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II.  Deregulation of the cell cycle machinery in OSCC and NSCLC: 

Deregulated cell cycle progression is a hallmark of cancer.  Multiple genetic and 

epigenetic changes that impact cell cycle occur during the evolution of normal cells into 

cancer cells. This evolution is facilitated in cancer cells by loss of fidelity in the processes 

that replicate, repair, and segregate the genome. Fidelity is normally achieved by the 

coordinated activity of checkpoint controls, cyclin-dependent kinases, and repair 

pathways.28 

There are at least two main checkpoints that detect DNA damage: one at the G1-S 

transition and one at the G2-M transition.29Considerable experimental evidence supports 

the view that bypassing the cell cycle checkpoint of the G1-S/G2-M can lead to genomic 

instability, inappropriate survival of genetically damaged cells, and the evolution of cells 

to malignancy. This could occur early in cancer progression, or later in tumorigenesis and 

contribute directly to survival of cells under inappropriate physiological conditions.28,29  

Strategies that reduce instability could reduce the incidence or rate of cancer 

development.30In this context, several important properties of checkpoints merit 

consideration. CDK/cyclin complexes are the main gate keepers of the eukaryotic cell 

cycle and the terminal targets of the checkpoint pathways.31 Understanding the molecular 

events that alter the expression and activity of the CDK/cyclin complexes, as well as 

understanding the epigenetic factors that contribute to gene methylation and silencing of 

CDK/cyclin inhibitors like the Ink/Arf group of genes,32,33is required to develop 

preventive and therapeutic strategies aiming to minimize genomic instability in OSCC 

and NSCLC (Figure 4).34  
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Figure 4.Cell cycle regulators as therapeutic targets for cancer therapy.34 Activation of 
cell cycle regulators CDK/cyclin complexes (blue), by cell Division Cycle 25 
phosphatases (CDC25), overexpression of Cyclin D1 or inactivation of negative cell 
cycle regulators, CDK/cyclin inhibitors (cream) the INK4/ARF and WAF/CIP family are 
all implicated in OSCC and NSCLC. 
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1. Enhancer of Zeste Homolog 2: 

 

Enhancer of Zeste Homolog 2 (EZH2) is a highly conserved histone 

methyltransferase that has been shown to be critical for DNA methylation and gene 

silencing. It complexes with suppressor of zeste 12 (SUZ12) and Embryonic ectoderm 

development (EED) to form the multimeric Polycomb Repressive Complex 2 (PRC2).35 

It is the catalytic subunit of the PRC2 that methylates lysine-27 of histone H3 (H3-K27). 

EZH2 can recruit histone deacetylase enzymes in case the H3-K27 was previously 

acetylated. In addition, EZH2 has been suggested to be a prerequisite for DNA methyl 

transferases (DNMTs) binding to EZH2-repressed genes (Figure 5).35-37  

Overexpression of EZH2 has been observed and correlated with poor prognosis in 

several human malignancies.38-40It has been linked to cycling cells  and Ki-67 in 

lymphomagenesis and prostate cancer.41,42 Furthermore, EZH2 was required to maintain 

proliferative phenotype of Ras mutated myeloma cell lines.43   

Since hypermethylation generally leads to more stable inactivation of gene 

expression, this epigenetic alteration is considered to be a key pathway for long-term 

silencing of tumor suppressor genes.44 Forced expression of EZH2 in prostate cancer 

showed transcriptional repression of a cohort of genes which included cell cycle 

inhibitors. 41 Interestingly, EZH2 has been shown to be up regulated in OSCC and 

NSCLC, in which cell cycle inhibitors are recognized as critical tumor suppressor genes, 

and their expression are often downregulated by promoter hypermethylat ion in both 

malignancies.10,39,40 ,45  
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Figure 5.Epigenetic modulation by
and EED: EZH2 di-methylates and tri
thus providing a docking site for the PRC1 proteins. PRC1 binding prevents 
transcriptional activators 
control acting downstream of the pRB
through histone H3-K27 methylation by PRC2 in cooperation
recruit DNA methyltarnsferase DNMT3. 

 

 

 

 

Epigenetic modulation by EZH2. A. PRC2 complex formed of EZH2, SUZ12 
methylates and tri-methylates H3K27 (methyl group in red balls)

thus providing a docking site for the PRC1 proteins. PRC1 binding prevents 
 recruitment.35 B. PRC2 complex is central to proliferation 

control acting downstream of the pRB-E2F pathway. Target genes are initially silenced 
K27 methylation by PRC2 in cooperation with HDAC and may also 

recruit DNA methyltarnsferase DNMT3. 36  
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The epigenetic modulator EZH2 was described to modulate the INK4/ARF locus in 

mouse embryonal fibroblasts during cellular senescence.33 When cells enter senescence, 

the binding of EZH2 is lost,  leading to a decreased level of histone H3K27 

trimethylation (H3K27me3) that correlates with the expression of the Ink4a/Arf genes 

involved in inhibition of the cell cycle progression.33 In addition, recent advances 

describe EZH2 to compete with HDAC1 on binding to pRb, which inhibited HDAC1-

dependent pRb transcriptional repression of cyclin A and E2F.46,47 

Cell cycle progression in response to EZH2 deregulation provides novel links 

between chromatin remodeling, cell cycle progression, and cancer development, 

suggesting EZH2 as an oncogene that plays a significant role in tumorigenesis (Figure 

5).44 Unraveling the mechanism by which EZH2 affects CDK/cyclin complexes and 

Ink4/Arf genes in OSCC and NSCLC may contribute to better therapeutic strategies 

targeting EZH2 in cancer therapy.46 It is unlikely that all methylation changes play a 

causative role in tumorigenesis, and it is a challenge today to pinpoint those crucial genes 

that are susceptible to epigenetic modulation and are functionally important in preventing 

tumorigenesis. 48 
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2. Cell Division Cycle 25A Phosphatase: 
 

Cell Division Cycle 25A (CDC25A) phosphatase is a member of the Cell Division 

Cycle family of phosphatases, it is a critical regulator of cell cycle progression and 

checkpoint response.49,50 Indeed, CDC25A has been described in several malignancies 

including OSCC and NSCLC, as well as linked to poor prognosis.51-54 

CDC25A is a dual specificity phosphatase that functions to remove the inhibitory 

phosphates of threonine and tyrosine residues in the ATP-binding sites of the CDKs -the 

main gatekeepers of cell cycle- promoting cell cycle progression (Figure 6A).49 The cell 

cycle promoting phosphatase CDC25A is also a downstream target for the CHK1-

mediated checkpoint pathway under unperturbed cell cycle as well as under DNA 

damaging  conditions (Figure 6B and C).49,50
 Chk1 targeting CDC25A for proteosomal 

degradation after UV radiation caused inhibition of  CDKs/cyclins activities and 

accordingly prevented cells with chromosomal abnormalities from progressing through 

cell division.55Given the role of CDC25A in activating CDKs throughout the cell cycle, 

the CHK-CDC25A-CDK checkpoint pathway is considered an early wave of checkpoint 

that precedes the p53 dependent checkpoint and a major p53- independent mechanism of 

cell cycle arrest or delay in G1, S, and G2.56 

 Studies on MMTV-CDC25A transgenic mice suggested CDC25A overexpression  

to exhibit alveolar hyperplasia in the mammary tissue but do not develop spontaneous 

mammary tumors.57 However, the MMTV-CDC25A transgene markedly shortened 

latency of tumorigenesis in MMTV-ras mice and accelerated tumor growth with more 

invasive characteristics and cell cycle miscoordination in MMTV-neu mice.55 
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Figure 6.CDC25A phosphatase control cell cycle progression and is a downstream 
effector of CHK1 checkpoint pathway.
phosphorylating CDK/cyclin
mitosis.50 B. Checkpoint-
unperturbed (a) as well as
phosphorylation events regulate CDC25A
regulatory domain of the protein 
degradation (C-terminal catalytic domain
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phosphatase control cell cycle progression and is a downstream 
effector of CHK1 checkpoint pathway. A. CDC25A, B and C are involved in 

cyclin complexes, such as CDK1/cyclin B at the entry into 
-induced degradation of the CDC25A phosphatase

(a) as well as DNA damaging conditions (b).51 C. Multiple key 
ents regulate CDC25A. Most are located within the N

egulatory domain of the protein and regulate its activity, intracellular localizat
terminal catalytic domain cream box; not to scale) .51 
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Compared to other CDC25 phosphatases CDC25A is critical for cell cycle 

regulation. CDC25A or CDC25B but not CDC25C phosphatases showed to cooperate 

with either mutated HRAS gene or loss of RB1 in oncogenic focus formation in MEFs.59 

CDC25A-homozygous (-/-) was lethal in utero.58This lethal phenotype is in sharp 

contrast with viable CDC25B (-/-) and CDC25C (-/-) mice with limited developmental 

defects.55In addition, CDC25A and not CDC25B or CDC25C was shown to be critical for 

mitosis.50 

Recent studies on roles of the checkpoint pathways suggest that genomic instability 

caused by checkpoint defects could be a major mechanism of tumor initiation and 

progression.50,55 It is  believed that over expression of CDC25A enables the bypass of 

normal cell cycle checkpoints inducing genomic instability, a hallmark of cancer. 55These 

studies suggest that cells must control CDC25A levels within an appropriate range so that 

the coordination of cell cycle progression and checkpoint response is maintained. Further 

investigations are needed to fully understand the pathophysiologic roles of the CHK1-

CDC25A checkpoint pathway in OSCC and NSCLC for better future target based 

therapeutic designs.50 
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Chapter II 

EZH2 Promotes Cell Cycle Progression in Oral Leukoplakia and Non-Small Cell 

Lung Cancer and Is a Predictor of Oral Cancer Development in Patients with Oral 

Leukoplakia 

ABSTRACT:  

 Oral leukoplakia (OL) is the most common premalignancy in the oral cavity. 

However, only a small proportion of OLs progress to oral squamous cell carcinoma 

(OSCC). For assessing OSCC risk of OLs, we investigated the role of the transcriptional 

repressor, enhancer of Zeste homolog 2 (EZH2), in oral tumorigenesis and its clinical 

implication as an OSCC risk predictor. We also investigated EZH2 as a prognostic factor 

in lung cancer, the most common cause of cancer death with a dismal 16% 5-year 

survival rate. Immunohistochemistry was used to measure EZH2 expression in OLs of 76 

patients including 37 later developed OSCC and 39 did not, as well as in 94 stage I 

NSCLC patients. EZH2 expression levels were associated with clinicopathologic 

parameters and clinical outcomes. EZH2 level was reduced using EZH2 siRNAs in Leuk-

1 cells to determine its impact in cell cycle distribution, anchorage dependent-

independent growth, and invasion. Also reduction of EZH2 level in relation to cell cycle 

regualtors was analysed in Leuk-1 as well as in NCI-H1299. We observed strong EZH2 

expression in 34 (45%), moderate expression in 26 (34%), and weak/no expression in 16 

(21%) of the OLs. The higher EZH2 levels were strongly associated with dysplasia 

(P<.001) and OSCC development (P<.0001). Multivariate analysis indicated that EZH2 

expression was the only independent factor for OSCC development (P<.0001). At 5 years 

after diagnosis, 80% patients whose OLs expressed strong EZH2 developed OSCC 
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whereas only 24% patients with moderate and none with weak/no EZH2 expression did 

so (P<.0001). In Leuk-1 cells, EZH2 down-regulation resulted in G1 arrest; decreased 

invasion capability, anchorage independent growth; down-regulation of cyclin D1 and 

up-regulation of p15INK4B.In NSCLC, EZH2 ≥Median expression correlated with poor 

patient survival. In vitro, EZH2 down regulation in NCI-H1299 correlated with inhibitory 

phosphorylation of CDK1/2 at Tyr15 and decreased activation phosphorylation of Chk1 

at ser345. In conclusion, EZH2 plays a significant role in cell cycle deregulation in 

epithelial malignancies of the aerodigestive tract; it is important in the maligant 

transformation and the maintaince of transformed state, in OL and NSCLC, respectively, 

EZH2 is a promising biomarker in predicting OSCC risk and a suggestive therapeutic 

target for patients with high risk OLs as well as NSCLC patients.  
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Introduction:  

Oral Leukoplakia (OL) represents the most common oral precancerous condition. 

However, only a small proportion of OLs transform into oral squamous cell carcinoma 

(OSCC).1 OL is a clinical term to describe lesions that present as a white patch and 

cannot be characterized clinically or histologically as any other disease. Histologically, 

OL has a wide spectrum, ranges from simple hyperkeratosis to severe dysplasia or 

carcinoma in situ. Each clinical appearance or phase of OL has different transformation 

potential ranging from 1% to 47% in different studies.2 Malignant transformation often 

occurs several years after the onset of the white plaques but it can also occur within just 

few months or in decades.3, 4 

The prediction of OL’s malignant potential is unreliable in current clinical practice. 

The histopathological grading of dysplasia is still the most contemporary method to 

assess the malignant potentials in patients with OL, yet this method is subjective and the 

clinical decisions based on the method are not satisfactory.5,6 Considering the high 

morbidity and mortality associated with OSCC, the major challenges are to identify OLs 

with higher risk for OSCC development independent of dysplastic changes and to reveal 

molecular targets which may be regulated to prevent OSCC development.7 

NSCLC represents more than 80% of lung cancer; and remains to be a fatal disease 

with dismal prognosis.8Despite advances in combined treatment modalities the rate of 

survival has not changed for the last three decades and remains to be number one cause of 

cancer death worldwide. There is an urge for identification of novel molecular targets that 

might open new therapeutic avenues and improve prognosis in NSCLC patients.9  
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Development of OSCC and NSCLC is evolutionary and characterized by multistep 

carcinogenic processes, in which activation of oncogenes and inactivation of tumor 

suppressor genes are the key features leading to clonal expansion and malignant 

transformation of normal epithelial cells.10 Enhancer of Zeste Homolog 2 (EZH2) is the 

catalytic subunit of Polycomb Repressive Complex 2 (PRC2), a highly conserved histone 

methyltransferase that methylates lysine-27 of histone H3 (H3-K27).11 H3-K27 

methylation is commonly associated with DNA methylation and silencing of genes 

responsible for differentiation in organisms ranging from plants to flies to humans.11 

Studies have implicated EZH2 in cell cycle regulation and maintenance of adult stem cell 

population.12 Although the mechanistic contributions of EZH2 to oncogenesis and cancer 

progression are not yet fully characterized, functional links between EZH2-mediated 

histone methylation and DNA methylation in normal development suggest partnership of 

these two in the loss of  the expression of  tumor suppressor .11,13 Overexpression of 

EZH2 has been observed in several human cancer types including OSCC and NSCLC 

suggesting that EZH2 is an oncogene that play a role in oral and lung tumorigenesis.14-16  

In this study, we tested a hypothesis that EZH2 activation is critical in malignant 

transformation of oral epithelial cells, and may serve as an indicator to predict OSCC risk 

in patients with OLs. In vitro experimental systems as well as OL samples with clinical 

annotations and OSCC outcomes were used. Also, we tested the prognostic value of 

EZH2 expression in frankly developed malignancy, in NSCLC patients, as well as 

investigated the underlying molecular mechanism by which EZH2 contribute to cell cycle 

deregulation in NSCLC.    
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Patients and Methods: 

Patients and Specimens: 

OL patients were selected from an archival database based on clinical diagnosis of 

OL from the period of 1993 through 2006 with follow-up information and available 

surgical biopsy samples at the time of diagnosis in the Department of Pathology and the 

Department of Oral and Maxillofacial Surgery, School of Stomatology, Shanghai Jiao 

Tong University School of Medicine, Shanghai, China. 37 OL patients who later 

developed OSCC were identified. Additional 39 OL patients who did not develop OSCC 

during the follow-up were selected from a larger pool of patients in the database. Paraffin 

tissue blocks were retrieved and sections were made for the proposed study. One of the 

tissue sections from each patient was stained with Hematoxylin and Eosin (H&E) was 

further examined to verify histopathology diagnosis before immunohistochemitry 

analysis.  

 In addition, Ninety-four patients with histologically confirmed NSCLC were 

included in this study. All of the patients were grade I and treated by curative surgical 

resection in the University of Texas M. D. Anderson Cancer Center. The specimens were 

obtained as paraffin embedded and the collection of the specimens was approved by the 

Institutional Review Board's Surveillance Committee. None of the patients received 

chemotherapy before the surgery.  

Immunohistochemistry: 

 Formalin-fixed, paraffin-embedded tissue, were cut into 4µm tissue sections. The 

avidin-biotin complex (ABC) technique was done following Vectastatin elite ABC kit 

(Vector laboratories, Burlingame, CA). Briefly, tissue sections were deparaffinized in 
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xylene, rehydrated in graded ethanol, treated with Tris-EDTA buffer for antigen retrieval, 

and quenched in hydrogen peroxide. Tissue sections were blocked with 2.5% normal 

serum, incubated overnight at 4°C with primary antibody (1:200) followed by 

biotinylated secondary antibody then ABC reagent. Diaminobenzidine was used as 

chromogen, and counterstained with Mayer’s hematoxylin. The EZH2 labeling index (LI) 

was defined semi-quantitatively as the intensity of staining (0,1, 2, 3) multiplied by the 

percentage (25%, 50%, 75%) of positive epithelial thickness in OL or tumor tissue in 

NSCLC, defining the quartiles of the EZH2 LI as: ≤75, 100 and 150- 225, respectively, 

as the weighted mean of cells displaying nuclear immunoreactivity and given the scores: 

weak (0-1), moderate (2) and strong (3).17 The final index of each lesion was the average 

of indices generated by three observers blinded to the clinical information. Representative 

samples of each EZH2 LI were analyzed by Aperio Image Scope software.  

Cell culture 

OL cell line (Leuk-1)18 and Hyperplastic Bronchial Epithelial cells (HBECs)19 were 

cultured in Keratinocyte Serum-Free Medium (KSF) with 25µg/mL Bovine Pituitary 

Extract (BPE) and 0.2 ng/ml Recombinant Epidermal Growth Factor (rEGF) (Invitrogen, 

Carlsbad, CA). NSCLC cell lines (H157, H226, H292, H358, H460, H522, A549, H596, 

H1299, H1792, H1944, Calu-1, and SK-Mes-1) used in the study were obtained from 

American Type Culture Collection (Manassas, VA) and were grown in RPMI-1640 

media with 10% fetal bovine serum (Mediatech, Manassas, VA ).  

Western Blot Analysis and Antibodies 

Cells were harvested in RIPA buffer (Sigma Aldrich, St. Louis, MO). Whole cell 

lysate was separated in SDS-PAGE. Primary antibodies against EZH2 (clone 11, BD 
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Transduction Laboratories, San Jose, CA), cyclin D1, cyclin D3, p16INK4A, p15INK4B, 

p27Kip1, CDK4, CDK6, phospho CDK1 (Tyr 15) and phospho Chk1 (ser345) (Cell 

Signaling Biotechnology, Danvers, MA) were used. Bands were quantified using the 

Image J processing and analysis soft ware. GAPDH and α-tubulin antibody (Santa Cruz 

Biotechnology Inc, Santa Cruz, CA) were used to normalize protein loading. 

siRNA Knockdown of EZH2 Expression  

Two anti-EZH2 siRNA, targeting the two splicing variants of EZH2, and scrambled 

control siRNA, were purchased from (Ambion Inc, Austin, TX). The anti-EZH2 siRNA 

sequences were 5'-GCUGACCAUUGGGACAGUATT-3' for (siRNA-4916) and 5'-

GUGUAUGAGUUUAGAGUCATT-3' for (siRNA-4917). In vitro transient transfection 

was carried out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following 

manufacturer’s protocol. 

Cell cycle analysis 

Leuk-1 cells were harvested, fixed in 70% ethanol, suspended in PI/RNase staining 

Buffer (BD PharmingenTM, San Jose, CA) containing 0.1% Sodium Citrate and 0.1% 

Triton X-100. Data acquisition and analysis were done in University of Maryland 

Baltimore Medical Center, Flow Cytometry Core and analyzed with FlowJo software. 

Cell Proliferation Assay 

Cell viability of Leuk-1 cells transfected with EZH2 siRNA was measured every 24 

hours for 6 days using the Cell Proliferation Reagent WST-1 (Roche Diagnostics 

Corporation, Indianapolis, IN). The experiment was independently repeated 3 times.  

Anchorage-independent Growth Assay 
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24 hours after EZH2 siRNA transfection, cells in 0.35% agarose with KSF, eEGF 

and BPE media were plated on the top of existing 0.5% bottom agarose in triplicates for 

each treatment condition for 3 weeks. Cell colonies >0.1 mm in diameter were counted 

under a microscopic field at 40x magnification. Means were based on numbers from 

triplicate wells for each treatment condition.  

In Vitro Cell Invasion Assay 

BD BioCoat Matrigel invasion chambers (BD Biosciences, San Jose, CA) were used. 

EZH2 siRNA transfected leuk-1 cells were grown in the upper chamber in KSF media 

without rEGF and BPE, while KSF media with rEGF and BPE was placed in the lower 

chamber. Cells on the lower surface of the membrane were fixed in 4% 

paraformaldehyde and stained with 0.5% crystal violet. Cells in at least 6 random 

microscopic fields 100x were counted. The experiment was performed in duplicates and 

repeated 3 times. 

Statistical Analysis 

For the OL series of study the Event Free survival (EFS) “OSCC free survival” was 

the outcome variable. The independent variable EZH2 expression status and its 

interaction with histology and EFS were estimated by the Kaplan-Meier method. The log-

rank test was used for univariate associations between EZH2 expression status and EFS, 

and individual patient characteristics and EFS. The EFS rates at years 3 and 5 with their 

corresponding 95% confidence intervals (CI) were calculated.  The associations between 

EZH2 expression status and patient characteristics were evaluated using Fisher Exact test 

for categorical variables and Kruskal-Wallis test for continuous variables. The 

independence of each of those associations from oral cancer status was evaluated using 
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Cochran Mantel-Haenszel test. Cox proportional hazards model was used for multivariate 

analyses. The hazard ratios with their corresponding 95% confidence intervals and p-

values were reported. For the NSCLC series of study Kaplan-Meier plot, log-rank test 

and Wilcoxon statistical values were used to detect EZH2 correlation with disease free 

survival (DFS). All the analyses were conducted using SAS 9.1.3 software. All tests were 

two-sided, and p-values <.05 were considered statistically significant. Paired t test was 

used for analysis of the in vitro studies. 
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Results: 

Patients with OL 

To determine whether EZH2 is abnormally expressed in clinical OL samples and 

whether such abnormal expression associates with OSCC risk in patients with OL, we 

assembled a cohort consisted of 76 OL patients who had no prior cancer history from a 

single hospital. Among these patients, 37 (49%) developed OSCC after the initial OL 

diagnosis with median time from the initial diagnosis to OSCC development of 2 years, 

whereas 39 (51%) remained OSCC free with a median follow-up time of 11.4 years. The 

general characteristics of the patient population are presented (Table 1 and Appendix I). 

Correlation between the clinical parameters and EZH2 expression within the two selected 

groups (group developed OSCC and did not develop OSCC), was excluded as it was 

statistically insignificant except for dysplasia (Appendix I).  

EZH2 expression in OL and clinicopathological parameters 

EZH2 expression was mainly observed as nuclear, with cytoplasmic staining 

observed in some cases. The intensity of EZH2 expression in the OLs ranged from 

negative to strongly positive and the extent of EZH2 expression ranged from being 

limited only to basal layer or observed in full thickness of the epithelium (Figure 1). 

Among the OL lesions, 34 (45%) showed strong EZH2 staining, 26 (34%) showed 

moderate EZH2 staining, and 16 (21%) showed no or weak EZH2 staining (Table 1). 

Correlation of EZH2 staining levels with clinicopathological variants showed significant 

association with the degree of dysplasia (P < .001) as well as with high risk areas (P<.04) 

(Table 1).  

 
 
 



34 

 

 

 

 
 

Figure1. Immunohistochemical Expression of EZH2 in OL Tissue Samples: Nuclear expression 
of EZH2 correlated with the degree of dysplasia, the degree of dysplasia increasing from (i) to 
(iii). EZH2 scored as weak (i & iv), moderate (ii & v), and strong (iii & vi) (40x). 
 
Table 1.   Association between EZH2 expression and patient characteristics. 
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EZH2 expression in OL and OSCC development 

To determine the role of EZH2 expression in OSCC development, we analyzed 

OSCC-Free survival probability, defined as years from time of diagnosis of OL to time of 

diagnosis of OSCC, in correlation to EZH2 expression in OLs. We found that EZH2 

expression was strongly associated with OSCC-Free survival in an expression level 

dependent manner (P <.0001 by Log-Rank test; Figure 2).  

 
Figure 2: Kaplan Meier curve analysis of EZH2 expression and OSCC development. (A) 
EZH2 expression in correlation with OSCC free survival. (B)EZH2 expression correlates 
with OSCC onset independent of dysplasia. EZH2 LI (weak, moderate, strong).Other: 
refers to histological features other than dysplasia. 
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In the univariate analysis, we analyzed the association between the potential risk 

factors including EZH2 expression and OSCC development at 3-years and 5-years after 

OL diagnosis. Both EZH2 expression and OL histology were significantly associated 

with OSCC incidences (P < .0001 and P < .01, respectively; Table 2). At 5-years, none of 

the 16 patients whose lesions showed no or weak EZH2 expression developed OSCC 

whereas 6(24%) of the moderate and 28 (80%) of the strong, EZH2 expressing OLs 

developed OSCC (P < .0001). Because EZH2 expression was also associated with 

dysplasia status of OLs and dysplasia was associated with OSCC incidences in the 

univariate analysis (Table 2), we performed a multivariate analysis to include both EZH2 

expression and histology as co-factors. In this analysis (N=76), we found that EZH2 

expression was the only independent factor associated with OSCC development (P < 

.0001). We also performed the multivariant analysis to include EZH2 expression, 

histology and alcohol status since it was associate with OSCC onset (N=53). Again 

EZH2 was the only independent factor associated with OSCC development (P<.0001) 

(Table 3). This demonstrates the significance of EZH2 as a molecular marker over 

histology in predicting the risk of OSCC development. 
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Table 2.3-year and 5-year OSCC-Free survival rates by individual risk factor (N=76).  

 

Table 3.Cox proportional hazards regression models in estimating OSCC development: 
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EZH2 and cell cycle regulation in OL cells 

To explore the underlying mechanism by which EZH2 contribute to OSCC 

tumorigenesis, we investigated the possibility that EZH2 may modulate cell cycle 

deregulation during progression of oral premalignancy to OSCC. We used EZH2-siRNAs 

(si-4916 and si-4917) to specifically down-regulate EZH2 expression levels in an OL cell 

line, Leuk-1. At 72 h after EZH2-siRNA treatment, Leuk-1 cells showed reduced EZH2 

levels associated with lower proliferation and  an increased fraction in G1 phase (G1 

arrest) (Figure 3A). In an effort to identify the potential molecular mechanism underlying 

the G1 cell cycle arrest by EZH2 down-regulation, we measured a panel of key proteins 

involved in G1 phase regulation using western blotting. At 48h after EZH2-siRNA 

treatment, levels of cyclin D1 (CCND1) were significantly reduced while on the other 

hand p15INK4B levels were increased (Figure 3B). No change was observed for cyclin D3, 

p16 INK4A, p27 kip1, CDK4, and CDK6 expression levels (Figure 3B). This data suggests 

that EZH2 can play an early role, promoting cell cycle progression in oral premalignancy 

through modulating p15INK4b and CCND1. 

 

 

 

 

 

 
 
 
 



39 

 

 

 

 
 
 
 
Figure 3. EZH2 and cell cycle regulation in OL cells. A. Cell cycle analysis of EZH2 
inhibition (si-4916 and si-4917) shows increase in the G1 phase population (P<.01-.04). 
B. Immunoblot shows significant decrease in cyclinD1 and increase in p15INK4A upon 
EZh2 inhibition compared to the scrambled si-RNA. 
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EZH2 and malignant features in OL cells 

Our findings that EZH2 can promote cell cycle progression in Leuk-1 cells, coupled 

with  the fact that EZH2 expression was linked with poor prognosis of OSCC as well as 

in other malignancies,17-18 made us believe EZH2 played a role in malignant 

transformation of OL cells. . To test this, we evaluated anchorage-dependent and 

anchorage-independent growth of Leuk-1 cell, and invasion through ECM. The 

proliferation of Leuk-1 cells cultured on plastic surface was significantly reduced by the 

down-regulation of EZH2 level in a dose-dependent manner compared to the cells treated 

with scrambled si-RNA (Figure 4A). We then analyzed the effect of EZH2 down-

regulation in anchorage-independent growth using soft agar colony formation assay. 

Leuk-1 cells treated with EZH2-siRNAs showed significantly reduced capability to form 

colonies in soft agar (Figure 4B).  In addition, EZH2-siRNA treated cells exhibited a 

significantly reduced invasion capability through ECM as measured by using  matrigel 

coated invasion chamber (Figure 3C). These findings in addition to our data from the 

patients with OL suggest EZH2 to be critical for progression of OL to invasive 

carcinoma. 
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Figure 4.EZH2 promotes malignant features in OL cells. A. EZH2 inhibition and cell 
proliferation assay inLeuk-1 cells. B. Colony formation assay shows less colony 
formation upon inhibition of EZh2 (P<.01). C. Invasion assay shows less invasion upon 
inhibiting EZH2 (P<.0001). 
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EZH2 expression in NSCLC and clinicopathological parameters: 

To assess EZH2 expression in developed malignancy, we investigated EZH2 

expression in 94 NSCLC samples. The samples included 43 (46%) adenocarcinoma, 51 

(54%) squamous cell carcinoma of the lung. The mean age was 63 years (ranges 37- 

82ys), with 49 %< 63 years and 51% more than 63ys. 50% showed EZH2 LI < median 

and 50% EZH2 ≥ median expression.  

 As expected, EZH2 antibody showed mainly nuclear reactivity. The intensity of 

staining varied within each histological group, in SCC of the lung the intensity and extent 

of staining was minimal in well differentiated SCC and highest in poorly differentiated 

SCC. In the adenocarcinoma group the intensity and extent of staining was variable, with 

the invasive bronchioalveolar showing remarkably homogenous increase in nuclear 

intensity and extent of staining compared to noninvasive. Interestingly, the cells 

surrounding and invading blood vessels showed strong positivity (Figure 5A). 

We investigated the correlation between the intensity of EZH2 staining and patients’ 

disease free survival (DFS). EZH2 LI ≥ median was correlated with less disease free 

survival time compared to EZH2 LI < median (Log-Rank P=.1 and wilcoxon P=.07) 

(Figure 3B).  
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Figure5. EZH2 expression in NSCLC. A. a. Normal bronchial epithelium. b. Well 
differentiated SCC. c & f. Poorly differentiated SCC. d. Moderately differentiated SCC . 
e.Adenocarcinoma (d < median, e &f > median) .B. Kaplan Meier curve of EZH2 
expression in correlation to DFS. EZH2 expression more than median correlated with less 
DFS. 
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EZH2 and cell cycle regulators in H1299: 

The expression of EZH2 was abundant in NSCLC cell lines. So we investigated the 

effect of EZH2 inhibition in NCI-H1299 in correlation to cell cycle regulators. Indeed, 

EZH2 inhibition correlated directly with cyclin D1 inhibition and upregulation of  

p15INK4b , as well as increased inhibitory phosphorylation of CDK1/2 Tyr 15, and 

decreased CHK1ser-345 phosphorylation.CDC25A also showed increase upon inhibition 

of EZH2 but was not consistent with the extent of inhibition of EZH2 (Figure 6).  

 

 
 
Figure 6. Downregulation of EZH2 in NCI-H1299 and cell cycle regulators of G1/S 
phase. 
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Discussion: 

Molecular-based models for OSCC and NSCLC development were proposed in 

literature, which includes deregulation of cell cycle proteins.10, 21-23 CCND1 is one of the 

proteins frequently upregulated in oral premalignancies leading to increased risk of 

OSCC development, as well as reported to be correlated with poor prognosis in 

NSCLC.24, 25 Although CCND1 gene may be amplified in oral tumorigenesis and 

NSCLC, overexpression of CCND1 is also observed in OLs–OSCCs and in NSCLC 

without the gene amplification.20,24,25 It has been reported that high EZH2 expression is 

associated with up-regulation of CCND1 in gastric cancer, whereas pharmacological 

inhibition of EZH2 leads to down-regulation of CCND1 in skin cancer. 26,27 Our 

observation that EZH2 down-regulation resulted in decreased CCND1 expression in OL 

and NSCLC cells is consistent with the previous reports.  a crucial cell cycle inhibitor and 

tumor supressor, p15INK4B expression  is induced during cellular differention, aging and 

senescence; (need ref) and are oftern compromised in OLs and NSCLC through promoter 

methylation.(ref)  EZH2 has been shown to directly control the expression of p15 in the 

former process.   It is possible that dysregulated EZH2 in OLs and NSCLCs could 

contributed to the down-regulation of p15 expression.  Indeed, we observed in our study 

an increase in p15INK4B expression in OL and NSCLC cells associated with EZH2 down-

regulation.   

Furthermore, we observed, that inhibition of EZH2 in H1299 is correlated with 

increased inhibitory phosphorylation of CDK1/2 at Tyr15, the kinases responsible for 

transition from G1 to S and G2 to M phases with concomitant decrease in activating 

phosphorylation of the DNA damage response (DDR) marker Chk1 at ser345. Suggesting 

that EZH2 accelerates cell cycle in H1299 and that this activity is sensed by the DDR 
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element Chk1. Our observation revealed, for the first time, a role for EZH2 in DNA 

damage response. In addition, the effect of EZH2 on  CDK1/2 t seems to be independent 

of CDC25A, one of the best known CDK activators,35,36 since the increase in pCDK tyr15 

was not consistant with the degree of CDC25A, but rather directly correlated with ezh2 

knock-down.  

It is of particular interest to note that EZH2 can be activated by HPV E7 oncoprotein 

in cervical tumorigenesis.37Although the role of HPV in oral tumorigenesis has not been 

well elucidated, HPV infection has been causually linked to development of 

oropharygneal squamous cell carcinoma in an about 40% patients.  This opens a 

possibility that HPV may be involved in early oral and lung tumorigenesis through 

activation of EZH2 which warrants further investigation. 38,39 

The strong association between EZH2 expression in OLs and OSCC development is 

interesting and provocative. For practical reason, we analyzed OSCC incidences at 3 and 

5 years after OL diagnosis to provide information regarding the potential impact of EZH2 

as a predictive marker in OSCC risk assessment. Considering 80% patients with strong 

EZH2 expression OLs developed OSCC in 5 years whereas none with weak expression 

and 24% with moderate expression, EZH2 is one of the best single markers with potential 

to predict oral cancer risk for patients with OLs ever reported in literature.40 It is 

important to note that EZH2 expression is associated with dysplasia histology but such 

association was dependent on EZH2 expression in terms of relationship with OSCC 

development as evidenced in our multivariate analysis (Table 3). Given the biological 

roles of EZH2 in gene regulation and tumorigenesis observed by us and others,11 this 

clinical observation is biologically supported. This is also supported by our findings in 
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NSCLC that show consistent correlation between strong EZH2 expression and shorter 

DFS time which is in accordance with what has been reported before. Indicating that 

EZH2 plays a role in maintaining malignant phenotypes.15  

However, the current OL study has several limitations. First, it is a retrospective 

case-control study, which artificially enriched the proportion of patients who later 

developed OSCC and therefore may over estimate the predictive value of the biomarker. 

Second, the OL study is based on a Chinese population in a single hospital. Considering 

various genetic and environmental factors that can contribute to oral tumorigenesis, our 

findings in this population may have a limited implication in other populations at 

different geographic locations with various genetic backgrounds. Therefore, additional 

studies are necessary to validate these findings by using OL samples obtained 

prospectively in different geographic locations and from populations with various genetic 

backgrounds. Also a limitation of our study on NSCLC is that the samples are 

representative of only Stage I NSCLC and future studies including samples of other 

clinical stages would be of significant importance Nevertheless, in this study we 

identified, for the first time, EZH2 expression as an independent predictor for OSCC 

development in patients with OLs and provided evident to support the biological link 

between EZH2 and cell proliferation and invasion in OL cells. If validated in future 

studies, EZH2 may serve as a biomarker for oral cancer risk assessment of patients with 

OLs, and as a potential target for oral cancer chemoprevention, as well as confirm the 

prognostic role of EZH2 in NSCLC. Taken together, our data in OL and NSCLC supports 

a significant role for EZH2 in cell cycle deregulation in epithelial malignancies of the 

aerodigestive tract.  
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Chapter III 

Single Amino Acid Deletion Q110 Confers More Protein Stability and Functional 

Activity of CDC25A 

ABSTRACT : 

 

CDC25A is a member of the CDC25 phosphatase family and is an effector of key 

molecular steps of the cell cycle with significant oncogenic potential. Resolving the 

mechanism of its regulation is essential for successful therapeutic targeting of CDC25A 

and for proper modulation of its level of inhibition. To test the hypothesis that 

deregulation of CDC25A in malignancy can occur at posttranscriptional level during 

mRNA splicing, we carried out a mutational analysis of CDC25A on cDNA level. We 

identified a novel triplicate nucleotide deletion CAG (328-30) in NSCLC that 

corresponds to single amino acid deletion (Q110del). In HEK-293F cells, flow cytometry 

analysis showed quantitatively that CDC25A-Q110del confers more protein stability than 

CDC25A-wt (P<.05). On functional level, cell cycle analysis showed CDC25A-Q110del 

to accelerate post G2 phase (P<.01) , confocal microscopy showed more mitotic activity 

of CDC25A-Q110del expressing cells, and immunoblotting suggested more activation 

dephosphorylation of the downstream substrate phosphoCDK1-Tyr15, compared to the 

CDC25A-wt isoform. Collectively this data suggest CDC25A-Q110del facilitate 

bypassing the mitotic checkpoint. Furthermore, CDC25A-Q110del showed more stability 

in H1299 NSCLC cells after UV radiation which induced more DNA Damage Response 

(DDR) as indicated by increased phosphoChk1-ser345.  
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This data reveals a novel mechanism of stabilization of CDC25A expression, with 

subsequent progression of mitosis and accumulation of DNA damage in NSCLCs. This is 

a major contribution to the mechanism of deregulation of CDC25A at posttranscriptional 

level that can help in developing better future therapeutic strategies targeting CDC25A in 

NSCLC. 
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 Introduction:  

Lung cancer remains the leading cause of malignancy-related deaths worldwide 

regardless of advances in therapeutic modalities.1 NSCLC is the result of deregulation of 

several cellular pathways controlling growth, differentiation, and apoptosis.2 Over the 

past few years, several cell-cycle regulators that play a critical role in the pathogenesis, 

and progression of lung cancer were investigated and the ability of lung cancer cells to 

bypass different checkpoints, especially at G1/S and G2/M with subsequent uncontrolled 

cellular proliferation was described by several authors.3,4,5 

Cell cycle promoters play a major role in driving the wheel towards cell cycle 

progression, check point bypass, impaired DNA repair and accumulation of genetic 

damage.3Evidence in literature suggests Cell Division Cycle 25A (CDC25A) as a critical 

and ubiquitous cell cycle promoter present in all eukaryotes except plants. 6,7CDC25A 

phosphatase regulates key transitions between cell cycle phases during normal cell 

division, and in the event of DNA damage is a key link of the checkpoint machinery that 

ensures genetic stability.8 

CDC25A is a labile protein, tightly regulated through several phosphorylation events 

in the regulatory domain, and plays a key role in activation of cyclin dependent kinases 

(CDKs) the main gate keepers of cell cycle progression.9CHK1 mediates degradation of 

the CDC25A through series of phosphorylation events that lead to S or G2 phase arrest in 

response to chemically, UV or ionizing radiation-induced DNA damage.10-13The 

Chk1/CDC25A/CDK pathway represent a fundamental barrier to halt cells bearing 

chromosomal abnormalities from proceeding through cell cycle.12 CDC25A regulate 

different stages of mitosis in coordination with CDC25B and CDC25C. Yet, new 
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evidence points CDC25A out as a rebel in the CDC25 phosphatase family, required for 

full activation of nuclear CDK1/Cyclin B and execution of mitosis.7,14  

It is not surprising that CDC25A overexpression has been described in several 

human malignancies including NSCLC, head and neck cancer, as well as other 

malignancies.15-17Yet, the mechanism of CDC25A overexpression in malignancies 

remains unclear despite many attempts to shed light on this important question, and its 

further elucidation may reveal novel anticancer targets.15 

Studies from colorectal, non-Hodgkin’s lymphoma, NSCLC and ovarian cancers 

shows that neither gene amplification nor c-Myc overexpression is the cause of CDC25A 

overexpression.16,18-20 The lack of significant correlation between transcript and protein 

levels suggest that CDC25A level is modulated at posttranscriptioanl level, ie pre-RNA 

splicing, RNA stability, translation efficiency, and protein degradation.21-23 

Here we test the hypothesis that deregulation of CDC25A in NSCLC could occur 

during mRNA splicing, producing transcript variants that translate to a differentially 

more stable CDC25A isoform. 

To discover the mechanism behind CDC25A over expression in NSCLC, we cloned 

and sequenced cDNA from NSCLC cell lines. We found a novel single amino acid 

deletion (CDC25A-Q110del) present in a representative number of NSCLC cell lines. We 

analyzed its effect on the expression level of CDC25A. 
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Materials and methods: 

 

Tissue culture and Cell lines  

NSCLC cell lines obtained from ATCC (Manassas,VA): NCI-H157, NCI-H226, 

NCI-H292, NCI-H358, NCI-H460, NCI-H522, A549, NCI-H596, NCI-H1299, NC1-

H1792, NCI-H1944, calu-1, sk-mes-1 were grown in DMEM 1g/l glucose, L-glutamine, 

sodium pyruvate and 5% Fetal calf serum (FCS). FreeStyle™293-F Cells (Invitrogen, 

Carlsbad, CA) for adherent cells were grown in DMEM 4.5 g/l glucose in 5% FCS 

(Media Tech, Inc, Manassas, VA). Plasmid transfection was performed using 

lipofectamine 2000 following manufacturer instructions (Invitrogen, Carlsbad, CA). 

FreeStyle™293-F Cells stably expressing CDC25A isoforms were selected by limited 

dilution using Blasticidin. 

Western Blot, Antibodies and Reagents 

Cells were harvested in RIPA buffer (Sigma Aldrich, st. Louis, MO) or 1% triton 

X-100 with protease inhibitor (Complete Protease Inhibitor, Roche Bioscience). Whole 

cell lysates were separated in SDS-PAGE. Primary antibodies CDC25A (144), CDC25A 

(F-6), cdcp34 (CDK1), Chk1, GAPDH (Santa Cruz Biotechnology Inc, Santa Cruz, CA), 

phospho-Chk1 (Ser345) (Cell Signaling Biotechnology, Danvers, MA), phospho-CDK1 

(Tyr15) (Calbiochem EMD chemicals Inc, Gibbstown, NJ) were used. Cell pellet of 10ul 

was used for NE-PER Nuclear and Cytoplasmic extraction reagents (Pierce Biotech, 

Rockford, IL) and Cyclohexamide (sigma-Aldrich Inc., St. Louis, MO) was reconstituted 

in DMSO. 
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RNA extraction and RT-PCR 

Total RNA was extracted by TRIzol reagent, cDNA was generated from 5 ug RNA, 

with the SuperScript reverse transcriptase from the SuperScript III First- Strand Synthesis 

System for Reverse Transcription-PCR (RT-PCR); following manufacturer’s instructions 

(Invitrogen,Carlsbad,CA).  

Mutational analysis and restriction enzyme digestion 

Full length CDC25A cDNA was amplified from the 13 mentioned NSCLC cell lines, 

and subcloned into pEGFP-N1 GenBank: U55762.1 or into pEF6/V5 His (Invitrogen, 

Carlsbad, CA). The primer sequences containing the BamH1 and AgeI sites were forward 

5′-GTTGGATCCATGGAACTGGGCCCGGAG-3′ and reverse                                       

5-′GTAACCGGTTCAGAGCTTCTTCAGACGACTGTACAT-3′. The expression 

plasmid was cloned using competent Topo cells and T4 DNA ligase (Invitrogen, 

Carlsbad, CA). Sequence analysis was done at two different facilities to verify our 

findings: University of Maryland Baltimore sequencing facility and Genewiz Inc. (South 

Plainfield, NJ). Alignment was verified against CDC25A genebank accession number 

(NM_001789.2). The CDC25A wt and CDC25AQ110-del cDNA sequences used for the 

functional assays were amplified from sk-mes-1 and A549 NSCLC cell lines, 

respectively (Appendix II A-D). For enzymatic digestion, the restriction endonuclease 

enzyme Bpu10I (NEW ENGLAND Biolabs Inc, Ipswich, MA) was used to digest a ~ 

292bp template, amplified using primers: forward 5′-

CACTGGAGGTGAAGAACAACAG-3′ and reverse 5′-

CAGCCACGAGATACAGGTCTTA-3′, the digestion product was run on Agarose gel or 

DNA-PAGE. 
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UV irradiation assay: 

For cell culture UV treatment, the culture media was removed, cells were washed 

twice with phosphate-buffered saline (PBS), and cells were irradiated in uncovered tissue 

culture dishes with 254-nm UV light (UVC) in Stratalinker UV Crosslinker (Stratagene, 

La Jolla, CA). Fresh culture medium was added back, and cells were further incubated 

for the described time point. 

Cell cycle analysis: 

Cells were harvested, fixed in 70% ethanol, suspended in PI/RNase staining Buffer 

(BD PharmingenTM, San Jose, CA) containing 0.1% Sodium Citrate and 0.1% Triton X-

100. Data analysis was done in University of Maryland Baltimore Medical Center, Flow 

Cytometry Core and analyzed with FlowJo software. 

 Imaging analysis: 

CDC25A-GFP and CDC25A-mcherry expression in H1299 or 293F cells was 

viewed with a phase contrast microscope Nikon Eclipse TE 2000-s connected to a Nikon 

digital camera. The image analysis was done using imaging software NIS-Elements 2.30. 

For the confocal imaging analysis 293F cells growing in chamber slides (Lab-TeTM, 

Rochester, NY ) were fixed in 2% paraformaldehyde, permeabilized with 0.5% tritonX-

100, stained with DAPI, cover slipped and visualized using DAPI, FITC and Rhodamine 

fiters using Zeiss LSM 510 Meta Laser Scanning Confocal Microscope at the Dental 

school University of Maryland Baltimore Core imaging facility. 

Statistical analysis: 

Student t-test was used for statistical analysis of the functional assays. 
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Results: 

 

Identification of CDC25A-Q110del isoform in NSCLC: 

To investigate whether there is a mutational cause of cdc25a overexpression we 

cloned and sequenced CDC25A mRNA from a panel of NSCLC cell lines.  A CAG 

trinucleotide deletion was discovered in 50% of the c-DNA clones. The location of the 

deletion is at nucleotide 328-30 in reference to NM_001789.2, which corresponds to 

glutamine 110 in NP_001780.2.  (CDC25A-Q110del here after) ( Figure 1A & B). Q110 

is evolutionarily conserved in all reported CDC25A homologs and lies in the regulatory 

domain of CDC25A (Figure 1C and D). About half of the cell lines carried Q110del in 

our limited sequencing experiment. In addition, some the cell lines expressed both 

transcripts.  Since only one or two c-DNA clones were sequenced from each cell line, we 

want to know if the cellular c-DNA pool also contains these two variants.  The 

endonuclease restriction enzyme Bpu10I recognizes the flanking sequence around deleted 

Q110 sequence as its recognition sequence 5'- CCˇTNAGC- 3'.  A fragment containing 

the Q110del CDC25A sequence will be cleaved, while the wild type CDC25A sequence 

will not. Our result indicated that in all the NSCLC cell lines examined, both transcript 

variants are present (Figure 1F and G). 
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Figure 1. Identification of CDC25a –Q110del isoform in NSCLC cell lines. 
 A. Nucleic acid sequence of triplicate deletion CAG in NSCLC cell lines. B. mutational 
analysis of CDC25A cDNA shows CAG (328-30) deletion corresponds to Q110 deletion 
in the amino acid sequence .C. Amino acid Q110 is evolutionary conserved in CDC25A. 
D. Q110 (* ) lies in the regulatory domain, in a spot rich with degradation  
phosphorylation sites (blue) as well as mitotic phosphorylation sites (green).9 E.CDC25A 
clones retrieved from 10 NSCLC Cell Lines. F. DNA-PAGE shows differential pattern of 
enzymatic digestion of CDC25A-wt versus CDC25A-Q110del using Bpu10-I restriction 
endonuclease enzyme. G. Agarose gel shows RT-PCR product of amplified CDC25A 
from NSCLC cell lines after digestion with Bpu10I identifies CDC25A-Q110del 
digestion pattern. 
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Effect of CDC25AQ110-del on CDC25A Protein Stability: 

We were wondering if Q110 deletion had any effect on the fate of CDC25A. So we 

investigated the degradation rate of CDC25A after cyclohexamide (CHX) treatment.  

Treating cells with CHX blocks protein synthesis. We found that CDC25A-Q110del has 

a longer half life (~15 minutes more) compared to CDC25A-wt (Figure 2A). Also, upon 

co-transfection of both the CDC25A-wt and CDC25A-Q110del, each labeled with a 

different fluorescent protein, accumulation of the fluorescent protein fused to the 

Q110del was the one to dominate upon merging (Fig 2B). Next, we investigated the 

nuclear accumulation of CDC25A variant. Upon transient transfection of CDC25A-

Q110del-mCherry fusion protein and CDC25A-wt-mCherry fusion protein in 293F or 

H1299 cells, we observed more nuclear accumulation of CDC25A-Q110del-mcherry up 

to 72 hours (Figure 2C). This phenomenon did not dependent on the fusion fluorescent 

protein tag, since switching the tag did not affect the accumulation of more Q110del 

fusion protein.  To get a quantitative estimate of the difference in protein level between 

the wt and the deletion isoform, CDC25A protein was quantified using flow cytometry 

analysis of 293F transfected with CDC25A-wt-EGFP and CDC25A-Q110del-EGFP after 

72hrs. Gating only EGFP expressing cells, the CDC25A-Q110del-EGFP showed 

significantly higher level of protein compared to the CDC25A-wt-EGFP (P<.05) (Figure 

2D). Since UV-irradiation induces rapid CDC25A degradation,10 we wanted to test if 

CDC25A-Q110del will respond differently upon UV-irradiation of 293F cells transfected 

with CDC25A variants. Interestingly, Q110del showed enhanced stability in response to 

UV irradiation in comparison to the wt (Figure 2E). 

  



63 

 

 

 

 

 

 

    

                              

                                 

Figure 2. CDC25A-Q110del confers more stability of CDC25A protein. A. CHX 
treatment of H1299 cells shows increased half life of CDC25A-Q110 versus wt. B. 
Fluoresence microscopy: cotransfection of CDC25A-Q110del and CDC25A-wt in H1299 
shows more stabilization of the CDC25A-Q110del.C. 293F cells expressing CDC25A-
Q110del-mcherry versus CDC25A-wt-mcherry at 24hrs.  D. Flow cytometry analysis of 
EGFP intensity in 293F expressing CDC25A-Q110del-EGFP (mean 59.2) versus 
CDC25A-wt-EGFP (40.5) (t-test P< 0.05). The experiment was repeated two times.   

E. UV radiation followed by 30 minutes incubation, CDC25A-Q110del showed more 
stability compared to CDC25A-wt.   
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   Effect of CDC25A-Q110del on cell cycle progression and DNA damage: 

On western Blot CDC25A-Q110del showed catalytic fragmentation producing more 

of ~33KDa band that was reported before, to have accentuated catalytic activity 24(Figure 

3A).  To test if CDC25A-Q110del confers more catalytic activity to CDC25A, we 

investigated cell cycle distribution of 293F upon overexpression of CDC25A-Q110del 

versus CDC25A-wt. The cell cycle analysis showed increased post G2 population 

(hyperploid cells) in the CDC25A-wt-EGFP transfected cells compared to the CDC25A-

Q110del-EGFP, suggestive that CDC25A-Q110del is capable of driving the cells through 

post G2 phase while the CDC25A-wt arrests at the post G2 (t-test P <0.01) (Figure 3A). 

In addition, CDC25A-Q110del showed more activation dephosphorylation of CDK1- the 

kinase promoting the G2/M phase- compared to the CDC25A-wt after 24h of transient 

transfection (Figure 3B). In 293F cells stably expressing CDC25A-wt or CDC25A-

Q110del, CDK1 activation was achieved in clones of both isoforms, in which the extent 

of activation seems to be dependent on the amount of CDC25A expression (Figure 3C).  

Suggesting that CDK1 activation is more dependent on the amount of accumulation of 

CDC25A rather than inherent increase in the catalytic activity of CDC25A-Q110del. To 

investigate if the CDC25A-Q110del isoform causes more DNA damage due to 

accelerated cell cycle progression, we assayed for phosphoChk1-ser345 as a marker for 

DNA damage response (DDR),25 after UV radiation of CDC25A-Q110del transfected 

H1299, we observed increased Chk1-phosphorylation at ser345 that corresponded in the 

same time with CDC25A-Q110del stability, suggestive that the CDC25A-Q110del 

induced more DNA damage (Figure 3D).  
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Figure 3.CDC25AQ110-del bypasses G2/M checkpoint and induces DNA damage.     A. 
Differential catalytic fragmentatin of CDC25A-wt versus CDC25A-Q110del (left), Cell 
cycle analysis of 293F after 72 hours of transfection, gating only  EGFP expressing cells. 
B. phosphoCDK1-Tyr15 as downstream reader for the increased phosphatase activity of 
CDC25A-Q110del after 24hr of transfection. C.293F cells stably expressing CDC25A-wt 
and CDC25A-Q110del. D.CDC25A-Q110del shows more stability upon UV radiation in  
and induces more phosphorylation of DDR marker Chk1-ser345.  
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Cellular localization and mitotic activity of CDC25A-Q110del: 

We observed increased nuclear expression of CDC25A-Q110del in nuclear extract of 

H1299 (Figure 4A). So to investigate the effect of CDC25A-Q110del isoform on mitosis, 

we transfected 293F cells with CDC25A-Q110del-EGFP or CDC25A-wt-EGFP and 

investigated their differential expression after 24hrs under confocal microscopy, which 

showed CDC25A to generally accumulate more in the nucleus with some cytoplasmic 

distribution. Yet, CDC25A-Q110del transfected cells showed more CDC25A 

compartmentalization within the nucleus and less cytoplasmic distribution compared to 

the CDC25A-wt (Figure 4B). Mitotic figures were more frequently encountered in cells 

expressing the CDC25A-Q110del alone or cells expressing equal proportion of the 

CDC25A-wt and CDC25A-Q110del, but not in cells expressing only the CDC25A-wt 

(Figure 4B and C). Intersetingly, the ratio of the Q110del/wt seems to affect the mitotic 

phase, where 1:1 ratio of Q110: wt seemed to drive the cells through chromosomal 

segregation compared to total Q110 (Figure 4B and C). This data is suggestive that 

CDC25A-Q110del can significantly increase mitotic rate compared to the CDC25A-wt 

and that CDC25A can bind to the chromosomes during mitosis.  
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Figure 4.Cellular localization and  mitotic activity of CDC25A-Q110del.  
A. Immunoblot of H1299 cells: CDC25A-Q110del is more localized in the nucleus 
compared to the CDC25A-wt. B. Confocal Microscopy of 293F cells: The CDC25A-wt-
EGFP expression (B upper panel). CDC25A-Q110del expression, frequent mitotic 
figures are noticed ( B lower panel). C.Co-expression of CDC25A-Q110del and 
CDC25A-wt at (1:1) ratio, mitotic activity noticed.   
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  Discussion:  

 

Studies on CDC25A suggest that cells must control CDC25A levels within an 

appropriate range so that the coordination of cell cycle progression and checkpoint 

response is maintained.13 

Our finding that CDC25A-Q110del shows evidence of more protein stability 

accelerates post G2 phase, induces more mitotic activity, and induce dephophorylation   

of its substrate CDK1, suggests that this stable isoform bares more functional activity 

compared to the CDC25A-wt isoform. This is supported by the emerging role of 

CDC25A in mitosis,7,14,26,27 and the fact that the closest significant amino acid to Q110 is 

S116 (Figure 1).14 S116 was reported by Mailand et al,14 to be an important mitotic 

phosphorylation site  responsible for  stabilization of CDC25A throughout mitosis, via 

CDK1 induced phosphorylation in a positive feedback loop. Whether the differential 

increase in activitiy is due to the accumulative nature of CDC25A-Q110del or to inherent 

increase in its activity, is still to be investigated. 

 In addition, stability of CDC25A-Q110del in response to UV radiation despite the 

fact that CHK1 –an essential kinase required for the G2/M checkpoint- is functional in 

H1299, suggests that the stable isoform CDC25A-Q110del bypasses the CHK1-CDC25A 

checkpoint.10,26-29This is in accordance with previous studies that showed CDC25A 

overexpression to abrogate CHK1 G2 arrest in H1299.12Furthermore, phospho-

Chk1ser345, a DDR marker, increased phosphorylation simultaneously with CDC25A-

Q110del stability, suggests that CDC25A-Q110del induces more DNA damage compared 

to the CDC25A-wt.25,30 This is significant in the context that persistent DDR creates 
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selective pressure for outgrowth of malignant clones with genetic or epigenetic defects in 

the genome maintenance machinery.25,31 Also, in the absence of normal checkpoint 

control, i,e p53 mutation - H1299 cells and 50% NSCLC - overexpression of oncogenes 

including CDC25A, could be tolerated.12,32,33 

The observation that hyperploid cells were linked to the unstable isoform CDC25A-

wt, while mitosis linked to the expression of the stable isoform CDC25A-Q110del 

supports the important role of CDC25A in execution of mitosis.14 It would be of interest 

to study the relation between CDC25A-Q110del, chromosomal segregation, assembly of 

the mitotic spindle, and cytokinesis.34  

During our study, a Q110 deleted cdc25a transcription varient b was released in 

NCBI data base (ACI43572.1). Isoform b lacks a 40-amino acid stretch (aa 145-184) 

which is encoded by exon 6. No biochemical or cell biological study was provided with 

the released sequence. However, lacking this stretch may enhance the stability of isoform 

b through elimination of S178, which is phosphorylated by chk1 and chk2 (Figure 1D). 

We did observe the presence of isoform b in NSCLC cell lines at low frequency (1 out of 

16 c-DNA clones). Our study represents the first report of the Q110 deletion in isoform a 

in large number of lung cancer cell lines, and demonstrates its biological significance.  

Our findings could be a major contribution to the understanding of CDC25A 

regulation.15 CDC25A-Q110del isoform bypasses the G2/M checkpoint, promote mitosis 

irrespective of DNA damage and induce more DDR. Since CDC25A degradation is 

critical for maintaining genomic integrity, presence of CDC25A-Q110del could 

contribute to NSCLC malignancy. This opens new avenues in NSCLC biology and 
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proposes CDC25A-Q110del to be investigated more as a marker and therapeutic target in 

NSCLC.  



71 

 

 

 

References:  

 

1. Mirshahidi HR, Hsueh CT. Updates in non-small cell lung cancer--insights from the 

2009 45th annual meeting of the American Society of Clinical Oncology. J Hematol 

Oncol. 2010; 3:18. 

2. Alvarez M, Roman E, Santos ES, Raez LE. New targets for non-small-cell lung 

cancer therapy. Expert Rev Anticancer Ther.2007; 7(10):1423-1437. 

3. Caputi M, Russo G, Esposito V, Mancini A, Giordano A. Role of cell-cycle 

regulators in lung cancer. J Cell Physiol. 2005; 205(3):319-327. 

4. Baldi A, Esposito V, De Luca A, et al. Differential expression of Rb2/p130 and p107 

in normal human tissues and in primary lung cancer. Clin Cancer Res. 1997; 

3(10):1691-1697. 

5. Shapiro GI, Edwards CD, Ewen ME, Rollins BJ.p16INK4A participates in a G1 

arrest checkpoint in response to DNA damage. Mol Cell Biol. 1998; 18(1):378-387. 

6. Aressy B, Ducommun B. Cell cycle control by the CDC25 phosphatases. Anticancer 

Agents Med Chem. 2008;8(8):818-824. 

7. Fernandez-Vidal A, Mazars A, Manenti S.CDC25A: a rebel within the CDC25 

phosphatases family? Anticancer Agents Med Chem. 2008;8(8):825-831. 

8. Bartek J, Lukas C, Lukas J. Checking on DNA damage in S phase. Nat Rev Mol Cell 

Biol. 2004; 5(10):792-804. 

9. Busino L, Chiesa M, Draetta GF, Donzelli M.Cdc25A phosphatase: combinatorial 

phosphorylation, ubiquitylation and proteolysis. Oncogene. 2004;23(11):2050-2056. 



72 

 

 

 

10. Mailand N, Falck J, Lukas C, et al. Rapid destruction of human Cdc25A in response 

to DNA damage. Science.2000; 288 (5470):1425-1429. 

11. Bartek J, Lukas J.Chk1 and Chk2 kinases in checkpoint control and cancer. Cancer 

Cell. 2003; 3(5):421-429. 

12. Xiao Z, Chen Z, Gunasekera AH, et al. Chk1 mediates S and G2 arrests through Cdc25A 

degradation in response to DNA-damaging agents. J Biol Chem. 2003;278(24):21767-

21773.  

13. Ray D, Kiyokawa H.CDC25A levels determine the balance of proliferation and checkpoint 

response. Cell Cycle. 2007;6(24):3039-3042 

14. Mailand N, Podtelejnikov AV, Groth A, Mann M, Bartek J, Lukas J. Regulation of 

G2/M events by Cdc25A through phosphorylation-dependent modulation of its 

stability. EMBO J. 2002; 21:5911-5920. 

15. Kristjánsdóttir K, Rudolph J.Cdc25 phosphatases and cancer. Chem Biol. 

2004;11(8):1043-1051. 

16. Wu W, Fan YH, Kemp BL, Walsh G,  Mao L. Overexpression of cdc25A and cdc25B is 

frequent in primary non-small cell lung cancer but is not associated with overexpression of 

c-myc. Cancer Res. 1998;58: 4082–4085. 

17. Bhawal UK, Sugiyama M, Nomura Y, et al. High-risk human papillomavirus type 16 E7 

oncogene associates with Cdc25A over-expression in oral squamous cell carcinoma. 

Virchows Arch. 2007; 450(1):65-71. 

18. Hernández S, Bessa X, Beà S, et al. Differential expression of cdc25 cell-cycle-

activating phosphatases in human colorectal carcinoma. Lab Invest. 2001; 81(4):465-

473. 



73 

 

 

 

19. Hernández S, Hernández L, Beà S, et al. Cdc25 cell cycle-activating phosphatases 

and c-myc expression in human non-Hodgkin's lymphomas. Cancer Res. 1998; 

58(8):1762-1767. 

20. Broggini M, Buraggi G, Brenna A, et al. Cell cycle-related phosphatases CDC25A and B 

expression correlates with survival in ovarian cancer patients. Anticancer Res. 2000; 

20(6C):4835-4840. 

21. Löffler H, Syljuåsen RG, Bartkova J, Worm J, Lukas J, Bartek J. Distinct modes of 

deregulation of the proto-oncogenic Cdc25A phosphatase in human breast cancer cell 

lines. Oncogene. 2003; 22(50):8063-8071. 

22. Wegener S, Hampe W, Herrmann D, Schaller HC. Alternative splicing in the 

regulatory region of the human phosphatases CDC25A and CDC25C. Eur J Cell Biol. 

2000; 79(11):810-815. 

23. Baldin V, Cans C, Superti-Furga G, Ducommun B. Alternative splicing of the human 

CDC25B tyrosine phosphatase. Possible implications for growth control? Oncogene. 

1997;14(20):2485-2495 

24. Mazars A, Fernandez-Vidal A, Mondesert O, et al. A caspase-dependent cleavage of 

CDC25A generates an active fragment activating cyclin-dependent kinase 2 during 

apoptosis. Cell Death Differ. 2009; 16(2):208-218. 

25. Bartkova J, Horejsi Z, Koed K, et al. DNA damage response as a candidate anti-

cancer barrier in early human tumorigenesis. Nature.2005;434:864–870 

26. Kasahara K, Goto H, Enomoto M, Tomono Y, Kiyono T, Inagaki M.14-3-3gamma 

mediates Cdc25A proteolysis to block premature mitotic entry after DNA damage. EMBO 

J. 2010; 29(16):2802-2812. 



74 

 

 

 

27. Chen MS, Ryan CE, Piwnica-Worms H.Chk1 kinase negatively regulates mitotic 

function of Cdc25A phosphatase through 14-3-3 binding. Mol Cell Biol. 

2003;23(21):7488-7497. 

28. Wilsker D, Bunz F.Chk1 phosphorylation during mitosis: a new role for a master 

regulator. Cell Cycle. 2009; 8(8):1161-1163. 

29. Zhao H, Watkins JL, Piwnica-Worms H. Disruption of the checkpoint kinase 1/cell 

division cycle 25A pathway abrogates ionizing radiation-induced S and G2 

checkpoints. Proc. Natl Acad. Sci. 2002; 99: 14795–14800. 

30. Pereg Y, Liu BY, O'Rourke KM, et al. Ubiquitin hydrolase Dub3 promotes oncogenic 

transformation by stabilizing Cdc25A. Nat Cell Biol. 2010;12(4):400-406. 

31. Zhou BB, Elledge SJ. The DNA damage response: putting checkpoints in perspective. 

Nature. 2000; 408(6811):433-439. 

32. Demidova AR, Aau MY, Zhuang L, Yu Q. Dual regulation of Cdc25A by Chk1 and 

p53-ATF3 in DNA replication checkpoint control. J Biol Chem. 2009;284(7):4132-

4139. 

33. Fotedar R, Bendjennat M, Fotedar A. Role of p21WAF1 in the cellular response to 

UV. Cell Cycle. 2004; 3(2):134-137. 

34. Löffler H, Lukas J, Bartek J, Krämer A. Structure meets function-centrosomes, 

genome maintenance and the DNA damage response. Exp Cell Res. 2006; 

312(14):2633-40.  

 

 

 



75 

 

 

 

Chapter IV 

 

CDC25A-Q110del Confers Cellular Survival after UV Radiation and Suggests 

Poor Overall Patients Survival in NSCLC 

 

Abstract: 

CDC25A expression has been correlated with tumor aggressiveness and poor 

prognosis. CDC25A stability and accordingly activity is regulated by several factors. 

Here we hypothesis that the stable isoform CDC25A-Q110del will confer cell survival 

under DNA damaging conditions, predisposing to more aggressive tumors and poor 

survival. To estimate the significance of CDC25A-Q110del on malignancy, we first 

showed that CDC25A-Q110del mRNA level is significantly more in NSCLC cells 

compared to HBECs (P<.003). Next we showed that CDC25A-Q110del can confer more 

cellular survival under UV radiation at 24 hours. Finally, in 88 tissue samples of NSCLC 

patients the relative quantitation of CDC25A-wt in tumor tissue versus its normal tissue 

pair showed direct correlation with better overall survival (P<.0018). Based on our 

methodology, CDC25A-wt relative quantitation should be inversely proportional to that 

of CDC25A-Q110del since CDC25A-wt was normalized to the total CDC25A as the 

endogenous reference gene. These findings suggest CDC25A-Q110del to play a 

significant role in response to therapeutic DNA damaging agents, a promising prognostic 

factor, and a specific target to consider in designing personalized therapeutic modalities 

in NSCLC.  
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Introduction:  

 

Treatment of NSCLC is stage dependent and may include surgery, radiation therapy, 

chemotherapy, or targeted therapies.1The cornerstone of therapy for early stage NSCLC 

is surgical resection of the primary tumor (no adjuvant therapy), adjuvant chemotherapy 

is offered to patients with stage II and select stage III NSCLC, stage IIIA typical 

approach for treatment is chemotherapy and radiation with or without surgery, with 

median survival about 16–17 months, while patients with stage IIIB NSCLC are not 

candidates for surgery, therefore they  receive concurrent chemoradiotherapy.1-3 

Nevertheless, NSCLC remains a worldwide major health challenge with overall average 

5-year survival rate of 15% .3Since the 1990s, there is a shift in paradigm from generic 

cytotoxic chemotherapy to the development of agents targeted to specific tumor 

pathways.1The role of targeted agents, for NSCLC treatment is currently being 

investigated by several authorities with promising opportunities for improvements in 

specificity and minimizing toxicity.1,4 Indeed, to precisely identify a group of patients 

who would benefit from targeted as well as adjuvant therapy, investigators have 

attempted to identify factors predicting poor prognosis that would serve as good 

therapeutic targets.4,5  

Consistent with this, CDC25A represents an attractive therapeutic target in 

NSCLC.6-8 CDC25A over expression has been reported in various human cancers, often 

in correlation with more aggressive disease and poor prognosis.6,9-10 CDC25A expression 

has been described in 60% of NSCLC patients on mRNA level,6 80% of Head and Neck 

cancer,9 and in 40-60% esophageal squamous cell carcinoma on protein and mRNA 
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level.10 Furthermore, in the event of DNA damage CDC25A phosphatase is a key target 

of the checkpoint machinery that ensures genetic stability, while interestingly 

overexpression of CDC25A has shown to abrogate the CHK1/CDC25A checkpoint 

response to several DNA damaging agents.11,12 

The integrity of our genome is constantly under attack from both exogenous and 

endogenous sources and the ability of our cells to maintain its genomic integrity is 

fundamental for protection from cancer development. 13 Cellular response whether to halt 

cell cycle progression or keep proliferating despite DNA damage is critical to the process 

of tumor development as well as to the response to chemo- or radio-therapy. 13-15Here we 

investigate in vitro if the stabilized isoform CDC25A-Q110del may confer cellular 

survival in response to UV radiation in NSCLC cell lines. In addition, we test in NSCLC 

samples of stages I to IV tumor/normal tissue pairs the hypothesis that the relative 

increase of CDC25A-Q110del may correlate with patients survival. We present an 

approach to identify and select tumors that are likely to be more sensitive to CDC25A 

inhibitors and might contribute to targeted therapy in NSCLC treatment, and suggesting 

CDC25A-Q110del as a prognosticator and therapeutic target.  
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Materials and methods: 

 

Tissue culture and Cell lines  

Immortalized human bronchial epithelial cell lines (HBEC): HBEC1, HBEC2, 

HBEC3, HBEC4, and HBEC5 were grown in KSF media, recombinant human epidermal 

growth factor (rEGF) and Bovine pituitary extract (BPE).16 NSCLC cell lines: NCI-

H157, NCI-H226, NCI-H292, NCI-H358, NCI-H460, NCI-H522, A549, NCI-H596, 

NCI-H1299, NC1-H1792, NCI-H1944, calu-1, sk-mes-1 were grown in DMEM 1g/l 

glucose, L-glutamine, sodium pyruvate and 5% Fetal calf serum (FCS). HNSCC cell 

lines HN6, HN12, HN13, SCC5, SCC9, and SCC25 were obtained from American Type 

Culture Collection (Manassas,VA). Transfections were performed using lipofectamine 

2000 (Invitrogen, Carlsbad, CA) following manufacturer instructions.  

UV radiation assay: 

For UV radiation, the culture medium was removed, cells were washed twice with 

phosphate-buffered saline (PBS), and cells were irradiated in uncovered tissue culture 

dishes with 254-nm UV light (UVC) in Stratalinker UV Crosslinker (Stratagene, La Jolla, 

CA). Fresh culture medium was added back, and cells were further incubated for 24hr in 

370c in 5% carbon dioxide. 

Cell Proliferation Assay 

Cell viability of transfected cells with CDC25A-wt or CDC25A-Q110del was 

measured after 24hr of UV treatment, using the Cell Proliferation Reagent WST-1 

(Roche Diagnostics Corporation, Indianapolis, IN). 
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Patients: 

Clinical samples included in the study consist of primary NSCLC tumor and their 

corresponding nonmalignant lung tissues form 88 individuals with pathologic stage I to 

IV NSCLC. All of the patients were treated with curative surgery, except those with stage 

IIIa tumors who might also has received postoperative radiation therapy and adjuvant 

chemotherapy, in M.D. Anderson Cancer Center from 1995 to 2000. Samples were 

immediately frozen and stored at -80 0C until analysis. The selection of these patients was 

based on the availability of archived fresh tumor and corresponding normal lung tissues 

for the investigators. Clinical information and follow-up information for the study was 

based on chart review and from reports from the M.D. Anderson tumor registry service. 

Informed consent for the use of residual resected tissues for research was obtained from 

all the patients enrolled in the study. The study was reviewed and approved by the 

institution’s Surveillance Committee to allow us to study the tissue. 

RNA extraction: 

Total RNA from tissue samples was extracted by using Trizol reagent according to 

the manufacturer’s instruction. Approximately 1 to 2 µg of total RNA from each sample 

were converted to cDNA using SuperScript II reverse transcriptase (Life Technologies, 

Inc., Gaithersburg, MD) in 20 µL volume. The cDNA product was diluted to 100µL. 

Real-time PCR: 

The reactant for the Real Time-PCR was CDC25A cDNA amplicon amplified with 

primers forward 5′-CACTGGAGGTGAAGAACAACAG-3′ and reverse 5′-

CAGCCACGAGATACAGGTCTTA-3′ using Isoproof high fidelity enzyme (Biorad) or 

Phusion high fidelity polymerase (Roche). Taqman Gene Expression assay (IDT Inc.) 
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FAM™ dye–labeled probe and Taqman Fast universal PCR master mix was used 

(Applied Biosystem, Carlsbad, CA) in a uniplex 20 uL reaction in the same 96 well Fast 

Plate and run in Applied Biosystem 7900HT Fast Real Time PCR system. The Taqman 

Gene Expression assay sequences designed to detect total CDC25A templates in the 

reaction (here after “tot primer” for which “cttot” was detected) were: Forward 

5'GCTCCTCCGAGTCAACAGAT 3', Reverse 5' TGGACTACATCCCAACAGCTT 3' 

and FAM™ dye–labeled probe 5′ATTCTCCTGGGCCATTGGACA3′. Another Taqman 

assay (here after “wt primer” for which “ctwt” was detected”) forward 5′ 

GCTCCTCCGAGTCAACAGAT 3′, reverse 5'- ACTACATCCCAACAGCTTCTG- 3' 

and FAM™ dye–labeled probe 5′-ATTCTCCTGGGCCATTGGACA-3′ designed so that 

the CAG(328-30) complements lies as the last three nucleotides in the 3′ end of the 

reverse primer so it will detect only the CDC25A-wt templates and accordingly 

CDC25A-wt normalized to the total CDC25A template: ∆ct= ct wt – ct tot which reflects 

direct reading of the CDC25A-Q110del in HBECs and NSCLC cell lines. The arithmetic 

formula 2-∆∆Ct (User Bulletin #2 Applied Biosystem) was used to calculate the relative 

quantification of CDC25A-wt in tumor versus normal tissue pairs of the clinical samples, 

where ∆∆Ct= ∆ctTtumor - ∆ctTnormal   (T: target gene (wt), tumor: NSCLC specimen, 

normal = calibrator tissue).GAPDH Fast Taqman assay VIC® dye–labeled probe was used 

for controls.  
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Results: 

Endogenous CDC25A expression in OSCC and NSCLC cell lines: 

We first assayed for the endogenous expression of CDC25A in a sample of tumor 

cell lines 17(Figure 1). We found that CDC25A protein expression was variable in OSCC 

and NSCLC cell lines.  We further investigated if the protein level correlated with the 

mRNA level in NSCLC. We found that CDC25A mRNA was abundant in NSCLC but 

did not correlate with increased CDC25A protein level in all cell lines. This change in 

expression can be attributed to several factors that control the stability of CDC25A 

protein including - but not restricted to- the CDC25A-Q110del.18  

   

 

 

 

 

   

 Figure1. CDC25A endogenous expression in OSCC and NSCLC cell lines. A. SDS-
PAGE shows EZH2 expression in Leuk1 and OSCC cell lines. B. SDS-PAGE shows 
CDC25A protein expression in HBECs and NSCLC cell lines. D. Agarose gel shows 
CDC25A mRNA in NSCLC cell.  
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Taqman Assay Validation: 

 We wanted to estimate the relative quantitation of CDC25A-Q110del mRNA in the 

NSCLC cell lines and in the HBECs.17 To standardize and validate our Taqman assay we 

used pEF6/V5 His CDC25A-wt and CDC25A-Q110del as reactant templates, their total 

was the endogenous reference gene, detected using (total primer) for which cttot was 

obtained (Figure 2A), while the CDC25A-wt was the target gene, detected using (wt 

primer) for which ctwt was obtained, ctwt value was directly proportional to amount of 

CDC25A-Q110del templates in a reaction (Figure 2B). Higher ∆ct (∆ct= ctwt - cttot) reflects 

less CDC25A-wt and more CDC25A-Q110del templates. i.e ∆ct value is directly proportional to 

the CDC25A-Q110del  (Figure 2C). Accordingly the ∆ct= ctwt - cttot was considered as an 

estimate of the CDC25A-Q110del, the higher the ∆ct the more the CDC25A-Q110del 

and that was independent of the total number of copies (Figure 2D). 
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Figure 2. ∆ct is a direct reading of the CDC25A-Q110del. A. Taqman assay amplification 
curve for reactions of graded wt:Q110del ratios. cttot value is the same irrespective of 
wt:Q110del ratio. B. wt primer reads the CDC25A-wt template and not the CDC25A-
Q110del, high ctwt values reflect low wt:Q110del i.e; more CDC25A-Q110 and vice 
versa (right). C. The ∆ct= ctwt- cttot, increases directly with increasing the CDC25A-
Q110del template and decreasing the CDC25A-wt in the reaction. D. ∆ct almost does not 
change, when changing total copy number of templates while keeping constant ratio of 
CDC25A wt: Q110del. 
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CDC25A-Q110del more common in NSCLC than in HBECs: 

To explore the significance of CDC25A-Q110del in tumorigenesis of lung cancer, 

we measured the CDC25A-wt transcripts normalized to the total CDC25A transcript in 

HBECS and NSCLC cells. Using the same parameters described in validation the taqman 

assay CDC25A-Q110del was detected in HBECs and NSCLC cells as the ∆ct 

(Appendices III A and B). The HBECs showed significantly less CDC25A-Q110del 

transcripts compared to the NSCLC cell lines (P< .003) Figure 3.  

 

              

 

Figure 3.Real time PCR CDC25A-Q110del in HBECs and NSCLC. Differential 
quantification of CDC25A-Q110 in HBECs showed to be significantly less than in 
NSCLC (P<.003). ∆ct= Ct wt- Ct tot = CDC25A-Q110del. 
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CDC25A-Q110del confers resistance to UV radiation: 

To investigate whether different proportionality of CDC25A-Q110del  will affect the 

proliferation potential of  various NSCLC cell lines, we carried out a proliferation assay 

under unperturbed cell cycle conditions on representative number of NSCLC (H1299, 

Calu-1, A549, sk-mes-1), but there was no difference in proliferation potential. We then 

checked if there is difference in proliferation after UV radiation and figured out that some 

cells were more sensitive to UV radiation than others. Interestingly, sk-mes-1 a p53 

mutant cell that showed high value of CDC25A-Q110del variant (Figure 3) was the most 

resistant to UV radiation and H1299 was the most sensitive albeit the fact that it is a p53 

nul cell line (Figure 4). After transfection of the UV sensitive H1299 with CDC25A-wt 

and CDC25A-Q110del , both population of cells showed more resistance to UV radiation 

as assessed by more survival compared to the control transfection , but the cells 

expressing the H1299 CDC25A-Q110del showed more survival potential (P<.07 ) than 

the CDC25A-wt transfected cells ( P< .55) in relation to the control group (Figure 4B).  

This suggested that CDC25A-Q110del contributes to tumorigenesis of NSCLC through 

enhancing more survival under DNA damaging agents. Calu-1 CDC25A-Q110del also 

showed more resistance to UV radiation but was to a lesser extent than that observed in 

H1299 (Figure 4C).  
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A. 

 

B.    

 

C.  

 

Figure 4.CDC25a-Q110del rescues UV sensitive NSCLC cells: A. cell viability assay 
after 24 hours of UV radiation of NSCLC cell lines. B and C: expressing CDC25A-
Q110del in 1299 and Calu-1 NSCLC cells confers more resistance to UV radiation as 
measured by the WST-cell proliferation assay. 
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CDC25A-Q110del correlates with poor overall survival in NSCLC patients: 

 

We were able to detect a digestion pattern specific to CDC25A-Q110del upon 

restriction enzyme digestion of CDC25A cDNA of NSCLC tumor tissue samples using 

Bpu10I (Figure 5A). To estimate if the quantification of CDC25A-Q110del transcript in 

NSCLC samples relative to its normal tissue pair will affect the overall survival of 

NSCLC patients.19 We carried out real time PCR using the same Taqman assays used for 

the cell lines. The 2-∆∆ct value is a direct reading of the CDC25A-wt in tumor tissue 

relative to its normal tissue pair (Figure 5B) (Appendix III C). The Kaplan Meier curve 

showed less CDC25A-wt transcripts (i,e more CDC25A-Q110del) in tumor tissue versus 

normal to correlate with poor overall survival (Log rank P <.0018) (Figure 5C).     
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Figure 5.CDC25A-Q110del correlates with overall poor survival of NSCLC patients. A. 
Bpu10I restriction endonuclease digestion of CDC25A cDNA from NSCLC tumor 
samples. B. Relative Quantification of target gene “CDC25A-wt” in NSCLC tumor tissue 
relative to normal tissue pair (T/N) of Lung cancer patients, based on the formula: 2-∆∆ct. 
Presented is a sample of 18 out of 88 tissue pairs. CDC25A template of tumor or normal 
was run in triplicates of uni-plex reaction for the wt-primer as well as for the tot-primer, 
and the mean was calculated for each primer set, ∆ct was calculated for each tissue 
(Appendix III C). C. Survival curve of patients stratified by optimal cutoff = 0.8. Poor 
overall survival correlates with less CDC25A-wt (more CDC25A-Q110del) in Tumor 
versus normal tissue pair P-value (log-rank) < 0.0018.  
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Discussion:  

Here we show in vitro that expression of the stable isoform CDC25A-Q110del 

conferred more survival to UV sensitive NSCLC cells. Sk-mes-1, a p53 mutant cell line, 

showed the highest expression of CDC25A-Q110del transcript and at the same time was 

the most resistant to UV radiation.20,21 The finding that the transcript was high in these 

cells is interpretable since p53 is known to inhibit CDC25A on transcriptional level 

through the transcriptional repressor ATF3.22,23 Interestingly , another p53 mutant cell 

line, H1299, still showed higher CDC25A-Q110del transcripts compared to the HBECs,  

yet less than in sk-mes-1, was more sensitive to UV radiation than the sk-mes-1 cell line. 

This suggests that CDC25AQ110del could be more critical for survival under UV 

damage compared to p53.21This was further suggested when CDC25A-Q110del 

expression in H1299 rescued it and increased its resistance to UV radiation. Taken 

together this data suggests that the CDC25A-Q110del isoform can evolve NSCLC cells 

with more aggressive phenotype, which can be resistant to several therapeutic modalities. 

Whether p53 plays a role in cooperation with CDC25A-Q110del in response to UV 

radiation is now being explored by ongoing experiments. 

For detection of the CDC25A-Q110del transcript variant in NSCLC patients’ 

samples several methodologies can be approached. The methodology described allowed 

detection of the variant, as well as relative quantification in reference to normal tissue 

pairs. In the same time it was still reasonably convenient for the large number of samples. 

Here, we  show in primary tumor samples of NSCLC ranging from stage I to stage IV, 
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that tumors expressing low level CDC25A-wt variant (i,e high CDC25A-Q110del) will 

have poor overall survival and vice versa.  

Detection of more stable CDC25A isoform in NSCLC tumor tissue may aid in 

tailoring better therapeutic strategies targeted to the specific proteomic profile of each 

individual tumor,4,24 specially and CDC25A was shown before to cooperate with  Ras 

mutation and loss of pRb enhancing more malignant phenotype.7,25 It would be of interest 

to study the correlation between these mutations and  CDC25A-Q110del in NSCLC. 

Our results suggest that NSCLC tumors expressing the CDC25A-Q110del, could be more 

resistant to genotoxic therapy and to bear poor outcome. These tumors would be suitable 

candidate to target CDC25A. Yet, further confirmatory studies on tumor samples would 

be recommended. Multivariate predictors of response including the CDC25A-Q110del 

and other mutations that it might cooperate with would have potential for clinical use and 

likely provide more accurate predictor sensitivity than that achieved with single 

biomarkers or clinical characteristics in NSCLC. 24 
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Chapter V 

Conclusions and Future Plans 

 

OSCC and NSCLC are two of the most common malignancies of the aerodigestive 

tract. 1,2 Remarkable advances have been made in the understanding of the key role of 

critical mutations in oncogenes , loss of tumor-suppressor genes and the cell cycle-related 

molecules in the transformation of cells of the aerodigestive tract. All these underlying 

molecular changes, may contribute to the aggressive behavior of OSCC and NSCLC. 2-5
 

The overall prognosis of OSCC and NSCLC has not changed significantly in the 

last 3 decades. Yet, several approaches have led to higher rates of organ preservation and 

improved quality of life of survivors. Among which early detection and prevention as 

well as targeted therapy of aerodigestive tract malignancies has shown promising 

results.3,4 New agents are gaining momentum, including inhibitors of intracellular signal 

transduction as well as inhibitors of epigenetic modulating enzymes, with  a large body of 

research devoted to this area.4,5 

Our data add another piece to the puzzle of events contributing to the neoplastic 

transformation of cells of the respiratory tract and underline, once again, the important 

role of molecules involved in regulation of the cell cycle.5 We highlight a significant role 

of EZH2 in cell cycle deregulation in OSCC development as well as in NSCLC 

tumorigenesis. In addition, we identify a significant mode of regulation of CDC25A that 

impacts mitotic progression in NSCLC. These findings have profound translational 

implications for the development of mechanism- based therapies for epithelial 

malignancies of the aerodigestive tract. Suggesting EZH2 as a novel predictive marker in 
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oral leukoplakia (OL) and as a chemopreventive target and adds more evidence for EZH2 

as therapeutic target in NSCLC tumorigenesis.6,7 CDC25A-Q110del isoform can be part 

of the genetic blue print of NSCLC in cooperation with other markers and its expression 

can suggest the tumor as a suitable candidate for CDC25A inhibition.4However, the 

complex regulation of CDC25A and the cross talk between EZH2 and CDC25A warrants 

further investigation. Here, we propose some of the research questions that we are 

planning to pursue: 

 

Detection of Gene Methylation Pattern in OL Patients in a Prospective Cohort 

Study: 

As in most malignancies, the efficiency of current treatment modalities for OSCC 

and NSCLC depends strongly on the time of diagnosis with better chances of survival if a 

tumor is detected at an early stage.3,4 Progress in the elucidation of the molecular profile 

that characterizes early changes critical for the development of these tumors should lead 

the way to novel predictive therapeutic procedures into clinical practice.6,7 Translational 

epigenomics has been an exciting area of research that has grown with the field of 

epigenetics itself. These heritable modifications of the DNA molecule itself occur 

through several pathways including alterations in DNA methylation and histone 

modification. It is, however, important to understand in detail the epigenetic 

reprogramming of premalignant cells in order to identify the most commonly 

hypermethylated genes.6,7  

In recent years, ample evidence from literature describes promoter methylation as an 

early event in lung and oral tumorigenesis,7,8 and aberrant DNA methylation is now 
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considered a new target for early detection, risk assessment, prognosis and therapy in 

NSCLC.7-10 Interestingly,  detection of aberrant promoter hypermethylation of candidate 

tumor suppressor genes of OSCC in serum and salivary rinses showed improved 

detection when compared with single markers.11 Furthermore, it is known that unique 

profiles of hypermethylation not only differentiate cancer from normal, but also define 

specific cancer types.12 

In an attempt to characterize DNA hypermethylation profile of high risk OL lesions 

we suggest a prospective study, in which correlation of DNA hypermethylation profile 

and risk of  OSCC  onset can be studied. The samples can be collected from saliva or 

mouth rinses, containing naked DNA or exfoliated cells. For this we plan to use the 

methylated-CpG island recovery assay (MIRA), which is based on the high affinity of the 

Methyl-CpG binding domain (MBD2/MBD3L1 complex) proteins for double-stranded 

CpG-methylated DNA (Figure 1). This method can be used to analyze the DNA 

methylation status of large numbers of genes simultaneously using microarray-based 

approaches or high-throughput sequencing.13 

MBD proteins, such as MBD2, have the capacity to bind specifically to methylated 

DNA sequences but have little affinity to unmethylated DNA. MBD2b, the shorter 

isoform translated from the MBD2 mRNA, forms a heterodimer with a related protein, 

MBD3L1. MBD3L1 strongly increases the affinity of recombinant MBD2 for methylated 

DNA. In the MIRA procedure, sonicated or restriction-cut genomic DNA isolated from 

normal or malignant tissue is incubated with GST-tagged MBD2b and His-MBD3L1. 

The bound methylated DNA is eluted from a glutathione affinity matrix, and used for 

hybridization to microarrays (MIRA-chip). The MIRA procedure has a high specificity 
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for enriching methylated DNA and unmethylated DNA molecules stay in the 

supernatant.13,14 Thus, the efficiency of the MIRA approach depends on mCpG density 

and the approach seems to be ideally suited for examining CpG methylation patterns on a 

genome-wide scale. The MIRA method is several times more sensitive than 

Methyl DNA immunoprecipitation, allowing analysis with less DNA and is compatible 

with several types of microarrays. This can yield epigenetic signature characteristic of 

lesions with malignant potential as well as reveal novel therapeutic targets for OSCC.11 

 

 
Figure 1.Outline of the MIRA-chip procedure13 

Genomic DNA is fragmented to an average size of a few hundred base pairs, either by 
sonication or by cleavage with the restriction enzyme MseI. Methylated DNA molecules 
are enriched by incubation with the MBD2b-MBD3L1 protein complex. Input DNA and 
MIRA enriched (methylated) fractions are labeled with different dyes, mixed, and 
hybridized to microarray slides. Alternatively, MIRA-enriched DNA from normal and 
tumor cells can be compared directly.13 
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EZH2 and CDC25A as Therapeutic Targets in OSCC and NSCLC:  

Personalized chemotherapy and targeted biologic therapy based on a tumor's 

histologic and molecular profile have already shown promise in optimizing efficacy.15,16 

Yet, Application of this information to clinical practice for the treatment of patients with 

NSCLC and OSCC lags behind the promise of individualized patient management based 

on genomic medicine. 16 

In this context we propose EZH2 and CDC25A as attractive therapeutic targets in 

aerodigestive tract malignancies. The consistent overexpression of EZH2 and CDC25A 

and their role in cell cycle progression testifies to their values as important targets for 

inhibition by small molecules.17,18  

Modulation of CDC25A level is critical for keeping the balance between cell 

survival, proliferation and CHK response (Figure 2).5To protect genome integrity and 

ensure survival, eukaryotic cells exposed to genotoxic stress cease proliferating to 

provide time for DNA repair. Mailand et al. 2000, demonstrated that human cells respond 

to ultraviolet light or ionizing radiation by rapid, ubiquitin- and proteasome-dependent 

protein degradation of CDC25A, a phosphatase that is required for progression through 

several phases of the cell cycle.19 This response involved activated CHK1 protein kinase 

but not the p53 pathway (Figure 2),5,19 while the persisting expression of CDC25A 

showed to abrogate this CHK1 mediated checkpoint.19 This could be of great significance 

in p53 mutated tumor cells where delayed DDR is dysfunctional, like the case in 50-60% 

p53 mutated NSCLC and OSCC.4,7 These biological properties of CDC25A phosphatase 

provide significant insight into the pathobiology of cancer and scientific foundation for 

anti-CDC25 therapeutic intervention.17 
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Figure 2.Mammalian cell cycle checkpoints.5 Modulation of CDC25A level is critical for 
keeping the balance between cell survival, proliferation and CHK response. A schematic 
representation of molecular pathways involved in transmitting the signal from the sites of 
DNA damage to delay (green) or arrest (blue) the cell cycle progression at multiple 
transitions. The apical kinases ATM/ATR (red) and Chk2/Chk1 (black) together with 
their major substrates (P) are indicated. (X) Lacks the intra-S-phase component. Asterisk 
indicates that other proteins, all direct targets of ATM and ATR kinases, also participate 
in the ‘acute and transient’ cell cycle delay during S phase and at the G2/M boundary. 
Exactly how these proteins communicate with the cell cycle machinery remains to be 
established.5 
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Several inhibitors derived from diverse chemical classes has been investigated for 

CDC25A inhibition.22-26 Yet, the mechanism of inhibition is still challenging since for 

example the potency of vitamin K derivatives which can inhibit CDC25A is diminished 

through reduction by cellular quinone reductase.17 In addition, development of small 

molecule inhibitors of CDC25A is a challenging task due to several reasons, among 

which is the lack of deep active site pocket, there is no obvious groove for binding 

proteins or small molecule substrates, there is backbone flexibility, high reactivity of the 

catalytic cysteine of the CDC25s, as well as lack of selectivity for CDC25A from other 

tyrosine phosphatases, due to the conserved active site. All of this suggests that this might 

be a difficult goal and justifies the slow progress that has been made in this field.19,27-29 In 

addition, there is still much to reveal regarding the regulation and catalytic degradation of 

CDC25A, and its regulated phosphorylation through the N-terminal domain seems to be 

just the tip of an ice berg.29-32 

Intriguingly, combined epigenetic therapy using methyl transferase inhibitor (3-

deazaneplanocin A (DZNep)) and Histone deacetylase (HDAC) inhibitor,(trichostatin A 

(TSA)), showed  decrease in CDC25A protein levels in MCF-7 breast cancer, and 

SW480 colon cancer cell lines.33-35 Interestingly, TSA treatment combined with DZNep 

cause significant depletion of EZH2 and inhibits trimethylation of lysine 27 on histon 

H3.36,37 It is worth mention, that EZH2 modulates miR-449 epigenetically and the 

combination treatment of DZNep/TSA, but not the single treatment, resulted in a 

dramatic induction of miR-449 expression in MCF-7 cells.35  miR-449 has an inhibitory 

modulating effect on CDC25A, and the epigenetic inactivation of miR-449 in tumor cells 

provides a proliferative advantage.35 This makes combined epigenetic therapy a 
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significant approach to pursue in malignancies of proteomic profile with EZH2, and 

CDC25A overexpression, aiming at dual inhibition of EZH2 and CDC25A (Figure 3). 

This represents a promising molecular-based approach for treatment of aerodigestive tract 

epithelial malignancies. Especially, that this epigenetic approach showed before to 

induce apoptosis in acute myeloid leukemia cells while spared normal CD34+ bone 

marrow progenitor cells.38 It would be interesting to explore in the future the effect of 

inhibiting EZH2 in OSCC and NSCLC, then monitor the effect on miR-499 and 

CDC25A, to understand more how and to what extent DNA hypomethylation may have a 

critical effect on the cell cycle.35,38 

 

 

 

Figure 3. Summary and proposed model of EZH2-miR449 and CDC25A. EZH2 

promotes G1-S transition through correlation with p15INK4B down regulation, CyclinD1 

up regulation, CDK1/2 activation dephosphorylation and its activity sensed by Chk1. 

CDC25A-Q110del shows more stability under unperturbed cell cycle conditions as well 

as under UV irradiation, and promotes G2/M transition through activation 

dephosphorylation of CDK1. 
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Appendix II: 
 

A. DNA forward direction sequence alignment of CDC25A-Q110del from A549 
and CDC25A-wt from sk-mes-1 NSCLC cell lines cloned into pEGFPN.  

 
 
A549            GGATCCAAGGAAACTGCAGCAGCCAAGTTTGAGCGGCAGCACATGAACTCCCCACCTCCT 60 
Sk-mes-1        GGATCCAAGGAAACTGCAGCAGCCAAGTNTGAGCGGCAGCACATGAACTCCCCACCTCCT 60 
CDC25A          ------------------------------------------------------------ 
                                                                             
 
A549            ATCGAAGGCAGATCCATGGAACTGGGCCCGGAGCCCCCGCACCGCCGCCGCCTGCTCTTC 120 
Sk-mes-1        ATCGAAGGCAGATCCATGGAACTGGGCCCGGAGCCCCCGCACCGCCGCCGCCTGCTCTTC 120 
CDC25A          ---------------ATGGAACTGGGCCCGGAGCCCCCGCACCGCCGCCGCCTGCTCTTC 45 
                               ********************************************* 
 
A549            GCCTGCAGCCCCCCTCCCGCGTCGCAGCCCGTCGTGAAGGCGCTATTTGGCGCTTCAGCC 180 
Sk-mes-1        GCCTGCAGCCCCCCTCCCGCGTCGCAGCCCGTCGTGAAGGCGCTATTTGGCGCTTCAGCC 180 
CDC25A          GCCTGCAGCCCCCCTCCCGCGTCGCAGCCCGTCGTGAAGGCGCTATTTGGCGCTTCAGCC 105 
                ************************************************************ 
 
A549            GCCGGGGGACTGTCGCCTGTCACCAACCTGACCGTCACTATGGACCAGCTGCAGGGTCTG 240 
Sk-mes-1        GCCGGGGGACTGTCGCCTGTCACCAACCTGACCGTCACTATGGACCAGCTGCAGGGTCTG 240 
CDC25A          GCCGGGGGACTGTCGCCTGTCACCAACCTGACCGTCACTATGGACCAGCTGCAGGGTCTG 165 
                ************************************************************ 
 
A549            GGCAGTGATTATGAGCAACCACTGGAGGTGAAGAACAACAGTAATCTGCAGAGAATGGGC 300 
Sk-mes-1        GGCAGTGATTATGAGCAACCACTGGAGGTGAAGAACAACAGTAATCTGCAGAGAATGGGC 300 
CDC25A          GGCAGTGATTATGAGCAACCACTGGAGGTGAAGAACAACAGTAATCTGCAGAGAATGGGC 225 
                ************************************************************ 
 
A549            TCCTCCGAGTCAACAGATTCAGGTTTCTGTCTAGATTCTCCTGGGCCATTGGACAGTAAA 360 
Sk-mes-1        TCCTCCGAGTCAACAGATTCAGGTTTCTGTCTAGATTCTCCTGGGCCATTGGACAGTAAA 360 
CDC25A          TCCTCCGAGTCAACAGATTCAGGTTTCTGTCTAGATTCTCCTGGGCCATTGGACAGTAAA 285 
                ************************************************************ 
 
A549            GAAAACCTTGAAAATCCTATGAGAAGAATACATTCCCTACCT---AAGCTGTTGGGATGT 417 
Sk-mes-1        GAAAACCTTGAAAATCCTATGAGAAGAATACATTCCCTACCTCAGAAGCTGTTGGGATGT 420 
CDC25A          GAAAACCTTGAAAATCCTATGAGAAGAATACATTCCCTACCTCAGAAGCTGTTGGGATGT 345 
                ******************************************   *************** 
 
 
A549            AGTCCAGCTCTGAAGAGGAGCCATTCTGATTCTCTTGACCATGACATCTTTCAGCTCATC 477 
Sk-mes-1        AGTCCAGCTCTGAAGAGGAGCCATTCTGATTCTCTTGACCATGACATCTTTCAGCTCATC 480 
CDC25A          AGTCCAGCTCTGAAGAGGAGCCATTCTGATTCTCTTGACCATGACATCTTTCAGCTCATC 405 
                ************************************************************ 
 
A549            GACCCAGATGAGAACAAGGAAAATGAAGCCTTTGAGTTTAAGAAGCCAGTAAGACCTGTA 537 
Sk-mes-1        GACCCAGATGAGAACAAGGAAAATGAAGCCTTTGAGTTTAAGAAGCCAGTAAGACCTGTA 540 
CDC25A          GACCCAGATGAGAACAAGGAAAATGAAGCCTTTGAGTTTAAGAAGCCAGTAAGACCTGTA 465 
                ************************************************************ 
 
A549            TCTCGTGGCTGCCTGCACTCTCATGGACTCCAGGAGGGTAAAGATCTCTTCACACAGAGG 597 
Sk-mes-1        TCTCGTGGCTGCCTGCACTCTCATGGACTCCAGGAGGGTAAAGATCTCTTCACACAGAGG 600 
CDC25A          TCTCGTGGCTGCCTGCACTCTCATGGACTCCAGGAGGGTAAAGATCTCTTCACACAGAGG 525 
                ************************************************************ 
 
A549            CAGAACTCTGCCCCAGCTCGGATGCTTTCCTCAAATGAAAGAGATAGCAGTGAACCAGGG 657 
Sk-mes-1        CAGAACTCTGCCCCAGCTCGGATGCTTTCCTCAAATGANAGAGATAGCAGTGAACCAGGG 660 
CDC25A          CAGAACTCTGCCCCAGCTCGGATGCTTTCCTCAAATGAAAGAGATAGCAGTGAACCAGGG 585 
                ************************************** ********************* 
 
A549            AATTTCATTCCTCTTTTTACACCCCAGTCACCTGTGACAGCCACTTT-GTCTGATGAGGA 716 
Sk-mes-1        AATTTCATTCCTCTTTTTACACCCCAGTCACCTGTGACAGCCACTTTTGTCTGATGAGGA 720 
CDC25A          AATTTCATTCCTCTTTTTACACCCCAGTCACCTGTGACAGCCACTTT-GTCTGATGAGGA 644 
                *********************************************** ************ 
 
A549            TGATGGCTTCGTGGACCTTCTCGATGGAGAGAATCTGAAGAATGAGGAGGAGACCCCCTC 776 
Sk-mes-1        TGATGGCTTCGTGGANCTTCTCGATGGAGAGAATCTGAAGAATGAGGANGAGANCCCCTC 780 
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CDC25A          TGATGGCTTCGTGGACCTTCTCGATGGAGAGAATCTGAAGAATGAGGAGGAGACCCCCTC 704 
                *************** ******************************** **** ****** 
 
A549            GTGCATGGNAAGCCTCTGGAACAGCTCCTCTCCGTCATG--------------------- 815 
Gw9             GTGCATGGCAAGCCTCTGGA-CAGCTCCTCTC-GTCATGAGAACTACAAACCTTGACAAC 838 
CDC25A          GTGCATGGCAAGCCTCTGGA-CAGCTCCTCTC-GTCATGAGAACTACAAACCTTGACAAC 762 
                ******** *********** *********** ******                      
 
A549            ------------------------------------------------------------ 
Sk-mes-1        CGATGCAAGCTGTTTGACTCCCNTT-CCCTGTGTAGCTCCAGCACTCGGNCAGTGNTGAA 897 
CDC25A          CGATGCAAGCTGTTTGACTCCCCTT-CCCTGTGTAGCTCCAGCACTCGGTCAGTGTTGAA 821 
                                                                             
 
A549            ------------------------------------------------------------ 
Sk-mes-1        GANACCAGAACGATCTCAA----------------------------------------- 916 
CDC25A          GAGACCAGAACGATCTCAAGAGGAGTCTCCACCTGGAAGTACAAAGAGGAGGAAGAGCAT 881 
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Appendix II: 
B. DNA alignment of reverse direction sequencing CDC25A-Q110del from A549 

and CDC25A-wt from sk-mes-1 NSCLC cell lines cloned into pEGFPN: 
 
 
 
A549            ------------------------------------------------------------ 
Sk-mes-1        ------------------------------------------------------------ 
CDC25A          CTTCTCGATGGAGAGAATCTGAAGAATGAGGAGGAGACCCCCTCGTGCATGGCAAGCCTC 720 
                                                                             
 
A549            ---------------GTCATGAGAACTACAAACCTTGACAACCGATGCAAGCTGTTTGAC 45 
Sk-mes-1        -------CTCCTCTCGTCATGAGAACTACAAACCTTGACAACCGATGCAAGCTGTTTGAC 53 
CDC25A          TGGACAGCTCCTCTCGTCATGAGAACTACAAACCTTGACAACCGATGCAAGCTGTTTGAC 780 
                               ********************************************* 
 
A549            TCCCCTTCCCTGTGTAGCTCCAGCACTCGGTCAGTGTTGAAGAGACCAGAACGATCTCAA 105 
Sk-mes-1        TCCCCTTCCCTGTGTAGCTCCAGCACTCGGTCAGTGTTGAAGAGACCAGAACGATCTCAA 113 
CDC25A          TCCCCTTCCCTGTGTAGCTCCAGCACTCGGTCAGTGTTGAAGAGACCAGAACGATCTCAA 840 
                ************************************************************ 
 
A549            GAGGAGTCTCCACCTGGAAGTACAAAGAGGAGGAAGAGCATGTCTGGGGCCAGCCCCAAA 165 
Sk-mes-1        GAGGAGTCTCCACCTGGAAGTACAAAGAGGAGGAAGAGCATGTCTGGGGCCAGCCCCAAA 173 
CDC25A          GAGGAGTCTCCACCTGGAAGTACAAAGAGGAGGAAGAGCATGTCTGGGGCCAGCCCCAAA 900 
                ************************************************************ 
 
 
A549            GAGTCAACTAATCCAGAGAAGGCCCATGAGACTCTTCATCAGTCTTTATCCCTGGCATCT 225 
Sk-mes-1        GAGTCAACTAATCCAGAGAAGGCCCATGAGACTCTTCATCAGTCTTTATCCCTGGCATCT 233 
CDC25A          GAGTCAACTAATCCAGAGAAGGCCCATGAGACTCTTCATCAGTCTTTATCCCTGGCATCT 960 
                ************************************************************ 
 
A549            TCCCCCAAAGGAACCATTGAGAACATTTTGGACAATGACCCAAGGGACCTTATAGGAGAC 285 
Sk-mes-1        TCCCCCAAAGGAACCATTGAGAACATTTTGGACAATGACCCAAGGGACCTTATAGGAGAC 293 
CDC25A          TCCCCCAAAGGAACCATTGAGAACATTTTGGACAATGACCCAAGGGACCTTATAGGAGAC 1020 
                ************************************************************ 
 
 
A549            TTCTCCAAGGGTTATCTCTTTCATACAGTTGCTGGGAAACATCAGGATTTAAAATACATC 345 
Sk-mes-1        TTCTCCAAGGGTTATCTCTTTCATACAGTTGCTGGGAAACATCAGGATTTAAAATACATC 353 
CDC25A          TTCTCCAAGGGTTATCTCTTTCATACAGTTGCTGGGAAACATCAGGATTTAAAATACATC 1080 
                ************************************************************ 
 
 
A549            TCTCCAGAAATTATGGCATCTGTTTTGAATGGCAAGTTTGCCAACCTCATTAAAGAGTTT 405 
Sk-mes-1        TCTCCAGAAATTATGGCATCTGTTTTGAATGGCAAGTTTGCCAACCTCATTAAAGAGTTT 413 
CDC25A          TCTCCAGAAATTATGGCATCTGTTTTGAATGGCAAGTTTGCCAACCTCATTAAAGAGTTT 1140 
                ************************************************************ 
 
A549            GTTATCATCGACTGTCGATACCCATATGAATACGAGGGAGGCCACATCAAGGGTGCAGTG 465 
Sk-mes-1        GTTATCATCGACTGTCGATACCCATATGAATACGAGGGAGGCCACATCAAGGGTGCAGTG 473 
CDC25A          GTTATCATCGACTGTCGATACCCATATGAATACGAGGGAGGCCACATCAAGGGTGCAGTG 1200 
                ************************************************************ 
 
A549            AACTTGCACATGGAAGAAGAGGTTGAAGACTTCTTATTGAAGAAGCCCATTGTACCTACT 525 
Sk-mes-1        AACTTGCACATGGAAGAAGAGGTTGAAGACTTCTTATTGAAGAAGCCCATTGTACCTACT 533 
CDC25A          AACTTGCACATGGAAGAAGAGGTTGAAGACTTCTTATTGAAGAAGCCCATTGTACCTACT 1260 
                ************************************************************ 
 
A549            GATGGCAAGCGTGTCATTGTTGTGTTTCACTGCGAGTTTTCTTCTGAGAGAGGTCCCCGC 585 
Sk-mes-1        GATGGCAAGCGTGTCATTGTTGTGTTTCACTGCGAGTTTTCTTCTGAGAGAGGTCCCCGC 593 
CDC25A          GATGGCAAGCGTGTCATTGTTGTGTTTCACTGCGAGTTTTCTTCTGAGAGAGGTCCCCGC 1320 
                ************************************************************ 
 
A549            ATGTGCCGGTATGTGAGAGAGAGAGATCGCCTGGGTAATGAATACCCCAAACTCCACTAC 645 
Sk-mes-1        ATGTGCCGGTATGTGAGAGAGAGAGATCGCCTGGGTAATGAATACCCCAAACTCCACTAC 653 
CDC25A          ATGTGCCGGTATGTGAGAGAGAGAGATCGCCTGGGTAATGAATACCCCAAACTCCACTAC 1380 
                ************************************************************ 
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A549            CCTGAGCTGTATGTCCTGAAGGGGGGATACAAGGAGTTCTTTATGAAATGCCAGTCTTAC 705 
Sk-mes-1        CCTGAGCTGTATGTCCTGAAGGGGGGATACAAGGAGTTCTTTATGAAATGCCAGTCTTAC 713 
CDC25A          CCTGAGCTGTATGTCCTGAAGGGGGGATACAAGGAGTTCTTTATGAAATGCCAGTCTTAC 1440 
                ************************************************************ 
 
A549            TGTGAGCCCCCTAGCTACCGGCCCATGCACCACGAGGACTTTAAAGAAGACCTGAAGAAG 765 
9-16-04         TGTGAGCCCCCTAGCTACCGGCCCATGCACCACGAGGACTTTAAAGAAGACCTGAAGAAG 773 
CDC25A          TGTGAGCCCCCTAGCTACCGGCCCATGCACCACGAGGACTTTAAAGAAGACCTGAAGAAG 1500 
                ************************************************************ 
 
A549            TTCCGCACCAAGAGCCGGACCTGGGCAGGGGAGAAGAGCAAGAGGGAGATGTACAGTCGT 825 
Sk-mes-1        TTCCGCACCAAGAGCCGGACCTGGGCAGGGGAGAAGAGCAAGAGGGAGATGTACAGTCGT 833 
CDC25A          TTCCGCACCAAGAGCCGGACCTGGGCAGGGGAGAAGAGCAAGAGGGAGATGTACAGTCGT 1560 
                ************************************************************ 
 
A549            CTGAAGAAGCTCTGAACCGGTCGCCACCATGGTGAGCAAGGGCGAGGAGCTGT-CACCGG 884 
Sk-mes-1        CTGAAGAAGCTCTGAACCGGTCGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGG 893 
CDC25A          CTGAAGAAGCTCTGA--------------------------------------------- 1575 
                *************** 
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Appendix II: 
C. Amino acid alignment of forward sequencing CDC25A-Q110del from A549 

and CDC25A-wt from sk-mes-1 NSCLC cloned to pEGFPN:  
 
A549            MNSPPPIEGRSMELGPEPPHRRRLLFACSPPPASQPVVKALFGASAAGGLSPVTNLTVTM 60 
sk-mes-1        MNSPPPIEGRSMELGPEPPHRRRLLFACSPPPASQPVVKALFGASAAGGLSPVTNLTVTM 60 
cdc25a          -----------MELGPEPPHRRRLLFACSPPPASQPVVKALFGASAAGGLSPVTNLTVTM 49 
                           ************************************************* 
 
A549            DQLQGLGSDYEQPLEVKNNSNLQRMGSSESTDSGFCLDSPGPLDSKENLENPMRRIHSLP 120 
sk-mes-1        DQLQGLGSDYEQPLEVKNNSNLQRMGSSESTDSGFCLDSPGPLDSKENLENPMRRIHSLP 120 
cdc25a          DQLQGLGSDYEQPLEVKNNSNLQRMGSSESTDSGFCLDSPGPLDSKENLENPMRRIHSLP 109 
                ************************************************************ 
 
A549            -KLLGCSPALKRSHSDSLDHDIFQLIDPDENKENEAFEFKKPVRPVSRGCLHSHGLQEGK 179 
sk-mes-1        QKLLGCSPALKRSHSDSLDHDIFQLIDPDENKENEAFEFKKPVRPVSRGCLHSHGLQEGK 180 
cdc25a          QKLLGCSPALKRSHSDSLDHDIFQLIDPDENKENEAFEFKKPVRPVSRGCLHSHGLQEGK 169 
                 *********************************************************** 
 
A549            DLFTQRQNSAPARMLSSNERDSSEPGNFIPLFTPQSPVTATLSDEDDGFVDLLDGENLKN 239 
sk-mes-1        DLFTQRQNSAPARMLSSNXRDSSEPGNFIPLFTPQSPVTAT-------FVGWLRGXSRWR 233 
cdc25a          DLFTQRQNSAPARMLSSNERDSSEPGNFIPLFTPQSPVTATLSDEDDGFVDLLDGENLKN 229 
                ****************** **********************       **  * * .  . 
 
A549            EEETPSCMXSLWNS----------------SSPS-------------------------- 257 
sk-mes-1        ESEE-GXXPLVHGKPLDSSSRHENYKPQPMQAVLPFPVLQHSXSXE-------------- 278 
cdc25a          EEETPSCMASLWTAPLVMRTTNLDNRCKLFDSPSLCSSSTRSVLKRPERSQEESPPGSTK 289 
                * *  .    :                   .:                             
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Appendix II: 
D. Amino acid alignment of reverse sequencing of CDC25A-Q110del from A549 

and CDC25A-wt from sk-mes-1 NSCLC cloned to pEGFPN: 
 
                                                                             
 
A549           ------------------------------------------------------------ 
Sk-mes-1       ------------------------------------------------------------ 
CDC25A         ARMLSSNERDSSEPGNFIPLFTPQSPVTATLSDEDDGFVDLLDGENLKNEEETPSCMASL 240 
                                                                             
 
A549           -----VMRTTNLDNRCKLFDSPSLCSSSTRSVLKRPERSQEESPPGSTKRRKSMSGASPK 55 
Sk-mes-1       ---PLVMRTTNLDNRCKLFDSPSLCSSSTRSVLKRPERSQEESPPGSTKRRKSMSGASPK 57 
CDC25A         WTAPLVMRTTNLDNRCKLFDSPSLCSSSTRSVLKRPERSQEESPPGSTKRRKSMSGASPK 300 
                    ******************************************************* 
 
A549           ESTNPEKAHETLHQSLSLASSPKGTIENILDNDPRDLIGDFSKGYLFHTVAGKHQDLKYI 115 
Sk-mes-1       ESTNPEKAHETLHQSLSLASSPKGTIENILDNDPRDLIGDFSKGYLFHTVAGKHQDLKYI 117 
CDC25A         ESTNPEKAHETLHQSLSLASSPKGTIENILDNDPRDLIGDFSKGYLFHTVAGKHQDLKYI 360 
               ************************************************************ 
 
A549           SPEIMASVLNGKFANLIKEFVIIDCRYPYEYEGGHIKGAVNLHMEEEVEDFLLKKPIVPT 175 
Sk-mes-1       SPEIMASVLNGKFANLIKEFVIIDCRYPYEYEGGHIKGAVNLHMEEEVEDFLLKKPIVPT 177 
CDC25A         SPEIMASVLNGKFANLIKEFVIIDCRYPYEYEGGHIKGAVNLHMEEEVEDFLLKKPIVPT 420 
               ************************************************************ 
 
A549           DGKRVIVVFHCEFSSERGPRMCRYVRERDRLGNEYPKLHYPELYVLKGGYKEFFMKCQSY 235 
Sk-mes-1       DGKRVIVVFHCEFSSERGPRMCRYVRERDRLGNEYPKLHYPELYVLKGGYKEFFMKCQSY 237 
CDC25A         DGKRVIVVFHCEFSSERGPRMCRYVRERDRLGNEYPKLHYPELYVLKGGYKEFFMKCQSY 480 
               ************************************************************ 
 
A549           CEPPSYRPMHHEDFKEDLKKFRTKSRTWAGEKSKREMYSRLKKLTG 281 
Sk-mes-1       CEPPSYRPMHHEDFKEDLKKFRTKSRTWAGEKSKREMYSRLKKLTG 283 
CDC25A         CEPPSYRPMHHEDFKEDLKKFRTKSRTWAGEKSKREMYSRLKKL-- 524 
               ******************************************** 
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Appendix III :  

A. Quantitative PCR of CDC25A-Q110del normalized to total CDC25A template 
in reaction of HBEC: 

Cell Line Detector Task Ct Average Ct ∆ct (ct wt - ct tot) 

HBEC1 

CDC25A-wt Target 14.45415 
14.46154 

0.133 

CDC25A-wt Target 14.45322 
CDC25A-wt Target 14.47725 
CDC25A-tot Endogenous Control 14.52141 

14.32886 CDC25A-tot Endogenous Control 14.31643 
CDC25A-tot Endogenous Control 14.14876 

HBEC2 

CDC25A-wt Target 14.42975 
14.47518 

0.188 

CDC25A-wt Target 14.40704 
CDC25A-wt Target 14.58875 
CDC25A-tot Endogenous Control 14.42904 

14.28721 CDC25A-tot Endogenous Control 14.29947 
CDC25A-tot Endogenous Control 14.13312 

HBEC3 

CDC25A-wt Target 14.202 
14.27562 

0.081 

CDC25A-wt Target 14.35086 
CDC25A-wt Target 14.27401 
CDC25A-tot Endogenous Control 14.35936 

14.19428 CDC25A-tot Endogenous Control 14.1815 
CDC25A-tot Endogenous Control 14.04197 

HBEC4 

CDC25A-wt Target 14.21047 
14.28398 

0.046 

CDC25A-wt Target 14.28633 
CDC25A-wt Target 14.35514 
CDC25A-tot Endogenous Control 14.40576 

14.23783 CDC25A-tot Endogenous Control 14.13131 
CDC25A-tot Endogenous Control 14.17642 

HBEC5 

CDC25A-wt Target 14.20715 
14.31935 

0.122 

CDC25A-wt Target 14.36083 
CDC25A-wt Target 14.39008 
CDC25A-tot Endogenous Control 14.30624 

14.19696 CDC25A-tot Endogenous Control 14.33616 
CDC25A-tot Endogenous Control 13.94849 
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Appendix III :  

B. Quantitative PCR of CDC25A-Q110del normalized to total CDC25A template 
in reaction of NSCLC cell lines: 

Cell line Detector          Task Ct 
Average 

ct 
∆ct 

(wt ct - tot ct) 

NCI-H157 

CDC25A-wt Target 18.861074 

18.7467 

0.297818667 

CDC25A-wt Target 18.712898 

CDC25A-wt Target 18.666273 

CDC25A-tot Endogenous Control 18.473574 

18.4489 CDC25A-tot Endogenous Control 18.51383 

CDC25A-tot Endogenous Control 18.359385 

NCI-H226 

CDC25A-wt Target 19.034899 

18.9951 

0.581117667 

CDC25A-wt Target 18.981205 

CDC25A-wt Target 18.955397 

CDC25A-tot Endogenous Control 18.527168 

18.4140 CDC25A-tot Endogenous Control 18.3879 

CDC25A-tot Endogenous Control 18.327023 

NCI-H292 

CDC25A-wt Target 18.439278 

18.4311 

0.449000333 

CDC25A-wt Target 18.451078 

CDC25A-wt Target 18.403172 

CDC25A-tot Endogenous Control 18.053047 

17.9821 CDC25A-tot Endogenous Control 18.00321 

CDC25A-tot Endogenous Control 17.89027 

NCI-H358 

CDC25A-wt Target 19.086184 

19.0755 

0.491301333 

CDC25A-wt Target 19.109726 

CDC25A-wt Target 19.030807 

CDC25A-tot Endogenous Control 18.687523 

18.584271 CDC25A-tot Endogenous Control 18.5559 

CDC25A-tot Endogenous Control 18.50939 

NCI-H460 

CDC25A-wt Target 18.81175 

18.7027 

0.393348667 

CDC25A-wt Target 18.62439 

CDC25A-wt Target 18.67207 

CDC25A-tot Endogenous Control 18.368233 

18.3093 CDC25A-tot Endogenous Control 18.341614 

CDC25A-tot Endogenous Control 18.218317 

NCI-H522 

CDC25A-wt Target 19.186535 

19.1619 

0.398915 

CDC25A-wt Target 19.151815 

CDC25A-wt Target 19.147453 

CDC25A-tot Endogenous Control 18.651691 

18.7630 CDC25A-tot Endogenous Control 18.800947 

CDC25A-tot Endogenous Control 18.83642 

A549 CDC25A-wt Target 19.640455 19.5171 0.594554333 



117 

 

 

 

CDC25A-wt Target 19.480377 

CDC25A-wt Target 19.393913 

CDC25A-tot Endogenous Control 18.906902 

18.9226 CDC25A-tot Endogenous Control 18.974356 

CDC25A-tot Endogenous Control 18.886631 

NCI-H5966 

CDC25A-wt Target 19.69438 

19.6264 

0.5376 

CDC25A-wt Target 19.870571 

CDC25A-wt Target 19.314522 

CDC25A-tot Endogenous Control 19.016088 

19.0888 CDC25A-tot Endogenous Control 19.175896 

CDC25A-tot Endogenous Control 19.0745 

NCI-H1299 

CDC25A-wt Target 19.105581 

19.1240 

0.3709 

CDC25A-wt Target 19.121767 

CDC25A-wt Target 19.144888 

CDC25A-tot Endogenous Control 18.812687 

18.7531 CDC25A-tot Endogenous Control 18.79999 

CDC25A-tot Endogenous Control 18.646639 

NCI-H1944 

CDC25A-wt Target 19.583155 

19.7051 

0.5165 

CDC25A-wt Target 19.83061 

CDC25A-wt Target 19.70171 

CDC25A-tot Endogenous Control 19.040525 

19.1885 CDC25A-tot Endogenous Control 19.340473 

CDC25A-tot Endogenous Control 19.18474 

calu-1 

CDC25A-wt Target 19.892761 

20.0417 

0.5885 

CDC25A-wt Target 20.098871 

CDC25A-wt Target 20.13361 

CDC25A-tot Endogenous Control 19.227827 

19.4532 CDC25A-tot Endogenous Control 19.612095 

CDC25A-tot Endogenous Control 19.519691 

sk-mes-1 

CDC25A-wt Target 20.1192 

19.9311 

1.3128 

CDC25A-wt Target 19.924763 

CDC25A-wt Target 19.749525 

CDC25A-tot Endogenous Control 18.78117 

18.6183 CDC25A-tot Endogenous Control 18.653854 

CDC25A-tot Endogenous Control 18.420023 
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Appendix III :  

C. Quantitative PCR of CDC25A-wt in reactions of patients samples in reference to normal tissue 
pair (3 representative cases): 

MDA 
# 

Sample 
Name Ct CDC25A STDEV Confidence Average 

Ct   
∆ct  

(wt ct-tot ct) 
∆∆ct  

(∆ctTq-∆ctTcb) 

CDC25A-
wt in  

T versus N  

339504 N2wt 22.0411 

0.0579 0.0655 21.9924 

0.7775 

-0.1834 1.1356 

  N2wt 21.9284 

  N2wt 22.0077 

  N2tot 21.2809 

0.0602 0.0681 21.2149   N2tot 21.2010 

  N2tot 21.1629 

  T2wt 20.1261 

0.0682 0.0772 20.0852 

0.5941 

  T2wt 20.0065 

  T2wt 20.1231 

  T2tot 19.3715 

0.1113 0.1260 19.4912   T2tot 19.5104 

  T2tot 19.5916 

96859 N3wt 21.2979 

0.0762 0.0863 21.3858 

0.7677 

-0.4891 1.4036 

  N3wt 21.4325 

  N3wt 21.4271 

  N3tot 20.6052 

0.2364 0.2675 20.6181   N3tot 20.3884 

  N3tot 20.8607 

  T3wt 20.6725 

0.1289 0.1459 20.7376 

0.2787 

  T3wt 20.6543 

  T3wt 20.8861 

  T3tot 20.2253 

0.2072 0.2345 20.4590   T3tot 20.5314 

  T3tot 20.6203 

340884 N4wt 20.9521 

0.0304 0.0344 20.9356 

0.0437 

0.6612 0.6324 

  N4wt 20.9541 

  N4wt 20.9005 

  N4tot 20.7806 

0.0973 0.1101 20.8919   N4tot 20.9342 

  N4tot 20.9609 

  T4wt 18.9024 

0.1771 0.2004 19.1028 

0.7048 

  T4wt 19.1678 

  T4wt 19.2382 

  T4tot 18.3296 

0.0592 0.0670 18.3980   T4tot 18.4332 

  T4tot 18.4312 
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