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Abstract 

 Non-melanoma skin cancers, the most common cancers in the 

United States, result from chronic exposure to ultraviolet irradiation 

(UV). UV-induced DNA damage activates cell cycle checkpoints through 

a mechanism involving degradation of the cyclin dependent kinase 

activators, the cell division cycle 25 (CDC25) phosphatases, and also 

activates Erbb family members indirectly through reactive oxygen 

species (ROS)-inhibition of tyrosine phosphatases to stimulate 

proliferation. CDC25 family members, including CDC25A, CDC25B and 

CDC25C, are over-expressed in many human cancers, often correlating 

with poor prognosis. In this research, the hypothesis that Erbb2 up-

regulation of CDC25 phosphatases increases cell proliferation and 

contributes to skin cancer development was evaluated. CDC25A and 

CDC25C, but not CDC25B, expression were increased in the cytoplasm 

of both human and UV-induced mouse skin cancers. Mouse skin tumor 

experiments with Erbb2 inhibition or genetic deletion of Erbb2 in 

keratinocytes in culture demonstrated that increased CDC25A and 

CDC25C expression in squamous cell carcinoma (SCC) were dependent 

on Erbb2 signaling. Surprisingly, CDC25A and CDC25C did not 

stimulate proliferation in human SCC cells, but rather suppressed 

apoptosis. CDC25A-mediated suppression of apoptosis was dependent on 

its cytoplasmic localization and on interaction with 14-3-3ε and 
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Apoptosis Signaling Kinase 1 (ASK1). In contrast, CDC25C did not 

require 14-3-3 binding or cytoplasmic localization to suppress apoptosis, 

but rather resulted in inhibitory phosphorylation of pro-apoptotic BAD 

and elevation of the anti-apoptotic survivin. These data suggest that 

targeting CDC25A and CDC25C may be a strategy for therapeutic 

intervention in skin cancer.  
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Anatomy and histology of normal human skin 

The skin accounts for about 15% of the total adult human body weight, 

making it the largest organ of the body. It serves multiple functions, which 

include mechanical protection against external physical, chemical, and 

biological assaults that face the body. It also participates in the process of 

thermoregulation, prevents water loss, and provides sensory information about 

the surrounding environment [1]. These functions are enabled by the structure of 

the skin, which is made up of the superficial epidermis underlaid by a basement 

membrane separating it from the dermis, which in turn rests on the subcutis 

layer of loose tissue and fat that serves as support to the skin [2]. 

The dermis is much thicker than the epidermis. It contains hair follicles, 

sweat glands, blood vessels and nerves that are held in place by collagen [2]. It 

also comprises fibroblasts, which are responsible for the synthesis of the 

extracellular matrix protein; collagen, elastin, and proteoglycan. Together, these 

patterns provide the skin with both elasticity and strength. Immune cells such as 

lymphocytes and macrophages, which help protect from and digest foreign 

material [2], are also located in the dermis.  

The epidermis, the most superficial layer of the skin, is composed of 

keratinocytes, melanocytes, Langerhan’s cells, Merkel’s cells, and nerve fiber 

endings. The most plentiful of these, the keratinocytes, protect the skin and 

underlying tissue from external assaults. Melanocytes produce the pigment 
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melanin that protects skin from ultraviolet radiation. Also within the epidermis 

are Langerhan’s cells, which are antigen-presenting cells, derived from the bone 

marrow. Lastly, Merkel’s cells function as sensory mechanoreceptors [3]!(Figure 

1.A).  

 

. 

 

 

 

 

 

Figure 1. The structural features of the epidermis. Reprinted with permission from [4]. 
 

The keratinocytes of the epidermis are organized into five strata that 

undergo morphological and biochemical differentiation until being shed from 

the surface of the skin. From the deepest to the most superficial layer, these 

strata are the stratum basale, stratum spinosum, stratum granulosum, stratum 

lucidum, and stratum corneum. The stratum basale is a single layer of cuboidal 

cells that undergo either symmetric cell division to promote lateral expansion 

and provide the regenerative capability of the epidermis, or undergo asymmetric 
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cell division to enable vertical expansion through the production of 

differentiated keratinocytes [5]. The stratum basale is attached to the basement 

membrane that separates the epidermis from the deeper layers of the skin by 

hemidesmosomes. Basal keratinocytes move into the stratum spinosum as they 

differentiate into the 3-5 layers of the stratum granulosum, where the nuclei 

flatten. The stratum granulosum keratinocytes contain granules that release 

lipids contained within lamellar bodies to repel water. Superficial to the stratum 

granulosum, the stratum lucidum is composed of 3-5 layers of terminally 

differentiating and flattened keratinocytes. Finally, the outer most layers of the 

stratum corneum are made up of flat anucleate squames filled with highly cross-

linked proteins that help to reduce water loss from skin. These squames slough 

from the surface, and are continuously regenerated (Figure 1.B) [6].  

Cells originating at the stratum basale differentiate as they move to more 

superficial layers and eventually slough off. This process takes about four weeks 

in an average human epidermis of 0.1 mm thickness. The total thickness of the 

epidermis varies, ranging from 0.05 mm in the eyelids to 1.5 mm in the palm 

[5]. Thus, the normal function of the skin for protection from chemical, 

biological, or physiological insults requires a closely coordinated regulation of 

proliferation and differentiation. Disruption of this process, through deregulation 

of cell cycle pathways, for example, can lead to cancer and other pathologies 

[7]. 
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Non-melanoma skin cancer 

Skin cancer is the most common form of cancer in the United States. 

More than 3.5 million skin cancers are diagnosed annually according to the 

(American Cancer Society)[63]. Skin cancer includes melanoma and non-

melanoma skin cancer. Each year there are more new cases of non-melanoma 

skin cancer than the combined incidence of cancers of the breast, prostate, lung 

and colon [9]. Although non-melanoma skin cancers are not generally life 

threatening, they are among the most costly cancers to treat due to their high 

incidence. In 2004, the total estimated cost associated with non-melanoma skin 

cancer treatment in the United States was 1.5 billion dollars [10]. The most 

common form of non-melanoma skin cancer is basal cell carcinoma (BCC); an 

estimated 2.8 million are diagnosed annually in the US. BCC arises from the 

skin’s basal cells, which line the deepest layer of the epidermis and are seldom 

fatal, but can be extremely detrimental if allowed to grow, although they rarely 

metastasize beyond the original tumor site [9].  

Squamous cell carcinoma (SCC), the second most common form of non-

melanoma skin cancer and the subject of my research, has an estimated 700,000 

cases diagnosed each year in the US, resulting in approximately 2,500 deaths 

[63].!These tumors result from the abnormal growth of the epithelial cells of the 

epidermis, and are more aggressive than BCCs because of their invasive and 

metastatic potential. Their prognosis is associated with the degree of 
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differentiation and tumor grade. Squamous cell carcinoma of the skin 

metastasizes about 5% of the time in primary tumors of sun-exposed skin with a 

higher rate for primary SCCs in non-exposed areas of skin [11, 12]. SCC 

accounts for less than 0.1% of all cancer deaths [13,14]. In addition, SCC is 65 

to 250 times more common in immunosuppressed transplant patients, where it 

presents with much more aggressive characteristics, more frequent recurrence 

and higher likelihood of metastasis [15]. Therefore, better strategies for 

intervention in cutaneous SCC are needed, which motivates our search to 

understand the mechanisms of SCC progression. 

About 90 percent of non-melanoma skin cancers are associated with 

exposure to ultraviolet (UV) radiation from the sun [16].  Other risk factors for 

cutaneous squamous cell carcinoma include having light-colored skin with less 

protective pigmentation, older age, exposure to chemicals like arsenic, which is 

found naturally in water in some areas, and immunosuppression [14].! 

Although, some cases of SCC occur de novo, many SCCs arise from sun-

induced precancerous lesions such as actinic keratosis (AK), radiation keratosis, 

dermatitis, scars, chronic ulcers, or Bowen’s disease (BD) [17]. In AK, also 

known as solar keratosis, atypical keratinocytes are present primarily in the 

basal and less differentiated layers of the epidermis (Figure 2) [18]. Bowen’s 

disease, or squamous cell carcinoma in situ, is characterized by atypical 

keratinocytes throughout the whole thickness of the epidermis. These lesions 
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have a 3-5% chance to invade beyond the basement membrane and thus develop 

into SCC (Figure 2) [19].  

SCC is capable of locally infiltrative growth, spreading to regional lymph 

nodes leading to distant metastasis, most often to the lungs. Invasive SCC occurs 

in the epidermis and invades the dermis [7]. 

 
Figure 2. SCC development is a multistep process that can involve premalignant actinic 
keratosis or Bowen's disease.  

 

Our current understanding of non-melanoma skin cancer has been greatly 

facilitated by the early development of mouse models, in which skin cancer is 

induced by a chemical carcinogen, a transgene, or UV exposure [20]. The 

formation of squamous cell carcinoma in mouse skin involves multiple steps 

starting with initiation; the mutation of a cancer-associated gene such as RasHa in 

a single cell [21,20]. Initiation can result from exposure to a genetic carcinogen, 

or can be mimicked in a transgenic animal like the v-RasHa transgenic Tg.AC 

mouse [20]. Clonal expansion of an initiated cell upon UV exposure or other 

 Normal skin          Actinic keratosis        Bowen’s disease              SCC 

     Normal                 Premalignant        Carcinoma in situ!!!!!!     Invasive 

Progression 
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tumor promoter treatment results in the development of benign tumors called 

squamous papillomas. These tumors can further progress to malignant SCC 

either spontaneously or through further mutagenic exposure [20]. 

Ultraviolet radiation is a carcinogen  

Aberration of certain genes contributes to genetic instability and to SCC 

development and progression in response to a DNA insult [17]. Non-melanoma 

skin cancers commonly arise upon chronic exposure to UV radiation. 

The wavelength of UV radiation determines the depth of its penetration 

through the skin. UVA, with the longest wavelengths, also penetrates furthest 

into the skin, causing damage to both epidermis and dermis. UVB, with its 

shorter wavelengths, typically does not reach past the epidermis layer. UVC 

rays are normally filtered by the atmospheric ozone layer and therefore do not 

usually contribute to skin cancer. The carcinogenicity of UV radiation includes 

the process of direct photochemical damage of DNA as well as the production 

of reactive oxygen species, both of which can lead to mutations [22]. 

UV-induced DNA damage disrupts tyrosine kinase receptors like Erbb2 

and impacts signal transduction 

Erbb2 is a member of the epidermal growth factor receptor (EGFR) 

family, which includes four transmembrane tyrosine kinases; Erbb1/HER1, 

Erbb-2/Neu/HER2, Erbb-3/HER3, and Erbb-4/HER4. These receptors are 
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activated through binding with their growth factor ligands, leading to activation 

of downstream signal transduction pathways. They are also activated upon UV-

induced ROS inhibition of the protein tyrosine phosphatases that would 

normally inactivate the receptors. Erbb receptors play important roles in cancers 

where they are involved in the control of cellular functions including cell 

division, cell survival, apoptosis and invasion [23]. Over-expression of Erbb2 

enhances invasion, angiogenesis, and increases survival of cancer cells, 

contributing to increased cancer metastasis [24]. Inhibition of Erbb2 causes S-

phase arrest, during which the cells can respond to and repair UV-induced DNA 

damage [25].  

Previous studies have shown that Erbb2 is upstream of a DNA damage 

cell cycle checkpoint [8]. Erbb2 activation following UV irradiation activates 

PI3K/Akt signaling, resulting in inhibitory phosphorylation of Chk1 on Ser280 

and blocking activation of Chk1 and Chk2 by ATR which in turn will inhibit the 

phosphorylation of CDC25A leading to its sustained function and increase 

tumor progression (Figure 2) [25]. 
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Figure 3. UV-induced Erbb2 activation activates PI3K/Akt signaling,which suppresses 
Chk1 activation and subsequent degradation of CDC25A (A). The abolition of Erbb2 activity, 
increased Chk1/2 activity leading to decreased Cdc25a and subsequently, to increased S-phase 
arrest (B) [25].  
!

UV-induced DNA damage activates cell cycle checkpoint pathways  

UV, primarily UVB, causes DNA damage lesions such as cyclobutane-

pyrimidine dimers and 6-4 photoproducts. UVB and UVA also cause oxidative 

stress associated with increased production of oxidizing species such as 8-oxo-

7,8-dihydroguanine (8-oxoG) [26]. UV-induced DNA damage leads to 

activation of cell cycle checkpoints resulting in cell cycle arrest, up-regulation of 

DNA repair mechanisms, and apoptosis. UV-induced DNA damage can be 

repaired through either nucleotide excision repair (for pyrimidine dimers and 6-4 

photoproducts), or base excision repair (for oxidative damage) in order to 

maintain integrity of the genome [27]. Cell cycle arrest allows the cell time to 

carry out repair of the DNA.  
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Cell cycle checkpoints are activated upon recruitment of Ataxia 

telangiectasia mutated (ATM) and ATM Rad3-related (ATR) kinases by DNA 

damage sensing proteins. ATM/ATR phosphorylate the effector checkpoint 

kinases (Chk1 and Chk2) as well as p53. P53, in turn activates p21, which 

blocks cyclin dependent-kinase (CDK)/cyclin E complex activation, leading to 

cell cycle arrest [28]. Chk1/2 phosphorylate cell division cycle 25 (CDC25) 

phosphatases, resulting in their degradation. CDC25 phosphatases are necessary 

for full CDK activation, and thus, for cell cycle progression (Figure 3) [29]. 

 

Figure 4. The ATM/ATR DNA damage response pathway and its downstream effectors 
leading to either G1/S or G2/M phase arrest. 
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Cell division cycle 25 (CDC25) family members are dual specificity 

phosphatases, important in cell cycle arrest in response to DNA damage. Cell 

cycle progression requires the activation of particular CDK complexes at each 

phase of the cycle. These kinases are kept inactive by WEE1 and MYT1 

phosphorylation on tyrosine/ threonine residues [30]. CDC25 phosphatases 

(CDC25A, CDC25B, or CDC25C) activate CDKs at the cell cycle phase 

transitions by removing the inhibitory phosphate groups [31]. All three family 

members regulate mitotic entry through activation of CDK1/Cyclin B complexes 

[32]. CDC25A also regulates the G1 to S transition through activation of the 

CDK2/Cyclin E complex. Mouse models lacking CDC25 family members 

revealed that CDC25A is capable of compensating for loss of the other family 

members [33]. 

CDC25 phophatases are comprised of an N-terminal regulatory domain 

and a C-terminal catalytic domain (Figure 4). The C-terminal catalytic regions 

are approximately 60% homologous between the three isoforms [32]. Critically 

important in the C-terminal region is the catalytic site containing the CX5R 

motif that contains the active site cysteine common to all CDC25 phosphatases 

[32]. The N-terminal regulatory domains of human CDC25A, CDC25B and 

CDC25C are subject to alternative exon splicing and so can generate multiple 

splice variants. The regulatory domains have low homology between CDC25 

family members that reflect sequence heterogeneity contributed by alternative 
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splicing. CDC25 phosphatases activity and protein-protein interactions are 

regulated by phosphorylation at multiple sites in the regulatory domain![34], 

while localization and shuttling within the cell are controlled by the regulatory 

domain nuclear export signal (NES) and nuclear localization sequence (NLS) 

(Figure. 4) [35, 34]. 

 

Figure 5. Domains of the three CDC25 phosphatase family members. The three family 
members of phosphatases share a conserved C-terminal catalytic domain (yellow) and a lower 
homology in the N-terminal regulatory domain. Phosphorylation sites (P), nuclear export 
sequence (NES), nuclear localization sequence (NLS) Map kinase 2 (MK-2), CDC twenty-
five C associated protein kinase 1 (C-Tak1) [34]. 

 

Regulation of CDC25 phosphatases 

CDC25 expression and activity is tightly regulated by multiple 

mechanisms, including alternative splicing, phosphorylation-dephosphorylation, 

intracellular localization, interaction with other partners such as 14-3-3 proteins, 
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and ubiquitin-mediated proteasomal degradation [36,!37,!38]. Interestingly, 

CDC25 protein levels are not closely correlated with transcript levels in human 

cancers [32]. Levels of the phosphatases also vary with the cell cycle. While 

CDC25C protein levels are fairly constant throughout the cell cycle, CDC25A 

and CDC25B fluctuate in a cell cycle-dependent manner. CDC25A has a short 

half-life, is predominantly expressed in G1 phase and is stabilized in mitosis by 

CDK1/cyclin B-mediated phosphorylation [39]. At the end of mitosis, CDC25A 

protein levels rapidly decrease via proteolytic-dependent degradation. This 

degradation is controlled by either anaphase-promoting complex/Cyclosome-

Cdh1 (APC/CCdh1) or  (Skp1/Cull/ Fbox) SCF TrCP ubiquitin ligase complexes 

depending on the cell cycle stage. APC/C regulates CDC25A at the exit of 

mitosis, whereas SCF regulates the abundance of CDC25A throughout the cell 

cycle [40]. In response to DNA damage, the Chk1/Chk2 kinases phosphorylate 

CDC25A on Ser76 and Ser124, resulting in CDC25A binding to the SCF ubiquitin 

ligase complex and proteolytic degradation. CDC25A phosphorylation on Thr507 

and Ser178, catalyzed by Chk1/Chk2, allows for recognition and binding by 14-3-

3 beta and 14-3-3 epsilon proteins [41]. 14-3-3 binding to phosphorylated 

CDC25A is believed to sequester CDC25A in the cytoplasm in an inactive state 

[42]. In contrast to CDC25A, CDC25B levels rise between mid-S and the G2/M 

transition. CDC25B degradation through proteasomal pathways depends on its 

phosphorylation by CDK1/cyclin A [43]. CDC25C protein levels remain fairly 
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constant throughout the cell cycle [44]. Phosphorylation of CDC25C at Ser216 by 

Chk1 results in the generation of a binding site for the 14-3-3 and its 

sequesteration it in the cytoplasm [45] 

CDC25A activates CDK in the nucleus [31]; however, CDC25A also 

interacts with cytoplasmic proteins such as RAF1 [47], ASK1 [48] and 14-3-3 

proteins [38]. The subcellular distribution of CDC25A is regulated in part 

through its nuclear export sequence (NES) and nuclear localization signal (NLS) 

[49]. CDC25C is localized to the nucleus during mitotic entry [50,51]. The 

binding of CDC25C to 14-3-3 at the Ser216 promotes the retention of the protein 

in the cytoplasmic compartment during interphase when its activity is not 

required [45, 52]. Similarly, CDC25B localization is dependent on the collective 

effects of a NLS, NES, and on its interaction with 14-3-3 proteins [53]. 

CDC25 phosphatases interaction with 14-3-3   

The 14-3-3 proteins are scaffolding proteins that function by modulating 

the conformation of the binding partners and regulate the cell cycle and cell 

death [54,38]. In humans, these 28-33 kDa helical proteins include seven 

paralogs, 14-3-3 beta (β), gamma (γ), epsilon (ϵ), sigma (σ), zeta (ζ), tau (τ) and 

eta (η), each encoded by a different gene. These highly conserved and 

ubiquitously expressed proteins can homo- or heterodimerize to interact with a 

wide variaty of cellular proteins through specific phosphoserine/ 

phosphothreonine binding sites [54].  
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CDC25s are a target for 14-3-3 regulation. Chk1 phosphorylates CDC25A 

on Ser178 and Thr507, the two 14-3-3 binding consensus motifs (RSXpSXP and 

RX(Y/F)XpSXP sequences, where pS designates either phosphoserine or 

phosphothreonine [54]!, to facilitate 14-3-3 binding. Phosphorylation of 

CDC25A by Chk1/Chk2, leads to 14-3-3 beta or 14-3-3 epsilon binding [38, 41]. 

CDC25C phosphorylated by Chk1/Chk2 can also bind to 14-3-3 epsilon [45, 55]. 

CDC25B when phosphorylated by UV-induced p38 mitogen-activated protein 

kinase (MAPK), can bind to 14-3-3 beta, eta and zeta but poorly with 14-3-3 

epsilon [56]. 14-3-3 binding to the C-terminal cyclin B1 binding domain of 

CDC25A blocks functional interactions between CDC25A and cyclin B1/Cdk1 

throughout interphase and causes it to sequester in the cytoplasm [41].  

Two of the most recognized roles for 14-3-3 proteins are regulation of cell 

cycle progression and apoptosis [54]. 14-3-3 protein interacts with the 

proapoptotic proteins BAD and BAX leading to their inactivation and 

sequestration [57]. This prevents BAX and BAD from binding and inactivating 

the pro-survival BCL-XL [57]. Oxidative stress activates apoptosis signal-

regulating kinase 1 (ASK1) by dissociating its inhibitor, 14-3-3 protein, from 

ASK1 Ser967 [58]. Over-expression of 14-3-3 blocked ASK1-induced apoptosis 

whereas disruption of the ASK1/14-3-3 interaction dramatically accelerated 

ASK1- induced cell death [59].  
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CDC25A also associates with ASK1 to suppress apoptosis 

ASK1 is a serine/threonine kinase that facilitates the activation of MAPK 

and the c-Jun NH2-terminal protein kinase-stress-activated protein kinase 

(JNK/SAPK) in response to cellular stress leading to cell death by apoptosis 

[60]. ASK1 is localized to the cytoplasm of breast cancers [61], ovarian cancer 

cells, and fibroblasts [48]. In response to oxidative stress, CDC25A inhibits 

ASK1, in a manner that is independent of the catalytic activity of CDC25A [48]. 

The binding site for association of CDC25A to ASK1 occurs at the region 

adjacent to the kinase domain of ASK1 [48]. CDC25A-ASK1 association may 

inhibit the homo-oligomerization of ASK1, which is a process necessary for 

ASK1 activity [62,63].  

CDC25 phosphatases in cancer 

Tight regulation of CDC25 phosphatases throughout the cell cycle is 

required to control CDK activity and thus cell cycle progression. Furthermore, 

CDC25 phosphatase inactivation in response to DNA damage halts cell cycle 

progression and allows time for DNA repair. CDC25A inhibition of ASK1 is 

also a mechanism through which the phosphatase can inhibit cell death. 

Therefore, misregulation of phosphatases likely contributes to the genomic 

instability in cancer and aberrant growth regulation. Over-expression of CDC25 

phosphatases has been reported in diverse human cancers, where it correlates 
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with more aggressive disease and poor prognosis (reviewed in [32]). CDC25 

phosphatase over-expression is generally thought to increase tumor growth 

through its effects on the cell cycle, while little consideration has been given to a 

possible role in cancer cell survival, a focus of my work. Indeed, the critical role 

of the phosphatases in the control of the cell cycle make them attractive targets 

for therapeutic interventions in cancer. However, the overall significance of 

CDC25 phosphatase expression in non-melanoma skin cancer is not yet known. 

Research significance 

My research was designed to investigate the role of CDC25 family 

members in UV-induced skin cancer. The long-term goal of this research project 

is to determine whether CDC25 phosphatases may be useful either as 

biomarkers for skin cancer development and progression or as novel targets for 

skin cancer treatment or prevention.  

This project was designed to test the hypothesis that Erbb2 up-regulation 

of CDC25 phosphatases contributes to skin carcinogenesis by increasing cell 

proliferation and or decrease apoptosis. 

To test this hypothesis the following aims were investigated: 

1) Determine whether Erbb2 increases CDC25 phosphatase levels leading to 

increase proliferation and or decreased apoptosis during skin 

carcinogenesis.  

2) Determine whether increased CDC25A expression in human skin cancer 
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suppresses cell death.   

3) Determine a role of CDC25B and CDC25C phosphatases in human skin 

carcinogenesis. 

In this research, increased cytoplasmic CDC25A in skin cancer was 

shown to suppress cell death through its interaction with 14-3-3 epsilon and 

ASK1. These data suggest that targeting the interaction between CDC25A and 

14-3-3 epsilon may be a successful approach in the therapeutic interventions of 

non-melanoma skin cancers. Furthermore, CDC25C expression was increased 

in skin cancer and a novel anti-apoptotic function for CDC25C was shown, 

where CDC25C over-expression results in the inhibition of pro-apoptotic BAD 

and elevation of the survival protein survivin. Taken together, the research 

reveals novel regulation of, and signaling through, CDC25 phosphatases in 

nonmelanoma skin cancer that may be pertinent for development of novel 

interventions in skin cancer. 
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Chapter 2 

 

 Erbb2 inhibition during skin tumor progression blocked 

CDC25A and CDC25C phosphatase up-regulation and 

increased cell death  
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Abstract 

Ultraviolet (UV) irradiation, the main cause of non-melanoma skin 

cancer, activates receptor tyrosine kinases, of which Erbb2 is a member. UV-

induced activation of Erbb2 contributes to skin tumorigenesis by suppressing 

cell cycle arrest. Cell division cycle 25A (CDC25A), a regulator of cyclin 

dependent kinase 2 (CDK2) and progression through S-phase, is maintained in 

response to UV-induced Erbb2 activation of PI3K signaling leading to 

maintained cell cycle progression in mouse keratinocytes. CDC25A, as well as 

the other family members CDC25B and CDC25C, are necessary for full CDK 

activity and thus, for normal cell cycle progression. We hypothesized that Erbb2 

inhibition during skin carcinogenesis decreases CDC25 levels, reducing skin 

tumor proliferation. To test this hypothesis, UV-induced skin tumors in Tg.AC 

mice were treated with the Erbb2 inhibitor AG825 or the vehicle and tumor 

progression was monitored. In the absence of inhibitor, CDC25A protein and 

transcripts were increased in squamous cell carcinoma (SCC) compared to skin, 

while CDC25C protein and transcript levels were increased in both premalignant 

lesions and malignant SCC. CDC25B protein and transcripts were not increased 

over normal skin in either benign or malignant tumors. Inhibition of Erbb2 

prevented the increase in CDC25A and CDC25C transcripts and protein when 

compared to vehicle treated mice. Genetic deletion of Erbb2 in cultured 

keratinocytes also resulted in lower CDC25A, CDC25B, and CDC25C protein 
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and transcript levels. Surprisingly, Erbb2 inhibition did not alter the proliferation 

rate in UV-induced skin tumors. However, apoptosis was significantly higher in 

inhibitor-treated SCC compared to vehicle-treated SCC. These data suggest that 

inhibition of Erbb2 during skin progression blocks both the up-regulation of 

CDC25A and CDC25C phosphatases and reduces tumor cell survival.  

  

 

 

!

!

!

!

!

!

!

!

!

 

 

!

!

!



!

!

43!

Introduction 

Erbb2, also known as HER2, drives carcinogenesis through multiple 

mechanisms. Erbb2 is a member of the epidermal growth factor receptor 

(EGFR) receptor tyrosine kinase family. Although Erbb2 has no known ligand, 

ligand binding to other EGFR family members can trigger heterodimerization 

with Erbb2 to transduce signals [1]. Erbb2 regulates normal cellular processes 

such as proliferation, survival, differentiation, migration, inflammation and 

angiogenesis [2]. Over-expression of Erbb2 has been linked to aggressive cancer 

and poor prognosis, as well as to decreased sensitivity to chemotherapy [3]. The 

receptor is over-expressed in breast, colon, endometrial carcinomas, gastric, 

lung, prostate, uterine and ovarian cancers [4, 5, 6, 7, 8, 9]. Erbb2 is also over-

expressed in some human non-melanoma skin cancers, where it is associated 

with more aggressive disease [10,11].  

Our lab and others have previously shown that Erbb2 is rapidly activated 

by UV irradiation, the primary cause of non-melanoma skin cancer![12,!13]. UV-

induced activation of Erbb2 increases skin tumorigenesis by suppressing S-

phase arrest through the phosphatidylinositol 3-kinase (PI3K)/Akt signaling, 

which leads to phosphorylation and inhibition of checkpoint kinase 1 (Chk1). 

Inhibition of Chk1 results in the maintenance of the cell cycle regulator, 

CDC25A and allows for cell cycle progression [12]. Erbb2 over-expression in 
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breast cancer cells stabilizes CDC25A protein levels through the PI3K/Akt 

pathway [14].  

In view of the role of Erbb2 in both skin carcinogenesis and the 

maintenance of CDC25A following UV exposure, we hypothesized that Erbb2 

increases CDC25 phosphatases to increase proliferation during skin 

carcinogenesis. In order to investigate this hypothesis, benign skin papillomas 

were induced by UV irradiation in v-rasHa transgenic Tg.AC mice. These tumors 

were treated with the Erbb2 inhibitor, AG825, and progression to malignant 

squamous cell carcinoma (SCC) was monitored. Inhibition of Erbb2 blocked the 

increase in CDC25 family members CDC25A and CDC25C transcripts and 

protein in squamous cell carcinoma (SCC). Surprisingly, the inhibition of Erbb2 

did not affect proliferation, but rather increased apoptotic cell death. This study 

documents that Erbb2 signaling leads to over-expression of CDC25A and 

CDC25C during skin tumor progression in mice, and further suggests that 

CDC25A and CDC25C may suppress cell death in non-melanoma skin cancer.  
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Materials and Methods 

Animals 

As described in [15], benign squamous papillomas were induced in homozygous 

v-rasHa transgenic Tg.AC mice by weekly sham- or UV-irradiation using 

Ultraviolet B TL 40W/12 RS bulbs (The Richmond Light Company, Richmond, 

VA) covered with Kodacel triacetate film to block UVC (Eastman Kodak, 

Rochester, NY) over a period of four weeks for a cumulative exposure of 4.3 

kJ/m2. Beginning at eight weeks, the tumors were topically treated with vehicle 

or with 4 mg of AG825 (AG Scientific, San Diego, CA and Calbiochem, San 

Diego, CA) dissolved in 200 µl dimethyl sulfoxide (DMSO) (Figure 1A). Mice 

were euthanized upon the development of suspected malignant SCC, all of 

which were confirmed by histopathological characteristization. Mice were 

injected with bromodeoxyuridine (BrDu) 1 h before euthanasia. All animal 

procedures were performed in accordance with American Association of 

Laboratory Animal Care guidelines and approved by Creighton University's 

Institutional Animal Care and Use Committee. 

Cell Culture  

To obtain keratinocytes with Cre-mediated genetic ablation of Erbb2, loxP sites 

were inserted flanking exon 1 of Erbb2, as described in [16]. Primary newborn 

mouse keratinocytes were isolated as described previously [17]. The cells were 
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plated in S-MEM (Invitrogen, Carlsbad, CA) with 8% fetal bovine serum 

(Gemini Bio-Products, West Sacramento, CA). The next day, cells were refed S-

MEM with 8% chelexed serum and a calcium concentration adjusted to 0.05 

mmol/L. Keratinocytes homozygous for the Erbb2 loxP mutation were infected 

with Cre recombinase-expressing or control adenoviral vectors in polybrene 

(Sigma, St. Louis, MO).  

Immunohistochemistry and immunofluorescence 

Immunohistochemistry was performed using primary antibodies recognizing 

CDC25A, CDC25B, or CDC25C (Santa Cruz Biotechnology) together with 

negative controls where the primary antibody was omitted. 

Immunohistochemistry of formalin-fixed sections was performed using a 

horseradish peroxidase-conjugated secondary antibody and diaminobenzidine 

substrate with hematoxylin counterstaining. Terminal deoxynucleotidyl 

transferase dUTP nick-end labeling (TUNEL) (Promega, Madison, WI) was 

performed on formalin-fixed tissue sections following the manufacturer’s 

protocol. Controls consisted of replacing enzyme with buffer. Ethanol-fixed 

tissue sections were incubated in anti-BrDu antibody (Becton Dickinson, 

Franklin Lakes, NJ) followed by Texas-Red Streptavidin (Vector Laboratories, 

Burlingame, CA) and 4ʹ,6-diamidino-2-phenylindole (DAPI) in mounting media 

(Molecular Probes, Invitrogen, Carlsbad, CA). Photomicroscopy was performed 

using a Nikon microscope and cooled camera with Magnifier software (Boyce 
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Scientific, Gray Summit, MO). BrDu- or TUNEL-positive cells were quantified 

by counting positively stained cells and the DAPI-positive basal cells in each 

section using a 20X objective with the investigator blinded as to the identity of 

the sample.  

RNA extraction and real-time RT-PCR 

RNA was isolated from cells using an RNeasy Mini Kit (Qiagen Sciences, 

Maryland, MD) according to the manufacturer's instructions. cDNA was 

prepared with the First Strand cDNA Synthesis Kit (Invitrogen) using oligo dT 

primers (Invitrogen). Primers included forward and reverse primers for Cdc25a, 

Cdc25b, Cdc25c, and GAPDH (Appendix Table 1). Real-time RT-PCR was 

performed in triplicate using SYBR Green Universal MasterMix (PE-Applied 

Biosystems Carlsbad, CA) with a first step of 10 min at 95° C, followed by 40 

cycles of amplification (95° C for 3 sec and 60° C for 30 seconds) using the 

7500 Fast Real-Time PCR System (Perkin-Elmer, Foster City, CA). Fold 

expression relative to controls was determined after normalizing to GAPDH 

expression. 

Statistical analyses 

One-way or two-way analysis of variance (ANOVA) with Dunnett’s post-hoc 

test was used to determine statistical significance. P ≤ 0.05 was considered to be 

significant.!
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Results 

Inhibition of Erbb2 during UV-induced carcinogenesis prevented the 

increase in cytoplasmic CDC25A in mouse SCC 

In order to determine whether inhibition of Erbb2 during skin carcinogenesis 

would impact on CDC25A protein levels, immunohistochemistry for CDC25A 

was performed on skin and skin tumor sections (Figure 1). Vehicle-treated skin 

exhibited faint cytoplasmic and nuclear localization of CDC25A. Vehicle-

treated papillomas had increased intensity of both nuclear and cytoplasmic 

CDC25A, while inhibitor-treated papillomas had slightly less cytoplasmic 

CDC25A. Vehicle-treated SCC revealed a further increase in CDC25A levels in 

the cytoplasm, which was blocked by Erbb2 inhibition (Figure 1B). Transcript 

levels of Cdc25a were also increased in the vehicle-treated SCC tumors 

compared to skin, and the increase was blocked by Erbb2 inhibition (Figure 1C).  
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Figure 1. Inhibition of Erbb2 blocked the up-regulation of CDC25A in UV-induced 
mouse skin SCC.!A) Experimental design: Tg.AC mice were exposed to UV and the resulting 
papillomas were treated with either vehicle or AG825. B) Immunohistochemistry for 
CDC25A. Scale bar indicates 50 µm. C) Real-time RT-PCR for Cdc25a, mean expression 
relative to GAPDH shown. Bars indicate a significant difference using one-way ANOVA, 
where P ≤ 0.05   
 

CDC25B protein and transcripts were not altered in SCC  by Erbb2 

inhibition.  

To determine whether CDC25B and CDC25C expression increases in UV-

induced mouse skin tumors, immunohistochemistry and real-time RT-PCR were 

performed in skin and tumor samples obtained as described in (Figure 1A). 

CDC25B was localized to both the nucleus and cytoplasm of epithelial cells of 

skin and tumors with no striking differences in CDC25B staining intensity 
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(Figure 2A) or transcript levels (Figure 2B) upon tumor development. Erbb2 

treatment did not alter CDC25B protein or transcript levels.  

Inhibition of Erbb2 during UV-induced carcinogenesis prevented the 

increase in cytoplasmic CDC25C in mouse SCC 

CDC25C was barely detectable in normal skin (Figure 3A). However, CDC25C 

staining intensity increased in the cytoplasm and nucleus of vehicle-treated 

papilloma and SCC. A corresponding increase in Cdc25c transcript levels was 

also observed (Figure 3A-B). The increase in CDC25C staining was not 

observed in SCC treated with the Erbb2 inhibitor (Figure 3A). CDC25C 

immunostaining was somewhat diminished in Erbb2 inhibitor treated papillomas 

compared to vehicle-treated papillomas (Figure 3A). CDC25C transcripts were 

increased in vehicle-treated papillomas and SCC compared to skin, but 

inhibition of Erbb2 prevented the rise in CDC25C transcript levels in SCC 

(Figure 3B). Together, these data demonstrate that Erbb2 inhibition suppressed 

CDC25A and CDC25C over-expression in UV-induced cutaneous SCC.  
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Figure 2. CDC25B levels were not altered by Erbb2 inhibition or during skin 
carcinogenesis.!A) Immunohistochemistry for CDC25B in skin and tumors from mice treated 
as in Figure 1A. Scale bar indicates 50 µm. B) Real-time RT-PCR performed on tumors and 
adjacent skin for Cdc25b transcripts. Bars indicate a significant difference using one-way 
ANOVA, where P ≤ 0.05   
 

Genetic deletion of Erbb2 reduced Cdc25 transcripts and protein levels in 

normal mouse skin keratinocytes 

In order to further investigate the effect of Erbb2 on CDC25 expression, Erbb2 

was ablated by infecting cultured keratinocytes homozygous for Erbb2 with 

loxP sites with Cre recombinase-expressing or control adenoviral vectors. Erbb2 

protein and transcripts were substantially reduced 24 and 48 h after infection  
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Figure 3. Erbb2 inhibition blocked CDC25C up-regulation in UV-induced mouse skin 
SCC. Skin and tumors were obtained from vehicle or Erbb2 inhibitor-treated mice as 
described in Figure 1A. A) Immunohistochemistry for CDC25C. The scale bar indicates 50 
µm. B) Real-time RT-PCR for Cdc25c transcripts. Bars indicate a significant difference using 
one-way ANOVA, where P ≤ 0.05.   
!

 with Cre-containing adenovirus (Figure 4A, B). No striking changes in CDC25 

family member expression was detected in the first 24 h after Erbb2 deletion 

(Figure 4A,B). However, by 48 h, both protein and transcript levels were 

significantly reduced. These data provide evidence of a specific effect of Erbb2 

signaling on CDC25 expression.  
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Additionally, CDC25A protein levels were decreased in keratinocytes 

treated with the Erbb2 inhibitor in response to UV-irradiation. Although the 

proteasomal inhibitor MG132 resulted in increased CDC25A protein in 

keratinocytes, it had no effect on the degradation of CDC25A in response to 

treatment with Erbb2 inhibitor (Appendix Figure 1), suggesting the decrease in 

CDC25A levels was not due to its proteolytic degradation. 

 
Figure 4. Deletion of Erbb2 in mouse skin keratinocytes decreased CDC25A, CDC25B 
and CDC25C expression. Genetic deletion of Erbb2 was performed using infection with Cre 
adenovirus of mouse Erbb2fl/fl keratinocytes in culture. A) Immunoblotting performed for 
CDC25A, CDC25B, and CDC25C 24 h or 48 h post-infection. B) Real-time RT-PCR for 
Cdc25a, Cdc25b and Cdc25c transcripts relative to GAPDH 24 h or 48 h after viral infection. 
*Statistically significant using two-way ANOVA, where P ≤ 0.05.  
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Inhibition of Erbb2 did not alter proliferation in benign or malignant skin 

tumors  

 We hypothesized that Erbb2 increases CDC25 phosphatases, which in turn 

increases proliferation during skin carcinogenesis. In order to determine whether 

the decreased levels of CDC25A and CDC25C in Erbb2 inhibitor-treated tumors 

was associated with a decrease in proliferation, proliferation was assessed by 

BrDu immunofluorescence in benign and malignant skin tumors. Inhibition of 

Erbb2 did not alter the BrDu immunofluorescence in the papillomas or in SCC 

as shown in (Figure 5A). Surprisingly, quantification of BrDu labeling revealed 

similar levels of proliferation in Erbb2 inhibitor and vehicle-treated papillomas 

and SCC (Figure 5B). 

Inhibition of Erbb2 increased apoptosis in SCC 

In order to assess the impact of Erbb2 inhibition on apoptotic cell death, 

TUNEL-positive cells were quantified in tumors. Reduced numbers of TUNEL-

positive cells were seen in the benign tumors treated with the Erbb2 inhibitor 

compared to papillomas treated with vehicle alone (Figure 6A). However, SCCs 

exhibited less apoptotic cell death compared to vehicle treated papillomas 

(Figure 6B). Inhibition of Erbb2 significantly increased apoptosis in SCC 

(Figure 6B). These results demonstrate that decreased CDC25A and CDC25C 

levels in Erbb2 inhibitor-treated SCCs were associated with increased apoptosis.  
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Figure 5. Inhibition of Erbb2 did not alter proliferation in UV-induced mouse skin 
tumors. A-B) Sections obtained from skin tumors (see Figure 1A).   Representative images 
for BrDu immunofluorescence (A) and quantification of BrdU labeling index (B) are shown. 
Red is BrdU and blue is DAPI (A). Scale bar indicates 50 µm, N = 3. 
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Figure 6. Inhibition of Erbb2 increased apoptosis in SCC but not in papillomas. 
Representative images for TUNEL (A) and quantification of TUNEL labeling index in the 
tumors (B) are shown. Blue is DAPI and green is TUNEL-positive cells (A). *Indicates a 
significant difference when compared to the corresponding control group using one-way 
ANOVA, where P ≤ 0.05 **Indicates a significant difference when compared to the 
corresponding control group using one-way ANOVA, where P ≤ 0.001, N = 12. 
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Disscussion 

The over-expression of Erbb2/ HER2 in some human cancers is associated with 

chemotherapy resistance and therefore poor prognosis, confirming its 

importance as a therapeutic target![18,!19]. HER2 over-expression in cancers 

correlates with increased cell proliferation and reduced apoptosis, mediated 

primarily through RAS and PI3K/Akt pathways [20]. Surprisingly, we found 

Erbb2 inhibition increased apoptotic cell death and reduced CDC25A and 

CDC25C phosphatase levels in cutaneous SCC.  

Our lab has previously demonstrated Erbb2 up-regulation in UV-induced 

skin tumors[15]. In addition, we documented that UV-induced activation of 

Erbb2 maintained CDC25A phosphatase levels through PI3k/Akt inhibitory 

phosphorylation of Chk1 resulting in abrogated cell cycle arrest in mouse skin 

[12]. We also showed that skin-targeted deletion of CDC25A increased 

apoptosis and improved the repair of DNA damage following UV exposure![21]. 

Other studies link CDC25A to HER2. In particular, disruption of CDC25A can 

limit HER2/neu-RAS induced tumorigenesis without compromising normal cell 

division or viability![22]. Transgenic expression of CDC25A cooperates with 

HER2 in promoting mammary tumors![23], whereas hemizygous loss of 

CDC25A attenuates the HER2-induced tumorigenesis signifying a critical role 

for CDC25A phosphatase in HER2/neu-ras–mediated mammary tumorigenesis 
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[24]. These data provide additional evidence of the dependence of Erbb2 pro-

tumorgenic effects on CDC25A expression.  

In this study using a UV-induced skin carcinogenesis model, the increase 

in CDC25A and CDC25C levels was dependent on Erbb2 signaling. 

Surprisingly, transcript levels of Cdc25a and Cdc25c, which were also elevated 

in the vehicle-treated SCCs, were decreased with Erbb2 inhibition. Genetic 

deletion of Erbb2 in cultured keratinocytes confirmed the specificity of Erbb2 

regulation of CDC25A and CDC25C. The decrease in CDC25A and CDC25C 

levels with Erbb2 inhibition could be attributed to reduced proliferation, no 

decrease in proliferation was in fact detected in tumors treated with the Erbb2 

inhibitor compared to controls. However, Erbb2 inhibition resulted in increased 

apoptosis in SCC. Our previous published data also documented that skin-

targeted Cdc25a deletion does not significantly affect proliferation but rather 

suggests cell death increases in Cdc25a mutant skin following UV irradiation 

[21]. Together these data document Erbb2 inhibition down-regulates CDC25A 

and CDC25C levels and increases apoptotic cell death. Additionally, they 

suggest that Erbb2 may transcriptionally regulate CDC25 phosphatases, a 

hypothesis requiring further investigation.  

Targeting CDC25A may be effective in preventing progression of benign 

skin tumors. In addition, co-treatment with Erbb2 inhibitor and CDC25A or 

CDC25C inhibitor may be more effective than single inhibitory therapy since 
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some tumors acquire mechanisms that allow escape from Erbb2 inhibition, and 

therefore resistance [25].  
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Abstract 

Non-melanoma skin cancer, the most common cancer in the United 

States, often results from chronic exposure to ultraviolet (UV) irradiation. UV-

induced DNA damage activates cell cycle arrest checkpoints through 

degradation of the cyclin-dependent kinase activator, the cell division cycle 25A 

(CDC25A) phosphatase. CDC25A is over-expressed and deregulates cell cycle 

control in many human cancers. In this study, the function and underlying 

mechanisms of CDC25A regulation in non-melanoma skin cancer was 

examined. We found that CDC25A expression was increased in benign and 

malignant human skin tumors and UV-induced mouse skin tumors. The increase 

in CDC25A was associated with a shift from a primarily nuclear localization in 

normal epidermis to strong cytoplasmic localization in squamous cell carcinoma 

(SCC) and in carcinoma in situ. However, modulation of CDC25A expression by 

siRNA-targeting or forced expression in established SCC cells failed to 

significantly alter proliferation rates. Instead, CDC25A over-expression 

suppressed spontaneous apoptotic cell death while CDC25A silencing increased 

apoptotic cell death. Phosphorylation of CDC25A at Ser178, a docking site for 

14-3-3 proteins, and the levels of 14-3-3ε (YWHAE) were elevated in the 

cytoplasmic compartment of SCC cells. Proximity-ligation assays revealed an 

interaction between cytoplasmic CDC25A and 14-3-3 protein in SCC cells. 

Mutation of the 14-3-3 binding sites on CDC25A protein or mutation of the 
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CDC25A nuclear export signal (NES) reduced 14-3-3 levels in cultured SCC 

cells, as did genetic deletion of CDC25a in mouse epidermis or skin tumors. 

Moreover, YWHAE (the gene for 14-3-3ε) silencing promoted cell death in 

cutaneous SCC cells. Taken together, these data suggest that increased 

cytoplasmic CDC25A in cutaneous SCC may suppress apoptotic cell death 

through its interaction with 14-3-3ε. 
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Introduction 

Skin cancer is the most common form of cancer in the United States. More than 

3.5 million skin cancers are diagnosed annually [1]. Approximately 700,000 

cases of squamous cell carcinomas (SCC) are diagnosed each year in the 

United States, resulting in approximately 2,500 deaths [1]. About 90% of non-

melanoma skin cancers are associated with exposure to ultraviolet (UV) 

radiation [2]. UV induces DNA damage that activates cell cycle checkpoints, 

resulting in cell cycle arrest and apoptosis, which may prevent the acquisition 

of mutations by skin cells.  

Checkpoints trigger cell cycle arrest through mechanisms involving cell 

division cycle 25 (CDC25) phosphatases. CDC25 phosphatases are a family of 

dual-specificity phosphatases that includes three members, CDC25A, CDC25B 

and CDC25C. CDC25 proteins activate cyclin dependent kinase (CDK) 

complexes to allow cell cycle progression [3]. Among the family members, 

CDC25A is particularly critical for cell cycle regulation and the response to 

DNA damage. Although CDC25A mainly regulates G1 to S-phase progression, 

it is active in all phases of the cell cycle [4, 5], and can compensate for the loss 

of the other family members [6, 4].  

In response to UV-induced DNA damage, CDC25A is phosphorylated by 

Chk1 and Chk2 kinases, which are in turn activated by ATR (ataxia-

telangiectasia and rad3-related protein). Phosphorylation of CDC25A at Ser76, 
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Ser79, Thr80, Ser82 and Ser88 by Chk1/Chk2 during interphase promotes 

ubiquitin-mediated proteolysis and degradation of CDC25A [7, 5], while 

phosphorylation of Ser178 and Thr507 by Chk1/Chk2 promotes its interaction 

with 14-3-3β (also known as YWHAB) and 14-3-3ε (YWHAE), believed to 

mediate sequestration of the CDC25A in the cytoplasm [8, 5]. 

Over-expression of CDC25A phosphatases occurs in a number of cancers 

including breast [9, 10], hepatocellular [11], ovarian [12], thyroid [13], and lung 

cancers [14]. Increased CDC25A expression is often associated with more 

aggressive disease and poor prognosis [15, 16]. In non-tumor cell lines and in 

breast cancer cells, CDC25A over-expression accelerates S-phase entry and 

increases proliferation [17, 18]. Other studies have shown a lack of correlation 

between increased CDC25A expression and proliferation in cancer cells [9, 10]. 

Alternatively, growing evidence reveals an anti-apoptotic role for CDC25A [19, 

20]. CDC25A suppresses ASK1 activity, which is itself activated in response to 

reactive oxygen species to inhibit apoptosis [21]. Skin-targeted deletion of 

Cdc25a increases UV-induced apoptotic cell death without affecting epidermal 

proliferation [19]. However, the function and underlying mechanisms of 

CDC25A regulation in skin carcinogenesis are not well established. 

In this study, CDC25A expression, localization, and functions in non-

melanoma skin cancer were investigated. We found increased cytoplasmic 

localization of CDC25A in non-melanoma skin cancer did not affect 
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proliferation , but instead suppressed apoptotic cell death through a mechanism 

requiring both 14-3-3 and ASK1. These data suggest that further investigation of 

CDC25A and its signaling partners in skin cancer may yield novel targets for 

treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 



!

!

71!

Materials and Methods 

Cell culture 

Human cutaneous SCC cell lines (SCC12B.2, SCC13, SRB12, Colo16, and 

SRB1) were previously characterized and genotyped as described in [22,23]. 

The cells were maintained in Dulbecco's modified Eagle's medium (DMEM) 

(Invitrogen, Carlsbad, CA, USA) supplemented with 1% penicillin 

(10,000,U/ml)-streptomycin (10,000,µg/ml) (Invitrogen) and 10% fetal bovine 

serum (Gemini Bio-Products, West Sacramento, CA, USA) at 37,°C and 5% 

CO2. NHEK (LONZA, MD USA) were cultured in supplemented KGM-Gold 

BulletKit keratinocyte basal medium (LONZA). Cells were transfected at 60–

80% confluence 24 h after seeding with mammalian expression constructs for 

wild type and mutant CDC25A using Lipofectamine/Plus reagents (Life 

Technologies, Inc., Carlsbad, CA, USA) according to the manufacturer's 

protocol. Transfection efficiency for each experiment was determined by 

immunofluoresence for the c-Myc tag. For siRNA experiments, cells were 

transfected with siRNA targeting CDC25A (Origene, MD USA), 14-3-3 (Santa 

Cruz Biotechnology, Santa Cruz, CA, USA), ASK1 (Santa Cruz Biotechnology) 

or with control siRNA (Santa Cruz Biotechnology) using siQuest transfection 

reagents (Mirus Bio, Madison, WI, USA) according to the manufacturer's 

instructions. Transfection with Cy3-tagged siRNA was used to detect 
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transfection efficiency (Mirus Bio). The mean transfection efficiency was 15%-

30%.  

Human tumors and mouse tumor development  

Hematoxylin and eosin stained sections of human skin and skin tumors from 

archived, formalin-fixed and paraffin-embedded tissues were obtained from 

discarded surgical tissue. Histological characterization was performed by a 

board-certified pathologist (Dr. Susan Repertinger). As described in [49], v-

rasHa transgenic Tg.AC mice were sham- or UV-irradiated once a week over a 

period of four weeks for a cumulative exposure of 4.3 kJ/m2. Tumors developed 

between 5 to 35 weeks after the start of treatment. Cdc25afl/fl mice with loxP 

sites inserted flanking exons 1–3 of the Cdc25a gene were developed on a 

C57BL/6xC3HF1 background as described in [24]. Cdc25afl/fl mice were crossed 

with Krt14 promotor-driven Cre recombinase mice on an FVB/N background 

(The Jackson Laboratory, Bar Harbor, ME) and progeny backcrossed to generate 

skin-targeted Cdc25a mutants (Cdc25a fl/fl/TgCre+). All experiments were 

performed in accordance with the Creighton University Institutional Animal 

Care and Use Committee and the Institutional Review Board requirements.  

Constructs and site-directed mutagenesis 

Wild type CDC25A with a c-Myc tag was generously provided by Dr. Helen 

Piwinica-Worms [25]. Mutations were introduced into wild type CDC25A 
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plasmid by site-directed mutagenesis using the QuickChange Kit (Agilent 

Technologies, USA). The leucine at position 52 in the N-terminal domain of 

CDC25A was mutated to an alanine for CDC25A-L52A, and serine at position 

178 and threonine at position 507 were mutated to alanines for CDC25A-

S178A/T507A, according to the manufacturer’s instructions using the oligos 

listed in Appendix Table 2.  

Immunfluorescence and immunohistochemistry 

Immunohistochemistry of formalin-fixed sections or of fixed cells was 

performed using primary antibodies recognizing CDC25A or 14-3-3 (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), horseradish peroxidase-conjugated 

secondary antibodies, diaminobenzidine, and hematoxylin (Sigma) counter-

staining. Scoring of the signal intensity was performed using a semi-

quantitative, four-grade (0, 1+ 2+ and 3+) method on digitally captured images 

with the investigator blinded as to the identity of the samples. Cases in which 

fewer than 10% of the cells were only weakly stained were judged as negative. 

Localization of CDC25 and 14-3-3 was assessed in formalin-fixed SCC12B.2 

cells after transfection using antibodies to CDC25A, 14-3-3, or c-Myc (Santa 

Cruz Biotechnology, CA) and Tyramide Signal Amplification (Promega, 

Madison, WI) according to the manufacturer’s instructions. Nuclei were 

identified with 4',6-diamidino-2-phenylindole (DAPI). Controls for 
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immunohistochemistry and immunofluorescence included negative control 

slides lacking the primary antibody. 

Proximity Ligation Assay (PLA)  

Following fixation of SCC12B.2 cells with cold methanol:acetone (1:1 v:v) and 

blocking in 5% bovine serum albumin (BSA) in phosphate-buffered saline 

(PBS), antibodies recognizing CDC25A and pan-14-3-3 (Santa Cruz, CA USA) 

were added. Sections were incubated with secondary, oligonucleotide-linked 

antibodies (PLA probes) provided using the Duolink® kit (Olink Bioscience, 

Sweden). The oligonucleotides bound to the antibodies were hybridized, ligated, 

amplified, and detected using a red fluorescent probe according to the 

manufacturer's instructions. PLA signals were detected and quantified using the 

Duolink Imagetool software as recommended by the manufacturer. 

RNA extraction and real-time RT–PCR 

Total RNA was isolated from cells and tumors using an RNeasy Mini Kit 

(Qiagen Sciences, Valencia, CA, USA) and cDNA prepared with the First-strand 

cDNA Synthesis Kit (Invitrogen) using oligo dT primers (Invitrogen). Real-time 

RT–PCR was performed in triplicate using primers listed in Supplementary 

Table 1 and SYBR Green Universal MasterMix (PE-Applied Biosystems, 

Carlsbad, CA, USA). Fold expression relative to controls was determined after 

normalizing to GAPDH expression. 
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Immunoblotting  

For whole cell lysates, cells from subconfluent cultures were lysed as previously 

described [49]. For nuclear and cytoplasmic extracts, cells were lysed using NE-

PER Nuclear and Cytoplasmic Protein Extraction Reagent Kit (Pierce, 

Rockford, IL). Protein was extracted from mouse skin tumors as described in 

[19]. Protein was assessed by the Bradford assay (Bio-Rad laboratories, 

Herculues, CA) using bovine albumin as the standard. The isolation of nuclear 

protein was confirmed using an antibody to mSin3, a component of the histone 

remodeling complex for nuclear lysates [26], and an antibody to D4-GDI (GDP 

dissociation inhibitor) for the cytoplasmic lysates [27]. 

Immunoblotting was performed using antibodies recognizing CDC25A 

(Santa Cruz), Phospho-CDC25A (Ser 178) (Santa Cruz), pan-14-3-3 (Santa 

Cruz), ASK1 (Santa Cruz), mSin3B (Santa Cruz) and D4-GDI (Santa Cruz 

Biotech Inc.), β-actin (Sigma Chemical Co, St Louis, MO), and GAPDH (Cell-

Signaling, Beverly, MA) using standard techniques. The evenness of loading 

and transfer was confirmed by Ponceau S (Sigma Chemical Co.) staining and by 

actin or GAPDH immunoblotting. Immunoreactive proteins were visualized 

with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling 

Technology) and enhanced chemiluminescence (Thermo Scientific, Rockford, 

IL). Densitometry was performed using a Chemidoc XRS Molecular Imager 

(Bio-Rad Laboratories, Inc., Hercules, CA). 
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Cell death analysis 

Apoptosis was assessed 24 h post-transfection using a Caspase-Glo 3/7 assay 

(Promega, Madison, WI) and a Tecan luminometer (Phenix Research Product, 

Switzerland) or with an Annexin-V-FITC Apoptosis Detection Kit (BD 

Biosciences, CA, USA) by flow cytometry in a FACSAria (Becton Dickinson).  

BrDu ELISA 

Transfected SCC12B.2 cells were incubated for 4 h with BrDu prior to 

harvesting. BrDu incorporation was assessed using a Cell Proliferation ELISA 

with a BrdDu colorimetric system (Millipore, MA USA) according to the 

manufacturer's protocol. Absorbance at 450 nm was measured immediately 

using a microplate reader (Enspire 2300, PerkinElmer, MA USA). 

Statistical analysis 

Statistical analyses for correlations between more than two groups were 

performed using one-way ANOVA with the Dunnett’s post-hoc test. 

Significance was considered when P ≤ 0.05. Statistical analysis for a comparison 

of two groups was performed using a Student's t-test, where P ≤ 0.05. For 

statistical analysis of data collected at multiple time points, two-way ANOVA 

was used, where P ≤ 0.05. 
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Results 

Cytoplasmic CDC25A expression was increased in non-melanoma skin 

cancers 

Expression of the CDC25A phosphatase was evaluated in human 

cutaneous SCC, Bowen’s disease, the premalignant precursor actinic keratosis, 

and in normal skin. CDC25A immunostaining was found predominantly in the 

epithelial cells of normal skin and skin tumors, and was more intense in the 

tumors compared to skin, with the strongest signal in the SCC (Figure 1A). 

Increased CDC25A expression was also associated with a shift from the 

primarily nuclear localization of the epidermis to a more cytoplasmic 

localization. Further analysis of signal intensity revealed a significant increase in 

cytoplasmic CDC25A in Bowen’s disease and SCC. This change was not 

observed in actinic keratosis, nor in normal epidermis (Figure 1B). Similarly, in 

UV-induced mouse skin tumors, CDC25A protein and transcript levels were 

increased in SCC when compared to sham-irradiated skin, while CDC25A 

protein was also increased in papillomas (Figure 1C-D). CDC25A protein was 

highly expressed in five of five human cutaneous SCC lines when compared to 

normal human epidermal keratinocytes (NHEK) (Figure 1E), with primarily 

cytoplasmic localization (Figure 4). These data demonstrated both increased 

expression and a shift to cytoplasmic localization of CDC25A in non-melanoma 

skin cancer. 
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Figure 1. CDC25A was increased in non-melanoma skin cancer. 
A) Immunohistochemistry for CDC25A (brown) was performed on formalin-fixed sections 
obtained from human skin (normal), actinic keratosis (AK), Bowen’s disease (BD) and SCC, 
with a hematoxylin counterstain (blue). Two different magnifications are shown. The scale 
bars indicate 50 µm. B) Blinded scoring of immunohistochemistry intensity was performed by 
a semi-quantitative analysis using a four-grade (0, 1+ 2+ and 3+) scale. N=7 for skin, N=13 
for AK, N = 8 for BD, N=18 for SCC. Bars indicate significance using one-way ANOVA, 
where P ≤ 0.05. C-D) Mouse skin and tumors were obtained from UV-exposed or sham-
irradiated (for skin) Tg.AC mice. C) Immunoblotting was performed using the indicated 
antibodies, where each lane is a sample from a separate mouse and densitometry is shown 
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under the panels. D) Real-time RT-PCR was performed for the Cdc25a transcripts relative to 
Gapdh, N=3 *Statistically significant using one-way ANOVA, where P ≤ 0.001. E) 
Immunoblotting for CDC25A in 5 human SCC cell lines compared to normal human 
epidermal keratinocytes (NHEK).  
 

CDC25A suppressed apoptotic cell death but did not alter S-phase entry in 

cutaneous SCC cells 

 In order to investigate the role of CDC25A in cutaneous SCC cells, CDC25A 

levels were modulated in SCC12B.2 cells, a cell line derived from a human 

cutaneous SCC [22]. SCC12B.2 cells were transfected with a CDC25A 

expression construct (Figure 2A, top left) or with siRNA targeting CDC25A 

(Figure 2B top left), followed by analysis of (BrDu) incorporation as a 

measurement of S-phase entry. BrDu incorporation was not significantly altered 

by either forced over-expression of CDC25A or CDC25A silencing (Figure 2A-

B, top right panels). Since we previously documented an anti-apoptotic effect of 

CDC25A in UV-exposed mouse skin [19], apoptosis was examined after 

CDC25A modulation. Analysis of apoptosis using caspase activity and Annexin 

V assays revealed a 50% and a 60% decrease in apoptosis, respectively, upon 

CDC25A over-expression (Figure 2A, bottom panels). Conversely, CDC25A 

silencing increased apoptosis by 50% in an annexin V assay and 25% in the 

caspase activity assay (Figure 2B, bottom panels). Thus, CDC25A suppressed 

apoptosis without impacting proliferation capacity in human SCC cells.  
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Figure 2. CDC25A suppressed cell death in squamous cell carcinoma cells. 
SCC12B.2 cells were transfected with a CDC25A expression construct (A) or with siRNA 
targeting CDC25A (B) or with a control plasmid (A) or siRNA (B). Real-time RT-PCR 
confirmed over-expression or knockdown of CDC25A (A-B top left panels). BrDu ELISA 
was performed 24 h (A) or 48 h (B) after transfection (top right panels). Apoptosis was 
assessed using a caspase glo (A-B lower left panels) or Annexin V (A-B lower right panels) 
assay. *Statistically significant using a Student’s t-test where P ≤ 0.05.  
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Anti-apoptotic activity of CDC25A required an intact nuclear export 

sequence  

In order to determine whether the cytoplasmic localization of CDC25A 

contributes to its anti-apoptotic effects, a CDC25A mutant lacking a nuclear 

export sequence (NES) was generated through site-directed mutagenesis of 

Leu52 to Ala (L52A). Expression and localization of transfected wild type and 

mutant CDC25A was analyzed via immunofluorescence (Figure 3A-B), and 

transcript levels were assessed with real time RT-PCR (Appendix Figure 2). As 

expected, endogenous CDC25A localization was primarily cytoplasmic in 

SCC12B.2 cells (Figure 3A, top panels). Transfection of Myc-tagged wild type 

CDC25A resulted in increased cytoplasmic CDC25A, as shown by 

immunofluorescence for CDC25A and for the Myc tagged protein (Figure 3A-B, 

second from top). Mutation of the NES (L52A) of CDC25A resulted in a 

predominantly nuclear localization (Figure 3B, third from top), which also 

eliminated CDC25A- mediated anti-apoptotic effects (Figure 3C). Thus, the 

anti-apoptotic activity of CDC25A required its cytoplasmic localization. 

CDC25A interacted with 14-3-3ε in the cytoplasm of cutaneous SCC cells 

The N-terminal regulatory domain of CDC25A phosphatase contains 

phosphorylation sites that regulate its stability and interactions with other 

proteins [28]. This domain may also regulate CDC25A’s subcellular location 

[29]. Phosphorylation of CDC25A at Ser178 or Thr507 allows for binding to 14-3-
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3 (YWHA) scaffolding proteins [25, 30, 31]. Accordingly, we hypothesized that 

14-3-3 binding might be involved in regulation of the cytoplasmic localization 

of CDC25A in cutaneous SCC. Levels of phospho-Ser178 of CDC25A, the major 

docking site for 14-3-3 proteins [25], were higher in the cytoplasm compared to 

the nuclear compartment in cultured SCC cells (Figure 4). Immunoblotting for 

14-3-3β and 14-3-3ε, the isoforms able to interact with CDC25A [32] revealed a 

cytoplasmic localization of 14-3-3ε whereas 14-3-3β was mostly nuclear (Figure 

4). Immunoblotting using a pan-14-3-3 antibody revealed one major band that 

colocalized with the 14-3-3ε signal, and real-time RT-PCR for YWHA isoforms 

demonstrated that 14-3-3ε transcripts were at higher levels compared to other 

isoforms (Appendix Figure 3), suggesting that 14-3-3ε was the major form of 

14-3-3 in cutaneous SCC (Figure 4). To determine whether 14-3-3ε interacts 

with CDC25A in cutaneous SCC cells, antibodies recognizing 14-3-3ε and 

CDC25A were used in a proximity ligation assay (PLA) performed in 

SCC12B.2 cells transfected with a control vector or a CDC25A plasmid. Red 

speckles, indicating the close proximity of CDC25A and 14-3-3, were primarily 

detected in the cytoplasm and were increased in number as a result of CDC25A 

transfection (Figure 5A,B). CDC25A mutation at either the NES or the 14-3-3 

binding sites Ser178 and Thr507 significantly reduced the interaction between 

CDC25A and 14-3-3ε (Figure 5A,B).  
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Figure 3. Suppression of apoptosis by CDC25A required an intact NES. 
SCC12.B2 cells were transfected with vector control (pcDNA), wild type CDC25A or 
CDC25A mutant plasmids lacking a NES (L52A) or 14-3-3 interaction sites (S178A/T507A). 
Experiments are representative of three experiments performed. Immunofluorescence was 
performed using a c-Myc (A) or CDC25A (B) antibody (green) 24 h post-transfection, with 
nuclei identified by DAPI (blue) scale bare represents 50um. C) Apoptosis was assessed by 
measuring Caspase 3/7 activity through caspase glo 24 h after transfection. *Statistically 
significant using one-way ANOVA, where P ≤ 0.05. N=3 dishes/group for each experiment.  
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Figure 4. CDC25A and 14-3-3 co-localized in the cytoplasm of human SCC cells. 
A) Subcellular localization of CDC25A was detected by cytoplasmic and nuclear 
fractionation of the SCC lines as described in Materials and Methods. 4GDI and Msin3 
antibodies were used to verify the cytoplasmic and nuclear fractions, respectively.  
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Figure 5. CDC25A interacted with 14-3-3. 
A) Proximity ligation assay was performed in SCC12B.2 cells 24 h post-transfection using 
CDC25A and 14-3-3 antibodies. A) PLA signals are indicated by red speckles with nuclei 
identified by DAPI (blue). B) Quantification of the PLA signals was done by the Duolink 
Imagetool software in the cytoplasm (C) and nuclei (N) of 50 cells per group. *Statistically 
significant using one-way ANOVA, where P ≤ 0.05. 
 

CDC25A is required for localization of 14-3-3ε to the cytoplasm 

To determine if 14-3-3ε binding was responsible for the cytoplasmic 

localization of CDC25A, SCC12B.2 cells were transfected with YWHAE (14-3-

3ε)-targeted or control siRNA (Figure 6A top panel), (Figure 6B, left hand 

panels). However, decreased 14-3-3ε had no effect on CDC25A levels or 

localization (Figure 6A, Figure 6B right hand panels). Transfected myc-tagged 

CDC25A lacking 14-3-3 binding sites also maintained a cytoplasmic 

localization (Figure 3A-B, bottom panels). Transfection of wild type CDC25A, 

however, resulted in increased cytoplasmic 14-3-3 (Figure 7). Surprisingly, 

mutation of the CDC25A NES caused some 14-3-3 to be found in the nucleus 
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(Figure 7, third from top), while transfection of SCC12B.2 cells with CDC25A 

mutant lacking 14-3-3 interaction sites resulted in less 14-3-3 

immunofluorescence in the cytoplasm (Figure 7, bottom panels).  

14-3-3 was also co-localized with CDC25A in human SCC specimens. 

14-3-3 was primarily nuclear in normal skin while cutaneous SCC exhibited 

cytoplasmic localization (Figure 8). Further evidence that 14-3-3 localization 

was regulated by CDC25A was provided by examination of skin and UV-

induced tumors from skin-targeted Cdc25a mutant and control mice. Skin-

targeted deletion of Cdc25a resulted in decreased 14-3-3 expression levels in 

both skin and UV-induced tumors (Figure 6C). These results suggested that 

interaction with CDC25A is necessary for 14-3-3ε re-localization to the 

cytoplasm and maintenance of 14-3-3ε levels in SCC. 
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Figure 6. 14-3-3 proteins did not affect CDC25A localization. 
 (A) Immunoblotting and (B) Immunohistochemistry for 14-3-3 and CDC25A after 
transfecting SCC12.B2 with YWHAE (14-3-3ε) siRNA or control siRNA. C) 
Immunohistochemistry for CDC25A was performed on UV-induced skin and papillomas 
from Cdc25a mutant (bottom) or control mice (top). Images are representative of results from 
N = 3 samples.  
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Figure 7. CDC25A regulated localization of 14-3-3. 
SCC12.B2 cells were transfected with vector control (pcDNA), wild type CDC25A or 
CDC25A mutant plasmids. Immunofluorescence was performed using 14-3-3 antibody 
(green), with nuclei identified with DAPI (blue). 
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Figure 8. Increased 14-3-3 ε in the cytoplasm of human SCC. 
A) Immunohistochemistry using a 14-3-3 epsilon antibody in normal human skin and SCC 
sections. B) Blinded scoring of the immunohistochemistry was performed by a semi-
quantitative analysis using a four-grade (0, 1+ 2+ and 3+) scale. *Statistically significant 
using one-way ANOVA, where P ≤ 0.05. 
 
 

14-3-3 was involved in the anti-apoptotic activity of CDC25A  

In order to further investigate the mechanism through which CDC25A 

suppresses apoptotic cell death, apoptosis was assessed in the SCC12B.2 cells 

with silencing of YWHAE (14-3-3ε) (Figure 6A). Apoptotic cell death was 

increased three fold in the cells transfected with YWHAE (14-3-3ε) siRNA 

compared to the control siRNA using a caspase activity assay (Figure 9A). Since 

ASK1 was documented to interact with CDC25A leading to an inhibition of 
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apoptotic cell death, a co-transfection of ASK1-targeted siRNA and CDC25A 

plasmid was performed, followed by  the analysis of caspase activity. ASK1 

silencing (Figure 9B and D) did not significantly influence apoptosis in 

SCC12B.2 cells (Figure 9C). However, CDC25A-dependent suppression of cell 

death was dependent on ASK1 expression (Figure 9C). Thus CDC25A requires 

both ASK1 and interaction with 14-3-3ε to suppress apoptosis in cutaneous 

SCC. 

 

 

Figure 9. CDC25A over-expression suppressed apoptotic cell death through ASK1.  
(A) SCC12B.2 cells were transfected with YWHAE (14-3-3ε) targeted or with control siRNA 
followed by a caspase activity assay. (B) Immunobot for ASK1 in human SCC cell lines 
compared to normal human epidermal keratinocytes. (C). SCC12B.2 cells were transfected 
with ASK1 targeted or with control siRNA and transfected with wild type CDC25A (C-D) 
Twenty-four h later real-time RT-PCR (D) or caspase glo activity assays (C) were performed. 
Experiment is representative of three performed. *Statistically significant using one-way 
ANOVA, where P ≤ 0.05. 



!

!

91!

Disscussion 

We found that increased CDC25A expression was associated with a shift to 

cytoplasmic rather than nuclear localization in carcinoma in situ and SCC. 

Cytoplasmic CDC25A correlated with suppressed cell death but had no effect on 

cell proliferation in cutaneous SCC. The increased cytoplasmic CDC25A 

increased 14-3-3ε levels, which was necessary together with ASK1 for the anti-

apoptotic effects of CDC25A. These data suggest that targeting of the 

interaction between CDC25A and 14-3-3ε may be a successful strategy for 

prevention of skin cancer progression.   

CDC25 phosphatases including CDC25A are over-expressed in a number 

of cancers including breast cancer, lung cancer, head and neck cancer, prostate 

cancer and squamous cell carcinoma of the oesophagus. This over-expression is 

often associated with high grade tumors and poor prognosis [7, 33, 34]. Analysis 

of published data revealed that cytoplasmic localization of CDC25A, as we 

found in skin cancer, was most consistently correlated with worse prognosis. 

CDC25A has been shown to be over-expressed in the cytoplasm of gastric 

carcinoma [50], breast cancer [9], and thyroid carcinoma [13] where all 

corrleated with poor survival and poor prognosis [50, 9, 13]. Esophageal 

squamous cell carcinoma has elevated nuclear and cytoplasmic CDC25A [34]. 

Overall over-expression of CDC25A correlated with prognosis, but nuclear 

CDC25A did not [34]. Several cancers; including hepatocellular carcinoma [11], 
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vulvar carcinoma [32], and colon cancer [38]; have elevated nuclear CDC25A. 

Of the two studies that examined a correlation with progression and other patient 

outcomes, increased nuclear CDC25A was correlated with worse progression in 

hepatocellular carcinoma  while in vulvar carcinoma it had no association with 

patient outcomes. These results suggest that increased cytoplasmic CDC25A, 

specifically, may impact patient outcomes. 

CDC25A was originally identified for its role in cell cycle progression, 

and published analyses of cultured cells suggest CDC25A phosphatase over-

expression leads to uncontrolled proliferation in cancer cells [7, 33, 36, 35, 6]. 

Increased  stability of CDC25A in cancer cells increases dephosphorylation and 

activation of cyclin-dependent kinases associated with cancer progression [33, 

35]. Surprisingly, we found that increased CDC25A suppressed cell death but 

had no effect on cell proliferation in skin cancer cells.There is evolving data 

revealing an anti-apoptotic effect of CDC25A that has mainly been associated 

with its cytoplasmic localization in cancer [13, 40, 21]. Our previous research 

also documented an anti-apoptotic effect of CDC25A, where skin-targeted 

deletion of Cdc25a increased apoptosis in response to UV exposure [19]. Zou, 

et.al, 2001 showed that CDC25A interacts with ASK1 in the cytoplasm of 

ovarian tumor cells, inhibiting its apoptotic activity in response to oxidative 

stress [21]. In our hands, the suppression of apoptotic cell death required 



!

!

93!

cytoplasmic CDC25A, since mutation of the NES in CDC25A eliminated the 

ability of CDC25A to suppress cell death. 

 When bound to 14-3-3 protein, CDC25A is reportedly prevented from 

interacting with CDK1/cyclin B complex [25, 41]. This interaction with 14-3-3 

requires the phosphorylation of CDC25A on Ser178 or Thr507 [41]. 14-3-3 

proteins bind to a broad range of phosphorylated substrates and function as 

regulators involved in various cellular processes [42]. Among the seven 

mammalian isoforms, 14-3-3ε and 14-3-3β have been documented to interact 

with CDC25A [41, 25].  In this study we found that CDC25A regulated 14-3-3ε 

localization and levels in skin cancer in vitro and in vivo. The previously 

published studies did not examine whether CDC25A impacts 14-3-3 localization 

[41, 43]. 

14-3-3 proteins including 14-3-3ε are over-expressed in cancers [44, 45], 

and are predictors of poor prognosis [42, 44]. 14-3-3 proteins bind to a diversity 

of signaling proteins, phosphatases, kinases and transmembrane receptors [42]. 

Functions of 14-3-3 proteins include modifying target localization, altering the 

ability of the target to interact with other proteins, altering the intrinsic catalytic 

activity and hence the function of the target protein, and functioning as a bridge 

that can mediate interaction between two target proteins [46]. The high levels of 

cytoplasmic phospho-CDC25A-Ser178 and 14-3-3ε in addition to the increased 

interaction of 14-3-3 with CDC25A in the cytoplasm of SCC cells, suggests 
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their interaction is necessary for the anti-apoptotic function of cytoplasmic 

CDC25A in SCC cell lines. Our data also revealed increased cytoplasmic 14-3-

3ε in human premalignant and malignant skin tumors. The increase in 

cytoplasmic 14-3-3ε was associated with increased cytoplasmic CDC25A in 

SCC, and also correlated with an increase in cytoplasmic ASK1. ASK1 

interaction with CDC25A in the cytoplasm leads to suppression of its kinase 

activity and suppression of apoptosis [21]. Our data demonstrate that ASK1 was 

required for the CDC25A-mediated anti-apoptotic effect in SCC cells. 

Additionally, when 14-3-3ε was silenced there was an increase in cell death, 

suggesting that both 14-3-3ε and ASK1 may be required for the anti-apoptotic 

function of CDC25A in SCC cells.  

Regulation of 14-3-3, whether it is on the transcriptional level or post-

translational level, is not well understood. One known mechanism of post-

translational regulation is through phosphorylation of its dimerization interface 

which prevents its dimerization, and hence its binding to the target protein [47, 

46]. Relocalization of 14-3-3 by CDC25 family members has not been 

previously reported to our knowledge. In contrast, 14-3-3 can bind and sequester 

CDC25B and CDC25C in the cytoplasm as a result of the masking of their NLS 

[51]. However, interaction with 14-3-3 does not mask the CDC25A NLS [25], 

which may be responsible for the differing effects of 14-3-3 binding to CDC25A 

compared to CDC25B/C. Interestingly, 14-3-3 proteins were localized to the 
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nucleus of normal skin, with an almost completely cytoplasmic localization in 

human SCC. To our surprise, 14-3-3 did not alter CDC25A localization. Rather, 

CDC25A binding increased 14-3-3ε levels in the cytoplasm. These data suggest 

that the destination of a 14-3-3-ligand complex can be determined by the 

substrate [48].  

Our results, along with previous publications on 14-3-3 and apoptotic 

signaling networks [30], suggest the postulate that 14-3-3ε is required for the 

anti-apoptotic function of CDC25A in human cutaneous SCC. Taken together, 

these data support a role for CDC25A regulation of 14-3-3ε in the suppression 

of cell death in cutaneous squamous cell carcinoma and together may serve as 

prognostic markers that can be targeted for therapeutic interventions. 
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Increased CDC25C in non-melanoma skin cancer 
suppressed cell death  
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Abstract 

Non-melanoma skin cancer frequently results from chronic exposure to 

ultraviolet (UV) irradiation. UV-induced DNA damage activates cell cycle arrest 

checkpoints through degradation of the cyclin-dependent kinase (CDK) 

activators, the cell division cycle 25 (CDC25) phosphatases. The CDK1 

activators CDC25B and CDC25C are over-expressed in many cancers. We 

hypothesized that increased expression of CDC25B and CDC25C in non-

melanoma skin cancer results in increased tumor cell proliferation. We found 

that CDC25C expression was increased in the cytoplasm of human and UV-

induced mouse skin cancer. In contrast, CDC25B expression was high in the 

cytoplasmic compartment of human epidermis, but was only slightly increased 

in human squamous cell carcinoma (SCC). Surprisingly, forced expression of 

CDC25C in cultured SCC cells did not affect proliferation, but instead 

suppressed apoptosis, while CDC25C silencing increased apoptosis without 

impacting proliferation. Over-expression of CDC25C in the nuclear 

compartment through mutation of the NES or in the cytoplasmic compartment 

through the mutation of the NLS, did not hinder the ability of CDC25C to 

suppress apoptosis, neither did mutation of the sites necessary for its interaction 

with 14-3-3 proteins. Targeting CDC25C to the nucleus, however, increased 

proliferation in SCC cells. Analysis of apoptotic signaling pathways revealed 

that forced expression of CDC25C decreased cleaved caspase 3, increased 
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phosphorylation of Akt on Ser437, increased inhibitory phosphorylation of pro-

apoptotic BAD on Ser136, and increased the survival protein Survivin. Silencing 

of CDC25C significantly reduced Survivin levels. Taken together, these data 

suggest that over-expression of CDC25C in non-melanoma skin cancer 

suppresses apoptosis.  
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Introduction 

A common feature shared by all cancers is increased proliferation resulting from 

aberrant expression and activity of cell cycle regulators. CDC25 phosphatases; 

including CDC25A, CDC25B, and CDC25C; are important regulators of the cell 

cycle necessary for the activation of cyclin dependent kinases (CDKs). Mitotic 

entry, in particular, is regulated by the activity of CDK1/Cyclin B, which results 

in part from removal of an inhibitory phosphoryl group by CDC25B or 

CDC25C. The activity of the phosphatases is regulated by their phosphorylation 

status, expression level and subcellular localization [1]. CDC25 phosphatases 

shuttle between nucleus and cytoplasm, a process that is regulated by the nuclear 

export sequence (NES), nuclear localization sequences (NLS), and by binding to 

14-3-3 scaffolding proteins [2,3]. DNA damage or unreplicated DNA results in 

the degradation of CDC25 phosphatases, which delays cell cycle progression 

and provides time for repair of DNA [4]. 

In response to ultraviolet (UV)-induced DNA damage, CDC25C is 

phosphorylated by the Ataxia Telangiectasia Mutated and Rad3-related protein 

(ATR)-Chk pathway leading to the inhibition of mitotic entry [5,6]. The major 

site phosphorylated by Chk1 and Chk2 is a Ser residue at position 216 (Ser216) 

near the NLS, resulting in a docking site for the 14-3-3 signaling and scaffolding 

proteins [7, 3]. 14-3-3 binding to CDC25C at Ser216 suppresses its ability to 

induce mitotic entry and leads to its sequestration in the cytoplasm [8]. 



!

!

109!

Similarly, checkpoint pathways involving Ataxia Telangiectasia Mutated 

(ATM), ATR, and p38 mitogen-activated protein kinases (MAPK) regulate 

CDC25B activity and cytoplasmic sequestration in response to UV-induced 

DNA damage [9]. 

Expression of CDC25B and/or CDC25C is elevated in a number of 

human cancers; including Non-Hodgkin’s lymphoma, colorectal cancer, prostate 

cancer, and vulvar carcinoma [5], where it is thought to increase proliferation. 

Additionally over-expression of CDC25C in osteosarcoma cells in culture 

results in increased sensitivity to doxorubicin-induced apoptosis [10]. Over-

expression of either CDC25B or CDC25C frequently correlates with poor 

prognosis [5,1].  

Despite the activity of CDC25-dependent checkpoint pathways in 

response to UV irradiation and the primary role of UV exposure in skin cancer, 

the role of CDC25B and CDC25C in non-melanoma skin cancer has not been 

previously reported. We hypothesized that CDC25B and CDC25C over-

expression contributes to increased proliferation in non-melanoma skin cancer. 

We show here that CDC25C was increased in the cytoplasm of benign and 

malignant tumors, while CDC25B was high in normal skin with only a marginal 

increase in expression in human SCC. Interestingly, CDC25C suppressed 

apoptosis and increased Survivin expression and Akt activity in cultured human 

SCC, but did not affect proliferation unless targeted to the nucleus. These data 
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suggest that increased CDC25C expression may be a mechanism by which skin 

cancers acquire resistance to pro-apoptotic signals. 
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Materials and Methods 

Mouse tumor development and human tumors 

v-rasHa transgenic Tg.AC mice were sham- or UV-irradiated once a week over a 

period of four weeks for a cumulative exposure of  4.3 kJ/m  as described in 

[12]. Tumors were identified as either benign squamous papillomas or SCC by a 

board-certified pathologist. Hematoxylin and eosin stained sections from 

formalin-fixed and paraffin-embedded human skin and skin tumors were 

obtained from discarded surgical tissue. All experiments were performed in 

accordance with the Creighton University Institutional Animal Care and Use 

Committee and the Institutional Review Board requirements. 

Cell culture 

Cultured human cutaneous SCC cell lines (SCC12B.2, SCC13, SRB12, Colo16, 

and SRB1) were previously characterized and genotyped as described in [19, 

35]. The cells were maintained in Dulbecco's modified Eagle's medium 

(DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented with 1% penicillin 

(10,000,U/ml)-streptomycin (10,000,µg/ml) (Invitrogen) and 10% fetal bovine 

serum (Gemini Bio-Products, West Sacramento, CA, USA) at 37,°C and 5% 

CO2. NHEK cells (LONZA, MD USA) were cultured in KGM-Gold BulletKit 

(LONZA, MD USA) supplemented keratinocyte cell medium (LONZA). Cells 

were transfected at 60–80% confluence using Lipofectamine/Plus reagents (Life 
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Technologies, Inc., Carlsbad, CA, USA) according to the manufacturer's 

protocol. Transfection efficiency for immunofluorescence experiments was 

determined by staining for the c-Myc tag in cells transfected with constructs 

expressing Myc. The mean transfection efficiency was 20-30%. For siRNA 

experiments, cells were transfected with siRNA targeting CDC25C (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) or with control siRNA (Santa Cruz 

Biotechnology) using siQuest transfection reagents (Mirus Bio, Madison, WI, 

USA) according to the manufacturer's instructions. Transfection with Cy3-

tagged siRNA (Mirus Bio) was used as a transfection control.  

Constructs  

Wild type Myc-CDC25C, Myc-CDC25C-NLS, Myc-CDC25C-NES, and Myc-

CDC25C-S216A mutants of CDC25C were obtained from Dr. Helen Piwinica-

Worms [12]. Disruption of the NLS sequence of human CDC25C was 

accomplished, in brief, by mutating K242, K243 and K244 to alanine while the 

NES was disrupted by mutating lysine-194 and lysine-199 to alanine [12].  

Immunostaining 

Immunohistochemistry of formalin-fixed sections or cells was performed using 

primary antibodies recognizing CDC25B and CDC25C (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), together with negative controls where 

the primary antibody was omitted, horseradish peroxidase-conjugated secondary 
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antibody (Cell-Signaling, Beverly, MA), diaminobenzidine and hematoxylin 

(Sigma Chemical Co, St Louis, MO) counterstain. Immunofluorescence was 

performed in formalin-fixed SCC12B.2 cells using antibodies to CDC25C, pan 

14-3-3 or c-Myc (Santa Cruz Biotechnology, CA) using a Tyramide Signal 

Amplification kit (Promega, Madison, WI) according to the manufacturer’s 

instructions. Nuclei were visulalized with 4',6-diamidino-2-phenylindole (DAPI) 

(Vector Laboratories, Burlingame, CA). Photomicroscopy was performed using 

a Nikon microscope and cooled camera with Magnifier software (Boyce 

Scientific, Gray Summit, MO, USA). Scoring of the immunohistochemistry 

signal intensity was performed using a semi-quantitative, four-grade (0, 1+ 2+ 

and 3+) method with the investigator blinded as to the identity of the samples. 

Cases in which fewer than 10% of the tumor cells were only weakly stained 

were judged as negative. 

Immunoblotting  

For whole cell lysates, cells from subconfluent cultures were lysed in buffer 

containing 25 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 10% glycerol, 1% 

Triton-X-100, 1 mmol/L ethylenediaminetetraacetic acid (EDTA), Complete 

Protease Inhibitor Cocktail (Roche, Manneheim, Germany), 1 mmol/L sodium 

orthovanadate, 1.5 umol/L ethylene glycol tetra-acetic acid, and 10 mmol/L 

sodium fluoride. For nuclear and cytoplasmic fractionation, cells were lysed 

using NE-PER Nuclear and Cytoplasmic Protein Extraction Reagent Kit (Pierce, 
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Rockford, IL) according to the manufacturer’s protocol. Protein was extracted 

from mouse tumors as described in [8]. Protein was assessed by the Bradford 

assay (Bio-Rad Laboratories, Herculues, CA) using bovine albumin as the 

standard. Immunoblotting was performed using antibodies recognizing 

(CDC25B, CDC25C, mSin3B and D4-GDI) (Santa Cruz Biotech Inc.) β-actin 

(Sigma Chemical Co, St Louis, MO) or glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) (Cell-Signaling, Beverly, MA) using standard 

techniques as we have previously published [38]. The isolation of nuclear 

protein was confirmed using an antibody to mSin3 (Santa Cruz Biotech Inc.), a 

component of the histone-remodeling complex [36], and an antibody to D4GDI 

(GDP dissociation inhibitor) (Santa Cruz Biotech Inc.) for the cytoplasmic 

fractions [37]. The evenness of loading and transfer was confirmed by Ponceau 

S (Sigma Chemical Co.) staining and by actin (Sigma Chemical Co, St Louis, 

MO) immunoblotting. Immunoreactive proteins were visualized with 

horseradish peroxidase-conjugated secondary antibodies (Cell Signaling 

Technology, Beverly, MA) and enhanced chemiluminescence (Thermo 

Scientific, Rockford, IL). Densitometry was performed using a Chemidoc XRS 

Molecular Imager (Bio-Rad Laboratories, Inc., Hercules, CA) 

Apoptosis proteome array 

Protein was extracted from transfected SCC12B.2 cells and incubated with an 

array membrane seeded with antibodies against 19 pro- and anti-apoptotic 
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proteins (Cell Signaling, Beverly, MA, USA) according to the manufacturer's 

instructions. Immunoreactive dots were visualized using an enhanced 

chemiluminescence detection system Chemidoc XRS Molecular Imager (Bio-

Rad Laboratories, Inc., Hercules, CA). Each experiment was carried out in 

triplicate with duplicate dots per antibody (N = 6). 

Cell death analysis 

Apoptosis was assessed 24 h post-transfection using a Caspase-Glo 3/7 assay 

(Promega) according to the manufacturer’s instructions. The luminescence of 

each sample was determined in a Tecan luminometer (Phenix Research 

Products, Switzerland). An Annexin-V-FITC Apoptosis Detection Kit (BD 

Biosciences) was used to measure apoptosis by flow cytometry in a FACSAria 

(Becton Dickinson). Attached and floating cells were harvested and processed 

according to the manufacturer's instructions. 

Bromodeoxyuridine (BrDu) ELISA 

SCC12B.2 cells were transfected 24 h after seeding and were pulsed with BrDu 

24 h following plasmid transfection or 48 h following siRNA transfection. BrDu 

incorporation was assessed using a Cell Proliferation ELISA with a BrDu 

colorimetric system (Millipore, MA USA) according to the manufacturer's 

protocol. Absorbance at 450 nm was measured immediately using a microplate 

reader (Enspire 2300, PerkinElmer, MA USA). 
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Statistical analysis 

Statistical analysis for correlations between more than two groups were 

performed using one-way ANOVA with the Dunnett’s post-hoc test. Statistical 

analysis for a comparison of two groups was performed using a Student's t-test. 

For statistical analysis of data collected at multiple time points, two-way 

ANOVA was used with Dunnett’s post-hoc test. 
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Results 

CDC25C was increased in the cytoplasm of non-melanoma skin cancers 

CDC25C protein and transcripts were elevated in UV-induced mouse skin SCC 

but not in premalignant precursors (Figure 1A, B). CDC25C was also evaluated 

in human cutaneous SCC and in the premalignant precursors, actinic keratosis 

and Bowen’s disease, using immunohistochemistry. In normal skin, the nuclei of 

epidermal keratinocytes were positive for CDC25C (Figure 1C). Tumor 

development was associated with an increase in the intensity of CDC25C signal 

in the nuclear and cytoplasmic compartments of actinic keratosis (AK), Bowen’s 

disease (BD) and SCC (Figure 1C). Blinded analysis of signal intensity revealed 

a significant increase in cytoplasmic CDC25C in AK, BD, and SCC when 

compared to normal epidermis, but no change in nuclear CDC25C intensity 

(Figure 1D). 

CDC25B was also evaluated in UV-induced mouse skin tumors and in the 

human skin cancer. In UV-induced mouse skin tumors, CDC25B protein was 

elevated in two out of three papillomas and in SCCs although no significant 

change was detected in Cdc25b transcript levels (Figure 2A,B). In human skin, 

CDC25B was strongly positive in the cytoplasm, but not in the nucleus of the 

epidermis and AK, BD, or SCC (Figure 2C). CDC25B intensity and localization 

was similar in the pre-malignant and malignant SCC when compared to normal 
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epidermis (Figure 2C,D). Consequently, further investigation focused on 

expression of CDC25C.  

CDC25C suppressed apoptotic cell death but did not alter proliferation in 

cutaneous SCC cells 

The role of CDC25C was further examined using human cutaneous SCC cells. 

Consistent with in vivo results, CDC25C was primarily detected in the cytosolic 

fraction of human skin cancer cell lines (Figure 3B). CDC25C levels were 

elevated in four of five human cutaneous SCC lines, including SCC12B.2, when 

compared to normal human epidermal keratinocytes (NHEK) (Figure 3A).  

CDC25C levels were modulated in SCC12B.2 cells by transfection with a 

CDC25C expression construct or with siRNA targeting CDC25C, followed by 

analysis of CDC25C transcripts by RT-PCR (4A top left, 4B top left), to confirm 

altered CDC25C levels. Proliferation was assessed through BrDu ELISA after 

transfection of cells. Contrary to our expectations, proliferation was not 

significantly altered by either forced over-expression of CDC25C or CDC25C 

silencing (Figure 4A,B, top right panels). Considering evidence for an anti-

apoptotic function for CDC25C! [13], apoptotic cell death was assessed upon 

modulation of CDC25C. Analysis of apoptosis using caspase activity and 

Annexin V assays revealed a 50% and a 40% decrease in apoptosis respectively, 
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Figure 1. CDC25C was increased in non-melanoma skin cancer. 
A,B) Mouse skin and tumors were obtained from UV-exposed or sham-irradiated (for skin) 
Tg.AC mice. A) Immunoblotting was performed using the indicated antibodies, where each 
lane is a sample from a separate mouse and densitometry relative to GAPDH is shown under 
the panels. B) Real-time RT-PCR was performed for Cdc25c. N=3.  *Statistically significant 
using one-way ANOVA, where P ≤ 0.001.  C) Immunohistochemistry for CDC25C (brown) 
was performed on human skin (normal), actinic keratosis (AK), Bowen’s disease (BD) and 
SCC, with a hematoxylin counterstain (blue). Two different magnifications are shown. The 
scale bar indicates 50 µm. D) Blinded scoring of immunohistochemistry intensity was 
performed by a semi-quantitative analysis using a four-grade (0, 1+ 2+ and 3+) scale. N=7 for 
skin; N=13 for AK; N= 8 for BD; N=18 for SCC. Bars indicate significance using one-way 
ANOVA, where P ≤!0.05. 
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Figure 2. CDC25B was detected in both skin and skin tumors.  
A,B) Mouse skin and tumors were obtained from UV-exposed or sham-irradiated (for skin) 
Tg.AC mice. A) Immunoblotting was performed using the indicated antibodies, where each 
lane is a sample from a separate mouse and densitometry relative to GAPDH is shown under 
the panels. B) Real-time RT-PCR was performed for Cdc25b. N=3. C) Immunohistochemistry 
for CDC25B (brown) was performed on human skin (Normal), actinic keratosis (AK), 
Bowen’s disease (BD) and SCC with a hematoxylin counterstain (blue). Two different 
magnifications are shown. The scale bar indicates 50 µm. D) Blinded scoring of 
immunohistochemistry intensity was performed by a semi-quantitative analysis using a four-
grade (0, 1+ 2+ and 3+) scale. N=7 for skin; N=13 for AK; N= 8 for BD; N=18 for SCC. Bars 
indicate significance using two-way ANOVA, where P ≤!0.05. 
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!
Figure 3. CDC25C levels were elevated in human cutaneous SCC lines. 
A. Immunoblotting for CDC25B and CDC25C using whole lysates from five human cultured 
SCC cell lines and NHEK. B. Immunoblotting for CDC25C on nuclear and cytosolic fractions 
from SCC cell lines.  

 

after CDC25C transfection (Figure 4A, bottom panels). Conversely, CDC25C 

silencing increased apoptosis by 60% in an annexin V assay and 25% in a 

caspase activity assay (Figure 4B, bottom panels), Thus, CDC25C suppressed 

apoptosis without impacting proliferation in human SCC cells.  
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Figure 4. CDC25C suppressed cell death in squamous cell carcinoma cells. 
SCC12B.2 cells were transfected with a CDC25C expression construct (A), or with siRNA 
targeting CDC25C (B) or with a control plasmid (A) or siRNA (B). Real-time RT-PCR 
confirmed over-expression or knockdown of CDC25C (A-B top left panels). A BrDu ELISA 
was performed 24 h after transfection (A-B top right panels). Apoptosis was assessed using a 
Caspase glo (A-B lower left panels) or Annexin V flow cytometry assay (A-B lower right 
panels). *Statistically significant using a Student’s t-test, where P ≤!!0.05.  
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The cytoplasmic localization of CDC25C was not necessary for increased 

apoptotic cell death.  

In order to determine whether the cytoplasmic localization of CDC25C, 

observed both in vivo and in cultured cells, was necessary for its anti-apoptotic 

function, CDC25C constructs with mutations in the NES or NLS were 

transfected into SCC12B.2 cells. CDC25C transcript levels were elevated in the 

SCC cells transfected with wild type or mutant CDC25C (Figure 5). 

Endogenous CDC25C was detected primarily in the cytoplasmic compartment 

of SCC12B.2 cells (Figure 6A, top panel), as was the wild type transfected 

protein (Figure 6A and B, second from top). As expected, mutation of the NES 

resulted in CDC25C nuclear localization (Figure 6A and B, third panel from 

top), whereas mutation of the NLS resulted in cytoplasmic localization of 

transfected CDC25C (Figure 6A and B, fourth panel from top). Apoptotic cell 

death, assessed by caspase activity assay, revealed a 50% decrease in apoptotic 

cell death in cells upon transfection of wild type CDC25C (Figure 6C). Mutation 

of the NES, and consequent altered localization, did not alter the suppression of 

cell death (Figure 6C).  
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Figure 5. Over-expression of CDC25C upon transfection with CDC25C wild type and 
mutant constructs. Real-time RT-PCR was performed using RNA collected from SCC12B.2 
cells 24 h after transfection with CDC25C wild type or mutant constructs. (NES)= CDC25C 
without nuclear export signal, (NLS)= Nuclear localization sequence, and (S216A)= CDC25C 
without 14-3-3 interaction site. *Statistically significant using one-way ANOVA where P ≤ 
0.05.  
 
 

Targeting CDC25C to the nucleus increased proliferation 

In addition to the effect of CDC25C on apoptosis, I hypothesized that 

CDC25C’s localization would have an impact on proliferation. Assessment of 

proliferation through a BrDu ELISA was performed on SCC12.B2 cells after 

transfection with CDC25C wild type and mutant constructs. Results revealed 

that nuclear CDC25C (NES mutant) increased proliferation (Figure 7), while 

localization of the CDC25C in the cytoplasm by transfection of wild type or 

NLS-mutated CDC25C did not increase proliferation (Figure 7). This suggested 

that although CDC25C localization did not affect its ability to suppress apoptotic 

cell death, nuclear localization of CDC25C was necessary for its proliferative 

activity. 
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Figure 6. Cytoplasmic localization of CDC25C was not necessary for increased apoptotic 
cell death. SCC12.B2 cells were transfected with a control vector (pcDNA), wild type 
CDC25C, or mutant CDC25C plasmids that lacked a NES, NLS or 14-3-3-interaction site 
(S216A). Experiments are representative of three experiments performed. 
Immunofluorescence was performed using a c-Myc (A) or CDC25C (B) antibodies (green), 
with nuclei identified by DAPI (blue). C) Apoptosis was assessed by measuring Caspase 3/7 
activity using a caspase glo assay 24 h after transfection. *Statistically significant using one-
way ANOVA where P ≤ 0.05. N = 3 dishes/group. 
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Figure 7. Increase in proliferation by CDC25C required its nuclear localization. 
Proliferation was assessed by BrDu ELISA 24 h after transfection of SCC12B.2 with 
CDC25C wild type and mutant constructs. *Statistically significant using one-way ANOVA 
where P ≤ 0.05. N=3 dishes/group. 
 

14-3-3 binding was not necessary for CDC25C’s anti-apoptotic effects 

The anti-apoptotic 14-3-3 proteins can bind to CDC25C when it is 

phosphorylated at Ser216 to sequester it in the cytoplasm [14,15]. Since we have 

demonstrated that 14-3-3 was required for CDC25A’s anti-apoptotic role in skin 

cancer, we investigated whether 14-3-3 is necessary for CDC25C’s ability to 

suppress apoptosis. A CDC25C construct, in which the 14-3-3 binding site at 

Ser216 was mutated to Alanine, was transfected into SCC12B.2 cells. The 

mutated protein, which is unable to bind 14-3-3 [12], was detected in both 

cytoplasmic and nuclear compartments by immunofluorescence for the Myc-tag 

(Figure 6A,B bottom panels). CDC25C suppression of apoptosis did not require 

its interaction with 14-3-3 (Figure 6C), nor did this mutation alter proliferation 

in the SCC cells (Figure 7). To determine whether the localization of CDC25C 

affects 14-3-3 localization, immunofluorescence for 14-3-3 was performed in 
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the transfected SCC cells. 14-3-3 protein was localized in the cytoplasm of cells 

that either over-expressed wild type CDC25C (Figure 8 second panel from top) 

or CDC25C with a mutated NLS. Cytoplasmic 14-3-3 was detected when 

CDC25C lacking 14-3-3 binding site was transfected (Figure 8 fourth and fifth 

panel from top). Surprisingly, there was also less cytoplasmic 14-3-3 when the 

CDC25C NES was mutated (Figure 8 third panel from top).  

 

CDC25C increased anti-apoptotic signaling and increased Survivin  

In order to determine the mechanisms by which CDC25C suppresses apoptosis, 

a stress response and apoptosis protein array was used with SCC cell extracts 

after forced over-expression of CDC25C or siRNA targeted knockdown of 

CDC25C. Upon forced expression of CDC25C, decreased levels of cleaved 

caspase 3, increased levels of Survivin, increased activity of Akt, determined by 

phosphorylated Akt at Ser437, and increased inhibitory phosphorylation of pro-

apoptotic BAD at Ser136 were detected (Figure 9B). Although siRNA-targeted 

knockdown of CDC25C did not result in increased levels of cleaved caspase 3, 

there were lower levels of Survivin (Figure 9B). Our data suggest that CDC25C 

may suppress cell death through a mechanism involving Survivin.  
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!
Figure 8. Decreased 14-3-3 upon mutating CDC25C. 
SCC12.B2 cells were transfected with a control vector (pcDNA), wild type CDC25C or 
mutant CDC25C plasmids lacking a NES, NLS, or 14-3-3 interaction site (S216A). The 
immunofluorescence was performed using a pan-14-3-3 antibody (green), with the nuclei 
identified with DAPI (blue). Data are representative of three experiments performed. 
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Figure 9. CDC25C increased Survivin protein. 
A) An apoptotic antibody array was performed on protein lysates collected 24h after plasmid 
transfection and 48 h after siRNA transfection of SCC12B.2 cells. Each pair of dots 
represents a protein involved in apoptotic pathways. Arrows from top to bottom point to: p-
AKT, p-BAD, cleaved caspase 3, and total survivin. B) Densitometry relative to alpha tubulin 
and normalized to either pcDNA or control siRNA is shown. *Statistically significant using a 
Student’s t-test, where P  ≤  0.05.  
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Discussion 

This study revealed increased cytoplasmic CDC25C in premalignant and 

malignant skin cancer. We found that CDC25C suppressed apoptosis, possibly 

through a mechanism involving increased Survivin, but had no effect on 

proliferation unless specifically targeted to the nucleus. In contrast, CDC25B 

expression was high in normal skin and only slightly increased in human SCC. 

No correlation between CDC25B and CDC25C over-expression has been 

reported in various cancers. However, over-expression of these phosphatases 

independently correlates with poor prognosis![16,!17,!18,!5]. Although nuclear 

localization of CDC25B has been reported during G2 phase of cultured HeLa 

cells and human fibroblasts [19] and in vulvar carcinoma![16], CDC25B has also 

been documented in the cytoplasm of esophageal carcinoma cells![17], in gastric 

cancer![20], and in colorectal cancer![21]. Consistent with these studies, we 

found that CDC25B was mostly localized to the cytoplasm with only a slight 

increase in human cutaneous squamous cell carcinoma compared to normal skin. 

CDC25C over-expression in colorectal carcinoma![22],!endometrial carcinoma 

[23], and in vulvar squamous cell carcinomas [16] correlates with more 

aggressive cancer. CDC25C in vulvar carcinoma contributes to tumorigenesis by 

the deregulation of cell proliferation [16]. In endometrial carcinoma it alters the 

G2 pathway [23]. In skin cancer, we also found elevated levels of CDC25C 

mainly in the cytoplasm of human squamous cell carcinoma. However, 
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CDC25C had no effect on proliferation unless it was specifically targeted to the 

nucleus. Consistent with this result, nuclear localization of CDC25C allows for 

CDK1 activation [13].  

Our observations about CDC25A and cell survival led us to investigate 

whether CDC25C reduced apoptosis as well. Surprisingly, given the little known 

about CDC25C in apoptotic cell death, we found that CDC25C inhibited 

apoptosis in skin cancer cells regardless of its subcellular localization. Since 14-

3-3 proteins are anti-apoptotic regulators![15] that interact with phosphorylated 

CDC25C at Ser216 and sequester it in the cytoplasm![6], and since we have 

shown 14-3-3 was necessary for the anti-apoptotic effect of CDC25A, we 

hypothesized that 14-3-3 may play a similar role downstream from CDC25C. 

However, although SCC cells exhibited elevated levels of phospho-CDC25C at 

the 14-3-3 binding site Ser216 (Appendix Figure 4), CDC25C’s anti-apoptotic 

function was independent of 14-3-3. The localization of CDC25C in the SCC 

cells also did not determine its anti-apoptotic function.  

A previous report documented that reactive oxygen species (ROS)-

mediated activation of the CDC25C-CDK1 pathway can suppress apoptosis 

through phosphorylation of the inhibitor of apoptosis (IAP) protein Survivin 

[13]. Consistent with this report, CDC25C over-expression increased Survivin 

levels, whereas silencing of CDC25C decreased Survivin levels. Survivin is 

over-expressed in many human cancers including lung, ovarian, breast, prostate 
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and colorectal carcinomas. It is associated with enhanced proliferative index, 

reduced apoptotic index, and resistance to chemotherapy and radiotherapy, 

(reviewed in![24]). Survivin can be localized to nucleus and cytoplasm [25, 26], 

and its transcript and protein levels are regulated by p53 [27]. However, we 

found no differences in p53 levels upon modulation of CDC25C (Appendix 

Figure 5). Survivin can be up-regulated by the phosphatidylinositol-4,5-

bisphosphate 3-kinase (PI3K)-Akt signaling pathway, which is constitutively 

active in many tumor cells![28]. Increased Survivin correlates with induced 

receptor tyrosine kinases HER2 and EGFR through the PI3K-Akt signaling 

pathway in breast cancer cells, resulting in resistance to etoposide-induced 

apoptosis![28]. Inhibition of the PI3K pathway results in suppression of Survivin 

and in increased TNF-related apoptosis-inducing ligand (TRAIL)-mediated 

apoptosis in neuroblastomas [29]. Elevated phospho-Akt in primary neurons 

suppresses apoptosis through its phoshorylation and inhibition of the pro-

apoptotic protein BAD [30]. We demonstrate elevated levels of phosphorylated 

BAD and phosphorylated Akt upon the over-expression of CDC25C along with 

the increase in Survivin in human SCC. Together these data suggest that 

increased CDC25C expression increases PI3k/Akt signaling and survivin 

expression to suppress apoptosis. A critical requirement for the stabilization of 

Survivin and for its anti-apoptotic function is its phosphorylation by CDK1 [33], 

which in turn is activated by CDC25C [2]. Thus, current research in the lab is 
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designed to determine whether the anti-apoptotic effect of CDC25C is 

dependent on CDK1 activity.   

Based on the research presented here, I propose that increased CDC25C 

expression may be one mechanism by which skin cancers acquire resistance to 

pro-apoptotic signals. Therefore, therapeutic interventions targeting CDC25C 

may be a potential therapeutic strategy for human cutaneous squamous cell 

carcinoma. 
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Rationale for studying CDC25 phosphatases in non-melanoma skin cancer  

Cancer can be defined as a disease of uncontrolled growth due to deregulation of 

the cell cycle. Cell cycle progression is normally tightly regulated through a 

complex signaling network that maintains the proper balance of cell division and 

cell death within a tissue. CDC25 phosphatases, through their activation of 

CDKs, are key players regulating the transition between cell cycle phases. 

CDC25 phosphatases function in a regulatory network that must also respond to 

DNA damage or incompletely replicated DNA to halt cell cycle progression. 

Given the important roles of CDC25 phosphatases in responding to DNA 

damage, it is not surprising that they are frequently over-expressed in cancer.  

Excessive levels of CDC25 family members are observed in various 

human cancers (reviewed in [1]), often as a result of altered post-translational 

regulation that results in increased stability [2,!3,!4] rather than because of gene 

mutations![5]. Over-expression of any of the phosphatases frequently and 

independently correlates with poor prognosis![5,!1]. We investigated the role of 

CDC25 phosphatases in non-melanoma skin cancer, which arises as a 

consequence of chronic exposure to ultraviolet (UV)-induced DNA damage. 

CDC25A and CDC25C expression were elevated in premalignant and malignant 

non-melanoma skin cancer, resulting in suppression of cell death in squamous 

cell carcinoma (SCC). Malignant and metastatic SCC frequently arise from 

cutaneous lesions that are both precursors of skin cancer and markers for 



!

!

142!

increased risk of SCC development![6]. Strategies for treatment of these easily 

identifiable precursors, potentially through targeting molecular alterations like 

up-regulation of CDC25 phosphatases, may lead to death of skin cancer cells 

and thus would prevent development of malignant cancer.  

Subcellular localization of CDC25 and cell death or cell proliferation 

Increased CDC25A and CDC25C expression suppressed apoptosis in non-

melanoma skin cancer. Cytoplasmic localization of CDC25A was required for 

its anti-apoptotic effects, while CDC25C suppressed apoptosis regardless of its 

nuclear or cytoplasmic localization. However, CDC25C increased proliferation 

only in the nuclear compartment. This research raised the related questions of 1) 

whether cytoplasmic rather than nuclear localization of CDC25A correlates with 

poor outcome and 2) whether increased cytoplasmic CDC25A and CDC25C 

levels increase cancer cell survival in cancers other than skin. To begin to 

address these questions, associations between CDC25 localization, cancer 

outcomes, and proliferative vs. anti-apoptotic effects were analyzed using 

published literature. 

Increased CDC25A was detected in both nuclear and cytoplasmic 

compartments in various cancers. In all instances, increased cytoplasmic levels 

of CDC25A correlate with worse patient outcomes in cancers of the thyroid, 

esophagus, and breast [7,!8,!9]. A correlation between nuclear localization of 

CDC25A and prognosis is less clear. Increased nuclear CDC25A is associated 
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with poorer survival in hepatocellular carcinoma![10], but not in vulvar 

carcinoma![11]. Interestingly, esophageal carcinoma has increased CDC25A in 

both the nuclear and cytoplasmic compartments, but only the cases with 

increased cytoplasmic localization are associated with worse disease progression!

[8]. In ovarian cancer cells, a type of cancer where increased CDC25A is 

associated with poor progression, cytoplasmic CDC25A over-expression 

suppresses apoptosis while nuclear over-expression actually increases cell death!

[12]. Similarly, nuclear CDC25A increased proliferation in breast cancer cells, 

colon cancer, and hepatocellular carcinomas, [8,13,14, 9]. In contrast, in vulvar, 

thyroid, and esophageal carcinomas, increased nuclear expression of CDC25A 

does not impact proliferation or prognosis![11,!7,!8]. Cytoplasmic CDC25A 

predicts poor prognosis in esophageal carcinoma![8], thyroid cancer![7], and in 

ovarian cancer [15] (Table 1). These results suggest a trend by which increased 

expression of CDC25A localized specifically to the cytoplasmic compartment is 

more likely to negatively impact pathological outcomes. 

Interestingly, and consistent with our data from non-melanoma skin cancer, 

CDC25B and CDC25C are often increased in the cytoplasm rather than the 

nucleus of cancers where they are also associated with worse progression (Table 

1). CDC25C over-expression has been reported in fewer kinds of cancers; 

however, in all cases, over-expression correlated with poor prognosis. CDC25C 

localization always appears to be cytoplasmic according to my review of the 
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literature, with no correlating pattern of cytoplasmic vs. nuclear localization and 

prognosis. For CDC25B, hepatocellular carcinoma is the one exception where 

increased CDC25B expression, localized to the cytoplasm, does not correlate 

with prognosis. In non-melanoma skin cancer, CDC25B did not show striking 

over-expression in the benign and malignant tumors. 

In summary, published data suggest that increased cytoplasmic rather than 

nuclear CDC25A may be a negative progression marker, and this is a hypothesis 

worthy of further study. Whether cytoplasmic localization of CDC25A in 

cancers other than non-melanoma skin cancer increases cancer cell survival has 

yet to be determined. 

Anti-apoptotic vs. proliferative roles for CDC25A in cancer  

While CDC25A is overexpressed in a variety of human cancers [5], a key 

question remains unanswered: whether such overexpression is a mechanism for, 

or a consequence of, accelerated proliferation. It is not clear whether over-

expression of CDC25A translates to increased activity towards CDK–cyclin 

substrates and affects proliferation. Cdc25a over-expression in MMTV–v-Ha-

ras or MMTV–c-neu transgenic mice significantly accelerates tumor growth and 

induces uncoordinated cell proliferation in mammary cells [26]. Consistent with 

a role for CDC25A in proliferation, mice lacking Cdc25a exhibit embryonic 

lethality due to cessation of cell proliferation![27]. In breast cancer cells, 

CDC25A activity is necessary for CDK2 activation and subsequent induction of  
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Table 1 Expression pattern of CDC25 phosphatases in human cancers. 

*Abbreviations: transcripts (T); immunoblotting (IB); immunohistochemistry (IHC); not done (ND). 

Cancer CDC25 expression 
(End point*) 

Localizatio
n 

Over-expression correlates 
with 

Citation 

CDC25A     
Vulvar carcinoma !CDC25A (IHC)  Nuclear 

 
No correlation of CDC25A 
with clinical pathology 

[11] 

Hepatocellular 
carcinoma 

!CDC25A (IHC) Mainly in 
the nucleus 

Poor prognosis and 
increased proliferation 

[10] 

Colon cancer  !CDC25A Nuclear 
phosphatase activity 

Nuclear ND [14] 

Gastric carcinoma !CDC25A (IHC) Cytoplasmic Less expression in poor 
differentiated cells 

[19] 

Breast cancer  !CDC25A (IHC) Cytoplasmic Poor survival [9] 
Thyroid carcinomas !CDC25A (IHC) Cytoplasmic Poor survival and Increased 

proliferation 
[7] 

Esophageal 
squamous cell 
carcinoma  

!CDC25A (IHC) 
 

Nuclear and 
cytoplasm 

Nuclear was not associated 
with clinical –pathological 
factors or prognosis/ overall 
over-expression associated 
with poor prognosis 

[8] 

Breast cancer cells !CDC25A  (T, IB) ND Induction of S-phase entry [9] 
Head and neck !CDC25A  (T) ND ND [16] 
Non Hodgkin’s 
lymphoma 

!CDC25A (T) in 3 
aggressive lymphomas   

ND Aggressive tumor and 
increased proliferation 

[17] 

Non small cell lung 
cancer 

!CDC25A  (T) ND Poor differentiation [18] 

Ovarian cancer !CDC25A (IHC) ND Poor prognosis [15]  
Ovarian cancer cells  Nuclear CDC25A promotes apoptosis through dephosphorylation of thereonine 

32 of FKHRL1, whereas the cytoplasmic over-expression of CDC25A was 
apoptosis protective [12] 

CDC25B     
Hepatocellular 
carcinoma 

!CDC25B (IHC) Cytoplasmic No correlation with clinical 
pathology 

[8] 

Vulvar carcinoma !CDC25B (IHC) Nuclear and 
cytoplasmic 

Poor prognosis [11]  

Colorectal cancer !CDC25B (T) ND Poor prognosis- associated 
with high grade of 
differentiation 

[20]  

Endometrial 
carcinoma 

!CDC25B (IHC) Cytoplasmic  ND- High levels only in low 
grade EEC 

[21] 

Gastric cancer !CDC25B (IHC) Nuclear and 
cytoplasm 

Poor prognosis [22] 

Prostate cancer !CDC25B (IHC) ND Poor prognosis-Late stages [23] 
Glioma cells !CDC25B (IHC) Cytoplasmic Poor prognosis 

Higher grade tumors 
[24] 

Thyroid Carcinoma !CDC25B (IHC) Cytoplasmic Poor prognosis- Higher 
differntiation 

[7] 

Non-Hodgkin 
lymphoma 

!CDC25B (T) ND Poor prognosis- High 
proliferation 

[17] 

CDC25C     
Vulvar carcinoma !CDC25C (IHC) Cytoplasmic Poor prognosis [11] 
Prostate cancer !CDC25C (T) ND Poor prognosis-Some but 

not all correlated with high 
proliferation 

[25] 

Colorectal cancer !CDC25C (T) ND Poor survival [20] 
Endometrium cancer !CDC25C (IHC) Cytoplasmic  Poor prognosis [21] 
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S-phase entry [9]. However, there seems to be a lack of correlation between 

over-expression of CDC25A and the impact on proliferation in some human 

cancers where increased CDC25A did not result in an increase in proliferation 

although it correlated with poor prognosis [11,28,14,8,7] (Table 1). Thus the 

role of CDC25A in proliferation appears to be cell-type specific. Additionally, 

the activity of the CDKs could possibly be altered by other phosphatases, one 

that has been reported is A dual-specificity human protein phosphatase termed 

KAP [46]. 

Increased CDC25A observed in cancers could contribute to tumorgenesis 

by reducing cellular responsiveness to oxidative stress and pro-apoptotic stimuli 

under oncogenic conditions while promoting cell cycle progression. In many 

cases apoptosis and cell proliferation are coordinately controlled by cell cycle 

checkpoint pathways. It has been previously reported that CDC25A may have an 

anti-apoptotic function independent of its phosphatase activity [29,30]. CDC25A 

was detectable in both the nucleus and cytoplasm of fibroblasts and ovarian 

adenocarcinoma cells and co-localizes with the apoptosis signal kinase 1 

(ASK1) in the cytoplasm [29]. In these cells, increased cytoplasmic CDC25A 

resulted in inhibition of ASK1 kinase activity due to ASK1s interaction with the 

carboxyl terminus of CDC25A [29]. The phosphorylation status of ASK1 is not 

altered by CDC25A under these conditions. In my work, I also found the anti-

apoptotic effect of cytoplasmic CDC25A was dependent on both ASK1 and 14-
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3-3 in human cutaneous SCC. However, whether this anti-apoptotic effect of 

CDC25A in SCC is dependent or independent of its phosphatase activity is still 

unknown. 

The 14-3-3 proteins, which are multifunctional phosphoserine binding 

molecules, play important roles in suppressing several apoptotic pathways by 

binding to various pro-apoptotic signals such as Bcl-2-antagonist of cell death 

(BAD) and ASK1, causing them to relocalize in the cytoplasm inhibiting their 

activity and resulting in an anti-apoptotic function [31,!32]. Interestingly, 

although 14-3-3 binds to CDC25A when phosphorylated and results in its 

sequesteration in the cytoplasm and hence inhibits its nuclear activity, I found 

that CDC25A localized 14-3-3 epsilon in the cytoplasm where it was required 

for the suppression of apoptosis. This suggests that CDC25A contributes to non-

melanoma skin cancer through an anti-apoptotic function that requires a 

cytoplasmic localization as well as its binding partner, 14-3-3 epsilon. 

Suppression of apoptosis and stimulation of proliferation by CDC25C 

Like CDC25A, CDC25C suppresses apoptosis. However, unlike CDC25A, 

the localization of CDC25C did not impact its ability to suppress apoptosis nor 

was interaction with 14-3-3 necessary for that anti-apoptotic function. Although 

much remains unknown about the mechanism(s) through which CDC25C 

suppresses apoptosis, CDC25C increased the expression of an inhibitor of 

apoptosis, Survivin. Survivin is elevated in many cancers where it is associated 
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with enhanced proliferation![33] and increased tumor resistance to various 

apoptotic stimuli mainly through caspase-dependent mechanisms [34,35], 

although it can also block apoptosis in a caspase-independent manner [34]. Our 

data suggests that CDC25C may suppress apoptosis through increased Survivin, 

which in turn results in decreased caspase 3 cleavage. We also found increased 

Akt activity and increased phosphorylation of BAD upon CDC25C over-

expression. These data suggest a second mechanism of action for CDC25C, 

through increased inhibitory phosphorylation of the pro-apoptotic protein BAD 

by Akt. This information together with published data suggests that the 

increased cytoplasmic CDC25C may be a negative prognostic marker involving 

anti-apoptotic mechanisms rather than proliferative. 

Erbb2 regulation of CDC25 phosphatases 

Our lab previously demonstrated that Erbb2 up-regulation in UV-induced skin 

tumors maintains CDC25A levels due to the PI3K/Akt-dependent inhibitory 

phosphorylation of Chk1, which increases cell cycle progression and 

tumorigenesis![36]. CDC25 phosphatase transcript levels decreased significantly 

in skin keratinocytes and in mouse skin tumors upon the genetic deletion of 

Erbb2 or Erbb2 inhibition. One possibility suggested by this result is that Erbb2 

activation transcriptionally regulates the phosphatases. The best established 

transcriptional regulation of CDC25A is through the E2F-1 and c-myc![37]. We 

demonstrate that Erbb2 inhibition resulted in the decrease of both transcripts and 
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protein levels for each CDC25 family member, which in turn resulted in higher 

apoptotic cell death but had no effect on proliferation. EGFR directly regulates 

the expression of E2F transcription factors [38]. CDC25 phosphatases are also 

targets of E2F and their expression is dependent on E2F and is required for E2F-

induced S-phase entry [39, 40]. Negative transcriptional regulation of the 

CDC25 phosphatase was shown through p53 [47]. Additionally, translational 

repression to CDC25B after UV radiation has been documented [48]. This tumor 

suppressive barrier could be overcome by various genetic alterations that lead to 

stabilization and or increased synthesis of CDC25A protein [26]. Erbb2-

mediated transcriptional regulation of CDC25 phosphatases, through these or 

other mechanisms, remains to be determined.  

Therapeutic targeting of CDC25 phosphatases 

Because CDC25 phosphatases are key regulators of cell cycle progression 

and play a major role in DNA-damage checkpoint response, they have been 

attractive therapeutic targets. Our data suggest that targeting CDC25A and 

CDC25C may also be useful in triggering apoptosis in some kinds of cancers. 

Multiple efforts have generated novel classes of inhibitors that show specificity 

for CDC25 phosphatases. CDC25 inhibitors have remarkable pre-clinical 

effectiveness, but rather modest clinical efficacy and may cause epithelial 

cytotoxicity [41]. The most potent inhibitors for the CDC25 isoforms are the 

quinonoid compounds. These compounds irreversibly inhibit CDC25’s activity 
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by oxidation of the active site cysteine. However, they generate toxic reactive 

oxygen species. To avoid such toxicity, the non-quinonoids were synthesized 

including the vitamin K analog, Cpd 5 [42].  When Cpd 5 inhibits CDC25A 

activity, EGFR and ERK are phosphorylated, which in turn results in suppressed 

expression of CDC25A and cyclin D, and leads to cell cycle block in human 

hepatoma cells [43]. Additionally, Cpd 5 is more selective for hepatoma cells 

compared to normal cells [44]. However, it is less efficient and preferably 

inhibits CDC25A by binding to its active site cysteine![44]. Inhibiting CDC25 

phosphatases by a novel CDC25A inhibitor, BN82002, which is a cell-

permeable ortho-hydroxybenzylamino compound that has been reported to 

display antitumor properties [49], impaired cell cycle progression and reduced 

tumor growth in animal models and in several human tumor cell lines which 

expressed both nuclear and cytoplasmic elevated levels of one or more of the 

CDC25 family members [49]. The fairly short half-life, of less than 20 minutes 

[45], of the CDC25 family members, makes therapeutic interventions 

challenging. Suppressing the phosphatase activity either by inhibition of 

transcription or translation of the phosphatases is another possible avenue for 

intervention and these are in development. An investigation of the impact of 

these inhibitors on apoptosis has not been reported, but would be of interest for 

treatment of cancers like non-melanoma skin cancer. In this study, we reveal 

that interaction between CDC25A and 14-3-3 epsilon is necessary for CDC25A-
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mediated anti-apoptotic effects. Thus, targeting of CDC25A-14-3-3 interactions 

along with targeting CDC25A may also be a useful strategy for therapeutic 

intervention to trigger cell death.  

!

Summary 

This study documents a cytoplasmic elevation of both CDC25A and CDC25C in 

non-melanoma skin cancer. This cytoplasmic over-expression of the 

phosphatases was associated with an anti-apoptotic function through two distinct 

mechanisms (Figure 1). Therapeutic targeting of CDC25A and CDC25C in the 

cytoplasm of pre-malignant benign skin lesions, which are highly identifiable, 

can be a good strategy for blocking their progression into malignant SCC. 

Targeting these phosphatases in other human cancers that have also shown to 

highly express them in the cytoplasm may also be a useful strategy. These data 

implicate CDC25 phosphatases as pro-survival factors in addition to cell cycle 

regulators, and warrant closer analysis of CDC25 function in cancer, and the 

impact of CDC25 inhibitors on apoptosis and cell cycle regulation.  
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Figure!6.!CDC25A!and!CDC25C!function!in!non6melanoma!skin!cancer.!
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Figure 1. MG132 did not inhibit degradation of CDC25A in response to Erbb2 inhibitor. 
!

!

!

Figure 2. Real-time RT PCR for CDC25A after transfection with CDC25A wild type 
and mutants. 
!
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Figure 3. Real-time RT PCR for 14-3-3 family members in human SCC cell lines 
compared to NHEK. 
!
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!

Figure 4. Immunoblotting for p-CDC25C on Ser216 in human SCC cell lines compared 
to NHEK. 
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Figure 5. No differences in p53 levels with modulation of CDC25C in human SCC. 
A) Immunoblotting for p53 in SCC12.B2 cells after modulation of CDC25C. B) Denistometry 
of p53 from apoptotic array performed on SCC12.B2 cells with modulated CDC25C 
!
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Supplementary Table 1 Primer sequences used for real-time RT-PCR 
(CDC25A) 

Mouse Cdc25a 5’-AGTCGCCTGAAGAAGCTCTG-3’ 

3’-GTCTCGTCATTCGTTTCCCC-5’ 

Mouse 

Cdc25b 

5’-GCTTTCAGGGATGAGCTGAG-3’ 

3’-CCTTGAAACATCGTCCGACG-5’ 

Mouse Cdc25c 5’-TCCCGTGATTATGTCTGCAA-3’ 

3’-GTGATTCCTCCGTTTCCGTC-5’ 

Human 

CDC25A 

5’-CCCAAAGGAACCATTGAGAA-3’ 

3’-TCAACGACCCTTTGTAGTCC-5’ 

Human 

CDC25B 

5’-TGCTCAGAACTTGCTGCTGT-3’ 

3’-TCACGGAACGTATGGGTTTG-5’ 

Human 

CDC25C 

5’-TACTGTCGGGGAAGTTCCAG-3’ 

3’-GTGTAGGTCCCTCGGAATTT-5’ 

Human 14-3-3 5’-ACCCAATTCGTCTTGGTCTG-3’ 

3’-TTTTGCCGTAAACTACTTCG-5’ 

Human ASK1 5’-CACATCACAACCCTCATTGC-3’ 

3’-CGTTACTCCCAACACTACAC-5’ 

GAPDH 5’-GAAACCTGCCAAGTATGATGAC -3’ 

3’-CGATGTGACTCCTGGTCCA-5’ 
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Supplementary Table 2 Primer sequence for oligos used in site-directed 

mutagenesis 

Primer Sequence 

L52A 5’-GTCACTATGGACCAGGCGCAGGGTCTGGGCAG-3’ 

3’-CTGCCCAGACCCTGCGCCTGGTCCATAGTGAC-5’ 

T507A 5’-CCAAGAGCCGGGCCTGGGCAGGG-3’ 

3’-GGTTCTCGGCCCGGACCCGTCCC-5’ 

S178A 5’-ACAGAGGCAGAACGCTGCCCCAGCTCG-3’ 

3’-TGTCTCCGTCTTGCGACGGGGTCGAGC-5’ 

 

 

 

 

Supplementary Table 3 Primer sequences used for DNA sequencing for 

mutated constructs 

L52A 5’-GATGAGGATGATGGCTTCGT-3’ 

 T507A 5’-AGGAGTTCTTTATGAAATGCCAGTC-3’ 

S178A 5’-CATGGACTCCAGGAGGGTAA-3’ 
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Cell division cycle 25A (CDC25A) is a dual-specificity phosphatase 
that removes inhibitory phosphates from cyclin-dependent 
kinases, allowing cell-cycle progression. Activation of cell-cycle 
checkpoints following DNA damage results in the degradation of 
CDC25A, leading to cell-cycle arrest. Ultraviolet (UV) irradia-
tion, which causes most skin cancer, results in both DNA dam-
age and CDC25A degradation. We hypothesized that ablation of 
CDC25A in the skin would increase cell-cycle arrest following 
UV irradiation, allowing for improved repair of DNA damage 
and decreased tumorigenesis. Cdc25a fl/ fl/Krt14-Cre recombinase 
mice, with decreased CDC25A in the epithelium of the skin, 
were generated and exposed to UV. UV-induced DNA damage, in 
the form of cyclopyrimidine dimers and 8-oxo-deoxyguanosine 
adducts, was eliminated earlier from CDC25A-deficient epider-
mis. Surprisingly, loss of CDC25A did not alter epidermal prolif-
eration or cell cycle after UV exposure. However, the UV-induced 
apoptotic response was prolonged in CDC25A-deficient skin. 
Double labeling of cleaved caspase-3 and the DNA damage marker 
γH2A.X revealed many of the apoptotic cells in UV-exposed 
Cdc25a mutant skin had high levels of DNA damage. Induction 
of skin tumors by UV irradiation of Cdc25a mutant and control 
mice on a skin tumor susceptible to v-rasHa Tg.AC mouse back-
ground revealed UV-induced papillomas in Cdc25a mutants were 
significantly smaller than in controls in the first 6 weeks following 
UV exposure, although there was no difference in tumor multi-
plicity or incidence. Thus, deletion of Cdc25a increased apoptosis 
and accelerated the elimination of DNA damage following UV but 
did not substantially alter cell-cycle regulation or tumorigenesis.

Introduction

One of the most serious assaults on the skin is from overexposure to 
UV in the form of sunlight. UV exposure causes most non-melanoma 
skin cancer, which is the most common type of cancer in the USA 
(1). Chronic exposure to UV, including UVB and to a lesser extent 
UVA, is the major cause of non-melanoma skin cancer because of 
its DNA-damaging capabilities. Exposure to UVB causes damage to 
DNA primarily in the form of cyclobutane pyrimidine dimers (CPDs) 
(2), which causes most UVB-induced mutations (3). Another type 
of UV-induced DNA damage occurs due to the production of react-
ive oxygen species. Increasing evidence suggests that the immuno-
suppressive effects of reactive oxygen species cause conversion 
of solar keratoses to squamous cell carcinoma (4). A  well-known 
biomarker of oxidative stress is the oxidized guanosine moiety, 

8-oxo-deoxyguanosine (8-oxo-dG (5,6)). Point mutations at both 
the oxidized guanine nucleotide itself and at the base adjacent to the 
8-oxo-dG have been found in the Ras oncogene in skin and other can-
cers in response to repair failure (reviewed in ref. 7).

Coordinated regulation of DNA repair and cell-cycle progres-
sion is crucial in preventing mutations and cancer. The cell division 
cycle 25 (CDC25) family of phosphatases, which include CDC25A, 
CDC25B and CDC25C, regulate progression through the cell cycle 
and are important for maintaining genomic stability in response to 
DNA damage (reviewed in ref. 8). Functional overlap in CDC25 fam-
ily members is probable, since Cdc25b and Cdc25c null mice develop 
normally. In contrast, Cdc25a null mice are embryonic lethal, con-
sistent with an essential role for CDC25A in cell-cycle progression. 
These data also suggest that CDC25A may be an important target for 
cancer therapy (8).

In the normal cell, the removal of the inhibitory phosphates on 
CDK2 (cyclin-dependent kinase 2)  by the protein tyrosine phos-
phatase CDC25A allows for the activation of CDK2-Cyclin E 
and CDK2-Cyclin A, enabling advancement into and progression 
through S-phase (9). In response to UV-induced DNA damage, ataxia 
telangiectasia and Rad3-related is activated, which leads to degrad-
ation of CDC25A (9). Without CDC25A to activate cyclin-CDK 
complexes, which can result in cell-cycle arrest. Cell-cycle arrest 
allows time for DNA repair prior to DNA replication, thus prevent-
ing mutations (9). Aside from bypassing a mechanism for cell-cycle 
arrest, overexpression of CDC25A suppresses the cell’s response 
to oxidative DNA damage and stress, which is known to increase 
cancer risk (10). Further evidence of a role for CDC25A in cancer 
has been provided by immunohistochemical studies in human can-
cer. Increased CDC25A protein is found in breast, hepatocellular, 
ovarian, thyroid, esophageal and colorectal cancers, with its over-
expression frequently correlating with increased malignancy and 
poor prognosis (8). Inhibitors of CDC25 phosphatase activity inhibit 
growth of transplantable rat hematomas in vivo (11), an indication of 
their promise for clinical use.

Because of the role of the CDC25A phosphatase in DNA damage 
checkpoints, we hypothesized that deletion of Cdc25a in the skin 
would increase cell-cycle arrest following UV irradiation, allowing 
for improved repair of DNA damage and decreasing skin tumorigen-
esis. In order to investigate this hypothesis, the response of mice with 
a skin-targeted deletion of Cdc25a to UV irradiation was examined. 
This investigation revealed that deletion of Cdc25a accelerated elim-
ination of UV-induced DNA damage, increased apoptotic elimination 
of cells with DNA damage, reduced skin tumor growth at early time 
points, but surprisingly did not alter cell-cycle regulation or skin 
tumor multiplicity.

Materials and methods

Animals
Cdc25a fl/ fl mice with loxP sites inserted flanking exons 1–3 of the Cdc25a 
gene were developed on a C57BL/6 × C3HF1 background as described in (12). 
Cdc25a fl/ fl mice were crossed with Krt14 promotor-driven Cre recombinase 
mice on an FVB/N background (The Jackson Laboratory, Bar Harbor, ME) and 
progeny backcrossed to generate skin-targeted Cdc25a knockouts (Cdc25a fl/

fl/Cre+) and controls (Cdc25a fl/ fl/Cre-or Cdc25awt/wt/Cre+). v-rasHa transgenic 
Tg.AC mice on an FVB/N background were crossed with the Cdc25a mutants 
to produce Tg.AC+ Cdc25a mutants (Cdc25a fl/ fl/Cre+/Tg.AC+ and Cdc25a fl/

fl/Cre+/Tg.AC−) and controls (Cdc25a fl/ fl/Cre−/Tg.AC+ and Cdc25a fl/ fl/Cre−/
Tg.AC−). Genotyping was performed by PCR using the following primers: 
5ʹ-CAG AGC CTG AAG TCC TGT GAA GG-3ʹ and 5ʹ-CTG CCT AGT GTA 
GTT CCT ACA GCG-3ʹ (Cdc25a (12)); 5ʹ-ACC AGC CAG CTA TCA ACT 
CG-3ʹ and 5ʹ-TTA CAT TGG TCC AGC CAC C-3ʹ and 5ʹ-CTA GGC CAC 
AGA ATT GAA AGA TCT-3ʹ and 5ʹ-GTA GGT GGA AAT TCT AGC ATC 
ATC C-3ʹ (Krt14-Cre, the last two primers produce a positive control band in 

Abbreviations: 8-oxo-dG, 8-oxo-deoxyguanosine; ATR, ataxia telangi-
ectasia and Rad3-related; BrdU, bromodeoxyuridine; CDC25A, cell div-
ision cycle 25A; CDK2, cyclin-dependent kinase 2; CPD, cyclopyrimidine; 
DAPI, 4ʹ,6-diamidino-2 phenylindole; TBS-T, Tris-buffered saline Tween 20; 
TUNEL, terminal dUTP nucleotide end-labeling; UV, ultraviolet.
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all samples (13)); and 5ʹ-ATT CTG AAG GAA AGT CC-3ʹand 5ʹ-TGG ACA 
AAC TAC CTA CAG-3ʹ (Tg.AC (14)).

UV irradiation and tumor measurements
Eight-week-old Cdc25a mutant and control Tg.AC− mice (for short-term 
experiments) or 20-week-old Cdc25a control and mutant Tg.AC+ mice (for 
the tumor experiment) were sham or UV irradiated once a week over a period 
of 4 weeks for a cumulative exposure of 4.3 kJ/m2. Cdc25a mutant and con-
trol Tg.AC− mice exposed to 1 kJ/m2 or sham irradiated were euthanized 
18 h later. UV irradiation was generated using Ultraviolet B TL 40W/12 RS 
bulbs (The Richmond Light Company, Richmond, VA) covered with Kodacel 
triacetate film to block UVC (Eastman Kodak, Rochester, NY), resulting 
in approximately 30% UVA and 70% UVB measured using Oriel Goldilux 
radiometric photodetector probes (Newport Corporation, Irvine, CA). Dorsal 
hair was clipped the day before UV irradiation using a Wahl clipper (Wahl 
Clipper Corporation, Sterling, IL) and close shaved with a Braun Series 3 
shaver (Proctor and Gamble, Cincinatti, OH) just before exposure. Mice were 
injected with approximately 0.075 mg per gram body weight bromodeoxyu-
ridine (BrdU) (Sigma-Aldrich, St.Louis, MO) 1 h before euthanasia. Tumor 
diameter in two dimensions was measured using calipers and tumor size cal-
culated as length times width. All procedures were approved by the Creighton 
University Institutional Animal Care and Use Committee.

Immunoblotting
Epidermis was separated from the skin using the heat shock method as 
described in (15). Protein was extracted from tumors or epidermis in lysis 
buffer containing 10 mM Tris (pH 7.4), 150 mM sodium chloride, 10% glyc-
erol, 1% Triton X-100, 1 mM ethylenediaminetetraacetic acid, 1X Complete 
Protease Inhibitor Cocktail (Roche, Germany), 1 mM sodium orthovanadate 
(ICN Biomedicals, Aurora, OH), 1.5  µM ethylene glycol tetraacetic acid 
(Sigma, St.Louis, MO) and 10 µM sodium fluoride using a tissue homoge-
nizer (Tissue Master 125, Omni International LLC, Bedford, NH). Protein was 
quantified using Coomassie Brilliant Blue G-250 (Bio-Rad, Hercules, CA). 
Immunoblotting was performed using standard techniques with antibodies rec-
ognizing CDC25A (1:200 Santa Cruz, Santa Cruz, CA), actin (Sigma-Aldrich, 
St.Louis, MO) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Cell 
Signaling, Boston, MA). Horseradish peroxidase–conjugated secondary anti-
bodies (Cell Signaling, Beverly, MA), chemiluminescent reagents (Pierce, 
Rockford, IL) and autoradiography were used to visualize results. Ponceau S 
staining (Sigma-Aldrich, St.Louis, MO) and actin immunoblotting confirmed 
the evenness of loading and transfer. Densitometry was performed using 
ImageLab software (Bio Rad Life Science Research, Rochester, NY).

Immunostaining, TUNEL and morphometric analyses
Hematoxylin and eosin (Sigma-Aldrich, St.Louis, MO) staining was performed 
using standard techniques. Ethanol-fixed tissue sections were incubated in 
BrdU (1:3, Becton Dickinson, Franklin Lakes, NJ) or CPD (1:1000, Kamiya 
Biomedical, Seattle, WA) antibody and formalin-fixed sections were incu-
bated in cleaved caspase-3 (Cell Signaling, Beverly, MA) or phospho-histone 
H2A.X (Millipore, Billerica, MA) antibody. Sections were then incubated in 
Alexa-Fluor 488 (Invitrogen, Carlsbad, CA) or biotinylated F(Ab)2 fragment 
goat antimouse secondary (Jackson ImmunoResearch, West Grove, PA), fol-
lowed by Texas-Red Streptavidin (Vector Laboratories, Burlingame, CA) and 
4ʹ,6-diamidino-2-phenylindole (DAPI) in mounting media (Molecular Probes, 
Invitrogen, Carlsbad, CA). Terminal transferase dUTP nick-end labeling 
(TUNEL) (Promega, Madison, WI) was performed following the manufac-
turer’s protocol. Immunohistochemistry for CDC25A was performed using 
anti-CDC25A antibody (Santa Cruz, CA), horseradish peroxidase–conjugated 
secondary antibody (Vector Labs, Burlingame, CA), diaminobenzidine sub-
strate (Sigma Chemical Corp.) and hematoxylin counterstain (Sigma Chemical 
Corp). For some experiments, cleaved caspase-3 and γH2A.X immunofluores-
cence were performed as described above and results photographed. Coverslips 
were removed and slides were washed overnight with agitation with several 
changes of phosphate-buffered saline and incubated in stripping solution con-
taining 200 µM glycine and 3.5 µM sodium dodecyl sulfate (Fisher Scientific), 
before immunohistochemistry for CDC25A. Controls for the immunostaining 
and TUNEL included replacing enzyme with buffer for TUNEL and replacing 
primary antibody with buffer for immunostaining. BrdU- and TUNEL-positive 
cells were quantified by counting positively stained cells and the DAPI-positive 
basal cells in each section using a ×20 objective with the investigator blinded 
as to the identity of the sample.

Flow cytometric analysis
Cell-cycle analysis was performed using flow cytometry of 50  µm sections 
from formalin-fixed paraffin-embedded blocks as described in (16). The 
sections were deparaffinized, rehydrated, digested in 0.05% pepsin (Sigma, 
St.Louis, MO) in phosphate-buffered saline with pH 1.5 and then incubated in 

Tris Buffered Saline (pH 7.6), Ribonuclease-A, propidium iodide and IGEPAL 
CA-630 (Sigma, St.Louis, MO (17)) before analysis using a FACSCalibur flow 
cytometer (Becton Dickinson, Franklin Lakes, NJ) and CellQuest analysis 
(BD Biosciences, San Jose, CA).

Southwestern assays
Epidermis was collected by liquid nitrogen scraping of flash-frozen skin as in 
(18). DNA was extracted from the epidermis by incubating in buffer contain-
ing 200 µg/ml Proteinase K and 100 mM NaCl in 10% SDS, 50 mM EDTA 
and 100 mM Tris (pH 8.0). DNA was precipitated in 4.21 M NaCl, 0.63 M KCl 
and 10 mM Tris (pH 8.0) with two volumes 100% ethanol. DNA was resus-
pended in 0.4 mM NaOH and 0.1 mM EDTA (Sigma, St.Louis, MO), heated 
to 95°C and neutralized with 2 M ammonium acetate. DNA was blotted onto 
a nitrocellulose membrane, dried, blocked in 5% bovine serum albumin in 
Tris-buffered saline with 0.1% Tween-20 (TBS-T), incubated in primary anti-
body (Anti-8-oxo-dG, 1:500, Japan Institute for Control on Aging, Shizuoka, 
Japan or Anti-Thymine Dimer, 1:500, Kamiya Biomedical Company, Seattle, 
WA), washed in TBS-T, incubated in horse antimouse IgG horseradish per-
oxidase–linked secondary (1:10 000, Cell Signaling Technologies, Beverly, 
MA) in 5% bovine serum albumin /TBS-T. Blots were washed in TBS-T and 
signal was detected by incubation with LumiGLO chemiluminescent Reagent 
(1:1, Cell Signaling Technologies) using a BioRad Chemidoc XRS+ (Bio 
Rad Life Science Research, Hercules, CA) or by exposure of Kodak BioMax 
Film (Carestream Health, Rochester, NY). Densitometry was performed using 
ImageLab software (Bio Rad Life Science Research).

Statistical analyses
A Student’s two-tailed t-test or two-way analysis of variance (ANOVA) were 
used to determine statistical significance. P ≤ 0.05 was considered to be 
significant.

Results

Deletion of Cdc25a-accelerated elimination of DNA damage from 
UV-exposed skin
To test our hypothesis that deficiency of CDC25A allows for more 
efficient repair of DNA damage following UV irradiation, skin-
targeted Cdc25a mutant mice were developed by breeding mice 
homozygous for loxP sites inserted flanking exons 1 through 3 of 
Cdc25a (Cdc25a fl/ fl) with Krt14 promoter-driven Cre recombinase 
(Cre+) mice. Cdc25a mutant mice (Cdc25a fl/ fl/Cre+) were healthy and 
viable, with no obvious phenotype. Immunoblotting revealed reduced 
CDC25A protein in mutant epidermis (Figure 1A). CDC25A protein 
was localized primarily in the epidermis of control mice, with both 
nuclear and cytoplasmic staining apparent (Figure 1B), as has been 
previously described in other tissues (19). Cdc25a mutant skin, in 
contrast, had patches of CDC25A positivity intermixed with CDC25A 
negative cells in the epidermis (Figure 1B). Groups of Cdc25a control 
and mutant mice were exposed to UV once a week for 4 weeks and 
DNA damage in the form of cyclopyrimidine dimers was detected 
using a CPD-specific antibody in immunofluorescence assays. CPDs 
were not detected in sham-irradiated skin (Figure  2A). After 12 h 

Fig. 1. Decreased CDC25A protein in Cdc25a mutant epidermis. 
(A) Epidermis from Cdc25a mutant and littermate control mice was 
immunoblotted as indicated. Each lane is protein from a separate mouse.  
(B) Immunohistochemistry for CDC25A (brown) in untreated Cdc25a mutant 
and littermate control mice with a hematoxylin counterstain (blue). Scale bar 
indicates 50 µm.
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of UV irradiation, CPDs were detected in the basal and suprabasal 
keratinocytes of the epidermis, as well as fibroblasts of the superficial 
dermis (Figure  2A). In order to quantify CPDs, Southwestern 
assays were performed using isolated epidermis, revealing levels of 
cyclopyrimidine dimers that peaked 2 h following UV irradiation in 
both mutant and control mice (Figure 2B and 2C), corresponding to 
the rapid formation of cyclopyrimidine dimers in both mutant and 
control mouse skin. Consistent with our hypothesis, mutant Cdc25a 
skin eliminated cyclopyrimidine dimers from the epidermis more 
rapidly as evidenced by the return to background, sham-irradiated 
levels by 36 h following UV, whereas controls still had elevated CPDs 
at 72 h (Figure 2A and 2C).

Another form of DNA damage resulting from the formation of 
reactive oxygen species in response to UV irradiation is the 8-oxo-dG 
adduct (6). Southwestern assays were performed using an 8-oxo-dG 
antibody in order to quantify relative levels of 8-oxo-dG in Cdc25a 
control and mutant epidermis. Surprisingly, sham-irradiated mouse 

skin had more 8-oxo-dG than at 2 h after UV irradiation for both 
Cdc25a controls and mutants (Figure 2D and 2E). Thereafter, levels 
peaked at 12 h post-UV before declining. The 8-oxo-dG adducts were 
removed from Cdc25a mutant epidermis earlier than from controls, 
with significantly less in mutants compared with controls at 72 h fol-
lowing UV (Figure 2E). Consistent with our hypothesis, CPDs and 
8-oxo-dG adducts were removed from Cdc25a mutant skin more 
quickly than from controls.

Deletion of Cdc25a did not reduce cutaneous proliferation
In order to determine whether accelerated removal of UV-induced 
DNA damage upon deletion of Cdc25a was due to cell-cycle arrest 
in Cdc25a mutant epidermis, both the cell proliferation and the 
cell cycle were examined. Quantification of BrdU-positive cells as 
a measure of cell proliferation revealed no difference in the number 
of BrdU-positive cells in sham-irradiated Cdc25a mutant and con-
trol epidermis (Figure 3A and 3B). There was little change in BrdU 
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Fig. 2. Improved elimination of UV-induced DNA damage in CDC25A-deficient epidermis. (A–D) Groups of 8-week-old Cdc25a mutant and littermate control 
mice were exposed four times for a cumulative dose of 4.3 kJ/m2 UVA/B or were sham irradiated and euthanized at the indicated time points following the last 
exposure (N ≥ 3 mice). Representative images for immunofluorescence for CPD shown, with CPD in red and DAPI in blue (A). Southwestern blots using CPD 
(B) or 8-oxo-dG (D) antibodies are shown, where each spot is DNA from a separate mouse. DNA (0.25 µg) from each mouse was blotted in duplicate on each 
membrane (not shown). Quantification of multiple Southwestern assays for CPD (C) or 8-oxo-dG (E) was averaged. *Indicates a significant difference compared 
to the corresponding UV-exposed control group using ANOVA, where P ≤ 0.05. Scale bar indicates 60 µm.
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labeling after UV irradiation in either genotype until 18 h (Figure 3B). 
By 18 h following UV irradiation, proliferation began to increase and 
then peaked at 36 h post-UV irradiation in both genotypes before 
declining (Figure 3A and 3B). Surprisingly, there was no significant 
difference in BrdU incorporation between the Cdc25a mutants and 
controls at any time point following UV irradiation (Figure 3A and 3B).

To further examine the effect of CDC25A on the cell cycle, DNA 
content flow cytometry was performed. Similar to the BrdU incor-
poration results, the percentage of cells in S-phase increased signifi-
cantly between 2 h and 36 h post-UV irradiation for Cdc25a mutants 
(P = 0.01), with a corresponding decrease in G0/G1-phase cells, and 
then S-phase cells declined (Figure 3C and 3D). Although there were 
no significant differences in a direct comparison of the genotypes, 
S-phase cells did not increase significantly between 2 h and 36 h 
post-UV irradiation in the control genotype (P = 0.60). Interestingly, 
mean G2/M-phase cells were significantly reduced in UV-exposed 
Cdc25a mutant compared with control mice (Figure  3E). Taken 
together, these results reveal surprisingly little effect of CDC25A on 
the cell cycle following UV exposure.

UV-induced apoptosis was prolonged in Cdc25a mutants compared 
with controls
Given that elimination of DNA damage was improved in the absence 
of cell-cycle arrest in Cdc25a mutant skin, we hypothesized that abla-
tion of Cdc25a might increase apoptosis in response to UV irradi-
ation. The number of TUNEL-positive epidermal cells increased in 
Cdc25a controls following UV exposure, peaking at 12 h and then 
decreasing to near baseline levels by 18 h (Figure  4A, arrowheads, 
Figure 4B). An increase in TUNEL positivity in the superficial cells 

of the dermis was also detected after UV irradiation (Figure  4A). 
Although the numbers of Cdc25a mutant TUNEL-positive epidermal 
cells were similar 12 h after UV exposure, mutant skin had signifi-
cantly more TUNEL-positive cells at 18 h following UV in compari-
son with control skin (Figure 4A, arrowheads, Figure 4B). Staining 
of cleaved caspase-3 positive cells also demonstrated maximal apop-
tosis in Cdc25a control and mutant epidermis 12 h post-UV irradi-
ation (Figure  4C, green nuclei). In addition, increased apoptosis in 
mutant epidermis compared with control was confirmed at 18 h post-
UV irradiation (Figure 4C, green nuclei).

To determine whether increased apoptosis in mutant skin was a 
mechanism for the elimination of cells with DNA damage, double 
labeling of cleaved caspase-3, an apoptotic marker, and γH2A.X, 
a DNA damage marker, was performed. Many cleaved caspase-3 
positive cells were also positive for phosphorylated histone γH2A.X 
(Figure 4C, arrows). Triple labeling for CDC25A, cleaved caspase 3 
and γH2A.X revealed some cells lacking CDC25A that were posi-
tive for both cleaved caspase-3 and γH2A.X (Figure  4D, arrows). 
Surprisingly, apoptotic cells were also detected adjacent to, as well 
as distant from, cells with DNA damage (Figure 4C). Thus, genetic 
deletion of Cdc25a in murine epidermis increased apoptotic death of 
cells with DNA damage following UV irradiation.

Decreased tumor growth in Cdc25a-deficient mice without altered 
tumor incidence or tumor multiplicity
In order to examine the influence of CDC25A on UV-induced skin 
tumorigenesis, Cdc25a mutants and controls were crossed with 
v-rasHa transgenic Tg.AC mice, which were genetically initiated to 
develop skin papillomas after minimal exposure to UV (20,21). These 
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Fig. 3. Unaltered proliferative response to UV irradiation upon deletion of Cdc25a. Groups of 8-week-old Cdc25a mutant and littermate control mice were 
exposed four times for a cumulative dose of 4.3 kJ/m2 UVA/B or were sham irradiated and euthanized at the indicated time points following the last exposure. 
Representative images for BrdU immunofluorescence (A) and quantification of BrdU labeling index (B) are shown. Red is BrdU and blue is DAPI (A). Bar 
indicates 60 µm (A). DNA content flow cytometry was performed on 50 µm skin sections and the percentage of G0/G1 (C), S-phase (D) and G2/M cells (E) are 
shown. *Indicates a significant difference when compared with the corresponding UV-exposed control group using two-way ANOVA, where P ≤ 0.05 (E).
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transgenic mice have markedly increased susceptibility to the devel-
opment of UV-induced skin tumors, allowing for easy quantification 
of tumors in response to UV. Mutations in c-rasHa occur in up to 46% 
of human non-melanoma skin cancers (22–25), supporting the rele-
vance of the Tg.AC model for skin cancer research. Tumors were first 
observed in UV-exposed Cdc25a control mice at 3 weeks after the 
start of UV irradiation and at 4 weeks in the mutants (Figure 5A). 
By 5 weeks, Tg.AC+/Cdc25a mutants had an average of 1 tumor per 
mouse and controls had about 2.5 tumors per mouse. Tumor num-
ber in the controls peaked at 6 weeks with a mean of 4.3 tumors 
per mouse. In the mutants, tumor number peaked at 7 weeks with 
nearly 4 tumors per mouse (Figure 5A). Tumor multiplicity decreased 
after this primarily due to euthanasia of moribund mice or of mice 
with a heavy tumor burden. There were no statistical differences in 
tumor multiplicity or tumor incidence between genotypes at any time 
point (Figure 5A-B). Between 4 and 6 weeks following the start of 
the experiment, Cdc25a mutants had significantly smaller tumors 
as compared with controls (Figure 5C). However, between 7 and 9 
weeks post-UV irradiation, a large decrease in the mean tumor area 

for the Cdc25a control group upon euthanasia of one mouse with a 
high tumor burden eliminated this difference (Figure  5C). At later 
time points, tumor areas were similar in the two genotypes, as some 
mice were euthanized for health reasons, and tumor area did not sig-
nificantly differ between the two groups for the duration of the experi-
ment. Histopathological characterization revealed that most lesions 
were well-circumscribed, exophytic tumors with marked papilloma-
tosis, acanthosis and variable hyperkeratosis (Supplementary Figure 1 
is available at Carcinogenesis Online). Mitotic activity was minimal 
and no epithelial atypia or invasion was noted. A single squamous cell 
carcinoma in situ was identified in each of the UV-exposed Cdc25a 
mutant and control groups.

To determine whether decreased CDC25A was maintained in the 
tumors, immunoblotting for CDC25A was performed with tumors 
obtained within the last 2 weeks of the experiment. As shown in 
Figure 5D, CDC25A was not decreased in the Cdc25a mutant tumors 
as it was in Cdc25a mutant skin (Figure  1A and 1B). Real-time 
RT–PCR demonstrated similar Cdc25a transcripts in tumors from 
Cdc25a mutant and control mice (data not shown). Because stromal 

Fig. 4. Increased UV-induced apoptosis of cells with DNA damage in Cdc25a mutant epidermis. (A–D) Groups of 8-week-old Cdc25a mutant and littermate 
control mice were exposed four times for a cumulative dose of 4.3 kJ/m2 UVA/B or were sham irradiated and euthanized at the indicated time points following 
the last exposure. Representative images for TUNEL (A) and quantification of TUNEL labeling index in the epidermis (B) are shown. Blue is DAPI and green 
is TUNEL-positive cells (A). (A) Arrowheads indicate TUNEL-positive epidermal cells and scale bar indicates 60 µm. (B) *Indicates a significant difference 
when compared with the corresponding UV-exposed control group using two-way ANOVA, where P ≤ 0.05 (B). (C) Representative images of double 
labeling for cleaved caspase-3 (green) as a measure of apoptosis, γH2A.X (red) as a measure of DNA damage, and DAPI (blue) to identify nuclei are shown. 
Photomicrograph showing red fluorescence only is shown below the multicolor panels at 12 and 18 h for better visualization of γH2A.X immunofluorescence. 
Arrows indicate cleaved caspase-3- and γH2A.X-double positive cells. Scale bar indicates 60 µm. (D) CDC25A immunohistochemistry (top), cleaved 
caspase-3 immunofluorescence (middle) and γH2A.X immunofluorescence (bottom) is shown in Cdc25a mutant skin 18 h post-UV. The arrow indicates a 
CDC25A-negative keratinocyte that is positive for caspase-3 (green) and γH2A.X (red).
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CDC25A could mask decreased CDC25A protein or transcripts 
in the mutants in these experiments, CDC25A localization was 
also examined. Although CDC25A immunostaining of mutant skin 
revealed patches of cells with strong CDC25A staining next to 
regions lacking CDC25A immunopositivity (Figure  1B), CDC25A 
was detected uniformly in mutant tumor epithelium although with 
fainter signal than in control tumor epithelium (Figure 5E). CDC25B 
and CDC25C were also detected in control and mutant tumors but 
were not increased in mutants compared with controls, indicating no 
compensatory upregulation of other family members in the mutant 
tumors (data not shown). Real-time RT–PCR for Cdc25b and Cdc25c 
also did not reveal any compensatory increase in Cdc25a family 
member expression that may have been detected non-specifically 
by the CDC25A antibody (data not shown). Taken together, these 
experiments suggest a negative selection pressure for cells lacking 
CDC25A during UV-induced skin tumorigenesis.

Discussion

Although CDC25A is overexpressed in a number of internal cancers 
including breast, colorectal and esophageal cancer and associated with 
a poor prognosis (8), little is known about the role of CDC25A in skin 
carcinogenesis. The CDC25A phosphatase plays an important role 
in cell-cycle regulation through its deactivation of cyclin-dependent 
kinases. Previous experiments in our laboratory have shown that 
Erbb2 activation in response to UV irradiation maintains CDC25A 
levels, allowing for cell-cycle progression (16). Inhibition of Erbb2 
leads to decreased CDC25A, increased S-phase arrest and reduced 
skin tumorigenesis following UV irradiation. For these reasons, the 

role of CDC25A in UV-induced skin carcinogenesis and the response 
of skin to UV were investigated.

In order to investigate the role of CDC25A in non-melanoma skin 
tumorigenesis, a skin-targeted Cdc25a mutant mouse was created by 
utilizing a Krt14 promoter-driven Cre recombinase gene. Krt14 is 
expressed in the basal layer of the epidermis by embryonic day 14 
(26), before development of hair follicles as outgrowths of the epider-
mis or differentiation of the basal layer into multilayered squamous 
epidermis (27–29). We expected that Cdc25a would be targeted to 
keratinocytes of the skin, both in the epidermis and in the hair folli-
cles. Our results are consistent with incomplete excision of the floxed 
allele in the cre/loxP system (30), as our immunoblotting and immu-
nostaining results revealed some CDC25A protein in Cdc25a fl/ fl/Cre+ 
epidermis. Moreover, CDC25A protein was detected uniformly in 
mutant tumor epithelium, indicating a selection bias for Cdc25a intact 
cells during tumorigenesis.

The skin-targeted Cdc25a knockout model was used to investigate 
the hypothesis that deletion of Cdc25a increases cell-cycle arrest fol-
lowing UV irradiation, resulting in improved repair of DNA damage 
and decreased skin tumorigenesis. Consistent with our hypothesis, 
the UV signature CPD lesion and the oxidized base 8-oxo-dG were 
removed from the epidermis more rapidly in UV-exposed Cdc25a 
mutants compared with UV-exposed controls. Removal of DNA 
damage may have been due to accelerated repair, altered cell-cycle 
kinetics or increased apoptosis of cells with DNA damage. Although 
nucleotide excision repair can be used for oxidative damage (reviewed 
in ref. 31), CPDs and 8-oxo-dGs would normally be repaired through 
distinct mechanisms, nucleotide excision repair for CPDs and base 
excision repair for 8-oxo-dG as reviewed in ref. 5. Thus, our results 

Fig. 5. Smaller tumors in UV-exposed Cdc25a mutant skin but no difference in tumor incidence or multiplicity. (A–F) Groups of 20-week-old 
Cdc25a mutant and littermate control mice were exposed four times for a cumulative dose of 4.3 kJ/m2 UVA/B or were sham irradiated and 
tumor development monitored (N = 10 mice). Tumor multiplicity (A), tumor incidence (B) and mean tumor area (C) are shown. *Indicates 
a significant difference when compared to the corresponding Cdc25a control group. (D) Immunoblotting of papillomas using the indicated 
antibodies. Numbers under the panel indicate the mean for densitometry after normalization to GAPDH. Each lane is protein from a separate 
tumor. (E) Immunohistochemistry for CDC25A in Cdc25a mutant and control papillomas. Brown is CDC25A immunostaining and blue is 
hematoxylin counterstain. Scale bar indicates 50 µm.
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suggest CDC25A modulation of cell-cycle arrest or cell death facili-
tates elimination of the damage rather than a direct effect on DNA 
damage repair pathways. Consequently, we anticipated that ablation 
of Cdc25a would increase S-phase arrest due to its established role 
in cell-cycle regulation. Surprisingly, however, deletion of Cdc25a 
had minimal effects on the cell cycle after UV irradiation. In addition 
to the analyses of proliferation following several exposures to UV, a 
similar analysis of BrdU incorporation was performed using Cdc25a 
mutant and control skin 18 h after 1 kJ/m2 UV irradiation, revealing 
no significant differences between genotypes using a Student’s t-test 
(P = 0.29).

In the absence of cell-cycle changes to account for improved 
elimination of UV-induced DNA damage, apoptotic cell death was 
examined. In control mice, UV-induced apoptosis peaked at 12 h and 
then declined precipitously by 18 h. In the mutant skin, in contrast, 
apoptosis increased at 12 h and was maintained at that elevated level 
until 18 h, as observed both through TUNEL and cleaved caspase-3 
immunofluorescence. Because many cleaved caspase-3 positive cells 
were also positive for phosphorylated histone H2A.X, and some of 
these were lacking CDC25A, the elevated apoptosis would result in 
the elimination of cells with DNA damage. Thus, accelerated removal 
of CPDs and 8-oxo-dG adducts in Cdc25a mutants was likely due to 
increased apoptosis of damaged cells. A role for CDC25A in suppres-
sion of apoptotic cell death has previously been documented by Zou, 
et al. (10) who found that CDC25A interacts directly with and inhibits 
apoptosis signal-regulating kinase 1, which is activated in response 
to reactive oxygen species and regulates multiple proteins involved 
in the cellular stress-response pathway leading to apoptosis. Thus, 
CDC25A may inhibit the apoptotic response to oxidative stress. In 
our hands, CDC25A appeared to limit the apoptotic response to UV, 
although the mechanism for this effect awaits further investigation.

The influence of CDC25A on UV-induced tumor development was 
evaluated in v-rasHa Tg.AC mice, a genetically initiated model that 
rapidly and uniformly develops skin tumors in response to carcino-
gens such as UV irradiation. The mutant transgene in this model is 
relevant to human skin carcinogenesis, because up to 46% of human 
cutaneous squamous-cell carcinomas have Ras mutations (22–25). 
There was no difference in tumor number or incidence between 
Cdc25a mutant and control genotypes. However, Cdc25a mutant 
mice had slower growing skin tumors, as tumor area in the mutant 
group was statistically less than Cdc25a controls in the first 6 weeks 
of the experiment. This difference disappeared at later time points, as 
some mice with high tumor burdens were euthanized for humane rea-
sons. Thus, in these experiments, deletion of Cdc25a reduced tumor 
growth only early on but did not affect tumor number. The increased 
apoptosis in Cdc25a mutant keratinocytes following UV exposure 
may have resulted in decreased growth of tumors at early time points. 
Because the Cdc25a deletion is inefficient in this model, an increase 
in cell death in Cdc25a mutant cells may have led to the overgrowth 
of CDC25A-expressing cells over time. This could result in the differ-
ences between Cdc25a mutants and controls disappearing at later time 
points, consistent with our data. The improved elimination of DNA 
damage in Cdc25a mutant mice predicted decreased tumorigenesis in 
the mutants. The lack of decrease in tumor number upon deletion of 
Cdc25a may be a consequence of the Tg.AC model used, because in 
this model tumor development correlates strongly with proliferative 
and hyperplastic responses (32). Because only four exposures to UV 
are adequate to promote tumors in this model, UV-induced DNA dam-
age may have had less influence on tumorigenesis than UV-induced 
cell proliferation. Alternatives to the Tg.AC model, such as UV irra-
diation of Cdc25a mutant mice on a hairless SKH-1 background, 
might reveal a more pronounced effect of CDC25A. Alternatively, the 
lack of deletion of Cdc25a in many epidermal cells (Figure 1B) may 
have allowed for the development of CDC25A-expressing tumors 
in the mutant mice, a hypothesis consistent with our immunoblot-
ting, immunostaining and real-time RT–PCR results using mutant 
and control tumors. It is also possible that CDC25B and CDC25C 
could compensate for the loss of CDC25A in the skin, as has been 
shown previously in adult mice (12). However, real-time RT–PCR 

and immunostaining did not show increased CDC25B or CDC25C in 
mutant tumors (data not shown).

To summarize, decreased levels of CDC25A in UV-irradiated skin 
resulted in accelerated removal of DNA damage in the epidermis and 
increased apoptotic cell death, which were accompanied by decreased 
tumor growth but no change in tumor number. Inhibitors of CDC25A 
have been developed such as the vitamin K dual-specificity phos-
phatase inhibitor Cpd5 and the CDC25A-specific phenyl maleimide 
20 (PM-20, (33,34)). PM-20 reduces the tumor burden in rat liver can-
cer in vivo (34). Thus, in other organs, CDC25A has been shown to 
be a promising target for anticancer therapy. The data presented here, 
however, document improved elimination of DNA damage, increased 
UV-induced apoptosis and delayed tumor growth in Cdc25a mutant 
skin, but no differences in the number of UV-induced skin tumors in 
Cdc25a mutant mice. Further experiments are required to fully evalu-
ate the influence of CDC25A and its potential importance as a thera-
peutic target in skin cancer.

Supplementary material

Supplementary Figure 1 can be found at http://carcin.oxfordjournals.
org/
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