
ABSTRACT 
 

SISTRUNK, CHRISTOPHER.  The Effects of the Loss of Skp2 on Keratinocyte 
Proliferation and Tumorigenesis.  (Under the direction of Dr. Marcelo Rodriguez-Puebla). 
 

 The SCF complex is a multi-protein E3 ubiquitin ligase complex that catalyze the 

ubiquitination of proteins for proteasomal degradation.  The Skp2 protein functions as the 

receptor component of the SCF complex and is implicated in the ubiquitinated degradation of 

several cell cycle regulators such as p27Kip1, cyclin E and c-Myc.  Skp2 also contribute to the 

inhibition of additional cell cycle regulators p53 and CDK-cyclin complexes by specific 

binding not related to the SCF-mediated degradation process.  Experimental and human 

tumors have shown strong correlation between increase levels of Skp2 onocoprotein and 

reduce levels of p27Kip1, suggesting that p27Kip1 play a preponderant role in tumorigenesis.  

However, a direct association between the inverse correlation of Skp2, p27Kip1 levels and 

tumorigenesis has not been demonstrated.  In this study we evaluate the affects of the loss of 

Skp2 on epidermal proliferation and tumorigenesis.   

 Here, we report that ras-dependent tumorigenesis is inhibited in Skp2-/-mouse skin.  

Analysis of mouse keratinocytes show increase levels of p27Kip1 in Skp2-/- epidermis result in 

a reduction in cell proliferation.  Contrary to the phenotype reversion observed in normal 

tissues from mice, we established that the lack of p27Kip1 does not overturn the reduced 

tumorigenesis found in Skp2-/- mice.  Our results show that the ablation of Skp2 triggers p53-

dependent epidermal follicular apoptosis, suggesting that the increased levels of follicular 

apoptosis is directly correlated with the onset of epidermal tumorigenesis.  This study 

demonstrates that p27Kip1 accumulation is responsible for the hypotrophy observed in normal 



tissues of Skp2-/- mice.  However, p53 mediated apoptosis plays the more prominent role in 

the initiation of skin tumorigenesis. 

 We also report that the ablation of Skp2 inhibit Myc-mediated keratinocyte 

hyperproliferation in a p27Kip1-dependent manner.  However, similar to our findings in mouse 

epidermis p27Kip1 had no effect on Myc-mediated oral tumorigenesis, suggesting that Skp2 

and p27Kip1 are critical for Myc-driven keratinocyte proliferation; however, Myc-mediated 

tumorigenesis in oral epithelium is independent of the Skp2-p27Kip1 axis.   

 Collectively our study has provided evidence that the loss of Skp2 inhibits epidermal 

proliferation through p27Kip1 accumulation and reduces skin tumorigenesis through increase 

p53-mediated apoptosis.    
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1.1 Cell Cycle Regulation 

The cell cycle is a systematic process by which cells divide and determines an 

organisms growth and development [1].  This process is universal and includes four 

individual phases, first gap phase (G1), DNA synthesis phase (S phase), second gap phase 

(G2) and mitosis (M phase).  The accurate duplication of the genomic DNA and the 

segregation of duplicated chromosomes as well as cell division occur in the S-phase and M-

phase respectfully.  The gap phases serve as a connection between M-phase and S-phase 

(G1-S and G2-M) and during these phases cellular growth occurs under tight regulations.   

An additional phase is recognized as Gap 0, when cells in G1 leave the cell cycle temporarily 

(arrest) or permanently (quiescent).  Pioneer works from several groups have established that 

the cyclin-dependent kinases (CDK) and cyclins play key roles during each phase of the cell 

cycle [2-3].   CDKs are serine/threonine protein kinases that require association with a cyclin 

for activation.  In fact, several studies have indicated the necessity of CDK-cyclin complex 

formation during G1 to initiate S phase and in G2 to initiate mitosis [4-6].   More 

specifically, during G1phase D-type cyclins and Cyclin E bind and activate CDK4/6 and 

CDK2 respectively, whereas cyclins A and B bind CDK2 and CDK1 through S phase to 

mitosis [7-8].   

The decision to undergo a round of cell division occurs in G1 as a two-part process; 

initially mitogenic signals are needed to influence the cells progression towards a round of 

cell division.  However, there is a point in which the mitogenic signals are no longer needed 

and the intrinsic cell-cycle machinery is committed to undergo a round of cell division, this 

temporal point is called the restriction point (R-point) [9-10].  Thus, the regulatory control 
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over the R-point in the cell cycle is vital in the maintenance of cell proliferation.  A group of 

pocket proteins belonging to the retinoblastoma (Rb) family has been identified as key 

regulators of the R-point passage: pRb, p107 and p130 [11-12].  More specifically Rb has 

been identified as a central component of a complex that actively serves as a transcriptional 

repressor of many genes whose products are needed for R-point passage, therefore 

controlling the G1/S transition and S-phase [13].  Subsequently passage through the R-point 

has been characterized by the inactivation of pRb and the activation of E2F transcription 

factors resulting in the transcription of S-phase genes [14].   The ability of Rb to repress E2F 

relies solely on its phosphorylation status, which is tightly regulated by cyclin/CDK 

complexes.  During late G1 phase, D-type cyclins form complexes with CDK4/6 and 

partially phosphorylate pRb.  This initial phosphorylation generate an Rb conformation that 

is hypophosphorylated and accessible for additional phosphorylation by the cyclin E/CDK2 

complex rendering pRb as hyperphosphorylated and inactive [12, 15-16] (Figure1).   Upon 

entry into S-phase, cyclin E and A/CDK2 complexes initiate the synthesis of DNA and 

prepare the cell for transition into G2.  Cyclin B/CDK1 complexes are active during G2 

phase and are required to enter the final stage, mitosis.   

Cyclin-CDK complexes are themselves tightly regulated by a group of proteins that 

physically interact with complexes and inhibit the activity these proteins are called Cyclin-

dependent kinase inhibitors (CKI) [17].  CKIs in mammalian cells consist of two classes, 

Inhibitors for CDK4 (INK4), (p15Ink4b, p16Ink4a, p18Ink4c and p19Ink4d) and Cip/Kip, which are 

much more promiscuous inhibitors and include p21CIP1, p27Kip1, and p57Kip2.   Amazingly 

enough both classes of CKIs are very active throughout the cell cycle, INK4 family are 
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classified as narrow-spectrum inhibitors, limited to D-type cyclin-CDK4/6.  The Cip/Kip 

family operates as a broad-spectrum inhibitor with the ability to inhibit both D-type cyclin-

CDK4/6 kinases as well as cyclin E/A-CDK2 kinases [18-22].  The Kip family proteins share 

a homologous amino acid domain that enables specific binding and inhibition through 

physically association that prevents cyclin CDK activation either by CDK-activating kinases 

or by inhibition of the activated kinase [22-24].  Among the Kip family p21waf1 and p27Kip1 

have been the most extensively investigated.  The mechanism in which p21Cip1 acts as an 

inhibitor to CDKs have been determined to be quantitative in nature, resulting in only the 

binding of cyclin/CDK2 complexes at lower levels and only displaying inhibitor effects when 

present at higher levels [25].  Kip family protein p27Kip1has been described as an inhibitor of 

both cyclin A/E-CDK2 and cyclin D-CDK4.  In regards to cyclin D-CDK4, p27Kip1 is 

constitutively associated and the inhibition of CDK4 depends on specific Y phosphorylation 

(Y88 or 89) [26-29].  However, recent discoveries have shown that p27Kip1 not only acts as 

an inhibitor but also plays a role in cell cycle promotion.  During early G1-S phase p27Kip1 

act as an assembly factor for D-type cyclins-CDK4/6 complex formation [30-31] (Figure 1).  

More specifically p27Kip1have been shown to have preferential affinity to its role as an 

assembly factor compared to its primary role as an inhibitor in some experimental models 

[32].  Further evaluations have shown that the localization of p27Kip1 may be the most 

important factor in determining whether the cell cycle is inhibited or promoted.   It is now 

known that specific phosphorylation of p27Kip1 (Serine 10) facilitates the nuclear export of 

p27Kip1 and the subsequent release of cyclin E-CDK2 inhibition [33-34].   In addition, p27Kip1 

inhibition of cyclin E-CDK2 is impaired due to tyrosine phosphorylation by BCR-ABL or 
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Src family kinases yielding a nuclear inactive p27Kip1 protein [35-36].  Remarkably, the 

phosphorylation of p27Kip1 determines its location but simultaneously targets its destruction, 

KPC-mediated proteolysis in the cytoplasm and SCFSKP2-mediated proteolysis in the nucleus 

[35-37].   In summary, the precise execution of the cell cycle is tightly regulated by several 

multi-subunit complexes that frequently offer diverse and overlapping feedback mechanisms 

that ensure proper control of one of the most basic processes of all living organisms.   
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Figure 1  CDK2/4 Regulatory control over pRb and p27Kip1.  (1)  During late G1 phase, D-
type cyclins form complexes with CDK4/6 and partially phosphorylate pRb.  (2) This initial 
phosphorylation generate an pRb conformation that is hypophosphorylated and accessible for 
additional phosphorylation by the cyclin E/CDK2 complex rendering pRb as 
hyperphosphorylated.  (3) Hyperphosphorylated pRb is inactive and enables the release and 
activation of E2F transcription factors resulting in the transcription of S-phase genes.  (4-5) 
p27Kip1 is an active inhibitor of CDK2/4 however; the CDKs have the ability to decrease the 
levels of p27Kip1.  (4)  CDK4 sequesters p27 as an assembly factor during G1-Sphase.  (5) 
CDK2 targets p27Kip1 for ubiquitin-mediated degradation by phosphorylating the threonine 
residue 187 (T187).  (6) Upon T187 phosphorylation p27Kip1 is poly-ubiquitinated and 
degraded.   
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1.2 The Ubiquitin-Proteasome Proteolytic Pathway 

The discovery of the ubiquitin-proteasome proteolytic pathway unveiled a complex 

cascade that showed specific degradation of extracellular proteins.  Since its discovery we 

know that the destruction of extracellular proteins is a highly regulated process that plays a 

major role in pathways during the inception of cell life through cell death [38].  In addition, 

the ubiquitin proteolytic pathways have been proven to regulate specific pathways that play a 

major role in the pathogenesis of several diseases [39-42].  The ubiquitin proteolytic pathway 

involves a multi-subunit complex formation that follows two specific steps: 1) the covalent 

attachment of a poly-ubiquitin tail or tagging of substrates, which consist of covalent 

attachment of multiple ubiquitin molecules to targeted substrates.  2)  The destruction of 

tagged protein by 26S proteasome complex yielding free ubiquitin for further tagging of 

targeted substrates.  The specific cascade and target recognition of the ubiquitin pathway 

involve three enzymes:  1) E1 is the subunit responsible for activating ubiquitin in an ATP-

dependent manner generating an intermediate E1-Substrate-Ubiquitin.  2) E2 is the ubiquitin 

conjugating enzyme (UBC); responsibilities include the transfer of activated ubiquitin from 

E1 to the substrate bound to E3 complex.  3) E3 is the subunit responsible for the recognition 

of substrates targeted for degradation (Figure 2). Upon substrate binding E3 domain transfers 

activated ubiquitin from E2 to ligase bound substrate.   The final responsibility of E3 

involves the conjugating process of the covalent attachment of ubiquitin to the substrate.  The 

additional attachment of activated ubiquitin to the ligase bound substrate generates a poly-

ubiquitin tail.  The poly-ubiquitinated substrate bound to E3 is then targeted for degradation 

by the 26Sproteasome complex [38, 43].  The 26S proteasome is a large protease that 
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consists of a 19S regulatory particle and a 20S core particle which together are responsible 

for the degradation of poly-ubiquitinated proteins.   The 20S core particle is the main 

destructive complex responsible for the actual degradation of poly-ubiquitinated proteins.  

Whereas the 19S regulatory sub-complex serves as an entry into the 20S complex, 

responsibilities include the recognition of ubiquitinated proteins, generate an opening in the 

core particle, unfold substrates and insert them into the 20S core particle.  Upon the 

degradation of ligase-bound proteins ubiquitin are recycled and short peptides are released 

(Figure 2).  Within the ubiquitin proteolytic pathway machinery E3s specific recognition of a 

wide variety of substrates has rendered it as the most complex and least defined.  Although a 

complete characterization of the entire gamete of pathways involving E3 has yet to be 

determined, E3s primarily serves as scaffolding, bridging the activated ubiquitin found in the 

E2 subunit with the ligase bound substrate.  Specific to the processes and pathways of this 

study the RING finger motif-containing E3s have been found to be vital in determining the 

timing of degradation of regulatory proteins.  There are two types of multi-subunit E3 

enzymes that play a major role in the regulation of the cell cycle:  Anaphase promoting 

complex or cyclosome (APC) and Skp1/Cullin/F-box (SCF).  APC is specifically required 

for the exit of cells from M phase to G1 and SCF complex plays an important role throughout 

the cell cycle.  The SCF complex consist of a multi-subunit core complex Skp1, Cull and 

Rbx1 in addition to a variable component known as an F-box protein, which is specifically 

responsible for substrate recognition [44-45].  Among them are the cyclin dependent kinases 

inhibitors (CKI’s), cyclins, tumor suppressors, transcription activators as well as their 

inhibitors.  The ubiquitin-mediated regulations of these cellular proteins play a vital role in 

 8



several essential cellular processes.  More specifically, the regulation of the cell cycle, DNA 

repair, transcription, cell division, differentiation, development, and inflammatory responses, 

are just a few of the important processes that involve the usage of the ubiquitin proteasome 

proteolytic pathway[44-47].     
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Figure 2 SCF Ubiquitin proteolytic pathway consist of E1) Ubiquitin activating enzymes E2) 
Ubiquitin conjugating enzyme E3) Ubiquitin ligase.  E3 ligase are typically multi-subunit 
complexes capable of targeting specific proteins for degradation.  The SCF complex consist 
of a multi-subunit core complex Skp1, Cull, Rbx1 and F-Box protein.  Target proteins are 
specifically recognized by the F-box protein and polyubiquitinated.  Polyubiquitinated 
proteins are targeted for destruction by the 26 proteasome yielding peptides and reusable 
ubiquitin.   
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1.3 S-Phase Kinase Associated Protein 2 (Skp2) 

S-phase kinase associated protein 2 (Skp2) is an f-box protein associated with the 

multi-subunit E3 enzyme SCF.  Skp2 is responsible for the recognition of several targets that 

play important roles in cell cycle regulation.  Among them are p21cip1, p27Kip1, p57Kip2, cyclin 

E1 and origin recognition complex (ORC1) [48] [49] [50-51].  Skp2 promotes growth 

through the active inhibition of growth inhibitors and several studies have shown it to be 

oncogenic. [38, 46, 52]   The oncogenic effects of Skp2 are believed to be depended upon the 

inhibition of cyclin-dependent kinase inhibitors during the G1/S-phase transition [50, 53-54]. 

More specifically, through the ubiquitin meditate degradation of p27Kip1.  It has been widely 

accepted that Skp2 targets p27Kip1, which are phosphorylated at threonine-187 by the cyclin 

E-CDK2 complex. [55] The degradation of p27Kip1 by Skp2 will result in the activation of the 

cycle E-CDK2 complex that further phosphorylate Rb therefore allowing un-prohibited 

transcription by E2F [56-57].  However contrary to previous studies that indicate prevalent 

Skp2 activity during the G1/S-phase, further investigations have more accurately described 

Skp2s activity as being S/G2-phase related[58-59].  In fact, the accumulations of Skp2 levels 

do not take place until late G1 phase, reaching maximum amounts during S and G2 phase 

[60].  In addition, p27Kip1 is exported out of the nucleus to the cytoplasm in G1 phase whereas 

Skp2 is confined to the nucleus.  Importantly, the degradation of p27Kip1 in the cytoplasm, 

during the G1 phase, is independent of Skp2.  It is now known that p27Kip1 is targeted for 

degradation in a non-phosphorylated dependent manner by KPC (Kip1 ubiquitylation-

promoting complex) during G1 phase in the cytoplasm [59].  Interestingly, in vivo studies 

using a Skp2-/- mouse as well as in vitro models utilizing mouse embryonic fibroblast show 
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that the whole animal and cellular phenotypes of Skp2-/- mice were all reverted with the 

additional ablation of p27Kip1[50].   In fact, studies from several groups have determined a 

strong correlation between the protein levels of Skp2 and p27Kip1 in experimental and human 

tumors. For example, breast, prostate, and colon cancer models have shown increase Skp2 

and decrease p27Kip1 protein levels [61-65].   In numerous human tumors low levels of 

p27Kip1 have been attributed to decreases in protein stability [66].  In addition patient’s 

tumors that exhibit increase expression of Skp2 and lower levels of p27Kip1 have a poor 

prognosis, whereas patient with increase p27Kip1 and lower Skp2 had a more favorable 

prognosis [46, 52, 67]. Therefore, the accepted model of Skp2s ubiquitin-mediated 

degradation of p27Kip1 has been applied to tumoriogenesis and this theory is widely accepted.   

  

1.4 The Mouse Skin Carcinogenesis Model 

The mouse skin carcinogenesis model has been extensively used in genetic 

toxicology and carcinogenesis [68-72] and also to study the pathobiology of squamous cell 

carcinomas [73]. Probably its most important contribution has been to provide a framework 

for the study of the multistage nature of cancer development and particularly the concept that 

carcinogenesis can be operationally divided into well defined stages, i.e., initiation and 

promotion [73].  The two-stage protocol of chemically induced carcinogenesis consists of the 

application of a single non-carcinogenic dose of a genotoxic carcinogen, followed by 

multiple applications of a non-genotoxic but strong irritant agent [69, 72]. The first stage, 

known as initiation, is irreversible, cumulative and genetic in nature [71]. In contrast, the 

second stage, promotion, is reversible and requires multiple applications at a given minimal 
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frequency. The nature of tumor promotion is believed to be epigenetic [74-75].  In 

susceptible mouse strains, the first tumor can be observed after 6 to 8 weeks of continued 

promoter treatment. The natures of these tumors have been somewhat controversial.  They 

are exophitic, non-invasive epithelial tumors resembling human and rabbit papillomas [76] 

and are considered by some authors as terminally benign lesions [77].  However, the 

progression of the chemically induced papillomas seems to depend largely on the genetic 

background of the host.  After 25-30 weeks of promotion, some papillomas start converting 

to fully invasive tumors, i.e., squamous cell carcinomas (SCC).  Evidence accumulated by 

different laboratories in the last ten years has shown a relationship between the initiation 

event and specific mutations in genes of the ras family proteins [78-80]. In fact, genomic 

disruption of the Ha-ras gene results in critical reduction in the number of mouse skin 

papillomas [81].  In the case of dimethylbenz[a]anthracene (DMBA) initiation, mutations 

occur specifically in codon 61 of the Ha-ras gene.  In tumors obtained with other initiators, 

the frequency of these mutations is lower and less specific [82-83].  Spontaneous tumors 

have also been shown to have Ha-ras mutations [84]. The link between ras mutations and 

initiation is further supported by experiments showing that introduction of an activated ras 

gene into normal keratinocytes results in the formation of papillomas [85]. Although the 

ultimate mechanism of promotion appears to be clonal expansion of initiated cells [75, 86], 

the molecular mechanism leading to this clonal selection is not fully understood. 

Furthermore, current evidence suggests that different promoters may act by different 

mechanisms [87-88].  The secondary genetic changes leading to the progression of 

papillomas seems to be multiple, complex and probably involve a combination of gene 
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amplifications, activation of oncogenes, and abrogation of the function of suppressor genes. 

Early experiments showed that papillomas became aneuploid at early stages of development 

[89].   Further investigation showed that aneuploidy was the result of non-random duplication 

of chromosome 6 and 7 [90], which was followed by overexpression of the Ha-ras mutated 

allele [91].  

1.5 c-Myc Oncogene  

 The initial investigation into Myc genes uncovered the viral oncogene v-myc and   its 

cellular homolog c-myc which is active in varies human tumors [92-95].  c-Myc is 

considered to be a proto-oncogene and is just one of several members of the myc family of 

genes (L-myc, B-myc, N-myc and s-myc)  [96-99].  While recent studies are focusing more 

on other members of Myc family genes, c-myc has captured the bulk of investigation thus 

far, for it has been determined that alteration of its activations is resulting in up to 100,000 

fatalities in the US yearly [100].  The role of c-myc in human cancers is well document in 

fact c-myc proteins have been found deregulated in 80% of breast cancers, 50% of 

hepatocellular cancers, 70% of colon cancer and an astounding 90% of gynecological 

cancers[101-104].   

The c-myc gene is located on human chromosome 8 and contains an N-terminal 

transactivation domain as well as a dimerization interface, the helix-loop-helix leucine zipper 

(HLH/LZ) which is located in the C-terminal region [105].  The presence of HLH/LZ 

domains enables dimerization with other HLH/LZ proteins.  It is now known that c-myc 

activation facilitate the recruitment of partner proteins that contain HLH/LZ domains.  

Human Max proteins contain HLH/LC domains and were discovered as a specific 
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dimerization partner protein of c-myc [106-107].  Myc-Max complexes activate transcription 

through the c-myc N-terminal transactivation domain, which enables the specific binding to 

DNA core sequences called E boxes [107-110].  In addition, the Mad family proteins also 

bind to Max leading to a competition between Myc and Mad by Max, resulting in activation 

and/or transcriptional silencing [111-114].   

The role of c-myc in the cell cycle has been under tireless investigation since its 

discovery.  Thus, c-myc has been shown to have regulatory control over cellular metabolism, 

apoptosis and cell immortality [115-121].  The role of Myc in cell proliferation is partly 

mediated through its ability to down-regulate the expression of p27Kip1 [122].  c-Myc has 

been found to inhibit the transcription of p27Kip1 by forming complexes with Max proteins 

and actively repressing p27Kip1 promoter activity[123].  The activation of c-myc has been 

linked to increased cyclin D1 and D2, therefore increasing the formation of cyclin D-CDK4 

complexes. The elevate level of cyclin D/CDK4 increase proliferation through 

phosphorylation of Rb, but also through the sequestration of p27Kip1 and indirect activation of 

cyclin E-CDK2 complexes [124-125].  The activation of c-Myc also induces E2F1, 

promoting cyclin E transcription, therefore activating cyclin E-CDK2 complexes which have 

been shown to facilitate the specific phosphorylation of p27Kip1 at the carboxy-terminal 

threonine residue (T187), ultimately resulting in the recognition of phosphorylated p27Kip1 by 

SCFSkp2  for ubiquitin-mediated degradation [32, 126]. 
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1.6 Apoptosis in Cancer 

Apoptosis is the process of programmed cell death and was first described through 

morphological characteristics by Kerr et al. [127].  The complete mechanisms involved in the 

process of apoptosis through years of investigations have yielded a complex process that 

involves several components and pathways [127-130].  Apoptosis is a major contributor to 

the overall homeostasis of cell populations and it actively occurs during normal development.  

The mechanisms involved in apoptosis are truly complex and include several carefully 

regulated molecular components in an energy dependent manner.  Investigations have 

discovered specific apoptotic pathways: Intrinsic or mitochondrial, extrinsic or death receptor 

and the perforin/granzyme B pathway.  Regardless of which pathway of apoptosis is active, 

all of them converge on a single pathway to complete the final phase of apoptosis called the 

execution pathway.  The execution pathway involves the activation of a family of death 

proteases termed caspases.  Caspases have proteolytic activities which are activated by 

catalytic cleavage, thereby triggering a cascade that disrupts regulatory protein yielding cells 

committed to undergo suicide [131].  The activation of caspases result in DNA 

fragmentation, degradation of nuclear proteins as well as the formation of apoptotic bodies 

all of which are the signs of the earlier stages of apoptosis [132].  Caspases have been 

identified by their activities: initiators (caspase 2, 8, 9, 10), executioners (caspase 3, 6, 7) and 

inflammatory caspases (1, 4, 5) which are exclusively associated with the perforin/granzyme 

B pathway [133-134].   

 The extrinsic pathway involves interactions of death receptors from the tumor 

necrosis factor (TNF) superfamily of genes [135].  FasL/FasR and TNF-α/TNFR1 are the 
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best-characterized examples of the usage of the extrinsic pathway and can be describe as 

specific ligand binding followed by the recruitment of adapter proteins, which include death 

domains that bind specific receptors that are specifically associated with procaspases to 

generate the death-inducing signaling complex (DISC) triggering apoptosis [136].   The 

perforin/granzyme pathway involves inflammatory responses, in particular cytotoxic T 

lymphocytes has the ability to recognize targeted cells and designated them for termination.   

The initiation of the intrinsic pathway results in the production of intracellular signals that 

serves as positive or negative regulators of apoptosis [137].  Deregulation of these stimuli 

causes specific changes in mitochondrial membrane, yielding loss of mitochondrial 

membrane potential, resulting in the release of pro-apoptotic proteins such as cytochrome c 

[138-139].  The release of cytochrome c initiates the formation of the pro-apoptotic 

holoenzyme apoptosome, which stimulates the activation of caspases therefore resulting in 

the apoptosis of the cell [140-141].  Specific investigations have uncovered the Bcl-2 family 

proteins as active regulators of apoptotic events associated with mitochondrial-mediated 

apoptosis [142].  The Bcl-2 family of proteins regulates mitochondrial membrane 

permeability through influences on the release of cytochrome c.  In fact, anti-apoptotic (Bcl-

2, Bcl-x, Bcl-XL) as well as pro-apoptotic proteins (Bax, Bid, Bad) are counted among the 

members of the Bcl-2 family of proteins.  Investigation involving the Bcl-2 family of 

proteins was pivotal in the initial discovery of the significance of apoptosis during tumor 

development [143-145].  In fact, the significance of the regulation of apoptosis during 

carcinogenesis has been established as a key component to the development and progression 

of many cancers [146].  Some tumor cells gain mutation that allow them to circumvent 

 17



apoptosis by expressing anti-apoptotic proteins such as Bcl-2 and or inhibiting the 

expressions of pro-apoptotic proteins such as Bax.  Remarkably, the expression of pro-

apoptotic protein Bax and anti-apoptotic protein Bcl-2 are regulated by the tumor suppressor 

gene p53   [147].   

Tumor suppressor gene p53 has an extensive history of been linked to apoptosis, in 

fact p53 was recognized as the first tumor suppressor gene associate with apoptosis[148].  

p53 has also been established as a checkpoint protein that maintain the integrity of the 

genome by triggering cell cycle arrest following DNA damage [149].   Upon receiving DNA 

damage p53 can hold the cell cycle at the G1/S phase checkpoint and stimulate DNA repair 

proteins, however if the DNA damage is beyond repair p53 initiates apoptosis [150].  

Alteration in p53 regulations can lead to reduced apoptosis as well as the replication of 

damaged DNA and as such, p53 has become the most widely mutated gene in human cancers 

[151-152].   These numbers are greatly increased when particular upstream and downstream 

components of the p53 pathway are deregulated such as Mdm2 and ARF  [153].  Mdm2 

targets p53 for ubiquitin-mediated degradation and thus serves as a negative regulator of p53 

[154]. In addition, Mdm2 has also been found to impair p53 activities by inhibiting 

posttranslational modifications by blocking the CBP/p300 mediated acetylation of p53 [155-

156].  Interestingly enough ARF effects p53 through its regulation of Mdm2 during 

tumorigenesis creating an ARF-Mdm2-p53 pathway [157].  Specifically, ARF messaging is 

induced by oncogenes and this activity antagonizes the inhibitory activities of Mdm2 on p53, 

thus stabilizing the ability of p53 to promote cell cycle arrest as well as apoptosis[157].  Over 

the years, investigations have uncovered a vast number of oncogenes, tumor suppressors and 
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additional cell cycle regulators that are involve directly or indirectly with p53.  Thus, the 

total networking activity of p53 have become extremely complex and while the discovery of 

additional factors may occur in a linear fashion it is certain that p53 is involved in the 

regulation of multiple pathways upon its activation.     

 
 

1.6 Research Focus 

Cell cycle progression involves a complex series of elaborate mechanisms that 

control the periodic expression of regulatory proteins.  The intracellular concentrations of 

these proteins are tightly regulated by both, protein synthesis and by the ubiquitin-mediated 

proteolityc pathway in a time-specific manner.  The ubiquitin ligase Skp1-Cul1-F-box (SCF) 

complex and the anaphase-promoting complex/cyclosome (APC/C) are responsible for the 

specific ubiquitylation of many of the key regulators of each phase of the eukaryotic cell 

cycle. Skp2 belongs to the F-box protein family and have been implicated in the regulation of 

several major effectors of the cell cycle.  The more prominent known targets of Skp2 include 

the Cip/Kip family of cyclin-dependent kinase inhibitors (p21Cip1, p27Kip1 and p57Kip2), cyclin 

D1, p130 and c-Myc.  It has been determined that Skp2 is indeed an oncogene and regulation 

of Skp2 levels have become a focal point in recent cancer related therapies. 

 The oncogenic role and proliferative effects of Skp2 in human and experimental  

tumorigenesis has been described by several groups as being dependent on the proteolysis of 

one of Skp2s main targets, p27kip1.  In fact, several studies have demonstrated a level of 

phenotype rescue among Skp2 knockout animals that have the additional ablation of p27Kip1 
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[50, 58].  As such within the medical community, it is a known practice to produce prognosis 

for human cancer patients based on the inverse correlation between high and low levels of 

Skp2 and p27Kip1 proteins respectively. However, a cause-effect link between reduction of 

p27Kip1, through increases of Skp2 oncogenic activity and further increase tumor 

development has not been experimentally defined.  In addition, the activation of an additional 

target of Skp2, the c-Myc oncogene has also been proven to have p27-dependent 

tumorigenesis.  All of which suggest the presences of intricate more complex pathways 

linked to Skp2 regulations. 

In the scope of this study, we intend to elucidate the tumorigenic effects of the loss of 

Skp2 on mouse kerationcytes and its relation with the modified levels of p27Kip1.  More 

specifically, if in addition to p27Kip1 regulatory control, the loss of Skp2 has any additional 

regulatory effects that can influence the tumorigenesis of animals devoid of Skp2.  In an 

effort to address the scope of this study, we asked the following three questions: 

(1) Does ablation of Skp2 affect mouse keratinocyte proliferation and tumorigenesis? 

(2) Are the increased accumulations of p27Kip1 noted in animals devoid of Skp2 able to 

affect kerationcyte proliferation and tumorigenesis?  

(3) Is Skp2 necessary for Myc-induced kerationcyte proliferation and tumorigenesis? 

(4) Does the loss of Skp2 affect the apoptotic profiles of keratinocytes? 

To address the questions purposed we will utilize the mouse skin model, sets of knockout and 

transgenic mice to evaluate the effects of the lost of Skp2 in keratinocytes; devoid p27Kip1 or 

over-expression of c-Myc.  We present strong evidence that Skp2-related p27Kip1 regulation 

may be necessary for normal proliferation but are dispensable for Skp2-mediated 

 20



tumorigenesis.  We also show that the tumorigenesis profiles displayed in Skp2-/- animals 

may be due to increase levels of apoptosis. 
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Chapter II 
 

The ablation of Skp2 inhibits normal keratinocyte proliferation, 
ras-dependent tumorigenesis and epidermal wound healing 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 22



2.1 Introduction 

Ubiquitin-mediated proteolysis plays an important role in the control of short lived 

regulatory proteins within several pathways [158].  The rate in which ubiquitin mediated 

proteolysis occurs depends upon substrate recognition by E3 ubiquitin ligases.  F-box 

proteins determine substrate specificity for SCF, a major class of E3 ubiquitin ligases [159].  

More specifically, F-box protein S-phase kinase associated protein 2 (Skp2) has been 

intensely investigated for its regulation of the cell cycle [50, 53, 55, 59, 160-161].  Skp2 is 

required for the ubiquitin-mediated proteolysis of several substrates involve in varies 

pathways associated with cell cycle regulation.  In particular, the control of CKI p27Kip1, a 

major target of Skp2, has been the target of many studies [50, 53, 55, 162-163].  The notion 

that the cell cycle disruption caused by Skp2 mediated proteolysis of p27Kip1 was further 

reinforced by studies that showed the levels of p27Kip1 to be directly correlated to prognosis 

in several humans cancers [6, 52, 54, 164-166].  Elevated levels of Skp2 and reduce levels of 

p27Kip1 correlated to poor prognosis in astrocytic brain tumors, oral squamous cell 

carcinomas, non-small cell lung cancer, lymphomas and colon cancer [52, 164-167].  These 

investigations lead to the accepted dogma that Skp2 affects the cell cycle through its 

ubiquitin-mediated degradation of p27Kip1.    

Studies related to the utilization of a Skp2-p27Kip1 tumorigenesis pathway have 

changed significantly in the past several years.  Initially the Skp2-p27Kip1 axis was thought to 

be pivotal during the G1/S-phase transition [50, 55, 168-169].  More recently investigations 

have rule this possibility out and now suggest Skp2 related degradation of p27Kip1occurs 

during the S/G2-phase and G2-M phase [53, 58-59, 170].  While these new studies have 
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further complicated the scope of Skp2-dependent regulation of p27Kip1 during tumorigenesis, 

the dogma of p27Kip1 being the predominant target of Skp2 during cell cycle regulation 

remains.  Perhaps the driving force for the unyielding pursuit of p27Kip1 as the major target 

for Skp2 related tumorigenesis stems from the characterization of Skp-/-/p27-/- animals [59, 

171-172].  These studies collectively with the correlated findings in human and animal 

tumors depicting an inverse relationship between Skp2 and p27Kip1 spearheaded the 

acceptance of the involvement of Skp2-p27Kip1 dependent regulations during tumorigenesis.  

Although this data has yet to be corroborated in an in vivo model it has become the standard 

model referenced in cancer studies.  Therefore, our first goal in this study was to address 

the involvement of a Skp2-p27Kip1 dependent regulatory axis during tumorigenesis.   

To test this hypothesis we utilized the mouse skin model to determine the initial 

characterization of the Skp2-p27Kip1 axis during cell cycle regulation.  More specially, we 

used Skp2-/- mice as well as Skp2-/-/p27-/- compound animals.  In this chapter, we 

characterized the kerationcyte populations of knockout animals in normal proliferation and 

neoplastic skin development.  We show that the phenotype developed in Skp2-/- epidermises 

are indeed rescued by the additional p27Kip1 ablation.  However, during a two-stage 

carcinogenesis model the reduced tumorigenesis observed in Skp2-null epidermis remains 

unaffected by the additional ablation of p27Kip1.  Furthermore, the additional discrepancies 

found in CDK kinase activities between tested models suggest that Skp2 plays a more 

prominent role regulating additional pathways during the tumorigenesis process. 
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2.2 Materials and Methods 
 
 
2.2.1 Development of transgenic mice. 

Skp2-/- animals were a generous gift of Dr Nakayama [50].  Mice heterozygous for 

Skp2 (Skp2+/-) on C57BL/6 background were bred to generate mice homozygous, 

heterozygous, or nullizygous for Skp2.  The p27Kip1 heterozygous mice were purchased from 

Jackson Laboratories USA and cross back to the genetic background SENCAR for two 

generations.  Skp2-/-/p27-/- compound mice, p27-/-, Skp2-/- and control wild type mice were 

generated by crossing p27Kip1 heterozygous mice with Skp2 heterozygous mice.   

 

2.2.2 Transgene-Specific Polymerase Chain Reaction (PCR).  

Genomic DNA was extracted from mouse tail clips and used for genotyping using 

PCR.  The Skp2 wild-type allele was amplified with upstream (5’-GCA TCG CCT TCT 

ATC GCC TTC TTG-3’) and downstream (5’-CCC GTG GAG GGA AAA AGA GGG 

ACG-3’) primers that produce a 430-bp band, and the Skp2 null allele was amplified with 

upstream (5’-AGA GTG GAA GAA CCC AGG CAG GAC-3’) and downstream (5’-TTC 

CCA CCC CCA CAT CCA GTC ATT-3’) primers that produce a 500-bp band.  The 

p27Kip1wild-type allele amplified with upstream (5’-GAG CG ACG CCC AAG AAG C-3’) 

and downstream (5’-TGG AAC CCT GTC CCA TCT CTA T-3’) primers that produce a 

900-bp band, and the p27Kip1 null allele was amplified with upstream (5’-CCT TCT ATG 

GCC TTC TTG ACG-3’) and downstream (5’-TGG AAC CCT GTG CCA TCT CTA T-3’) 

primers that produce a 500-bp band product. 

 25



2.2.3 Western Blot Analysis and Kinase Assays.  

Mice were sacrificed, and the dorsal surface of each animal was shaved and treated 

with a depilatory agent for one minute and then rinsed with tap water.  The dorsal surfaces 

were then excised, and the epidermal tissues were scraped off with a razor blade.  The 

epidermis was then harvested in homogenization buffer (50 mmol/L HEPES, pH 7.5, 150 

mmol/L NaCl, 2.5 mmol/L EGTA, 1 mmol/L ethylenediaminetetraacetic acid, 0.1% Tween-

20, 1 mmol/L dithiothreitol, 0.1 mmol/L phenylmethyl sulfonyl fluoride, 0.2 U/ml aprotinin, 

10 mmol/L b-glycerophosphate, 0.1 mmol/L sodium vanadate, and 1 mmol/NaF) and 

homogenized with a manual homogenizer.  The epidermal homogenate was centrifuged at 

14000 rpm at 4°C to collect the supernatant, which was used directly for western blotting 

analysis or stored at -80°C.  The protein concentration was determined using a Bio-Rad 

protein assay system (Bio-Rad laboratories, Richmond, CA).  Protein lysates (30 µg from 

each sample) were electrophoresed on 12% acrylamide gels and electrophoretically 

transferred onto nitrocellulose membranes.  After being blocked with 5% nonfat powdered 

milk in Dulbecco’s phosphate-buffered saline, the membranes were incubated with 1 µg/ml 

of the specific antibodies.  Polyclonal antibodies were used against the following proteins: 

p21 (H-164), p27 (M-197), p27 (C-19) cyclin D1 (C20), cyclin A (C19), Cyclin E (M20), 

CDK1 (C20), CDK2 (M2) and CDK4 (C20) (Santa Cruz Biotech., Santa Cruz, CA). 

Peroxidase-conjugated anti-mouse and anti-rabbit polyclonal secondary antibodies followed 

by enhanced chemiluminescence (ECL detection kit, GE Healthcare., Piscataway, NJ) were 

used for immunoblotting detection. Western blot and kinase assay bands were quantified 

using UN-SCANT IT gel software for Windows. 
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2.2.4 Immunostaining.  

Epithelial cell proliferation was measured by intraperitoneal injection of 60 µg/g of 5-

bromodeoxyuridine (BrdU) 30 minutes before the mice were sacrificed using CO2 

asphyxiation. BrdU incorporation was detected using immunohistochemical staining of 

paraffin-embedded skin sections with a mouse anti-BrdU (ab-2) monoclonal antibody 

(Calbiochem, EMB Biosciences, San Diego, CA), a biotin-conjugated anti-mouse antibody 

(Vector Laboratories, Inc., Burlingame, CA), and the avidin-biotin Vectastain Elite 

peroxidase kit (Vector Laboratories, Inc.) with diaminobenzidine as the chromogen.  BrdU-

positive and total number of interfollicular cells were quantified to determine the BrdU label 

index (BrdU-positive / Total number of nucleated cells). 

 

2.2.5 Co-immunoprecipitations and Kinase Activity  

To study CDK/p27Kip1 complex formations we used polyclonal antibodies against 

CDK1 (C20) CDK2 (M2), CDK4 (C22) (Santa Cruz Biotech, Santa Cruz, CA), and 

polyclonal antibody against p27Kip1 (Santa Cruz Biotech, Santa Cruz, CA) conjugated with 

protein A-sepharose beads (Thermo Scientific, Inc., Rockford, IL).  500 µg of fresh protein 

lysates from epidermal tissue were immunoprecipitated (IP) for 1 hour at 4°C with constant 

rotation.  After washing three times with extraction buffer, proteins co-immunoprecipitated 

was analyzed by western blot as described above. 50 µg of protein lysates were loaded as 

control input.  To study the kinase activities, 500 µg of fresh protein was extracted and 

immunoprecipitated in NP-40 lysis buffer; Tris [pH 7.5], 150 mM NaCl, 0.5% NP-40, 50 

mM NaF, 1 mM Na3VO4, 1 mM DTT, 1 mM PMSF with precoated antibodies against 

 27



CDK1, CDK2 and CDK4 for 2 hours at 4oC. Beads were washed twice each with NP-40 

buffer and once with kinase buffer (50 mM HEPES [pH 7], 10 mM MgCl2, 5 mM MnCl2). 

Then, 30 μl of kinase buffer, 1 μg of pRb or histone H1 (Upstate Biotechnology Inc., 

Charlottesville, VA.) substrate, 5 μCi of [γ-32P] ATP (6,000 Ci/mmol), 1 mM DTT, and 5 

μM ATP was added to the bead pellet and incubated for 30 min at 30°C.  SDS sample buffer 

was added, and each sample was boiled for 3 min to stop the reaction and electrophoresed 

through polyacrylamide gels.  Western blot and kinase assay bands were quantified using 

UN-SCANT IT gel software for Windows. 

 

2.2.6 Two-Stage Carcinogenesis and Rapid S-Phase Entry Protocols  

Two-stage carcinogenesis protocol: dorsal surface of the mice were shaved and 48 

hours later received a single topical application of 7, 12-dimethylbenz[a] anthracene 

(DMBA) (51.2ug/200ul).  After two weeks a bi-weekly application of phorbol-12-myristate-

13-acetate (TPA) (4.19ug/200ul) for a total of 30 weeks was applied to the dorsal surface of 

each of the previous DMBA treated animals. Tumors were counted weekly and recorded to 

determine multiplicity, latency and incidences.  Histopathological analysis of paraffin-

embedded H&E stained cross-sections of tumors were scored and malignancies graded by 

pathologist. Rapid entry into S-Phase:   dorsal surface of mice were shaved and 48 hours 

later received a single dorsal applicationof TPA (4.19ug/200ul), or biweekly applications for 

30 weeks.  Dorsal surfaces of treated mice were harvested for histological and/or biochemical 

analysis 24 hrs after last application of TPA. 
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2.2.7 Wound Healing experiment 

Three mice of each genotype (Skp2-/- and wild type) were anesthetized following 

institutionally approved protocols. The backs of the mice were shaved and sterilized with 

alcohol, followed by 1% iodine solution. A circular full thickness wound, approximately 8 

mm in diameter, was made using a dermal biopsy punch, down to, but not through, the 

muscle fascia.  The wound was measured daily until complete closure was detected. The 

healing process was analyzed in paraffin-embedded sections, which were stained with 

hematoxylin and eosin (H&E). 

 

2.2.8 Statistical analysis.  

Statistical analysis was performed using GraphPad Prism 4 Software (GraphPad Software, 

San Diego, CA, USA). 
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2.3 Results 

 

2.3.1 Epidermal characterization of Skp2 knockout mice 

 The effects of Skp2 ablation in mouse epidermis were not previously evaluated; 

therefore, we determined the role of Skp2 in keratinocyte proliferation.  An analysis of 

paraffin-embedded skin tissue revealed that Skp2-/- mice exhibited hypoplastic epidermis 

(Figure 3A). These findings were further corroborated through the specific quantification of 

epidermal nucleated cells of both Skp2-/- and wild type animals (Skp2-/- showed a 2-fold 

decrease in the number of interfollicular keratinocytes) (Figure 3B).  In an effort to determine 

the effects of the ablation of Skp2 on keratinocyte proliferation we analyzed the number of 

cells entered into S-phase via BrdU labeling experiments.  On average the incorporation of 

BrdU (Label index) into Skp2-/- epidermis was significantly less (.013) than that of the wild 

type animals (.027) (Figure 3B) (p< .0001, t-test).  These findings suggest that the 

hypoplastic phenotype displayed in Skp2-/- mice epidermis may be directly related to Skp2s 

proliferative status. 
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Figure 3   Skin phenotype of Skp2-null mice.  (A) Representative of paraffin sections of skin 
from Skp2-/- and wild type controls mice were stained with H&E and immunostained for 
BrdU incorporation.  Immunohistochemistry for BrdU positive cells are denoted by arrows.  
(B) Quantification of nucleated cells per mm and BrdU label index in interfollicular 
epidermis of Skp2-/- and wild type siblings. 
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2.3.2 Biochemical analysis of Skp2 knockout mouse epidermis 

 Epidermal lysates from Skp2-/- and wild type animals were harvested and western blot 

analysis were conducted to determine if the loss of Skp2 affected the protein expression of 

p27Kip1, a specific cyclin dependent kinase inhibitor (CKI) which is a major target of Skp2.  

Skp2-/- epidermis displayed 2.8-Fold increase in p27Kip1 protein levels when compared to 

wild type animals (Figure 4).  In an effort to determine whether the loss of Skp2 affects other 

cell cycle regulators we also evaluated the protein levels of cyclins, CDKs and an additional 

putative targets of Skp2 such as the p21Cip1[173] .  The loss of Skp2 in mice epidermis had 

minimal or no effects on the protein levels of CDK1, CDK2, CDK4 and p21Cip1 (Figure 4).   

In addition Skp2-/- animal’s CDK2 cyclin binding partner cyclin E showed no significant 

differences while cyclin A show a slight decrease in protein accumulation when compared to 

wild type (Figure 4).     

To determine if Skp2 ablation and the consequent increase of p27Kip1 protein levels, 

resulted in variation in the CDK1, CDK2 and CDK4 activities we evaluated the in vitro 

kinase activities in Skp2-/- and wild type epidermis . We and other groups have shown that 

CDK2 activity is highly depended on p27Kip1 and/or p21Cip protein levels [174-175]. 

Unexpectedly, the kinase activities of CDK2 displayed no significant changes when 

comparing Skp2-/- to wild type animals (Figure 4).  Surprisingly, CDK1 and CDK4 showed 

significant variations kinase activities found in Skp2-/- animals, yielding 1.4-fold increases in 

CDK1 and a 2-fold decrease in CDK4 kinase activities (Figure 4).  Collectively these data 

suggest that the hypoplastic phenotype displayed in Skp2-/- animals may be directly related to 

the increase accumulation of CK1 p27Kip1 and further inhibition of CDK4 activity.  
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Furthermore, the kinase activities displayed in Skp2-/- animals suggest the involvement of 

additional regulators as well as pathways.  It is not clear how lack of Skp2 lead to increase 

CDK1 kinase activity, but the reduce keratinocyte proliferation observed in Skp2-/- epidermis 

suggest that CDK1 does not play a main role on S-phase entry. To determine if the increase 

accumulation of p27Kip1 found in Skp2-/- animals resulted in changes in CDK-CKI complex 

formation co-immunoprecipitation experiments were conducted.  Skp2-/- animals showed no 

significant differences in p27Kip1 complex formation between CDK1, CDK2 and CDK4 

(Figure 4).         
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Figure 4  Cell cycle regulatory protein expression and CDK kinase activity from epidermal 
protein lysates of Skp2-/- and wild type littermates.  (A) Antibody probes with antibodies for 
Skp2, p27, p21, Cyclin A, Cyclin E, CDK1, CDK2, CDK4 and actin as loading control.  
Skp2-/- animals displayed increased p27 protein expression (B)  CDK in vitro kinase assays 
for CDK1 (IP CDK1), CDK2 (IP CDK2) and CDK4 (IP CDK4) using B1, H1 and pRb 
peptides as substrates. CDK1 kinases activities are increased and CDK4 kinase activities are 
decreased in Skp2-/- animals. (C) Epidermal lysate IP for CDK1, CDK2 and CDK4 and 
probed for p27.  Antibody probes for CDK1, CDK2 and CDK4 were conducted on 
corresponding IP samples for controls.      
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2.3.3 Forced entry of mice kerationcytes into S-phase does not remedy Skp2-/- animal 

hypoplasia 

As aforementioned mentioned there was a reduction (2-fold) in BrdU-positive cells 

(S-phase) and total number of nucleated cells. Therefore, to study p27Kip1 accumulation in S-

phase keratinocytes, we induced rapid entry into S phase using a topical application of 

Phorbol 12-Myristate 13-Acetate (TPA / PMA) on mouse epidermis.  It has been previously 

determined in mice epidermis that the maximal number of cells entered into S-phase occurs 

at approximately 16 hour after application [176]. Skp2-/- animals showed a 1.5-fold increase 

in p27Kip1 accumulation as well as hypoplastic epidermis 16 hours after a single TPA 

application when compared to wild type animals (Figure 5).  In addition, the total number of 

BrdU-positive cells increased by more than 1.2 to 2-fold over that of normal keratinocyte 

populations, wild type (.32) and Skp2-/- (.26) animals, indicating increases in S-Phase cell 

populations (Figure 5).     Furthermore, a bi-weekly application of TPA for a period of 30 

weeks also showed significant increases in p27Kip1 (2-Fold) accumulation as well as the 

epidermal hypoplasia phenotype in Skp2-/- animals when compared to the wild type 

littermates (Figure 5).  These data confirm the previous findings that lack of Skp2-/- results in 

the increased accumulation of p27Kip1 in mouse epidermis and that these animals develop 

epidermal hypoplasia when compared to their wild type counterparts.   

 

 

 

 35



 

Figure 5  TPA treated Skp2-/- and wild type epidermis.  (A) H&E cross-section of wild type 
and Skp2-/- animals that have been treated with single (*) or multiple (**) application of 
TPA.  (B) Western blot analysis of epidermal lysates of wild type and Skp2-/- animals show 
increased accumulation of p27 in both single (*) and multiple (**) application of TPA. 
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2.3.4 Loss of Skp2 delays epidermal wound healing  

In an effort to get a better understanding of the effects of the ablation of Skp2 a 

second approach was also used to determine whether keratinocytes from Skp2 knockout mice 

show proliferative defects compared to wild type siblings. In this case, proliferation was 

induced using a more physiological approach, by creating a wound on the dorsal skin of 

Skp2-/- and wild type mice. The healing process involves re-epithelization, and granulation 

tissue formation. Re-epithelization in turn involves proliferation and migration of cells from 

the wound edge to fill the wound site.  In this protocol, the removal of the dorsal skin surface 

of mice with an epidermal punch was followed by the precise daily measurement of wound 

closure and expressed as percent wound remaining. Skp2-/- animals showed a slight decrease 

in the rate of wound healing initially however this reduction became significantly noticeable 

upon reaching the 50 percent closure threshold.  Skp2-/- animals experienced a two-day delay 

in the rate of wound healing when compared to their wild type littermates (Figure 6).  This 

delay experienced by Skp2-/- animals was apparent throughout the experiment yielding a 

complete closer of the wound two days after that of wild type animals (Figure 6).  Further 

analysis of excised completely healed wound of Skp2-/- and wild type animals displayed no 

significant differences as seen in H & E cross-sections of paraffin embedded samples (Figure 

6).  These results show that lack of Skp2 affect chemically induced keratinocyte proliferation 

and affect the physiological response to wounding. We cannot rule out the possibility that 

lack of Skp2 affect not only keratinocyte proliferation, but also keratinocyte migration, which 

is also an important event during the healing process.  
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Figure 6  Wound Healing Analysis.  (A) H&E cross-section of completely healed wound 
depicting no morphological differences between Skp2-/- and wild type animals.  (B) 
Quantification of wound closure discrepancies between wild type and Skp2-/- animals.  Skp2-

/- animals showed marked delays in wound healing when compared to wild type animals, 
reaching full would closure two days after their wild type counterparts.    
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2.3.5 Skp2 deficiency inhibit skin tumor development 
 

It has been previously demonstrated that the lack of Skp2 induces the accumulation of 

p27Kip1 and cyclin E [177].  Consistent with the inhibitory role of p27Kip1, Skp2-null mice are 

25% smaller than their wild type littermates and Skp2-/- mouse embryo fibroblast (MEF) 

grow significantly slower than wild type [177].  Previously in this chapter we have shown 

that lack of Skp2 also led to reduced epidermal thickness and proliferation.  In addition, 

biochemical analysis showed increases in p27Kip1 protein levels and a reduction in CDK4, but 

not CDK2, kinase activity (Figure 4). To investigate the role of Skp2 in skin tumorigenesis, 

we determined the effects of Skp2 ablation in mice during a two-stage carcinogenesis 

protocol. This protocol induces skin papillomas development by a single application of a 

carcinogen followed by biweekly treatment with a tumor promoter causing a selection of 

cells bearing Ha-ras mutation. Two group of mice (Skp2-/- and wild type newborns), in 

C57BL/6 background, were treated with DMBA followed by two applications per week of 

Phorbol 12-Myristate 13-Acetate (TPA / PMA). TPA treatment was continued for 25 weeks 

and the incidence and multiplicity of papillomas were scored in each group for 30 weeks. 

The incidence of papillomas formation reaches a plateau at ~11 weeks in wild type mice 

(~70%), whereas a clear reduction in tumor incidence was observed in Skp2-/- mice which 

reach a plateau of ~20% at 14 weeks of promotion.  Ablation of Skp2 also results in a strong 

decrease in the number of tumors per mouse (multiplicity). Thirty weeks after the first TPA 

application the Skp2-/- group showed 0.37 papillomas per mouse whereas wild type mice 

develop an average of 5 papillomas per mouse (p<0.001; Mann-Whitney U test) (Figure 7). 
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Further evaluation of mouse skin tumors revealed that Skp2-/- mice not only develop fewer 

tumors, but those tumors were 6-fold smaller compared to wild type tumors (Figure 8). The 

ablation of Skp2 continued to show inhibitory effects on keratinocyte tumorigenesis by 

affecting tumor progression.  Histopathological analysis of H&E cross-section of Skp2-/- and 

wild type tumors showed that Skp2-/- animals displayed tumors that were well differentiate 

and far less aggressive when compared to tumor from wild type animals (Figure 7).  

Furthermore specific analysis by a pathologist determined that 28 percent of wild type 

tumors progressed into squamous cell carcinomas (SSC), whereas none of the animals devoid 

of Skp2 developed SSC (Table 1).  Western blot analysis of tumor protein lysates showed 

similar increases in p27Kip1 accumulation in Skp2-/- animals when compared to wild type 

(Figure 8). In addition to the kinase activities of CDK1 and CDK2 also showed similar 

results as normal untreated kerationcyte protein lysates,  with CDK1 displaying mark 

increases and CDK2 activities being on par with that or the wild type animals (Figure 8).   

Collectively, these observations suggest that lack of Skp2 expression enables increases in 

CDK1 kinase activities and p27Kip1 stabilization leading to reductions in the proliferative 

potential and tumorigenesis. 

 

 40



 

Figure 7  Epidermal tumors of wild type and Skp2-/- animals.  (A)  H&E cross-section of 
epidermal tumors revealed that Skp2-/- animals develop far less aggressive tumors then those 
of wild type animals.  (B) Fewer Skp2-/- animals developed tumors and Skp2-/- animals 
develop tumors at a lower frequency then those of wild type animals.  
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Figure 8  Wild type and Skp2-/- epidermal tumor volume and tumor CDK kinase activities 
(*).  (A) Skp2-/- animals develop considerably smaller tumors than wild type animals.  (B)  
CDK1 kinase activities in Skp2-/- epidermal tumors were increased by 1.7-Fold over 
activities found in their wild type littermates.  No significant differences in CDK2 kinases 
activities were noted between Skp2-/- and wild type animals.  The tumors of Skp2-/- animals 
displayed a 3-fold increase in p27Kip1 accumulation when compared to wild type.   
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2.3.6 Rescue of Skp2-/- epidermal hypoplasia upon the additional ablation of p27Kip1   

Thus far the findings in our study have shown that the loss of Skp2-/- greatly 

decreased keratinocyte proliferation, tumorigenesis and physiological response to wound-

healing.  Consistent with these findings a major target of Skp2, p27Kip1 displayed significant 

increases in protein accumulation.  In an effort to determine if the epidermal hypoplasia 

developed in Skp2-/- animals were caused by the increases in p27Kip1 accumulation we 

developed a Skp2/p27Kip1 double knockout animal (Skp2-/-/p27-/-).  Histopathological analysis 

of H&E stained cross-sections of mouse epidermis revealed that the hypoplasia discovered in 

Skp2-/- animals was completely reversed with the additional ablation of p27Kip1, as seen in 

Skp2-/-/p27-/- animals (Figure 9).  Furthermore, the quantification of nucleated cells in Skp2-/-

/p27-/- epidermis confirmed these findings, yielding a total number of nucleated cells per 

millimeter almost identical to that of the wild type animals (Figure 9).  The evaluations of the 

keratinocyte proliferative profiles of Skp2-/-/p27-/- animals through the analysis of BrdU 

incorporation revealed that lack of p27Kip1expression reverse the reduce proliferation 

observed in Skp2-/- epidermis.  Skp2-/- animals showed a 2.5 fold increase in the levels of 

proliferation upon the additional deletion of p27Kip1, also resulting in proliferative statuses 

similar to those of wild type animals (Figure 9).    The deletion of p27Kip1 alone had no 

apparent affect in mouse keratinocyte populations, yielding total number of cells as well as 

number of proliferative cells similar to those of their wild type siblings.  These findings 

suggest that the hypoplasia displayed in Skp2-/- animals is related to the accumulation of p27 

Kip1 observed in Skp2-/- mice.  
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 Western blot analysis was used to determine the effects of p27Kip1 ablation in Skp2-/- 

mice.  As seen in the evaluation of protein lysates from Skp2-/- animals the levels of key cell 

cycle regulators (cyclin E, p21Cip1) showed no significant differences between Skp2-/-, Skp2-/-

/p27-/- and wild type animals.  However the slight decrease in cyclin A exhibited in Skp2-/- 

was not observed in animals devoid of both Skp2 and p27Kip1 (Figure 10).  As previously 

shown the ablation of Skp2 resulted in significant increases in CDK1 kinase activities.  The 

additional ablation of p27Kip1 significantly increased CDK1 kinase activities to levels greater 

than that of Skp2-/- animals (Figure 10).  However CDK1 kinase activities were greatly 

reduced in p27-/-  when compared to wild animals, leaving one to question whether the 

stimulatory effects caused by the loss of Skp2 or the inhibitory effects of p27Kip1 ablation  are 

responsible for the CDK1 kinase activities displayed in Skp2-/-/p27-/- animals.   Thus, we 

hypothesize that Skp2 target a positive regulator of CDK1 that is elevated in absence of 

Skp2.  The identity of this target of Skp2 and how its interactions with p27Kip1 influence 

CDK1 activities warrant further investigation.  As expected, lack of p27Kip1 expression led to 

increase activity of CDK2 (Figure 10). p27 null animals displayed a significant increase in 

CDK2 kinase activities (Figure 10).   Importantly, this increase in CDK2 kinase activity was 

greatly exacerbated when both Skp2 and p27Kip1 were deleted (Figure10).  Thus, result also 

support our hypothesis that a CDK2 and CDK1 activator is targeted by Skp2 and in absence 

of it, its accumulation is responsible for the increase CDK2 activity. Collectively the CDK1, 

2 and 4 kinase activities of Skp2-/-, p27-/- and Skp2-/-/p27-/- epidermis suggest that although 

p27Kip1 is a major target of Skp2 there are other p27Kip1-independent processes under the 

direct regulatory control of Skp2 involved in mouse keratinocyte proliferation.   
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Figure 9 Wild type, Skp2-/-, p27-/- and Skp2-/-/p27-/- skin histology and quantification.  (A) H 
& E staining of cross-sections of paraffin embedded wild type, Skp2-/-, p27-/- and Skp2-/-/p27-

/- epidermis.  (B) The quantification of total number of cells per millimeter in wild type, 
Skp2-/-, p27-/- and Skp2-/-/p27-/- animal epidermis.  BrdU labeling index; the quantification of 
proliferative cells (positive labeled) in correlation to non-proliferative cells (non-labeled).  
The additional ablation of p27Kip1 in Skp2-/- animals results into Skp2-/-/p27-/- animal 
proliferative and total cell profiles similar to those of wild type animals. 
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Figure 10  Cell cycle regulatory protein expression and CDK kinase activity in wild type, 
Skp2-/-, p27-/- and Skp2-/-/p27-/- epidermis.  (A)  Epidermal lysates from each animal 
phenotype was probed with antibodies for p27, p21, cyclin A, cyclin E with actin as loading 
control.  (B)  CDK in vitro kinase assay for CDK1 (IP CDK1), CDK2 (IPCDK2) and CDK4 
(IPCDK4) using H1and pRb peptides as substrates.  CDK1 kinase activity is increased in 
animals devoid of Skp2 (Skp2-/- and Skp2-/-/p27-/-) and reduced in p27-/- animals.  CDK2 
kinase activities were greatly increased in p27-/- and Skp2-/-/p27-/- animals.  CDK4 kinase 
activities were reduced in Skp2-/-, p27-/- and Skp2-/-/p27-/- animals. 
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2.3.7 Inhibition of skin tumorigenesis in Skp2-null mice is independent of p27 

accumulation. 

Experimental and human tumors has shown a strong correlation between the increase 

level of the Skp2 oncoprotein and reduce level of p27Kip1, suggesting that p27Kip1 play a 

preponderant role in tumorigenesis. In addition, it has been shown that ablation of p27Kip1 

abolish all the phenotypes of Skp2-/- mice. However, a cause-effect between reduction of 

p27Kip1, through Skp2 alterations, and increase tumorigenesis has not been experimentally 

defined. Therefore, to investigate whether the elevate p27Kip1 protein levels observed in Skp2-

/- mice are associate with the reductions in tumor development and epidermal proliferation 

we subjected the Skp2-/-/p27-/- mice to a two-stage carcinogenesis protocol previously 

described.  It is known that the C57BL/6 background, utilized in the previous experiment, is 

quite refractory to the initiation-promotion regimen when TPA is used as promoter[178]. 

Thus, we generate the Skp2-/- p27-/- compound mice in a Sencar hybrid background which is 

much more sensitive to the two-stage carcinogenesis protocol[178]. 

As previously reported by Nakayama et al [50] the body size of p27-/- mice is larger and that 

of wild type mice, Skp2-/- mice are smaller than that of wild type controls whereas the body 

size of the Skp2-/- p27-/- double mutant ware similar than to that of wild type controls (Figure 

11A) [50].   

Four groups of mice (Skp2-/-, p27-/-, Skp2-/- p27-/- and wild type mice), were treated 

with DMBA at 3 weeks of age followed by two applications per week of Phorbol 12-

Myristate 13-Acetate (TPA). TPA treatment was continued for 25 weeks and the incidence 

and multiplicity of papillomas were scored in each group for 30 weeks. Note that no 
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spontaneous skin tumors were detected in untreated mice.  The incidence of papillomas 

formation reaches a plateau at ~12 weeks in p27-/- and wild type mice, 100% and 95%, 

respectively (Figure 11).  As expected, a reduction in tumor incidence was observed in Skp2-

/- mice, which plateau at 22 weeks, 60%. Unexpectedly, ablation of p27Kip1 in Skp2-/- mice 

showed no modification in incidences of papillomas, which reach a plateau at 12 weeks, 

65%. In addition, no significant differences were observed in the number of papillomas per 

mouse (multiplicity) between Skp2-/- and Skp2-/- p27-/- mice (Figure 11). Further evaluation 

of mouse skin tumors confirm that Skp2-/- mice not only develop fewer tumors, but those 

tumors were significantly smaller compared to wild type tumors (Figure 12). Ablation of 

p27Kip1 in Skp2-/- mice partially reverses the smaller size of Skp2-/- tumors which were 55-

fold smaller compared to wild type tumors (Figure 12). Surprisingly, reduce number of 

papillomas was observed in p27-/- mice (~10 tumors/mice) compared to wild type controls 

(25 tumors/mouse). It is not clear why lack of p27Kip1 lead to reduction in the number of 

papillomas per mouse, but we hypothesize that reduction of p27Kip1 compromise the 

assembly of active CDK4/D-type cyclins complexes. These results are similar to a previous 

report of Philipp et al [179]; thus, the consequences of the reduction of p27Kip1 levels in skin 

tumors development warrants further investigation. Histopathological analysis of skin tumors 

shows that 100% of Skp2-/- and Skp2-/- p27-/- tumors were classified as well-differentiated 

papillomas with no atypia in the basal layers (Table 1). In contrast, 28% of wild type and 

40% of p27-/- tumors were classified as Squamous cell Carcinomas II according to a modified 

Broders classification system [180-181], which consist of moderately differentiated with 

50% of differentiated cells.  
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Figure 11  Morphology and tumor development profiles of wild type (4), Skp2-/- (1), p27-/- 
(3) and Skp2-/-/p27-/- (2) animals.  (A)  Skp2-/- animals (1) were smaller than any other group 
in the study.  The p27-/- (3) and Skp2-/-/p27-/- (2) mice were larger than their wild type and 
Skp2-/- counterparts.   (B) Skp2-/- and Skp2-/-/p27-/- developed similar tumorigenesis profiles, 
each displaying lower levels of tumor incidence and multiplicities when compared to wild 
type and p27-/- animal tumor development.  Wild type and p27-/- animal tumor incidences 
were similar and only the levels of multiplicity differ between the group, yielding p27-/- 
animals with reduced levels of multiplicity.  However these numbers reflect the early 
termination of some animals of the p27-/- group (Due to increased tumor load and genotype 
specific pituitary issues).  
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Figure 12  Quantification of  epidermal tumors and tumor (*) CDK kinase assay of wild 
type, Skp2-/-, p27-/- and Skp2-/-/p27-/- animals.  (A)  Skp2-/-  (6.2mm2) and Skp2-/-/p27-/- 
(91mm2) animals displayed tumor burdens far less than those of wild type (339mm2) and 
p27-/- (1589mm2) animals. In fact, the tumor burden of p27-/- exceeded the volumes of all 
animal groups measured.  (B)  CDK1 kinase activities were increased in Skp2-/-, p27-/- and 
Skp2-/-/p27-/-tumors when compared to wild type.  Tumor CDK2 kinase activities were 
greatly increased in p27-/- animals and show decreases in Skp2-/-/p27-/- tumors when 
compared to tumors of the wild type and Skp2-/- animals.   
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Table 1.  Analysis of epidermal tumor progression of wild type, Skp2-/-, p27-/- and Skp2-/-

/p27-/- animals.  Wild type (28%) and p27-/- (80%) animals developed tumors that progressed 
into squamous cell carcinomas.  Skp2-/- and Skp2-/-/p27-/- animals did not develop any SCC. 
 

Histopathological Analysis of Skin Tumors 

   No. tumors/group  Papilloma  SCC 

Wild Type  18  13(72)  5(28) 

Skp2 Ko  22  22(100)  0(0) 

p27 Ko  10  2(20)  8(80) 

Skp2Ko/p27Ko  10  10(100)  0(0) 
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2.3.8 Discussion   

Several groups have studied the role of Skp2 in vitro and in vivo in the last few years. 

The usage of human samples as well as established cell lines has sharpened the picture of 

Skp2 related tumorigenesis. However, the mouse model has proved to be paramount in the 

initial discoveries of Skp2 related activities in vivo.  In this chapter, we utilized the mouse 

model to determine the effects of the lost of Skp2 on normal and neoplastic proliferation of 

mouse keratinocyte.    

In this study, we determined that the ablation of Skp2 in mouse epidermis shared 

similarities with previously published data of mice hepatocytes as well as mouse embryonic 

fibroblast (MEFs), which showed reduction in proliferation rates, enlarged nuclei with 

polypoidy as well as multiple centrosomes [50].  Skp2-/- animals displayed epidermal 

hypoplasia and significant reductions in keratinocyte proliferation.  However, with the 

exception of increase accumulation of p27Kip1 protein levels we did not detect any changes in 

other specific substrates of Skp2, such as cyclin D1, p21Cip1 or cyclin E [48, 50, 182-183].  In 

fact, increased accumulation in p27Kip1 was the only significant Skp2-mediated keratinocyte 

regulator observed as deregulated.  Although several studies have suggested preferential 

complex formation of CDKs and p27 throughout the cell cycle [184-185], our findings did 

not show any changes in CDK-p27 complex formations in conditions of increased p27 

accumulation.  Interestingly, we noted major discrepancy with the reported in vitro activities 

of CDKs of Skp2-/- mice keratinocytes (Figure 10 & 12).  In contrast to the most accepted 

dogma of increased p27Kip1 accumulation yielding inhibition or reduction of CDK2 kinase 

activities, we noted no changes in the CDK2 kinase activities of Skp2-/- animals [46, 53, 59, 
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186].  This finding while novel in mouse keratinocytes confirms the findings of Nakayama et 

al., which noted no CDK2 kinase activity differences between Skp2-/- and wild type MEFs 

[50].  In mice keratinocytes we also show that Skp2-/- consistently display reduced levels of 

CDK4 kinase activities.  Suggesting that the proliferative profile observed in Skp2-/- animals 

may in fact be due to a p27-CDK4 regulatory axis.  While the direct correlation between 

CDK4 kinase inhibition and p27Kip1 has yet to be fully established recent investigations have 

shown that p27Kip1 can bind to and inhibit CDK4 activation by preventing the activating 

phosphorylation actions of cyclin H-CDK7, the CDK-activating kinase (CAK) [29].  The 

most intriguing discovery of kinase discrepancy found in Skp2-/- mice keratinocyte is the 

significantly increased levels of CDK1 kinase activities.  Interestingly, all the previous 

investigation utilizing the mouse model either in vivo or in vitro has yet to establish a 

working model depicting increased levels of CDK1 kinases activities [46, 50, 53, 59].  

Furthermore, since the discovery of decreased CDK1 kinase activities in Skp2-/- MEFs by 

Nakayama et al., additional investigations have adopted these findings as the working dogma 

[46, 53, 59, 162].  However, our findings in Skp2-/- keratinocytes show that there is an 

increase in CDK1 kinase activity even in the presence of increased accumulation of p27Kip1.  

Whether Skp2 target other regulators of CDK1 is unknown and warrant further 

investigations. However, the increased CDK1 activity clearly does not support increase 

proliferation in mouse keratinocytes that show low rate of proliferation leading to epidermis 

hypoplasia. 

Skp2-/- animals are smaller, show reduction in proliferation rates, enlarged nuclei with 

polyploidy as well as multiple centrosomes in hepatocytes [50].  All of the phenotypical 
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variation displayed in Skp2-/- animals was confirmed as p27-dependent because these 

variations were abolished upon the additional ablation of p27Kip1 in Skp2-/- animals [59].  

Surprisingly, this theory focused on an G1/S-phase Skp2-p27 axis that was later discovered 

as an impossibility due to the cytoplasmic location of p27Kip1 and the nuclear localization of 

Skp2[46]. The discovery of the additional accumulation of p27Kip1 in Skp2-/- MEFs during 

late S-phase and nuclear localization shifted the focus from the G1/S-phase Skp2-p27 axis to 

late S-M phase [46].   While this new model offers a much more complex mode of action for 

p27Kip1 accumulation in Skp2-/- animals the sparsely explained nuclear irregularities found in 

Skp2-/- mice can be better understood.  Amazingly enough, the increase in CDK1 kinase 

activity found in Skp2-/- keratinocytes offers an alternative explanation to the phenotype 

displayed in Skp2-/- animals.  It has long been established that increased CDK1 kinase 

activity is needed to start mitosis and that CDK1 kinase expression increases from G2-M 

phase [187-190].  Furthermore the sustainable increased levels of CDK1 kinase activities will 

keep cells in mitosis prohibiting the mitosis exiting [191].  In addition, CDK1 kinase activity 

also has the ability to negatively regulate an inhibitor, Wee1 and positively regulate an 

activator, Cdc25 phosphatase family [192-195].  Thus, it is possible to believe that the 

increased levels of CDK1 kinases activities found in animals devoid of Skp2 may lead to 

longer M-phases.  However, further investigations are needed to explain this possibility.  In 

addition the CDK2 kinase levels of Skp2-/-/p27-/- animals are greatly increased suggesting 

that these increases may also be involved in the larger phenotype  displayed in Skp2-/-/p27-/- 

animals.  Collectively these findings suggest that the increased accumulations of p27Kip1 

found in Skp2-/- animals may play a more complex role then previous established by 
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experiments utilizing MEFs.  These findings suggest that the increased p27Kip1 levels found 

in Skp2-/- animals may inhibit CDK4 kinase activities as well as affect an undiscovered 

pathway that increases CDK1 kinase activities, yielding an increased number of cells in 

mitosis.  Perhaps the work accomplished by Yam et al., could be the focal point for further 

investigation, in this study Skp2 was found to directly bind cyclin A-CDK2 complex and 

inhibit activities as well as indirectly inhibit by prohibiting cyclin A-CDK2 activators Wee1 

and CAK.[196].  In the present study the ablation of Skp2 yielded significant increases in 

p27Kip1 accumulations however, unexpectedly we did not detect any changes in CDK2 kinase 

activities.  Thus, it would be interesting to see if the lack of change in CDK2 kinases activity 

in Skp2-/- mice is due to the increases in p27Kip1 accumulations.       

The study of Skp2 activities in relations to proliferation has routinely shown that the 

loss of Skp2 results in reduced proliferation, yielding tissue specific as well as overall 

hypoplasia [50, 55, 59].  However, the majority of the recently published investigations have 

been centered on the oncogenic properties of Skp2 and the viability of it as a therapeutic 

target to treat cancers.  Here we used a two-stage carcinogenesis protocol and showed that 

the lost of Skp2 greatly reduced the incidence, multiplicities as well as the size of tumors 

developed in mouse epidermis.  This discovery was clearly expected based on the 

overwhelming amount of literature supporting Skp2 as an oncogene.  These literatures also 

suggest that the tumorigenesis profiles displayed in Skp2-related tumorigenesis are directly 

due to the regulation of p27Kip1, a major target of Skp2.  Our investigations involving the 

tumorigenesis of animals devoid of both Skp2 and p27Kip1 however yielded some rather 

unexpected results.    We have found that the additional loss of p27Kip1 in Skp2-/- animals had 
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very little effect on the epidermal tumorigenesis of Skp2-/- animals.  In fact, the total number 

of tumors per animal in Skp2-/-/p27-/- animals was almost identical to those found in Skp2-/- 

animals.  However, the overall size of the tumors in Skp2-/-/p27-/- show a partial rescue 

compared to the wild type and Skp2-/- tumors.   Therefore, it is plausible that lack of Skp2 

affect the first stages of tumorigenesis blocking tumor initiation (after DMBA application) 

and/or the clonogenic expansion of the initiated keratinocytes induced by TPA. Thus, the 

Skp2-/- mice showed few numbers of tumors, and the effect of skp2 ablation are not 

compensated in these stages of the tumorigenesis process. In addition, it is also plausible that 

the few Skp2-/- tumors that pass the first stage of carcinogenesis grow with a normal kinetic 

of proliferation if p27Kip1 is not expressed; thus leading to a partial rescue of the tumor 

volume observed in Skp2-/-/p27-/- mice. Overall, these findings suggest that tumorigenesis in 

Skp2-/- epidermis occurs in a p27-independent manner.  However, it is important to note that 

although the tumorigenesis blockage in animals devoid of Skp2 are independent of p27Kip1 

accumulations, p27-/- animals developed tumors that were more aggressively than the other 

groups, suggesting that the CDK4-inhibitor role of p27Kip1 plays an important role during the 

malignant progression. Supporting this idea, overexpression of CDK4 in K5CDK4 transgenic 

mice also induce malignant progression [197].  Indicative to these findings other laboratories 

have discovered that Skp2 activities increase cell migration and promote tumor metastasis 

[65, 198-205].  While levels of tumor metastasis in mouse epidermis go beyond the scope of 

this study.  Our findings support the results of Lin et al., through wound healing experiments, 

showing that in addition to delayed proliferation the loss of Skp2 may impede the level of 

cell migration [198].  However, further investigations are warranted.        
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Skp2 is an oncogene that has tremendous promise as a possible therapeutic target for 

treating cancers.  So much so, it is readily used as a tool for medical prognosis in many 

human cancers; however, its usage as a medical tool has almost been exclusively linked to 

p27Kip1 levels. [66, 199, 206-218].   In this study, we show that while Skp2-/- animals clearly 

show levels of phenotype rescue with the additional ablation of p27Kip1.  This level of rescue 

was not prevalent during tumorigenesis, for Skp2-/- and Skp2-/-/p27-/- animals displayed 

similar tumorigenic profiles.  Furthermore, CDK kinase activities suggest the possibility of 

an alternative mode of regulation by Skp2.  Resulting in Skp2, directly inhibiting CDK2 

activities therefore causes an additional increase in the levels of p27Kip1 in the absence of 

Skp2 as a compensatory mechanism.  Also with the newest investigation completely ruling 

out the possibility of Skp2-related p27Kip1 degradation during G1/S-phase as well as the 

limited presence of Skp2 until late S/M-phase, calls into question Skp2’s dependence upon 

p27 accumulation.  Furthermore while Hara et al., was able to show increased accumulation 

of p27 during S/G2 phase Auld et al., clearly showed that G/S as well as S/G2 transition were 

able to precede without Skp2-mediated degradation of p27 [58, 60].  While this is clearly, a 

theory that will require further investigation it introduces a proven mode of Skp2 activity, 

Skp2-mediated regulation of CDK1 and CDK2, as a major player in cell cycle regulations.  

More specifically, these findings clearly show that the primmest of using Skp2 expressions as 

they relate to p27Kip1 levels in human tumor studies may be coincidental at best.  However, 

any possibility of using Skp2 as a specific target for cancer therapies will require additional 

investigations. 
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Chapter III 
 

Skp2 is necessary for Myc-induced keratinocyte 
proliferation but dispensable for Myc oncogenic activity in 

the oral epithelium 
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3.1 Introduction 

The myc proto-oncogenes are members of short-lived transcription factors, a family 

that plays an important role in cell proliferation, apoptosis and cancer development [219-

221].  Myc levels are tightly regulated, and overexpression of Myc genes has been found in 

70% of all rapidly dividing tumors [221].  Myc expression is sufficient to drive quiescent 

cells into S phase and accelerate the rates of cell proliferation [222].  The role of Myc in cell 

proliferation is partly mediated through its ability to down regulate the expression of p27Kip1.  

Myc regulates p27Kip1 levels through several mechanisms, such as protein levels [223], 

transcription repression [123], and p27Kip1 sequestration [124-125, 224-225].  It is known that 

Myc induces E2f1, which promotes cyclin E transcription and the further activation of Cyclin 

E/CDK2 complexes, which in turn phosphorylate p27Kip1 on Thr187, allowing its recognition 

by SCFSkp2 [126, 226]. Thus, Myc contributes to p27Kip1 protein degradation, which is a key 

regulator of Myc-induced proliferation and tumorigenesis. Recent studies have shown 

evidence that Myc mediates p27Kip1 degradation by inducing Skp2 [227].  The fact that both 

Myc and Skp2 oncogenic activities seem to be partly mediated by p27Kip1 down regulation 

led us to hypothesize: That a lack of Skp2 should increase p27Kip1 protein levels, 

therefore blocking Myc-mediated tumorigenesis.  

 To test this prediction, we developed the K5-Myc/Skp2-/- compound mouse.  K5-

Myc and other transgenic mouse models have shown that Myc overexpression in the basal 

and the suprabasal cell layers of stratified epithelia leads to hyperplasia, increased epidermal 

thickness and keratinocyte proliferation [228-231]. Moreover, K5-Myc mice have shown 

epithelial neoplasia in the oral mucosa [231-232].  As expected, Myc-mediated epidermal 

 59



proliferation was abolished in K5-Myc/Skp2-/- mice.  However, the incidence, latency and 

degree of differentiation of oral tumors were identical between K5-Myc and K5-Myc/Skp2-/- 

mice.  Collectively, the findings of our study suggest that Skp2 plays an important role in 

Myc-induced keratinocyte proliferation.  However, Skp2 ablation does not affect Myc-

mediated oral cavity tumor development.  

 

3.2 MATERIALS AND METHODS 

 

3.2.1 Mouse Experiments and Pathological Analysis.  

K5-Myc transgenic mice were developed in an FVB background and backcrossed into a 

SENCAR background as previously described [176, 231].  Skp2-/- animals were developed 

by Nakayama et al. [177].  K5-Myc transgenic mice were bred with mice heterozygous for 

Skp2 (Skp2+/-) to generate K5-Myc/Skp2+/-.  These mice were bred with Skp2+/- mice to 

generate K5-Myc transgenic and non-transgenic mice that were either homozygous, 

heterozygous, or nullizygous for Skp2.    

 

3.2.2 Transgene-Specific Polymerase Chain Reaction (PCR).  

Genomic DNA was extracted from mouse tail clips and used for genotyping using PCR.  K5-

Myc-positive mice were determined with upstream (5’-CTG ACC AGC AGT ACG AAT G-

3’) and downstream primers (5’-GAG TCC AAT CAC GTC CAA G-3’) specific for the β-

globin intron sequence, which renders a 450-bp product.  The Skp2 wild-type allele was 

amplified with upstream (5’-GCA TCG CCT TCT ATC GCC TTC TTG-3’) and downstream 
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(5’-CCC GTG GAG GGA AAA AGA GGG ACG-3’) primers that produce a 430-bp band, 

and the Skp2 null allele was amplified with upstream (5’-AGA GTG GAA GAA CCC AGG 

CAG GAC-3’) and downstream (5’-TTC CCA CCC CCA CAT CCA GTC ATT-3’) primers 

that produce a 500-bp band.  

 

3.2.3 Western Blot Analysis and Kinase Assays.  

Mice were sacrificed, and the dorsal surface of each animal was shaved and treated with a 

depilatory agent for one minute and then rinsed with tap water.  The dorsal surfaces were 

then excised, and the epidermal tissues were scraped off with a razor blade.  The epidermis 

was then harvested in homogenization buffer (50 mmol/L HEPES, pH 7.5, 150 mmol/L 

NaCl, 2.5 mmol/L EGTA, 1 mmol/L ethylenediaminetetraacetic acid, 0.1% Tween-20, 1 

mmol/L dithiothreitol, 0.1 mmol/L phenylmethyl sulfonyl fluoride, 0.2 U/ml aprotinin, 10 

mmol/L b-glycerophosphate, 0.1 mmol/L sodium vanadate, and 1 mmol/NaF) and 

homogenized with a manual homogenizer.  The epidermal homogenate was centrifuged at 

14000 rpm at 4°C to collect the supernatant, which was used directly for western blotting 

analysis or stored at -80°C.  The protein concentration was determined using a Bio-Rad 

protein assay system (Bio-Rad laboratories, Richmond, CA).  Protein lysates (30 µg from 

each sample) were electrophoresed on 12% acrylamide gels and electrophoretically 

transferred onto nitrocellulose membranes.  After being blocked with 5% nonfat powdered 

milk in Dulbecco’s phosphate-buffered saline, the membranes were incubated with 1 µg/ml 

of the specific antibodies.  Polyclonal antibodies were used against the following proteins: 

p21 (H-164), p27 (M-197), and p27 (C-19) (Santa Cruz Biotech., Santa Cruz, CA). 
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Peroxidase-conjugated anti-mouse and anti-rabbit polyclonal secondary antibodies followed 

by enhanced chemiluminescence (ECL detection kit, GE Healthcare., Piscataway, NJ) were 

used for immunoblotting detection. To study the kinase activities, 500 µg of fresh protein 

was extracted and immunoprecipitated in NP-40 lysis buffer; Tris [pH 7.5], 150 mM NaCl, 

0.5% NP-40, 50 mM NaF, 1 mM Na3VO4, 1 mM DTT, 1 mM PMSF with precoated 

antibodies against CDK2 and CDK4 for 2 hours at 4oC. Beads were washed twice each with 

NP-40 buffer and once with kinase buffer (50 mM HEPES [pH 7], 10 mM MgCl2, 5 mM 

MnCl2). Then, 30 μl of kinase buffer, 1 μg of pRb or histone H1 (Upstate Biotechnology 

Inc., Charlottesville, VA.) substrate, 5 μCi of [γ-32P] ATP (6,000 Ci/mmol), 1 mM DTT, and 

5 μM ATP was added to the bead pellet and incubated for 30 min at 30°C.  SDS sample 

buffer was added, and each sample was boiled for 3 min to stop the reaction and 

electrophoresed through polyacrylamide gels. Western blot and kinase assay bands were 

quantified using UN-SCANT IT gel software for Windows. 

 

3.2.4 Immunostaining.  

For immunofluorescence, tissue cross-sections of formalin-fixed, paraffin-embedded mouse 

skin and heads were permeabilized using citrate antigen retrieval buffer (H-3300, Vector 

Laboratories Inc.), blocked with 10% normal goat serum (S-1000, Vector Laboratories Inc.), 

and stained with antibodies against p27Kip1 (C-19, Santa Cruz Biotech.) followed by 

incubation with an Alexa Fluor-conjugated secondary antibody (Molecular Probes).  Image J 

software (Wayne Rasband, NIH, USA) was used to quantify the accumulation and 

localization of p27 Kip1.      
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Epithelial cell proliferation was measured by intraperitoneal injection of 60 µg/g of 5-

bromodeoxyuridine (BrdU) 30 minutes before the mice were sacrificed using CO2 

asphyxiation. BrdU incorporation was detected using immunohistochemical staining of 

paraffin-embedded skin sections with a mouse anti-BrdU (ab-2) monoclonal antibody 

(Calbiochem, EMB Biosciences, San Diego, CA), a biotin-conjugated anti-mouse antibody 

(Vector Laboratories, Inc., Burlingame, CA), and the avidin-biotin Vectastain Elite 

peroxidase kit (Vector Laboratories, Inc.) with diaminobenzidine as the chromogen.  

Apoptotic cells were determined using TUNEL assays with the FragEL DNA Fragmentation 

Detection kit (Colorimetric-TdT enzyme, Calbiochem, EMB Biosciences Inc.), following the 

manufacturer’s instructions. The cells were counterstained with methyl green to quantify 

normal and apoptotic cells. The number of apoptotic cells in the tumors was determined in 

250 μm2-sections using a reticule grid. Apoptotic keratinocytes in the interfollicular and 

follicular epidermis were quantified in 1-cm sections.  Hair follicles carrying at least one 

apoptotic cell in the bulge were counted as positive to determine the incidence of apoptosis in 

hair follicles.  In all cases, 12 fields were counted per section in a total of 10 paraffin-

embedded sections representing 5 mice per genotype.  

 

3.2.5 Statistical analysis. Statistical analysis was performed using GraphPad Prism 4 

Software (GraphPad Software, San Diego, CA, USA). 
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3.3 RESULTS  

 

3.3.1 Lack of Skp2 reduced epidermal thickness and proliferation 

It has previously been demonstrated that the lack of Skp2 induces the accumulation of 

p27Kip1 and cyclin E, resulting in a decrease in the rate of proliferation of MEFs and T 

lymphocytes [177]. These data suggest that a reduced rate of cell growth may cause the small 

body size of Skp2-/- mice.  In the previous chapter we described the phenotype of Skp2-/- 

epidermis.  In order to determine whether variation in the genetic background of the mice 

utilized in this studies influence the skin phenotype, we perform a second characterization of 

the Skp2-/- epidermis.  An analysis of paraffin-embedded skin tissue revealed that Skp2-/- 

mice exhibited hypoplastic epidermis (20% decreases in the number of interfollicular 

keratinocytes) and reduced keratinocyte proliferation as observed by an 87% decrease in 

BrdU incorporation compared to wild-type littermates (Figure 13).  In agreement, the 

epidermal thickness was also reduced 2-fold in Skp2-/- mice (Figure 13).  Next, we 

determined whether p27Kip1 protein levels were altered in Skp2-/- keratinocytes. Western blot 

analysis of epidermal lysates from Skp2-/- mice showed a 2-fold increase in p27Kip1 protein 

levels compared to wild-type siblings (Figure 14).  These result are in agreement with 

previously published data utilizing Skp2-/- mouse embryo fibroblasts (MEFs) and primary 

hepatocytes [177].  Importantly, as with previous evaluations of Skp2-/- epidermis, other 

putative Skp2 substrates, such as p21Cip1 (Figure 14), did not accumulate in the Skp2-/- 

epidermis.  Therefore, these results suggest that degradation of p27Kip1 by Skp2 plays a major 

role in normal keratinocyte proliferation and skin homeostasis. To determine whether p27Kip1 
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accumulation affect CDK activities, we study the CDK2 and CDK4 in vitro kinase activities 

in mouse epidermis lysates. We did not detect changes in CDK2 kinase activities between 

wild type and Skp2-/- mice (Figure 14B); however, 2.5-fold reduction on CDK4 kinase 

activity was observed on Skp2-/- epidermis compared to wild type siblings (Figure 14). These 

results are consistent with previous observation by our laboratory that showed lack of p27Kip1 

also increases CDK4 kinase activity [233]. In addition, lack of CDK4, but not CDK2, result 

in reduces Myc-induced keratinocyte proliferation [176, 234].  Altogether, these results 

suggest that Skp2 ablation lead to diminish keratinocyte proliferation likely through p27Kip1-

mediated inhibition. 
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Figure 13  K5-Myc/Skp2-/- epidermis phenotype.  (A) Representative paraffin-embedded 
sections of skin stained with hematoxylin and eosin from wild type, K5-Myc, Skp2-/- and K5-
Myc/Skp2-/- mice.  (B) Quantification of keratinocyte proliferation and epidermal thickness. 
Epidermal proliferation was quantified by counting the total number of cells in the epidermis 
and BrdU positive cells in the basal layer of the interfollicular epidermis of wild type, K5-
Myc, Skp2-/- and K5-Myc/Skp2-/- littermates. Epithermal thickness was determined in ten 
consecutive sections for each sample and is presented as the average thickness (µm) for each 
group. The error bars represent the standard error of mean. 
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3.3.2 Skp2 loss abolishes the ability of Myc to induce epidermal proliferation 

We and others have previously reported that the skin of K5-Myc transgenic mice shows 

epidermal hyperplasia, a feature that contributes to the increased epidermal thickness 

observed in these mice, and an increased number of proliferative keratinocytes in the basal 

cell layer (Figure 13) [197, 231]. To investigate whether genetic inhibition of Skp2 could 

affect Myc-mediated epidermal proliferation, we developed K5-Myc transgenic mice lacking 

Skp2 (K5-Myc/Skp2-/- mice).  Histological analysis of epidermal cross-sections of K5-

Myc/Skp2-/- mice showed a complete reversion of the increased epidermal thickness 

observed in K5-Myc mice (Figure 13).  Quantification of the epidermal thickness revealed a 

significant reduction in K5-Myc/Skp2-/- mice (13 µm) compared to K5-Myc siblings (Figure 

13B). Moreover, Skp2 ablation in K5-Myc mice led to a 2-fold reduction in the number of 

proliferative keratinocytes (BrdU labeling index) compared to K5-Myc mice.  Importantly, 

the number of keratinocytes in S-phase was reduced by 30% in K5-Myc/Skp2-/- mice 

compared to wild-type littermates (Figure 13), suggesting that Skp2 plays an essential role in 

regulating keratinocyte proliferation.  

Myc-induced proliferation is partly mediated by p27Kip1 down regulation [126, 226].  

Consistent with these data, epidermal lysates from K5-Myc mice showed a 3-fold reduction 

in p27Kip1 protein levels compared to wild-type littermates (Figure 14, lines 1 and 2). In 

agreement with the reversion of Myc-induced proliferation, the lack of Skp2 in K5-Myc mice 

led to a 5-fold increase in p27Kip1 protein levels compared to K5-Myc littermates (Figure 14, 

lines 1 and 3).  Analysis of other putative Skp2 targets, such as p21Cip1, did not show relevant 

changes among the four analyzed genotypes. Overall, our results are consistent with the 
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recently reported suppression of p27Kip1 in B cells and lymphomas that arise in Eµ-Myc 

transgenic mice [227]. Therefore, these results strongly suggest that p27Kip1 accumulation 

upon Skp2 ablation counteracts the Myc action in mouse epidermis, leading to a reversion of 

Myc-induced keratinocyte proliferation and hyperplasia. 
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Figure 14 Cell cycle proteins analysis from mouse epidermis.  (A) Protein lysates of normal 
epidermis from wild type and Skp2-/- mice were immunoprecipitated with antibodies against 
CDK2 (IP/cdk2) and CDK4 (IP/cdk4) and in vitro protein kinase assays was performed with 
a pRb peptide (Rb) or Histone H1 (H1) as substrate. (B) Protein lysates of normal epidermis 
from K5-Myc, K5-Myc/Skp2-/- , Skp2-/- and wild type mice were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and blotted onto a nitrocellulose 
membrane. Primary antibodies against Skp2, p27Kip1, p21Cip1 were used for immunoblotting 
analysis.  β-actin was used as load control and protein levels were quantified with a 
densitometer.   
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3.3.3 Ablation of Skp2 does not inhibit c-Myc-induced oral tumorigenesis 

Overexpression of the murine c-myc gene in the basal cell layer of stratified epithelia results 

in  high incidence of spontaneous tumors in the oral mucosa of transgenic mice [231] , but 

the mechanism leading to this malignant phenotype is not fully understood.  We have 

demonstrated that Skp2 and p27Kip1 are key regulators of Myc-induced proliferation in mouse 

epidermis. Moreover, loss of p27Kip1 accelerates lymphoma development in the Eµ-Myc 

model of human Burkitt lymphoma [235]. Myc negatively regulates p27Kip1 activity through 

several mechanisms, including transcription repression [123] and p27Kip1 sequestration [124-

125, 224-225]. Therefore, we reasoned that lack of Skp2, and the consequent accumulation 

of p27Kip1, would counteract the effect of Myc expression leading to the inhibition of 

tumorigenesis.  To test this hypothesis, we analyzed the onset of oral tumors in K5-Myc 

transgenic mice lacking Skp2 (K5-Myc/Skp2-/- mice) along with their K5-Myc/Skp2+/-, K5-

Myc/Skp2+/+, Skp2+/-, Skp2-/- and wild-type siblings. Histological examination of mice 

bearing the Myc transgene with one, two or no functional Skp2 alleles revealed no significant 

differences in the onset of tumors in the oral mucosa among these genotypes. These tumors 

were classified as squamous cell carcinomas consisting of islands, cords of neoplastic 

epithelial cells showing a variable degree of squamous differentiation with occasional keratin 

pearls in the centers. The invasive margins of the tumors were surrounded by proliferative 

fibrous connective tissue (Figure 15). The tumors were observed in mice as early as 10 weeks 

old, with an incidence of ~90% in K5-Myc, K5-Myc/Skp2+/- and K5-Myc/Skp2-/- mice 

(Figure 15).  No differences were found among latency, incidence, differentiation or level of 

proliferation among K5-Myc, K5-Myc/Skp2-/- and K5-Myc/Skp2+/- mice (Figure 15).  Non-
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transgenic Skp2-/-, Skp2+/- and Skp2+/+ mice were analyzed up to 12 months old, and no signs 

of spontaneous tumor development in the oral cavity were detected.  In contrast to the 

epidermis, no hypoplasia was observed in the oral epithelium of Skp2-/- mice compared to 

wild-type mice (Figure 15A, D). Moreover, histological analysis did not show any significant 

differences in the number of cells or the structure of the oral epithelium between K5-Myc 

and K5-Myc/Skp2-/- mice (Figure 15). Consequently, immunostaining analysis of oral tumors 

showed similar levels of p27Kip1 in both K5-Myc and K5-Myc/Skp2-/- tumors (Figure 15).   

Histopathological analysis of the oral epithelium showed no significant differences in 

cell proliferation (BrdU incorporation) among K5-Myc, K5-Myc/Skp2+/- and K5-Myc/Skp2-/- 

tumors (Figure 16). Consistent with these results, semi-quantitative analysis of p27Kip1 

immunofluorescence (intensity per cell) showed 2-fold increases in the oral epithelium of 

Skp2-/- compared to wild type mice, but no significant differences were detected among K5-

Myc, K5-Myc/Skp2-/- and Skp2-/- mice (Figure 15 & 16).  Hence, we conclude that the 

elevated p27Kip1 levels observed in the oral cavity does not affect the onset of Myc-driven 

tumorigenesis. Altogether, these results suggest that the increased p27Kip1 levels do not 

effectively block Myc-induced oral tumorigenesis.  
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Figure 15.  Odontogenic tumors in K5-Myc and K5-Myc/Skp2-/- mice.  (A) Representative 
paraffin-embedded sections of the oral cavity (A, D) and odontogenic tumors (B, E) obtained 
from K5-Myc (A-C) and K5-Myc/Skp2-/- (D-F) mice stained with hematoxylin and eosin. (C, 
F) Magnification of the insets from panels B and E, respectively. (B) Histopathology analysis 
of K5-Myc, K5-Myc/Skp2+/- and K5-Myc/Skp2-/- siblings.  (1) Percentage of mice with 
odontogenic tumors classified as squamous cell carcinomas consisting of islands and cords of 
neoplastic epithelial cells.  (2) Latency was determined as weeks of tumor onset. (3) Number 
of animals per group.  None of Skp2+/-, Skp2-/- and Wild type mice developed tumors. (C), 
Immunofluorescence analysis of p27Kip1 expression on oral cavity epithelial from wild type 
(Wt), Skp2-/-, K5-Myc and K5-Myc/Skp2-/- mice. NC, Negative control, Skp2-/- section 
without specific primary antibody. 
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Figure 16  Analysis of p27 accumulation and odontogenic tumor BrdU incorporation in K5-
Myc and K5-Myc/Skp2-/- mice.  (A)  Semi-quantitative analysis of p27Kip1 
immunofluorescence (intensity per cell) showed a two-fold increase in the oral epithelium of 
Skp2-/- compared to wild type mice, but no significant differences were detected among K5-
Myc, K5-Myc/Skp2-/- and Skp2-/- mice.  (B)  Histopathological analysis of the oral 
epithelium showed no significant differences in cell proliferation (BrdU incorporation) 
among K5-Myc, K5-Myc/Skp2+/- and K5-Myc/Skp2-/- tumors 
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3.4 DISCUSSION 

We hypothesized that a lack of Skp2 expression might counteract the actions of Myc, 

leading to a decrease in cell proliferation and, likely, reduced tumorigenesis. Here, we report 

that Skp2 ablation in mouse epidermis results in epidermal hypoplasia and reduced 

keratinocyte proliferation. Importantly, the development of epidermal hypoplasia appears to 

be mainly mediated by increases in p27Kip1 because previous work in our laboratory did not 

observe changes in other putative substrates of Skp2, such as cyclin E, D1, p21Cip1 or p57Kip2 

[48, 162, 182-183].  Thus, our findings indicate that p27Kip1 is a main player in Skp2-

mediated keratinocyte regulation [59]. Importantly, in vitro analysis of CDK activities show 

that CDK4, but not CDK2, was inhibit in Skp2-/- epidermis. The Cip/Kip family members 

were initially described as general CDK inhibitors, however, several groups has shown that 

p21Cip1 and p27Kip1 bind but do not interfere with the CDK4,6 kinase activities [236-237]. 

Presently, there is not a clear consent about the role of Cip/Kip members in relation to CDK4 

activity. In this regard, Ray et al. recently reported two independent models by which p27Kip1 

might inhibit CDK4 [29]. According to these models absence of the specific tyrosin 

phosphorylation of p27Kip1 result in the binding and inhibition of CDK4 by p27Kip1. 

Consistent with this model we have previously shown that lack of CDK4, but not CDK2, 

result in reduces Myc-induced keratinocyte proliferation [176, 234]. We have also observed 

p27Kip1 ablation resulting in activation of both CDK4 and CDK2 in mouse epidermis [233].  

Recent observations have shown that the ablation of CDK2 in p27Kip1-null background did 

not mitigate the phenotypes of p27Kip1 deficiency clearly showing that p27Kip1 can act 
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independently of CDK2 [238-239]. Thus, determining whether CDK4 is the main target for 

p27Kip1 inhibition in mouse epidermis warrant future investigations. 

Transgenic mice overexpressing Myc in the basal cell layer of the stratified 

epithelium resulted in severe epidermal hyperplasia, hypertrophy and in some cases tumor 

development [228], [176, 231-232]. We found that forced expression of the c-myc oncogene 

led to decreased p27Kip1 protein levels in mouse epidermis.  Supporting our initial hypothesis, 

genetic inhibition of Skp2, and the consequent p27Kip1 accumulation, severely crippled the 

ability of the c-myc oncogene to drive keratinocyte proliferation and further induce epidermal 

hyperplasia.  Consistent with these data, biochemical analysis of K5-Myc/Skp2-/- mouse 

epidermis showed that lack of Skp2 expression reversed the reduced levels of p27Kip1 

observed in K5-Myc epidermis.  It is worth mentioning that the myc oncogene also affects 

p27Kip1 activity by inducing CDK4 expression, leading to p27Kip1 sequestration by the 

CDK4/D-type cyclin complexes [176, 240]. Therefore, changes in p27Kip1 protein levels play 

an important role in Myc-induced hyperplasia and Skp2-/- hypoplasia. Interesting, Myc-

mediated p27Kip1 down regulation was dependent on the elevated   levels of Skp2 in B cells 

from the transgenic Eµ-Myc mouse [227]. However, this effect seems to be tissue specific 

because we did not observe changes in Skp2 levels in K5-Myc epidermis. We and others 

have shown that low levels of p27Kip1 and/or p27kip1 sequestration, upon CDK4 expression in 

K5-Myc epidermis, result in CDK2 activation [124-125, 176, 241]. However, we also found 

that CDK2 ablation does not reverse the hyperproliferative phenotype of K5-Myc epidermis 

[234]. Thus, it is tempting to hypothesize that Myc activity deregulates keratinocyte 

proliferation through mechanisms other than CDK2 activation. Altogether, these results 
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suggest that Skp2 plays a central role in the deregulation of keratinocyte proliferation 

triggered by Myc overexpression.  

It has been widely documented that deregulation of Myc expression plays a causal 

role in the genesis of several types of human and experimental malignancies [242-247]. In 

this report, we have shown that Skp2 ablation does not inhibit Myc-induced oral 

tumorigenesis. In fact, we did not find any differences in the latency, incidence, 

differentiation or level of proliferation among K5-Myc, K5-Myc/Skp2-/- and K5-Myc/Skp2+/- 

mice. As expected, we observed accumulation of the p27Kip1 protein in the Skp2-/- oral 

epithelium although high p27Kip1 levels were also observed in K5-Myc and K5-Myc/Skp2-/- 

mice.  It is not clear why Myc expression does not reduce p27Kip1 levels in the oral cavity, but 

this observation warrants further investigation. The analysis of p27Kip1 in oral tumors from 

K5-Myc and K5-Myc/Skp2-/- mice showed no significant differences between both 

genotypes.  Thus, we speculate that lack of Skp2 has a tissue specific effect in mouse 

epidermis and oral epithelium. The blockage of keratinocyte proliferation is likely through 

CDK4 inhibition but is not prevalent during proliferation of oral epithelium. Supporting a 

tissue specific role of p27Kip1 levels, a clear discrepancy was observed between the phenotype 

of epidermis and oral epithelium of these mouse models. The Skp2-/- mice showed no signs 

of developing epithelia hypoplasia in the oral cavity as observed in their epidermis.  In 

addition, the oral epithelium of K5-Myc mice showed no development of the hyperplasia 

observed in the epidermis.  Therefore, we hypothesized that Myc-induced oral tumorigenesis 

does not depend on p27Kip1 levels, resulting in the unsuccessful blocking of tumor 

development in K5-Myc/Skp2-/- mice.  Supporting our finding, it has recently been reported 
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that Skp2 deficiency had a modest or no effect on Myc-induced lymphomagenesis in Eµ-

Myc transgenic mice [227].  

Skp2 is also a strong stimulator of Myc’s transcriptional activities [248-249], 

suggesting that ablation of Skp2 may reduce cell proliferation and/or tumor development.  

Conversely, Skp2 participates in Myc proteasomal degradation, predicting that ablation of 

Skp2 would result in Myc stabilization and increase tumor development. Our results show 

that the stimulation of Myc transcriptional activity by Skp2 [248-249] is dispensable for Myc 

oncogenic activities. In this scenario, ablation of Skp2 stabilizes p27Kip1 and c-Myc protein 

levels, allowing K5-Myc to behave as a potent oncogene even in the presence of elevated 

levels of p27Kip1 protein. 

Collectively, the data presented in this chapter and recent reports from other groups 

[227, 250] suggest that Skp2 is an efficient regulator of normal proliferation through the 

regulation of p27Kip1 protein levels, but it is inefficient in alleviating Myc-induced 

tumorigenesis. Therefore, the suitability of Skp2 as a target for therapeutic intervention must 

be considered in a tissue-dependent manner and in the context of the particular oncogenic 

pathway affected.  
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Chapter IV 
 

Loss of Skp2 Induces Keratinocyte Apoptosis 
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4.1 Introduction  

Several groups have described an oncogenic role of Skp2 in human and experimental 

tumorigenesis [52, 54, 214, 251-252].  We have previously shown that deletion of Skp2 in 

mouse epidermis results in increases p27Kip1 accumulations and a reduction in skin 

tumorigenesis under a two-stage carcinogenesis protocol.  To determine whether the reduce 

tumorigenesis found in Skp2-/- mice were dependent upon p27Kip1 accumulation we also 

developed the Skp2-/-/p27-/- compound mice and subjected them to a two stage carcinogenesis 

protocol.  Our results showed that the inhibition of tumorigenesis in Skp2-/- epidermis 

occurred in a p27Kip1 independent manner, suggesting that ablation of Skp2 triggers 

additional pathways during mouse epidermal tumorigenesis.  While the oncogenic properties 

of Skp2 have been routinely linked to the regulation of p27Kip1, several groups have focused 

on additional activities as well as additional targets of Skp2 [173, 253-256].  Interestingly 

several investigations have reported the novel roles of Skp2 inducing apoptosis and/or 

cellular senescence [50, 250, 257-259].  In fact, mouse embryonic fibroblasts (MEF) devoid 

of Skp2 expression showed elevated levels of apoptotic cells [50].  The direct pathways in 

which Skp2 regulates apoptosis MEFs have remained elusive.  However, the elaborate 

network of ubiquitin-mediated regulation by Skp2 has yielded several potential substrate 

targets that may indeed be responsible for the apoptotic profile displayed in MEF [259-264].   

These studies suggest that Skp2 also targets regulators of survival and/or apoptosis for 

degradation.  More specifically Kitagawa at el., showed that Skp2 suppresses p53-dependent 

apoptosis by regulating CBP/p300 protein levels and antagonizing the interaction between 

CBP/p300 and p53 [264].   Therefore, we proposed the following questions:   Does the loss 
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of Skp2 in mouse keratinocyte epithelial affect the levels of apoptosis in a p53-

dependent manner? Are apoptosis levels prominent in the tumorigenesis of animals 

devoid of Skp2? 

 To answer this question we used the previously generated transgenic (K5-Myc, K5-

Myc/Skp2-/-) and knockout (Skp2-/-, Skp2-/-/p27-/-) mice to determine the affects of the loss of 

Skp2 on apoptosis.  In normal keratinocyte proliferation, we were able to show that the loss 

of Skp2 increased the level of keratinocyte apoptosis.   Moreover, we show evidence of 

Skp2-dependent regulation of p53, as seen with increased accumulation of activated p53 

(acetylated) in Skp2-/- animals.  Consistent with these findings we developed a Skp2-/-/p53+/- 

compound mouse and observed a significant reduction in the level of apoptosis in epidermis 

from Skp2-/-/p53+/- animals.  We were also able to show that the loss of Skp2 has minimal 

effects on the levels of apoptosis in epidermal and oral cavity tumors.   In addition, we 

observed increases in Rassf1a in Skp2-/- keratinocytes, a specific target of Skp2, as well as a 

positive regulator of apoptosis.   These findings suggest that Skp2-dependent apoptosis may 

in fact be regulated through multiple regulatory pathways.  Collectively our results suggest 

that Skp2 play a preponderant role in regulating p53-dependent apoptosis in the normal 

homeostasis of mouse epidermis and during skin tumor development. We also provide 

evidence that other pathways may be involved, such as Rassf1, in the increased levels of 

apoptosis observed in Skp2-/- mice. 
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4.2 Materials and Methods 

 

4.2.1 Development of transgenic mice 

Generation of the following animals were previously described as follow: Skp2 

knockout animals were generated as stated in section 2.2.1, K5-Myc Skp2 knockout animals 

were generated as stated in 3.2.1.  Skp2-/-/p53+/- mice were generated by breeding Skp2+/-

/p53+/- mice.   

 

4.2.2 Transgene-Specific Polymerase Chain Reaction (PCR).  

Genomic DNA was extracted from mouse tail clips and used for genotyping using 

PCR.  P53-positive mice were determined with upstream (5’- 

TGCCCTGTGCAGTTGTGGGTCA 

-3’) and downstream primers (5’- ATTTCCTTCCACCCGGATAAGATG -3’) to produce a 

260-bp band, and the p53-null allele was amplified with upstream (5’- 

ATTGAACAAGATGGATTGCAC-3’) and downstream (5’- 

GTAGCCGGATCAAGCGTATG -3’) primers that produce a 386-bp band. The Skp2 wild-

type allele was amplified with upstream (5’-GCA TCG CCT TCT ATC GCC TTC TTG-3’) 

and downstream (5’-CCC GTG GAG GGA AAA AGA GGG ACG-3’) primers that produce 

a 430-bp band, and the Skp2 null allele was amplified with upstream (5’-AGA GTG GAA 

GAA CCC AGG CAG GAC-3’) and downstream (5’-TTC CCA CCC CCA CAT CCA GTC 

ATT-3’) primers that produce a 500-bp band.  
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4.2.3 Western blot Analysis 

Mice were sacrificed, and the dorsal surface of each animal was shaved and treated 

with a depilatory agent for one minute and then rinsed with tap water.  The dorsal surfaces 

were then excised, and the epidermal tissues were scraped off with a razor blade.  The 

epidermis was then harvested in homogenization buffer (50 mmol/L HEPES, pH 7.5, 150 

mmol/L NaCl, 2.5 mmol/L EGTA, 1 mmol/L ethylenediaminetetraacetic acid, 0.1% Tween-

20, 1 mmol/L dithiothreitol, 0.1 mmol/L phenylmethyl sulfonyl fluoride, 0.2 U/ml aprotinin, 

10 mmol/L b-glycerophosphate, 0.1 mmol/L sodium vanadate, and 1 mmol/NaF) and 

homogenized with a manual homogenizer.  The epidermal homogenate was centrifuged at 

14000 rpm at 4°C to collect the supernatant, which was used directly for western blotting 

analysis or stored at -80°C.  The protein concentration was determined using a Bio-Rad 

protein assay system (Bio-Rad laboratories, Richmond, CA).  Protein lysates (30 µg from 

each sample) were electrophoresed on 12% acrylamide gels (6% for p300) and 

electrophoretically transferred onto nitrocellulose membranes.  After being blocked with 5% 

nonfat powdered milk in Dulbecco’s phosphate-buffered saline, the membranes were 

incubated with 1 µg/ml of the specific antibodies.  Polyclonal antibodies were used against 

the following proteins: p53 (C-12), Phospho p53 (C-12), Acetylated p53 (Cys 379)(Cell 

Signaling Technology, Inc Danvers, MA) and p300(C-20), puma (Santa Cruz Biotech., Santa 

Cruz, CA) and Rassf1a (Abcam U.S.A.).  Monoclonal antibodies for MdM2 were a generous 

gift from the laboratories of Dr. Zhang (Department of Radiation Oncology and Lineberger 

Comprehensive Cancer Center). Peroxidase-conjugated anti-mouse and anti-rabbit polyclonal 
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secondary antibodies followed by enhanced chemiluminescence (ECL detection kit, GE 

Healthcare., Piscataway, NJ) were used for immunoblotting detection. 

 

4.2.4 Tunnel Assay 

Apoptotic cells were determined using TUNEL assays with the FragEL DNA 

Fragmentation Detection kit (Colorimetric-TdT enzyme, Calbiochem, EMB Biosciences 

Inc.), following the manufacturer’s instructions. The cells were counterstained with methyl 

green to quantify normal and apoptotic cells. The number of apoptotic cells in the tumors was 

determined in 250 μm2-sections using a reticule grid. Apoptotic keratinocytes in the 

interfollicular and follicular epidermis were quantified in 1-cm sections.  Hair follicles 

carrying at least one apoptotic cell in the bulge were counted as positive to determine the 

incidence of apoptosis in hair follicles.  In all cases, 12 fields were counted per section in a 

total of 10 paraffin-embedded sections representing 5 mice per genotype. 

 

4.2.5 Statistical analysis. Statistical analysis was performed using GraphPad Prism 4 

Software (GraphPad Software, San Diego, CA, USA). 
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4.3 Results  

 

4.3.1 Loss of Skp2 increase the levels of apoptosis in mouse keratinocyte 

Several studies have shown that the loss of Skp2 results in p27Kip1-related inhibition 

of the cell cycle [50, 53, 55, 59, 162, 265].  Furthermore, the additional ablation of p27Kip1 in 

Skp2-/- animals rescued phenotype observed in several tissues of Skp2-/- mice [59].   

However, our previous studies (Chapter 3) suggest that other Skp2 targets can be involved in 

the reduce tumor development observed in Skp2-/- mice. In this study, we used a FragEL 

DNA Fragmentation Detection kit (Tunnel Assay) to evaluate the levels of apoptosis in Skp2-

/- mice keratinocytes.  Considering the stratified epithelial of epidermis contains several 

layers of cells and that of the Skp2-/- has been identified as hypoplastic previously, to identify 

the ratio of cells undergoing apoptosis we calculated the total epidermal apoptosis levels 

(Follicular and inter-follicular) (Figure 17 A).  We have determined that Skp2 ablation results 

in a 2-fold increase in the number of apoptotic cells when compared their wild type siblings 

(Figure 17).  These data were corroborated by determining the apoptotic morphology in H&E 

stained sections and tunnel assays in which the follicular apoptotic cells were measured 

against the total number of cells.  Similar to findings using tunnel assays apoptotic 

morphological analysis of H&E stained sections yielded a 2-fold increase in the apoptotic 

index  of Skp2-/- when compared to wild type epidermis (data not shown).  We also 

established the incidence of hair follicles displaying at least one positive apoptotic cell 

(Figure17B).  In this case, we also observed a 2-fold increase in the percentage of hair 

follicles carrying apoptotic cells in Skp2-/- mice compared to wild type controls (Figure 17B). 
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These data offered similar results and show evidence that the increased levels of apoptosis 

may play a role in the hypoplasia displayed in Skp2-/- animals.   
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Figure 17  Follicular apoptosis and western blot analysis of pro-apoptotic proteins.  (A) 
Inter-follicular and follicular apoptosis labeling index of wild type and Skp2-/- kerationcytes.  
Skp2-/- animals show more than a 2-fold increase in the number of apoptotic keratinocytes 
when compared to wild type animals.  (B)  The incidence of follicular apoptosis (Percentage 
of hair follicles containing at least one apoptotic cell).  Skp2-/- animals display a 2-fold 
increase in apoptosis when compared to wild type animals.  (C)  Protein lysates of normal 
epidermis from Skp2-/-  and wild type mice were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and blotted onto a nitrocellulose membrane. Primary 
antibodies against p53, acetylated-p53, p300/CBP and Puma were used for immunoblotting 
analysis.  β-actin was used as load control.   
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4.3.2 The loss of Skp2 increases the levels of keratinocyte apoptosis in a p53 dependent 

manner 

The ablation of Skp2 has been shown to cause increased levels of apoptosis in both 

keratinocytes as well as mouse embryonic fibroblast (MEF) [50].  Recent studies have shown 

that Skp2 expression inhibits the activation of tumor suppressor gene p53 [264].  More 

specifically studies have shown that Skp2 suppresses p53-dependent apoptosis by regulating 

CBP/p300 protein levels and by serving as a competitive inhibitor of the interaction between 

CBP/p300 and p53 [264].  It is worth mentioning that p300/CBP function s as an 

acetyltransferase and stimulates p53 transcriptional activity[156].  In this study, we evaluated 

the levels of p53 accumulations in Skp2-/- epidermis and found a 1.3-fold increase when 

compared to wild type animals (Figure 17).  In addition we also observed elevated levels of 

acetylated p53 (1.6-fold), Puma (4-fold) a positive regulator of apoptosis regulated by p53 

and monetary increases in CBP/p300 (1.3-fold) (Figure 17).  All suggesting that the increase 

levels of apoptosis observed in Skp2-/- animal keratinocytes are related to p53 regulations.   

 

4.3.3 The loss of Skp2 increases the levels of apoptotic keratinocyte in a p27-

independent manner. 

The effects of Skp2 on p27Kip1 are well documented however; regulatory effects of Skp2 on 

p27Kip1 levels have been limited somewhat to cell cycle progression.  Our results suggest that 

the increase levels of apoptosis in Skp2-/- epidermis are p53-dependent, but the contribution 

of p27Kip1 in apoptosis has not been determined.  Earlier investigations have shown additional 

roles of p27Kip1 in apoptosis[266].  Furthermore, additional studies have shown that the 

 89



ablation of both Skp2 and p27Kip1 induces apoptosis synergistically [258].  In an effort to 

determine the involvement of p27Kip1 in the increased levels of apoptosis observed in Skp2-/- 

animals we analyzed the epidermis of  p27-/- and Skp2-/-/p27-/- mice.   Again, the levels of 

apoptosis were determined by scoring hair follicles with at least one positive apoptotic cell.   

Apoptosis levels in p27-/- was elevated 1.9-fold compared to wild type, suggesting that lack 

of p27Kip1 expression can induce a relevant apoptotic response. As expected Skp2-/- mice also 

showed increase apoptosis (1.6-fold) compared to wild type controls (Figure 18).  Interesting, 

the simultaneous ablation of p27Kip1 and Skp2-/- showed no significant differences in the 

levels of apoptosis when compared to wild type animals (Figure 18).  Biochemical analysis 

of mouse epidermis from Skp2-/-/p27-/- mice exhibit relevant reduction of p53 and p300/CBP 

protein level suggesting that the simultaneous ablation of p27 and Skp2 block the increase 

apoptosis observed in the single knockout mice (Figure 18).    In addition, the significant 

reduction of acetylated p53 and slight decreases in p300/CBP suggest that the apoptosis 

displayed in p27-/- animals occur through a p53-independent pathway (Figure 18).   

Studies have shown that Skp2 regulates the tumor suppressor gene RassF1a in an 

ubiquitin-mediated manner [267].  In addition RassF1a  inhibit Mdm2  through stimulation of 

Mdm2 self- ubiquitination, thus triggering Mdm2 degradation [268].  It is well documented 

that p53 is rapidly degraded  by increased levels of Mdm2 and that p53 activates the 

expression of Mdm2 to form a auto-regulatory feedback loop[269]. In addition studies have 

shown that Rassf1a mediates apoptosis through a MST2 pathway, resulting in the 

transcription of pro-apoptotic protein Puma [270]  In an effort to discover the exact pathways 

involved in the possible Skp2-p53-dependent apoptosis pathway we look at specific 
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substrates; RassF1a and MdM2.  The 2.5 fold increase in RassF1A levels observed in Skp2-/- 

animals suggest the possibility of a Skp2-RassF1a dependent regulation of apoptosis 

(Figure18).  Furthermore, the 1.7-fold reduction of Mdm2 in Skp2-/- mice keratinocytes 

correlates to the increased levels of RassF1A found in these animals (Figure 18).  The p27-/- 

and Skp2-/-/p27-/- animals displayed decreases in Mdm2 levels further solidifying the 

possibility of an alternate Skp2-p27Kip1independent apoptotic pathway (Figure 18).  

Collectively these data suggest that the increased levels of apoptosis found in Skp2-/- animals 

occur in a p27Kip1-independent and p53-dependent manner however, the activation of 

RassF1a suggests the possibility of Skp2-RassF1a mediated apoptosis.  Thus, we hypothesize 

that ablation of Skp2 lead to increase RassF1a protein level which participate in the reduce 

level of Mdm2 and further activation of p53 pathway. In addition, lack of Skp2 allows an 

interaction between p300 and p53 leading to increase p53 acetylation and activation.  
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Figure 18 Follicular apoptosis and western blot analysis of pro-apoptotic proteins.  (A)  
Increased apoptosis levels were detected in Skp2-/- (23%) as well as p27-/- (27%) animals 
when compared to wild type animals (14%).  Skp2-/-/p27-/- keratinocyte apoptosis levels 
(15%)  were similar to those of the wild type.  (B) When compared to wild type Skp2-/- 
animals displayed increases in p300 (1.5-fold), p53 (1.3-fold), Acetylated p53 (1.3-fold), 
RassF1a (2.5-fold) and Puma (1.6-fold), while showing decreases in the levels of Mdm2 
(1.7-fold).   p27-/- animals showed significant decreases in acetylated p53 (1.3-fold) and 
Mdm2 (1.9-fold) when compared to Skp2-/- animals and further decreases were noted in 
Mdm2 (2.5-fold) levels when compared to wild type.  Skp2-/-p27-/- animals showed decreases 
in p300 and p53 levels when compared to wild type, Skp2-/- and p27-/- animals. 
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4.3.4 The loss of Skp2 does not affect the levels of apoptosis in epidermal or oral cavity 

tumors 

Previous Studies from our laboratory showed evidence of decreased number of skin tumors 

in Skp2-/- mice subjected to a two-stage carcinogenesis model.  However, additional studies 

in our lab found that the loss of Skp2 was unable to inhibit c-Myc-induced oral cavity 

tumors.  In an effort to evaluate the relevance of the apoptotic profile displayed in Skp2-/- 

animals as they related to tumorigenesis, we determined the level of apoptosis in epidermal 

and oral cavity tumors.  The number of apoptotic cells in the tumors was determined in 250 

μm2-sections using a reticule grid.  The epidermal tumors of Skp2-/- and their wild type 

siblings did not show any significant differences in apoptosis levels (Figure 19).  

Furthermore, no significant differences were observed between the number of apoptotic cells 

displayed in the oral tumors of K5-Myc and K5-Myc/Skp2-/- animals (Figure 19).  These 

findings suggest that the increase levels of apoptosis found in Skp2-/- animals have little to no 

effect on epidermal or oral cavity tumorigenesis.   
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Figure 19 Apoptosis in tumors of Skp2-/- epidermis and K5-Myc Skp2-/- oral cavity.  (A)  No 
detectable differences between the apoptosis of wild type and Skp2-/- epidermal tumors.  (B) 
No significant differences in apoptosis levels of K5-Myc and K5-Myc/Skp2-/- oral cavity 
tumors were observed.  
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4.3.5 The loss of one allele of p53 reduces the level of apoptosis observed in Skp2-/- mice 

keratinocyte 

Investigations in our laboratory have shown evidence of increased levels of apoptosis 

in Skp2-/- mouse kerationcytes.  More importantly, we have shown that the increase apoptosis 

found in Skp2-/- animals are independent of p27Kip1 accumulation.  In addition, the 

biochemical analysis of mouse epidermis suggests that Skp2-/- apoptosis is p53-dependent.  

While it is certain that Skp2 maintains regulatory control over both RassF1a and p53 it is 

uncertain, whether the increased levels of p53 or RassF1a are responsible for the increased 

apoptosis displayed in Skp2-/- mice keratinocyte populations.  In an effort to elicit the 

involvement of p53 in Skp2-mediate apoptosis we attempted to develop a Skp2-/-/p53-/- 

compound mouse.  Heterozygous for mice for Skp2 (Skp2+/-) and p53 (p53+/-) were crossed 

to obtain the Skp2/p53 double knockout mice. Only 6 (1.2%) out of 507 animals generated 

were Skp2-/-/p53-/-.  Statistical analysis showed a significant relevant reduction in the number 

of double knockout mice compared with the expected number (6.25%) (Figure 20 and Figure 

21) (Chi-square two tail P value less than .001)   Furthermore, evaluation of the pregnant 

double heterozygous females, mated to double heterozygous males, at the 12.5 days 

postcoitus (dpc)  showed that 7% (5 animals) of mice were identified as Skp2-/-/p53-/- 

animals, these numbers are similar to the expected number of p53-/-/Skp2-/- mice (Figure 21).  

Collectively these data show that simultaneous ablation of Skp2 and p53 cause prenatal 

lethality in the majority of these animals.  These results suggest that prenatal lethality occur 

after 12.5 dpc during the organogenesis phase [274].   Therefore, we hypothesize that 

blocking p53-dependent apoptosis in Skp2-/- mice affect the formation of some tissues such 
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as cartilage (12.5 dpc), Eyelid (13 dpc), differentiation of enucleated red cells (13.5 dpc) etc. 

The limited availability of Skp2-/-/p53-/- animals prompted us to evaluate the levels of 

apoptosis in Skp2-/- animals with one p53 allele (p53+/-).  Evaluation of Skp2-/-/p53+/- animals 

showed a 1.7-fold decreased in follicular apoptosis when compared to their Skp2-/- siblings 

(Figure 22).  Therefore, we present genetic evidence that p53-dependent apoptosis is 

involved in the phenotype exhibit in the Skp2-/- epidermis.   However, we cannot rule out the 

possibility that RassF1a may play an overlapping role in the induction of apoptosis upon 

accumulation in Skp2-/- epidermis.  
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Figure 20  The observed occurrences of mice offspring from Skp2+/-/p53+/- and Skp2+/-/p53+/- 
crossing .  Skp2-/-/p53-/- animals developed at a significantly lower level of frequency 1% (6) 
when compared to the expect level of occurrences 6% (30) N=507.  Evaluations of prenatal 
pups showed that that by day twelve Skp2-/-/p53-/- had developed as expected.  
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Figure 21  The expected frequencies of pups developing specific genotypes upon crossing 
animals heterozygous for both Skp2 and p53 
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Figure 22  Follicular apoptosis of Skp2-/- animals displayed a 17% increase in apoptosis 
levels.  The deletion of one p53 allele from animals devoid of Skp2 (Skp2-/-/p53+/-) animals 
displayed a 10% decrease in kerationcyte apoptosis when compared to animals just devoid of 
Skp2. 
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4.4 Discussion 

 We have previously shown that the ablation of Skp2 in mice result in epidermal 

hypoplasia and decreases in chemically induced epidermal tumorigenesis.  Interesting, we 

found that Skp2-/-/p27-/- tumorigenesis was similar to that of Skp2-/- animals, suggesting that 

the decreases in tumorigenesis in Skp2-/- were independent of p27Kip1.  It has been reported 

that increased expression of Skp2 can inhibit apoptosis by binding to p53 specific binding 

sites of CBP/p300, therefore inhibiting p53 activation [264].  Moreover, it was also 

demonstrated that the inhibition of Skp2 by siRNA resulted in increases apoptosis in 

glioblastoma cells [258].  In this chapter, we investigated the role of Skp2 in mice 

kerationcyte apoptosis.  We show that the ablation of Skp2 increases kerationcyte apoptosis 

and that this level of apoptosis is in part p53-dependent. 

Our evaluations of inter-follicular and follicular mice epidermis showed that the 

ablation of Skp2 increased the level of apoptosis by 2-fold when compared to wild type 

animals.  These data further corroborate when the epidermal apoptosis was measure by 

determining the incidence of hair follicles positive for at least one apoptotic cell.  Skp2-/- 

mice displayed a 1.6-fold increase in apoptosis when compared to wild type animals.  We 

have previously showed that the ablation of Skp2-/- results in increased p27Kip1 accumulation 

and that these increases had minimal effects on keratinocyte tumorigenesis.  However it has 

been reported that increase levels of p27Kip1 induces apoptosis in several cancer cell lines and 

furthermore that these increases in apoptosis are independent of p53 activation [266].  Our 

characterization of the apoptosis profiles of Skp2-/- , p27-/- and Skp2-/-/p27-/- yielded some 

interesting yet surprising results.  While we noted increases in keratinocyte apoptosis in both 
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Skp2-/- and p27Kip1-/- animal’s p27Kip1-/- animals displayed a 1.1-fold increase in apoptosis 

levels when compared to animals devoid of Skp2.  Furthermore, the ablation of both Skp2 

and p27Kip1 yield animals with apoptosis levels similar to those of wild type animals.   

Studies have indicated the CDKs as possible mediators of apoptosis, increased CDK1 kinases 

activities have been found in YAC lymphoma cells when treated with apoptosis producing 

agents[271].  The involvement of increased CDK2 kinases activity during apoptosis is more 

sparsely documented, however two independent laboratories found links between increased 

CDK2 kinase activities and the induction of apoptosis [272-273].  In line with our previous 

discussed CDK kinase activities, the increased levels of CDK1 and CDK2 kinases activities 

may be involved in apoptosis.   Furthermore, the levels of apoptosis in Skp2-/-/p27-/- animals 

mimic those of wild type animals, as did the CDK1 and CDK2 kinase activities.  While these 

studies are certainly correlated well with our findings, the notion of increased apoptosis due 

to increased levels of CDK1 and/or CDK2 kinase activities require additional investigation.  

However the discrepancies in CDK1 and CDK2 kinases activities in addition to the 

variations in apoptosis levels between wild type, Skp2-/-, p27-/- and Skp2-/-/p27-/- did provide 

evidence of Skp2 mediated apoptosis independent of p27Kip1 accumulation.    

The additional evaluation of p53-mediated apoptosis proteins provided further 

evidence of the presence of a specific apoptosis pathway independent of p27Kip1 in Skp2-/- 

animals.  It has been reported that Skp2 inhibits p53-mediated apoptosis by binding to a 

specific binding partner of p53, CBP/p300 and therefore inhibit p53-acetylated activation 

[264].  In this study, we observed increase levels of p53 and p300/CBP as well as elevated 

acetylation of p53 suggesting the activation of p53 pathway during Skp2-/- skin 
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tumorigenesis.  Correlating with p53 activation, we found increase level of the p53-target and 

proapoptotic regulator Puma in Skp2-/- epidermis. In addition, the decreases in acetylated p53 

as well as CBP/p300 found in p27-/- animals suggest that apoptosis trigger in Skp2-/- and p27-

/- epidermis are differently regulated.  It has also been demonstrated that Skp2 inhibits p53 

activities in additional pathways.  In particular, studies by Song et al., have identified 

RassF1a as a specific target of Skp2 ubiquitinated, thus inhibiting Rassfla’s negative control 

over Mdm2, yielding increase p53 degradation [267-268].   In addition, another group has 

identified a pathway in which Rassf1a induces apoptosis through the activation and 

translocation of p73, increasing the transcription of the pro-apoptotic protein Puma [270].  

Thus, Skp2 can inhibit p53 by inhibiting CBP/p300 acetylated activation and by increasing 

the levels of Mdm2 by inhibiting Rassf1a, yielding two independent pathways to inhibit 

apoptosis.  Our studies provide evidence that lack of Skp2 result in accumulation of RassF1a, 

and reduction of Mdm2 protein levels suggesting that the RassF1a pathway can also 

accelerate the p53-dependent apoptosis in mouse epidermis. Whether a synergistic effect 

exists between activation of p53 by p300/CBP and RassF1a pathways warrant further 

investigations.   Importantly, we use a genetic approach to define the p53-dependent 

apoptosis in Skp2-/- epidermis.  In lieu of developing the Skp2-/-p53-/- animal to determine 

whether Skp2-/- keratinocyte apoptosis is dependent upon p53 we determine the levels of 

apoptosis in animals devoid of Skp2 and heterozygous for p53 (Skp2-/-p53+/-).   Our 

evaluations of Skp2-/-p53+/- mice keratinocyte apoptosis levels demonstrated a notable 

reduction when compared to those of their Skp2-/- counterparts, showing that the loss of one 

allele of p53 in Skp2-/- mice keratinocyte reduces the level of apoptosis developed in Skp2-/- 
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animals.  Demonstrating Skp2-/- animals deploy p53-dependent apoptosis and that these 

levels may account for the epidermal hypoplasia developed in Skp2-/- mice epidermis.  In 

conclusion, we have provide genetic and biochemical evidence that lack of Skp2 lead to 

increase p53-dependent apoptosis that can affect epidermal homeostasis and tumor initiation. 
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5.1 General Discussion 
 
 In conclusion or investigations into the effects of the ablation of Skp2 on kerationcyte 

proliferation and tumorigenesis yielded some novel findings that have yet to be described.  

Using Skp2-/- animals we show that the ablation of Skp2 inhibits kerationcyte proliferation 

and the phenotype of these animals are rescued by the additional ablation of p27Kip1.  Using 

the two-stage carcinogenesis model which consist of the initiation of stem cells, localized in 

the bulge area of the hair follicle, followed by the promotion of initiated cells we show that 

the loss of Skp2 inhibits tumorigenesis, Skp2-/- animals developed fewer tumors than their 

wild type littermates.   Interestingly, we found that Skp2-/- animals display elevate number of 

apoptotic cells in the hair follicle, suggesting that the loss of Skp2 is inhibiting the initiation 

of cells or the clonogenic expansion of initiate cells.  In contrast to the p27Kip1-mediated 

rescue during normal keratinocyte proliferation  Skp2’s inhibition of epidermal tumors 

occurs independent of p27Kip1, this is noted by the similarities in the total number of tumors 

developed in  Skp2-/- and Skp-/-/p27-/- animals.   However, tumors developed in animals that 

were devoid of both Skp2 and p27Kip1 were similar in total volume when compared to those 

of the wild type animals. Suggesting that the few tumors that surpass the initial blockage of 

Skp2, initiation and/or expansion, undergo normal proliferation and are therefore subjected to 

p27Kip1 regulation.  Most intriguing,   the loss of Skp2 had no affect on the apoptotic levels of 

epidermal tumorigenesis or oral cavity tumors.  These findings suggest once again that the 

loss of Skp2 affect the initiation and/or expansion stage of tumorigenesis.  In the case of K5-

Myc mice, the initiation stage is clearly not affected by the loss of Skp2 because these 
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animals carry the transgenic expression of a strong oncogene, thus they develop tumors 

because Skp2’s inhibitory effects are limited to the initiation stage.  

  Collectively our study has provided evidence that the loss of Skp2 inhibits epidermal 

proliferation through regulation of p27Kip1 and CDKs and tumorigenesis through p53-

dependent apoptosis.  In addition, Skp2’s inhibition of the initiation and/or expansion of 

initiated cells highlight the possibility of targeting Skp2 during early onset of cancers.   
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