DMBA metabolites. On the other hand, DMBA metabolites can induce instability in the 

glycosidic bond between purine bases and the sugar deoxyribose, which upon cleavage 

by the enzyme DNA glycosylase, promotes depurination, resulting in the formation of 
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apurinic sites (AP). These AP sites can be repaired in an error-prone fashion and may 

be filled by any base during subsequent replication, most commonly adenine, resulting in 

the formation of base-substitution mutations [62, 63]. 

 Cellular genes that have been recognized to contain mutations during skin 

carcinogenesis include activation of oncogenes, such as Harvey (Ha)-ras, and 

inactivation of tumor suppressor genes, such as p53. Ras proteins belong to the 

monomeric GTPase family. When bound to GTP, Ras protein is active. In contrast, Ras 

is inactive when bound to GDP. The loss of GDP and the subsequent uptake of GTP are 

mediated by the enzymatic activity of Guanine nucleotide releasing proteins (GNRP), 

therefore rendering Ras active. Inactivation of Ras occurs due to the activation of 

GTPase-activating proteins (GAP), which catalyzes the hydrolysis of bound GTP [64]. 

Extensive previous studies have demonstrated that more than 90% of skin tumors 

previously initiated with DMBA contain a specific A to T transversion mutation in the 

second position of codon 61 of the Ha-ras gene [65, 66]. “Initiated” cells may contain 

additional mutations in cellular Ha-ras gene, including specific mutations at codons 12, 

13, 59 [65]. Such activating mutations result in a reduction of the intrinsic GTPase 

activity of GAP enzyme, therefore inhibiting the loss of bound GTP and rendering Ras 

constitutively active.  

Mutations induced in the ras proto-oncogene following the initiation step are 

irreversible. However, these mutations are heritable, despite the fact that the epidermis 

itself once every 6-8 days, rendering initiated cells long-lived. There was no significant 

change in the number of papillomas formed with lapses in time of greater than a year 

between DMBA-induced initiation and TPA-induced skin tumor promotion [40, 67]. 

These observations suggested that carcinogen-initiated cells, which contain mutations in 

the Ha-ras gene, have characteristics similar to those of slow-cycling, long-lived KSC. 

Therefore, in addition to serving as a self-renewing population, KSC have been shown to 

serve as targets for carcinogens [17]. 

 While cells that contain mutations in the ras proto-oncogene are genetically 

altered, they remain phenotypically indistinguishable from normal cells. However, 

indefinite proliferation of these initiated cells can be induced in response to exposure to 

appropriate proliferative stimuli. Tumor promotion stimulates these initiated keratinocytes 

to undergo clonal expansion, leading to outgrowth of papillomas. Application of a tumor-

promoting agent to normal skin in the absence of initiation does not result in tumor 
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formation. In contrast to initiation, promotion is a slow and gradual process that requires 

a more prolonged and repetitive exposure to a promoting agent. A well-established 

promoting agent is croton oil, or its most active constituent, the phorbol ester 12-O-

tetradecanoylphorbol-13-acetate (TPA). Tumor promoters can also include mechanical 

agents, such as full-thickness wounding. While TPA does not require metabolic 

activation to mediate its promoting effects nor does it bind covalently to DNA, TPA 

induces epigenetic changes that may be reversible during the earlier stages of 

promotion, including alterations in gene expression, signal transduction pathways, 

differentiation [68], and intercellular communications [69, 70].   

When applied topically to mouse dorsal skin, TPA induces chronic hyperplasia 

[71], increased vascular permeability leading to localized edema [72], and dermal 

infiltration of inflammatory cells [73]. One of the immediate responses to TPA activation 

is up-regulation of the enzymatic activity of ornithine decarboxylase (ODC) [74, 75], 

which decarboxylates ornithine to form polyamine, including putrescine, spermine, and 

spermidine [76]. Polyamines have been shown to stimulate cellular proliferation while 

inhibiting differentiation [76]. Over-expression of constitutively active ODC in the 

epidermis of mice that have been previously initiated, led to skin tumor formation in the 

absence of application of any exogenous promoting agent. These previous results 

demonstrate the importance of ODC activity in TPA-induced mouse skin tumor 

promotion [74]. In addition to constitutive activation of ODC, TPA mediates its promoting 

effects by activation of protein kinase C (PKC) [77]. Of the 11 distinct PKC isoforms, 

epidermal keratinocytes express only PKC isoforms α, δ, ε, η, µ, and ζ [78, 79]. The 

presence of multiple PKC isoforms suggests that different isoforms may play distinct 

physiological roles in keratinocytes. PKC can be activated by the membrane 

phospholipid phosphatidylserine (PS), and diacylglycerol (DAG), a byproduct of 

phosphatidylinositol turnover, in the presence of Ca2+ [80]. Interestingly, TPA has been 

shown to directly activate PKC in the absence of DAG [77]. PKC activation has been 

shown to result in dephosphorylation of c-jun, leading to enhanced activity of AP-1 DNA 

binding activity and transactivation [81]. PKC also mediates the transcription of TPA-

induced genes, including ODC [82]. 

Migration of peripheral leukocytes [73] following topical exposure to TPA has 

been shown to be dependent upon the release chemotactic factors, including tumor 

necrosis factor-α (TNF-α) [83] as well as the pro-inflammatory cytokines interleukin-
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1α (IL-1α) [84, 85] and granulocyte-macrophage colony-stimulating factor (GMC-SF) 

[86]. TPA not only induces dermal leukocyte infiltration but also induces activation of 

infiltrating leukocytes as well as epidermal keratinocytes to produce reactive oxygen 

species [87]. In addition, infiltrating leukocytes, neutrophils in particular, have been 

shown to produce nitric oxide and superoxide anion, which interact to form the reactive 

nitrogen intermediate peroxynitrite [88]. Production of peroxynitrite has been shown to 

induce formation of DNA adducts such as 8-hydroxydeoxyguanosine [89] and 8-

nitroguanine [90], resulting in base-pair mutations [89, 91]. Upon decomposition into 

reactive intermediates, including nitrogen dioxide and tyrosyl radicals, peroxynitrites can 

further induce nitration of aromatic amino acids, including tyrosine [92].   

UVB light serves as both an initiating and a promoting agent.  Absorption of UVB 

light by DNA induces covalent links between adjacent pyrimidines bases, resulting in the 

formation of pyrimidine photoproducts, cyclobutane pyrimidine dimer [93] and 

pyrimidine-(6-4)-pyrimidone lesion [94]. Formation of pyrimidine photoproducts has been 

shown to induce “UV signature mutations”, including C to T and CC to TT transitions [95] 

commonly found at CC nucleotides [96]. Following exposure to UVB, dipyrimidine 

photoproducts are excised by the nucleotide excision repair system. However, patients 

with xeroderma pigmentosum are deficient in nucleotide excision repair, and therefore, 

are extremely sensitive to UV-induced DNA damage, and develop skin cancer in sun-

exposed areas [97].  

While exposure to UVB has been shown to induce such UV-signature mutations 

in the p53 tumor suppressor gene, leading to loss of function [98], some UV-induced 

skin cancers have been shown to contain low frequency of activating mutations in the 

ras oncogene compared to the high frequency of mutations in p53 gene, including 

mutations at codon 61 of N-ras [99] and Kristen (Ki)-ras genes [100]. Repeated 

exposure to UVB light results in the clonal expansion of initiated keratinocytes that 

contain p53 mutations, given their acquired resistance to UV-induced apoptosis as well 

as their proliferative advantage over normal keratinocytes [101, 102].  

Progression represents a step of acquisition of an invasive phenotype of tumor 

cells in a small subset of preneoplastic papillomas. This step of conversion of mouse 

benign skin tumors to malignancy represents a stage of additional genetic instability, 

which has been shown to be associated with trisomy of chromosomes 6 and 7, with 

concomitant loss of the normal Ha-ras allele [103], and amplification of mutant Ha-ras 
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allele [104]. In addition, inactivation of the tumor suppressor p53 has been detected in 

SCC [105]. Progression of SCC to spindle cell carcinomas has been associated with the 

loss of expression of the cell adhesion protein E-cadherin [106].  

 While some benign papillomas regress or remain dormant for the lifetime of the 

organism using the murine model of multi-stage skin carcinogenesis, less than 10% of 

papillomas progress into carcinomas [107]. These observations suggest the presence of 

additional alterations that enhance the malignant conversion of papillomas into SCC. In 

order to survive, expand in size, and progress to form carcinomas, skin tumors require 

the development of new blood vessels (Figure 2).  

 

Tumor-Associated Angiogenesis  

The development of blood vessels has been defined as neovascularization and is 

a fundamental and highly regulated process necessary for appropriate embryonic 

development [108]. In adult mammals, this activity occurs only during normal 

physiological processes such as the female reproductive cycle [109] and wound healing 

[110]. While tumors that are relatively small (< 200 µm) use existing vasculature as a 

source of oxygen and nutrients, in a process termed vessel co-option [111], tumors that 

are beyond this size have increased nutritional requirements and exist within a hypoxic, 

metabolically-deficient microenvironment. Studies over the last four decades have 

demonstrated that actively growing tumors have an absolute requirement for 

development of new blood vessels, which support increases in tumor mass, tumor 

survival, and provide an avenue for tumor invasion and metastasis (Figure 2). Without 

this process, defined as tumor-associated angiogenesis [112, 113], developing tumors 

are in a prevascular state and exist in a state of equilibrium between proliferation and 

apoptosis, where tumor growth is restricted [114] and tumors become dormant [115]. 

As tumor cells proliferate and their layers accumulate, the distance between 

malignant cells within the expanding tumor mass and the nearest blood vessel 

increases.  When tumors reach a size of 1-2 mm, tumor cells located at a distance 

greater than 200 µm from the nearest blood vessel become hypoxic, and are deficient in 

critical nutrients [116]. To allow for tumor expansion, survival, and metastasis, tumors 

undergo what has been defined as the “angiogenic switch”, which results from a shift in 

the balance of anti-angiogenic growth factors that inhibit formation of new vasculature to 
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favor the production of pro-angiogenic growth factors which induce tumor-associated 

angiogenesis (Figure 2) [117, 118].  

Early studies demonstrated the presence of tumor angiogenesis factor (TAF), 

which was initially defined as a soluble growth factor that diffuses into the tumor 

microenvironment [119]. Although the first pro-angiogenic growth factor identified was 

basic fibroblast growth factor (bFGF, FGF-2) [120], this protein lacks a signal sequence 

for secretion, and therefore bFGF remains intracellular and cannot diffuse into the tumor 

microenvironment. Despite recent evidence demonstrating the presence of a selective 

export of bFGF in tumor cells isolated from dermal fibrosarcomas and not by normal 

dermal fibroblasts cells [121], this protein is now believed to be a general angiogenic 

growth factor that is not critical for angiogenesis based on studies demonstrating that the 

loss of bFGF does not result in any significant phenotypic alteration in the vasculature 

during embryonic development [122].  

The second angiogenic growth factor was identified based on its ability to induce 

vascular permeability in guinea pig skin and was named vascular permeability factor 

(VPF) [123]. VPF was later found to have identity with proteins purified from pituitary 

folliculostellate cells that stimulated proliferation of cultured endothelial cells and was 

therefore defined as vascular endothelial growth factor-A (VEGF-A) [124-126]. Studies 

using knock-out mice demonstrated that the loss of only one VEGF-A allele resulted in 

early embryonic lethality, indicating that VEGF-A was critical to angiogenesis during 

development [127, 128]. Studies have revealed that VEGF-A is part of a family of VEGF-

related molecules consisting of other members including VEGF-B [129], VEGF-C [130], 

VEGF-D [131], VEGF-E [132] and placental-derived growth factor (PlGF) [133]. For the 

purpose of the present studies, VEGF-A will be designated as VEGF.  

VEGF production is stimulated following activation or mutation of oncogenes 

such as Bcr-Abl, ras, and erbB-2/HER-2/neu [134, 135]. In addition, the hypoxic tumor 

microenvironment and activation of survival pathways work synergistically with 

oncogenes to increase VEGF production [136, 137]. VEGF is recognized as a pivotal 

growth factor in tumor-associated angiogenesis [138]. Since it can activate and recruit 

vascular endothelial cells to undergo all of the necessary activities required to form new 

capillary beds, VEGF has been defined as a complete angiogenic growth factor [139]. 

VEGF stimulates vasodilation and increases permeability of pre-existing capillaries, 

leading to leakage of plasma proteins [140] and deposition of an extravascular fibrin gel 
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around developing vasculature. This provides a matrix to support the subsequent 

proliferation and migration of vascular endothelial cells [141]. As an additional critical 

component of its activity as a complete angiogenic growth factor, VEGF activates signal 

transduction pathways that regulate survival of tumor cells [142-144], vascular 

endothelial cells [145, 146], and pericytes [147], which exist in the tumor 

microenvironment that is hypoxic and deprived of nutrients. The pivotal nature of VEGF 

to tumor-associated angiogenesis is demonstrated by the detection of its presence in all 

tumors thus far examined and by the correlation between production of VEGF with tumor 

stage and tumor progression [148-151]. 

In addition to bFGF and VEGF-related proteins, other pro-angiogenic growth 

factor families have been identified, which have distinct activities in tumor-associated 

angiogenesis and act in concert with VEGF. Angiopoietin-1 (Ang-1) [152, 153], Ang-2 

[154], Ang-3, and Ang-4 [155] are members of the Angiopoietin family of proteins which 

bind to receptors within the tyrosine kinase immunoglobulin-like and epidermal growth 

factor homology domains (Tie) receptor family that are expressed by tumor cells, 

vascular endothelial cells, and pericytes.  During embryonic development, ligand binding 

of Ang-1 to the Tie-2 receptor tyrosine kinase increases adherence of vascular 

endothelial cells to pericytes, resulting in stabilization of newly formed blood vessels 

[156]. In addition, Ang-1 regulates vascular endothelial cell survival, sprouting, and 

organization into tubules [157]. Ang-1 can also inhibit VEGF-induced permeability and 

reduce inflammation [158]. Despite the fact that each of ligands bind to the same 

receptor, Ang-2 and Ang-3 inhibit the Tie-2 tyrosine phosphorylation induced by Ang-1, 

therefore counteracting the stabilizing effects of Ang-1 [112]. Molecular profiling studies 

have demonstrated that VEGF up-regulates Ang-2 during tumor-associated 

angiogenesis, resulting in destabilization of existing vasculature, loss of pericytes, and 

subsequent enhancement of tumor vessel formation [159, 160]. The co-operative 

activities of VEGF and Ang-2 may, in part, account for the morphologically distinct 

tortuous blood vessels formed during tumor-associated angiogenesis and may also be 

responsible for the less stable, leaky vessels that develop adjacent to expanding tumors 

[161]. Although the members of the Angiopoietin family and their associated Tie-2 

receptor have opposing roles in angiogenesis, it is clear that the balance in production of 

these growth factors plays a key role in regulating tumor vessel formation [162]. 

Disruption of this delicate balance in relative amounts of Ang-1 or Ang-2 has been 
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observed to result in significant defects in tumor-associated angiogenesis [163]. Recent 

evidence suggests that VEGF, Tie-2, Ang-1, and Ang-2 are simultaneously expressed 

during tumor growth, yet are differentially expressed spatially within the tumor 

microenvironment as well as temporally expressed during tumor vessel development 

[161]. It is clear that further studies which continue to define the roles of the members of 

this family of proteins will provide insight into their use as therapeutics and as targets for 

therapeutics in not only VEGF-induced tumor-associated angiogenesis but also in 

disorders associated with enhanced inflammatory responses. 

Tumor-associated angiogenesis is a complex process that involves the 

coordinated activity of a number of different cell types within the tumor 

microenvironment, including tumor cells and stromal cell populations of vascular 

endothelial cells and pericytes [164]. While the literature is replete with studies that 

define the role of tumor cells during tumor-associated angiogenesis, the role of vascular 

endothelial cells is currently being elucidated. In contrast, the role of pericytes during this 

process has only recently been recognized and remains to be completely defined. Figure 

2 provides a schematic representation of tumor-associated angiogenesis and the role of 

these individual cell types in this process. Following the angiogenic switch, tumors 

acquire an angiogenic phenotype, produce pro-angiogenic growth factors such as VEGF 

and express the associated VEGF receptors, which confers the ability to respond to 

these proteins in an autocrine manner. As a pro-angiogenic growth factor, VEGF 

activates vascular endothelial cells within the capillaries adjacent to expanding tumors. 

Once activated by VEGF, vascular endothelial cells secrete proteolytic enzymes that 

degrade basement membranes and the extracellular matrix surrounding the pre-existing 

blood vessel. Digestion of these elements allows the vascular endothelial cells to detach 

from pericytes that reside beneath the vascular endothelial cells. Following their 

detachment, vascular endothelial cells proliferate, and migrate toward the source of pro-

angiogenic growth factor production by invasion through spaces created by enzyme 

degradation (Figure 2). These recruited vascular endothelial cells then secrete 

extracellular matrix proteins which provide the building blocks for development of new 

basement membranes that support the tumor vessels. The vascular endothelial cells 

then change from an actively proliferating population of cells to subsequently undergo 

differentiation and organization into hollow tubes that connect the expanding tumor mass 

to nearby vascular beds. Furthermore, vascular endothelial cells secrete VEGF and an 
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additional protein, platelet derived growth factor beta (PDGFβ), which induce migration 

of pericytes into the area of active tumor vessel formation (Figure 2 B) [165]. Pericytes 

respond to PDGFβ via expression of the associated receptor tyrosine kinase, platelet 

derived growth factor receptor beta (PDGFR-β). Direct interactions between pericytes 

and vascular endothelial cells stimulate differentiation of pericytes into vascular smooth 

muscle cells that stabilize and maintain the newly formed tumor vasculature [166]. Blood 

flow is then initiated which inhibits the rate of apoptosis within tumors, providing both a 

source of oxygen and nutrients and a route for tumor invasion and metastasis to distant 

organ sites.  

VEGF also acts as a chemotactic factor which results in recruitment and 

activation of non-vascular cells, including inflammatory mast cells, macrophages, and 

neutrophils (Figure 2 B) [167-169]. Recruited inflammatory cells produce pro-angiogenic 

products as well as synthesize matrix metalloproteinases [170-173], which has led to 

these cells being defined as “co-conspirators” in tumor-associated angiogenesis [171]. 

Other cell types have also been identified as playing a role in tumor-associated 

angiogenesis such as bone marrow-derived stromal cells, which respond to pro-

angiogenic growth factors, migrate from the bone marrow to the tumor site, and 

differentiate into capillary-like structures [174]. Further studies are required to more 

completely define the interactions of pro-angiogenic growth factors with each of the cell 

types involved in tumor-associated angiogenesis.  

Additionally, in a unique process defined as vasculogenic mimicry, tumor cells 

within aggressively growing malignancies such as melanomas trans-differentiate into 

cells with phenotypic and functional characteristics of vascular endothelial cells [175]. 

These cells form a vascular network rich in extracellular matrix proteins without the need 

to activate endothelial cells that are usually required for angiogenesis. It is clear that 

further investigation will reveal additional cell types that contribute to tumor vessel 

formation as well as will elucidate previously undefined contributions of cells that are 

known to play a role in tumor-associated angiogenesis.  

Although one gene encodes for both rodent and human VEGF, a number of 

different VEGF proteins with specific activities can be produced through the alternative 

splicing of the 8 exons within the single VEGF gene. Alternative splicing generates 

distinct peptides named for the number of amino acids contained within them. In 

humans, the most abundantly produced VEGF splice variants are VEGF121, VEGF165, 
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and VEGF189 [176] (Figure 3 A). Less abundantly produced human VEGF splice variants 

identified to date are VEGF145 [177], VEGF183 [178], and VEGF206 [179]. Although the 

majority of human VEGF splice variants are pro-angiogenic, an anti-angiogenic splice 

variant VEGF165b, was found to be down-regulated in renal tumors, and the loss of 

VEGF165b coincided with induction of the angiogenic switch in this tissue [180]. 

VEGF165b lacks exon 8, which is replaced by exon 9, resulting in production of a protein 

with the same length as VEGF165 but with a carboxyl-terminal tail composed of 6 unique 

amino acids, SLTRKD (Figure 3 A). A very recent study reported that VEGF165b is 

present in differentiated renal podocytes but was not present in this cell type undergoing 

active proliferation, suggesting that alternative splicing of VEGF pre-mRNA is an integral 

part of regulating neovascularization [181].  Further studies may reveal the existence of 

other human VEGF splice variants with functional activities that vary from those 

described to date. Elucidation of the activities of the distinct VEGF splice variants may 

provide insight into their utility as both therapeutics and therapeutic targets.  

In contrast to human VEGF splice variants, murine VEGF variants are one amino 

acid shorter than the analogous human splice variants, but in most cases the mouse 

VEGF proteins possess biological activities similar to human VEGF splice variants 

(Figure 3 B). Murine VEGF splice variants identified to date include VEGF120, VEGF144, 

VEGF164, and VEGF188 [182]. In addition to these murine proteins, our laboratory 

identified, sequenced, and characterized the activities of a novel murine splice variant 

designated as VEGF205* (Genbank Accession AY120866) (Figure 3 B). This VEGF 

splice variant was first identified by detection of its mRNA and protein only in mouse skin 

papillomas and squamous cell carcinomas, which was completely undetectable in 

normal skin (85). VEGF205* contains exons 1-6, and lacks exons 7 and 8. In place of 

these exons is a 61 bp extension to exon 6a, defined as exon 6’ (Figure 3 B). Due to the 

presence of a stop codon in exon 6’, translation of murine VEGF205* mRNA results in the 

production of a truncated 145 amino acid protein containing a carboxyl-terminal tail 

consisting of 7 unique amino acids, YVGAAAV. The exon structure of murine VEGF205* 

and the resultant VEGF splice variant protein are significantly different from any other 

human or mouse VEGF splice variant described to date, including human VEGF206  

(Figure 3 A and B). The size, amino acid sequence of the carboxyl-terminal tail, and 

biological activities of VEGF205* are unique. The biological activity of VEGF splice 

variants occurs following receptor-ligand binding and subsequent transduction of specific 
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signals. Identification of VEGF receptor families has been crucial to understanding the 

functions of the individual VEGF splice variants. Thus far, there have been two distinct 

VEGF receptor families identified, which include the VEGF receptor tyrosine kinase 

family and the Neuropilin family. The VEGF receptor tyrosine kinase family includes 

VEGF Receptor-1 (VEGFR-1), which was first isolated and characterized as fms-like 

tyrosine kinase-1 (Flt-1) [183-185], VEGFR-2, also defined as Fetal Liver Kinase 

1/Kinase-insert- Domain-containing Receptor (Flk-1/KDR) [186, 187], and VEGFR-3, first 

defined as Flt-4 [188]. 

Despite their structural homology and the ability of VEGFR-1 and VEGFR-2 to 

bind VEGF and induce receptor auto-phosphorylation at specific tyrosine residues, these 

receptors have distinct expression patterns within different organs, which may overlap, 

and they also activate specific signal transduction pathways [189]. The loss of VEGFR-2 

in homozygous mice was lethal due to impaired development of hematopoietic 

precursors and lack of differentiated endothelial cells [190]. The loss of VEGFR-1 gene 

was lethal as well, however, these mice developed large blood vessels that lacked 

organization and contained overgrowth of endothelial cells within the vascular lumen 

[191]. These observations confirmed the distinct roles of VEGFR-1 and VEGFR-2 in 

regulating endothelial cell proliferation and differentiation. 

The differential ability of VEGF receptor-ligand binding to induce selective 

biological activities including increased vascular permeability as well as proliferation, 

migration, differentiation, and organization of vascular endothelial cells into vascular 

tubules during tumor-associated angiogenesis is due to phosphorylation of specific 

VEGFR-associated tyrosine residues. For example, following binding of VEGF to 

VEGFR-2, vascular endothelial cells undergo proliferation which is due to 

phosphorylation of tyrosine residues 1054/1059 [192], while migration of these cells is 

stimulated following phosphorylation of tyrosine residue 951 [192, 193]. Conversely, 

binding of VEGF to VEGFR-1 inhibits VEGFR-2-mediated endothelial cell proliferation, 

but not migration [194]. Although VEGFR-1 has a ten-fold higher affinity for VEGF than 

VEGFR-2 [194], VEGFR-1 tyrosine kinase activity is ten-fold weaker than VEGFR-2 

[195]. Furthermore, mice carrying the extracellular domain of VEGFR-1 gene that lacked 

the tyrosine kinase domain developed normal vessels and survived [196]. These unique 

characteristics of VEGFR-1 suggest that only the extracellular domain of VEGFR-1 may 

function as a ligand-trapping molecule that negatively regulates levels of VEGF. Indeed, 
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recent studies reported that alternative splicing produces a shorter and a soluble form of 

VEGFR-1 (sVEGFR-1), which acts as a decoy receptor that sequesters VEGF, 

preventing it from binding to VEGFR-2 [197].  

While VEGF splice variants bind differentially to VEGFR-1 and VEGFR-2, VEGF-

C and VEGF-D bind only to VEGFR-3, a VEGF receptor that is critical to appropriate 

development of lymphatic vessels [198]. In addition, VEGFR-3 is expressed on a variety 

of tumor cells of different origins and may be useful as a marker of early stages of tumor 

progression [130, 199]. Although further studies are required to completely define the 

roles of these VEGF receptors in tumor-associated angiogenesis, there are a number of 

therapeutic approaches that are based on the interactions of VEGF and VEGFR-2 

currently being developed that target tumor vessels [200-202]. 

Neuropilins are a second family of VEGF receptors whose members identified 

thus far include neuropilin-1 (NP-1) [203], and neuropilin-2 (NP-2) [204]. NP-1 and NP-2 

belong to a family of collapsins/semaphorins receptors first described as neuronal axon 

guidance factors present in developing embryos [205, 206]. These receptors are now 

known to be expressed not only by vascular endothelial cells and pericytes [203, 204], 

but by tumor cells as well. One of the primary functions of NP-1 and NP-2 is to act as 

receptors for specific VEGF splice variants. NP-1 and NP-2 bind VEGF165 as well as the 

heparin-binding form of placental growth factor (PlGF), PlGF-2 [207], and VEGF-B [208]. 

Only NP-2 can bind VEGF145 [204]. In contrast, neither NP-1 nor NP-2 binds VEGF121, a 

VEGF splice variant that lacks the ability to bind heparin and heparan sulfate 

proteoglycans [204]. Both NP-1 and NP-2 are alternatively spliced [209] and contain 

short intracellular domains which lack tyrosine kinase domains [210]. To mediate VEGF 

signaling, NP-1 acts as a co-receptor for VEGFR-2 [203], resulting in enhanced binding 

affinity of VEGF165 to VEGFR-2, and effectively increasing the local concentration of 

VEGFR-2 at the cell surface [211, 212]. Taken together with a recent report that 

blockade of NP-1 effectively inhibits angiogenesis in murine retinal neovascularization 

[213], these studies suggest that the Neuropilin receptors may serve as targets for 

development of VEGF splice variant specific anti-angiogenic therapies [212]. Further 

studies are necessary to determine if there are other members of this receptor family, to 

fully elucidate the role of these receptors in tumor-associated angiogenesis, and to 

determine if these receptors can be used to target this process.  
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Production of multiple VEGF splice variants allows this one group of proteins to 

regulate specific functions of tumor cells, vascular endothelial cells and pericytes, 

resulting in precise regulation of tumor-associated angiogenesis. In part, distinct 

biological activities of VEGF splice variants are determined by the exons present within 

the splice variant pre-mRNA (Figure 3 A and B). Exon 1 encodes for the signal 

sequence common to all VEGF splice variants. The presence of Exon 1 indicates that 

each of the splice variant proteins can be secreted. Exon 2 encodes for a specific N-

terminal sequence, which is also common to all known human and rodent VEGF splice 

variants. Exon 3 is also contained within all known VEGF splice variants and encodes for 

VEGF dimerization sites and for binding to VEGFR-1 [184, 185]. Exon 4 encodes for 

binding of VEGF alternative splice variants to VEGFR-2 [186, 187]. Exon 5 encodes for 

a plasmin cleavage site, which allows production of smaller VEGF peptide fragments 

through proteolytic cleavage [214, 215]. Exon 6 encodes for binding of VEGF splice 

variants to heparin and heparan sulfate proteoglycans on the surface of cells [216]. Exon 

6 is either not present, as occurs with murine VEGF120 and VEGF164 (Figure 3 B), and 

human VEGF165b (Figure 3 A), or is significantly altered by loss of part of exon 6 

designated as exon 6b, which occurs in murine VEGF188 and VEGF144 (Figure 3 B).  

Exon 6 is also altered by extension of 6a, designated as exon 6’, which occurs in 

VEGF205* (Figure 3 B). Exon 7 encodes for an additional heparin binding domain [216] 

and it is also lost in a number of VEGF splice variants including murine VEGF120, 

VEGF144, and VEGF205*. The presence or absence of exons 6 and 7 determines the 

ability of the specific VEGF splice variants to either freely diffuse within the tumor 

microenvironment or to bind heparin and heparan sulfate proteoglycans, therefore 

remaining sequestered and acting as slow release molecules. For example, VEGF121 

lacks the charged basic amino acids encoded by exons 6 and 7, and therefore, is a 

soluble growth factor that does not bind heparin (Figure 3 A) [214]. In contrast, VEGF189 

contains exons 6 and 7, has a high affinity for binding heparin, resulting in sequestration 

of this splice variant by the extracellular matrix and heparan sulfate proteoglycans on the 

cell surface [215]. Other VEGF splice variants that contain either exon 6 or exon 7 but 

not both possess only one of the two heparin-binding domains (Figure 3 B). VEGF splice 

variants with this exon configuration, such as VEGF164, can both freely diffuse in the area 

surrounding of the tumor as well as remain bound to the cell surface and extracellular 

matrix. The number of VEGF splice variants which have deletions, insertions, or 



 19

alterations in either exon 6 and/or exon 7 suggests that production of VEGF splice 

variants that differentially bind heparin or freely diffuse is tightly regulated during 

angiogenesis. For example, the exon structure of the unique murine VEGF205* splice 

variant predicts that it is actively secreted based on the presence of exon 1, that it can 

dimerize and bind both VEGFR-1 and VEGFR-2 based on the presence of exons 3 and 

4. Additionally, VEGF205* is predicted to bind heparin and heparan sulfate proteoglycans 

based on the presence of exon 6, resulting in its retention within the local tumor 

microenvironment. Since VEGF205* contains an extension of exon 6a, designated as 6’, 

that encodes for a protein with a novel carboxyl-terminus tail, this VEGF splice variant is 

expected to have activities that differ from other VEGF splice variants. We have defined 

one such activity of VEGF205*, which is stimulation of survival pathways of vascular 

endothelial cells.  

 
Akt Signal Transduction Pathway 

Akt (also known as Protein kinase B) is a serine/threonine kinase with homology 

to both protein kinase C (PKC) and cyclic-AMP-dependent protein kinase A (PKA) [217, 

218]. Akt was first identified as the cellular homolog of the v-akt oncogene derived from 

the murine AKT8 retrovirus [219, 220]. Although AKT8 virus was replication defective, 

the virus was able to induce malignant transformation of the CCL 64 mink lung epithelial 

cell line [219]. The oncogenic potential of AKT8 virus has been shown to occur due to 

the acquisition of the cellular sequence of the proto-oncogene c-akt, which was fused 

downstream to the viral gag gene [220]. As a consequence, mature v-Akt protein 

contains a Gag sequence that is myristylated, which constitutively targets v-Akt to the 

plasma membrane in close vicinity to upstream kinase activators [221]. To date, there 

are three mammalian c-Akt (Akt) isoforms that have been identified, including Akt-1 

[218], Akt-2 [222], and Akt-3 [223, 224], with each isoform encoded by a separate gene. 

There is a differential expression of the three isoforms within various tissues. While the 

loss of Akt-1 gene resulted in growth retardation and increased rate of apoptosis in testis 

and thymus of mutant mice [225], the loss of Akt-2 resulted in a diabetic phenotype, with 

impaired regulation of insulin [226, 227]. Loss of Akt-3 has recently been shown to 

impair normal brain development [228]. Interestingly, knock-out mice with targeted loss 

of both Akt-1 and Akt-2 genes have impaired skin development which is characterized 

by the presence of a thin epidermis with very few cells in each layer of the skin [229]. 
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These observations support a role for Akt-1 and Akt-2 isoforms in skin development and 

homeostasis.  

Akt is a core component of the phosphoinositide 3-kinase (PI3-K) signaling 

pathway [230] (Figure 4 A). Akt is composed of an amino-terminal pleckstrin homology 

(PH) domain that binds phospholipids [231], a kinase domain, and a proline-rich 

carboxyl-terminal regulatory domain. In response to growth factors including VEGF 

splice variants, PI3-K is recruited to the inner surface of the plasma membrane resulting 

in the generation of the membrane-bound lipid phosphatidylinositol 3,4,5-triphosphate 

(PIP3). Following binding of PIP3 to the PH domain, Akt is translocated from the 

cytoplasm to the inner surface of the plasma membrane [232]. This results in 

conformational changes rendering Akt accessible to phosphorylation at two amino acid 

residues, threonine-308 (Thr-308), which lies within the Akt kinase domain, and serine-

473 (Ser-473), which is located within the Akt regulatory domain [233] (Figure 4 A). 

Phosphorylation of Akt at Thr-308 and Ser-473 is carried out by two distinct kinases: 3-

phosphoinositide-dependent protein kinase-1 (PDK-1) which phosphorylates Thr-308 

[234], and integrin-linked kinase-1 (ILK-1), which phosphorylates Ser-473 [234-236]. Akt 

activation can be negatively regulated by the phosphatase activity of the tumor 

suppressor protein, phosphatase and tensin homologue deleted from chromosome 10 

(PTEN), which acts by reversing the production of PIP3 by PI3-K [237, 238]. 2-(4-

morpholinyl)-8-phenylchrome (LY294002) is a competitive synthetic inhibitor for the ATP 

binding site of PI3-K and leads to inhibition of Akt phosphorylation [239, 240]. 

Akt acts primarily as a survival factor (Figure 4 B), resulting in protection of cells 

against programmed cell death, apoptosis. The inhibition of apoptosis by Akt may be 

mediated by multiple mechanisms, some of which may be cell-specific. Akt has been 

shown to protect vascular endothelial cells from Fas (CD95)-induced apoptosis by 

inducing the expression of the anti-apoptotic FLICE-inhibitory protein (FLIP), a caspase 

8 (FLICE) inhibitor [241]. Akt has also been shown to induce survival of endothelial cells 

by phosphorylating and inactivating pro-apoptotic proteins within the family of Forkhead 

transcription factors (FKHR) [242, 243], resulting in their translocation from the nucleus 

into the cytoplasm, therefore inhibiting transcription of genes that would otherwise 

promote apoptosis, including Fas ligand, TNF-related apoptosis-inducing ligand), TRAIL, 

and TNF receptor type 1 associated death domain, TRADD [244]. Akt has been shown 

to phosphorylate and inactivate the pro-apoptotic B-cell lymphoma-2 (Bcl-2) family 
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member BAD on Ser-136 as well, which frees the Bcl-2/Bcl-X complex to promote cell 

survival [245-247]. Akt may also promote cell survival by phosphorylating and 

inactivating Caspase 9, the effector of apoptosis [248]. Not only does Akt induce survival 

by inactivating pro-apoptotic proteins, but by inducing transcription of genes that 

promote survival as well [249]. Activated Akt has been shown to induce degradation of 

the inhibitor of nuclear factor-kappa Β (IκΒ) by directly phosphorylating and activating 

IκΒ kinase (IKK). Degradation of IκΒ frees NF-κΒ to translocate to nucleus and initiate 

transcription of pro-survival genes, including the Bcl-2 family member Bfl-1/A1 [250] and 

the caspase inhibitors c-IAP1 and c-IAP2 [251]. 

Although the majority of studies to date have focused on the role of Akt as a 

survival factor, Akt can also act as a multi-functional protein kinase which regulates both 

cell proliferation and increases in cell mass [252] (Figure 4 C). Akt phosphorylates and 

consequently blocks the activity of glycogen synthase kinase-3β (GSK-3β), thereby 

preventing degradation of cyclin D1 which is a protein required for progression of cells 

from the G1 phase of the cell cycle into the S phase [253]. In addition, Akt regulates cell 

proliferation by phosphorylating the cell cycle inhibitory protein, p21Cip1/WAF1, which 

inhibits interactions between p21Cip1/WAF1 and proliferating cell nuclear antigen (PCNA), 

thereby reversing repression of DNA replication [254, 255].  

On the other hand, Akt has been shown to stimulate cell proliferation by directly 

phosphorylating and activating the mammalian target of rapamycin (mTOR), also known 

as FK506-binding protein-rapamycin-associated protein (FRAP1), on Ser-2448 residue 

[256] (Figure 4 C). mTOR was identified through characterization of the activity of 

pharmacological agent Rapamycin [257], also known as Sirolimus or Rapamune [258, 

259], a macrolide antibiotic isolated from a strain of Streptomyces hygroscopicus 

contained in a soil sample collected on Easter Island, Rapa Nui [260]. Rapamycin has 

been shown to inhibit mTOR kinase activity by binding and activating the cytoplasmic 

receptor, FK506-binding protein-12 (FKBP12) [261], which interacts with FKBP12-

rapamycin binding (FRB) domain of mTOR, and consequently inhibiting mTOR activity  

[262].  

Although Akt acts as a key activator of mTOR, recent evidence suggests that 

signaling molecules, including PKCη, can activate Akt and mTOR in parallel [263, 264] 

(Figure 4 C). Furthermore, activation of mTOR in transformed B lymphocytes has 

recently been shown to occur independent of Akt activation [265]. In addition, 
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accumulation of phosphatidic acid (PA) following activation of phospholipase D has been 

shown to induce mTOR activation independently of PI3K/Akt signaling pathway [266] 

(Figure 4 C). Although phosphorylation of mTOR at Ser-2448 has previously been 

shown to be directly phosphorylated by Akt [256, 267], the nature of upstream kinase(s) 

that phosphorylate mTOR at this site remains elusive and requires further investigation 

[268-272]. 

mTOR  controls cell cycle progression by phosphorylating and activating 70-KDa 

protein S6 kinase (p70 S6K), which by phosphorylating the 40 S ribosomal protein S6, 

stimulates translation of mRNA that possess a 5’-terminal oligopyrimidine (5’-TOP), 

including that encode ribosomal proteins and translation elongation factors [273, 274]. 

Although mTOR has been reported as the major kinase activator upstream of p70 S6K, 

PDK-1 has been shown to directly phosphorylate p70 S6K as well [275]. Despite the 

critical role of p70 S6K in inducing entry of cells into the S-phase of the cell cycle [276], 

loss of p70 S6K in embryonic stem cells did not result in significant reduction in cell 

proliferation [277].  

In addition to phosphorylating p70 S6K, mTOR has been found to phosphorylate 

in parallel the eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) [278, 

279] (Figure 4 C). mTOR stimulates eIF4E activity by phosphorylating 4E-BP1 at Thr-37 

and Thr-46 residues [279]. When 4E-BP1 is in its α form, which is hypophosphorylated, 

4E-BP1 binds with high affinity to eIF4E. As a consequence, the α  form of 4E-BP1 

inhibits eIF4E-dependent mRNA translation, including translation of proteins that are 

required for entry into the G1-phase of the cell cycle, such as cyclin D1 [280]. The 

presence of δ and γ forms of 4E-BP1, which are hyperphosphorylated, inhibits the 

association between 4E-BP1 and eIF4E. This release of eIF4E by the δ and γ forms of 

4E-BP1 leaves eIF4E free to assemble with other translation initiation factors to initiate 

protein translation [281]. 

Not only does mTOR stimulate cell cycle progression, but recent studies have 

shown that mTOR regulates cell size as well [282]. In yeast systems where proliferation 

is correlated with nutrient availability, mTOR acts a sensor for ATP and amino acids 

within the environment, thus coupling the physical size of yeasts to the availability of 

extracellular nutrients [283]. Under nutrient-deprived conditions, activation of mTOR 

stimulates cells to maintain their mass and cellular size, thus preventing cells from 

undergoing proliferation and the subsequent loss of cell mass with each cycle of cell 
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division. Therefore, mTOR acts as a survival factor under adverse conditions by 

conferring the cells with the ability to evade apoptosis [284]. Taken together, mTOR acts 

by integrating the availability of amino acids, energy, and growth factors to ensure 

proper control of expansion in cell size and progression through the cell cycle. 

 In addition to its ability to regulate cell survival, mass, and proliferation, recent 

evidence documented a role of Akt in tumor-associated angiogenesis. Activation of Akt 

in vascular endothelial cells has been shown to directly phosphorylate and activate 

endothelial nitric oxide synthase (eNOS) on Ser-1177 [285], stimulating production and 

accumulation of nitric oxide (NO) [286]. Akt-dependent release of NO has been shown to 

induce vasodilation of vascular blood vessels, which suggests that Akt may regulate the 

initial critical steps of vascular wall remodeling and angiogenesis [287].  

In summary, it is evident that Akt can be placed at the center of several signaling 

pathways involved in cell survival, growth, proliferation, as well as tumor-associated 

angiogenesis. These facts highlight the utility of Akt signaling pathway as a major 

therapeutic target. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 1. Shematic diagram illustrating the structure of the skin. (A) Epidermal keratinocytes undergo limited proliferation in the 

basal layer, then commit to terminal differentiation as they move upwards through the different layers of the skin. Although a small 

percentage of keratinocytes stem cells (KSC) are located within the basal layer of interfollicular epidermis (Epidermal stem cells), the 

majority of KSC are located in a specific niche within hair follicles, defined as “the bulge” region (Bulge stem cells). KSC localized to 

the bulge region are multipotent, serving as precursors for all cell types within hair follicles. Bulge stem cells are not believed to be 

involved in renewal of the epidermis under normal conditions; however, bulge stem cells do participate in wound repair and 

regeneration. (B) Epidermal stem cells are located at the center of distinct columnar units composed of 10 basal cells and their 

suprabasal maturing progeny, defined as epidermal proliferative unit (EPU).  
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Figure 2. Schematic of tumor-associated angiogenesis. (A) “The angiogenic switch” 

results from production of inducers of angiogenesis which are pro-angiogenic growth 

factors with a simultaneous down-regulation of inhibitors of angiogenesis. (B) Tumor 

cells and infiltrating inflammatory cells, including mast cells, neutrophils, and 

macrophages, produce VEGF splice variants that activate vascular endothelial cells 

lining adjacent blood vessels. The endothelial cells then detach from the underlying 

pericytes and extracellular matrix, proliferate, migrate, and then organize and 

differentiate into capillary tubes which provide oxygen and nutrients to expanding 

tumors.  
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Figure 3. Structure and functions of human and murine VEGF Exons. (A) The 

human VEGF gene gives rise to 7 distinct VEGF splice variants, including VEGF121, 
VEGF145, VEGF165, VEGF165b, VEGF183, VEGF189, and VEGF206. VEGF165b, which has 

inhibitory activity, lacks exons 6 and 8, and contains a novel 6 amino acid sequence 

SLTRKD, designated as exon 9. (B) The mouse VEGF gene gives rise to splice variants 

that are all one amino acid shorter than the corresponding human splice variants. Mouse 

splice variants include VEGF120, VEGF144, VEGF164, and VEGF188. The unique mouse 

splice variant VEGF205* lacks exons 7 and 8, and contains exon 6 which includes a 61 

bp extension of exon 6a, designated as exon 6’, which encodes a unique 7 amino acid 

carboxyl-terminal tail, YVGAAAV, that is significantly different from the carboxyl-terminal 

tail of any VEGF protein identified to date. 
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Figure 4. Akt acts as a multi-functional protein. (A) Activation of Ak (pAkt). Binding 

of growth factors, including vascular endothelial growth factor (VEGF) to tyrosine (Y) 

kinase receptors activates PI3-K. Activated PI3-K then catalyzes the production of 

phosphatidylinositol 3,4,5,-triphosphate (PI-3,4,5,-P3), which binds to the pleckstrin 

homology domain (PH) domain of Akt and PDK-1. Akt is then translocated from the 

cytoplasm to the plasma membrane and undergoes conformational changes. Akt can 

then be phosphorylated at Thr-308 by PDK-1 and at Ser-473 by ILK. (B) pAkt  acts as a 

survival factor. pAkt promotes cell survival by phosphorylating and inhibiting the pro-

apoptotic proteins BAD, caspase 9, and the Forkhead transcription factors (FKHR) and 

by inducing the expression of the anti-apoptotic FLICE-inhibitory protein (FLIP). pAkt 

also phosphorylates and activates IKK, which results in the phosphorylation and 

degradation of  IκΒ, an inhibitor of nuclear factor- κΒ  (NF-κΒ), freeing NF-κΒ to induce 

transcription of survival genes. (C) pAkt induces cell cycle progression. Akt 

stimulates entry into the cell cycle by activation the mammalian target of rapamycin 

(mTOR). pAkt also induces cell cycle entry by inactivating glycogen synthase kinase-3 

beta (GSK-3β), which results in the stabilization of Cyclin D1 and by inhibiting 

p21Cip1/WAF1.  LY294002 is a specific inhibitor of PI3-K, while rapamycin is a selective 

inhibitor of mTOR. 
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Name of Marker Cell population 

CD34 Keratinocytes located to the ORS of the bulge 
region of hair follicles 

CD31/PECAM-1 Endothelial cells 

Giemsa Mast cells 

Gr-1 Activated neutrophils 

K15 Keratinocytes located to both the ORS and IRS 
of the bulge region of hair follicles 

MPO Activated neutrophils 

PCNA Proliferating cells in the G1/S and G2 phase of 
the cell cycle 

Toluidine Blue Mast cells 

 

 Table 1. List of markers used to identify specific populations of cells. 
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CHAPTER 1 

 

 

FUNCTIONAL CHARACTERIZATION OF NOVEL MURINE VEGF205* PROTEIN WHICH 

STIMULATES MIGRATION AND PHOSPHORYLATION OF AKT AND MTOR IN 

HUMAN ENDOTHELIAL CELLS 

 

1.1. Abstract 
The present study describes the identification, cloning, sequencing, and characterization 

of the biological activities of murine VEGF205*, which encodes for a truncated 145 amino 

acid polypeptide with a unique 7 amino acid carboxyl-terminal tail, YVGAAAV, that is 

significantly different from the carboxyl-terminal tail of other mouse or human vascular 

endothelial growth factor-A (VEGF-A) proteins previously identified. VEGF205* binds to 

VEGF receptor 2 (VEGFR-2; Flk-1/KDR) of human umbilical vein endothelial cells 

(HUVEC), leading to phosphorylation of VEGFR-2 at both tyrosines (Y) Y-951 and Y-

1054/1059. Recombinant VEGF205* protein stimulated human endothelial cells to form 

tubules with large luminal spaces and greater numbers of terminal branch points 

compared to the smaller, more organized tubules formed by endothelial cells exposed to 

VEGF120. Although VEGF205* was not as mitogenic as VEGF120, this novel VEGF splice 

variant stimulated significantly greater wound closure using an in vitro model compared 

to VEGF120. VEGF205* stimulated a significant increase in Akt phosphorylation at Serine-

473 residue (Akt-Ser-473-P) compared to VEGF120. The VEGF205*-induced Akt activation 

was completely blocked by the phosphoinositide 3-kinase (PI3-K) inhibitor, LY294002. 

While both VEGF205* and VEGF120 induced phosphorylation of Akt at Thr-308 residue 

(Akt-Thr-308-P) compared to unstimulated cells, there was no significant difference in 

phosphorylation levels of Akt-Thr-308-P following exposure of HUVEC to VEGF205* 

compared to VEGF120. These results suggest that VEGF205* differentially activated 

integrin-linked kinase-1 (ILK-1) compared to VEGF120. Additionally, VEGF205* induced 

phosphorylation of mammalian target of rapamycin (mTOR) at Serine-2448, which was 
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also inhibited by LY294002. Taken together, identification of VEGF205* splice variant may 

serve as a useful diagnostic in oncology and may be used as a potential therapeutic 

agent in tissues whose vascular supply has been insufficient or inappropriate, including 

cardiovascular diseases. VEGF205*-induced PI3-K/Akt signaling pathway may further 

serve as a molecular target for inhibiting skin tumor angiogenesis. 
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1.2. Introduction 
The development of blood vessels has been defined as neovascularization, a 

highly regulated and necessary process for appropriate embryonic development [108]. 

With the exception of tumor growth [288], neovascularization in adult mammals occurs 

only during normal physiological processes such as the female reproductive cycle [109] 

and wound healing [110, 289]. As tumor cells proliferate and their layers accumulate, the 

distance between malignant cells within the expanding tumor mass and the nearest 

blood vessel increases. When tumors reach a size of 1-2 mm, tumor cells located at a 

distance greater than 200 µm from the nearest blood vessel become hypoxic and are 

deficient in critical nutrients [116]. At this stage, tumor cells are in a state of equilibrium 

between proliferation and apoptosis. In order to expand beyond this critical size, actively 

growing tumors have an absolute requirement for development of new blood vessels 

[114], which has been defined as tumor angiogenesis. During the point at which tumors 

are expanding in size, tumors undergo what has been defined as the “angiogenic switch” 

[117], which results from the shift in the balance of anti-angiogenic growth factors that 

inhibit formation of new vasculature to favor the production of pro-angiogenic growth 

factors that diffuse into the surrounding of the tumor. One family of pro-angiogenic 

proteins that has been identified is vascular endothelial growth factor-A (VEGF-A) [118].  

Although one gene encodes for both rodent and human VEGF-A, a number of 

different VEGF proteins with specific activities can be produced through the alternative 

splicing of the 8 exons within the single VEGF gene. In humans, the most abundantly 

produced VEGF splice variants are VEGF121, VEGF165, and VEGF189 [176], with less 

abundantly produced VEGF splice variants including VEGF145 [177], VEGF183 [178], and 

VEGF206 [179]. Although the majority of human VEGF splice variants are pro-angiogenic, 

an anti-angiogenic splice variant VEGF165b has been identified [181] which has been 

shown to be down-regulated in renal tumors, with the loss of VEGF165b coinciding with 

activation of the angiogenic switch [180]. VEGF165b lacks exon 8, which is replaced by 

exon 9, resulting in production of a protein with the same length as VEGF165 but with a 

carboxyl-terminal tail composed of 6 unique amino acids, SLTRKD [181].  
Murine VEGF variants are one amino acid shorter than the analogous human 

splice variants, but in most cases the mouse VEGF proteins possess biological activities 

similar to human VEGF splice variants. Murine VEGF splice variants identified to date 

include VEGF120, VEGF144, VEGF164, and VEGF188 [182]. In addition to these murine 
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VEGF proteins, we first identified a novel murine VEGF splice variant designated as 

VEGF205*, which was present in carcinomas isolated of FVB/N mice but was completely 

undetectable in normal skin [290]. This study was the first to identify and examine the 

importance of differential expression of mouse VEGF splice variants in murine skin 

tumor promotion and progression [290].  

The biological activities of VEGF splice variants occurs following binding to the 

VEGF receptor tyrosine kinase family, which include VEGF Receptor-1 (VEGFR-1), 
which was first isolated and characterized as fms-like tyrosine kinase-1 (Flt-1) [183-185] 

and VEGFR-2, also defined as fetal liver kinase-1/Kinase-insert-domain-containing 

receptor (Flk-1/KDR) [186, 187]. The differential ability of VEGF receptors to induce 

selective biological activities including increased vascular permeability as well as 

proliferation, migration, differentiation, and organization of vascular endothelial cells into 

vascular tubules during tumor-associated angiogenesis is due to phosphorylation of 

specific VEGFR-associated tyrosine residues. For example, following binding of VEGF 

to VEGFR-2, vascular endothelial cells undergo proliferation which is due to 

phosphorylation of tyrosine residues 1054/1059 [192], while migration of these cells is 

stimulated following phosphorylation of tyrosine residue 951 [192, 193]. Conversely, 

VEGFR-1 is a kinase-defective receptor tyrosine kinase, which negatively modulates 

angiogenesis [291, 292]. Binding of VEGF to VEGFR-1 inhibits VEGFR-2-mediated 

endothelial cell proliferation, but does not inhibit migration that occurs following VEGF 

binding to VEGFR-2 on endothelial cells [194]. VEGFR-1 can also act as a decoy 

receptor that sequesters VEGF, preventing it from binding to VEGFR-2 [197]. Given that 

VEGFR-1 acts as endogenous inhibitor of VEGF-induced angiogenic activities, 

strategies to block VEGF-induced VEGFR-2 activation are being developed to examine 

the anti-angiogenic [293, 294] and anti-tumor effects of VEGFR-1 [295-299].  

Since VEGF can activate and recruit vascular endothelial cells to undergo all of 

the necessary activities required to form new capillary beds, the VEGF-A family of 

proteins have been defined as complete angiogenic growth factors [139, 300]. VEGF 

splice variants not only stimulate tumor blood vessel formation, but may also act as a 

survival factor by preventing tumor-associated endothelium, which exist in the tumor 

microenvironment that is hypoxic and deprived of nutrients, from undergoing apoptosis 

and senescence [145, 146, 301]. Akt, also known as protein kinase B (PKB), is a core 

component of the phosphoinositide 3-kinase (PI3-K) signaling pathway [302, 303]. Akt is 
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composed of an amino-terminal pleckstrin homology (PH) domain that binds 

phospholipids [231], a kinase domain, and a proline-rich carboxyl-terminal regulatory 

domain.  In response to growth factors such as VEGF205*, PI3-K is recruited to the inner 

surface of the plasma membrane resulting in the generation of the membrane-bound 

lipid, phosphatidylinositol 3,4,5-triphosphate (PI-3,4,5-P3) [304, 305]. Following binding 

of PI-3,4,5-P3 to the PH domain, Akt is recruited to the inner surface of the plasma 

membrane [232], where Akt becomes fully activated by phosphorylation at two amino 

acid residues, serine-473 (Ser-473) and threonine-308 (Thr-308). Phosphorylation of Akt 

at Thr-308 and Ser-473 residues is carried out by two distinct kinases, 3-

phosphoinositide-dependent protein kinase-1 (PDK-1) which phosphorylates Thr-308 

residue [234], and integrin-linked kinase-1 (ILK-1), which phosphorylates Ser-473 

residue [236, 306, 307]. 2-(4-morpholinyl)-8-phenylchrome (LY294002) is a competitive 

inhibitor for the ATP binding site of PI3-K and leads to inhibition of Akt phosphorylation 

[239, 240].  

Although the majority of studies have focused on the role of Akt as a survival 

factor, Akt can also act as a multi-functional protein kinase which regulates both cell 

proliferation and increase in cell mass [252, 308]. Akt has been shown to directly 

phosphorylate the mammalian target of rapamycin (mTOR) at Ser-2448 residue [256, 

267, 309]. mTOR was initially identified as the cellular target of the pharmacological 

agent rapamycin [257], also known as sirolimus or Rapamune [258, 259], a lipophilic 

macrolide antibiotic which was first isolated from a strain of Streptomyces hygroscopicus 

that is indigenous to Easter Island (also known as Rapa Nui) [260].  

mTOR couples increases in cell mass and size to the availability of extracellular 

nutrients. mTOR has been shown to serve as a sensor for ATP and amino acids [283] 

and to regulate cellular responses during nutrient deprivation [310].  mTOR-dependent 

increases in cell mass has been further shown to be tightly coupled to cell cycle 

progression, which allows cells to proliferate continuously while maintaining their size 

[282]. Following its activation, mTOR stimulates phosphorylation of 70 KDa ribosomal 

protein S6 kinase (p70 S6K) enzyme at Thr-389 residue. Once activated, p70 S6K 

stimulates entry of cells into the S-phase of the cell cycle by phosphorylating the 40S 

ribosomal protein, S6. This sequence of events leads to an increased rate of initiation of 

translation of mRNAs that encode ribosomal proteins and translation elongation factors 

[311, 312]. In addition, mTOR initiates translation of proteins that are required for entry 
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into the G1-phase of the cell cycle, including cyclin D1, by phosphorylating eukaryotic 

translation initiation factor 4E-binding protein 1 (4E-BP1) at Thr-37 and Thr-46 residues 

[278, 279, 313]. 4E-BP1 negatively regulates the activity of the eukaryotic initiation factor 

4E (eIF4E), thus relieving the translation inhibitory effects of 4E-BP1 leaves eIF4E free 

for initiation of protein translation [281]. Taken together, Akt induces signal transduction 

pathways critical to survival, expansion in cell mass, and proliferation. 

The present studies reported the cloning, sequencing, production of purified 

recombinant VEGF205* protein, and characterized the functional activities of VEGF205*, 

which activates Akt and mTOR and selectively induces human umbilical endothelial cells 

to undergo migration and tubule formation.  
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1.3. Materials and Methods 

1.3.1. Cloning of VEGF205* cDNA. VEGF205* cDNA was generated from total RNA 

isolated from Tg.AC mouse lung and was obtained in two parts. The 5’-end was 

amplified using an exon 2/exon 3 forward primer (bp 101-123, 5’-GAA GTC CCA TGA 

AGT GAT CAA G-3’) and a reverse primer specific for the region downstream of exon 6a 

(bp 507-525, 5’-TCC AGG GCA TTA GAC AGC A-3’), under the conditions of 95oC for 

20 sec, 59oC for 20 sec, and 72oC for 60 sec, for a total of 38 cycles, which yielded a 

424 bp product. To obtain the 3’-end, a primer spanning the exon 6a boundary into the 

immediate downstream region (bp 481-498, 5’-TTC TGG AGC GTG TAC GTT-3’) and a 

3’UTR reverse primer (5’-AAA CCC TGA GGA GGC TCC TT-3’) were used under 

conditions of 95oC for 20 sec, 54oC for 20 sec, and 72oC for 60 sec, for a total of 38 

cycles, which yielded a 250 bp PCR product that was gel-purified before re-amplification 

using a nested forward primer (bp 484-501, 5’-TGG AGC GTG TAC GTT GGT-3’). DNA 

fragments were cloned into pcDNA4/HisMax-TOPO and pCR2.1 (Invitrogen, Carlsbad 

Ca), and the DNA sequence of at least two clones was determined for each construct. 

The DNA fragments generated included overlap of cDNA sequence that was unique and 

not primer encoded. 

 

1.3.2. Expression, purification, and refolding of His-tagged VEGF205* and VEGF120. 

DNA fragments encoding the mature VEGF polypeptides were amplified by PCR using a 

common exon 2 forward primer (5’-GGC AGC CAT ATG GCA CCC ACG ACA GAA 

GGA-3’). VEGF120 was amplified using exon 8 specific reverse primer (5’-AGA CTC GAA 

TTC CTC ACC GCC TTG GCT TGT-3’). VEGF205* was amplified using reverse primer 

that is specific to the novel exon 6’ sequence (5’-AGA CTC GAA TTC CAG GAA GGC 

TCC AAG GAA-3’). Following amplification, the DNA fragments were cloned into pCR4-

TOPO vector (Invitrogen) for verification by automated DNA sequencing. DNA fragments 

were then subcloned into the NdeI-EcoRI restriction sites of pET-28a (Novagen, 

Madison, WI), which fuses an additional 21 amino acids and a His-Tag to the amino-

terminus. Expression of recombinant protein was induced with 0.5 mM isopropyl β-D-1-

thiogalactopyranoside in cultures of transformed E. coli BL21 (DE3) cells (Stratagene, La 

Jolla, CA) grown to an optical density of 0.6 at 650 nm for 2 hr. Bacterial cells were 

harvested, resuspended in 10 ml of TIN buffer (100 mM Tris-HCl, pH 8.0, 5 mM 

imidazole and 300 mM NaCl), and lysed by sonication. Inclusion bodies were washed 
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with 40 ml of 2 M urea-TIN buffer and recombinant protein was extracted with 25 ml of 8 

M urea-TIN buffer at 4oC overnight. Clarified supernatant was applied to a 5 ml Ni2+-

Sepharose column (Amersham Pharmacia Biotech, Uppsala, Sweden), washed with 60 

mM imidazole, and eluted with 120 mM imidazole. Recombinant protein was diluted to 

90-140 ng/ml in 10 mM Tris-HCl, pH 8.5, 6 M urea, 0.1 M NaH2PO4, 20 mM dithiothreitol, 

1 mM EDTA, then dialysed against 100 mM Tris-HCl, pH 8.5, 0.5 M Guanidine 

hydrochloride (GdCl), 2 mM EDTA, 5 mM cysteine, and 1 mM cystine at 4oC overnight 

with gentle stirring, which was followed by dialysis against 0.1 M acetic acid for 24 hr, 

and finally dialyzed against PBS. Clarified protein was concentrated using Centriplus 

YM-10 (Millipore, Bedford, MA). Protein concentrations were determined using the BIO-

RAD Protein Assay (BIO-RAD, Hercules, CA) and BSA (Sigma, St. Louis, MO) was used 

as a standard. Protein concentrations were further verified by Commassie-blue staining 

of 600 ng of reduced VEGF proteins separated by SDS-polyacrylamide gel (SDS-

PAGE). 

 

1.3.3. Western blot analysis of recombinant VEGF proteins. To confirm the identity 

of recombinant VEGF proteins, equal aliquots of recombinant VEGF proteins (200 ng) 

were separated by 12% SDS-PAGE and blotted to nitrocellulose membrane. 

Membranes were incubated with polyclonal goat anti-mouse VEGF (1:1000, R&D 

Systems, Minneapolis, MN) for 1 hr at room temperature. Blots were then incubated for 

1 hr at room temperature with horseradish peroxidase (HRP)-linked donkey anti-goat 

IgG (1:5000, Jackson ImmunoResearch Laboratories, West Grove, PA) in 5% non-fat 

dried milk powder and 1% BSA in phosphate-buffered saline containing 0.1% Tween-20 

(PBST). The signal was developed using ECL+plus Western Blotting Detection System 

(Amersham). 

 

1.3.4. Cell culture. Human umbilical vein endothelial cells (HUVEC) (Clonetics, San 

Diego, CA) were maintained in a 37oC humidified atmosphere (95% air and 5 %CO2) in 

Endothelial Basic Medium-2 (EBM-2) supplemented with Endothelial Growth Medium-2 

(EGM-2) SingleQuots as recommended by the manufacturer (Clonetics). HUVEC up to 6 

passages were used for all experiments. 
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1.3.5. Proliferation assay. HUVEC were grown in 96-well tissue culture plates (2000 

cells per well) in Dulbecco’s modified Eagle’s minimal essential medium (DMEM; high 

glucose) supplemented with 10% fetal bovine serum (Invitrogen) and antibiotics 

(penicillin G/streptomycin sulfate) in a 37oC humidified atmosphere with 5% CO2 for 24 

hr. Recombinant VEGF proteins (0.01-100 ng/ml) and Alamar blue (10%; Biosource 

International, Carmarillo, CA) were added to the media. Following 24 hr of incubation of 

cells with Alamar blue, absorbance was measured as optical density (OD) at 570 nm 

and 600 nm. The percent of Alamar blue dye reduction was used as a measure of cell 

proliferation and was calculated according to manufacturer’s instructions. Cell number 

was evaluated in at least 6 samples.  
 

1.3.6. Cell treatment and protein isolation. HUVEC (1x 105 cells) were plated on 100 

mm plates and grown to 80% confluency. HUVEC were starved for 6 hr in EMB-2 

supplemented with 10 units /ml heparin and 2 mM glutamine, and pre-treated for the last 

hour with 1 mM sodium orthovanadate (Na3VO4, Sigma). The PI3-K specific inhibitor 

LY294002 (40 µM; Sigma) was added at 3 hr following serum starvation. HUVECs were 

then stimulated at 37oC with 50 ng/ml of the individual recombinant VEGF proteins for 2, 

5, 15, 30, or 60 minutes. Cells were lysed with cold lysis buffer (150 mM NaCl, 10 mM 

Tris-HCl pH 7.5, 1% Triton X-100, 1 mM Na3VO4, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 

and 1 mM PMSF). Cells were scraped and lysates were clarified by centrifugation. 

Proteins were normalized using the BIO-RAD protein assay. Samples were stored at -

80oC until Western blot analysis was performed. 

 

1.3.7. Western blot analysis. Equal aliquots of protein extracts (22 µg/sample) were 

analyzed by Western blot analysis using 8% SDS-PAGE and then blotted to Hybond-P 

polyvinylidene difluoride membrane (PVDF; Amersham, Piscataway, NJ). The blots were 

blocked by incubation in 5% non-fat dried milk powder in PBST. Blots were then 

incubated with polyclonal rabbit anti-phospho-VEGF Receptor-2 (Tyr-951) (1:500; Cell 

Signaling), polyclonal rabbit anti-phospho-VEGF Receptor-2/3 (Ab-1) (1:2500; 

Oncogene, San Diego, CA), polyclonal rabbit anti-phospho-Akt-Ser-473 (1:500; Cell 

Signaling), polyclonal rabbit anti-phospho-Akt-Thr-308 (1:500; Cell Signaling), polyclonal 
rabbit anti-phospho-mTOR-Ser-2448 (1:500; Cell Signaling) in 5% BSA in PBST 

overnight at 4oC. Blots were then incubated for 1 hr at room temperature with 
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horseradish peroxidase (HRP)-linked goat anti-rabbit IgG (1:2000; Amersham) in PBST 

containing 5% non-fat dried milk powder. Signals were visualized using the ECL+Plus 

Western Blotting Detection System (Amersham). Blots were subsequently stripped and 

re-probed with polyclonal mouse anti-Flk-1 (A-3) (1:200; Santa Cruz Biotechnology, 

Santa Cruz, CA), polyclonal rabbit anti-Akt (1:1000; Cell Signaling), or polyclonal rabbit 

anti-mTOR (1:500; Cell Signaling). Blots were then incubated for 1 hr at room 

temperature with HRP-linked sheep anti-mouse or goat anti-rabbit IgG (1:2000; 

Amersham) in PBST containing 5% non-fat dried milk powder. Controls for Akt 

phosphorylation at Ser-473 residue included whole cell lysates isolated from serum 

starved NIH3T3 cells with (+) and without (-) PDGF treatment, at 100 mg/ml for 10 

minutes (Cell Signaling). To verify equal loading of protein samples, blots were re-

probed with monoclonal mouse anti-β-actin (1:5000; Sigma) for 1 hr, then incubated with 

anti-mouse IgG (1:4000; Amersham) for 30 min. Images were scanned and band 

intensities were analyzed using NIH Image 1.62f analysis software. 

 
1.3.8. Wound migration assay. HUVEC (4 x 105 cells) were seeded into 6-well plates 

and grown to confluence in EBM-2 medium containing 10% FBS. Cells were then 

washed once with PBS, and incubated in the presence of DMEM supplemented with 2% 

FBS for 4 hr. A linear scar was drawn then across the cells monolayer using a sterile 

plastic tip. Media was then replaced with DMEM containing 1% FBS, in the presence or 

absence of VEGF isoforms (10 ng/ml) for 20 hr. To determine wound width at time 0 hr, 

scars were drawn in one well just before staining with Diff-Quick (Dade Behring Ag, 

Newark, DE) (Figure 5 A). Digital images of wounds were captured using 10x objective 

on an inverted microscope (Olympus, Melville, NY) with an attached digital camera 

(Diagnostic Instruments, Sterling Heights, MI).  Image analysis was performed using 

Image Pro Plus software (Media Cybernetics, Silver Springs, MD) and a custom-written 

macro.  A line intensity histogram was measured perpendicular to wound and spanning 

full height of image, which resulted in an intensity profile curve on which the following 

parameters were measured (Figure 1.5 A): Baseline intensity, which was determined on 

a per-image basis by using the average intensity of confluent regions; Wound width, 

defined as the width where intensity curve crosses the baseline; Peak Height, the 

maximum intensity peak within the wound; Wound width at 1/2 height, the width of the 
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wound at 1/2 the maximum peak height within the wound; and Area under curve, the 

area under the curve of intensity histogram. 

 

1.3.9. Tubule assay. HUVEC were incubated in DMEM supplemented with 5% FBS for 

16 hr, then harvested, washed twice with EMB-2, and resuspended at a concentration of 

4x 105 cells/ml. Recombinant VEGF proteins were diluted in DMEM supplemented with 

0.1% de-lipidated BSA (BD Biosciences, Bedford, MA), which was then combined with 

an equal volume of HUVEC and plated (200 µl) into 96 well plates coated with 10 µg/ml 

mouse type IV collagen (BD Biosciences), resulting in a final concentration of 4 x 104 

cells/well. Following 30 hr of incubation, cells were stained with Diff-Quik (Dade Behring 

Ag). Digital images were captured using a CCD camera (Diagnostic Instruments) 

mounted on an Olympus BX40 microscope. Endothelial cell-derived tubule formation 

was quantitated using Image Pro Plus analysis software (Media Cybernetics). Images 

were captured under identical lighting and optical settings, and color segmentation was 

used to eliminate non-specific background staining. Once segmented, a mask of the 

image was filtered to delineate the cell connections and cell masses. The image was 

then filtered and skeletonized. The skeleton was superimposed on the mask of the 

connections. The length of the terminal branches within the skeleton, which represent 

cellular projections, was measured (Figure 1.6 A, panel F). Terminal branches that were 

<15 µm in width were counted. The number of terminal branches was normalized to the 

number of cells in the field of view.    

 

1.3.10. Statistical analysis. Statistical analyses were performed using the unpaired, 

one-tailed Student’s t test or one way analyses of variance (ANOVA) on ranks for non-

parametric comparison, with post-hoc Dunnet test to evaluate significant comparisons 

between treatment groups and control samples. Comparisons of three or more groups 

were conducted using one-way ANOVA, with Student-Newman-Keuls post-hoc analysis 

(GraphPad Prism). In all cases, results are expressed as mean ± SEM, and statistical 

significance was defined as p<0.05, unless otherwise described.  
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1.4. Results 
1.4.1. Identification of a novel murine VEGF205* splice variant of 145 amino acids. 
Although we initially believed that murine VEGF205* was analogous to human VEGF206, 

through cloning, sequencing, production of recombinant protein and verification of amino 

acid sequence, we demonstrated that VEGF205* mRNA is composed of only the first 6 

exons (exon 1-exon 6a) of murine VEGF-A, with an extension of exon 6a, consisting of 

an additional 61 bases designated as exon 6’ (Figure 1.1 A), with the loss of exons 7 

and 8 (Figure 1.1 B). The 3’-end of the 61 bp insertion in VEGF205* contains a novel 

consensus sequence encoding the 5’-splice donor site required for VEGF205* processing. 

In addition, a novel splice acceptor site is present within the intronic sequence of exon 7, 

which is located 120 bp upstream of exon 8. The 7 amino acids encoding the novel exon 

6’ include Tyr-Val-Gly-Ala-Ala-Ala-Val (YVGAAAV) (Figure 1.1 C), followed by the in-

frame stop codon TAA, resulting in a unique carboxyl-terminal amino acid sequence. 

This is in direct contrast to VEGF120, VEGF144, VEGF188, and VEGF164, which share the 6 

amino acids encoding exon 8, Cys-Asp-Lys-Pro-Arg-Arg (CDKPRR) (Figure 1.1 C). 

VEGF205* is therefore unlike any of the other murine VEGF-A splice variant proteins that 

have been identified to date. 

Termination of protein synthesis within exon 6’ of VEGF205* yields a mature 

polypeptide consisting of 145 amino acid residues following cleavage of the 26-amino 

acid signal peptide (Genbank Accession no. AY120866) (Figure 1.1 C). To indicate that 

this novel VEGF protein differs from human VEGF206 and to avoid confusion with the 

human VEGF145, this unique murine VEGF splice variant is referred to as VEGF205*.  

 

1.4.2. Expression and refolding of recombinant VEGF205*. To assess the biological 

functions of VEGF205*, recombinant His-tagged VEGF205* protein was produced. For 

functional comparison, VEGF120, which was previously shown to induce both proliferation 

and migration of endothelial cells [314, 315], was generated as a His-tagged protein. To 

illustrate that that recombinant VEGF proteins efficiently formed dimers, purified refolded 

proteins (600 ng) were separated on a 12% SDS-PAGE gel under non-reducing 

conditions (-βME; β-mercaptoethanol) (Figure 1.2). Under reducing conditions (+βME), 

both VEGF205* and VEGF120 migrated as monomers. VEGF205* migrated as two bands, 

representing both the glycosylated and unglycosylated forms of the proteins, as has 

been previously reported with other VEGF splice variants [316].  
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For Western blot analysis of VEGF205* and VEGF120, aliquots of 200 ng of purified 

recombinant VEGF splice variants were analyzed. Recombinant VEGF205* and VEGF120 

were detected using a commercially available polyclonal mouse anti-VEGF164 antibody. 

To confirm the position of purified recombinant VEGF proteins, a commercially available 

recombinant VEGF120 (rVEGF120) (R&D Systems) was used a positive control.  

 

1.4.3. Differential phosphorylation of VEGF receptors by VEGF205* and VEGF120 on 
human umbilical vein endothelial cells. VEGF binding to VEGFR-2 leads to 

phosphorylation of VEGFR-2 at multiple tyrosine (Y) residues [317]. Using human 

umbilical vein endothelial cells (HUVEC), we examined the ability of VEGF120 and 

VEGF205* to phosphorylate VEGFR-2 at Y951, a residue associated with endothelial 

cells migration [192, 193], and Y-1054/Y1059, which is associated with endothelial cells 

proliferation [192] (Figure 1.3). Phosphorylation of VEGFR-2 at both Y-951 and Y-

1054/Y-1059 residues was not detected in control HUVEC or in HUVEC treated with 

10% FBS for 2 min (Figure 1.3 A). Treatment of HUVEC with 50 ng/ml of VEGF205* for 2 

min induced a significant (p<0.05) increase in VEGFR-2 phosphorylation at Y-951 

compared to the lower levels of VEGFR-2 phosphorylation at Y-951 in HUVEC treated 

with 50 ng/ml VEGF120 for 2 min (Figure 1.3 B). On the other hand, treatment of HUVEC 

with VEGF205* induced significantly (p<0.05) lower levels of VEGFR-2 phosphorylation at 

Y-1054/Y1059 compared to VEGF120.  

 

1.4.4. Recombinant VEGF205* induces proliferation of endothelial cells. The purified 

recombinant VEGF120 produced in our laboratory using methods as described, induced 

HUVEC proliferation to similar levels as commercially purchased recombinant murine 

VEGF120 (rVEGF120) (R&D Systems) (Figure 1.4 A), confirming the functional activity of 

purified recombinant VEGF120 that we produced. VEGF205* induced a dose dependent 

mitogenesis of HUVEC, which was 10-fold lower than that induced by recombinant 

VEGF120 protein, previously characterized as highly mitogenic [315] (Figure 1.4 B). 

These results suggested that the role of VEGF205* in skin tumor angiogenesis was not 

primarily stimulation of vascular endothelial cell proliferation and prompted our further 

studies to characterize the spectrum of molecular activities of murine VEGF205*.  
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1.4.5. Recombinant VEGF205* stimulates endothelial cell migration. To determine the 

effect of VEGF205* on vascular endothelial cell migration, a cell-based wound healing 

model was used, as previously described [318-320]. Wounds were artificially created by 

drawing a linear scar across HUVEC grown in monolayer cultures using a sterile plastic 

tip (Figure 1.5 A). HUVEC were then incubated in the presence or absence of VEGF 

splice variants (10 ng/ml) for 20 hr. VEGF205* induced significant (p<0.05) migration of 

HUVEC into the wounded space compared to unstimulated cells as demonstrated by the 

significant (p<0.05) wound closure following incubation of HUVEC with VEGF205* 

compared to control HUVEC (Figure 1.5 B). There was no significant difference in 

migration of HUVEC into the wounded space following incubation with VEGF120 

compared to control HUVEC. 

 

1.4.6. Recombinant VEGF205* stimulates formation of tubules with large luminal 
spaces. Studies were performed to evaluate the ability of VEGF205* to induce HUVEC to 

organize into tubules, which are precursors to mature blood vessels. Tubule formation 

by HUVEC grown on collagen coated plates was examined following incubation of 

HUVEC for 30 hr at 37oC in the absence of serum (Figure 1.6 A, panel A), in the 

presence of 5% fetal calf serum (Figure 1.6 A, panel B), 50 ng/ml of recombinant 

VEGF120 (Figure 1.6 A, panel C), 50 ng/ml of recombinant VEGF205* (Figure 1.6 A, panel 

D), or the combination of 50 ng/ml of recombinant VEGF120 and 2 ng/ml of recombinant 

VEGF205* (Figure 1.6 A, panel E). 

In the absence of serum, HUVEC did not form organized structures (Figure 1.6 

A, panel A). When grown in 5% fetal calf serum (Figure 1.6 A, panel B), HUVEC formed 

a mat of uniformly-shaped proliferating cells. VEGF205* stimulated formation of tubes with 

large luminal spaces (Figure 1.6 A, panel D) compared to the small luminal spaces 

formed by HUVEC following incubation with VEGF120 (Figure 1.6 A, panel C). The ability 

of VEGF205* to induce large luminal spaces was a dominant activity in the presence of 

greater doses of recombinant VEGF120 protein (50 ng/ml) and significantly lower doses 

of VEGF205* (2 ng/ml) (Figure 1.6 A, panel E). 

Digital image analysis of terminal branch points in cultured HUVEC treated with 

either 50 ng/ml VEGF205* or VEGF120 was performed (Figure 1.6 A, panel F). VEGF205* 

induced significantly (p<0.01) more terminal branch points formed on a per cell basis 

compared to VEGF120 (Figure 1.6 B).  
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1.4.7. Recombinant VEGF205* activates the PI3-K/Akt signal transduction pathway. 
Western blotting was performed to examine the effects of VEGF205* on the kinetics of Akt 

phosphorylation at Ser-473 in HUVEC cultured under serum-free conditions (Figure 1.7). 

No significant change in the ratio of phospho-Akt-Ser-473/Akt was observed in HUVEC 

incubated in the presence of 10% FBS for 15 min compared to unstimulated cells (Data 

not shown). Similarly, no significant change in the ratio of phospho-Akt-Ser-473/Akt was 

observed following incubation of HUVEC with 50 ng/ml VEGF120 compared to 

unstimulated HUVEC (Figure 1.7 A and B). VEGF205* at the same concentration of 50 

ng/ml stimulated a significantly (p<0.01) greater time-dependent increase in the ratio of 

phospho-Akt-Ser-473/Akt compared to unstimulated control HUVEC (Figure 1.7 B). 

Phosphorylation of Akt at Ser-473 was maximal at 30 min following exposure to 

VEGF205*, which did not significantly change at 60 min following exposure of HUVEC to 

VEGF205* (Figure 1.7 B). Treatment of HUVEC with the specific PI3-K inhibitor, 

LY294002, completely inhibited VEGF205* induced Akt phosphorylation at Ser-473 

(Figure 1.7 C and D), demonstrating that recombinant VEGF205* protein selectively 

stimulates the PI3-K/Akt signal transduction pathway in vascular endothelial cells. 

VEGF205* induced phosphorylation of Akt at Ser-473 to similar levels in HUVEC 

purchased from a different source, American Type Culture Collection (ATCC, Manassas, 

VA), which was completely inhibited following treatment of endothelial cells with 

LY294002 (Data not shown), confirming the specificity of VEGF205*-induced activation of 

PI3-K/Akt signaling pathway.  

Exposure of HUVEC to VEGF120 or VEGF205* (50 ng/ml) induced phosphorylation 

of Akt at Thr-308 compared to unstimulated cells, which was completely inhibited 

following treatment of endothelial cells with LY294002 (Figure 1.7 E and F). However, 

there was no significant difference in the ratio of phospho-Akt-Thr-308/Akt following 

incubation of HUVEC with 50 ng/ml VEGF205* compared to VEGF120 (Figure 1.7 F).  

 
1.4.8. Recombinant VEGF205* stimulates phospho-mTOR-Ser-2448. Western blotting 

was performed to examine the effects of VEGF205* on phospho-mTOR-Ser-2448 in 

HUVEC cultured under serum-free conditions (Figure 1.8). No significant change in the 

ratio of phospho-mTOR-Ser-2448/mTOR was observed following incubation of HUVEC 

with 50 ng/ml VEGF120 compared to unstimulated HUVEC (Figure 1.8 A and B). There 

were no inhibitory effects of LY294002 on baseline levels of phospho-mTOR-Ser-2448 in 
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unstimulated cells or HUVEC incubated with VEGF120 (Figure 1.8 B). In contrast, 

treatment of HUVEC with 50 ng/ml VEGF205* resulted in a significant (p<0.05) increase 

in the ratio of phospho-mTOR-Ser-2448/mTOR compared to unstimulated cells. 

Incubation of HUVEC with LY294002 in the presence of VEGF205* resulted in a low but 

significant (p<0.05) 0.5-fold decrease in the ratio of phospho-mTOR-Ser-2448/mTOR 

compared to levels of phospho-mTOR-Ser-2448/mTOR in HUVEC stimulated with 

VEGF205* in the absence of LY294002 (Figure 1.8 B).   
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1.5. Discussion 

Prior to our first studies, only 3 murine VEGF splice variants had been widely 

studied, which included VEGF120, VEGF164, and VEGF188 [182]. Our studies were among 

the very first to report the existence of a cDNA containing an extended exon 6a, 

VEGF205*, that was preferentially expressed in mouse skin carcinomas [290]. These 

observations predicted that specific VEGF splice variants are differentially expressed at 

specific times during tumor-associated angiogenesis and may stimulate unique and 

specific functions of endothelial cells within the tumor mass. In the present study, we 

cloned and sequenced VEGF205* cDNA and evaluated its biological functions on human 

vascular endothelial cells.   

The exon structure, the size, and amino acid sequence of the carboxyl-terminal 

tail of murine VEGF205* are different from any other human or mouse VEGF splice 

variants described to date, including VEGF206. The exon structure of VEGF205* mRNA 

includes exons 1-6a, with exon 6a extended by an additional 61 bases that we have 

designated as exon 6’. Due to the presence of a stop codon in exon 6’, protein 

translation of this open reading frame yielded a novel VEGF splice variant of 145 amino 

acids following the cleavage of the 26 amino acid residues encoding the secretory signal 

peptide. In contrast to VEGF120, VEGF144, VEGF188, and VEGF164, which share the 6 

amino acids encoding exon 8, CDKPRR, VEGF205* contains 7 unique amino acid 

residues, YVGAAAV, encoding the novel exon 6’. Thus, the positively charged and 

potentially kinked carboxyl-terminus found in the majority of VEGF splice variants [180] 

is replaced with hydrophobic amino acids in VEGF205*.  

The potential molecular activities of VEGF205* may in part be predicted based on 

its exon structure (Figure 1.1 C). The presence of exon 1 predicts that it is actively 

secreted. The presence of exons 3 and 4 predicts that VEGF205* can dimerize and binds 

to both VEGFR-1 and VEGFR-2 based on Additionally, VEGF205* is predicted to bind 

heparin and heparin sulfate proteoglycans based on the presence of exon 6a, resulting 

in its retention within the local tumor microenvironment. Since VEGF205* contains an 

extension of exon 6a, exon 6’, that encodes for a protein with a novel carboxyl-terminal 

tail, VEGF205* is expected to have activities that significantly differ from other VEGF 

splice variants. To analyze the functional activities of the novel VEGF205* splice variant, 

recombinant VEGF205* was purified from E. coli and subsequently refolded.  
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The differential ability of VEGF205* to induce selective biological activities is due 

to its ability to phosphorylate specific VEGFR-2 tyrosine residues. Following binding of 

VEGF splice variant proteins to VEGFR-2 receptor, vascular endothelial cells undergo 

proliferation, which is due to phosphorylation of tyrosine residue Y-1059/1054 [192], 

while migration of these cells is stimulated following phosphorylation of tyrosine residue 

Y-951 within the VEGFR-2 receptor tyrosine kinase [192, 193]. Conversely, binding of 

VEGF to VEGFR-1 inhibits VEGFR-2 induced proliferation by acting as a decoy receptor 

[197]. While VEGF205* bound efficiently to VEGFR-2 (data not shown), VEGF205* induced 

significantly lower levels of VEGFR-2 phosphorylation at Y-1054/1059 compared to 

VEGF120, thus suggesting that VEGF205* is less mitogenic compared to VEGF120. This 

data is consistent with our results of VEGF205*-induced proliferation as described below. 

On the other hand, VEGF205* induced a significant increase in VEGFR-2 phosphorylation 

at Y-951 in vascular endothelial cells compared to VEGF120. These results suggest that 

VEGF205* induces migration of vascular endothelial cells through selective 

phosphorylation of Y-951 of VEGFR-2. 

We evaluated the ability of VEGF205* to induce proliferation of vascular 

endothelial cells, which is one of the first steps in the process of tumor-associated blood 

vessel development. Although VEGF205* stimulated proliferation of HUVEC, the 

concentration of VEGF205* to induce half-maximal proliferation was 10-fold greater 

compared to that of VEGF120, which has been previously characterized as highly 

mitogenic [314]. These results suggest that the role of VEGF205* is not primarily 

stimulation of vascular endothelial cell proliferation and prompted further studies to 

characterize the biological effect(s) of VEGF205*. 

During angiogenesis, endothelial cells of existing small blood vessels are 

activated to migrate and organize into hollow tubes that ultimately form new capillaries. 

Using a wound healing assay [318-320], we demonstrated that VEGF205* induced 

significant migration of vascular endothelial cells into the wounded space compared to 

VEGF120. These results support a potential role of VEGF205* in mobilizing vascular 

endothelial cells from pre-existing blood vessels to organize into new vessels adjacent to 

tumors.  

In addition to promoting vascular endothelial cells migration, VEGF205* stimulated 

formation of tubules with large luminal spaces, which was distinct from the pattern of 

migration and organization of endothelial cells into tubule-like structures following 
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exposure to the more ubiquitously expressed VEGF120. VEGF205*-induced organization 

of vascular endothelial cells into large tubules was a dominant characteristic, since a 

combination of 50 ng/ml VEGF120 and a significantly 25-fold lower doses of VEGF205 

stimulated endothelial cells to form tubes with large luminal spaces as well. These 

results suggest that the presence of very low levels of local VEGF205* within the tumor 

microenvironment can significantly impact the process of neovascularization. In contrast 

to normal blood vessels, recent studies have shown that tumor vasculature is highly 

disorganized, characterized by blood vessels that are tortuous and dilated, and 

containing significantly increased terminal branches [321]. The current finding that 

VEGF205* stimulated formation of tubules with large luminal spaces could explain the 

tortuous and large blood vessels that have been observed in advanced papillomas and 

carcinomas [322]. In addition, VEGF205* induced significantly more terminal branch 

points compared to VEGF120. Evaluation of the number of tubule branches has been 

previously used to examine formation of tubule-like structures by vascular endothelial 

cells [323]. The increase in the number of terminal branches in endothelial cells following 

exposure to VEGF205* suggests the formation of higher number of tubule-like structures 

compared to VEGF120, resulting in the formation of vasculature composed of a high 

number of tubule-like structures with large luminal spaces. 

Persistence of new blood vessels depends on the survival of the newly recruited 

vascular endothelial cells; however, until tumor angiogenesis is completed, endothelial 

cells are present within a hypoxic and nutrient-deprived microenvironment, and 

consequently are at risk of undergoing apoptosis. Exposure of vascular endothelial cells 

to VEGF205* selectively stimulated phosphorylation of Akt at Ser-473 compared to 

vascular endothelial cells following exposure to VEGF120. VEGF205*-induced increase in 

phospho-Akt-Ser-473 levels was inhibited by the specific PI3-K inhibitor, LY294002. 

These results suggest that activation of PI3-K/Akt signaling pathway in vascular 

endothelial cells is dependent upon the tumor microenvironment during which specific 

VEGF splice variants, such as VEGF205*, stimulates phosphorylation of Akt at Ser-473. 

These results further support a model for differential functions of VEGF splice variants 

during tumor angiogenesis [324]. Collectively, activation of Akt following exposure to 

VEGF205* may selectively block apoptosis in vascular endothelial cells undergoing 

angiogenesis in newly formed blood vessels. 
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While both VEGF205* and VEGF120 induced phosphorylation of Akt at Thr-308 

residue compared to unstimulated cells, there was no significant difference in 

phosphorylation levels of Akt at Thr-308 following exposure of HUVEC to VEGF205* 

compared to VEGF120. These results suggest that VEGF120 only stimulated activation of 

PDK-1 in endothelial cells, whereas VEGF205* differentially activated ILK-1 compared to 

VEGF120, resulting in selective phosphorylation of Akt at Ser-473. The definition of the 

role(s) of ILK-1 in angiogenesis is only now emerging. Recent studies have 

demonstrated that ILK is required for VEGF-mediated endothelial cell migration and 

formation of blood vessels [325]. Although the majority of studies to date have focused 

on the role of Akt as a survival factor, there is a growing evidence supporting a role of 

Akt in inducing cell motility [326, 327]. Recent studies have demonstrated that loss of Akt 

inhibited migration of endothelial cells [328]. Taken together with results from the current 

study, VEGF205* may induce mobilization of endothelial cells by the selective activation 

of PI3-K/ILK-1/Akt signaling pathway.  

Additionally, VEGF205* induced phosphorylation of mTOR at Ser-2448, which was 

also inhibited by LY294002. Akt has been shown to act as an upstream kinase activator 

of mTOR, by directly phosphorylating mTOR at Ser-2448 residue [267, 309, 329]. Given 

the observation that VEGF205*-induced phosphorylation of mTOR at Ser-2448 was 

significantly reduced but not completely inhibited in the presence of LY294002 suggests 

that phosphorylation of mTOR following exposure of endothelial cells to VEGF205* is 

mediated only via PI3-K/Akt signaling pathway. The decrease in levels of VEGF205*-

induced phospho-mTOR in the presence of LY294002 further confirms the selective 

activation of Akt signaling pathway in endothelial cells when exposed to VEGF205*. 

Taken together, these results suggest that VEGF205* not only induces PI3-K/Akt signal 

transduction pathway, leading to survival of vascular endothelial cells, but also 

stimulates Akt-dependent phosphorylation of mTOR at Ser-2448, thus regulating 

expansion in cell mass and proliferation of endothelial cells undergoing angiogenesis. 

Collectively, the present studies suggest that activation of PI3-K/Akt/mTOR signaling 

pathway is critical for VEGF205*-mediated angiogenesis. 

In summary, we have cloned and sequenced a novel murine VEGF isoform, 

VEGF205*, produced recombinant protein and characterized its biological activities. 

VEGF205*, which is expressed at specific stages of skin carcinogenesis and contains a 

novel carboxyl-terminal tail, differentially activates PI3-K/Akt/mTOR signaling pathway. 
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As demonstrated by the identification of the inhibitory VEGF165b splice variant [180, 181] 

and the results of the present studies, identification of novel VEGF splice variants with 

specific biological functions may advance the development of effective therapeutics and 

diagnostics for use in both oncology and cardiovascular diseases. The ability of 

VEGF205* to activate PI3-K/Akt signaling pathway through ILK-1-associated selective 

activities and to stimulate migration and tubule formation of endothelial cells suggests 

that VEGF205* have utility in treating diseases in which the lack of appropriate 

development of vascular architecture has been delayed or damaged.  
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Figure 1.1. Sequence and exon structure of VEGF205*. (A) Nucleotide sequence of 

VEGF205* cDNA. VEGF205* mRNA contains an extended region of exon 6a, which 

consists of an additional 61 bp of the intronic sequence of exon 6a, that we have termed 

exon 6’ (marked by solid underlining).  This sequence is followed by 120 bp of the 

intronic sequence upstream of exon 8 (marked by dotted underlining). However, the 

presence of an in-frame stop codon TAA within the novel sequence of exon 6’ results in 

the generation of a novel COOH-terminal exon structure, consisting of 7 unique amino 

acids, which include YVGAAAV. In addition, termination of protein synthesis within exon 

6’ yields a mature polypeptide which consists of 145 amino acid residues following 

cleavage of the 26-amino acid signal sequence (Highlighted nucleotides). (B) Exon 

structure of VEGF205*, illustrating the novel VEGF205* alternative mRNA splicing sites. 

The 3’-end of the exon 6’ contains a novel consensus sequence encoding the 5’-splice 

donor site required for VEGF205* mRNA processing. In addition, a novel splice acceptor 

site is present within the intronic sequence of exon 7, and is located 120 bp upstream of 

exon 8. Exons are presented in boxes and introns by solid lines (C) Exon structure of 

murine VEGF. The murine VEGF gene, through alternative mRNA splicing, gives rise to 

4 VEGF splice variants, which include VEGF188, VEGF164, and VEGF120. The unique 

mouse splice variant VEGF205* lacks exons 7 and 8, and contains the novel exon 6’, 

which encodes a unique carboxyl-tail consisting of 7 unique amino acid, YVGAAAV. 
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Figure 1.2. Expression and refolding of recombinant VEGF205*. (A) Recombinant 

VEGF205* and VEGF120 were purified from overexpressing E. coli and refolded into 

homodimers. Equal aliquots of refolded proteins (600 ng) were separated on 12% SDS-

PAGE gel under non-reducing (-βME) conditions to show VEGF dimers formation and 

reducing (+βME) conditions to show monomers formation. The gel was Commassie-

blue-stained and photographed. Arrowheads indicate the position of recombinant VEGF 

proteins. Size marker is indicated as (M). (B) Aliquots of recombinant VEGF splice 

variants (200 ng) were separated on 12% SDS-PAGE gel and immunoblotted with anti-

VEGF164 antibody to detect recombinant VEGF205* and VEGF120. To confirm the position 

of recombinant VEGF proteins, a commercially available recombinant VEGF120 

(rVEGF120) (R&D Systems) was used a positive control.  
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Figure 1.3. VEGF205* induces phosphorylation of VEGFR-2 at Y-951 and Y-

1054/1059 in HUVEC.  (A) Confluent cultures of HUVEC were serum-deprived for 6 hr 

and were left either untreated (Control), treated with 50 ng/ml VEGF120, VEGF205*, or 

10% FBS for 2 min. Equal aliquots of total proteins (22 µg) were resolved by 8% SDS-

PAGE gel and immunoblotted with either anti-phospho-VEGFR-2-Y-951 or anti-

phospho-VEGFR-2-Y-1054/1059 antibodies, stripped and then re-probed with anti-

VEGFR-2 antibody. (B) Densitometric analysis of the ratio of phospho-VEGFR-2-Y-

951/VEGFR-2 and phospho-VEGFR-2-Y-1054/1059/VEGFR-2 in response to 

stimulation with VEGF120 or VEGF205*. Data represent mean ± SEM, n=3. 
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Figure 1.4. VEGF205* induces proliferation of HUVEC. (A) Recombinant VEGF120 

induced HUVEC proliferation to similar levels as commercially purchased recombinant 

murine VEGF120 (rVEGF120) (R&D Systems). HUVEC were seeded at a density of 2000 

cells per well and stimulated with increasing concentrations of recombinant VEGF120 and 

rVEGF120 in the presence of 10% Alamar blue, and the percent of dye reduction was 

determined at 24 hr. (B) Recombinant VEGF205* was not as mitogenic as VEGF120. 

HUVEC were seeded at a density of 2000 cells per well and stimulated with increasing 

concentrations of recombinant VEGF205* or VEGF120. VEGF205* induced a dose 

dependent mitogenesis of HUVEC, which was 10-fold lower than that induced by 

recombinant VEGF120 protein. Data represent mean ± SEM, n=6. 
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Figure 1.5. VEGF205* induces migration of HUVEC in vitro. (A) A cell-based wound 

healing model was used to determine the effect of VEGF205* on vascular endothelial cell 

migration. Wounds were artificially created by drawing a linear scar across HUVEC 

grown in monolayer cultures in the presence of 10 ng/ml of VEGF120 or VEGF205* for 20 

hr. An intensity profile curve perpendicular to the wound and including the full height of 

the wound was calculated. A representative intensity histogram is shown at the bottom. 

(B) Migration of HUVEC into the wounded area was quantitated by calculating the 

wound width at 1/2 peak height based on peak area. Data are plotted as percentage of 

wound closure at 0 hr.  
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Figure 1.6.  VEGF205* induces vessel-like structures in vitro. (A) HUVEC were plated 

on collagen-coated 96-well plates and tube formation was evaluated at 30 hr following 

incubation of HUVEC in the absence of serum (panel A), in the presence of 5% fetal calf 

serum (panel B), 50 ng/ml of recombinant VEGF120 (panel C), 50 ng/ml of recombinant 

VEGF205* (panel D), 50 ng/ml of VEGF120 and 2 ng/ml of VEGF205* (panel E). (Panel F) 

Images of hematoxylin-stained HUVEC were captured and cellular projections which are 

<15 µm in length were delineated (in red) and designated as terminal branch points. (B) 

Number of terminal branch points was calculated and normalized to the number of cells 

in each field of view. Data represent mean ± SEM, n=4. 
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Figure 1.7. Recombinant VEGF205* activates PI3-K/Akt signal transduction 
pathway. (A) HUVEC were serum-starved for 6 hr and were left untreated (Control), or 

treated with 50 ng/ml of either VEGF120 or VEGF205* for 0-60 min. Equal aliquots of total 

proteins were resolved by 8% SDS-PAGE and immunoblotted with anti-Akt-Ser-473-P 

antibody. Blots were stripped and re-probed with anti-Akt antibody. (B) Densitometric 

analysis of the ratio of Akt-Ser-473-P/Akt in response to stimulation with VEGF120 or 

VEGF205*. Results are expressed as fold increase with respect to Control. Data 

represent mean ± SEM. (C and E) HUVEC were serum-starved for 6 hr, followed by 

incubation for 3 hr in the presence (+) or absence (-) of 40 µM LY294002. Cells were 

then left untreated (Control), or treated with 50 ng/ml of either VEGF120 or VEGF205* for 2 

min. Equal aliquots of total proteins were resolved by 8% SDS-PAGE and immunobloted 

with anti-Akt-Ser-473-P (C) or anti-Akt-Thr-308-P antibody (D). Blots were re-probed 

with anti-Akt antibody. The blot was then re-probed for β-actin to verify equal loading of 

samples. (D) Densitometric analysis of the ratio of Akt-Ser-473-P/Akt. Results are 

expressed as above. (F) Densitometric analysis of the ratio of Akt-Thr-308-P/Akt. Data 

are expressed as mean ± SEM. 
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Figure 1.8. Recombinant VEGF205* stimulates phospho-mTOR-Ser-2448. (A) 
HUVEC were serum-starved for 6 hr, followed by incubation for 3 hr in the presence (+) 

or absence (-) of 40 µM LY294002. Cells were then left untreated (Control), or treated 

with 50 ng/ml of either VEGF120 or VEGF205* for 2 min before harvest. Equal aliquots of 

total proteins were resolved by 8% SDS-PAGE and immunobloted with anti-phospho-

mTOR-Ser-2448 antibody. Blots were stripped and re-probed with anti-mTOR. (B) 

Densitometric analysis of the ratio of mTOR-Ser-2448-P/mTOR in response to 

stimulation with VEGF120 or VEGF205*. Results are expressed as fold increase with 

respect to Control. Data represent mean ± SEM. 
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CHAPTER 2 

 

 

ACTIVATED AKT IN SPECIFIC CELL POPULATIONS DURING MULTI-STAGE SKIN 

CARCINOGENESIS 

 

2.1. Abstract 
The goal of the present study was to identify specific populations of cells that contain 

activated Akt, as determined by the presence of phosphorylated Akt at serine 473 (p-

Akt), during development of skin tumors using a murine multi-stage carcinogenesis 

model. Nucleated papillomas cells as well as both epidermal and follicular keratinocytes 

in hyperplastic skin contained increased pAkt compared to skin treated only with acetone 

or 7, 12 dimethylbenz[a]anthracene (DMBA). Although the numbers of both mast cells 

and neutrophils were significantly increased in the stroma of papillomas (p<0.0005; 

p<0.0001, respectively), only mast cells contained pAkt. The amount of total Akt protein 

was similar regardless of time or treatment group examined. The present results suggest 

that activation of Akt may provide specific populations of epidermal keratinocytes that 

develop into skin tumors with the ability to resist terminal differentiation and have 

enhanced proliferation during multi-stage skin carcinogenesis. In addition, mast cells 

which contain activated Akt may persist within the stroma of papillomas during skin 

tumor development and progression through this signaling pathway, thereby contributing 

to a pro-oxidant and pro-angiogenic microenvironment. 
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2.2. Introduction 
Under normal conditions, keratinocytes, which are the specialized epithelial cells 

of the skin, undergo limited proliferation. As these cells migrate into the upper layers of 

the epidermis, they subsequently undergo terminal differentiation, which is a form of 

apoptosis. During multi-stage skin carcinogenesis, keratinocytes that contain mutations 

in the Ha-ras oncogene induced by exposure to 7, 12 dimethylbenz[a]anthracene 

(DMBA) undergo successive rounds of proliferation in response to a tumor promoter 

such as 12-0-tetradecanoylphorbol-13-acetate (TPA) [330, 331]. This leads to clonal 

expansion of these Ha-ras mutated cells which also have significant alterations in their 

pattern of differentiation and a decreased level of apoptotic death [332, 333]. An initial 

study demonstrated that transgenic mice expressing insulin-like growth factor-1 (IGF-1) 

selectively targeted to the basal compartment of epidermis responded to exposure to 

ultraviolet (UV) light with a decreased epidermal apoptosis compared to the skin of non-

transgenic mice, which was associated with significantly elevated Akt kinase activity 

[334]. In addition, IGF-1 transgenic mice developed greater numbers of papillomas when 

treated with a mouse skin carcinogenesis protocol. These results suggested that IGF-1 

expression in the basal epidermis activated the inositidylphosphate-3-kinase PI3-K/Akt 

(protein kinase B) pathway, which was associated with both resistance of keratinocytes 

to apoptosis and with a tumorigenic phenotype [334]. Another study demonstrated  that 

transfection of PB keratinocytes, which usually have low rates of tumor formation when 

grown in vivo, with wild-type Akt resulted in rapidly growing, undifferentiated, and highly 

invasive skin tumors [335]. These observations were consistent with studies 

demonstrating that Akt acted as an oncogene when transfected into NIH 3T3 fibroblasts 

[336] and also confirmed a previous report that Akt null mice had significant defects in 

differentiation of the skin [229].  

Although previous studies have demonstrated an association between increased 

Akt kinase activity and development of skin tumors [334, 335, 337], the specific cell 

populations that contain activated Akt during multi-stage skin carcinogenesis are 

unknown. The present study used digital image analysis in conjunction with 

immunochemistry and immunofluorescence to identify cell populations within epidermis, 

dermis, papillomas, and stromal tissue that contained activated Akt, as determined by 

detection of phosphorylation of Akt at serine 473 (pAkt).  
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2.3. Materials and Methods 
2.3.1. Treatment of SENCAR mice with DMBA and TPA. Female SENCAR mice (6-8 

weeks old, 22-28 g; NCI, Bethesda, MD) were housed in vivarium facilities at The Ohio 

State University that meet American Association for Accreditation of Laboratory Animal 

Care requirements. All procedures were approved by The Ohio State University 

Institutional Animal Care Utilization Committee prior to beginning the study. Animals 

were fed basal Teklad 22/5 rodent diet (Harland Industries, Indianapolis, IN) ad libitum 

and kept in rooms maintained on a 12 hr light/dark cycle. At 24 hr prior to initial 

treatment with HPLC grade acetone, DMBA or TPA, the dorsal skin of mice was 

carefully shaved. Mice treated topically with 0.2 ml acetone served as the solvent 

control. DMBA (Sigma, St. Louis, MO) was dissolved in acetone and applied at a final 

concentration of 25 nmol DMBA in 0.2 ml acetone to cover the entire back of mice. TPA  

(Alexis Biochemicals, San Diego, CA), at a final concentration of 2 µg, was dissolved in 

acetone and applied in a volume of 0.2 ml to the dorsal skin of mice. SENCAR mice 

were treated with one of two protocols. For short term experiments, the dorsal skin of 

SENCAR mice was treated with two topical applications of either 0.2 ml acetone or 25 

nmol DMBA, with a 48 hr time interval between treatments with acetone or DMBA, 

followed at 7 days by a single topical application of either 0.2 ml acetone or 2 µg TPA in 

0.2 ml acetone. At 24 hr after the final application of either acetone or TPA, mice were 

sacrificed by carbon dioxide euthanasia. Dorsal hair was removed using a depilatory 

agent, skin was isolated, and tissue samples were either fixed in 10% neutral buffered 

formalin and embedded in paraffin prior to sectioning for histological and 

immunohistochemical analysis as described previously [338], or used to isolate protein 

for Western blotting analysis of total Akt protein, as described below.  

For studies in which skin and papillomas were isolated at 15 weeks and 22 

weeks of multi-stage carcinogenesis, SENCAR mice were either initiated with a single 

topical application of 25 nmol DMBA or treated with a single topical application of 0.2 ml 

acetone and at 7 days later, mice were treated topically twice weekly with either 0.2 ml 

acetone or 2 µg of TPA in 0.2 ml acetone. Dorsal skin samples and papillomas were 

isolated at 15 weeks and 22 weeks. At 4 hr following the final topical application of 2 µg 

TPA, mice were then sacrificed by carbon dioxide euthanasia. Skin and papillomas were 

isolated, and tissue samples were processed for immunohistochemical and Western 

blotting analysis.  
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2.3.2. Immunochemical staining methods. Following processing and paraffin 

embeddment, 4 µm serial sections of skin tissues were placed on histological glass 

slides. Immunohistochemical staining was performed using a DAKO Autostaining 

system, as previously described [339]. Briefly, cross-sections of tissues were dewaxed, 

rehydrated, and treated with preheated citrate buffer (pH 6.0) to recover antigenicity. 

Endogenous peroxidase activity was blocked with a 3% H2O2/methanol solution, 

followed by incubation in 10% goat serum/PBS blocking solution (Vector Laboratories, 

Burlingame, CA). Skin sections were stained with rabbit anti-phospho-Serine-473-Akt 

antibody (polyclonal anti-pAkt [pAkt], 0.031 µg/mL, Santa Cruz Biotechnology, Santa 

Cruz, CA). The presence of the pAkt antigen was visualized using diaminobenzidine 

(DAB; 0.06% w/v, DAKO, Carpinteria, CA) and tissues were counterstained with methyl 

green. The specificity of antibody staining was verified using pre-immune rabbit IgG 

(0.031 µg/ml, Santa Cruz Biotechnology). Using polyclonal anti-myeloperoxidase (MPO) 

antibody (0.4 µg/ml, Neomarkers, Fremont, CA) and nuclear morphology, similar 

methods were used to identify and quantitate the numbers of activated neutrophils within 

the dermal compartment and within the stroma of papillomas. Mast cells were identified 

and quantitated based on staining with 0.2% toluidine blue (in 0.7N HCl) (Sigma) using 

Vital New Red as a counterstain (Pfaltz & Bauer, Inc., Waterbury, CT), as previously 

described [171].  

 
2.3.3. Immunofluorescent staining methods. Sections of fixed, paraffin-embedded 

skin samples (4 µm) were mounted onto glass sides (SuperFrost/Plus, Fischer Scientific, 

Pittsburgh, PA). Tissue sections were then deparaffinized using Histo-Clear (National 

Diagonistics, Atlanta, GA) and rehydrated in a graded series of alcohols. Antigen was 

unmasked by heating samples in 10 mM citrate buffer (pH 6.0) in a microwave oven. To 

reduce autofluorescence, sections were treated in 3 changes of freshly prepared 

solutions of sodium borohydride (NaBH4, 1 mg/ml in PBS, Sigma) for 10 min each. To 

block background staining, tissue sections were incubated for 30 min at room 

temperature with Image-iTTM FX Signal Enhancer (Molecular Probes, Eugene, OR). 

Tissues sections were then incubated overnight at room temperature in a humidified 

chamber with rabbit polyclonal anti-phospho-Serine-473-Akt (1:50 in PBS, Santa Cruz 

Biotechnology) and were then incubated at room temperature in the dark for 1 hr with 

Alexa Fluor-633-conjugated goat anti-rabbit IgG (1:500 in PBS, Molecular Probes). After 
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incubation with secondary antibody, tissues were washed in PBS, dehydrated, and 

mounted using VectaShield Mounting Medium (Vector Laboratories) which contains the 

DNA dye 4’, 6-diamidino-2-phenylindole (DAPI) that fluoresces in the 405 nm (blue) 

range and specifically stains nucleated cells. Specificity of antibody binding was 

determined by incubation with only secondary antibodies followed by placement of 

coverslips using Vectashield with DAPI.  

 
2.3.4. Digital photomicroscopy and image analysis. Fluorescent images were 

obtained using a laser scanning confocal microscope (Zeiss LSM 510 Meta), with 

excitation wavelengths of 633 nm for Alexa Fluor-633 (red) fluorescence and 405 nm for 

DAPI-associated (blue) fluorescence. Images were obtained using 40x objective lens at 

identical settings of illumination. To quantitate pAkt immunohistochemical staining within 

specific cell populations, digital images of tissue sections were captured using a 

Diagnostic Instruments digital camera (Insight camera; 1600x 1200 resolution) mounted 

on an Olympus research microscope. Images were then transferred to digital image 

analysis software (Image Pro Plus, Media Cybernetics, Silver Spring, MD). Multiple 

images were captured from each tissue section using a 40x objective in order to 

encompass the entire tissue sectional area. Images were captured under identical 

lighting and optical settings, and color segmentation was used to eliminate non-specific 

background staining and counterstaining. Epidermal and follicular compartments within 

the skin were delineated in each image, and pAkt immunostaining was quantitated within 

each compartment of the skin by calculation of integrated optical densities (IOD), which 

is a proportional measure of brown signal, based on DAB staining, as previously 

described [340-342]. The capture and processing of digital images were performed by 

investigators who were unaware of the treatment group assignments. Intra-observer 

variability (coefficient of variation for 5 images made by one blinded observer) and inter-

observer variability (three blinded observers, 5 images each) for these imaging 

procedures was less than 2% and 5%, respectively. In parallel experiments, serial 

sections of skin were also evaluated for the presence of neutrophils and mast cells using 

histochemical and immunochemical stains, as well as nuclear morphology, as described 

above. Multiple digital images of these leukocyte populations were captured and 

calibrated, as described above using an 80x objective. Populations of neutrophils and 

mast cells were quantitated using a segmentation-based approach, as described above. 
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2.3.5. Protein extracts. Dorsal skin and papillomas were homogenized on ice in 2.5 ml 

homogenation buffer, pH 8.6 (Tris-HCl, 60 mM; EDTA, 5 mM, EGTA; 5 mM, sucrose, 

300 mM; DTT, 5 mM; leupetin, 200 µg/ml; PMSF, 2 mM; aprotinin, 20 µg/ml; sodium 

molybdate, 10 mM), followed by sonication for 10 seconds. Samples were clarified by 

centrifugation at maximum speed on a microcentrifuge at 4oC for 15 min. Supernatants 

were collected and then centrifuged again for 5 min at maximum speed. Protein 

concentrations were determined using the BIO-RAD protein assay (BIO-RAD, Hercules, 

CA) and bovine albumin serum (BSA) (Sigma) was used as a standard. Samples were 

stored at -80o C until Western blot analysis was performed.  

 

2.3.6. Western blot analysis. Equal aliquots of protein extracts (35 µg/sample) were 

analyzed by Western blot analysis using 10% SDS-polyacrylamide gel and then blotted 

to Hybond-P polyvinylidene difluoride membrane (Amersham, Piscataway, NJ) during an 

overnight transfer. The blots were blocked by incubation in 5% non-fat dried milk powder 

in phosphate-buffered saline containing 0.1% Tween-20 (PBS-T), and then washed with 

PBS-T. Blots were then incubated with rabbit polyclonal anti-Akt antibody (1:500 dilution) 

(Cell Signaling Technology, Beverly, MA) in 1% BSA in PBS-T overnight at 4oC with 

constant shaking. After extensive washing with PBS-T, blots were incubated for 1 hr at 

room temperature with 1:2000 dilution of horseradish peroxidase-conjugated goat anti-

rabbit IgG secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, 

PA) in PBS-T containing 5% non-fat dried milk powder. The enhanced 

chemiluminescence (ECL plus) Western Blotting Detection System (Amersham) was 

used to detect the signal, with exposure to HyperfilmTM ECL (Amersham). To verify equal 

loading of protein samples, blots were re-probed with 1:5000 dilution of mouse 

monoclonal anti-β-actin (Sigma) for 1 hr at room temperature, followed by extensive 

washing with PBS-T. Blots were subsequently incubated for 30 min at room temperature 

with 1:4000 dilution of peroxidase-linked sheep anti-mouse IgG (Amersham) and 

detection of the signal was processed as described above.  

 

2.3.7. Statistical analysis. Significant differences in pAkt in specific regions of skin and 

in papillomas were determined using two-tailed Student’s t -test  (SigmaStat; Jandel 

Scientific, San Rafael, CA) or one-way analyses of variance (ANOVA) on ranks for non-
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parametric comparisons (relative pAkt staining), with post-hoc Dunnet test to evaluate 

significant comparisons between treatment groups and acetone control skin. 

Comparisons of three or more groups were conducted using one-way ANOVA, with 

Student-Newman-Keuls post-hoc analysis. In all cases, results are expressed as mean ± 

SEM, and significance was defined as p<0.05, unless otherwise described. 
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2.4. Results 
2.4.1. Histology of mouse skin. Dorsal SENCAR mouse skin treated with acetone 

(Figure 2.1 A) or DMBA (Figure 2.1 B) had a uniform epidermal thickness of 1-2 

epidermal cell layers, with few cells in the dermis. At 24 hr after a single topical 

application of 2 µg TPA, the epidermal thickness had increased to 3-5 cell layers and 

there was also an increase in inflammatory cells within the dermis. Both changes were 

present regardless of previous topical treatment with either acetone or DMBA (Figure 2.1 

C and D).  

 Skin treated for 15 weeks with either acetone alone (Figure 2.2 A) or with DMBA 

(Figure 2.2 B) followed by twice weekly applications of acetone was of uniform epidermal 

thickness, with 1-2 epidermal layers and low numbers of cells within the dermis. Skin 

isolated from mice treated once with DMBA followed by twice weekly applications of 2 µg 

TPA for 15 weeks (Figure 2.2 D) was hyperplastic, with a significantly increased 

epidermal thickness and visible increases in the numbers of cells within the dermis.  

Comparatively, at 15 weeks, the hyperplasia in skin treated with acetone followed by 

twice weekly application of 2 µg TPA (Figure 2.2 C) was not as great as that observed in 

skin treated once with DMBA followed by twice weekly treatments of TPA (Figure 2.2 D).  
 

2.4.2. Quantitation of pAkt in compartments of skin at 24 hr and 15 weeks. Sections 

of skin isolated from SENCAR mice at 24 hr and 15 weeks were stained with anti-pAkt 

antibody and relative immunohistochemical staining intensities of pAkt within the 

epidermal and follicular compartments were quantitated using digital image analysis 

(Figure 2.1 F, Figure 2.2 E). In general, regardless of the time at which skin samples 

were isolated, the epidermal compartment contained more cells than the follicular 

compartment of the skin, and more epidermal cells that contained pAkt (Figure 2.1 F and 

Figure 2.2 E). At the 24 hr time point, there was a 3-fold increase in pAkt in the 

epidermis of skin treated with a single topical application of 2 µg TPA, regardless of pre-

treatment of the dorsal skin with acetone or DMBA, (p<0.01) (Figures 2.1 C and D 

compared to Figures 2.1 A and B; Figure 2.1 F).  

At 15 weeks, the highest pAkt levels in both epidermal and follicular 

compartments were in keratinocytes in skin treated with a single initiating dose of DMBA 

followed by twice weekly application of 2 µg TPA (Figures 2.2 D and E). At 15 weeks, 

the levels of pAkt in both compartments of the skin following treatment with DMBA/TPA 
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were 2-fold higher than the levels of pAkt at the earlier time point of 24 hr after treatment 

with DMBA/TPA (Figures 2.1 D and F compared to Figures 2.2 D and E). 

 

2.4.3. Quantitation of pAkt in papillomas. The DNA dye DAPI in combination with 

immunofluorescence and confocal microscopy were used to identify the nucleated cells 

(blue fluorescence) that contained pAkt (red fluorescence) in papillomas isolated from 

SENCAR mice at 22 weeks of tumor promotion (Figure 2.3 A). Digital imaging analysis 

showed statistically significant increases (p<0.0001) in pAkt immunohistochemical 

staining in nucleated papilloma cells compared to pAkt in epidermal keratinocytes from 

the dorsal skin of mice treated topically with acetone (Figure 2.3 C). The level of pAkt in 

papillomas was similar to the level of pAkt staining detected in both the epidermal 

compartment of skin isolated at 15 weeks after treatment with DMBA/TPA (Figure 2.2 E 

and Figure 2.3 C) and in hyperplastic epidermis adjacent to papillomas isolated at 15 

weeks and 22 weeks following DMBA/TPA treatment (data not shown).  

 

2.4.4. Identification and quantitation of specific leukocytes in the dermal 
compartment of the skin and stroma. Dermal mast cells were identified and 

quantitated based on toluidine blue staining (Figure 2.4 A, arrows; inset, arrow). 

Regardless of the type of treatment of the dorsal skin, all dermal mast cells contained 

pAkt (Figure 2.4 B, arrows, inset, arrow). There were low numbers of dermal mast cells 

in skin isolated at 24 hr regardless of the type of topical treatment. The numbers of mast 

cells were significantly increased in the dermis of skin isolated at 15 weeks from mice 

treated once with DMBA followed by twice weekly treatments with acetone (p<0.05) and 

in the dermis of skin isolated from mice treated once with acetone followed by twice 

weekly treatments with TPA (p<0.01). The stromal tissue of papillomas isolated at 22 

weeks had the greatest numbers of mast cells (p<0.0005) (Table 2.1).   

Dermal neutrophils were identified and quantitated based on anti-MPO antibody 

staining (Figure 2.4 C, inset, arrow), which has previously been used as a marker of 

activated neutrophils [343]. Although the numbers of dermal neutrophils were 

significantly increased in skin treated with either TPA or DMBA/TPA at the 24 hr time 

point (p<0.0001) and in the stroma of papillomas (p<0.0001) (Table 2.1), these cells did 

not contain pAkt (Figure 2.4 D, arrow; inset, arrow).  
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2.4.5. Western blot of total Akt protein. The amount of total Akt protein levels in dorsal 

mouse skin and papillomas was constant, regardless of treatment of skin or time 

evaluated (Figure 2.5). To verify equal loading of protein, blots were reprobed with 

mouse anti-β-actin antibody.  
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2.5. Discussion 
The present study identified specific cell populations in the epidermal, follicular, 

and dermal compartments of the skin during multi-stage carcinogenesis which contained 

pAkt. The use of specific antibodies, immunochemistry, multi-color immunofluorescent 

probes, and computer assisted digital image analysis methods allowed quantitation and 

statistical analysis of pAkt in specific cell populations and provided a high degree of 

reproducibility (inter- and intra-observer variabilities were < 5%). 

Akt (protein kinase B) is one signal transduction molecule that is activated during 

multi-stage skin carcinogenesis [334, 335, 337, 344]. Akt has been associated with 

enhanced keratinocytes survival, a proliferative phenotype, and with altered and/or 

diminished keratinocytes differentiation [334, 335]. Previous studies reported that lapses 

in time of greater than a year between tumor initiation and tumor promotion do not 

significantly change the number of papillomas formed [345]. These observations suggest 

that initiated keratinocytes have a survival advantage which allows them to persist in the 

skin for long periods of time despite the presence of apoptotic mechanisms, which, 

under normal conditions, would result in elimination of these mutated cells. The present 

study did not detect an increase in pAkt in skin treated only with DMBA which may be 

due to the very low number of initiated cells that contained pAkt that have not undergone 

clonal expansion. Akt appears to become constitutively activated during tumor 

promotion, which was demonstrated in the present studies by the detection of pAkt in 

skin isolated at 15 weeks after a single exposure to DMBA and successive twice weekly 

treatment with TPA compared to the lack of significant elevation in pAkt in skin isolated 

at 15 weeks after treatment with TPA in the absence of tumor initiation with DMBA. 

Additional evidence supporting the constitutive activation of pAkt during tumor promotion 

comes from studies performed in our laboratory which found no significant difference in 

pAkt levels between skin treated topically with a single exposure or multiple treatments 

with DMBA (unpublished observations). Taken together, these results suggest that one 

of the critical factors in stimulating constitutive activation of Akt is the clonal expansion of 

Ha-ras mutated cells during tumor promotion.  

Although the numbers of activated neutrophils were significantly increased at 

early times (24 hr) after exposure to TPA and in the stroma of papillomas, this cell type 

did not contain pAkt. This observation is consistent with the known 3-7 day life span of 

this cell type. Our earlier studies demonstrated that the numbers of circulating peripheral 



 73

blood neutrophils were elevated over the time of tumor promotion and that they produce 

elevated levels of reactive oxygen intermediates while in the circulation following topical 

application of dorsal epidermis with TPA [346, 347]. The amounts of reactive oxygen 

intermediates produced by neutrophils isolated from mice treated with either TPA or with 

DMBA followed by TPA was sufficient to induce DNA damage and mutation [346]. Taken 

together with the present observations, it appears that during skin carcinogenesis, bone 

marrow derived neutrophils are continually produced, are activated, and then migrate 

from the peripheral circulation into the dermal microenvironment of hyperplastic skin and 

papillomas, however, they are not a cell type that undergoes active proliferation nor do 

they have a prolonged life-span through Akt activation during skin carcinogenesis.  

In contrast, we found that mast cells were prevalent within the stroma of 

papillomas and did contain pAkt. These cells have been suggested to act as “co-

conspirators” in skin carcinogenesis by their ability to release matrix metalloproteinases, 

which triggers the “angiogenic switch” leading to neovascularization [88, 171]. The 

present studies demonstrate that mast cells contain pAkt, which would both provide a 

survival advantage and would support their involvement in the pro-angiogenic 

microenvironment within hyperplastic skin and in papillomas over a prolonged period of 

time. 

Infiltrating inflammatory cells have been suggested to have a role in inducing 

epigenetic alterations that occur during multi-stage carcinogenesis through their ability to 

produce a “pro-oxidant environment”. Treatment of skin with either TPA or DMBA 

stimulates production of both oxygen and nitrogen reactive intermediates [88, 338, 347-

350], resulting in formation of oxidative DNA adducts. Furthermore, we previously 

reported that both inflammatory leukocytes as well as epidermal keratinocytes release 

cytokines and other inflammatory mediators during tumor promotion, which in turn 

stimulates production of free radicals [84, 86, 338]. Recent studies reported the reactive 

oxygen species, such as H2O2 [351-354], and reactive nitrogen species, such as 

peroxynitrite [355], can directly activate Akt. Taken together, it appears that there may 

be cross-talk between keratinocytes and inflammatory leukocytes through their 

production of reactive oxygen and nitrogen intermediates and production of cytokines, 

which may activate Akt leading to enhanced survival of these cell populations and 

stimulating sustained proliferation of specific epidermal and follicular keratinocytes 

during multi-stage skin carcinogenesis.  
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The present results suggest that specific populations of epidermal and follicular 

keratinocytes, which have been shown to ultimately form papillomas and carcinomas 

[17, 29, 356, 357], contain constitutively activated Akt during multi-stage skin 

carcinogenesis. In addition, mast cells within the dermis of hyperplastic skin and in the 

stroma of papillomas contain activated Akt, suggesting that this molecular pathway may 

provide these inflammatory cells and keratinocytes populations with the ability to persist 

in the tissue during skin carcinogenesis, which maintains a tumorigenic, pro-oxidant and 

pro-angiogenic microenvironment. Further studies are necessary to determine the 

effects of inhibiting Akt activation in development of papillomas and their progression to 

malignant carcinomas.  
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Figure 2.1. Localization and quantitation of pAkt in skin at 24 hr after topical 
treatment with acetone, DMBA, or TPA. There were few cells with pAkt in dorsal skin 

treated once topically with acetone (A), or DMBA (B), with significantly higher number of 

cells with pAkt in skin treated with acetone followed at 7 days later by a single topical 

application of 2 µg TPA  (acetone/TPA) (C) and in skin treated once with 25 nmol DMBA 

followed at 7 days later by a single topical treatment with 2 µg TPA (DMBA/TPA) (D). 

Specificity of pAkt antibody binding was determined by evaluation of the lack of binding 

of non-immune IgG (E). (A-E, 400x magnification). (F) Dorsal skin treated with either 

acetone/TPA or DMBA/TPA had significantly increased pAkt in the epidermal 

compartment (C, D, and F). Only skin treated with acetone/TPA had significantly 

increased pAkt in cells in the follicular compartment (D and F). Data are expressed as 

mean ± SEM; Quantitation of pAkt is expressed as integrated optical density (IOD). n = 

3-4 mice for each group; ** statistically significant difference from acetone control group, 

p<0.01. 
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Figure 2.1 
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Figure 2.2. Quantitation of pAkt in epidermal and follicular compartments of the 

skin at 15 weeks of tumor promotion. In skin isolated at 15 weeks, few cells within the 

epidermal and follicular compartments contained pAkt in skin treated topically with 

acetone (A), DMBA/acetone (B), or acetone/TPA (C). Numerous cells in both the 

epidermal and follicular compartments contained pAkt in skin treated topically with 

DMBA/TPA (D). (A-D, 400x magnification) (E) Skin isolated from the DMBA/TPA 

treatment group had significantly increased pAkt in the epidermal and follicular 

compartments of the skin compared to any of the other treatment groups. n = 3  mice for 

each group; **, p<0.01 DMBA/TPA versus acetone control skin.  
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Figure 2.2 
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Figure 2.3. Localization and quantitation of pAkt in papillomas. (A) Representative 

immunofluorescence photomicrograph of nucleated cells (DAPI-associated blue 

fluorescence) that contain pAkt (Alexa-633-associated red fluourescence) in papillomas 

tissue isolated from SENCAR mice at 22 weeks of tumor promotion (inset, arrows). (B) 

Photomicrograph of DAPI-associated blue fluorescence showing nucleated cells within 

papillomas tissue (A-B, 400x magnification). (C) Quantitative analysis of pAkt 

immunohistochemical staining in papillomas. n = 2-3 mice for each group; **, p<0.0001 

papillomas versus acetone control skin, unpaired t-test. 
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Figure 2.4. Identification and localization of pAkt in dermal inflammatory 

leukocytes of dorsal SENCAR mouse skin. Mast cells in serial sections of skin treated 

with DMBA/TPA for 15 weeks were identified by toluidine blue staining (A, arrows, 
inset, arrow) and were found to contain pAkt (B, arrows, inset, arrow). Neutrophils 

were identified in serial sections of papillomas isolated from SENCAR mice at 22 weeks 

of tumor promotion using anti-myeloperoxidase (MPO) antibody staining (C, arrow, 
inset, arrow) and did not contain pAkt (D, arrow; inset, arrow). (A-D, 400x 

magnification).  
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Figure 2.5. Western blot analysis of total Akt potein. (A) Analysis of total Akt protein 

in extracts of dorsal SENCAR mouse skin at 24 hr and in skin and papillomas isolated at 

15 weeks demonstrated no change in total Akt protein. Samples were run in duplicate. 

(B) To verify the equal loading of proteins, the blot was re-probed for β-actin. 
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Acetone/Acetone         5 ± 1        6 ± 1         4 ± 1           3 ± 1 

DMBA/Acetone         5 ± 0        9 ± 1*         7 ± 1*           4 ± 1 

Acetone/TPA         5 ± 0      12 ± 2**     189 ± 21‡           4 ± 1 

DMBA/TPA         5 ± 0        8 ± 1       78 ± 6‡           3 ± 1 

Papillomas          N/A      14 ± 2***          N/A         21 ± 3‡ 

 

 

 

 

 

 

 Table 2.1. Quantitation of mast cells and neutrophils in SENCAR skin and papillomas  

     24 hr                 15 Weeks       24 hr              15 Weeks

Mast Cells/Treatment Group ± SEM  Neutrophils/Treatment Group ± SEM  

Treatment 

* p< 0.05; ** p< 0.01; *** p<0.0005; ‡ p< 0.0001 versus Acetone control group.       
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CHAPTER 3 
 
 

ACTIVATION OF AKT AND MTOR IN CD34+/K15+ KERATINOCYTE STEM 
CELLS AND SKIN TUMORS DURING MULTI-STAGE MOUSE SKIN 

CARCINOGENESIS 
 

 
3.1. Abstract 
The goal of the present studies was to localize two proteins known to be involved in 

regulation of cell proliferation and survival in specific cell populations in normal SENCAR 

mouse skin and during multi-stage skin carcinogenesis. The proteins evaluated included 

activated Akt, as defined by phosphorylation of Akt at Serine-473 (pAkt), and 

mammalian target of rapamycin (pmTOR), defined by phosphorylation of mTOR at 

Serine-2448 (pmTOR). The cell populations examined included mouse keratinocyte 

stem cells (KSC) within hair follicles and preneoplastic papilloma cells. The present 

studies used immunochemical staining analysis as well as triple color 

immunofluorescence in combination with confocal microscopy to evaluate the presence 

of activated Akt and mTOR in KSC within the bulge niche of hair follicles, as identified by 

expression of the specific markers of mouse KSC, CD34 and cytokeratin 15 (K15). 

Western blot analysis was used to examine CD34 and K15 protein levels in dorsal skin 

isolated of SENCAR mice during multi-stage skin carcinogenesis. CD34+/K15+ KSC 

were located only in the outer root sheath (ORS) of a specific niche within hair follicles 

defined as “the bulge”. The location of CD34+/K15+ KSC remained restricted to the bulge 

region throughout the 22-week time period examined during which pre-malignant 

papillomas developed and rapidly expanded. There was significant decrease in K15 

protein levels at 24 hr and 15 weeks in dorsal skin treated with DMBA/TPA compared to 

CD34 protein levels. CD34+ cells within the numerous hair follicles in hyperplastic skin 

were found to undergo proliferation during the process of multi-stage skin 

carcinogenesis based on their staining with antibodies directed against proliferating cell 

nuclear antigen (PCNA). While pAkt was present within the bulge region of hair follicles, 
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pmTOR was present in cells in the ORS of the bulge region as well as the upper 

infundibulum of hair follicles in dorsal skin treated with acetone. Within papillomas 

tissues isolated at 15 weeks following DMBA/TPA treatment, pAkt was localized to 

suprabasal cells with nominal staining of pAkt in the basal cell layer. There were fewer 

cells within the basal cell layer that contained pmTOR, in addition to the presence of 

pmTOR in suprabasal cells within papillomas. These results provide first time evidence 

for pAkt and pmTOR in CD34+/K15+ KSC localized to the outer root sheath niche of the 

bulge region of mouse hair follicles. Taken together, the present observations suggest 

that pAkt and mTOR may allow this cell population to evade terminal differentiation and 

to persist for long periods of time in their specific niche. Strategies that target pAkt and 

pmTOR may deplete both cells within the CD34+/K15+ KSC compartment as well as may 

impact the survival of non-proliferating suprabasal cells within pre-malignant papillomas.  
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3.2. Introduction 
Early studies defined the location of cutaneous stem cells based only on their 

slow-cycling nature. Using long-term pulse-chase experiments, only mouse skin cells 

that rarely entered the cell cycle and therefore have a very slow turn-over rate, retained 

the nucleoside analog labels methyl-[3H]thymidine (3H-T) and bromodeoxyuridine (BrdU) 

[11-16]. Results of these initial studies led to the definition of these cells in mouse skin 

as “label-retaining cells” (LRC). Although studies have demonstrated that the majority of 

LRC are located within the bulge region of mouse hair follicles, an estimated 1-2% LRC 

have also been shown to be present in the basal layer of the interfollicular epidermis [11, 

13-16]. The nuclei labeled within the basal layer were distributed as single cells within 

distinct columnar units composed of 10 basal cells and their suprabasal maturing 

progeny, defined as epidermal proliferative units (EPU) [13, 18, 31, 358]. 

Using transgenic approaches not previously available, more recent studies have 

demonstrated that the majority of LRC reside in a specific “growth and differentiation-

restricted” niche within hair follicles [19], defined as “the bulge” region [11, 20].  Since 

this specific niche is relatively protected from harmful environmental insults [21], and 

these cells have been shown to have a high proliferative potential [26, 40, 41] as well as 

are able to grow as clones [25, 26, 40], these cells have been defined as mouse 

keratinocyte stem cells (KSC) [22, 25, 26, 29].  

More recent studies have used CD34 [25] and Cytokeratin 15 (K15) [28] as 

markers to identify and isolate KSCs localized to the bulge region. CD34 is a cell surface 

glycoprotein that is expressed by hematopoietic progenitor cells and endothelial cells 

[22-24].  While CD34 is present specifically on cells in the outer root sheath of the bulge 

region of hair follicles in mice [25], it is not present in this niche in human tissue [27, 

359]. Cytokeratin 15 (K15) is a cytoplasmic marker that is present in the least 

differentiated cells of neonatal epidermis and in cells within the outer and inner root 

sheath of the bulge region of adult mouse and human hair follicles [28-31].  

In addition to CD34 and K15, mouse KSC have also been isolated based on their 

high expression of cell surface adhesion molecules, such as α6 integrin [25, 32, 33], 

which labels basal keratinocytes that are in contact with the basement membrane [4, 26, 

34], and β1 integrin, which mediates adherence of keratinocytes to the underlying 

extracellular matrix [35, 36]. 
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Using the combination of α6 integrin and a proliferation-associated cell surface 

marker, the transferrin receptor (CD71), KSC were defined as α6
bright

 and CD71dim
 that 

localized to the bulge region of hair follicles [32]. Using cell sorting experiments, the 

majority of α6
bright CD71dim fractions were enriched for LRC at 14 weeks post-labeling of 

mice with 3H-T [32]. This direct correlation between LRC and KSC was further verified by 

the co-localization of CD34 [25] and K15 [31] with LRC in the bulge region of hair 

follicles. Thus, the similarity in characteristics of LRC and KSC suggested that these cell 

populations are equivalent. Functionally, KSC have been defined as a cell population 

that rarely divides, persist in the specific bulge niche over the lifespan of the organism 

[11, 25, 26, 29, 360, 361], and serve as precursors for all cell types within hair follicles 

[362]. Although KSC are responsible for regeneration of cells within the hair follicle and 

they do participate in wound repair and regeneration, these cells are not believed to be 

involved in normal epidermal renewal [38, 42].   
One mechanism by which KSC may persist in the skin over long periods of time 

is by activation of survival pathways that allow cells to resist apoptotic signals. 

Akt/Protein kinase B is a molecule that is activated through the phosphoinositide 3-

kinase (PI3-K) signaling pathway and has been shown to be associated with cell survival 

[302, 303]. Following its activation, PI3-K is recruited to the inner surface of the plasma 

membrane resulting in the generation of the membrane-bound lipid, phosphatidylinositol 

3,4,5-triphosphate (PI-3,4,5-P3). Binding of PI-3,4,5-P3 to Akt amino-terminal pleckstrin 

homology (PH) domain results in its recruitment to the inner surface of the plasma 

membrane [231, 232], where Akt becomes activated by phosphorylation at two amino 

acid residues, serine-473 (Ser-473) [235, 306] and threonine-308 (Thr-308) [234]. 

Knock-out mice with targeted loss of both Akt-1 and Akt-2 genes have impaired 

skin development which is characterized by the presence of a thin epidermis with very 

few cells in each layer of the skin [229]. Deficiency in Akt-1 and Akt-2 leads to a 

significant decrease in both the size and number of hair follicles, suggesting that Akt 

may contribute to the ability of KSC to persist in a quiescent state over the lifetime of the 

organism [229]. In an earlier study, we reported that during skin carcinogenesis, 

epidermal and follicular keratinocytes in hyperplastic skin and papillomas contain 

activated Akt, as determined by phosphorylation of Akt at serine 473 (pAkt) [363]. These 

results suggested that activated Akt may provide specific populations of cells that 
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participate in the process of mouse skin carcinogenesis with the ability to resist 

undergoing terminal differentiation.  

An additional molecule that has recently become of interest is the mammalian 

target of rapamycin (mTOR), which is an effector molecule downstream of Akt. Following 

Akt activation, mTOR becomes phosphorylated at serine 2448 residue [256, 267, 309].  

mTOR is a sensor for ATP and amino acids within the environment [283]. In yeast 

systems, mTOR is known to regulate cellular responses during nutrient deprivation 

[310], thus coupling the physical size of yeast to the availability of extracellular nutrients. 

mTOR has also been shown to induce survival of primary acute myeloid leukemia (AML) 

cells [364], suggesting a potential role of mTOR in regulating cell survival as well. 

Interestingly, mTOR also regulates entry of cells into the cell cycle, specifically by 

stimulating the initiation of protein translation of cyclin D1 [365, 366]. Since cyclin D1 has 

been shown to be involved in multi-stage skin carcinogenesis [367-369], mTOR may act 

as an upstream molecule that be involved in skin tumor development and progression.  

The present studies used triple color immunofluorescence, immunostaining, and 

confocal microscopy to provide first time evidence for the presence of activated Akt and 

mTOR in CD34+/K15+ KSC within the bulge niche of hair follicles as well as in non-

proliferative CD34-/K15-
 cells within pre-malignant papillomas. CD34+/K15+ KSC 

remained localized within their bulge niche during skin tumor development. Although 

normally quiescent, we found that KSC undergo proliferation during multi-stage 

carcinogenesis. Taken together, pAkt and pmTOR may coordinate survival of KCS, 

contributing to the persistence of KSC in the skin over long periods of time during multi-

stage skin carcinogenesis. In addition, Akt/mTOR signaling pathway may confer 

longevity to suprabasal keratinocytes and also may be involved in the sustained 

proliferation of suprabasal keratinocytes within papillomas tissues.  
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3.3. Materials and Methods 
3.3.1. Treatment of SENCAR mice with DMBA and TPA. Female SENCAR mice (6-8 

weeks old, 22-28 g; NCI, Bethesda, MD) were housed in vivarium facilities at The Ohio 

State University that meet American Association for Accreditation of Laboratory Animal 

Care requirements. All procedures were approved by The Ohio State University 

Institutional Animal Care Utilization Committee. Animals were fed basal Teklad 22/5 

rodent diet (Harland Industries, Indianapolis, IN) ad libitum and kept in rooms maintained 

on a 12 hr light/dark cycle. Mice treated topically with 0.2 ml HPLC grade acetone 

(Aldrich, Milwaukee, WI) served as the solvent control. DMBA (Sigma, St. Louis, MO) 

was dissolved in acetone and applied at a final concentration of 25 nmol DMBA in 0.2 ml 

acetone. TPA (Alexis Biochemicals, San Diego, CA), at a final concentration of 2 µg, 

was dissolved in acetone and applied in a volume of 0.2 ml. Dorsal skin was carefully 

shaved 24 hr prior to initial treatment. For short-term experiments, dorsal skin of 

SENCAR mice was treated with two topical applications of acetone or 25 nmol DMBA, 

with a 48 hr time interval between treatments with acetone or DMBA, followed at 7 days 

by a single topical application of acetone or TPA. At 24 hr after the final application of 

acetone or TPA, mice were sacrificed by carbon dioxide euthanasia. Dorsal hair was 

removed using a depilatory agent, skin was isolated, and tissue samples were fixed in 

10 % neutral buffered formalin and embedded in paraffin for immunostaining analysis or 

used to isolate protein for Western blotting analysis. 

For studies in which papillomas and hyperplastic skin were analyzed, mice were 

initiated with a single topical application of 25 nmol DMBA or treated with a single topical 

application of acetone and at 7 days later, mice were treated topically twice weekly with 

acetone or 2 µg TPA. At 4 hr following the final application of TPA at either 15 or 22 

weeks, mice were sacrificed by carbon dioxide euthanasia. Dorsal skin and papillomas 

were isolated and processed as described above. 

 
3.3.2. Immunochemical staining methods. Sections of formalin-fixed and paraffin-

embedded skin samples (4 µm) were cut and mounted onto SuperFrost/Plus slides 

(Fisher Scientific, Pittsburgh, PA). Tissues sections were deparaffinized using Histo-

Clear (National Diagnostics, Atlanta, GA), and rehydrated in a graded series of alcohol. 

Endogenous peroxidase activity was quenched using 3% H2O2 in methanol. Following 

antigen retrieval by steam heating in 10 mM citrate buffer (pH 6.0), non-specific binding 
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was blocked with 1% bovine serum albumin (BSA) (Sigma) in 1X TBS containing 0.05% 

Tween 20 (TBST). Sections were then incubated with goat anti-CD34 (1:150; Santa 

Cruz Biotechnology, Santa Cruz, CA), chicken anti-keratin 15 (K15; 1:2000; Covance, 

Berkley, CA) for 1 hr at room temperature, or rabbit anti-Akt-Ser-473-P (pAkt, 1:50; 

Santa Cruz), rabbit anti-phospho-mTOR-Ser-2448 (pmTOR; 1:50; Cell Signaling 

Technology, Beverly, MA) overnight at 4oC in 1% BSA in TBST. Sections were incubated 

for 20 min with biotinylated horse anti-goat IgG, goat anti-chicken, or goat anti-rabbit IgG 

(1:200; Vector Laboratories, Burlingame, CA), followed by incubation for 30 min with 

avidin-biotinylated horseradish peroxidase complex (ABC Elite) (Vector Laboratories). 

The presence of CD34, K15, pAkt, and pmTOR antigens was visualized with the 

chromagen VIP substrate (Vector Laboratories) or 3,3-diaminobenzidine (DAB; Vector 

Laboratories). The specificity of pAkt staining was determined by examining the extent of 

binding of anti-pAkt antibody by tissue sections that had been pre-incubated with Akt-

Ser-473-P Blocking Peptide (Cell Signaling Technology) for 2 hr. Tissues were 

counterstained with preheated Methyl Green (Vector Laboratories) for 5 min, 

dehydrated, mounted, viewed, and photographed.  

For double immunochemical labeling (Figure 3.1), sections were incubated with 

goat anti-CD34 antibody, followed by incubation with the biotinylated horse anti-goat 

IgG. Slides were incubated with avidin-biotinylated alkaline phosphatase complex 

(Vector Laboratories). CD34 staining was visualized by incubation with the chromagen 

Vector Red alkaline phosphatase substrate (Vector Laboratories). Samples were then 

treated with Avidin/Biotin blocking kit (Vector Laboratories) prior to incubation overnight 

at 4oC with rabbit anti-PCNA antibody (1:50, Santa Cruz). Slides were incubated with 

biotinylated goat anti-rabbit IgG, followed with avidin-biotinylated horseradish peroxidase 

complex. Tissues were then incubated with the chromagen DAB, dehydrated, mounted, 

viewed, and photographed. 

Quantitation of CD34+ cells that stained with anti-PCNA antibody was evaluated 

by counting the number of CD34+ cells, then counting the number of CD34+ cells which 

co-expressed PCNA within 10-20 consecutive high-power fields (800x). Data was 

represented as the ratio of the number of CD34+ cells that stained positive for PCNA to 

the total number of CD34+ cells (PCNA+/CD34+), and expressed as mean ± standard 

error of mean (SEM). 
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3.3.3. Immunofluorescent staining. Sections of paraffin-embedded skin samples (4 

µm) were rehydrated as described above. To reduce autofluorescence, sections were 

treated with sodium borohydride (1 mg/ml; Sigma) in TBST. For double 

immunofluorescence staining, to block background staining, sections were incubated for 

30 min at room temperature with Image-iTTM FX Signal Enhancer (Molecular Probes, 

Eugene, OR). Sections were incubated overnight at 4oC with both anti-pAkt and anti-

CD34 (1:50, Santa Cruz). Tissues were then incubated at room temperature for 1 hr with 

Alexa Fluor-647-conjugated donkey anti-goat IgG, followed by Alexa Fluor-555-

conjugated donkey anti-rabbit for 1 hr (1:500, Molecular Probes). Tissues were mounted 

using VectaShield Mounting Medium (Vector Laboratories) containing 4’, 6-diamidino-2-

phenylindole (DAPI), a DNA dye that specifically stains nucleated cells. Specificity of 

antibody binding was determined by incubation with only secondary antibodies followed 

by placement of coverslips using Vectashield containing DAPI.   

For serial immunofluorescent staining, serial tissue sections were incubated with 

goat anti-CD34 antibody (1:150) or chicken anti-K15 (1:2000) for 1 hr at room 

temperature. Sections were incubated with horse anti-goat or goat anti-chicken IgG, 

followed by incubation with avidin-biotinylated alkaline phosphatase complex. The slides 

were then incubated with the chromagen Vector Red alkaline phosphatase substrate, 

which was visualized as red fluorescence. Tissue sections were mounted using 

VectaShield containing DAPI. 

 

3.3.4. Confocal microscopy and digital imaging. Digital images of stained tissues 

were captured using a Diagnostic Instruments digital camera (Insight camera; 1600 x 

1200 resolution) mounted on an Olympus research microscope, using identical lighting 

and optical settings. Images were then transferred to digital image analysis software 

(Image Pro Plus, Media Cybernetics, Silver Spring, MD). Fluorescent images were 

obtained using a laser scanning confocal microscope (Zeiss LSM 510 Meta), with 

excitation wavelengths of 543 nm for Alexa Fluor-555 and Vector Red, 633 nm for Alexa 

Fluor-647, and 405 nm for DAPI-associated fluorescence. Emission signals were 

observed using a set of band-pass filters. Images were merged using Adobe Photoshop 

software (Adobe Systems, Inc., San Jose, CA).  
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3.3.5. Cell proliferation measured by autoradiography. Methods to identify cells 

incorporating [methyl-3H]/thymidine were as previously described [84]. Mice were 

injected intraperitoneally (i.p.) with 30 µCi of [methyl-3H]/thymidine (70-90 Ci/mmol) in 

0.5 ml PBS at 1 hr prior to death. Sections were cut, immersed in Kodak NTB-2 nuclear 

tracking emulsion (Eastman Kodak, Rochester, NY), and incubated at 40-45oC in 

darkness. Slides were then placed on a chilled glass plate for 10 min. Slides were dried 

and placed vertically in a light-tight box containing silica gel desiccant, followed at 16-18 

days by placement of individual slides for 5 min in Kodak D-19 developer at 18oC. Slides 

were fixed for 5 min in Kodak fixer and stained with Harris’ acid hematoxylin for 2 min. 

Slides were rinsed with cold water, incubated with ammonia water, and washed with 

70% ethanol prior to incubation with eosin stain for 1 min. Slides were dehydrated, 

viewed, and photographed.  

 

3.3.6. Protein extraction. Dorsal skin and papillomas were homogenized on ice in 

homogenation buffer, pH 8.6 (Tris-HCl, 60 mM; EDTA, 5 mM, EGTA, 5 mM; sucrose, 

300 mM; DTT, 5 mM; leupetin, 200 µg/ml; PMSF, 2 mM; aprotinin, 20 µg/ml; sodium 

molybdate, 10 mM), followed by sonication for 10 sec. Samples were clarified by 

centrifugation and supernatants were collected. Protein concentrations were determined 

using BIO-RAD assay (BIO-RAD, Hercules, CA) and BSA (Sigma) was used as a 

standard.  

 

3.3.7. Western blot analysis. Methods to analyze equal aliquots of protein extracts (35 

µg) by Western blotting were as previously described [363]. Blots were incubated for 1 hr 

at room temperature with goat anti-CD34 (1:150) or chicken anti-K15 (1:1000) in TBST 

containing 5% non-fat dried milk. Blots were then incubated for 1 hr with peroxidase-

linked anti-goat or anti-chicken IgG (1:2000; Jackson ImmunoResearch Laboratories, 

West Grove, PA) in TBST containing 5% milk. The signal was developed using 

ECL+Plus (Amersham Pharmacia Biotech, Piscataway, NJ). To verify equal loading of 

protein samples, blots were reprobed with mouse anti-β-actin (1:5000; Sigma) for 1 hr, 

and then incubated with anti-mouse IgG (1:4000; Amersham) for 30 min. Images were 

scanned and bands intensity was analyzed using NIH Image 1.62f software.  
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3.3.8. Statistical analysis. Significant differences in the number of PCNA+/CD34+ KSCs 

and western blot analysis of CD34, and K15 proteins of mouse skin treated with either 

acetone, DMBA, TPA, or DMBA/TPA were determined using one way analysis of 

variance (ANOVA) on ranks for non-parametric comparisons (GraphPad Prism Software, 

San Diego, CA), with Student-Newman-Keuls post-hoc analysis to evaluate significant 

comparisons between three or more groups. Results were expressed as mean ± SEM, 

with p<0.05 being statistically significant. 
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3.4. Results 
3.4.1. Histology of mouse skin. Dorsal skin isolated from SENCAR mice treated once 

with 200 µl acetone (Figure 3.2 A) or with a single topical application of 25 nmol DMBA 

(Figure 3.2 B) followed by twice weekly applications of 200 µl acetone (DMBA/acetone) 

for 15 weeks had a uniform epidermal thickness of 1-2 keratinocytes and low numbers of 

cells within the dermis. There was no difference in the histology of dorsal epidermis 

treated with acetone compared to skin of untreated mice (not shown). Epidermal 

hyperplasia was evident in skin treated once with acetone followed by twice weekly 

applications of 2 µg TPA for 15 weeks (acetone/TPA) (Figure 3.2 C), and in skin treated 

once with 25 nmol DMBA followed by twice weekly treatments of TPA (DMBA/TPA) 

(Figure 3.2 D), with epidermal thickness increased to 5-6 cell layers. In addition, hair 

follicles in skin treated with either DMBA/TPA or acetone/TPA were also hyperplastic 

and elongated, indicating that the follicles were in the anagen phase of the hair follicle 

cycle (Figure 3.2 D, arrows).  

 
3.4.2. Localization of CD34+ and K15+ KSC to the bulge region of hair follicles. To 

localize CD34+ cells and K15+ cells within the skin, consecutive serial sections of dorsal 

skin isolated from SENCAR mice treated topically with acetone were stained with anti-

CD34 antibody (Figure 3.3 A-C) or anti-K15 antibody (Figure 3.3 D-F). The DNA dye 

DAPI was used in combination with confocal microscopy to identify nucleated cells (blue 

fluorescence) in hair follicles that contained CD34 (Vector red-associated fluorescence) 

(Figure 3.3 C) or K15 (Vector red-associated fluorescence) (Figure 3.3 F). CD34+ 

staining in the ORS of the Bulge (Bu) region of hair follicles (Figure 3.3 C) coincided with 

the location of K15+ cells in consecutive serial sections of control skin (Figure 3.3 F). 

While CD34+ cells were located only in the outer root sheath (ORS) of the Bu region 

(Figure 3.3 A-C), K15+ cells were present in both the inner root sheath (IRS) and ORS of 

the Bu (Figure 3.3 D-F).  

 
3.4.3. CD34+ KSC remain localized to the bulge niche during all stages of 
development of hair follicle. Hair follicle cycling comprises numerous structural 

reorganizations. Each hair follicle cycles through 3 different stages of growth, which 

include catagen, also known as hair follicle regression, telogen, which is the resting 

phase, followed by anagen, known as the growth phase. During all stages of hair follicle 
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cycling, only the lower portion of the hair follicle undergoes cycles of destruction and 

restoration, while the upper portion of the hair follicle, also known as the permanent 

portion, remains intact. During early anagen, the hair follicle grows downward to 

regenerate the lower portion of the hair follicle (Figure 3.4 A).  During this stage, CD34+ 

KSC cells localized to the bulge region (Figure 3.4 A). No CD34+ cells were present 

within the bulb or the infundibulum region of hair follicles. In addition, there was a 

notable absence of CD34+ staining cells within the epidermal compartment of the skin. 

While a new hair follicle develops adjacent to the old one at the onset of anagen (Figure 

3.4 B), CD34+ cells remained localized to the new bulge region of the new hair follicle 

that is generated. During the telogen phase (Figure 3.4 C), CD34+ cells remain located 

to the bulge niche, despite the degeneration of the lower portion of the hair follicle.   

 

3.4.4. Differential location of CD34+ cells and K15+ cells in hyperplastic skin, 
endothelial cells, mast cells, but not in papillomas. Only cells within the ORS of the 

Bu region of hair follicles were CD34+ (Figure 3.5 A, arrowheads), while cells within both 

the ORS and IRS of hair follicles were K15+ (Figure 3.5 B, arrowheads). Papilloma cells 

in pre-malignant lesions isolated at 22 weeks after DMBA/TPA skin carcinogenesis were 

neither CD34+ nor K15+ (Figure 3.5 C and D, respectively). In contrast, both endothelial 

cells as well as mast cells within papillomas were CD34+ (Figure 3.5 C, insets).  

 
3.4.5. Western blot analysis of total CD34 protein and K15 protein. Analysis of CD34 

protein in extracts of dorsal skin isolated from SENCAR mice demonstrated that CD34 

protein was present in skin at 24 hr after treatment with two topical applications of 200 µl 

acetone or 25 nmol DMBA followed at 7 days by a single topical application of acetone 

or 2 µg TPA (Figure 3.6 A-C). There was a significant increase in CD34 protein in skin 

treated with DMBA/acetone (p<0.01) or DMBA/TPA (p<0.05) (Figure 3.6 B). In contrast 

to the relatively high levels of CD34 protein in hyperplastic skin isolated from mice 

treated with DMBA/TPA at 15 weeks of tumor promotion, CD34 protein was not present 

in protein extracts isolated from papillomas at 15 weeks of skin carcinogenesis (Figure 

3.6 A and C). K15 protein was present in all skin samples isolated at 24 hr, regardless of 

treatment group (Figure 3.6 A and D), with the highest level of K15 in skin isolated at 24 

hr from mice treated topically with DMBA/acetone (p<0.05). While K15 protein was 
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present in skin treated with DMBA/TPA isolated at 15 weeks, protein isolated from 

papillomas did not contain detectable K15 (Figure 3.6 A and E).  

Comparatively, there was a significant (p<0.05) decrease in the amount of K15 

protein in hyperplastic skin isolated from SENCAR mice at 15 weeks that have been 

treated with DMBA/TPA (Figure 3.6 E) compared to the amount of CD34 protein isolated 

from the same skin tissues (Figure 3.6 C). The decrease in K15 protein levels compared 

to CD34 protein levels in skin isolated at 15 weeks after treatment with DMBA/TPA 

(Figure 3.6 E and C) was similar to the significant (p<0.05) decrease in the amount of 

K15 protein (Figure 3.6 D) in DMBA-initiated dorsal skin of mice isolated at 24 hr 

following a single topical application of TPA compared to the amount of CD34 protein 

(Figure 3.6 B). To verify equal loading of proteins, blots were re-probed with mouse anti-

β-actin antibody, which was unchanged regardless of time or treatment group (Figure 

3.6 A).  

 

3.4.6. Co-localization of CD34+ and pAkt in cells within the bulge niche. Double-

immunofluorescence and confocal microscopy were used to identify CD34+ cells (Alexa-

647 red-associated fluorescence) within the ORS of the Bu (Figure 3.7 A) which 

contained pAkt (Alexa-555 green-associated fluorescence) (Figure 3.7 B).  Nucleated 

cells within the entire hair follicle were defined by DAPI-associated blue fluorescence 

(Figure 3.7 C). Figure 3.7 D is a representative merged image of CD34, pAkt, and DAPI 

staining in hair follicles of dorsal skin isolated from mice treated topically with acetone 

showing the co-localization of CD34+/Akt+ nucleated cells within the Bu niche of a hair 

follicle. Nucleated CD34+ cells in hyperplastic skin isolated from mice at 15 weeks that 

had been treated with DMBA/TPA also contained activated Akt (Data not shown).  

  

3.4.7. Analysis of CD34 and PCNA in specific regions of hair follicles during skin 
carcinogenesis. Double immunohistochemical staining was used to co-localize cells 

within skin isolated during multi-stage carcinogenesis that stained with anti-CD34 

antibody (red; membrane localization) and anti-PCNA antibody (brown; nuclear staining) 

(Figure 3.8). In skin isolated at 15 weeks after treatment with acetone, CD34+ cells were 

visible within the ORS of the Bu, however they were PCNA-, indicating that these cells 

were quiescent and non-cycling (Figure 3.8 A, inset). Note the numerous PCNA+ cells in 

the upper portion of the hair follicle, defined as the infundibulum (arrowheads). In skin 
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isolated at 15 weeks following a single exposure to 25 nmol DMBA followed by twice 

weekly application of acetone, there were CD34+ cells within the BU that are also PCNA+ 

(Figure 3.8 B, inset, arrows). In addition, there were CD34-/PCNA+ cells in the bulb (Blb) 

region as well as the infundibulum of hair follicles (Figure 3.8 B, arrowheads).  These 

observations were similar to the location of CD34+/PCNA+ and CD34-/PCNA+ cells in 

skin isolated from mice at 15 weeks following a single exposure to acetone followed by 

twice weekly applications of 2 µg TPA (Figure 3.8 C, arrowheads and inset, arrows).  

Skin isolated at 15 weeks following treatment with DMBA/TPA contained elongated and 

hyperplastic hair follicles, with numerous CD34-/PCNA+ cells in the Blb and infundibulum 

and CD34+/PCNA+ cells in the ORS of the Bu niche (Figure 3.8 D, arrowheads and inset, 

arrows, respectively). Quantitation of the number of PCNA+/CD34+ cells in hair follicles of 

skin treated with DMBA or TPA revealed that there was no statistical difference between 

the numbers of PCNA+/CD34+ cells in the skin treated with acetone, DMBA/acetone or 

acetone/TPA (Figure 3.8 E). Twice weekly applications of 2 µg TPA to DMBA-initiated 

skin stimulated proliferation of CD34+ cells, as determined by the significant increase 

(p<0.001) in the number of PCNA+/CD34+ cells compared to the numbers of 

PCNA+/CD34+ cells in skin treated with acetone, DMBA/acetone, or acetone/TPA (Figure 

3.8 E).  

 

3.4.8. Identification of non-proliferating pAkt+ cells in papillomas. Suprabasal cells 

within papillomas isolated at 22 weeks of skin carcinogenesis that contained pAkt 

(Figure 3.9 A, inset arrows) were not located within the proliferative compartment, as 

shown by their lack of incorporation of [methyl-3H] thymidine (3H-T) (Figure 3.9 C, inset, 

arrow) and their lack of PCNA staining (Figure 3.9 D, inset, arrow). The specificity of the 

pAkt staining is demonstrated by the lack of staining in sections of papillomas pre-

incubated with phospho-Akt-Ser-473 blocking peptide and anti-pAkt antibody (Figure 3.9 

B).  

 

3.4.9. Comparative localization of pAkt and pmTOR in mouse skin and papillomas. 
While pAkt was present within the bulge region of hair follicles (Figure 3.10 A, inset, 

arrowhead), pmTOR was present in cells in the ORS of the Bu (Figure 3.10 B, inset, 

arrowhead) as well as the upper infundibulum of hair follicles (Figure 3.10 B, inset, 

arrow) in consecutive serial sections of SENCAR mice treated with acetone.  
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pAkt was localized to suprabasal cells within papillomas isolated at 15 weeks 

following DMBA/TPA treatment (Figure 3.10 C, inset, white arrowheads) with lack of 

staining of pAkt in the basal cell layer, as indicated by the visible methyl green 

counterstain (Figure 3.10 C, inset, black arrows). While suprabasal cells within 

papillomas contained pmTOR (Figure 3.10 D, inset, white arrowheads), there were fewer 

cells within the basal cell layer (Figure 3.10 D, inset, black arrows) that contained 

pmTOR.  

The pattern of pAkt (Figure 3.10 E) and pmTOR (Figure 3.10 F) staining detected 

in hyperplastic epidermis adjacent to papillomas isolated from SENCAR mice at 15 

weeks of tumor promotion was similar to the staining pattern of pAkt (Figure 3.10 C) and 

pmTOR (Figure 3.10 D) staining in papillomas.  
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3.5. Discussion 
Although KSC are slow cycling cells [25, 29], they have been found to possess 

the potential to undergo proliferation giving rise to transit amplifying cells, as 

demonstrated by the ability of in vitro cultures of pure populations of CD34+ cells isolated 

by cell sorting techniques to divide and form large colonies containing keratinocytes of 

small size and undifferentiated morphology [25, 26]. These colonies, which are defined 

as holoclones, represent the clonal expansion of a single KSC [2]. Previous studies 

showed that KSC proliferate only during the anagen growth phase of hair follicles in 

normal unwounded skin [19, 28]. The present study localized KSC to the ORS of the 

bulge region of hair follicles in normal skin and demonstrated that the location of KSC 

within this specific niche was not altered during multi-stage skin carcinogenesis. 

CD34+/K15+ cells were not detected within skin papillomas, which is consistent with the 

composition of these pre-malignant lesions recognized as being primarily differentiated 

suprabasal keratinocytes. CD34+/K15+ cells remained localized only within the ORS of 

the Bu region of hair follicles in hyperplastic skin adjacent to pre-malignant papillomas. 

The present study also demonstrates that CD34+ cells do undergo proliferation during 

multi-stage skin carcinogenesis. Taken together, the present observations demonstrate 

evidence for the proliferative capacity of CD34+ cells during skin carcinogenesis and 

confirm that this cell population persists within their specific niche of the ORS of the Bu 

region of hair follicles during multi-stage skin carcinogenesis.  

In addition to identification of proliferative KSC during multi-stage carcinogenesis, 

CD34+ cells within the ORS of the Bu niche were also observed to contained activated 

pAkt, as defined by phosphorylation of Akt at serine-473 residue (pAkt) (Figure 3.11). 

Previous studies have reported that deletion of the Akt-1 gene leads to retardation in 

morphogenesis of postnatal hair follicles [370] and loss of both Akt-1 and Akt-2 has been 

reported to lead to depletion of putative bulge stem cells in hair follicles [229]. Akt 

activation has recently been shown to induce long-term maintenance of human 

embryonic stem cells in their undifferentiated state [371, 372], suggesting that Akt 

activation in KSC may represent one mechanism by which KSCs resist undergoing 

differentiation in normal skin (Figure 3.11). The importance of pAkt in conferring CD34+ 

KSC with the ability to persist in the bulge region of hair follicles over the lifetime of the 

organism may be similar to the reported role of an Akt-related family member, serum 

and glucocorticoid responsive kinase-3 (Sgk-3). Loss of function of Sgk-3 reduced the 
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supply of transit amplifying cells in the bulb region in the lower portion of hair follicles, 

thus causing their premature entry into the apoptotic catagen phase of hair follicle cyclic 

morphogenesis [373].  

In addition to the presence of pAkt in CD34+ cells within the ORS of the Bu niche, 

these cells contained pmTOR as well (Figure 3.11). mTOR, an effector molecule 

downstream of Akt [256], not only plays a role in conferring cells with survival signals 

[364], but also regulates cellular size [309]. mTOR-dependent-increase in cell size and 

cell cycle progression have been shown to be tightly coupled and coordinated [260]. 

Previous studies reported that quiescent KSCs exhibit a smaller diameter and cellular 

area compared to the larger size of actively cycling transit amplifying cells [32]. The 

presence of pmTOR in KSC suggests that pmTOR may play a role in controlling the size 

of KSC, therefore tightly regulating the entry of KSC into the cell cycle.  

Previous studies have demonstrated that KSC can serve as targets for skin 

carcinogens [374]. The administration of DMBA was found to have no effect on either 

latency and multiplicity of skin tumors following exposure of mice to topical 

administration of 5-fluorouracil (5-FU) [375], which kills rapidly cycling transit amplifying 

cells and spares quiescent cells. These authors concluded from these studies that 

quiescent KSC may be targets for initiation of mutations in the v-Ha-ras oncogene by 

DMBA [375]. Taken together with the present observations, these results suggest that 

the intrinsic activation of Akt in CD34+ cells may contribute to the persistence of initiated 

keratinocyte populations containing Ha-ras mutations which, under normal conditions, 

would be eliminated by apoptotic mechanisms. Therefore, Akt activation may block 

depletion of KSC during multi-stage skin carcinogenesis.  

While CD34+/K15+ cells that were localized to the ORS of the bulge region of hair 

follicles contained pAkt, CD34-/K15+ cells localized to the IRS of hair follicles lacked the 

presence of pAkt (Figure 3.11). Furthermore, the present study demonstrates a 

significant decrease in K15 protein levels at 24 hr and 15 weeks in dorsal skin treated 

with DMBA/TPA compared to CD34 protein levels. The present observations further 

confirm that the differential presence of pAkt in CD34+/K15+ cells may maintain the 

survival of KSCs in their specific niche, thus preventing their depletion during multi-stage 

skin carcinogenesis. In contrast, CD34-/K15+ cells did not contain pAkt, therefore, may 

be sensitive to skin carcinogenesis (Figure 3.11). Taken together, the present 
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observations indicate that K15 may serve as a marker of sensitivity to multi-stage skin 

carcinogenesis. 

The current studies demonstrate that pAkt was not only restricted to CD34+/K15+ 

cells in the bulge region of hair follicles, but was also present in suprabasal keratinocytes 

in papillomas. Loss of Akt-1 in primary human keratinocytes grown as organotypic skin 

cultures resulted in cell death of keratinocytes, demonstrating that Akt-1 may provide an 

essential survival signal in suprabasal cells during normal stratification of skin [376]. 

Taken together, the present results indicate that pAkt may provide differentiated 

suprabasal cells in papillomas with the ability to evade the normal process of terminal 

differentiation, thus conferring them with the ability to persist within the skin over long 

periods of time.  

While pAkt staining was nominal in the basal cell layer within papillomas tissues, 

fewer cells within the basal layer of papillomas contained pmTOR. pmTOR has been 

previously shown to stimulate entry of cells into the cell cycle by phosphorylating in 

parallel the 70 KDa ribosomal protein S6 kinase (p70 S6K) [273, 311, 312] and 

eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1). Once activated, p70 

S6K induces phosphorylation of the 40S ribosomal protein, S6, leading to an increased 

rate of initiation of translation of mRNAs that encode ribosomal proteins and translation 

elongation factors [273, 311, 312]. On the other hand, mTOR initiates translation of 

protein that are required for entry into the G1-phase of the cell cycle, such as cyclin D1, 

by phosphorylating 4E-BP1 at Thr-37/Thr-46 residues [279, 377], thus inhibiting the 

association between 4E-BP1 and eIF4E and freeing eIF4E for initiation of protein 

translation [281]. The location of pmTOR to fewer cells within the basal layer of 

papillomas suggests that pmTOR may be essential for the proliferation of basal cells 

during multi-stage skin carcinogenesis. The current observations correlate with previous 

studies demonstrating that localization of nuclear immunostaining of Cyclin D1 was 

confined only to the basal proliferative compartments of skin tumors [378].  

Localization of pAkt in suprabasal keratinocytes within papillomas tissues 

coincided with the location of pmTOR. However, localization of pmTOR in suprabasal 

keratinocytes did not correlate with PCNA expression, a proliferative marker that is 

expressed in the G1/S and G2 phases of the cell cycle [379]. pmTOR not only stimulates 

entry into the cell cycle, but has been recently shown to induce survival of primary AML 

cells, suggesting that pmTOR may regulate cell survival as well. These results suggest a 
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model in which Akt and its downstream effector, mTOR, may act together or separately 

to induce long-term maintenance and survival of non-proliferating CD34-/K15- 

suprabasal keratinocytes within papillomas tissues. Taken together, the present 

observations indicate that pmTOR may differentially induce survival or proliferation of 

cells depending on its localization to specific keratinocytes within papillomas tissues. 

When transfected into PB keratinocytes, which usually have low rates of tumor formation 

when grown in vivo, wild-type Akt resulted in rapidly growing, undifferentiated, and highly 

invasive skin tumors [335]. In contrast, these mice did not develop skin tumors following 

implantation of subcutaneous pumps which allowed continuous delivery of rapamycin 

[368], indicating that pmTOR may mediate Akt-dependent activities during multi-stage 

skin carcinogenesis.  

Further investigations may provide evidence for the utility of pAkt and pmTOR as 

novel therapeutic targets in the basal as well as suprabasal cells layers within skin tumor 

tissues. In addition, strategies targeting pAkt and pmTOR may deplete the CD34+/K15+ 

KSC compartment and may also block the persistence of non-proliferative pre-malignant 

papilloma cells. The approach of targeting both pAkt and pmTOR within the bulge region 

of hair follicles may have utility in inhibiting development and progression of any skin 

lesions that have CD34+/K15+ KSC as its origin, including both squamous cell 

carcinomas and basal cell carcinomas. 
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Figure 3.1. Schematic of strategies used for double-immunolabeling of bulge cells 

for CD34 and PCNA. Sections of formalin-fixed and paraffin embedded sections (4 µm) 

were incubated with goat anti-CD34, followed with biotinylated horse anti-goat IgG. 

Slides were then incubated with avidin-biotinylated alkaline phosphatase complex. CD34 

antigen was visualized with the chromagen Vector Red alkaline phosphatase substrate 

(red). Skin sections were then incubated with rabbit anti-PCNA antibody, followed by 

incubation with biotinylated goat anti-rabbit IgG.  Slides were then incubated with avidin-

biotinylated horseradish peroxidase complex. The presence of PCNA antigen was 

visualized with the chromagen 3,3-diaminobenzidine (DAB, brown).  
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Figure 3.2. Histology of mouse skin. Hematoxylin & Eosin of paraffin-embedded 

dorsal skin tissues isolated from SENCAR mice treated topically twice weekly for 15 

weeks with acetone alone (A), a single topical application of 25 nmol DMBA followed by 

twice weekly applications of acetone (B), a single topical treatment with acetone 

followed by twice weekly topical applications of 2 µg TPA (C), and skin treated topically 

with a single dose of 25 nmol DMBA followed by twice weekly topical applications of 2 

µg TPA for 15 weeks (D). Hair follicles in dorsal skin isolated from mice treated once 

with DMBA followed by twice weekly topical applications of TPA for 15 weeks were 

hyperplastic and elongated (D, arrows). 
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Figure 3.3. Immunofluorescent localization of CD34+ and K15+ cells in hair 
follicles. Representative immunofluorescent photomicrographs of nucleated cells 

(DAPI-associated blue fluorescence) (B and E) that contain either CD34 (A) or K15 (D) 

(vector red-associated red fluorescence) in consecutive sections of dorsal skin isolated 

from SENCAR mice treated with acetone for 15 weeks and subjected to confocal 

microscopy for imaging. (C) represents CD34 staining merged with DAPI to highlight the 

location of nucleated cells in the outer root sheath of the Bu which contained CD34. (F) 

represents K15 staining merged with DAPI to highlight the location of nucleated cells in 

both the IRS and ORS of the bulge which contained K15. Abbreviations: Bu, bulge; Blb, 

bulb; HS, hair shaft; ORS/IRS, outer/inner root sheath. (A-F 400x magnification).
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Figure 3.3 
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Figure 3.4. CD34+ cells remain localized to the Bu of hair follicles, regardless of 

the hair growth cycle. Sections of control dorsal skin treated with acetone and isolated 

at 15 weeks were immunostained with anti-CD34 antibody (CD34, violet). CD34+ 

putative stem cells localized to the Bu of hair follicles, located just below the sebaceous 

gland in early anagen (A), anagen (B), and telogen (C) phase of hair follicle growth 

cycle. Note that during anagen (B), CD34+ cells localized to the newly developed Bu of 

the new hair follicle generated to the old one. Arrows indicate CD34+ cells. 

Abbreviations: Bu, bulge; Blb, bulb; HS, hair shaft; SG, sebaceous gland. (A-C 600x 

magnification).    
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Figure 3.5. Localization of CD34 and K15 within papilloma tissue. CD34+ (A) and 

K15+ (B) cells remain localized to the Bu of hair follicles (arrowheads) in hyperplastic 

skin adjacent to papilloma isolated from SENCAR mice at 22 weeks of tumor promotion. 

CD34 (C) and K15 (D) staining was not present within papilloma tissue. Specific cell 

types within stroma of papilloma expressed CD34, including endothelial cells (C, inset, 

arrows) and mast cells (C, inset, arrowheads). Abbreviations: Bu: bulge. 
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Figure 3.6. Western blot analysis of CD34 and K15 proteins. (A) Analysis of CD34 

and K15 proteins in extracts of dorsal SENCAR mouse skin treated with two topical 

applications of acetone or DMBA and isolated at 24 hr following a single topical 

application of acetone or TPA (24 hours) and in skin and papillomas isolated of 

SENCAR mice initiated with DMBA followed by twice weekly topical applications of TPA 

for 15 weeks (15 weeks). Expression of CD34 and K15 was absent in papillomas protein 

extracts. To verify the equal loading of proteins, the blots were re-probed for β-actin. (B-

C and D-E) Densitometric analysis of CD34 and K15 expression, respectively, 

expressed as arbitrary units. p<0.05, CD34 versus K15 expression in dorsal skin of 

SENCAR mice treated with two topical applications of DMBA and isolated at 24 hr 

following a single topical application of TPA. p<0.05, CD34 versus K15 expression in 

dorsal skin of SENCAR mice treated with a single topical application of DMBA followed 

by twice weekly topical applications of TPA for 15 weeks. 
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Figure 3.6  



Figure 3.7. Immunofluorescent co-localization of CD34 and pAkt in KSC. Double immunofluorescence and confocal microscopy 

were used to identify nucleated cells (C; DAPI-associated blue fluorescence) that contained both CD34 (A; Alexa-647-associated red 

fluorescence) and pAkt (B, Alexa-555-associated green fluorescence) in dorsal skin isolated from SENCAR mice treated with 

acetone only. (D) CD34 (red) staining was merged with pAkt (green) and DAPI (blue) to reveal co-localization of CD34 and pAkt in 

KSC located in the ORS of the Bu. (A-D 400x magnification). Abbreviations: Bu: bulge; Blb: bulb; HS: hair shaft; ORS/IRS: 

outer/inner root sheath. 
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Figure 3.8. Co-localization of CD34 and PCNA in the bulge region of hair follicles. 
Double immunostaining was performed to localize CD34 (red/membrane staining) and 

PCNA (brown/nuclear staining) in skin sections isolated at 15 weeks of SENCAR mice 

treated topically with the control vehicle acetone (A), DMBA/Acetone (B), Acetone/TPA 

(C), and DMBA/TPA (D). Regardless of the treatment group, CD34+ KSCs remained 

localized to the outer root sheath in the Bu of hair follicles (A-D). Numerous CD34- cells 

located in the infundibulum and the blb of hair follicles were PCNA+ (A-D, arrowheads). 

CD34+ bulge cells co-expressed PCNA proliferating antigen in skin treated with 

DMBA/TPA (D, inset; arrows indicate double-labeled cells). (A-D 600x magnification). 

(E) Dorsal skin treated with DMBA/TPA had significantly increased number of CD34+ 

cells co-expressing PCNA compared to any of the other treatment groups. ** p<0.001, 

DMBA/TPA versus acetone control skin. Abbreviations: Bu: bulge; Blb, bulb. 



 

 112
 Figure 3.8 



 

 113

 

 

 

 
Figure 3.9. Localization of pAkt in papillomas. (A) is a representative 

photomicrograph of pAkt staining in papilloma isolated from SENCAR mice at 22 weeks 

of tumor promotion. pAkt staining was localized to suprabasal keratinocytes (inset, 

arrowhead), with nominal staining of pAkt in basal cells of papilloma (A, inset, arrow). 

(B) Immunostaining of papilloma using pAkt antibody pre-incubated with phospho-Akt-

473 Blocking Peptide confirmed the specificity of the immunochemical localization of 

pAkt protein within the suprabasal keratinocytes in papilloma. (C) Basal keratinocytes 

within papilloma tissue were found within the proliferative compartment, as determined 

by autoradiographic detection of [methyl-3H]thymidine incorporation (inset, arrow, silver 

grains). (D) Basal keratinocytes within papilloma tissue were positive for PCNA staining 

(inset, arrow). 
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Figure 3.10. Comparative localization of pAkt and mTOR in mouse skin and 
papillomas. (A) and (B) represent pAkt and pmTOR staining, respectively, in serial 

sections of SENCAR skin treated with acetone for 15 weeks (insets, arrowheads). (C) 

and (D) represent pAkt and pmTOR staining, respectively, in serial sections of 

papillomas isolated from SENCAR mice at 15 weeks of tumor promotion. (E) and (F) 

represent pAkt and pmTOR staining in serial sections of skin adjacent to papillomas 

isolated from SENCAR mice at 15 weeks of tumor promotion. pAkt and pmTOR staining 

were localized to suprabasal keratinocytes (C-F, inset, white arrowheads), with nominal 

staining of pAkt in basal cells of papilloma (C-F, inset, black arrows). (A and B, 400x 

magnification; C-F, 125x magnification). 
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Figure 3.10 
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Figure 3.11. Schematic illustration of intrinsic activation of Akt and mTOR in 
CD34+ cells putative skin stem cells. While CD34+ cells were located only in the outer 

root sheath (ORS) of the bulge region in hair follicles, K15+ cells were present in both the 

inner and outer layers of the bulge (ORS/IRS). CD34+/K15+ KSC located in the ORS of 

the bulge of hair follicles in both normal and hyperplastic skin isolated at 15 weeks 

during multi-stage skin carcinogenesis contained pAkt and pmTOR. Activated Akt/mTOR 

may be one survival pathway by which CD34+/K15+ KSC persist in their respective niche 

of the skin, thus maintaining their ability to serve as a self-renewing population of cells 

over the life time of the organism and during multi-stage skin carcinogenesis. 
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CHAPTER 4 

 
 
 

KINETICS OF ULTRAVIOLET LIGHT B-INDUCED SKIN INFLAMMATION, 

ANGIOGENESIS AND AKT/MAMMALIAN TARGET OF RAPAMYCIN (MTOR) 

ACTIVATION 

 

4.1. Abstract 
Exposure to ultraviolet radiation B (UVB) (290-320 nm) has been recognized as the most 

common and significant environmental factor in inducing skin cancers. The mechanisms 

by which survival signaling pathways are induced in response to UVB light exposure 

have only began to be examined. The present studies evaluated the temporal sequence 

of pAkt and pmTOR induction as well as described the localization of pAkt and pmTOR 

following acute and chronic exposure to UVB light in Skh/hr mice. Increases in pAkt 

staining at 24 hr and 48 hr following exposure to UVB light preceded the induction of 

pmTOR, which was only present at week 1 and week 20 following UVB exposure. pAkt 

was present in all the proliferating cell layers in papillomas isolated from Skh/hr mice at 

week 20 following a regimen of 3 times weekly of exposure to 2240 J/m2 UVB light, in 

contrast to the presence of pAkt in non-proliferating suprabasal cells within papillomas 

isolated from SENCAR mice at week 22 following initiation with 25 nmol 

dimethylbenz[a]anthracene (DMBA) and repetitive topical applications of 2 µg 12-O-

tetradecanoylphorbol-13-acetate (TPA). The presence of pmTOR was nominal within 

UVB-induced papillomas tissues while pmTOR staining coincided with pAkt staining in 

chemically-induced papillomas. Activation of pmTOR in epidermal keratinocytes at week 

1 after exposure to UVB coincided with production of VEGF by epidermal keratinocytes 

and an increase in the number of blood vessels within the dermal area. UVB also 

induced a potent cutaneous inflammatory response that involved the temporal sequence 

of infiltration of neutrophils at the early stages of UVB-induced skin carcinogenesis 

followed by mast cells infiltration at the late stages following chronic exposure to UVB. 

Mast cells were in close association with dermal blood vessels following chronic 
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exposure to UVB light. The present results suggest that UVB induces a sequential 

activation of Akt and mTOR in epidermal and follicular keratinocytes, which may work in 

concert to induce VEGF expression and stimulate formation of blood vessels within 

hyperplastic skin. Agents that inhibit Akt and mTOR signaling pathways alone and in 

combination may be useful in defining the differential roles of pAkt and pmTOR in 

epidermal hyperplasia, cutaneous angiogenesis, and inflammation during UVB-induced 

skin carcinogenesis. The present studies also demonstrate the utility of targeting pAkt 

and pmTOR as potential anti-promoting molecules. 



 120

 

 

4.2. Introduction 
Non-melanoma skin cancers (NMSC), including basal cell carcinomas (BCC) and 

squamous cell carcinomas (SCC), are the most commonly diagnosed type of skin 

malignancies [380]. There are several experimental models of multi-stage skin 

carcinogenesis that mimic the multi-step process that is observed to occur during 

development and progression of human NMSC [55, 381]. Exposure to chemicals such 

as polycyclic hydrocarbons, which are derived from incomplete combustion of fossil 

fuels, has been shown to induce human NMSC. However, a more common and 

ubiquitous environmental agent for development of NMSC is the routine exposure to 

ultraviolet light in the 290-320 nm wavelength, defined as UVB [50, 51, 382, 383]. Most 

of the UVB radiation is absorbed by the earth’s stratospheric ozone layer; however, the 

rapid loss of the ozone layer and the concomitant increase in the amount of UVB light 

reaching the earth’s surface represent an important environmental risk factor leading to 

the dramatic increase in the incidence of NMSC [52]. 

UVB light is a well-characterized complete skin carcinogen and acts as a tumor 

initiator and tumor promoter, thus inducing DNA damage and epigenetic changes [384]. 

A number of studies have demonstrated that mutations in p53 tumor suppressor gene 

leading to a loss of p53 function are present in the majority of UVB-induced skin tumors 

[96, 385-387], resulting in persistence of keratinocytes which contain DNA damage. 

However, in the presence of high levels of DNA damage, apoptotic pathways are 

induced in keratinocytes following exposure to UVB light, thus stimulating the removal of 

DNA-damaged cells [388]. Activation of anti-apoptotic molecules and survival signaling 

pathways may confer DNA-damaged cells with the ability to resist UVB-induced 

apoptosis and persist in the skin following exposure to UVB light, thus contributing to 

UVB-induced skin carcinogenesis. While the majority of studies have focused on 

evaluating UVB-induced DNA damage and activation of apoptotic signaling pathways 

during UVB-induced skin carcinogenesis, identification of survival signal transduction 

pathways as well as other factors that may be involved in UVB-induced skin 

carcinogenesis, including inflammatory mediators and angiogenic growth factors, remain 

to be completely characterized.   
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One mechanism by which keratinocytes may persist in the skin following 

exposure to UVB is by activation of Akt, also known as protein kinase B (PKB), a core 

component of the phosphoinositide 3-kinase (PI3-K) signaling pathway [302, 303]. 

Following its activation, PI3-K catalyzes the phosphorylation of phosphoinositides (PI) at 

the 3-position of the inositol ring, generating the membrane-bound lipid, 

phosphatidylinositol 3,4,5-triphosphate (PI-3,4,5-P3), which binds with high affinity to the 

amino-terminal pleckstrin homology (PH) domain of Akt [232]. While inactive Akt is 

localized to the cytoplasm, binding of PI-3,4,5-P3 to Akt PH domain results in recruitment 

of Akt to the inner surface of the plasma membrane. Binding of PI-3,4,5-P3 to Akt PH 

domain not only induces translocation of Akt to the plasma membrane, but also confers 

a conformational change that renders Akt accessible to phosphorylation at two amino 

acid residues, serine-473 (Ser-473) [306, 307] and threonine-308 (Thr-308) [234].  

Several lines of evidence suggest a role of Akt in UVB-induced skin tumors. The 

primary studies that have implicated the Akt signaling pathway in UVB-induced skin 

carcinogenesis reported that transgenic mice expressing insulin-like growth factor-1 

(IGF-1) selectively targeted to the basal compartment of epidermis responded to 

exposure to UVB light with a decreased epidermal apoptosis compared to the skin of 

non-transgenic mice, which was associated as well with significantly elevated Akt kinase 

activity [334]. In addition, treatment of IGF-1 transgenic mice with topical applications of 

the selective PI3-K inhibitor, LY294002, inhibited IGF-1-mediated PI3-K/Akt signaling in 

the epidermis, resulting in reduced epidermal proliferation and skin tumor development 

[389]. These results suggested that IGF-1 expression in the basal epidermis induced 

activation of PI3-K/Akt signaling pathway, which was associated with both resistance of 

keratinocytes to apoptosis and a tumorigenic phenotype. Using cultured epidermal cells, 

previous studies further demonstrated that Akt can be directly activated by UVB-

generated reactive oxygen species, H2O2 [352, 353]. Although previous studies have 

demonstrated an association between increased Akt kinase activity and development of 

UVB-induced skin tumors [334, 389], the specific cell populations that contain activated 

Akt during UVB-induced skin carcinogenesis are unknown.  

Although the majority of studies have focused on the role of Akt as a survival 

factor, Akt has also been shown to induce entry of cells into the G1-phase of the cell 

cycle. Akt directly phosphorylates the mammalian target of rapamycin (mTOR) at Ser-

2448 residue [256, 267, 309], thus stimulating synthesis of proteins required for cell 
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cycle progression. mTOR was identified in yeast as the cellular target of the lipophilic 

macrolide rapamycin [257], which was initially isolated from a strain of bacterium, 

Streptomyces hygroscopicus, that is indigenous to Easter Island [260]. Following its 

activation, mTOR initiates mRNA translation by phosphorylating in parallel two signaling 

molecules: 70 KDa ribosomal protein S6 kinase (p70 S6K) enzyme at Thr-389 [273, 311] 

and eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1). There is little 

information available on the activation of mTOR following exposure to UVB light. 

Exposure of cultured human dermal fibroblasts to UVB light resulted in phosphorylation 

of p70 S6K, which was reduced in the presence of rapamycin [390]. Results of these 

previous studies provided indirect evidence for the activation of mTOR following 

exposure to UVB light. However, there are no studies to date that have evaluated 

phosphorylation and localization of mTOR during UVB-induced skin carcinogenesis. 

 Akt may also be involved in regulating tumor-associated angiogenesis [391], the 

process of new capillary formation from pre-existing vasculature. Induction of tumor-

associated angiogenesis is an early event that occurs in actively growing skin tumors 

[322, 392]. The acquisition of an angiogenic phenotype during skin tumor development is 

induced by the “angiogenic switch” [117, 118], which results from the shift in the balance 

of anti-angiogenic growth factors that inhibit formation of new vasculature to favor the 

production of pro-angiogenic growth factors that diffuse into the surrounding of the 

tumor. Using microarray analysis following UVB irradiation of human normal epidermal 

keratinocytes, a recent study identified thrombospondin-1 (TSP-1), which is an 

endogenous inhibitor of angiogenesis, as one of the genes that was down-regulated 

following exposure of keratinocytes to UVB light [393]. This decrease in TSP-1 

expression occurred at very early times following exposure to UVB light and persisted 

over 18 hr [393]. However, the process of tumor angiogenesis is not only dependent on 

the inhibition of negative regulators of angiogenesis, but rather on the balance between 

anti-angiogenic and pro-angiogenic factors [394]. Recent studies demonstrated that the 

pro-angiogenic fibroblast growth factor (FGF) was not a primary angiogenic growth 

factor during UVB light-induced skin carcinogenesis [395]. In contrast, one family of pro-

angiogenic proteins that has been shown to play a role in UVB-induced skin 

carcinogenesis is vascular endothelial growth factor-A (VEGF-A) [396-398]. Exposure to 

UVB light induced a significant increase in VEGF mRNA and protein levels in human 

epidermal keratinocytes in vitro [397]. In addition to the production of VEGF by cultured 
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human epidermal keratinocytes, a number of studies have linked the infiltration of mast 

cells with activation of angiogenesis and have defined these cells as “co-conspirators” of 

skin tumor-associated angiogenesis [171]. However, neither the kinetics of VEGF protein 

production nor the specific cells that produce this pro-angiogenic growth factor have 

been defined in models of UVB light-induced skin tumor growth. 

When transfected into PB keratinocytes, which usually have low rates of tumor 

formation when grown in vivo, wild-type Akt resulted in rapidly growing, undifferentiated, 

and highly invasive skin tumors [335]. These Akt-induced tumors contained an increased 

number of blood vessels, which was concomitant with an increase in VEGF protein 

levels [337]. In contrast, implantation of subcutaneous pumps which allowed continuous 

delivery of rapamycin completely inhibited development of Akt-induced skin tumors 

[368]. VEGF expression has previously been shown to be regulated at the translational 

level through mTOR-dependent activation of p70 S6K and suppression of 4E-BP1, 

leading to increases in VEGF protein levels [395, 399, 400]. Taken together, these 

previous results suggest that pmTOR may mediate Akt-dependent signaling during skin 

carcinogenesis.  

Since there is little information available on the role of Akt-dependent signaling 

during UVB-induced skin carcinogenesis, the goal of the present studies was to 

characterize the effects of acute and chronic exposure to UVB light on phosphorylation 

of Akt and mTOR, epidermal proliferation, VEGF protein production, and formation of 

blood vessels and to examine infiltration of neutrophils and mast cells over the time-

period of UVB-induced skin carcinogenesis. The time points examined in these studies 

were 24 hr after a single dose of 1 minimal erythemic dose of UVB light, 48 hr after a 

single exposure to UVB light, 1 week after 3 exposures to UVB light and at 20 weeks of 

a regimen of 3 times weekly exposure to UVB light.   
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4.3. Materials and Methods 
4.3.1. Treatment of Skh/hr mice: Skh/hr hairless mice (8-10 weeks old) (Taconics 

Farms, Germantown, NY) were irradiated dorsally, three times weekly, with Phillips 

F40UVB lamps (American Ultraviolet Company, Lebannon, IN), which emit primarily 

UVB light (290-320 nm). The total UVB dose per irradiation was 2240 J/m2, as measured 

with a UVX digital radiometer (UVP Inc., San Gabriel, CA), and in this system is 

equivalent to one minimal erythemic dose. Tissues samples (0.5 cm2) were isolated from 

the dorsal skin of Skh/hr mice at 24 hr, 48 hr, week 1, and week 20 following exposure to 

UVB light, fixed in 10% neutral buffered formalin (Shandon, Pittsburgh, PA), and 

embedded in paraffin for immunohistochemical analysis. 
 
4.3.2. Immunochemical localization of pAkt and pmTOR: Sections of formalin-fixed 

and paraffin-embedded skin samples (4 µm) were cut and mounted onto 

SuperFrost/Plus slides (Fisher Scientific, Pittsburgh, PA). Tissues sections were 

deparaffinized using Histo-Clear (National Diagnostics, Atlanta, GA), and rehydrated in a 

graded series of alcohol. Endogenous peroxidase activity was quenched using 3% H2O2 

in methanol for 20 min. Following antigen retrieval by steam heating in 10 mM citrate 

buffer (pH 6.0) for 15 min, non-specific binding was blocked with 1% bovine serum 

albumin (BSA) (Sigma, St. Louis, MO) in 1X TBS containing 0.05% Tween 20 (TBST). 

Sections were then incubated with either rabbit anti-phospho-Akt-Ser-473 (pAkt, Santa 

Cruz Biotechnology, Santa Cruz, Ca) or rabbit anti-phospho-mTOR-Ser-2448 (pmTOR; 

1:50; Cell Signaling Technology, Beverly, MA) in a humidified chamber overnight at 4oC 

in 1% BSA in TBST. Sections were then incubated for 20 min with biotinylated goat anti-

rabbit IgG (1:200; Vector Laboratories, Burlingame, CA), followed by incubation for 30 

min with avidin-biotinylated horseradish peroxidase complex (ABC Elite) (Vector 

Laboratories). The presence of pmTOR antigen was visualized using VIP substrate as 

the chromagen (Vector Laboratories). The specificity of pAkt staining was determined by 

examining the extent of binding of anti-pAkt antibody by tissue sections that had been 

pre-incubated with Akt-Ser-473-P Blocking Peptide (Cell Signaling Technology, Beverly, 

MA) for 2 hr. Tissues were counterstained with preheated Methyl Green (Vector 

Laboratories) for 5 min, dehydrated, mounted, viewed, and photographed.  
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4.3.3. Detection of cell proliferation measured by immunohistochemical detection 
of proliferating cell nuclear antigen: Sections were processed as described above 

with the following modifications. Non-specific binding was blocked with 1% BSA in 

TBST. Sections were incubated with rabbit anti-PCNA antibody (1:50, Santa Cruz 

Biotechnology) in 1% BSA in TBST for 1 hr at room temperature. Sections were then 

incubated with the biotinylated secondary antibody goat anti-rabbit IgG (1:200, Vector 

laboratories) in 1% BSA in TBST for 20 min. Slides were then incubated with the 

horseradish peroxidase conjugated avidin complex (ABC Elite, Vector Laboratories) for 

30 min, and then incubated with 3,3-diaminobenzidine (DAB; Vector Laboratories). 

Tissues were counterstained with preheated Methyl Green (Vector Laboratories) for 5 

min, dehydrated, mounted, viewed, and photographed. The amount of cell proliferation 

was quantitated by counting PCNA-positive cells in at least 5 random 250x fields.  

 

4.3.4. Detection of infiltrating neutrophils: To detect infiltrating neutrophils within the 

dermis of Skh/hr mice, tissue sections were incubated with the primary antibody rat anti-

Ly-6G (Gr-1) (1:400, Pharmingen, San Diego, CA) for 1 hr at room temperature. Non-

specific binding was blocked with 1% BSA in TBST. Sections were then incubated with 

the biotinylated rabbit anti-rat IgG secondary antibody (1:200, Vector Laboratories) for 

20 min. Slides were then incubated with the horseradish peroxidase conjugated avidin 

complex (ABC Elite, Vector Laboratories) for 30 min, and then incubated with the 

chromagen DAB (Vector Laboratories). The specificity of the immunoreactive anti-Gr-1 

localization was verified using pre-immune isotypic rat IgG2b,κ (1:400, Pharmingen). 

Tissues were counterstained with preheated Methyl Green (Vector Laboratories) for 5 

min, dehydrated, mounted, viewed, and photographed. The dermal neutrophils were 

counted in 10 random 200x fields.  

 

4.3.4. Detection of mast cells: 4 µm sections of paraffin-embedded skin tissues were 

mounted mounted onto SuperFrost/Plus slides (Fisher Scientific, Pittsburgh, PA). 

Tissues sections were then deparaffinized using Histo-Clear (National Diagonistics, 

Atlanta, GA), and rehydrated in a graded series of alcohol. To identify mast cells in 

cutaneous dorsal skin isolated of Skh/hr mice, the May Grunwald Giemsa staining kit 

(Poly Scientific R & D Corp., Bay Shore, NY) was used. In brief, tissue sections were 

incubated with Jenner Stain Working solution for 6 min, followed by incubation with 5% 
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Giemsa solution diluted in distilled water for 45 min. Tissue sections were then rinsed 

quickly in distilled water, then incubated briefly with 2 consecutive applications of Acetic 

Acid 1% Aqueous. Following rinsing with water, the slides were then dehydrated, 

mounted, viewed, and photographed. Mast cells stained blue and the background 

stained pink. The number of mast cells was quantitated within 10 200x fields. 

 

4.3.5. Evaluation of angiogenesis: Following tissue rehydration and antigen retrieval, 

as described above, tissue sections were incubated with either goat anti-VEGF antibody 

(15 µg/ml, R & D Systems, Minneapolis, MN) overnight at 4oC or rabbit anti-CD31 

(1:250, Santa Cruz Biotechnology) for 1 hr at room temperature. Tissue sections were 

then incubated with biotinylated goat anti-rabbit or horse anti-goat IgG (1:200, Vector 

Laboratories) for 20 min followed by incubation with the horseradish peroxidase 

conjugated avidin complex (ABC Elite, Vector Laboratories) for 30 min, with an 

additional incubation with VIP (Vector Laboratories). Tissues were counterstained with 

preheated Methyl Green (Vector Laboratories) for 5 min, dehydrated, mounted, viewed, 

and photographed. 

 
4.3.6. Digital microscopy: Digital images of tissue sections were captured using a 

Diagnostic Instruments digital camera (Insight camera; 1600 x 1200 resolution) mounted 

on an Olympus research microscope. Images were captured using identical lighting and 

optical settings and transferred to digital image analysis software (Image Pro Plus, 

Media Cybernetics, Silver Spring, MD).  

 
4.3.7. Statistical analysis: Significant differences in numbers of mast cells, neutrophils, 

and PCNA-positive cells in skin isolated from non-irradiated control Skh/hr mice and skin 

isolated at 24 hr, 48 hr, week 1, and week 20 following UVB exposure were analyzed 

using two-tailed Student’s t-test or one way analysis of variance (ANOVA) on ranks for 

non-parametric comparisons (GraphPad Prism Software, San Diego, CA), with Student-

Newman-Keuls post-hoc analysis was used. Results were expressed as mean ± 

standard error of mean (SEM), with p<0.05 being statistically significant.  
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4.4. Results 
4.4.1. Histologic evaluation of cutaneous alterations following exposure to UVB. 
Dorsal skin was isolated from Skh/hr mice at 24 hr, 48 hr, and at week 1 and 20 after 

exposure to 3 weekly doses of 2240 J/m2 UVB light. To evaluate alterations in the 

epidermis and dermis, tissue sections were stained with hematoxylin and eosin. Dorsal 

skin of non-irradiated Skh/hr mice had a uniform epidermal thickness of 1-2 epidermal 

cell layers, with few cells visible in the dermis. Dorsal skin of Skh/hr mice had abnormal 

hair follicles morphology, including a lack of hair shafts and widened hair canals (Figure 

4.1 A, inset). Although sebaceous glands retained their normal structures, they were 

positioned at the end of hair follicles. There was a noticeable absence of bulb region 

tissue, which was replaced with a small cluster of keratinocytes (Figure 4.1 A, inset, 

arrowhead), previously identified as “putative bulge-derived cells” [401].  

Exposure to UVB light resulted in a time-dependent increase in epidermal 

thickness. At 24 hr after a single exposure to UVB (Figure 4.1 B), there was an increase 

in epidermal thickness to 2-3 cell layers while dorsal skin isolated at 48 hr following 

exposure to UVB was hyperplastic (Figure 4.1 C) compared to non-irradiated skin 

(Figure 4.1 A). At week 1 following exposure to UVB, the epidermal thickness had 

increased to 13-14 cell layers and hair follicles were hyperplastic (Figure 4.1 D; arrows). 

The hyperplasia in skin exposed to UVB light for 1 week was similar to that observed in 

skin at week 20 following UVB light exposure (Figure 4.1 F). A significant number of 

mast cells infiltrating the dermal area of the skin was observed at week 20 following 

exposure to UVB (Figure 4.1 F, arrows).  

 
4.4.2. Immunohistochemical localization of pAkt following exposure to UVB light. 
Immunohistochemical analysis was used to identify and localize cells within the 

epidermal and follicular compartments that contained pAkt in response to UVB exposure 

(Figure 4.2). pAkt was present in few cells within the epidermal and follicular 

compartments of non-irradiated dorsal skin (Figure 4.2 A). In addition, pAkt was present 

within the putative bulge-derived cells of hair follicles (Figure 4.2 A, arrow). All epidermal 

and follicular keratinocytes contained pAkt in dorsal skin of Skh/hr mice at 24 hr in 

response to UVB light (Figure 4.2 B). At 48 hr following exposure of mice to UVB light 

(Figure 4.2 C), pAkt levels within the epidermis were significantly higher than pAkt levels 

present in skin isolated at 24 hr from UVB-irradiated mice (Figure 4.2 B). Both the 

epidermal and follicular keratinocytes within hyperplastic skin isolated at week 1 
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following exposure to UVB light contained pAkt (Figure 4.2 D). The level of pAkt in skin 

isolated at week 20 following exposure to UVB light (Figure 4.2 E) was similar to the 

level of pAkt staining detected in skin isolated at week 1 after exposure to UVB (Figure 

4.2 D). The specificity of the immunoreactive pAkt localization was demonstrated by the 

lack of staining in skin tissue sections pre-incubated with phospho-Akt-Ser-473 Blocking 

Peptide and anti-pAkt antibody (Figure 4.2 F). 

 
4.4.3. Immunochemical localization of pAkt and proliferating cells in skin following 
exposure to UVB light. Serial sections of skin isolated at 24 hr, 48 hr, week 1, and 

week 20 following exposure to UVB were examined to identify proliferating and/or non-

proliferating keratinocytes which contained pAkt (Figure 4.3). In normal non-irradiated 

skin, PCNA-positive cells were present within the basal cells of the epidermis (Figure 4.3 

A’, inset). At week 1 and 20 following exposure to UVB light, PCNA-positive cells were 

present in basal layers of the epidermis, but were absent within suprabasal layers, as 

indicated by the lack of PCNA staining and the visible methyl green counterstain (Figure 

4.3 D’ and E’, insets). 

Comparative analysis of serial sections at early time points (24 hr and 48 hr) 

following exposure of mice to UVB demonstrated that cells which contained pAkt (Figure 

4.3 B and C) were present within both the proliferative compartment, as defined by 

immunochemical detection of PCNA-positive populations, and within the non-

proliferating cell populations, which were PCNA-negative and localized to epidermal 

suprabasal cells (Figure 4.3 B’ and C’). pAkt immunoreactive protein (Figure 4.3 D and 

E) was also present within proliferating as well as non-proliferating epidermal 

keratinocytes within hyperplastic skin isolated at week 1 and week 20 following exposure 

to UVB light (Figure 4.3 D’ and E’).  

 
4.4.4. PCNA analysis of epidermal proliferation. Exposure of Skh/hr dorsal skin to 

UVB light induced significant hyperplasia in the epidermal layer. To identify epidermal 

cell populations undergoing proliferation and to examine the extent of hyperplasia 

following exposure of the skin to UVB light, immunolocalization of anti-PCNA antibody 

was evaluated (Figure 4.4). The number of PCNA-positive cells within the epidermal 

layer of Skh/hr mice significantly (p<0.0001) increased at 24 hr following exposure to 

UVB as compared with the number of PCNA-positive cells in non-UVB irradiated skin. 

UVB-induced increases in the number of PCNA-positive cells persisted for 48 hr 
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(p<0.01), 1 week (p<0.0001), and 20 weeks (p<0.0001) compared to non-irradiated skin. 

Exposure of mice to 3 doses of UVB light for 1 week resulted in the most significant 

increase in the number of PCNA-positive cells throughout the epidermis compared to 

UVB-irradiated skin at earlier time points (p<0.001) and week 20 (p<0.01).  

 

4.4.5. Immunohistochemical localization of pmTOR in skin following exposure to 
UVB light. At 24 hr and 48 hr following exposure to UVB light (Figure 4.5 B), only few 

cells scattered within the epidermal compartment contained pmTOR, which was similar 

to pmTOR staining pattern within the epidermal layer of non-irradiated mice (Figure 4.5 

A). All epidermal and follicular keratinocytes within hyperplastic skin isolated at week 1 

following exposure to UVB light contained pmTOR (Figure 4.5 D). In contrast to the high 

levels of pmTOR present within epidermal and follicular keratinocytes at week 1 

following exposure to UVB light (Figure 4.5 D), pmTOR staining had a patchy distribution 

within the hyperplastic skin at week 20 following exposure to UVB light, with less 

numbers of epidermal and follicular keratinocytes that contained pmTOR (Figure 4.5 E).  

 

4.4.6. Comparative analysis of immunochemical localization of pAkt, pmTOR, and 
PCNA in UVB-induced and chemically-induced papillomas. Evaluation of the 
immunochemical localizations of pAkt, pmTOR, and PCNA was examined in serial 

consecutive sections of papillomas isolated from Skh/hr mice at 20 weeks of a regimen 

of 3 times weekly exposure to 2240 J/m2 UVB light (Figure 4.6 D-F). Chemically-induced 

papillomas were isolated of SENCAR mice initiated with a single topical application of 25 

nmol dimethylbenz[a]anthracene (DMBA) and at 7 days later, SENCAR mice were 

treated topically twice weekly with 2 µg of 12-O-tetradecanoylphorbol-13-acetate (TPA) 

in 0.2 ml acetone for 22 weeks (Figure 4.6 A-C).  

The pattern of pAkt, pmTOR, and PCNA staining in papillomas isolated of Skh/hr 

mice following UVB exposure (Figure 4.6 D-F) differed significantly compared to 

papillomas isolated of SENCAR mice at 22 weeks following DMBA/TPA treatment 

(Figure 4.6 A-C). While suprabasal cells within papillomas isolated from SENCAR mice 

at 22 weeks of chemically-induced skin carcinogenesis were the major type of 

keratinocytes which contained pAkt (Figure 4.6 A), pAkt was present in all cell layers in 

papillomas isolated of Skh/hr mice following UVB exposure (Figure 4.6 D). Suprabasal 

pAkt+ keratinocytes in chemically-induced papillomas isolated of SENCAR mice (Figure 
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4.6 A) were not located within the proliferative compartment, as shown by their lack of 

PCNA staining (Figure 4.6 C). In contrast, pAkt staining in UVB-induced papillomas 

(Figure 4.6 D) coincided with PCNA localization in consecutive serial sections (Figure 

4.6 F). 

Localization of pAkt to suprabasal keratinocytes in papillomas isolated of 

SENCAR mice following DMBA/TPA treatment (Figure 4.6 A) coincided with pmTOR 

localization (Figure 4.6 B). However, the presence of pAkt within papilloma tissue 

isolated from Skh/hr mice at week 20 following exposure to UVB (Figure 4.6 D) did not 

correlate with pmTOR staining within these papillomas since pmTOR presence was 

nominal (Figure 4.6 E).  

These significant differences in the localization patterns of pAkt and pmTOR in 

papillomas isolated from SENCAR mice at 22 weeks of tumor promotion and in 

papillomas isolated from Skh/hr mice at 20 weeks following UVB exposure were further 

verified within the hyperplastic hair follicles and epidermis of skin adjacent to papillomas 

(Figure 4.6 G-J). While pAkt localization (Figure 4.6 G) coincided with pmTOR staining 

(Figure 4.6 H) in consecutive serial sections of skin adjacent to DMBA/TPA-induced 

papillomas, there was a nominal staining of pmTOR (Figure 4.6 J) in skin adjacent to 

UVB-induced papillomas, which did not correlate with pAkt localization (Figure 4.6 I). 

 

4.4.7. Immunochemical localization of VEGF in skin following exposure to UVB 
light. Immunochemical studies were performed to identify the cell types within the 

dermis and epidermis that produced VEGF immunoreactive protein following exposure 

to UVB. There was no detectable VEGF protein present in skin isolated from non-

irradiated Skh/hr mice (Figure 4.7 A). At 24 hr and 48 hr following exposure to UVB light 

(Figure 4.7 B), VEGF was not present within the epidermal and follicular compartments 

of the skin. At week 1 following exposure to UVB, few suprabasal cells produced VEGF 

protein (Figure 4.7 D). At week 20 following exposure to UVB, a large number of cells 

produced VEGF immunoreactive protein, including suprabasal and basal keratinocytes 

as well as follicular keratinocytes (Figure 4.7 E).   

 

4.4.8. Immunochemical localization of CD31 in skin following exposure to UVB 
light. Immunochemical localization of CD31/platelet endothelial cell adhesion molecule-

1 (PECAM-1), an endothelial cell-specific marker [402], was performed to examine the 
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effect of UVB light on the number, size, and location of blood vessels within the dermis 

of Skh/hr mice (Figure 4.8). There were infrequent blood vessels in non-irradiated mice, 

which localized deep within the dermis (Figure 4.8 A). At 24 hr and 48 hr following 

exposure to UVB light (Figure 4.8 B and C), there were fewer blood vessels within the 

dermis of Skh/hr mice compared to the lower number of blood vessels in non-irradiated 

mice (Figure 4.8 A). At week 1 following exposure to UVB light (Figure 4.8 D), not only 

there was a noticeable increase in the number of blood vessels compared to earlier time 

points (Figure 4.8 B and C), but there were increases in the size and diameter of blood 

vessels as well compared to blood vessels in skin isolated at 24 hr and 48 hr following 

exposure to UVB (Figure 4.8 B and C). Examination of tissue sections isolated from 

Skh/hr mice at week 20 following exposure to UVB light (Figure 4.8 E, arrows) revealed 

the presence of higher number of widely dilated blood vessels compared to any of the 

earlier time points. A significant number of blood vessels within the dermis of skin 

isolated from Skh/hr mice at week 20 were located at the dermal-epidermal junction 

(Figure 4.8 E, arrows). Blood vessels present within the lower part of the dermis (Figure 

4.8 E, inset, arrows) were in close association with mast cells (Figure 4.8 E, inset, 

arrowheads).  

 

4.4.9. Quantitation of infiltrating mast cells in the dermis following exposure to 
UVB light. Mast cells within the dermis were identified by Giemsa staining in non-

irradiated dorsal skin (Figure 4.9 A) and skin isolated at 24 hr (Figure 4.9 B), 48 hr 

(Figure 4.9 C), week 1 (Figure 4.9 D), and week 20 (Figure 4.9 E) following exposure to 

2240 J/m2 UVB light. The number of mast cells within the dermis was quantitated by 

enumeration of mast cells within at least 10 high-power (200x) fields (Figure 4.9 F). 

Regardless of the time at which skin samples were isolated following UVB exposure, 

there were no significant differences in the number of mast cells detected in non-

irradiated control skin.  

The number of mast cells was significantly (p<0.0001) elevated at week 1 

following exposure to UVB light compared to the number of mast cells within the 

corresponding dermis of non-irradiated control skin (Figure 4.9 F). The number of mast 

cells remained elevated at week 20 following exposure to UVB (p<0.0001). Dorsal skin 

isolated at week 1 and week 20 had significantly increased mast cells infiltration 
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compared to any of the earlier time points (p<0.001). The highest number of mast cells 

was observed at week 20 following exposure of mice to UVB light (Figure 4.9 F).  

  

4.4.10. Quantitation of infiltrating neutrophils in the dermis following exposure to 
UVB light. Dermal neutrophils were identified and quantitated based on anti-Gr-1 

staining (Figure 4.10), an antibody directed against a myeloid differentiation antigen that 

is restricted to mature neutrophils. The number of infiltrating neutrophils within the 

dermis was significantly (p<0.001) increased as early as 24 hr (Figure 4.10 B and G) in 

skin isolated of Skh/hr following UVB exposure compared with the number of neutrophils 

within the dermis of non-UVB irradiated mice (Figure 4.10 A and G). The number of 

infiltrating neutrophils significantly (p<0.001) increased at 48 hr following a single 

exposure of mice to UVB light (Figure 4.10 C and G) compared to the number of 

neutrophils in dorsal skin at 24 hr after UVB exposure (Figure 4.10 B). The number of 

dermal neutrophils significantly (p<0.001) decreased in a gradual manner at week 1 

(Figure 4.10 D and G) and week 20 (Figure 4.10 E and G) following exposure to UVB 

light compared to the number of neutrophils at 48 hr following treatment with UVB 

(Figure 4.10 C and G). The low level of isotypic antibody binding within the dermal area 

48 hr following exposure to UVB light (Figure 4.10 F) demonstrated the specificity of the 

immunoreactive Gr-1 localization.  
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 4.5. Discussion 
The skin is continuously exposed to environmental insults, with UVB light being 

the most ubiquitous etiological factor in human skin cancers and responsible for most 

cutaneous damage following both acute and long-term exposure [403]. Although 

previous studies showed a role for Akt in UVB-induced skin carcinogenesis [334, 352, 

353, 404], thus far no studies have defined either the kinetics or immunochemical 

localization of pAkt and pmTOR over the time course of UVB-induced skin 

carcinogenesis. The current studies provide first time evidence of the early time of 

induction of pAkt and pmTOR as well as described the localization of pAkt and pmTOR 

during UVB-induced skin carcinogenesis. 

Results of the present studies demonstrate an increase in pAkt immunoreactive 

protein in epidermal keratinocytes as early as 24 hr following exposure to UVB light 

compared to untreated skin, which gradually increased over the 20-week time course of 

UVB-induced skin carcinogenesis examined, suggesting a persistent activation of Akt 

following chronic exposure of the skin to UVB light. UVB acts as a tumor initiator, 

therefore, inducing DNA damage, including the formation of pyrimidine photoproducts, 

cyclobutane pyrimidine dimer [93] and pyrimidine-(6-4)-pyrimidone lesions [94]. 

Formation of pyrimidine photoproducts has been shown to induce mutations, including C 

to T and CC to TT transitions [95], commonly found in the p53 tumor suppressor gene 

leading to a loss of function [98].  However, apoptotic pathways are activated in the 

presence of high levels of DNA damage in keratinocytes after exposure to UVB light. 

The induction of phosphorylation of Akt within epidermal keratinocytes following acute 

exposure to UVB light may confer initiated keratinocytes with the ability to resist 

apoptotic pathways that would eliminate cells containing UVB-induced DNA damage. 

Repeated exposure to UVB light also acts as a tumor promoter, resulting in the clonal 

expansion of keratinocytes that contain both p53 mutations and pAkt. In addition, given 

the self-renewal nature of the skin, the persistence of pAkt in non-proliferating 

suprabasal keratinocytes, in particular, at week 1 and week 20 following chronic 

exposure to UVB suggests that activation of Akt may confer a survival advantage to 

suprabasal keratinocytes, allowing them to resist the commitment to differentiate.  

The present results also provide first evidence for a specific temporal sequence 

of mTOR phosphorylation at Ser-2448 during UVB-induced skin carcinogenesis. 

Increases in pAkt staining at 24 hr and 48 hr following exposure to UVB preceded the 
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induction of pmTOR, which was only prevalent at week 1 and week 20 following UVB 

exposure. The temporal regulation of pAkt and pmTOR suggests that during UVB-

induced skin carcinogenesis, pAkt may activate mTOR in a time-dependent manner 

following chronic exposure to UVB light. On the other hand, although mTOR has been 

shown to act as a direct substrate for Akt [256], the identity of upstream activator(s) of 

mTOR remains elusive [268]. Signaling molecules that have recently been shown to 

activate Akt and mTOR in parallel include protein kinase C-η (PKC-η) [263], a calcium-

independent PKC isoform that is activated by the membrane bound lipids PI-3,4,5-P3 

following activation of PI3-K. pmTOR has been previously shown to initiate translation of 

protein that are required for entry into the G1-phase of the cell cycle, such as cyclin D1, 

by phosphorylating in parallel p70 S6K and 4E-BP1. The localization of pmTOR to basal 

keratinocytes within the epidermal layer at week 1 and 20 following exposure to UVB 

light suggests that pmTOR stimulates proliferation of basal cells following exposure to 

UVB light. However, pmTOR localized to non-proliferating suprabasal keratinocytes as 

well, suggesting a role of pmTOR in regulating cell survival. pmTOR not only stimulates 

entry into the cell cycle, but has recently been shown to induce survival of primary acute 

myeloid leukemia (AML) cells [364]. Taken together, the present results suggest a model 

in which the Akt and mTOR signaling pathway may serve as an essential mechanism in 

inducing proliferation of basal keratinocytes as well as long-term maintenance and 

survival of non-proliferating suprabasal cells during UVB-induced skin carcinogenesis.  

The present studies are one of the first to characterize differences in localization 

of pAkt and pmTOR in papillomas isolated from Skh/hr mice at week 20 following a 

regimen of 3 times weekly exposure to 2240 J/m2 UVB light compared to localization of 

pAkt and pmTOR in papillomas isolated from SENCAR mice at week 22 following 

initiation with 25 nmol DMBA and repetitive topical applications of 2 µg TPA. While non-

proliferating suprabasal cells within papillomas isolated from SENCAR mice at 22 weeks 

of chemically-induced skin carcinogenesis were the major type of keratinocytes that 

contained pAkt, pAkt was present in all the proliferating cell layers in papillomas isolated 

from Skh/hr mice following UVB exposure. In contrast to chemically-induced papillomas, 

the presence of pAkt in UVB-induced papillomas did not correlate with pmTOR staining. 

The present results extend previous studies which reported significant differences in 

gene expression alterations in skin tumors following exposure to UVB light compared to 

skin tumors induced by treatment with DMBA and TPA. While more than 90% of skin 
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tumors have been shown to contain activating mutation at codon 61 of the Harvey (Ha)-

ras proto-oncogene when mouse skin tumors are induced by a standard multi-stage skin 

carcinogenesis DMBA and TPA protocol [65], chronic exposure to UVB light has been 

shown to induce mutations in the p53 tumor suppressor gene leading to a loss of 

function [405]. In the present study, we document differences in expression and 

localization of pAkt and pmTOR in UVB-induced papillomas compared to chemically-

induced skin tumors, suggesting differential activation of Akt and mTOR signaling 

pathways during both processes. Akt has previously been shown to regulate cell 

proliferation independently of mTOR activation by phosphorylating and consequently 

blocking the activity of glycogen synthase kinase-3β (GSK-3β) [406], thereby preventing 

phosphorylation and subsequent proteolytic degradation of cyclin D1 [253], an essential 

key regulator protein that is required for progression of cells into the G1-phase of the cell 

cycle. Taken together, the present results suggest a model in which pAkt/pmTOR 

signaling pathway may induce survival of suprabasal keratinocytes in chemically-

induced papillomas [363], while the presence of pAkt may stimulate proliferation of the 

less-differentiated keratinocytes in UVB-induced papillomas.  

 The present results are one of only a few studies that document the presence 

and cellular location of VEGF in specific populations of keratinocytes over the time 

course of UVB-induced skin carcinogenesis. Previous studies reported up-regulation of 

VEGF mRNA expression within suprabasal keratinocytes in hyperplastic epidermis 

following long-term UVB irradiation, with nominal expression of VEGF mRNA detected in 

the skin of non-UVB-irradiated mice [407]. In the present immunochemical studies, 

VEGF protein expression localized to selective keratinocytes within the epidermal 

compartment of skin at week 1 following UVB exposure and to selective keratinocytes in 

both the epidermal and follicular compartments of the skin at week 20 following 

exposure to UVB light. These results suggest that VEGF protein is produced locally by 

few keratinocytes within the epidermal and follicular compartment of the skin during 

UVB-induced skin carcinogenesis.  

VEGF protein expression coincided with the induction of pmTOR at week 1 and 

week 20 following exposure to UVB light. In addition to regulating VEGF expression at 

the transcription level, pmTOR has been also shown to regulate VEGF expression at the 

translation level. The transcriptional activation of VEGF is mediated by the pmTOR-

dependent translation of hypoxia-inducible factor-1 (HIF-1α)  [182]. HIF-1α acts as a 
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transcription factor by binding to an oxygen-regulated element within the VEGF gene 

enhancer region, leading to the transcription activation of VEGF [408]. On the other 

hand, VEGF mRNA translation may be regulated by the mTOR-dependent activation of 

p70 S6K and inactivation of the translational repressor, 4EB-P1 [399, 400]. Taken 

together, the present results suggest that mTOR is activated in a specific temporal 

manner during UVB-induced skin carcinogenesis and is associated with VEGF 

expression within epidermal keratinocytes at week 1 following exposure to UVB light. 

Therefore, pmTOR may be an important mediator of the angiogenic switch during UVB-

induced skin carcinogenesis. 

There was a gradual increase in the number of blood vessels within the dermal 

area of skin at week 1 and week 20 following UVB exposure which occurred coincident 

with the production of VEGF protein. At week 20 following exposure to UVB light, blood 

vessels were dilated and localized proximal to the epidermal/dermal junction. These 

observations are consistent with previous studies that have shown that chronic UVB 

irradiation resulted in an increase in the number of enlarged blood vessels [407]. Chronic 

exposure to UVB also induced endothelial cell proliferation within large blood vessels in 

particular [409]. Collectively, the present results demonstrate that following chronic 

exposure to UVB light, epithelial cells within hyperplastic skin have an absolute 

requirement for dermal blood supply.  

UVB light has also been shown to have important effects on the immune system. 

The present studies demonstrate a temporal sequence of infiltration of mast cells and 

neutrophils into the dermal area of the skin of Skh/hr mice over the 20-week time course 

of UVB-induced skin carcinogenesis. While the number of mast cells started to 

significantly increase at week 1, with the highest number of infiltrating mast cells 

detected at week 20, the number of infiltrating neutrophils was maximum at 48 hr 

following exposure of mice to UVB light, which was accompanied with a gradual 

decrease in the number of infiltrating neutrophils at week 1 and week 20 in UVB-treated 

skin. The current observations suggest a role of infiltrating neutrophils in mediating 

inflammatory signals at the early stages rather than at the late stages during UVB-

induced skin carcinogenesis. Previous studies in our laboratory have shown that 

infiltrating neutrophils produced inducible nitric oxide synthase (iNOS) and the reactive 

nitrogen intermediate, peroxynitrite, during the tumor promotion process [88]. These 

results suggest that neutrophils may play role in inducing epigenetic alterations that 
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occur following UVB-induced skin carcinogenesis through their ability to produce a “pro-

oxidant” microenvironment. 

The presence of enlarged and densely granulated mast cells in the dermal area 

of skin isolated at week 20 following chronic exposure to UVB light coincided with their 

intimate association with blood vessels within the dermal area. The present results 

suggest a potential interaction between mast cells and endothelial cells lining blood 

vessels in UVB-irradiated skin. Absence of mast cells have previously been shown to 

attenuate tumor-associated angiogenesis in papillomavirus-infected transgenic mice that 

are deficient in mast cells compared to their wild type littermates [171]. Indeed, mast 

cells have been shown to release diverse factors known to enhance angiogenesis, 

including VEGF [410], which may act as a proliferative and survival factor for newly 

recruited endothelial cells. Furthermore, mast cells have been shown to induce stromal 

remodeling by secreting heparinase and metalloproteinases [411, 412], which not only 

release and activate latent VEGF splice variants sequestered by the extracellular matrix 

and heparin sulfate proteoglycans on cell surfaces in the skin, but also facilitate 

endothelial cell migration [413]. Endothelial cells, on the other hand, have been recently 

shown to regulate survival and proliferation of human mast cells [414]. Given the tight 

association of mast cells with blood vessels which was observed only at the late stages 

of UVB-skin carcinogenesis, the present observations confirm previous studies which 

linked the presence of mast cells with angiogenesis and have defined these cells as “co-

conspirators” of tumor associated angiogenesis [171]. 

While most studies have focused on characterizing apoptotic pathways that are 

activated following exposure to UVB light, the mechanisms by which survival signaling 

pathways are induced in response to UVB exposure have only began to be examined. 

The present results documented the sequential activation of pAkt and pmTOR over the 

20-week time course of UVB-induced skin carcinogenesis and in papillomas. Activation 

of pmTOR in epidermal keratinocytes within hyperplastic skin at week 1 following UVB 

exposure coincided with production of VEGF by epidermal keratinocytes and an 

increase in the number of blood vessels within the dermal area. The present studies also 

demonstrate the accumulation of mast cells around blood vessels within the dermis of 

mice following chronic exposure to UVB light. Taken together with the results of previous 

studies, our results suggest that the use of agents capable of blocking Akt and mTOR 

signaling pathways, including the use of the IP3K selective inhibitor, LY294002, and the 
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selective mTOR inhibitor, rapamycin, may be effective anti-promoting and anti-

progressing agents, preventing the development of UVB-induced NMSC. The close 

association of mast cells with newly recruited blood vessels may also provide a potential 

anti-angiogenic therapeutic intervention during UVB-induced skin carcinogenesis. 
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Figure 4.1. Histological evaluation of UVB-induced skin carcinogenesis using H & E 
staining. Hematoxylin & Eosin of paraffin-embedded dorsal skin tissues isolated from non-

irradiated control Skh/hr hairless mice (A), skin isolated from Skh/h mice at 24 hr after a 

single dose of 1 minimal erythemic dose of UVB light (B), 48 hrs after a single exposure to 

UVB light (C), 1 week after 3 exposures to UVB light (D), and at 20 weeks of a regimen of 3 

times weekly exposure to UVB light (E). (A-E) original magnification 320x. Hair shaft was not 

present in hair follicles isolated from Skh/h hairless mice (A, inset, arrow). A small cluster of 

keratinocytes occupied the lower part of the hair follicle (A, inset, arrowhead). There was a 

significant epidermal and follicular hyperplasia in skin isolated of Skh/hr mice at week 1 and 

week 20 following exposure to UVB light (D and E, arrows). Mast cells infiltrating the dermal 

area of the skin were observed at week 20 following exposure to UVB (F, arrows).  
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Figure 4.1 



 141

 

 

 

  

Figure 4.2. Immunochemical localization of pAkt in cutaneous tissue isolated from 
Skh/hr mice following exposure to UVB. pAkt immunoreactive protein was present in 

few cells in the epidermal and follicular compartments of non-irradiated dorsal skin (A). 

pAkt was present in all epidermal and follicular keratinocytes in dorsal skin of Skh/hr 

mice at 24 hr in response to UVB light (B). There was a significant increase in pAkt 

detected within the epidermis 48 hr following exposure to UVB (C).  pAkt was also 

present within the putative bulge-derived cells of hair follicles of non-irradiated skin and 

skin isolated at 24 hr and 48 hr following exposure to UVB light (A-C, arrows). All 

epidermal and follicular keratinocytes within hyperplastic skin isolated at week 1 (D) and 

week 20 (E) following exposure to UVB light contained pAkt. The specificity of the 

immunoreactive pAkt localization was demonstrated by the lack of staining in skin tissue 

sections pre-incubated with anti-pAkt antibody and phospho-Akt-Ser-473 Blocking 

Peptide and (F). (A-F) original magnification 320x. 
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Figure 4.2 
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Figure 4.3. Immunochemical localization of pAkt and PCNA cutaneous tissue 
isolated from Skh/hr mice following exposure to UVB. Consecutive serial staining 

with anti-pAkt and anti-PCNA antibodies in sections of non-irradiated normal skin (A and 

A’) and UVB-irradiated skin isolated from Skh/hr mice at 24 hr (B and B’), 48 hr (C and 

C’), week 1 (D and D’), and week 20 (E and E’). All images were taken at a 160x 

magnification. Insets are at an original magnification of 500x. Keratinocytes that 

contained pAkt were present within both the proliferative compartment, as defined by 

immunochemical detection of PCNA-positive populations, and within the non-

proliferating cells population, which were PCNA-negative. 
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Figure 4.3 
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Figure 4.4. Quantitation of the effect of UVB light on epidermal proliferation. 
Kinetics of cell proliferation in UVB-irradiated skin was quantitated by counting cells 

within the epidermal layer that stained with anti-PCNA specific antibody in at least 5 

high-power fields (250x). Quantitation of keratinocytes which stained with PCNA-positive 

antibody revealed that the number of PCNA-positive epidermal cells was maximal at 

week 1 following exposure to UVB. *, p<0.001 compared to 24 hr and 48 hr.  
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Figure 4.5. Immunochemical localization of pmTOR in cutaneous tissue isolated 

from Skh/hr mice following exposure to UVB. pmTOR immunoreactive protein was 

present in few cells scattered within the epidermal compartment in non-irradiated dorsal 

skin (A) and dorsal skin of Skh/hr mice at 24 hr (B) and 48 hr (C) in response to UVB 

light. At week 1 (D) and week 20 (E) following exposure to UVB light, all epidermal and 

follicular keratinocytes within hyperplastic skin isolated contained pmTOR. (A-E) original 

magnification at 320x. 
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Figure 4.6. Comparative analysis of pAkt, pmTOR, and PCNA immunlocalization in 
papillomas. (A-C) Consecutive serial sections of papillomas isolated of SENCAR mice 

initiated with a single topical application of 25 nmol DMBA and treated topically twice 

weekly with 2 µg of TPA in 0.2 ml acetone for 22 weeks stained with anti-pAkt (A), anti-

pmTOR (B), and anti-PCNA (C) antibodies. (D-F) Consecutive serial sections of 

papillomas isolated from Skh/hr mice at 20 weeks of a regimen of 3 times weekly 

exposure to 2240 J/m2 UVB light stained with anti-pAkt (D), anti-pmTOR (E), and anti-

PCNA (F) antibodies. (G-H) Consecutive serial sections of pAkt (G) and pmTOR (H) 

staining in skin adjacent to papillomas isolated of SENCAR mice at week 22 of tumor 

promotion. (I-J) Consecutive serial sections of pAkt (I) and pmTOR (J) staining in skin 

adjacent to UVB-induced papillomas. All representative photomircographs are at 320x 

original magnification. 
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Figure 4.6 
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Figure 4.7. Immunochemical localization of VEGF in cutaneous tissue isolated 
from Skh/hr mice following exposure to UVB. There was no detectable VEGF protein 

present in skin isolated from non-irradiated Skh/hr mice (A). At 24 hr (B) and 48 hr (C) 

following exposure to UVB light, dorsal skin isolated from Skh/hr mice did not contain 

VEGF. At week 1 following exposure to UVB (D), few suprabasal cells produced VEGF 

protein (D, arrows). At week 20 following exposure to UVB (E), a large number of cells 

produced VEGF immunoreactive protein, including suprabasal and basal keratinocytes 

as well as follicular keratinocytes. The specificity of VEGF localization was demonstrated 

by the lack of staining in skin tissue sections pre-incubated with secondary antibody only 

and counterstained with methyl green (F). (A-F) original magnification 400x. 
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Figure 4.7 
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Figure 4.8. Neovascularization in cutaneous tissue isolated from Skh/hr mice 
following exposure to UVB. Immunochemical localization of CD31/PECAM-1 antibody 

was used to examine the formation of new blood vessels within the dermis of Skh/hr 

mice following exposure to UVB light. There were few blood vessels within the dermis of 

non-irradiated mice (A, arrows). These blood vessels were small in size (A, inset). At 

24 hr and 48 hr following exposure to UVB light, there were fewer blood vessels within 

the dermis of Skh/hr mice (B and C, arrows). There was a significant increase in the 

number of blood vessels at week 1 following exposure to UVB light (D, arrows). These 

blood vessels (D, inset) were widely dilated compared to blood vessels in non-irradiated 

skin (A). At week 20 following exposure to UVB light, there was a significant increase in 

the number of widely dilated blood vessels (E, arrows). A significant number of blood 

vessels within the dermis of skin isolated from Skh/hr mice at week 20 were located at 

the dermal-epidermal junction (E). Blood vessels within the lower dermis of skin isolated 

at week 20 following UVB exposure were in close association with mast cells (E, inset, 

arrowheads). (A-E) original magnification at 400x. 
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Figure 4.8 
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Figure 4.9. Quantitation of mast cell infiltration over the time course of UVB-skin 
carcinogenesis. Mast cells within the dermis were identified by Giemsa staining (blue) 

in dorsal skin of non-irradiated Skh/hr mice (A) and mice exposed to 2240 J/m2 UVB 

light for 24 hr (B), 48 hr (C), week 1 (D), and week 20 (E). (A-E) Original magnification at 

150x. (F) Quantitative analysis of the number of mast cells within at least 10 high-power 

(200x) fields. The highest number of infiltrating mast cells occurred at week 20 following 

UVB exposure. *, p<0.0001 statistically significant difference from the corresponding 

control non-irradiated skin. ‡, p<0.001 significant increase in mast cell infiltration 

compared to any of the earlier time points. 
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Figure 4.10. Quantitation of neutrophil infiltration over the time course of UVB-

skin carcinogenesis. Neutrophils were identified using anti-Gr-1 antibody within the 

dermal area of non-irradiated skin isolated of Skh/hr mice (A), skin isolated at 24 hr (B), 

48 hr (C), week 1 (D), and week 20 (E) following UVB exposure. The nonspecific isotypic 

control antibody binding confirmed that the immunolocalization was specific for 

neutrophils (F). (A-F) original magnification at 400x. (G) Quantitative analysis of the 

number of infiltrating neutrophils within at least 10 high-power (200x) fields. The highest 

number of infiltrating neutrophils occurred at 48 hr following UVB exposure. *, p<0.01 

statistically significant difference from the corresponding control non-irradiated skin. ‡, 
p<0.001 significant increase in neutrophil infiltration compared to all other time points. 
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CHAPTER 5 
 

 

LOCALIZATION OF ACTIVATED AKT AND MTOR IN SPECIFIC EPIDERMAL CELL 

POPULATIONS AND IN CD34+/K15+ KERATINOCYTE STEM CELLS DURING 

CUTANEOUS WOUND HEALING 

 
 
 
 
5.1. Abstract 

Akt, also known as Protein kinase B, acts as a multi-functional protein by 

regulating cell survival, size, and proliferation. Akt regulates cell cycle progression 

through mammalian target of rapamycin (mTOR)-dependent increases in protein 

translation. However, no studies have characterized the temporal activation of Akt (pAkt) 

and mTOR (pmTOR) over the time course of wound healing nor the specific types of 

cells that contain pAkt and pmTOR have been evaluated. In the present studies, a 

combination of immunohistochemistry and three-color immunoflourescence was used to 

examine the timing and spatial appearance of pAkt in specific skin cell populations in 

wound tissues isolated from FVB/N mice as well as the location of CD34+/K15+ KSC 

over a 21-day time course of full-thickness wound healing.  

At 48 hr following wounding, all proliferating as well as non-proliferating 

epidermal keratinocytes localized to the wound edge contained pAkt, compared to the 

few epidermal keratinocytes that contained pAkt in skin distal to the wound site. 

Following complete closure of the epithelial layer at day 5, the highest levels of pAkt 

immunoreactive protein were detected within proliferating and non-proliferating 

epidermal keratinocytes located in the reepithelialized wound site, compared to the low 

levels of pAkt immunoreactive protein present in epidermal keratinocytes distal to the 

wound site. At day 21 following wounding, the epidermis had returned to a one-to-two 

cell layer thickness and the level of pAkt in epidermal keratinocytes along the wound 

healing line was comparable to that detected in keratinocytes distal to the wound site. 
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The rapid phosphorylation of Akt in epidermal keratinocytes within the leading edge of 

the wound during the initial homeostasis and inflammatory phase of wound healing was 

not followed with phosphorylation of mTOR. However, pmTOR was only detected during 

the reepithelialization phase in epidermal keratinocytes located in the reepithelialized 

wound site, which coincided with the presence of pAkt. pAkt was not only present within 

epidermal keratinocytes at the wound site, but was also present within CD34+ KSC, 

which remained localized to the bulge niche of hair follicles in skin tissues adjacent to 

the wound site at all times during cutaneous wound healing. While pAkt was present 

within the outer root sheath (ORS) as well as the inner root sheath (IRS) of hair follicles, 

pmTOR was confined specifically to cells in the ORS.  

Given the temporal sequence of Akt and mTOR activation in specific cell types 

following cutaneous injury, the present results suggest that pAkt and pmTOR may 

contribute to the proper healing of wounds. Activation of Akt and mTOR may serve as 

therapeutic strategies to enhance wound repair in chronic wounds that fail to heal, such 

as non-healing ulcers from patients with diabetes. 
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5.2. Introduction 
Following skin injury, an exquisitely timed and spatial sequence of events results 

in the closure of the wound and the regeneration of tissue to restore the organization 

and strength of an undamaged skin tissue. Wound healing is a complex process that 

involves three sequential and distinct phases, including the homeostasis and 

inflammation, the reepithelialization, and the matrix and tissue remodeling [415-417]. 

Within 24 hr following wounding, the first phase involves a rapid influx of neutrophils to 

the wound site [418], the formation of a fibrin clot, and platelet aggregation to inhibit 

blood flow at the local site of the wound [417]. During this phase, resident fibroblasts and 

keratinocytes produce growth factors and chemotactic molecules that stimulate 

proliferation as well as migration of these cells along the cut margins of the dermis [419, 

420]. In addition, expression of adhesion molecules aids in retention of these cells within 

the wound area [421]. At 48 hr following wounding, the reepithelialization and fibroplasia 

phase begins. This phase lasts until about 5-7 days after wounding. In response to the 

growth factors and chemotactic factors produced in the first phase of this process, 

epidermal keratinocytes undergo maximal proliferation during this second stage of 

healing, and then migrate inward from the leading edge of the wound. In addition, 

proliferating fibroblasts, i.e. fibroplasia, participate in forming granulation tissue by 

inducing synthesis of matrix proteins such as collagen [422]. Wound closure is mediated 

by the combination of epidermal keratinocyte and fibroblast proliferation with wound 

contracture. Following wound contracture, fibroblasts in the granulation tissue begin to 

mechanically force the wound margins together [423-425]. Neovascularization, or the 

development of new blood vessels, also occurs during this second phase of the healing 

process, which supports the regenerative process [426, 427]. The last stage of wound 

healing is the dermal remodeling phase, which begins after day 5-7, and lasts until the 

temporary matrix within the dermis is replaced with a true basement membrane [416]. 

In addition to the role of epidermal keratinocytes in mediating reepithelialization 

of the wound [428], growing evidence suggests that long-lived stem cells located to a 

special niche within hair follicles, which is defined as “the bulge” region [11, 19, 20], 

participate as well in the process of epidermal repair [42]. In the absence of 

differentiation and cellular markers, initial studies identified cutaneous stem cells using 

long-term pulse-chase experiments. Only mouse skin cells with slow-cycling nature 

retained the nucleoside analog labels, including methyl-[3H]thymidine (3H-T) and 
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bromodeoxyuridine (BrdU), which led to the definition of these cells in mouse skin as 

“label-retaining cells” (LRC) [11, 12, 14-16]. Given the high proliferative potential of LRC 

[26, 40, 41] as well as the ability of single isolated LRC to expand in culture and to grow 

as holoclones [25, 26, 40], these cells have been defined as mouse keratinocyte stem 

cells (KSC) [25, 26, 29, 32].  While an estimated 1-2% LRC were present in the basal 

layer of the interfollicular epidermis [11, 13-16], the majority of LRC have been shown to 

reside in the bulge region [11, 25, 26]. The bulge represents a well-protected [21] and 

“growth and differentiation-restricted” niche [19] within hair follicles, which not only 

contains KSC, but also has recently been shown to contain melanocyte stem cells [429]. 

Despite the higher clonogenic capacity of KSC located to the bulge region 

compared to epidermal KSC [25, 26], recent evidence indicate that KSC located to the 

bulge region do not migrate to the epidermis under homeostasis conditions [42]. In 

contrast, following skin injury, these bulge-derived stem cells are mobilized from the 

bulge niche and migrate along the infundibulum part of the hair follicle into the epidermal 

layer to participate in the reepithelialization process of wound healing [42]. Once in the 

epidermal layer, bulge KSC have been shown to acquire characteristics of suprabasal 

epidermal keratinocytes, such as expression of differentiation markers, including 

cytokeratin 10 (K10) and loricrin [42]. 

More recent studies have used CD34 [25], a cell surface glycoprotein that is 

expressed by hematopoietic progenitor cells and endothelial cells [22-24], as a selective 

marker to identify KSC localized to the outer root sheath of the bulge region of hair 

follicles in mice [25]; however, recent studies have documented the lack of CD34 

expression in the bulge niche in human skin tissues [27, 359]. The cytoplasmic marker 

cytokeratin 15 (K15) has also been used to identify KSC in the bulge region [28]. While 

K15 is present in the least differentiated cells of neonatal epidermis, it is present in cells 

within both the outer and inner root sheaths of the bulge region of adult mouse and 

human hair follicles [28-31]. 

Physical wounding of the skin results in injury of epidermal keratinocytes, which 

become at risk of undergoing apoptosis [430]. However, wound closure depends on both 

migration and enhanced proliferation of epidermal keratinocytes [428]. To avoid delays 

in the process of wound healing, one mechanism that may confer resistance of 

epidermal keratinocytes to apoptotic signals is by activation of survival signaling 

pathways. Akt, also known as Protein kinase B, is an effector molecule downstream of 
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phosphoinositide 3-kinase (PI3-K) signaling pathway [302, 303], and has been shown to 

induce cell survival under conditions of cellular stresses [431]. Activation of PI3-K results 

in the generation of the membrane-bound lipid, phosphatidylinositol 3,4,5-triphosphate 

(PI-3,4,5-P3), which binds with high affinity to Akt amino-terminal pleckstrin homology 

(PH) domain [231, 232]. Consequently, Akt is recruited to the inner surface of the 

plasma membrane, where it becomes activated by phosphorylation at two amino acid 

residues, serine-473 (Ser-473) [235, 306] and threonine-308 (Thr-308) [234].  

Not only does Akt play a role in protecting cells from apoptosis [432], but Akt can 

also induce proliferation of cells by phosphorylating and activating mammalian target of 

rapamycin (mTOR) at Ser-2448 [256, 267, 309]. mTOR has been shown to regulate cell 

cycle progression by stimulating initiation of translation of proteins that are required for 

entry into the G1 phase of the cell cycle, such as cyclin D1 [365, 366]. Under adverse 

conditions, mTOR has recently been shown to coordinate cell size to progression 

through the cell cycle [282].  

There are no studies thus far that have directly evaluated the role of Akt as well 

as mTOR during wound repair. Initial evidence for the potential importance of Akt during 

wound healing is based on studies which reported an association between the 

expression of nuclear receptor peroxisome-proliferator-activated receptorβ (PPARβ) in 

epidermal keratinocytes at the wound edge following cutaneous injury and increased 

survival of these keratinocytes [433, 434]. Further in vitro studies using human HaCaT 

keratinoytes and mouse BALB/MK keratinocytes suggested that PPARβ may mediate its 

anti-apoptotic effects by activating Akt-1 signaling pathway [435]. Although these 

previous studies suggested a role of Akt in survival of epidermal keratinocytes following 

skin injury, the type and location of cells that contain activated Akt and mTOR during 

cutaneous wound repair remain undefined.  
The present study used a combination of immunohistochemistry and three-color 

immunoflourescence to examine the timing and spatial appearance of activated Akt, as 

determined by detection of phosphorylation of Akt at serine 473 (pAkt), in CD34+/K15+ 

KSC and specific epidermal skin cell populations over a 21-day time course of full-

thickness wound healing. 
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5.3. Materials and Methods 
5.3.1. Wound study: Female FVB/N mice (8-13 weeks old, 19-29g; Taconics Farms, 

Germantown, NY) were housed in vivarium facilities at The Ohio State University that 

meet American Association for Accreditation of Laboratory Animal Care requirements. 

All procedures were approved by The Ohio State University Institutional Animal Care 

Utilization Committee. Animals were fed Purina Pico Chow (Barnes Supply Co., Durham, 

NC) and basal Teklad 22/5 rodent diet (Harland Industries, Indianapolis, IN) ad libitum 

and kept in rooms maintained on a 12 hr light/dark cycle. Dorsal skin was carefully 

shaved 24 hr prior to wounding. Using a template to ensure accuracy and reproducibility, 

each mouse received a 2 cm full thickness wound using fine pointed scissors, which 

went completely through the epidermal and dermal layers of the skin. Mice that did not 

receive full-thickness wounds served as unwounded control animals. Wounds were 

closed with 9 mm stainless steel wound clips (Fisher Scientific, Pittsburgh, PA). These 

wounds remained closed with wound clips until repair of damaged tissue resulted in 

complete wound closure, as assessed visually. FVB/N mice were euthanized at 12, 24, 

and 48 hr and at day 5, 9, 12, 16, and 21 following wounding. Dorsal hair was removed 

using a depilatory agent. Sections of skin tissues isolated directly from the wound site as 

well as skin sections distal and proximal to the wound were isolated from both the left 

and right side of the wound. Tissue samples were fixed in 10% neutral buffered formalin 

(Shandon, Pittsburgh, PA) and embedded in paraffin for immunostaining analysis. 

 

5.3.2. Masson’s Trichome staining: 5 µm sections of paraffin-embedded skin tissues 

were mounted onto microscope slides (ProbeOn/Plus, Fisher Scientific, Pittsburgh, PA). 

Tissues sections were then deparaffinized using Histo-Clear (National Diagonistics, 

Atlanta, GA), and rehydrated in a graded series of alcohol. To examine collagen 

deposition, the Trichrome Stain (Masson) kit (Sigma, St. Louis, Pittsburgh, PA) and the 

Microprobe Manual Staining System (Fisher Scientific) were used. Briefly, slides were 

incubated with pre-heated Bouin’s solution for 15 min at 56oC, then cooled and rinsed for 

2 min in tap water. Nuclei were stained with Weigert’s Iron Hematoxylin solution for 5 

min, followed by rinses in distilled water. Cytoplasm and muscle tissues were then 

stained with Biebrich Scarlet Fuchsin solution for 5 min, followed by rinsing with water. 

Following a 5 min incubation in Phosphotungstic/Phosphomolybdic Acid Solution, 

collagen was stained with Aniline Blue solution for 5 min, which was followed by 
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incubation with 1% acetic acid for 2 min. Following rinsing with water, the slides were 

then dehydrated, mounted, viewed, and photographed.  

 

5.3.3. Immunochemical staining methods: 4 µm sections of paraffin-embedded skin 

tissues were mounted onto microscope slides (SuperFrost/Plus, Fisher Scientific, 

Pittsburgh, PA). Tissues sections were then deparaffinized using Histo-Clear (National 

Diagonistics, Atlanta, GA), and rehydrated in a graded series of alcohol. Endogenous 

peroxidase activity was quenched for 20 min using 3% H2O2 in methanol. Samples were 

then subjected to antigen retrieval by steam heating for 15 min in 10 mM citrate buffer 

(pH 6.0). Sections were then blocked for 1 hr in 1% bovine serum albumin (BSA) 

(Sigma) in Tris-Buffered Saline with Tween-20, pH 7.6 (TBST: Tris, 11.6 mM; Tris-HCl, 

38 mM; NaCl, 150 mM; Tween 20, 0.05%). Tissues sections were then incubated in a 

humidified chamber with goat anti-CD34 (1:150; Santa Cruz Biotechnology, Santa Cruz, 

CA), chicken anti-keratin 15 (K15; 1:2000; Covance, Berkley, CA), rabbit anti-PCNA 

antibody (1:50, Santa Cruz) for 1 hr at room temperature, or rabbit anti-Akt-Ser-473-P 

(pAkt, 1:100; Santa Cruz), rabbit anti-phospho-mTOR-Ser-2448 (pmTOR; 1:50; Cell 

Signaling Technology, Beverly, MA) overnight at 4oC in 1 % BSA in TBST. Sections 

were incubated for 20 min with biotinylated horse anti-goat IgG, goat anti-chicken, or 

goat anti-rabbit IgG (1:200; Vector Laboratories, Burlingame, CA), followed by incubation 

for 30 min with avidin-biotinylated horseradish peroxidase complex (ABC Elite) (Vector 

Laboratories). The presence of CD34, K15, pAkt, and pmTOR antigens was visualized 

with the chromagen VIP substrate (Vector Laboratories). The presence of PCNA antigen 

was visualized using 3,3-diaminobenzidine (DAB; Vector Laboratories). To stop the DAB 

and VIP development reactions, slides were washed with distilled water. The specificity 

of pAkt staining was determined by examining the extent of binding of anti-pAkt antibody 

by tissue sections that had been pre-incubated with Akt-Ser-473-P Blocking Peptide 

(Cell Signaling Technology, Beverly, MA) for 2 hr. Tissues were counterstained with 

Methyl Green for 5 min. Slides were then dehydrated, mounted, and digital images 

captured using a Diagnostic Instruments digital camera mounted on an Olympus 

research microscope.  

 

5.3.4. Immunofluorescent staining: Sections of paraffin-embedded skin samples (4 

µm) were rehydrated as described above. To reduce autofluorescence, sections were 
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treated with sodium borohydride (1 mg/ml; Sigma) in TBST. Sections were then 

incubated for 30 min at room temperature with Image-iTTM FX Signal Enhancer 

(Molecular Probes, Eugene, OR) to block background staining. For double 

immunofluorescence staining, sections were incubated overnight at 4oC with both anti-

pAkt (1:50, Santa Cruz) and anti-CD34 (1:50, Santa Cruz). Tissues were then incubated 

at room temperature for 1 hr with Alexa Fluor-647-conjugated donkey anti-goat IgG, 

followed by Alexa Fluor-555-conjugated donkey anti-rabbit for 1 hr (1:500, Molecular 

Probes). For K15 immunofluorescence staining, tissue sections were incubated with 

chicken anti-K15 (1:2000) for 1 hr at room temperature. Sections were incubated with 

goat anti-chicken IgG, followed by incubation with avidin-biotinylated alkaline 

phosphatase complex. The slides were then incubated with the chromagen Vector Red 

alkaline phosphatase substrate, which was visualized as red fluorescence. Tissues were 

mounted using VectaShield Mounting Medium (Vector Laboratories) containing 4’, 6-

diamidino-2-phenylindole (DAPI), a DNA dye that specifically stains nucleated cells. 

Specificity of antibody binding was determined by incubation with only secondary 

antibodies followed by placement of coverslips using Vectashield containing DAPI. 

 

5.3.5. Confocal microscopy and digital imaging: Digital images of stained tissues 

were captured using a Diagnostic Instruments digital camera (Insight camera; 1600 x 

1200 resolution) mounted on an Olympus research microscope, using identical lighting 

and optical settings. Images were then transferred to digital image analysis software 

(Image Pro Plus, Media Cybernetics, Silver Spring, MD). Fluorescent images were 

obtained using a laser scanning confocal microscope (Zeiss LSM 510 Meta), with 

excitation wavelengths of 543 nm for Alexa Fluor-555 and Vector Red, 633 nm for Alexa 

Fluor-647, and 405 nm for DAPI-associated fluorescence. Emission signals were 

observed using a set of band-pass filters. Images were merged using Adobe Photoshop 

software (Adobe Systems, Inc., San Jose, CA).  
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5.4. Results 
5.4.1. Histological evaluation of cutaneous alterations during wound healing. 
Sections of tissues isolated from FVB/N mice were evaluated for alterations in the 

dermis and epidermis over the 21-day time period following the receipt of a full-thickness 

wound using Masson’s trichome stain, which allows visualization of collagen deposition 

(dark blue) and the proliferative epidermal cells (pink) (Figure 5.1). In unwounded skin, 

the epidermis was one-two cell layers thick composed of epidermal keratinocytes (Figure 

5.1 A, arrow). At 12 hr and 48 hr following wounding, a visible fibrin clot started to form 

within the wound site, which was identified by the deeply stained fibrous material at the 

point of disruption of the dermal and epidermal layers (Figure 5.1 B and C, arrowheads). 

Epidermal keratinocytes adjacent to the wound site were hyperplastic (Figure 5.1 B and 

C, arrows). At day 5 following wounding, proliferating epidermal keratinocytes from the 

wound margin began to migrate into the wound site, which allowed reepithelialization 

(Figure 5.1 D, arrowhead) and complete closure of the wound site, as shown by the 

intact epidermal/dermal junction. Densely packed collagen was also present throughout 

the entire wound area at day 16 following wounding, as shown by the deep stained 

matrix within the dermal layer (Figure 5.1 E, arrowheads). At days 19 and 21, the 

epidermis had returned to one-to-two cell-layer thickness (Figure 5.1 F and G, arrows), 

as also seen in unwounded tissue (Figure 5.1 A, arrow), and the wound site was 

completely closed (Figure 5.1 F and G, arrows). Collagen within the lower dermis around 

the line of the wound was visible by the darkly stained collagen (Figure 5.1 F and G, 

arrowheads). There was a closure of the submuscular layer at day 21 (Figure 5.1 G, 

star). In addition, the hair follicles remained in a hyperplastic state at this time, indicating 

that the dermal layer continued to undergo remodeling.  

 

5.4.2. Immunochemical localization of pAkt and proliferating cells during wound 
healing. Serial sections of skin isolated at 48 hr, day 5, and day 21 following wounding 

were examined to identify proliferating and/or non-proliferating keratinocytes which 

contained pAkt (Figure 5.2). At 48 hr following wounding (Figure 5.2 A-C), all basal 

(Figure 5.2 B, arrow) and suprabasal epithelial keratinocytes (Figure 5.2 B, arrowheads) 

that started to migrate along the cut margins of the dermis contained pAkt. In contrast, 

pAkt immunochemical localization was confined to suprabasal keratinocytes at sites 
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distal to the wound (Figure 5.2 C, arrowheads), with nominal staining of pAkt in basal 

keratinocytes (Figure 5.2 C, arrows).  

Comparative analysis of serial sections at 48 hr following wounding 

demonstrated that keratinocytes localized to the wound edge and which contained pAkt 

(Figure 5.2 B) were present within both the proliferative compartment, as defined by the 

immunochemical localization of PCNA-positive populations (Figure 5.2 B’, arrow), and 

the non-proliferating cell populations, which localized to suprabasal epidermal cells 

(Figure 5.2 B’, arrowheads). pAkt-containing suprabasal keratinocytes distal to the 

wound site (Figure 5.2 C, arrowheads) were not undergoing proliferation, as assessed 

by their lack of PCNA staining (Figure 5.2 C’, arrowheads).  

At day 5 following wounding (Figure 5.2 D-F), there was a complete closure of 

the epithelial layer. High levels of pAkt immunoreactive protein were detected within 

epidermal keratinocytes that had migrated into the entire wound site (Figure 5.2 E) 

compared to the low levels of pAkt immunoreactive protein present in epidermal 

keratinocytes distal to the wound site (Figure 5.2 F). Comparative analysis of serial 

sections at day 5 following wounding indicate that pAkt (Figure 5.2 E) was present in 

both proliferating (Figure 5.2 E’, arrow) as well as non-proliferating suprabasal (Figure 

5.2 F’, arrowhead) keratinocytes within the wound site. As the distance from the wound 

site increases, pAkt (Figure 5.2 F) was present within non-proliferating suprabasal 

keratinocytes (Figure 5.2 F’, arrowhead).  

At day 21 following wounding (Figure 5.2 G-I), the epidermis had returned to a 

one-to-two cell layer thickness and the level of pAkt in epidermal keratinocytes along the 

wound healing line (Figure 5.2 H) was comparable to that detected in keratinocytes 

distal to the wound site (Figure 5.2 I). pAkt staining in keratinocytes located within or 

distal to the wound site coincided with proliferating (Figure 5.2 H’, arrow) as well as non-

proliferating (Figure 5.2 H’, arrowhead) keratinocytes. 

 

5.4.3. Immunochemical localization of pmTOR during wound healing. At 12 hr 

following wounding (Figure 5.3 A-C), there was a nominal staining of pmTOR within 

epidermal keratinocytes along the cut edge of the wound tissue (Figure 5.3 B) as well as 

keratinocytes distal to the wound (Figure 5.3 C). At day 5 following wounding, all 

epidermal keratinocytes that migrated into the wound site contained pmTOR (Figure 5.3 

E, arrows). In contrast, pmTOR was nominal in epidermal keratinocytes distal to the 
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wound site (Figure 5.3 F, arrowhead). At day 9 following wounding (Figure 5.3 G-I), 

pattern of pmTOR staining was similar to that observed at day 5 after wounding (Figure 

5.3 D-F), with pmTOR immunoreactive protein present predominantly in epidermal 

keratinocytes within the reepithelialized wound site (Figure 5.3 H), compared to the low 

levels of pmTOR within epidermal keratinocytes distal to the wound (Figure 5.3 I). At 21 

day following wounding (Figure 5.3 J-K), there were only few epidermal keratinocytes 

scattered throughout the epidermis which contained pmTOR (Figure 5.3 K). 

 

5.4.4. Localization of K15+ and CD34+ cells during cutaneous wound healing. 
Immunofluorescent staining was used to evaluate the localization of K15+ bulge cells 

(Vector-red associated fluorescence) at the wound site (Figure 5.4 A) and distal to the 

wound site (Figure 5.4 D) at day 5 following wounding (Figure 5.4 A-F). Nucleated cells 

within hair follicles were defined by DAPI-associated blue fluorescence (Figure 5.4 B and 

E). While K15+ cells were not present within the epidermal compartment in the 

repithelialized wound site (Figure 5.4 A and C), K15+ cells remained localized to the 

bulge niche of hair follicles that were adjacent to the wound site (Figure 5.4 A and D, 

arrows). 

 Immunochemical localization of CD34 expression during the process of wound 

healing demonstrated that CD34+ cells were not detected at the wound site at 48 hr 

(Figure 5.4 G) and day 5 (Figure 5.4 I) following wounding. However, CD34+ cells were 

located to the bulge niche of hair follicles adjacent to the wound site at both time points 

(Figure 5.4 H and J, arrows). 

 

5.4.5. Localization of CD34, pAkt, and pmTOR in cells within the bulge niche 
during cutaneous wound healing. Double-immunofluorescence and confocal 

microscopy (Figure 5.5 A-D) were used to identify CD34+ cells (Alexa-647 red-

associated fluorescence), which localized to the outer root sheath (ORS) of the bulge 

(Bu) (Figure 5.5 A) and contained pAkt (Alexa-555 green-associated fluorescence) 

(Figure 5.5 B) in hair follicles adjacent to the wound site at 12 hr following wounding. 

Nucleated cells within hair follicles were defined by DAPI-associated blue fluorescence 

(Figure 5.5 C). Figure 5.5 D is a representative merged image of CD34, pAkt, and DAPI 

staining in hair follicles adjacent to the wound site at 12 hr following wounding showing 

co-localization of CD34+ and pAkt+ in nucleated cells within the Bu niche of hair follicles.  
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The presence of pAkt in the ORS of the Bu niche was also evident in hair follicles 

isolated from FVB/N mice at day 5 following wounding (Figure 5.5 E). While pAkt was 

present in both the ORS and the IRS of the Bu of hair follicles (Figure 5.5 E), pmTOR 

was present only in the ORS of hair follicles (Figure 5.5 F), which coincided with the 

presence of CD34+ cells at this location (Figure 5.5 A).  
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5.5. Discussion 
A highly regulated sequence of events is required for wound closure and for 

regeneration of the damaged skin tissue to its original strength. Little information is 

known about activation of Akt and mTOR during the process of cutaneous wound 

healing. The present studies are one of the first to evaluate the sequential activation and 

localization of pAkt and pmTOR in specific skin cells during the three phases of wound 

repair, including the initial homeostasis and inflammatory phase, the reepithelialization 

phase, and the dermal remodeling phase.  

At the early stages of wound healing, all epidermal keratinocytes at the wound 

edge contained pAkt, compared to the fewer number of epidermal keratinocytes distal to 

the wound site that contained pAkt. Recent studies suggest that basal keratinocytes at 

the wound edge undergo apoptosis following skin injury. The current immunochemical 

studies suggest that the presence of pAkt in basal epidermal keratinocytes at the wound 

edge may be one mechanism by which basal epidermal cells survive following 

cutaneous injury.  

In response to skin injury, epidermal keratinocytes at the wound site have the 

ability to withdraw from undergoing the process of terminal differentiation, and acquire 

further structural changes, which include down-regulation of cadherins and integrins, 

thus facilitating their migration. In addition, epidermal keratinocytes acquire a migratory 

phenotype by developing cellular projections and start “crawling” to re-establish the 

epidermal barrier. These changes in cell shape are controlled by reorganization of the 

cytoskeleton. Recent evidence suggests that Akt not only promotes cell survival, but also 

regulates cell motility in mammalian leukocytes [436, 437], fibroblasts [438], endothelial 

cells [439], and tumor cells [440]. Akt has been shown to localize to the leading edge of 

migrating fibroblast [438], and induces formation of lamellipodium by phosphorylating the 

structural protein Girdin, also known as Akt-phosphorylation enhancer (APE), in 

fibroblasts at the wound edge using a cell-based wound healing assay [326]. 

Collectively, the present results suggest that activation of Akt regulates early responses 

during wound healing, by providing epidermal keratinocytes with the ability to evade the 

normal process of terminal differentiation, and to subsequently acquire a migratory 

phenotype, allowing them to move along the dermal wound margins.  

During the reepithelialization phase of wound healing, epidermal keratinocytes 

that had migrated into the entire wound site contained the highest levels of pAkt 
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compared to the low levels of pAkt immunoreactive protein present in epidermal 

keratinocytes as the distance from the wound site increases. Increases in pAkt levels 

within epidermal keratinocytes located in the wound site during the reepithelialization 

phase coincided with the presence of pmTOR in these cells. pmTOR staining was only 

confined to keratinocytes that migrated into the wound site, as the presence of pmTOR 

was nominal in keratinocytes distal to the wound site.  

The present studies further demonstrate that basal keratinocytes that had 

migrated into the wound site continued to proliferate and contained both pAkt and 

pmTOR. pmTOR has been previously shown to stimulate entry of cells into the cell cycle 

by phosphorylating in parallel the 70 KDa ribosomal protein S6 kinase (p70 S6K) and 

eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1). Once activated, p70 

S6K induces translation of mRNAs that encode ribosomal proteins and translation 

elongation factors. On the other hand, mTOR, by phosphorylating 4E-BP1 at Thr-37/Thr-

46 residues, inhibits the association between 4E-BP1 and eIF4E, therefore freeing 

eIF4E for initiation of translation of proteins that are required for entry into the G1-phase 

of the cell cycle, such as cyclin D1. The location of pAkt to keratinocytes within the basal 

layer of the reepithelialized wound site, which coincided with the presence of pmTOR, 

suggests that Akt/mTOR signaling pathway may be essential for the proliferation of 

basal cells during the reepithelialization phase. 

On the other hand, the location of pAkt and pmTOR to suprabasal keratinocytes 

did not correlate with PCNA expression, a proliferative marker that is expressed in the 

G1/S and G2 phases of the cell cycle. Reepithelialization has previously been shown to 

involve the generation of a multi-layered epithelium, with different keratinocyte subtypes 

within the suprabasal compartment of the epidermis [428]. Recent evidence suggests 

that not only does pmTOR stimulate entry into the cell cycle, but also induced survival of 

primary AML cells [364]. Furthermore, inhibition of mTOR with the selective mTOR 

inhibitor, cell cycle inhibitor-779 (CCI-779), in the presence of constitutive activation of 

Akt induced apoptosis of glioblastoma tumor cells, indicating that pmTOR mediates 

pAkt-dependent survival pathways in these tumor cells [441]. Taken together, the 

present observations suggest that Akt and its downstream effector, mTOR, may act 

together or separately to induce survival and persistence of non-proliferating suprabasal 

keratinocytes during the reepithelialization phase following cutaneous wounding. Further 
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investigation is required to examine whether pmTOR may be an important factor that 

mediates Akt-dependent survival signaling.  

Tissue regeneration following skin injury not only depends on proliferation and 

migration of epidermal keratinocytes into the wound site [428], but also requires 

participation of keratinocyte stem cells (KSC), in particular, KSC localized to the bulge 

region of hair follicles [42]. Although observations are conflicting regarding the 

contribution of KSC located to the bulge region to the self-renewal and maintenance of 

the epidermal compartment [38, 442], recent studies demonstrate that this cell 

population does participate in the regeneration of the epidermal compartment only in the 

presence of trauma, such as skin injury [42]. The present study localized CD34+ and 

K15+ KSC to the bulge region of hair follicles that were adjacent to the wound site and 

demonstrated that the location of KSC within this specific niche was not altered during 

the different stages of wound healing. Interestingly, expression of either K15 or CD34 

was not detectable within keratinocytes at the wound site. These observations are in 

concert with recent studies [42], which demonstrated that bulge cells-derived KSC that 

migrated to the reepithelialized epidermis following cutaneous wounding did not express 

cytokeratin 17 (K17), a follicular marker; however, these bulge-derived cells expressed 

markers of epidermal differentiation, including cytokeratin 10 (K10) and loricrin [42]. 

These previous results suggest that KSC that are mobilized from the bulge niche after 

wounding acquire a “functional epidermal keratinocyte” phenotype [42], therefore, 

enhancing reepithelialization of the wound site. 

There are no studies thus far that evaluated the presence of pAkt and pmTOR in 

KSC located to the bulge region of hair follicles during wound healing. CD34+ cells within 

the ORS of the Bu niche in hair follicles adjacent to the wound site were observed to 

contain pAkt. The present results suggest that Akt activation in KSC during wound 

healing may contribute to the “growth and differentiation-restricted” [19] 

microenvironment of the bulge niche. Therefore, pAkt may represent one mechanism by 

which KSC resist undergoing differentiation when located to the bulge niche, which may 

be similar to the reported role of Akt in inducing long-term maintenance of human 

embryonic stem cells in their undifferentiated state [371, 372]. 

While pAkt was present within both the ORS as well as the IRS of hair follicles, 

pmTOR immunoreactive protein was confined only to the ORS of hair follicles, 

suggesting that pmTOR may serve as a cellular marker of cells located to the ORS of 
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the bulge region during the process of wound healing. The dual presence of pAkt and 

pmTOR in KSC localized to the ORS of the bulge region of hair follicles suggests that 

Akt/mTOR signaling pathway may play a role in tightly regulating the differentiation of 

KSC, thus maintaining a long-lived population of stem cells that has been to participate 

in skin regeneration following injury.  

In summary, the present results suggest that the temporal sequence of Akt and 

mTOR activation in specific cell types following cutaneous injury may result in the proper 

healing of wounds. The present results suggest that activation of Akt and mTOR may 

serve as therapeutic strategies to enhance wound repair in chronic wounds that fail to 

heal, such as non-healing ulcers from patients with diabetes. 
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Figure 5.1. Histological evaluation of wound repair in FVB/N mice. Masson’s 

Trichrome staining, which stains collagen blue and cytoplasm red, was used on paraffin 

embedded dorsal skin tissues isolated from FVB/N mice the 21-day time period following 

the receipt of a full-thickness wound. These representative photographs depict the 

trichrome staining for the responses of each of wound healing in unwounded skin (A), at 

the beginning of phase 1 at 12 hr (B), at the end of phase 1 and beginning of phase 2 at 

48 hr (C), in the middle of phase 2 at day 5 (D), in the middle of phase 3 at day 16 (E) 
and day 19 (F), and at the end of phase 3 at day 21 (G). In the unwounded skin (A), the 

epidermis was one-to-two cell-layers thick (arrow). At 12 hr (B), there was a disruption of 

epidermis and dermis following wounding (arrowhead). By 48 hr (C), a fibrin clot has 

formed to stop blood flow (arrowhead). Keratinocytes in the epidermis are in a 

hyperplastic state causing the epidermis to thicken (arrow) (B and C). At day 5 (D), 

keratinocytes had migrated into the entire wound site (arrowhead). At day 16 (E), 

densely packed collagen was present throughout the entire wound area (arrowheads). 

At days 19 (F) and 21 (G), the epidermis (arrow) was comparable to unwounded tissue 

(A) and the collagen deposition along the wound healing line was visible (arrowheads). 

At day 21 (G), there was a complete closure of the submuscular layer (star). All 

photographs are at an original magnification of 125x. 
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Figure 5.1 
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Figure 5.2. Immunochemical localization of pAkt and proliferating cells during 
cutaneous wound healing. Immunochemical localization of pAkt and PCNA were 

evaluated in serial sections of skin isolated from FVB/N mice at 48 hr (A-C; A’-C’, 

respectively), at day 5 (D-F; D’-F’, respectively), and day 21 (G-I; G’-I’, respectively). 

Arrows indicate basal cell keratinocytes, whereas arrowheads indicate suprabasal 

keratinocytes. (A-A’, D-D’, G-G’) photographs are at an original magnification of 160x. All 

other photographs are at a magnification of 500x. 
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Figure 5.2 
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Figure 5.3. Localization pmTOR during cutaneous wound healing. At 12 hr following 

wounding (A-C), pmTOR staining was nominal within epidermal keratinocytes at the 

wound margins (B) and distal to the wound (C). At day 5 (D-F) and day 9 (G-I) following 

wounding, pmTOR immunoreactive protein was present in keratinocytes within the 

reepithelialized wound site (E, arrow; H). The intensity of pmTOR staining was reduced 

in keratinocytes that are distal to the wound site (F, arrowhead; I). At day 21 following 

wounding (J-K), only few epidermal keratinocytes contained pmTOR (K). (A, D, G, J) 

photographs are at an original magnification of 125x. All other photographs are at an 

original magnification of 320x.  
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Figure 5.3 
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Figure 5.4. Localization of K15+ and CD34+ keratinocytes during cutaneous wound 
healing. Representative immunofluorescent photomicrographs of nucleated cells (DAPI-

associated blue fluorescence) (B and E) that contain K15 (A and D) (vector red-

associated red fluorescence) at the wound site (A) and in skin adjacent to the wound (D) 

in dorsal skin isolated from FVB/N mice at day 5 following wounding and subjected to 

confocal microscopy for imaging. (C and F) represents K15 staining merged with DAPI 

to highlight the location of nucleated cells in at the wound site (C) and in skin adjacent to 

the wound (F). (A-F) photographs are at 100x magnification). (G-J) Immunochemical 

localization of CD34+ cells was evaluated in skin sections isolated at 48 hr (G-H) and 

day 5 (I-J) following wound healing at the wound site (G and I) and in hair follicles 

adjacent to the wound site (H and J). (G-J) photographs are at 200x. Abbreviations: Bu, 

bulge; Blb, bulb; HS, hair shaft; Epi, epidermis; SG, sebaceous gland. 
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Figure 5.4 
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Figure 5.5. Localization of CD34, pAkt, and pmTOR in cells within the bulge niche 
during wound healing. Double immunofluorescence and confocal microscopy were 

used to identify nucleated cells (C; DAPI-associated blue fluorescence) that contained 

both CD34 (A; Alexa-647-associated red fluorescence) and pAkt (B, Alexa-555-

associated green fluorescence) in hair follicles adjacent to the wound site in dorsal skin 

isolated from FVB/N mice at 12 hr following wounding. (D) CD34 (red) staining was 

merged with pAkt (green) and DAPI (blue) to reveal co-localization of CD34 and pAkt in 

KSC located in the outer root sheath of the bulge. (A-D) photographs are at 400x 

magnification. (E and F) Immunochemical localization of pAkt (E) and pmTOR (F), 

respectively, was evaluated in serial skin sections isolated at day 5 following wound 

healing in hair follicles adjacent to the wound site. While pAkt was present in both ORS 

and IRS of the Bu of hair follicles (E), pmTOR localized to the ORS only (F). (E-F) 

photographs are at 400x. Abbreviations: Bu, bulge; Blb, bulb; HS, hair shaft; Epi, 

epidermis; ORS/IRS, outer/inner root sheath. 
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Figure 5.5 
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CHAPTER 6 
 
 

TARGETING HYPERPHOSPHORYLATION OF 4E-BP1 BY DUAL BLOCKADE OF 

PHOSPHOINOSITIDE 3-KINASE (PI3-K) AND MAMMALIAN TARGET OF RAPAMYCIN 

(MTOR) IN HUMAN BREAST TUMOR CELLS 

 
  

6.1. Abstract 
The present study compared the effects of the phosphoinositide 3-kinase(PI3K) selective 

inhibitor, LY294002, alone and in combination with the selective mammalian target of 

rapamycin (mTOR) inhibitor, rapamycin, on human Hs578T and MCF-7 breast tumor cell 

proliferation and phosphorylation of downstream targets of PI3K and mTOR, including, 

4E-BP1 and cyclin D1. Using the highly invasive and metastatic human Hs578T breast 

tumor cell line and the slow growing and non-invasive human MCF-7 breast tumor cell 

line, the effects of LY294002 (25 µM) and rapamycin (1000 nM) were evaluated on the 

proliferation of these breast tumor cell lines at 72 and 96 hr. Western blot analysis was 

used to examine the effect of exposure of these agents on phosphorylation of Akt at 

serine-473, mTOR at serine-2448, 4E-BP1 at threonine-37/46, and total cyclin D1 

protein levels. Cell proliferation of Hs578T and MCF-7 breast tumor cells was 

significantly (p<0.001) inhibited by the combination of LY294002 and rapamycin 

compared to the effect on proliferation by either agent alone. The combination of 

LY294002 and rapamycin also inhibited hyperphosphorylation of the slower migrating 

(δ, γ, β) species of phospho-4E-BP1, and significantly decreased cyclin D1 protein levels. 

These studies demonstrate that molecules downstream of PI3K/Akt and mTOR, 

including hyperphosphorylated forms (δ, γ) of 4E-BP1, may provide therapeutic targets 

for inhibition of breast tumor cell proliferation.  
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6.2. Introduction. 
Akt, also known as protein kinase B (PKB), is a core component of the 

phosphoinositide 3-kinase (PI3K) signaling pathway [302, 303]. Activation of this 

signaling pathway has been shown to provide a survival advantage to cells under 

hypoxic and anoxic conditions [431]. Following activation of PI3K and generation of the 

membrane-bound lipid, phosphatidylinositol 3,4,5-triphosphate (PI-3,4,5-P3), Akt is 

recruited to the inner surface of the plasma membrane [232], where Akt becomes fully 

activated by phosphorylation at two amino acid residues, serine-473 (Ser-473) [235, 

306] and threonine-308 (Thr-308) [234]. 2-(4-morpholinyl)-8-phenylchrome (LY294002) 

is a competitive inhibitor for the ATP binding site of PI3K and leads to inhibition of Akt 

phosphorylation [239, 240]. Preclinical studies using human breast tumor cells 

demonstrated that LY294002 inhibits both their survival [443] and proliferation [444, 

445].   

The primary studies that have implicated the Akt signaling pathway in breast 

tumorigenesis have used murine mammary gland models. Under normal conditions, the 

process of mammary gland involution involves extensive apoptotic cell death and 

regression of the lobular structures in the terminal ducts [446]. Transfection of a 

constitutively active Akt, which contained an amino-terminal myristolation sequence 

(myr-Akt), into mouse mammary glands resulted in hyperplastic secretory epithelial cells 

and delayed mammary gland involution following cessation of lactation [447]. Other 

studies confirmed that constitutively active Akt can serve as an oncogene [448], 

suggesting that Akt promotes survival of cells that would otherwise undergo apoptosis. 

Other studies reporting that primary invasive breast cancer tissues have increased Akt 

phosphorylation and elevated Akt kinase activity are consistent with the hypothesis that 

Akt is involved in breast tumorigenesis [448, 449].  

The ability of Akt to regulate cell proliferation is associated with its 

phosphorylation of the mammalian target of rapamycin (mTOR) at Ser-2448 [256, 267, 

309, 329]. mTOR was initially identified as the cellular target of the pharmacological 

agent rapamycin [257], also known as sirolimus or Rapamune [258, 259]. Rapamycin is 

a lipophilic macrolide, which was first isolated from a strain of Streptomyces 

hygroscopicus that is indigenous to Easter Island (also known as Rapa Nui) [260]. Due 

to its ability to block T lymphocyte activation [450], rapamycin was initially approved as 

an immunosuppressant drug to prevent tissue rejection following organ transplantation 
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[451]. This agent was found to possess potent anti-tumor activity against spontaneous 

tumors that occur in transplant patients [452]. Rapamycin binds to a cytoplasmic 

receptor, FK506-binding protein-12 (FKBP12) [261], which interacts with the FKBP12-

rapamycin binding (FRB) domain of mTOR [262], resulting in inhibition of mTOR kinase 

activity. In preclinical studies and human tumor xenograft models, rapamycin and its 

ester analog, cell cycle inhibitor-779 (CCI-779; Wyeth Pharmaceuticals, Collegeville, 

PA), was found to have significant anti-proliferative activity [453]. In a Phase II clinical 

study, CCI-779 was found to have potent anti-tumor activity in patients with locally 

advanced or metastatic breast cancer [454].  

Although mTOR has been shown to act as a direct substrate for Akt [256, 267], 

the identity of upstream activator(s) of mTOR remains elusive [268, 272]. Akt and mTOR 

have been shown to be activated by parallel pathways, rather than being activated in a 

linear manner [453, 455]. Signaling molecules that have recently been shown to activate 

Akt and TOR in parallel include protein kinase C-η (PKCη) [263], a calcium-independent 

PKC isoform that is activated by the membrane bound lipids PI-3,4,5-P3 following 

activation of PI3K [456, 457] (Figure 8). 

Following its activation, mTOR stimulates phosphorylation of 70 KDa ribosomal 

protein S6 kinase (p70 S6K) enzyme at Thr-389. Once activated, p70 S6K stimulates 

entry of cells into the S-phase of the cell cycle by phosphorylating the 40S ribosomal 

protein, S6. This sequence of events leads to an increased rate of initiation of translation 

of mRNAs that encode ribosomal proteins and translation elongation factors [273, 311, 

312]. In addition, mTOR phosphorylates a second isoform of p70 S6K, which has been 

defined as the 85 KDa ribosomal protein S6 kinase (p85 S6K), at Thr-412 [458]. These 

p70 S6K and p85 S6K isoforms are generated from alternative translation start sites on 

the same mRNA. While p70 S6K resides in the cytosol, p85 S6K is constitutively 

targeted to the nucleus due to the presence of additional 23 amino acid residues at its N-

terminus [458]. Although the mechanism by which p85 S6K mediates cell cycle 

progression has not yet been completely defined, activation of p85 S6K is required for 

entry into the S-phase of the cell cycle [458]. 

In addition, mTOR initiates translation of proteins that are required for entry into 

the G1-phase of the cell cycle, such as cyclin D1, by regulating the activity of the 

eukaryotic initiation factor 4E, eIF4E [280]. The translational activity of eIF4E is 

negatively regulated by eIF4E-binding protein 1 (4E-BP1). mTOR stimulates eIF4E 
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activity by phosphorylating 4E-BP1 at Thr-37 and Thr-46 residues [278, 279, 313]. When 

4E-BP1 is in its α form, which is hypophosphorylated, 4E-BP1 binds with high affinity to 

eIF4E. As a consequence, the α  form of 4E-BP1 inhibits eIF4E-dependent mRNA 

translation. In contrast, the presence of δ and γ forms of 4E-BP1, which are 

hyperphosphorylated, inhibits the association between 4E-BP1 and eIF4E. This release 

of eIF4E by the δ and γ forms of 4E-BP1 leaves eIF4E free for initiation of protein 

translation [281].  

The definition of the role(s) of hypophosphorylated α form of 4E-BP1 in inhibiting 

proliferation of breast tumor cells is only now emerging [459]. Human breast carcinomas 

have been reported to contain high protein levels of eIF4E [460-462]. Transfection of the 

human MCF-7 breast tumor cell line with a constitutively active form of 4E-BP1 that is 

resistant to mTOR-dependent phosphorylation resulted in cell cycle arrest and a 

decrease in cyclin D1 protein levels [463]. These results suggest that targeting mTOR, 

which controls phosphorylation of the hypophosphorylated α  form of 4E-BP1, may be an 

effective means of inhibiting proliferation of human breast tumors. 

Studies that have examined the effects of the combination of LY294002 and 

rapamycin have been limited to human prostate [464], human non-small cell lung cancer 

cells [465], and T-lymphocytes [466]. There have been no studies to date that have 

evaluated the effects of dual inhibition of PI3K/Akt and mTOR signaling pathways on 

proliferation of human breast tumor cells. In the present study, Hs578T cells were 

chosen as a representative of highly invasive and metastatic human breast tumor cells, 

which lost their expression of the cell adherence marker E-cadherin and acquired 

mesenchymal-like characteristics, including the expression of the intermediate filament 

protein vimentin and the acquisition of a fibroblast-like phenotype [467]. Hs578T cells 

have been shown to contain constitutively activated Akt in the absence of serum [449]. 

MCF-7 cells were chosen as a representative of slow-growing, and poorly invasive 

human breast tumor cells, and, in contrast to Hs578T cells, MCF-7 cells express E-

cadherin and grow as interconnected colonies of polygonal cells [468]. MCF-7 breast 

tumor cells contained a low basal level of constitutive Akt kinase activity [469]. Stable 

transfection of MCF-7 cells with a constitutively active Akt resulted in a higher rate of 

proliferation and formation of significantly more colonies in soft agar compared to 

parental MCF-7 cells [470]. 
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Taken together, these previous studies indicate that activated Akt regulates 

proliferation and may be involved in invasive activities in breast tumor cells. The goal of 

the present study was to define the roles of downstream effectors of Akt and mTOR, 

including hyperphospho-4E-BP1, in human Hs578T and MCF-7 breast tumor cells 

proliferation using the PI3K/Akt inhibitor LY294002 and the mTOR inhibitor, rapamycin.  
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6.3. Materials and Methods.  
6.3.1. Cell lines and cultures. Human Hs578T and MCF-7 breast tumor cells were 

purchased from American Type Culture Collection (ATCC, Manassas, VA). Hs578T cells 

were maintained in DMEM-high glucose medium supplemented with 10% heat 

inactivated fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA), 100 units/ml 

penicillin/streptomycin, and 10 µg/ml insulin (Invitrogen), in a 37oC humidified 

atmosphere with 5% CO2. MCF-7 cells were maintained in DMEM-HEPES medium 

supplemented with 10% heat inactivated FBS, 0.1% gentamycin (Invitrogen), and 1% 

Nystatin (Sigma, St. Louis, MO), in a 37oC humidified atmosphere with 5% CO2.  

 

6.3.2. Quantitation of MCF-7 and Hs578T cell number. Hs578T and MCF-7 breast 

tumor cells were grown in 96-well tissue culture plates (1.25-80 x 103 cells per well) as 

described above and Alamar blue (10%; Biosource International, Carmarillo, CA) was 

added to the media. Following 24 hr of incubation of cells with Alamar blue, absorbance 

was measured as optical density (OD) at 570 nm and 600 nm. The percent of Alamar 

blue dye reduction was used as a measure of cell proliferation and was calculated 

according to manufacturer’s instructions. Cell number was evaluated in at least 8 

samples.  

 

6.3.3. Cell treatment and analysis of cell number. Hs578T and MCF-7 cells were 

seeded in 24-well plates at a density of 3 x 104 cells per well. DMSO (< 1%) was used to 

dissolve both LY294002 and rapamycin, and served as the solvent control. At 24 hr 

following initial plating, medium was removed and cell monolayers were incubated with 

fresh medium that contained either LY294002 (25 µM; Sigma), rapamycin alone (1000 

nM; Sigma), or the combination of LY294002 (25 µM) and rapamycin (1000 nM) for 72 hr 

or 96 hr in the presence of 10% FBS. Cells were washed with phosphate-buffered saline 

(PBS) and then harvested by gentle trypsinization. Cell number was determined by 

direct cell counts using a hemocytometer, with each sample assayed in triplicates.    

 

6.3.4. Protein isolation. Hs578T and MCF-7 cells were seeded at a density of 1 x 105 

cells per 100-mm plate and grown to 80% confluence prior to treatment with either 

LY294002 (25 µM), rapamycin (1000 nM), or the combination of LY294002 (25 µM) and 

rapamycin (1000 nM) for 96 hr in media containing 10% FBS. For serum-starvation 
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conditions, Hs578T and MCF-7 cells were incubated in serum-free medium for 96 hr. 

Cells were lysed with cold lysis buffer (150 mM NaCl, 10 mM Tris-HCl pH 7.5, 1% Triton 

X-100, 1 mM Na3VO4, 1 mM PMSF, 10 µg/ml leupeptin, 10 µg/ml aprotinin). Cells were 

scraped and whole lysates were clarified by centrifugation. Proteins were normalized 

using the BIO-RAD protein assay (BIO-RAD, Hercules, CA) and bovine serum albumin 

(BSA) as a standard. Samples were stored at -80oC until Western blot analysis was 

performed.  

 

6.3.5. Western blot analysis. Methods to analyze equal aliquots of total protein extracts 

(15-22 µg) by Western blotting were as previously described [363]. The following primary 

antibodies (Cell Signaling, Beverly, MA) were used in 1% BSA in PBS containing 0.1% 

(v/v) Tween-20 (PBST) overnight at 4oC: rabbit anti-phospho-Akt-Ser-473 (1:500), anti-

phospho-mTOR-Ser-2448 (1:500), anti-phospho-p70 S6K-Thr-389/phospho-p85 S6K-

Thr-412 (1:500), anti-phospho-4E-BP1-Thr-37/Thr-46 (1:1500), and anti-cyclin D1 

(1:1500). Blots were then incubated for 1 hr at room temperature with horseradish 

peroxidase (HRP)-linked goat anti-rabbit IgG (1:2000; Jackson ImmunoResearch 

Laboratories, West Grove, PA) in PBST containing 5% non-fat dried milk powder. 

Signals were visualized using the ECL+Plus Western Blotting Detection System 

(Amersham, Piscataway, NJ). Phospho-p70 S6K-Thr-389/phospho-p85 S6K-Thr-412 

blots were incubated with ECL+Plus for 5 min, then exposed to Hyperfilm ECL 

(Amersham) for 1 sec or 10 sec as a short and long exposure times, respectively. 
Phospho-4E-BP1-Thr-37/Thr-46 blots were incubated with ECL+Plus for 40 sec and 

exposed to Hyperfilm ECL for 32 sec or 1 min 32 sec as a short and long exposure 

times, respectively. Blots were subsequently stripped and re-probed with rabbit anti-Akt 

(1:1000), anti-mTOR (1:500), anti-p70 S6K/p85 S6K (1:500), or anti-4E-BP1 (1:500). To 

verify equal loading, blots were re-probed with mouse anti-β-actin (1:5000, Sigma) for 1 

hr at room temperature. Blots were then incubated with HRP-linked sheep anti-mouse 

IgG (1:4000, Amersham) for 30 min at room temperature. Western blots were scanned 

and band intensities analyzed using NIH Image 1.62 software, and each cell line was 

assayed in two different samples.  

 

6.3.6. Statistical analysis. Significant differences between two groups were determined 

using unpaired one-tailed Student’s t-test. Comparisons of three or more groups were 
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conducted using One-way Analysis of Variance (ANOVA) on ranks for non-parametric 

comparisons, with Student-Newman-Keuls post-hoc analysis (GraphPad Software, San 

Diego, CA). To evaluate significant comparisons between untreated cells and cells 

treated with LY294002 and/or rapamycin in Hs578T or MCF-7 cells, One-way ANOVA 

with post-hoc Dunnet test was used.  Results were expressed as mean ± standard error 

of mean (SEM), and significance was defined as p<0.05.  
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6.4. Results.  
6.4.1. Comparison of human Hs578T and MCF-7 breast tumor cell number. Number 

of human Hs578T and MCF-7 breast tumor cells was determined at 24 hr following 

incubation of cells using Alamar blue (Figure 6.1). At 24 hr after plating at an initial 

density of 20000-40000 cells per well, Hs578T cells were in the plateau phase of growth 

while MCF-7 cells were in the exponential phase of growth. 

 
6.4.2. Effects of LY294002 and rapamycin on proliferation of human Hs578T and 

MCF-7 breast tumor cells. The combination of 25 µM LY294002 and 1000 nM 

rapamycin significantly (p<0.001) inhibited the proliferation of both Hs578T and MCF-7 

cells at both 72 hr (Figure 6.2 A and B) and 96 hr (Figure 6.2 C and D) compared to 

control cells treated only with the vehicle DMSO. The most significant anti-proliferative 

effects were observed at 96 hr following exposure of MCF-7 cells to the combination of 

LY294002 and rapamycin compared MCF-7 cells treated with LY294002 alone (p<0.05) 

or rapamycin alone (p<0.001) (Figure 6.2 C). Exposure of both Hs578T and MCF-7 cells 

to 25 µM LY294002 for 96 hr resulted in significantly (p<0.01) decreased proliferation 

compared to treatment of Hs578T and MCF-7 cells with 1000 nM rapamycin alone 

(Figure 6.2 C and D). 

 

6.4.3. Effects of LY294002 and rapamycin on phospho-Akt-Ser-473 in Hs578T and 

MCF-7 cells. Western blotting was performed to examine the effects of 25 µM 

LY294002, 1000 nM rapamycin, and the combination of these two agents on the ratio of 

phospho-Akt-Ser-473/Akt in Hs578T and MCF-7 cells (Figure 6.3). Untreated human 

Hs578T breast tumor cells contained 2.9-fold increase in the ratio of phospho-Akt-Ser-

473/Akt (p<0.05) compared to untreated MCF-7 cells (Figure 6.3 A-C). Serum starvation 

had no effect on levels of phospho-Akt-Ser-473/Akt in either cell line (Figure 6.3 B and 

C). 

Treatment of Hs578T cells with 25 µM LY294002 alone resulted in a 1.7-fold 

increase in the ratio of phospho-Akt-Ser-473/Akt compared to untreated Hs578T cells 

(p<0.05) (Figure 6.3 A and C). Treatment of Hs578T cells with 1000 nM rapamycin 

induced 2.8-fold increase in the ratio of phospho-Akt-Ser-473/Akt compared to untreated 

cells (p<0.001). The combination of 25 µM LY294002 and 1000 nM rapamycin induced a 
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3.5-fold increase in the ratio of phospho-Akt-Ser-473/Akt in Hs578T cells compared to 

untreated cells (p<0.001).  

Treatment of MCF-7 cells with 25 µM LY294002 resulted in a 0.7-fold decrease 

in the ratio of phospho-Akt-Ser-473/Akt compared to untreated MCF-7 cells (p<0.05) 

(Figure 6.3 A and B). Treatment of MCF-7 cells with 1000 nM rapamycin did not change 

the ratio of phospho-Akt-Ser-473/Akt compared to untreated cells. The combination of 

LY294002 and rapamycin completely blocked phospho-Akt-Ser-473 in MCF-7 breast 

tumor cells (Figure 6.3 A and B).  

The significant increase in the ratio of phospho-Akt-Ser-473/Akt induced by the 

combination of LY294002 and rapamycin in Hs578T cells (Figure 6.3 C) was 

accompanied by a significant (p<0.05) decrease in total Akt protein compared to 

untreated cells (Figure 6.3 E). Levels of total Akt protein in both Hs578T and MCF-7 

cells did not change following exposure to either 25 µM LY294002 or 1000 nM 

rapamycin alone (Figure 6.3 D and E). Regardless of exposure to LY294002, rapamycin, 

or the combination of both agents, the amount of β-actin was constant in Hs578T and 

MCF-7 cells (Figure 6.3 A).  

 

6.4.4. Effects of LY294002 and rapamycin on phospho-mTOR-Ser-2448 in human 
Hs578T and MCF-7 breast tumor cells. Western blotting was performed to examine 

the effects of 25 µM LY294002, 1000 nM rapamycin, and the combination of these two 

agents on the ratio of phospho-mTOR-Ser-2448/mTOR in Hs578T and MCF-7 cells 

(Figure 6.4). There was no significant difference in the ratio of phospho-mTOR-Ser-

2448/mTOR in untreated Hs578T cells compared to untreated MCF-7 cells (Figure 6.4). 

Withdrawal of serum resulted in 2.8-fold increase (p<0.01) in the ratio of phospho-

mTOR-Ser-2448/mTOR in Hs578T cells compared to the ratio of phospho-mTOR-Ser-

2448/mTOR detected in the presence of serum (Figure 6.4 C). In contrast, withdrawal of 

serum caused a 0.7-fold decrease (p<0.05) in phospho-mTOR-Ser-2448/mTOR in MCF-

7 cells compared to levels in the presence of serum (Figure 6.4 B).  

Treatment of Hs578T cells with 25 µM LY294002, 1000 nM rapamycin, or the 

combination of both agents had no significant effects on the ratio of phospho-mTOR-

Ser-2448/mTOR (Figure 6.4 C). Exposure of MCF-7 cells to 25 µM LY294002 resulted in 

a significant decrease (p<0.01) in the ratio of phospho-mTOR-Ser-2448/mTOR 

compared to untreated cells (Figure 6.4 B).  
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6.4.5. Effects of LY294002 and rapamycin on phospho-p70 S6K-Thr-389 and 
phospho-p85 S6K-Thr-412-P in human Hs578T and MCF-7 breast tumor cells. 

Untreated Hs578T cells contained significantly (p<0.05) higher levels of the ratio of 

phospho-p70 S6K-Thr-389/p70 S6K (Figure 6.5 C) compared to untreated MCF-7 cells 

(Figure 6.5 B), although untreated Hs578T cells contained 2-fold lower basal levels of 

p70 S6K (Figure 6.5 E) compared to the higher (p<0.05) basal levels of p70 S6K in 

untreated MCF-7 cells (Figure 6.5 D).  

Treatment of Hs578T and MCF-7 cells with 25 µM LY294002 (Figure 5 A; long 

exposure) resulted in significantly decreased ratios of phospho-p70 S6K-Thr-389/S6K 

compared to untreated cells (Figure 6.5 B and C). Exposure to rapamycin (Figure 6 A; 

long exposure) resulted in a complete loss of phospho-p70 S6K-Thr-389 in both cell 

lines, which was similar to the effects of treatment of either of these breast tumor cell 

lines with the combination of 25 µM LY294002 and 1000 nM rapamycin (Figure 6.5 B 

and C). The loss of phospho-p70 S6K-Thr-389 in Hs578T cells following exposure to 

LY294002, rapamycin, or the combination of both agents was associated with an 

increase in the electrophoretic mobility of total p70 S6K (Figure 6.5 A). Treatment of 

Hs578T and MCF-7 cells with LY294002, rapamycin, or the combination of both agents 

resulted in the loss of phospho-p85 S6K-Thr-412 (Figure 6.5 A; long exposure). The 

combination of 25 µM LY294002 and 1000 nM rapamycin significantly decreased total 

p70 S6K protein in Hs578T (p<0.01; Figure 6.5 E) and MCF-7 cells compared to 

untreated cells (p<0.05; Figure 6.5 D).  

 
6.4.6 Effects of LY294002 and rapamycin on hyperphospho-4E-BP1-Thr-37/46 in 
human Hs578T and MCF-7 breast tumor cells. Hyperphospho-4E-BP1 resolves into 

one to four bands during gel electrophoresis representing the phosphorylated α, β, γ, 

and δ forms of phospho-4E-BP1, with α representing the hypophosphorylated form of 

4E-BP1 (Figure 6.6 A).  

Untreated Hs578T cells contained high levels of the most hyperphosphorylated 

species of 4E-BP1, as defined by the presence of the slowest migrating band δ (Figure 

6.6 A; short exposure). The presence of hyperphosphorylated δ band persisted in 

Hs578T cells grown under serum-free conditions (Figure 6.6 A; short exposure). 

Untreated MCF-7 cells contained lower levels of the hyperphosphorylated δ form of 4E-

BP1 (Figure 6.6 A; long exposure) compared to untreated Hs578T cells (Figure 6.6 A; 
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short exposure). The presence of hyperphosphorylated δ band was completely lost in 

MCF-7 cells grown under serum-free conditions.  

While 25 µM LY294002 induced a complete loss of the most 

hyperphosphorylated δ form of 4E-BP1 in Hs578T cells (Figure 6.6 A), treatment of 

Hs578T cells with 1000 nM rapamycin did not completely decrease levels of δ form of 

4E-BP1 (Figure 6.6 A; short exposure). Treatment of MCF-7 cells with 25 µM LY294002 

resulted in loss of both δ and γ  species of 4E-BP1 (Figure 6.6 A; short exposure). 

Rapamycin also induced the loss of the δ form of 4E-BP1 and a decrease in the intensity 

of band γ of 4E-BP1 in MCF-7 cells (Figure 6.6 A; long exposure).  

The combination of 25 µM LY294002 and 1000 nM rapamycin resulted in an 

overall complete loss of the hyperphosphorylated forms (δ and γ) of 4E-BP1, with 

hypophosphorylated α form of 4E-BP1 being the predominant isoform present in both 

Hs578T and MCF-7 breast tumor cell lines (Figure 6.6 A; long exposure).  

 

6.4.7. Effects of LY294002 and rapamycin on cyclin D1 protein in human Hs578T 
and MCF-7 breast tumor cells. There was no significant difference in cyclin D1 protein 

levels in untreated Hs578T cells compared to untreated MCF-7 cells (Figure 6.7 A). 

Serum starvation had no effect on levels of cyclin D1 in either cell line (Figure 6.7 B-C).  

Treatment with either LY294002 or rapamycin alone did not induce any 

significant changes in cyclin D1 protein levels in both cell lines. Treatment with the 

combination of 25 µM LY294002 and 1000 nM rapamycin resulted in a significant 

decrease in cyclin D1 protein in both Hs578T (p<0.01; Figure 6.7 C) and MCF-7 (p<0.05; 

Figure 6.7 B) cells compared to untreated cells.  
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6.5. Discussion 
The goal of the present studies was to evaluate the effects of the combination of 

LY294002 and rapamycin on signaling molecules involved in the PI3K and mTOR 

pathways and on proliferation of human breast tumor cells. Although MCF-7 and Hs578T 

cells breast tumor cell lines grew at significantly different rates, exposure to the 

combination of LY294002 and rapamycin resulted in significant inhibition of proliferation 

of both these cell lines compared to the anti-proliferative effects of either agent alone. 

These results suggest that the combination of LY294002 and rapamycin may be able to 

effectively target a range of human breast tumors at different stages, including non-

invasive and slow-growing breast tumor cells that are capable of growth as pleural 

effusion, as well as invasive and aggressive breast tumors in patients with advanced 

breast cancer. 

Direct comparison of basal levels of the ratio of phospho-Akt at Ser-473/Akt 

revealed the presence of higher levels of phospho-Akt-Ser-473/Akt in Hs578T cells 

compared to the low levels of phospho-Akt-Ser-473/Akt in MCF-7 cells. Serum starvation 

mimics the metabolically stressed breast tumor microenvironment present in expanding 

breast tumors [471, 472]. Under conditions of serum deprivation, Hs578T and MCF-7 

cells maintained phospho-Akt-Ser-473, which suggests that activated Akt may promote 

survival of both of these human breast tumor cell lines under adverse conditions. The 

presence of high levels of phospho-Akt-Ser-473/Akt in Hs578T cells did not increase the 

sensitivity of this cell line to rapamycin. This is in contrast to results from previous 

studies, which demonstrated that constitutive activation of Akt in BT-20, BT-549, SK-

BR3, and MDA-MB-468 human breast tumor cells was associated with increased 

sensitivity to rapamycin [473].  

The observation that LY294002 did not inhibit phosphorylation of Akt at Ser-473 

and Thr-308 (Data not shown) in Hs578T cells suggests that the mechanism of Akt 

phosphorylation in Hs578T cells may occur as a consequence of constitutive activation 

of upstream kinases, including 3-phosphoinositide-dependent protein kinase-1 (PDK-1), 

which phosphorylates Thr-308 [234], and integrin-linked kinase-1 (ILK-1), which 

phosphorylates Ser-473 [307]. Constitutively active Ha-Ras oncogene also induces the 

constitutive activation of PI3K [474-476] (Figure 6.8). Hs578T cells have been shown to 

contain a single nucleotide substitution of adenine for guanine in the 12th codon of Ha-

ras gene, rendering Ha-Ras constitutively active [477], which may explain the present 

observation of constitutive phosphorylation of Akt in the presence of LY294002, 



 195

rendering these cells less sensitive to inhibition of the PI3K/Akt pathway. Additional 

pathways that mediate phosphorylation of Akt through PI3K-independent mechanisms 

had been recently reported (Figure 6.8). Constitutively active Ha-Ras as well as PKC 

have been shown to induce the Raf/mitogen activated-extracellular regulated kinase 

(MEK)/mitogen-activated protein kinase (MAPK) signaling pathway [478], leading to 

phosphorylation of Akt through a mechanism that is independent of PI3K activation 

(Figure 6.8). Cyclic AMP (cAMP) has been also shown to activate Akt through an PI3K-

independent mechanism [479]. Taken together, these observations indicate that 

phosphorylation of Akt in Hs578T cells may occur through mechanisms that are 

independent of PI3K signaling pathway. Further investigations may provide novel targets 

in invasive tumor breast cancers that contain constitutively active Akt.   

Despite the presence of a constitutive active Akt (phospho-Akt-Ser-473) in 

Hs578T cells, treatment with LY294002 alone and in combination with rapamycin 

significantly decreased proliferation, suggesting that phospho-Akt-Ser-473 may play an 

important but non-essential role in the proliferation of the highly invasive Hs578T cells. In 

contrast, Akt phosphorylation was significantly inhibited in MCF-7 cells following 

treatment with LY294002, which confirms that Akt activation is mediated by PI3K 

signaling pathway in this cell line, as has previously been shown [444].  

mTOR activation has recently emerged as a major effector of the IP3K/Akt 

signaling pathway that is known to regulate protein synthesis and cell cycle progression 

[267] (Figure 6.8). The present studies evaluated the effects of LY294002 and 

rapamycin on the ratio of phospho-mTOR-Ser-2448/mTOR. The presence of low basal 

levels of phospho-Akt-Ser-473/Akt in MCF-7 cells was associated with high levels of 

phospho-mTOR-Ser-2448/mTOR. Inhibition of phospho-Akt-Ser-473 following exposure 

of MCF-7 cells to the combination of LY294002 and rapamycin was not associated with 

inhibition of phospho-mTOR-Ser-2448. Recent evidence suggests that signaling 

molecules, including PKCη, activate Akt and mTOR in parallel [263] (Figure 6.8). 

Although phosphorylation of mTOR at Ser-2448 has been previously shown to be 

directly phosphorylated by Akt [256, 267], the nature of upstream kinase(s) that 

phosphorylate mTOR at this site remains elusive and requires further investigation [268-

272] (Figure 6.8).  

The effects of LY294002 and rapamycin on phosphorylation of mTOR 

downstream target, 4E-BP1, were also evaluated in Hs578T and MCF-7 cells. 
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Phosphorylation of 4E-BP1 results in a decrease in its electrophoretic mobility, giving 

rise to four different 4E-BP1 forms, which include the hyperphosphorylated and slowest 

migrating isoform (δ), the moderately phosphorylated isoforms (β and γ), and the 

hypophosphorylated and fast migrating species (α) [311]. Under conditions of serum 

starvation, Hs578T cells maintained the presence of the δ form of 4E-BP1, indicating for 

the first time the potential role of hyperphospho-4E-BP1 (δ) in stimulating cell cycle 

progression of breast tumor cells under adverse conditions.  

There are no studies to date that have evaluated the effects of LY294002 and 

rapamycin on mTOR-dependent phosphorylation of 4E-BP1 at Thr-37/46 in human 

breast tumor cells. While rapamycin induced only a decrease in the δ form of 4E-BP1 in 

Hs578T cells and the loss of δ form and a decrease in γ form in MCF-7 cells, the 

combination of LY294002 and rapamycin resulted in complete loss of δ and γ forms of 

4E-BP1 and a decrease in levels of β form compared to either agent alone in both cell 

lines. Previous studies reported that expression of a kinase inactive mutant form of 

mTOR enhanced the inhibitory effects of rapamycin on phospho-4E-BP1-Thr-37/46 

[480]. These results suggest that the use of rapamycin in combination with a direct 

inhibitor of mTOR kinase domain may exert greater inhibitory effects on phosphorylation 

of 4E-BP1 than does rapamycin alone. LY294002 has been shown to bind to the 

catalytic domain of mTOR as well as PI3K (Figure 6.8), thus directly inhibiting mTOR 

kinase activity [377]. This dual activity of LY294002 may explain the present observation 

of inhibition of δ, γ, and β  forms of 4E-BP1 by the combination of LY294002 and 

rapamycin.  

The effects of LY294002 and rapamycin on phosphorylation of mTOR 

downstream target, p70 S6K, were also evaluated in Hs578T and MCF-7 cells. Once 

activated, p70 S6K stimulates entry of cells into the S-phase of the cell cycle by 

phosphorylating the 40S ribosomal protein, S6 [273, 311] (Figure 6.8). The loss of 

phospho-p70 S6K-Thr-389 in the presence of rapamycin alone was not associated with 

a decrease in the proliferation of Hs578T and MCF-7 cells to the diminished levels 

approaching those observed with the combination of LY294002 and rapamycin. While 

previous clinical studies used phosphorylation of p70 S6K as an indicative of 

responsiveness to mTOR inhibitors [481], the present study indicates that inhibition of δ, 

γ, and β  forms of 4E-BP1 may define the effectiveness of PI3K and mTOR inhibitors in 
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preclinical and clinical studies more effectively than evaluating phoshorylation of p70 

S6K.  

Hyperphosphorylation and inactivation of 4E-BP1 causes its dissociation from 

eIF4E, which frees to initiate protein translation (Figure 6.8). The presence of 

hypophospho-4E-BP1 α  isoform in Hs578T and MCF-7 cells following exposure to the 

combination of LY294002 and rapamycin was associated with a decrease in levels of 

total Akt protein. These results indicate that mTOR-mediated inactivation of 4E-BP1 may 

induce translation of Akt (Figure 6.8). Similar observations have been reported in recent 

studies demonstrating that protein levels of the epidermal growth factor receptor, ErbB3, 

were significantly reduced in the presence of hypophospho-4E-BP1 α form in human 

MD-MB-231 breast carcinoma cells following exposure to rapamycin [459]. Taken 

together, further investigations may provide evidence for the dependence of Akt protein 

synthesis on the translational activity of eIF4E.  

Levels of cyclin D1 protein, an essential key regulator for progression into the 

G1-phase of the cell cycle [482], has also been shown to be regulated by the 

translational activity of eIF4E [280] (Figure 6.8). While eIF4E stimulates translation of 

cyclin D1 [280], glycogen synthase kinase-3β (GSK-3β), which is negatively regulated by 

Akt-dependent phosphorylation [406], has been shown to induce phosphorylation and 

subsequent proteolytic degradation of cyclin D1 [253] (Figure 6.8). There was a 

significant decrease in cyclin D1 protein levels in Hs578T and MCF-7 cells following 

exposure to the combination of LY294002 and rapamycin. This decrease in cyclin D1 

may be a consequence of the abundance of the hypophosphorylated α  form of 4E-BP1 

following treatment with the combination of LY294002 and rapamycin, thus reducing the 

translation of cyclin D1 protein, as well as activation of GSK-3β  kinase activity, resulting 

in proteolytic degradation of cyclin D1 protein (Figure 6.8).   

In summary, the present study demonstrates that the strategy of dual inhibition of 

both the PI3K/Akt and mTOR signaling pathways results in maximal inhibition of 

hyperphosphorylation of 4E-BP1 and exerts a greater anti-proliferative effect on human 

breast tumor cells of different origins and metastatic activities than either of the agents 

alone. This finding represents a novel therapeutic strategy, especially in light of recent 

studies demonstrating the presence of common pathways of resistance that develop 

following use of endocrine-based therapies for treatment of breast tumors. One 

mechanism that has recently been shown to confer resistance in breast tumor cells to 
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estrogen antagonists such as tamoxifen or aromatase inhibitors is through up-regulation 

of phospho-Akt and phospho-mTOR [443, 444, 483, 484]. The present results indicate 

that inhibition of both PI3K and mTOR signaling pathways may provide means to 

counteract the resistance to the development of these endocrine therapies. Since 

estrogen has been shown to induce activation of the PI3K/Akt signaling pathway in a 

receptor-independent manner [485], the present observations suggest that this strategy 

of dual blockade of PI3K/Akt and mTOR may also be applicable to treatment of estrogen 

receptor (ER)-negative breast tumor cells, with effectiveness similar to that observed 

with treatment of the ER-negative Hs578T cells with the combination of LY294002 and 

rapamycin. 

Future in vivo studies are necessary to evaluate the efficiency of treatment of 

breast tumors with the combination of LY294002 and rapamycin and the utility of using 

4E-BP1 as well as cyclin D1 as biomarkers to predict the responsiveness of breast 

tumors to treatment with the combination of inhibitors of such signaling molecules as 

Akt, mTOR, and 4E-BP1.  
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Figure 6.1. Comparison of cell number of Hs578T and MCF-7 cells at 24 hr. Hs578T 

and MCF-7 cells were plated at (1.25–80) x 103 cells in 96-well plates in the presence of 

10% Alamar blue, and the percent of dye reduction was determined at 24 hr. Data were 

presented as mean ± SEM, n=9-10. *, p<0.0001 compared to MCF-7 cells at the same 

cell density.  
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Figure 6.2. Effects of LY294002 alone and in combination with rapamycin on 
proliferation of Hs578T and MCF-7 cells. Proliferation was assessed by direct cell 

count at 72 hr (A and B) and 96 hr (C and D) following treatment of Hs578T and MCF-7 

cells with 25 µM LY294002 and/or 1000 nM rapamycin. DMSO was used as the vehicle 

control. Data were expressed as cell number x 104 ± SEM, n=3. +p<0.05, *p<0.01, 

**p<0.001 versus same control cell line. 
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Figure 6.3. Effects of LY294002 alone and in combination with rapamycin on 

phospho-Akt-Ser-473. (A) Hs578T and MCF-7 cells were treated with 25 µM LY294002 

and/or 1000 nM rapamycin for 96 hr in the presence of 10% FBS. Equal aliquots of total 

proteins were resolved by 8% SDS-PAGE and immunobloted with anti-phospho-Akt-Ser-

473 antibody. Blots were stripped and re-probed with anti-Akt. To verify equal loading of 

proteins, the blot was reprobed for β-actin. (B and C) Densitometric analysis of the ratio 

of phospho-Akt-Ser-473/Akt. Data represent mean ± SEM, n=2. *p<0.05, **p<0.001 

versus untreated Hs578T or MCF-7 cells. (D and E) Densitometric analysis of the ratio 

of Akt/β-actin. Data represent mean ± SEM, n=2.  
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Figure 6.3
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Figure 6.4. Effects of LY294002 alone and in combination with rapamycin on 

phospho-mTOR-Ser-2448. (A) Hs578T and MCF-7 cells were treated with 25 µM 

LY294002 and/or 1000 nM rapamycin for 96 hr in the presence of 10% FBS. Equal 

aliquots of total proteins were resolved by 8% SDS-PAGE and immunobloted with anti-

phospho-mTOR-Ser-2448 antibody. Blots were stripped and re-probed with anti-mTOR. 

(B and C) Densitometric analysis of the ratio of phospho-mTOR-Ser-2448/mTOR. Data 

represent mean ± SEM, n=2. 
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Figure 6.5. Effects of LY294002 alone and in combination with rapamycin on 
phospho-p70 S6K. (A) Equal aliquots of total proteins of Hs578T and MCF-7 cells that 

were treated with 25 µM LY294002 and/or 1000 nM rapamycin for 96 hr in the presence 

of 10% FBS were separated on 8% SDS-PAGE. Blots were probed with anti-phospho-

p70 S6K-Thr-389 antibody, stripped and re-probed with anti-p70 S6K. (B and C) 

Densitometric analysis of the ratio of phospho-S6K-Thr-389/S6K. Data represent mean ± 

SEM, n=2. (D and E) Densitometric analysis of the ratio of S6K/β-actin. Data represent 

mean ± SEM, n=2.  
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Figure 6.5
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Figure 6.6. Effects of LY294002 alone and in combination with rapamycin on 

phospho-4E-BP1-Thr-37/46. Hs578T and MCF-7 cells were treated with 25 µM 

LY294002 and/or 1000 nM rapamycin for 96 hr in the presence of 10% FBS. Equal 

aliquots of total proteins (15 µg) were resolved by 15% SDS-PAGE and immunobloted 

with anti-phospho-4E-BP1-Thr-37/46 antibody, stripped and then re-probed with anti-4E-

BP1 antibody. α, β, γ, δ are arbitrary designations for bands representing differently 

phosphorylated 4E-BP1, with band α being the hypophosphorylated form of 4E-BP1.  

anti 4E-BP1-Thr-37/46-P (Short Exposure)
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Figure 6.7. Effects of LY294002 alone and in combination with rapamycin on cyclin 
D1 protein. (A) Equal aliquots of total proteins were separated on 12% SDS-PAGE and 

immunobloted with anti-cyclin D1 antibody and re-probed for β-actin. (B and C) 

Densitometric analysis of the ratio of cyclin D1/β-actin. Data represent mean ± SEM, 

n=2.  
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Figure 6.8 Schematic diagram illustrating molecular targets of the combination of 
LY294002 and rapamycin in Hs578T and MCF-7 cells. While mTOR acts as a major 

effector of PI3K/Akt signaling pathway, PI3K-independent pathway(s) may induce 

activation of mTOR as well (The dashed lines indicate possible links). The combination 

of LY294002 and rapamycin was the most effective in inhibiting mTOR-dependent 

phosphorylation of 4E-BP1 than either agent alone. In its hypophosphorylated α form, 

4E-BP1 binds to eIF4E, inhibiting initiation of translation of protein, such as cyclin D1, 

that are required for entry into the G1-phase of the cell cycle. LY294002 inhibits mTOR 

and PI3K kinase activities, while rapamycin is a selective inhibitor of mTOR.  
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Figure 6.8
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DISCUSSION 

 

 

 

Akt has been shown to serve as a multi-functional protein, acting primarily as a 

survival factor to protect cells against apoptosis [241-249]. In addition, Akt regulates 

expansion in cell mass and stimulates entry of cells into the cell cycle by activating its 

downstream target mTOR [252, 256]. Over-expression of constitutive active Akt was 

sufficient to induce transformation of NIH3T3 [336], demonstrating that, upon its 

constitutive activation, Akt acts as an oncogene. Indeed, Akt kinase activity has been 

shown to be highly elevated in a wide range of tumor types [336, 486, 487] and 

associated with a tumorigenic phenotype [335, 337]. However, there are no studies to 

date that evaluated activation of Akt within specific cell types in normal skin, during multi-

stage skin cacinogenesis, and tissue regeneration following skin injury. The goal of the 

present studies was to evaluate Akt signaling pathway using different cancer model 

systems, including chemically and UVB-induced skin carcinogenesis, breast 

tumorigenesis, as well as during cutaneous wound healing and tumor-associated 

angiogenesis. The present work also evaluated the utility of inhibiting target molecules 

within the Akt pathway using cultured human breast cancer cell lines. 

In the present studies, we demonstrate that PI3K/Akt pathway is activated by 

specific VEGF splice variants, suggesting that these VEGF variants can selectively block 

apoptosis of endothelial cells involved in tumor-associated angiogenesis. Actively 

growing tumors have an absolute requirement for the development of new blood 

vessels, which support tumor growth, survival, as well as providing an avenue for tumor 

cells to enter the circulation and metastasize to distant organs. However, newly recruited 

endothelial cells are present within a hypoxic and nutrient-deprived microenvironment 

due to increases in tumor mass; therefore, endothelial cells are at risk of undergoing 

apoptosis. In the absence of blood vessel formation, apoptotic signal transduction 

pathways are activated, leading to tumor regression. In the current studies, we suggest 
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that tumor cells secrete survival factors to promote the persistence of the newly formed 

blood vessels.  

Our laboratory previously reported the existence of a novel murine VEGF splice 

variant that contains an extended exon 6a, exon 6’, which was termed VEGF205*, that 

was preferentially expressed in mouse skin carcinomas, but not in normal skin [290]. 

Interestingly, VEGF205* expression was prevalent in highly vascularized organs, 

including heart, lungs, liver, kidney, and brain of Tg.AC transgenic mice, which contain 

constitutively active v-Ha-ras that replaces the initiation step [290].  In contrast, there 

were no detectable levels of VEGF205* in internal organs isolated from isogenic FVB/N 

mice [290]. These previous results suggested that constitutive activation of Ha-ras 

oncogene may be associated with alternative splicing of VEGF205*.  

The current studies demonstrate that exposure of vascular endothelial cells to 

VEGF205* selectively stimulated phosphorylation of Akt at Ser-473 in a PI3K-dependent 

manner. The present results suggest that activation of PI3K/Akt signaling pathway in 

vascular endothelial cells is dependent upon the tumor microenvironment during which 

specific VEGF splice variants, such as VEGF205*, are produced and secreted to 

stimulate phosphorylation of Akt at Ser-473. These results support a model for 

differential functions of VEGF splice variants during tumor-associated angiogenesis.  

 Not only was Akt activated in vascular endothelial cells undergoing angiogenesis, 

but the present studies also documented that specific populations of epidermal and 

follicular keratinocytes, which have been shown to ultimately form papillomas and 

carcinomas [17, 29, 356, 357], contained constitutively activated Akt during multi-stage 

skin carcinogenesis. Although previous studies have reported an association between 

increased Akt activation and development of skin tumors [334, 335, 337], the specific 

cell populations that contain activated Akt during multi-stage skin carcinogenesis have 

yet to be evaluated. Phospho-Akt staining was nominal within epidermal and follicular 

keratinocytes in dorsal skin isolated from SENCAR mice treated only with DMBA, which 

may be due to the very low number of initiated cells that contained pAkt. However, twice 

weekly topical applications of TPA for 15 weeks to dorsal skin of mice previously initiated 

with a single exposure to DMBA induced constitutive activation of Akt in epidermal and 

follicular keratinocytes. In contrast, treatment with TPA in the absence of tumor initiation 

with DMBA did not induce Akt activation in skin isolated at 15 weeks. Previous studies 

demonstrated that targeting insulin-like growth factor-1 (IGF-1) expression to basal 



 213 

keratinocytes within the epidermis activated the PI3K/Akt pathway and was associated 

with a tumorigenic phenotype [334]. In contrast, twice weekly topical applications of the 

selective PI3K inhibitor, LY294002, significantly inhibited the development of skin tumors 

in IGF-1 transgenic mice [389]. These previous results suggest that inhibition of PI3K/Akt 

signaling pathway in initiated keratinocytes that contain activating mutations in the ras 

oncogene may block their clonal expansion. Taken together, the present observations 

suggest that one of the critical factors in stimulating constitutive activation of Akt is the 

clonal expansion of Ha-ras mutated cells during tumor promotion. 

The present studies also demonstrate significant increases in pAkt 

immunohistochemical staining in papillomas isolated at week 22 from SENCAR mice 

initiated with DMBA and promoted with TPA, compared to pAkt in epidermal 

keratinocytes from the dorsal skin of mice treated topically with acetone. More 

specifically, pAkt localized to suprabasal keratinocytes within papilloma tissues, 

suggesting that pAkt may provide non-proliferating suprabasal cells in papillomas with 

the ability to resist undergoing terminal differentiation, thus conferring them with the 

ability to persist within the skin over long periods of time.  

 In addition to the presence of pAkt within epidermal and follicular keratinocytes 

during multi-stage skin carcinogenesis, infiltrating mast cells within the dermis of 

hyperplastic skin and in the stroma of papillomas contained activated Akt as well, 

suggesting that pAkt may provide mast cells with the ability to persist in the hyperplastic 

skin tissue during skin carcinogenesis, thus contributing to a pro-oxidant and pro-

angiogenic microenvironment.  

Using double-immunofluorescence staining in combination with confocal 

microscopy, the current results provide first time evidence of the presence of pAkt in 

CD34+ cells within the outer root sheat (ORS) of the Bulge niche in hair follicles of dorsal 

skin treated only with acetone. There are no studies thus far which evaluated the 

mechanisms by which keratinocyte stem cells (KSC) persist in a quiescent state over the 

lifetime of the organism. The importance of pAkt in conferring CD34+ cells with the ability 

to persist in the bulge region of hair follicles over the lifetime of the organism under 

homeostasis conditions may be similar to the recently reported role of pAkt in conferring 

long-term maintenance of human embryonic stem cells in their undifferentiated state 

[371, 372].  
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Cutaneous stem cells have also been shown to serve as targets for skin 

carcinogens [17, 374]. Studies that supported such role for KSC demonstrated that the 

number of papillomas did not significantly change in mice with lapses in time of greater 

than a year between initiation with DMBA and repetitive topical applications of the tumor 

promoter TPA [345, 488]. These previous results suggest that carcinogen-initiated cells 

are slow-cycling and long-lived, therefore share similar characteristics to KSC in the 

bulge region of hair follicles [375]. Although CD34+ cells rarely divide, the present studies 

further demonstrate that CD34+ cells do undergo proliferation in dorsal skin initiated with 

DMBA followed by repetitive topical applications of TPA for 15 weeks. Despite the 

proliferative potential of CD34+ cells during multi-stage skin carcinogenesis, the present 

results show the persistence of this cell population to the ORS of the bulge region of hair 

follicles in hyperplastic skin during multi-stage skin carcinogenesis. These CD34+ cells 

also retained their activation of Akt during tumor promotion. The findings of the present 

results suggest that following initiation with DMBA, bulge stem cells may represent the 

major cell population that acquires mutations in the Ha-ras oncogene. The presence of 

pAkt may induce persistence of these initiated cells, despite the presence of apoptotic 

mechanisms, which under normal conditions, would result in the removal of 

keratinocytes containing ras mutations. Following promotion with TPA, these 

carcinogen-retaining cells have the potential for clonal expansion. However, despite the 

proliferation of KSC, these cells remained precisely localized to the bulge region of hair 

follicles. The presence of pAkt in CD34+ cells may prevent the loss of their 

undifferentiated morphology, and thus the depletion of this cell population during multi-

stage skin carcinogenesis.  

Although exposure to chemical carcinogens, including polycyclic hydrocarbons 

resulting from the incomplete combustion of fossil fuels, has been associated with the 

development of non-melanoma skin cancers, epidemiologic studies have consistently 

reported a strong association between exposure to UVB radiation and incidence of 

human skin cancers. There is little information available on the role of Akt-dependent 

signaling during UVB-induced skin carcinogenesis. One of the goals of the present 

studies was to determine the localization of activated Akt and mTOR in skin isolated 

from Skh/hr hairless mice following acute and chronic exposure to UVB light. In contrast 

to the chemical initiator DMBA, UVB light has been shown to act as both a tumor initiator 

and promoter. Acute exposure to UVB light induced activation of Akt within the 
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epidermal and follicular layers of the skin, while only few cells contained pAkt in non-

irradiated skin. However, chronic exposure to UVB light induced clonal expansion of 

pAkt-containing keratinocytes. While chemical initiation with DMBA induces activating 

mutations in the Ha-ras oncogene [65, 66], exposure to UVB light results in mutations in 

p53 tumor suppressor gene leading to a loss of p53 function [98]. In the absence of a 

functional p53 protein, chronic exposure to UVB light induces further mutations, which 

accumulate in critical proto-oncogenes and/or tumor suppressor genes. Collectively, 

results from the present studies demonstrate that one mechanism by which initiated 

keratinocytes may persist in the skin following exposure to chemical carcinogens such 

as DMBA or UVB light is by activation of Akt.  

Interestingly, increases in pAkt staining at 24 hr and 48 hr following exposure to 

UVB preceded the induction of pmTOR, which was only prevalent at week 1 within 

epidermal and follicular keratinocytes. There were few cells that contained pmTOR at 

week 20 following UVB exposure compared to the higher number of keratinocytes which 

contained pmTOR at week 1 after UVB exposure. Activation of pmTOR in epidermal 

keratinocytes within hyperplastic skin at week 1 following UVB exposure coincided with 

production of VEGF by epidermal keratinocytes and an increase in the number of blood 

vessels within the dermal area. mTOR may be activated in a temporal manner during 

UVB-induced skin carcinogenesis and is associated with VEGF expression within 

epidermal keratinocytes. Future studies should focus on examining the potential role of 

pmTOR as a critical mediator of the angiogenic switch during UVB-induced skin 

carcinogenesis.  

The present study is only one of few to characterize differences in localization of 

pAkt and pmTOR in papillomas isolated from SENCAR mice at week 22 following 

initiation with DMBA and repetitive topical applications of TPA and in papillomas isolated 

from Skh/hr mice at week 20 following a regimen of 3 times weekly exposure to 2240 

J/m2 UVB light. While proliferating cells were confined to the basal layer within 

papillomas isolated from SENCAR mice at 22 weeks of chemically-induced skin 

carcinogenesis, proliferating cells were present in all layers within papilloma tissues 

isolated from Skh/hr mice following UVB exposure. Examination of pAkt 

immunochemical localization revealed that while pAkt was present in non-proliferating 

suprabasal cells within chemically-induced papillomas, pAkt was present in all the 

proliferating cell layers in papillomas isolated from Skh/hr mice following UVB exposure. 
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In contrast to papillomas isolated from SENCAR mice, there were no detectable levels of 

pmTOR within UVB-induced papillomas. The present results suggest differential 

activation of Akt and mTOR signaling pathways during both processes. In UVB-induced 

papillomas, the presence of pAkt in proliferating cells in the absence of pmTOR suggest 

that pAkt may induce proliferation of keratinocytes during UVB-induced skin 

carcinogenesis independently of pmTOR. Studies been previously shown that Akt may 

regulate cell proliferation independently of mTOR activation by phosphorylating and 

consequently blocking the activity of glycogen synthase kinase-3β (GSK-3β) [406]. In its 

phosphorylated form, GSK-3β is inactive, therefore preventing phosphorylation and 

subsequent proteolytic degradation of cyclin D1 [253]. On the other hand, the presence 

of pAkt and pmTOR in non-proliferating suprabasal keratinocytes in chemically-induced 

papillomas tissues may confer this cell population with a survival advantage and the 

ability to resist terminal differentiation. Taken together, the present results suggest a 

model in which pAkt and pmTOR may act in concert to induce survival of suprabasal 

keratinocytes in chemically-induced papillomas, while the presence of pAkt may 

stimulate proliferation of the less-differentiated keratinocytes in UVB-induced papillomas 

independently of mTOR activation.  

Given the hypothesis that tumors are wounds that do not heal [489], the present 

studies further prompted us to examine the role of pAkt and pmTOR in skin regeneration 

following injury. Wound closure and regeneration of the damaged tissue to its original 

strength requires a highly regulated sequence of events. The wound repair process 

consists of three phases, including the initial homeostasis and inflammatory phase, the 

reepithelialization phase, and the dermal remodeling phase.  

During phase 1 of wound repair, all proliferating as well as non-proliferating 

epidermal keratinocytes localized to the wound edge contained pAkt, compared to the 

few epidermal keratinocytes that contained pAkt in skin distal to the wound site. In 

response to skin injury, epidermal keratinocytes at the wound site have the ability to 

withdraw from undergoing the process of terminal differentiation, and acquire a migratory 

phenotype. Recent evidence suggests that Akt not only promotes cell survival, but also 

regulates cell motility in a diversity of cell types [436, 437]. Taken together, the present 

results suggest that pAkt may provide epidermal keratinocytes with the ability to evade 

the normal process of terminal differentiation immediately following skin injury, and to 
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subsequently acquire a migratory phenotype, allowing them to move along the dermal 

wound margins.  

Following complete closure of the epithelial layer at day 5, the highest levels of 

pAkt immunoreactive protein were detected within proliferating and non-proliferating 

epidermal keratinocytes located in the reepithelialized wound site, compared to the low 

levels of pAkt immunoreactive protein present in epidermal keratinocytes that were distal 

to the wound site. In contrast, the pattern of pmTOR distribution did not follow the same 

pattern of staining as pAkt. The presence of pmTOR was restricted to epidermal 

keratinocytes located in the reepithelialized wound site during phase 2 of wound repair. 

Given that basal keratinocytes that had migrated into the wound site continued to 

proliferate and contained both pAkt and pmTOR, the present results suggest that 

Akt/mTOR signaling pathway may be essential for the proliferation of basal cells during 

the reepithelialization phase. On the other hand, the location of pAkt and pmTOR to 

suprabasal keratinocytes within the reepethelialized wound site did not correlate with 

PCNA expression, a proliferative marker that is expressed in the G1/S and G2 phases of 

the cell cycle. Reepithelialization has previously been shown to involve the generation of 

a multi-layered epithelium, with different keratinocyte subtypes within the suprabasal 

compartment of the epidermis [428]. Taken together, the current observations suggest 

that pAkt and pmTOR may act together or separately to induce the survival and 

persistence of non-proliferating suprabasal keratinocytes during the reepithelialization 

phase. Further investigation is required to examine whether pmTOR may be an 

important factor that mediates Akt-dependent survival signaling.  

Tissue regeneration following skin injury not only depends on proliferation and 

migration of epidermal keratinocytes into the wound site [428], but also requires 

participation of keratinocyte stem cells (KSC), in particular, KSC localized to the bulge 

region of hair follicles [42]. These previous results suggest that KSC that are mobilized 

from the bulge niche after wounding acquire a “functional epidermal keratinocyte” 

phenotype [42], therefore, enhancing reepithelialization of the wound site. In the present 

studies, pAkt was not only present within epidermal keratinocytes at the wound site, but 

was also present within CD34+ KSC, which remained localized to the bulge niche of hair 

follicles in skin tissues adjacent to the wound site at all times during cutaneous wound 

healing. While pAkt was present within the ORS as well as IRS of hair follicles, pmTOR 

was confined specifically to cells in the ORS. The dual presence of pAkt and pmTOR in 
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KSC localized to the ORS of the bulge region of hair follicles suggests that Akt/mTOR 

signaling pathway may play a role in tightly regulating the differentiation of KSC, thus 

maintaining a long-lived population of stem cells that has been to participate in skin 

regeneration following injury. The present results further suggest that pmTOR may serve 

as a selective marker of cells located to the ORS of the bulge region during the process 

of wound healing. 

Results from these series of studies indicate that activation of Akt and mTOR 

may regulate fundamental aspects during wound repair, thus serving as therapeutic 

strategies to enhance wound repair in chronic wounds that fail to heal, such as non-

healing ulcers from patients with diabetes. We report that at day 21 following wounding, 

the level of pAkt in epidermal keratinocytes along the wound healing line was 

comparable to that detected in keratinocytes distal to the wound site. The current 

observations further predict that improper constitutive activation of pAkt and pmTOR 

within the wound site at phase 3 during wound repair may create a suitable environment 

favoring the development of chronic wounds.  

 While the present studies evaluated the localization of activated Akt and mTOR 

in specific epidermal, follicular, and dermal cell types during multi-stage skin 

carcinogenesis, little information is available about the effects of inhibiting Akt signaling 

pathway in development of malignant carcinomas. To evaluate the effects of the 

combination of the selective PI3K inhibitor, LY294002, and the selective mTOR inhibitor, 

rapamycin, on signaling molecules involved in the PI3K and mTOR pathways, a model 

of human breast cancer was used. Two human breast tumor cells, Hs578T and MCF-7 

cell lines, were used to represent both highly invasive and metastatic and slow-growing, 

and poorly invasive human breast tumor cells, respectively. Despite their growth 

differences, the combination of LY294002 and rapamycin resulted in significant inhibition 

of proliferation of both these cell lines compared to the anti-proliferative effects of either 

agent alone. Results from chapter 5 suggest that inhibition of δ, γ, and β  forms of 4E-

BP1 following exposure of Hs578T cells to the combination of LY294002 and rapamycin 

was associated with a decrease in levels of cyclin D1, an essential regulator for 

progression of cells into the G1-phase of the cell cycle. Interestingly, inhibition of 4E-BP1 

hyperphosphorylation occurred in the presence of constitutive active Akt in Hs578T cells, 

demonstrating the importance of using the combination of LY294002 and rapamycin to 

inhibit target molecules within the PI3K/Akt signaling pathway. Furthermore, we 
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demonstrate that inhibition of δ, γ, and β  forms of 4E-BP1 may define the effectiveness 

of PI3K and mTOR inhibitors more effectively than evaluating phoshorylation of p70 

S6K.  

 In summary, the present studies are the first to demonstrate localization of 

activated Akt in specific cell populations within the skin during multi-stage skin 

carcinogenesis and may play an important role during skin tumor development as well 

as during tumor-associated angiogenesis. Since Akt is activated in bulge stem cells, skin 

tumor cells, mast inflammatory cells, as well as vascular endothelial cells undergoing 

angiogenesis, the first approach to block skin tumor growth would be to simultaneously 

target all of these cell types. One such approach is to target Akt signaling pathway that is 

shared by all cell types involved in multi-stage skin carcinogenesis. Ultimately, this 

strategy would induce apoptosis in each of these cell types. Although these results show 

promise for the utility of Akt as a target molecule in skin tumor development, dual 

inhibition of Akt and mTOR by the combination of LY294002 and rapamycin induced 

maximal inhibition of hyperphosphorylation of 4E-BP1 and a greater anti-proliferative 

effect on human breast tumor cells of different origins and metastatic activities than 

either of the agents alone. The strategy of dual inhibition of Akt and mTOR may be 

applicable to skin tumor development as well, providing a novel therapeutic for the 

treatment of non-melanoma skin cancers, rather than using each agent alone. In 

contrast to the suggested tumor-promoting effects of Akt and mTOR presented in this 

study, the current observations suggest that activation of Akt/mTOR signaling pathway 

may provide utility as a therapeutic agent that may stimulate regeneration of blood 

vessels in tissues whose vascular supply has been insufficient, such as cardiovascular 

diseases, and would accelerate wound healing in patients with chronic wounds and non-

healing ulcers 
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