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ABSTRACT 

Background 

Clinical proteomics aims to characterize the protein networks altered by pathologic processes or 

therapeutic treatment, and to develop biomarker profiling technologies to promptly detect diseases 

and treat them more effectively. The challenge of translating proteomic profiling to the bedside lies 

in applying technologies for the analysis of human tissues, which are routinely obtained by biopsy 

or surgery, without substantially modifying the clinical workflow. Formalin-fixed and paraffin-

embedded (FFPE) tissues are the most widely available archive material suitable to discover new 

biomarkers or therapy targets, for their validation and for their implementation in clinical practice. 

However, the lack of standardised guidelines for protein analysis of archive tissues has hampered 

their regular use in the daily practice. Furthermore, methods to extract proteins and to identify and 

analyse them also quantitatively have only recently been developed. 

This research was carried out to develop, standardise and apply qualitative and quantitative 

proteomic methodologies to archive tissues. 

Objectives 

1. Development, standardisation and validation of protein extraction methods and protocols 

from fixed and paraffin-embedded tissues with different pre-analytical conditions. 

2. Application of protein analysis in two different research settings: 

a.  at diagnostic level: screening of monoclonal antibodies against Human 

papillomaviruses (HPVs) in cervix uteri lesions suitable for early detection and 

progression risk assessment; 
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b. at translational research level: identification of a new therapy target for glioblastoma, 

deepening the functions of human RECQ1 helicase, an enzyme involved in the 

maintenance of chromosome stability. 

Methods 

1. In order to develop, standardise and validate protein extraction methods and protocols from 

fixed and paraffin-embedded tissues, lung, colon and breast cancer specimens were 

collected by three groups from the European consortium IMPACTS (Integration of 

Molecular Pathology and Cell and Tissue Structure). Each specimen was divided into two 

equivalent sets: one was fixed in formalin and paraffin-embedded; the other one was fixed 

in a new alcohol-based fixative (FineFix) and paraffin-embedded. In order to compare the 

fixation procedures and the protein extraction efficiency, a total of 81 protein lysates were 

prepared in five different laboratories of the consortium. Selected marker proteins were 

compared, at quantitative level, between the two fixation procedures using the reverse 

phase protein array technology. Tests were applied to determine whether any of the fixation 

methods caused differences in protein lysate microarray measurements. Pairwise 

differences between fixation methods were tested.  

2.  (a) In diagnostics, protein analysis was applied to 138 FFPE cervix uteri squamous 

lesions provided by a multicentric retrospective study. They were characterized at 

molecular level for the presence and type of HPV by using PCR-based systems or the 

Hybrid Capture assay. Thirty-nine monoclonal antibodies directed against the E7 viral 

oncoprotein were supplied by a private company. They were validated by generating 

different tissue microarrays in which multiple punches for each bioptic sample were done, 

taking different cervical lesions (from low grade to invasive squamous cancer). The 

antibody providing better staining and specificity results was selected and validated with 

other tissue microarrays, which included a total of 138 tissue cores from different cervical 
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lesions, and with different HPV-types infections. HPV capsid protein L1, the surrogate 

biomarkers p16, hTERT, p53 and Ubiquitin, and the proliferative marker Ki67 were also 

tested in the same way. For the selected E7 antibody and the six biomarkers, one-way 

analysis of variance was performed to detect significant differences in the mean number of 

positive cells and in the mean staining intensity (evaluated by a score from 0 to 3+). The 

analysis was carried out among different types of cervical lesions, both at cytoplasmatic 

and nuclear level, by epithelial layer. We made use of repeated-measure analysis of 

variance to ascertain significant differences in the mean number of positive cells between 

E7 monoclonal antibody and each biomarker. Spearman’s rank correlation test and linear 

regression analysis were employed in order to detect correlations between E7 and the 

other biomarkers. 

2. (b) The application of proteomics to FFPE tissues at translational research level 

concerned the expression of the RECQ1 helicase in glioblastoma and in perilesional brain 

tissue, and its expression in lung, colon and thyroid carcinomas and in their perilesional 

tissues. All specimens were submitted to immunohistochemistry. The expression pattern of 

RECQ1 was further analysed on a tissue microarray containing 63 glioblastomas and 19 

perilesional brain tissues. Furthermore, to test the function of RECQ1 in glioblastoma 

growth, RNA interference experiments were performed in different glioblastoma cell lines 

and the effect of gene silencing on cell growth and proliferation was monitored. The 

Wilcoxon test for matched-samples was performed to evaluate differences in 

immunohistochemistry outcome measures, i.e. the proportion of positive cells for RECQ1, 

the intensity of the signal and the number of positive cells for Ki67, between tumour and 

perilesional tissues. Spearman’s rank correlation test was applied to assess the relationship 

between intensity score of RECQ1 and the number of positive cells in tumour specimens. 

Kruskal-Wallis test was carried out to investigate differences in the proportion of positive 
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cells for RECQ1 and Ki67 among groups defined by patient gender and by RECQ1 

intensity score.  

Results 

1. Quantitative comparison between fixatives for the tested antibody panel (β-Actin, E-

cadherin, EGFR, HER2 and ER) yielded a higher immunostaining intensity for the FineFix 

lysates compared to the FFPE ones (p = 0.04). Signal intensities for EGFR (p = 0.007) and 

HER2 (p = 0.02) were significantly higher in the FineFix samples compared to the FFPE 

samples, whereas no differences were observed for β-Actin, E-cadherin and ER.  

2. (a) The E7 immunostaining was similar to that of p16, which is the most widely-used 

surrogate marker in clinical practice for all types of cervical squamous lesions. Furthermore, 

in high grade squamous intraepithelial lesions (HSILs) E7 was similar to hTERT. In the 

detection of squamous cell carcinoma, E7 was similar to hTERT and Ubiquitin. A 

comparison between the mean number of E7 and L1 positive cells showed a significant 

difference in low grade squamous intraepithelial lesions (p = 0.002), among HSILs (p = 

0.01) and in squamous cell carcinoma (p = 0.01). Correlation analysis between the two viral 

proteins, E7 and L1, allows to identify two possible groups of lesions, both in the low grade 

squamous intraepithelial lesions (LSILs) and in the HSILs. One group was charcharterized 

by high level of E7 and low level of L1, the other group was characterized by high level of 

both marker. This groups were also ri-evalueted at morphological level and lead us to 

hypothesize two possible models in the progression of LSILs: the viral replicative model 

and the cell proliferative one. 

2. (b) RECQ1 was highly expressed both in the perilesional sections and in lesional 

sections of all tumours analyzed, with the exception of glioblastoma where its expression 

was significantly higher in tumour (p = 0.001). RECQ1 expression was confined in the 

nuclei of the tumour cells, thus suggesting that this enzyme might play an important role in 
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glioblastoma growth. As expected, immunohistochemical analyses against Ki67 showed 

that protein expression was higher in glioblastoma than in the surrounding normal tissue (p 

= 0.0008). No correlation between the proportion of positive cells for RECQ1 and Ki67 was 

found (Spearman’s rho = 0.2, p = 0.2), suggesting that the high expression of RECQ1 in 

brain tumours is not simply related to the higher degree of proliferation of these cells. An 

essential role of RECQ1 in tumour growth and proliferation was confirmed by RNA 

interference experiments and clonogenic assay on cell lines. 

Conclusions  

During my doctorate, all the ojectives set were obtained. The goals achieved trough this research 

are the following:  

 The standardization of a suitable protein extraction protocol from FFPE tissues. This study 

demonstrated that it is possible to harmonize protein analysis in archive tissues in different 

European laboratories by using the same protocols for tissue processing and protein 

extraction. 

 The optimization of an appropriate protocol for molecular analysis of tissues fixed with new 

formalin-free fixative FineFix. The possibility of using proteomic approaches also on tissues 

fixed with reagents alternative to formalin has great potential for future pathology, when the 

use of formalin will be banned due to its carcinogenetic effects. Furthermore, FineFix has 

proven a suitable formalin substitute in clinical practice, because it preserves both 

specimens’ morphology and immunoreactivity.  

 The validation of a new antibody against the E7 oncoviral protein for the detection f HPV in 

cervical squamous lesions. This leads us to conclude that E7 might be a suitable specific 

marker for the diagnosis of cervical lesions and could be used also for others HPV-linked 
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diseases. The analysis of a battery of E7 monoclonal antibodies has highlighted their great 

usefulness in differential diagnosis.  

 An in-depth knowledge of the function of RECQ1 in glioblastoma. RECQ1 expression has 

been studied in glioblastoma cell lines for the first time ever. This research has 

demonstrated its important role in glioblastoma growth and proliferation, and in maintaining 

genome stability.  

 The recommendation of RECQ1 helicase as therapy target in glioblastoma, based on the 

evidence that the enzyme expression in this tumour type is higher than in perilesional 

normal tissues or in cancers of different origins. These findings lead us to consider RECQ1 

a reliable target for the development of new anti-cancer therapies to eliminate proliferating 

tumour cells.  

Finally, this research demonstrated that archive tissues could be a valuable source of material for 

proteomics research. 
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INTRODUCTION 

Traditionally in medical practice, a disease is characterized on the basis of  the symptoms  that 

patients show at the level of the whole body and/or at organ level.  With the development of new 

technologies, there is a growing trend in using molecular analyses to better define diseases. The 

translation of new knowledge into tangible clinical benefit is essential to raise standards of 

healthcare and to develop diagnostic, prognostic and new therapeutic intervention strategies for 

the implementation of tailored medicine and the improvement of patient management (1). The 

translation of molecular techniques in clinical application is also one of the most challenging goal of 

the major world organizations working in this field, such as the Food and Drug Administration 

(FDA, http://www.fda.gov) and the National Institutes of Health (NIH, http://www.nih.gov) in the 

United States, and the Innovative Medicine Initiative (IMI, http://imi.europa.eu) in Europe.    

1. MOLECULAR MEDICINE: TOWARDS A MOLECULAR PATHOLOGY APPROACH  

Molecular medicine” is commonly referred to as a rapidly growing multidisciplinary approach aimed 

at understanding the biological features of diseases, in order to translate evidence from molecular 

biology into clinical practice. It involves many different disciplines and expertise in various 

biological fields, such as biochemistry, cell and molecular biology, genetics, functional genomics, 

proteomics and immunology. The development of biotechnologies has facilitated the 

comprehensive analyses of genomes, transcriptomes and proteomes in healthy and ill subjects. 

Innovations and applications of biotechnology have developed tools devoted to manage disease 

treatment as well as to support diagnosis, prognosis and prevention. In particular, molecular 

medicine proves useful in identifying disease subtypes which are not recognizable by classic 

pathologic criteria and in identifying specific genetic events involved in the pathogenesis of 

diseases (2).  

Oncology is one of the fields that has shown more interest in translational research. Cancer is one 

of the leading causes of mortality in western society and huge efforts have been made to fight this 

http://www.fda.gov/�
http://www.nih.gov/�
http://imi.europa.eu/�
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condition. In Europe, 3.2 million new cases of cancer and 1.7 million deaths from cancer were 

estimated in 2008 (3). 

Worldwide, histological diagnosis of cancer is currently performed on formalin fixed and paraffin 

embedded (FFPE) tissues, using approaches based on a combination of histopathology and 

immunohistochemistry. Currently, the most widely and accurate systems for staging cancer are the 

TNM and pTNM classifications (T for Tumour, N for Node, M for metastases, p for pathologic), 

which are defined by macroscopic and microscopic examinations of the tumour and histological 

evaluation of its slides (http://www.cancerstaging.org) (4-9). These systems provide precise 

information on primary site, tumour type, stage and grade as well as information on the 

completeness of surgical tumour removal. Up to now, these data include the most relevant 

information on a patient’s prognosis and are a rational basis for therapy design (10). However, 

cancer is a heterogeneous disease, and tumours characterized by the same histological type may 

have different outcomes. This means that classic pathological criteria are not always sufficient to 

properly define these lesions. Thus, new tools are needed for sub-classify cancer lesions. Thanks 

to progress in high-throughput “-omics” technologies, human bio-specimens can be successfully 

used for wide analysis at all molecular levels (DNA, RNA and proteins), and the identification of 

novel tumour sub-classes. Recently, molecular classification has been used to identify unique sub-

classes of cancers, including acute myeloid leukemia (11, 12), glioblastoma (13, 14), breast cancer 

(15, 16) and renal cell carcinoma (17, 18), and to differentiate between Burkitt’s lymphoma and 

diffuse B-cell lymphoma (19).  

Molecular analyses can also be very effective in correctly addressing the use of very expensive 

drugs, so that they can be administered only to those patients that can really benefit from them. 

For instance, gene-expression profile analyses has identified four major breast cancer phenotypes: 

luminal A, luminal B, Her2-like, and basal-like. Both luminal A and luminal B subtypes are generally 

estrogen receptor positive and, therefore, candidates for treatment with drugs such as tamoxifen. 

The luminal B subtype has an increased expression of genes associated with cell proliferation. 

http://www.cancerstaging.org/�
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Gene expression profile can also provide information on the prediction of clinical outcome, e.g., 

Luminal B tumour have a poorer overall outcome than the luminal A subtype (20, 21). Several tests 

have been developed to support clinical decision (Figure 1) (22). For example, in breast cancer, 

the mammaPrint® test (23) measures the expression of 70 genes based on a set of 78 patients 

with node-negative breast cancer who had received no adjuvant therapy. It provides a prognostic 

score that stratifies patients into good or poor prognosis groups, and can be used on fresh or 

frozen tissue. Another example is the oncotype DX® test (24) that measures the expression of 21 

genes by real-time PCR and can be used on formalin-fixed paraffin-embedded tissue. This test 

predicts the risk of recurrent disease in ER-positive, node-negative breast cancer patients and 

categorizes patients into low, intermediate or high risk of recurrence. Low risk patients would not 

receive chemotherapy whereas high-risk patients would.  

When these technologies are combined with microdissection procedures, it is possible to perform 

selective analysis of DNA, mRNA or proteins from precise locations within a tumour and to achieve 

the definition of the malignant cells’ specific molecular pattern. For example, microdissection 

enhanced expression profiling of breast (25-27), ovarian (28-31) and prostate cancer (32-36).  

These innovative molecular techniques do not supplant the traditional approaches, but they 

represent valuable tools for complementing the current diagnostic and prognostic approaches. The 

ability to sub-classify cancers into molecular groups and treat them more effectively will 

significantly improve patients management. 
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Figure 1. A partial list of commercial tests currently available for personalized medicine in cancer patients (22). 

2. CLINICAL SAMPLES IN MOLECULAR MEDICINE 

In the last years, an increasing number of reports on the clinical application of genomics and 

proteomics research for the identification of biomarkers and therapies targets have been published 

(10, 28, 37-39). Human specimens are more appropriate than cell culture systems to develop new 

diagnostic, prognostic and predictive biomarkers. For example, cell models available from the 

American Type Culture Collection (ATCC) repository are powerful tools that have led to the 

discovery of many cellular processes. However, some studies questioned the validity of cultured 

cells as accurate global expression models of human cells in vivo. For example, Celis and co-

workers found that short-term culturing of bladder cancer cells led to changes in expression of 
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several proteins involved in key cellular activities (40). Another group used two-dimensional 

polyacrylamide gel electrophoresis (2D-PAGE) analysis in order to compare proteomic profiles of 

two widely used prostate epithelial cell lines with prostate epithelial cells directly microdissected 

from a human prostate gland . They found that  tissue samples were significantly dissimilar from 

the cultured lines, even at the level of high abundance proteins (41). These examples indicate that 

cell lines might not fully reflect human pathologic tissues due to the lack of the tissue 

(micro)environment. As a consequence, the use of clinical specimens is always necessary to 

characterize molecular alterations involved in human diseases (42). 

Human clinical samples used for translational research may be obtained from healthy or ill 

subjects, alive or dead. Some human material is donated by volunteers also for research (e.g. 

blood sample), but tissues removed during surgical treatment and surgical left-overs can also be 

useful sources. There are two main categories of human material that can be used in molecular 

medicine research: biological fluids e.g., serum, plasma, urine, cerebrospinal fluid, and tissue 

specimens. The collection of blood, urine and stool is usually unproblematic and can be carry out 

repeatedly, even in the same patient. Conversely, collecting tissues specimens is always invasive 

and is always restricted to diagnostic and therapeutic procedures. FFPE samples can be used for 

histological analyses and molecular studies on DNA, RNA and proteins. Fresh-frozen tissues are 

ideal for biomarker profiling and prospective molecular analyses, because macromolecules are 

intact. However, they can lead to less accurate microscopic diagnosis and are difficult to handle as 

a routine material in most pathology department. Furthermore, this kind of tissues is not suitable for 

retrospective studies because of inadequate follow-up period.  

On the other hand, FPPE tissues are valuable resources for retrospective diagnostic and research 

studies. In the clinical practice, formalin fixation and paraffin embedding is the standard procedure 

for the preparation of samples for histopathological assessment. The tissue specimens are fixed as 

soon as possible to avoid autolysis and putrefaction and then they are paraffin-embedded to allow 

the cutting of very thin sections for histological examination. Subsequently, some sections are cut 
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from the paraffin block and these are stored in the pathology archive for decades (for this reason 

they are called archive tissues, AT). This material can also be matched with patient’s clinical 

records. It is an affordable and highly characterized type of human tissues biobank where even 

rare diseases are available for translational research. Moreover, AT represents actual pathological 

material and is very useful for clinical and population-based molecular epidemiological studies. 

Thus, FFPE tissues are the most widely available material for clinical retrospective studies. They 

can also be used in the discovery phase of new biomarkers or therapy targets, for their validation 

and for their implementation in clinical practice. Normal tissues surrounding the lesion or from 

biopsies without pathological findings are also available. AT specimens have some limitations in 

comparison to fresh frozen samples, because of the chemical modifications performed by 

formaldehyde on nucleic acids and proteins (43). However, compared to fresh frozen tissues, AT 

have three main advantages: (1) low cost, since they are still stored in the pathology department; 

(2) tissues are morphologically well-defined and referred to a specific clinical diagnosis performed 

by experienced pathologists; (3) the huge number of samples available with even rare lesions and 

long follow-up. Hence, the use of AT in clinical research can accelerate the translation of the 

molecular biology knowledge to molecular medicine.  

2.1. APPROCHES AND TOOLS IN ARCHIVE TISSUES 

In the past, the main molecular application of AT was immunohistochemistry and in situ 

hybridization-based techniques. However, these methods are semi-quantitative and allow only a 

few targets to be evaluated at a time. Recently, the possibility of applying new molecular 

techniques to DNA, RNA and protein also from FFPE tissues offers a unique opportunity to detect 

and quantify biomarkers, and to improve diagnosis, prognosis and therapeutic decisions. However, 

molecular analyses have some limitations, due to the extensive degradation of macromolecules 

before and during formalin fixation (44). Formalin fixation results in the formation of chemical cross 

links between RNA/DNA and protein, and in the addition of monomethylol groups to nucleotide 

base pairs. This process increases the susceptibility of nucleic acids to shearing and 
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fragmentation. Also protein analyses are impaired by formalin which can modify them by producing 

protein-protein cross links and reducing the amount of extractable material (45). Moreover, the lack 

of standardized guidelines for the DNA, RNA and protein analysis of AT seems to have hampered 

the use of such samples for molecular analyses. In 2007, pathologists from 20 different European 

centres participated in the European project “Archive tissues: improving molecular medicine 

research and clinical practice” (IMPACTS1

3. CLINICAL APPLICATION OF MOLECUALR MEDICINE 

). IMPACTS gave a consistent solution to the difficulties 

and complexities in translating molecular pathology research into clinical practice through the use 

of archived tissues. Joint efforts also produced a book of guidelines to be published in 2011 for a 

reliable clinical application of molecular approaches in archival material (46). 

The application of molecular methods in clinical practice and in personalized medicine has 

produced the identification and validation of biomarkers. In 2001, the National Institutes of Health’s 

Biomarkers Definitions Working Group defined a biomarker as “a characteristic that is objectively 

measured and evaluated as an indicator of normal biologic processes, pathogenic processes, or 

pharmacologic responses to a therapeutic intervention” (47). Thus, biomarkers are important 

molecular signs of cell phenotype and could be very relevant  in diagnostics and in the decision of 

clinical interventions.  

                                                 

 

1The European project IMPACTS (contract no. LSHG-CT-2007-037211) was coordinated by our laboratory in 

Trieste. For more details: http://www.impactsnetwork.eu. 

http://www.impactsnetwork.eu/�
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3.1. CLASSIFICATION OF CANCER BIOMARKERS 

Genomic and proteomic technologies have significantly increased the number of potential DNA, 

RNA and protein biomarkers under investigation, allowing their detection both in human fresh 

frozen/archival tissues and in biological liquids. The identification of biomarkers is important in 

modern medicine, especially in oncology. Biomarkers are classified as follows. 

Risk biomarkers reflect increased cancer risk by type or subtype of neoplasm. They could reveal 

also the existence of premalignant lesions and early-stage cancers. For example, individuals with 

inherited mutations in the DNA mismatch repair genes MLH1 and MSH2 have a higher risk to 

develop colon cancer (48). Knowledge of their predispositions can promote screening colonoscopy 

with the aim of  early cancer detection and treatment.  

Predictive biomarkers (or response markers) are utilized to assess the effect of administering a 

specific drug. For example, only those lung cancer patients harbouring specific mutation in the 

EGFR gene (either exon 21 point mutations or exon 19 deletions) are responsive to EGFR 

inhibitors, such as gefitinib and erlotinib (49). These response markers can also predict treatment 

dose and safety in different sub-groups of cancer patients. Variations in genes that encode drug-

metabolizing enzymes, drug transporters or drug targets can have detrimental effects on patient 

treatment outcomes (50). In familial breast cancer, genetic variations in CYP2D6, the cytochrome 

P450 enzyme, have been shown to reduce survival in individuals treated with the 

chemotherapeutic drug tamoxifen (51). 

Diagnostic biomarkers are used to evaluate individuals with evidence of cancer, and they can be 

measured at any stage of cancer development. For example, a rising level of prostate-specific 

antigen (PSA) is indicative of prostate cancer. For bladder cancer, the FDA had recently approved 

some diagnostic marker to be used  in urine analyses, such as bladder tumour antigen (BTA) and 
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nuclear matrix protein-22 (NMP-22) (52, 53). Survivin and calreticulin also have diagnostic 

potential in this type of cancer (54, 55). 

Prognostic biomarkers predict outcomes in patients with a specific disease. Such markers can be 

useful in stratifying patients into distinct prognostic risk groups and to guide therapy decision. By 

using tissue microarray analyses, Kim et al (56) constructed a combined molecular-clinical 

prognostic model to predict survival probability for patients with renal cell carcinoma. This model 

was significantly more accurate than standard clinical parameters. The above mentioned Oncotype 

Dx Breast Cancer Assay has also proven to be a good risk predictor of breast cancer recurrence  

in young women with negative lymphnodes (57). 

When a biomarker is a good predictor of clinical risk or benefit, it may achieve the status of 

surrogate (“to substitute for”) endpoint (Surrogate endpoint biomarkers, SEBs). In these 

circumstances, this biomarker is able to substitute the corresponding clinical endpoint that the 

conventional diagnostics normally uses in the assessment of a specific therapeutic intervention 

(47). For example in cervical cancer, since Human Papilloma Virus (HPV) is critically important in 

the carcinogenesis process, several SEBs have been studied in relation to HPV infection and to its 

life cycle. Many of these are related to cell proliferation or to cell cycle control such as Ki67 and 

p16 (58). Although all surrogate endpoints can be considered biomarkers, only a few biomarkers 

will achieve surrogate endpoint status. 

The clinical use of biomarkers is connected to the notion of their sensitivity, specificity and 

predictive value. An emerging issue in biomarker research is the multiplicity, referred to the use of 

panels of biomarkers, rather than a single one. This seems to increase both sensitivity and 

specificity especially in the pre-symptomatic detection of cancer (59). In this context, the 

prevalence of early stage disease and the costs of false results (both positive and negative) must 

be weighed against the benefits of early diagnosis. An ideal screening test would have very high 
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sensitivity, identifying nearly all individuals with the disease. It also might have a high specificity to 

avoid unnecessary misclassification and expensive medical follow-up (38). 

The use of biomarkers in clinical practice can be fully achieved only through an intensive 

collaboration between laboratory researchers and clinicians as it requires a continuous interchange 

of clinical and molecular information. This cooperation is essential in all steps of biomarker 

analysis, from laboratory detection to the final validation, in order to develop less expensive and 

more effective screening tests.  

3.2. CLINICAL PROTEOMICS 

Among the molecular “-omics” technologies, proteomics plays a central role in molecular medicine 

offering great promise for molecular diagnostic medicine. Cancer, although often classified as 

genetic disease is, functionally, a proteomic disease. Genetic mutations can indeed modify 

signalling pathway. They can create a survival advantage for the cells forcing to ignore negative 

inhibitory signals, or can perpetually send them false positive signals. Therefore, genetic 

abnormalities in tumour cells, which are measured through DNA and RNA analyses, do not portray 

the situation at the protein level. Understanding the functional changes in the human proteome, 

which arise from the genomic alterations, is the next logical step in the development of high-value 

biomarkers that can be transitioned to clinical studies (39, 60-66). The ultimate goal of clinical 

proteomics is really twofold: (a) characterizing the protein networks altered as a consequence of 

pathologic processes or after therapeutic treatment; (b) developing biomarker profiling 

technologies to detect a disease earlier and treat it more effectively (67). In contrast to the 

genome, the cellular proteome is dynamic, including differential splicing of the relative mRNAs, 

post-translational modifications and temporal and functional regulation of gene expression. For 

these reasons, although studies of differential mRNA expression are informative, the concordance 

among mRNA expression profile and protein function is not linear. In literature different studies 

have emphasized this evidence (68-80).  
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In this scenario, we can foresee the use of proteomic analyses at many steps of the natural history 

of diseases as follows: 

 improved classification of cancer, complementing the histopathology; 

 a better understanding of disease molecular pathology, particularly in cancer; 

 improving the molecular diagnosis and the prognosis of cancer and other diseases; 

 facilitating the integration of diagnostic and therapeutic toward personalised therapy. 

Currently, the development of techniques for the analysis of proteins in clinical tissues is tricky. The 

human proteome is estimated to be at least 50 times the number of human genes, due to the post-

translational modifications which can occur in different combinations and on different splice 

variants (81). Proteins of clinical interest could vary highly in concentration levels depending on the 

type of specimen and on the protein function. Amplification methods like polymerase chain reaction 

(PCR) for nucleic acids have not been developed for proteins. DNA has a rather simple structure in 

comparison to proteins. Proteins, which are composed by the combination of 20 amino acids, can 

be hydrophobic or hydrophilic, acid or basic. The specificity and sensitivity of a protein analytical 

system are further critical points of interest. Highly specific and selective capture molecules, e.g., 

antibodies, are absolutely needed, but are rarely available for clinical use. Moreover, precise 

quantification of protein expression for every tumour is also required for clinical purposes. 

Numerous proteomic technologies are available - most of them are mass spectrometry based (e.g., 

SELDI-TOF) - but only few of them are relevant to clinical practice and to AT application.  

Antibody-based proteomics could provide the strategy to translate such approaches to molecular 

diagnostics (82-84). Two examples of these applications are the Human Protein Atlas (HPA, 

http://www.proteinatlas.org) and the Clinical Proteomic Technologies for Cancer (CPTAC, 

http://proteomics.cancer.gov) (85-87). 

http://www.proteinatlas.org/�
http://proteomics.cancer.gov/�
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3.3. PROTEOMICS METHODS IN ARCHIVE TISSUES 

Proteomic analysis of tissues will have a central role in the identification of specific biomarkers for 

diagnosis, prognosis and in assessing disease progression risk. Moreover, since proteins are drug 

targets themselves, they can be useful even in the choice of therapy. Quantitative protein analyses 

in AT is necessary in the clinical practice since a precise measurement of a specific protein 

expression level could help clinicians to better define a more appropriate molecular-targeted 

therapy. For example, the receptor tyrosine kinase HER2 is a therapeutic target for breast cancers 

overexpressing HER2. Thus, the quantitative determination of HER2 protein in breast cancer 

tissues could help the therapeutic decision. In the past, FFPE tissues have been assumed to be 

unsuitable for proteomics studies but immunohistochemistry. Immunohistochemestry (IHC) has 

been the method of choiche to investigate and test biomarkers in FFPE tissues. As a 

consequence, at present IHC represents the only tool to define a proper diagnosis and treatment at  

protein level. For many years IHC has been semi-quantitative, the main limitation of this technique. 

Recently, IHC has become quantitative through the development of innovative heat-induced 

antigen retrieval methods, which have been successfully utilized as protein extraction method from 

FFPE tissues for Western blot (88-94), mass spectrometry (90, 95-97), and reverse phase protein 

lysate microarrays (91, 94, 98, 99). The great advantage of these extractive methods consists in 

the possibility of analysing FFPE tissues quantitatively. Hence, the integration of proteomics 

methods in routine practice would be possible, without modifying the clinical workflow. A successful 

extraction protocol in routine diagnostic should be fast, effective, standardized, and reliable. 

However, this material is submitted to a series of essential treatments which can directly affect 

their use in downstream molecular studies. All these procedures are named pre-analytical 

treatment and include tissue fixation, preservation and sample collection. In particular, the fixation 

step is of crucial importance because the quality of macromolecules that we can obtain from FFPE 

tissues varies according to the time of fixation which is not fully standardized (for example, there is 

difference between samples collected during the week and just before the weekend or during 



Introduction  

 

13 

 

holidays). This step is particularly important because the number of cross-links among proteins 

increases over time. Extendedly fixed tissues represent a hurdle for efficient protein extraction.  

During my doctarate, I addressed some of these issues, developing and applying some proteomics 

technologies to clinical samples, especially AT. 

In the following sections I will describe the most commonly used proteomic methods and platforms 

in AT.  

3.3.1. TISSUE MICROARRAYS 

The tissue microarray (TMA) procedure was developed by Kononen et al. (100) as a high-

throughput tool to investigate a variety of biomarkers in multiple tissue specimens simultaneously. 

To construct a TMA small cores of tissues (0.6 -2.0 mm), punched from a donor paraffin block, are 

transferred into a recipient block in arrayed fashion. Using these cores, samples from hundreds of 

different tissues or patients can be arrayed in a new paraffin block. The resulting TMA block is then 

sectioned and analyzed by IHC, in situ hybridization (ISH) or immunofluorescence (IF). As 

research tool, TMAs are predominantly used for the investigation of putative prognostic and 

predictive molecular targets in human cancer tissues (101). They are used also for in situ validation 

of candidate markers identified in genomics and proteomics studies (102-105) and to correlate 

staining results with clinical endpoint (106, 107). Moreover, it is possible to perform the so-called 

progression TMAs, in which cores of a single tissue type are used taking into account different 

stages of tumour development or different tumour grades. For example a progression TMA for 

cervix uteri would include normal cervical epithelium, epithelium with low and high grade of 

dysplasia, as well as invasive carcinomas. TMAs can be used also in experiments aimed to 

determine whether a protein is expressed or not and its extent in a wide range of different normal 

and/or pathological tissues. TMAs are also being used for testing new antibodies or determining 

optimal staining conditions, collecting biopsies from samples representative of diverse or specific  

lesions. In clinical research, TMA is an important tool because it eliminates slide-to-slide variation, 
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reduces the amount of necessary antibodies and decreases the analysis time for pathologists. 

Furthermore, the possibility to select a particular area of the tissue allows performing a precise 

microdissection of the tissue of interest. However, TMA has some limitations which shares with 

conventional IHC methods. First of all, a complete pathological evaluation is not possible due to 

the small size of the tissue cores. For this reason it is important to select a representative spot of 

the examined lesion. Among the common shortcomings of TMA and IHC, the main one is the lack 

of reproducibility of the conventional scoring system of cell staininig intensity (from 0 to 3+), which 

remains a subjective and time-consuming process, owing to intra- and inter-observer variability 

(108-110). Although automated IHC scoring systems, including both image software analyses and 

scanning hardware, have been developed (111, 112), their use in clinical practice still remains 

regarding. TMA technology does not replace routine histopathological assessment, but it is an 

unbiased and cost-effective method of data standardization, which is not possible in the routine.   

3.3.2. EXTRACTION 

FFPE tissues could not be treated with routine proteomic extraction methods, because of the 

extensive formaldehyde-induced cross-linking of proteins. However, in the last years advances in 

heat-induced antigen retrieval strategies, developed initially for IHC, have made varying degrees of 

cross-link reversal possible, thus enabling the use of such tissues for proteomic research (90, 92, 

95, 113-118). All the reported studies identified the high concentrations of SDS, the exposure to 

high temperature and pH as necessary preconditions for protein cross-link reversal and restoration 

of immunoreactivity. In 2007, Becker et al, in collaboration with Qiagen (Germany), developed a 

targeted quantitative approach to extract full-length, immunoreactive proteins from formalin-fixed 

tissues. This method allows quantification of HER2 in breast tissue with immunoblotting and 

reversed-phase protein microarrays (91). In January 2011, Becker also proposed a new buffer 

system which allowed the extraction of proteins from over-fixed (over than 144 hours) or long-term 

stored tissues (for 20 years) (119). Commercial restrictions over buffer composition details, 

together with the high costs involved, prevented its widespread use and application in the 
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laboratory routine practice. Different groups including ours have developed protein extraction 

protocols based on Laemmli buffer containing SDS. This method allows a rapid, low cost and an 

efficient extraction of proteins from FFPE, even from aged paraffin blocks (42, 90). Once extracted, 

the protein lysate could be submitted to techniques, such as Western blot analyses, 

immunoprecipitation and reverse phase microarray approaches. The application of these methods 

to FFPE addresses the challenge of combining histopathology with molecular analysis and 

performing quantitative measurements. Nevertheless, protocol standardization and validation is 

required to ensure optimal extraction, identification and quantification of proteins for their 

application to routine clinical practice. 

3.3.3. REVERSE PHASE PROTEIN MICROARRAY 

Protein microarrays are an emerging class of nanotechnology assays to screen many different 

proteins simultaneously. They may be subdivided into arrays for protein profiling and arrays for 

functional studies (120-122). Arrays for protein profiling can be further divided into (a) forward and 

(b) reverse phase protein microarrays (FPPA and RPPA, respectively), depending on the way the 

sample is applied. In the case of the forward array setting, the protein lysate is analysed on a 

single microarray containing up to several thousands of different capture molecules, e.g., 

antibodies or aptamers. Here, many proteins of interest can be analysed in one sample during the 

same experiment. On the other hand, in the RPPA, hundreds or thousands of different protein 

lysates are immobilized onto one array. Using an appropriate ligand or antibody, one protein can 

be assayed in a large number of samples (60, 123). RPPAs have been applied for the identification 

of tumour-associated proteins and also for the identification of specific protein modifications For 

example, RPPAs allow the examination of the activation state of crucial cellular pathways using 

antibodies against the total and the phosphorylated protein (66, 123). This method requires specific 

and high quality antibody against the protein of interest, which is usually evaluated by Western 

blotting. 
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3.3.4. ALTERNATIVE FIXATIVES 

FFPE tissues are highly stable, cheap, and easily stored worldwide. The disadvantage of formalin 

– besides its toxicity (124) - is its cross-linking capacity (125) which hampers the use of FFPE 

tissue in molecular tests. Although progress has been made in analyzing proteins from FFPE 

samples, it is not surprising that alternative non-cross linking fixatives have been proposed to 

overcome the limitations of formalin. These fixatives include alcoholic and non-alcoholic solutions, 

such as: ethanol (126), methanol (127), acetone, the mixtures of fixatives Carnoy (128), Methacarn 

(129), the zinc-based fixatives (130), and the commercial fixatives FineFIX (131, 132), UMFIX 

(133), RCL-2 (134), Alcolin, HOPE (135), PAXgene (136). In order to substitute formalin, these 

fixatives should provide good tissue specimens for morphological examination, good 

immunoreactivity for immunohistochemical analysis and good macromolecule preservation for 

downstream molecular analyses. These are preliminary requirements. These alternative tissue 

fixatives have been examined and seem to be appropriate for DNA, RNA and protein analysis (42, 

130, 131, 134, 137). In general, alcohol-based fixatives such as methacarn (138) or a combination 

of alcoholic fixatives and microwave treatment (43, 131) allow an improved preservation of 

macromolecules integrity, with a good morphological preservation. Although there are many 

alternative fixatives to formalin, none of these has hitherto replaced formalin in pathology 

departments. Maybe, only the banning of formalin by the European Union could stop pathologists 

from using it.  

In our research, we wish to evaluate the potential application of molecular techniques in tissues 

treated with these kind of fixatives, by analysing morphology, IHC, DNA, RNA and proteins. To this 

end, we implemented a protein extraction protocol from tissues treated with formalin-free fixatives. 

The protein extracted through this method can be submitted to 2D-PAGE analyses, because the 

extraction buffer does  not contain any ionic detergents that can modify the protein charge. 
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4. EXAMPLES OF CLINICAL APPLICATION OF PROTEOMICS METHODS IN 

ARCHIVE TISSUES 

I explored the potentiality of protein analyses in archive tissues in two clinical research fields: the 

improvement of molecular diagnostic and prognostic tools and the identification of a new therapy 

target. The first one involved the validation of new antibodies directed to cervical cancer. The 

second one concerned molecular biology and proteomic study of RECQ1 helicase for the proposal 

of a new therapy target in glioblastoma . 

4.1. CERVICAL CANCER 

Cervical cancer is the second most common gynaecologic malignancy among women worldwide. 

Persistent HPV infection is the most frequent cause of this type of cancer. More than 150 types of 

HPV are known and are classified in groups according to the risk of cancer associated to the 

infection. However, it has been noticed that the high risk HPV distribution and the associated 

cervical cancer incidence depend on the geographical area (139). Worldwide epidemiological 

studies indicate that 15 different HPVs, namely 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73 

and 82, are associated with cervical cancer, while three additional HPV types of the same genus 

can be classified as probable high-risk types, i.e. 26, 53 and 66 (140). HPV16 and HPV18 are the 

most frequently found in cervical cancer worldwide, being detected in approximately 50% and 20% 

of cases respectively (140, 141). 

HPVs are small circular double-stranded DNA viruses that belong to the Papovaviridae family. The 

HPV genome is about 8 kb in length and encodes eight open reading frames, which are 

transcribed as polycistronic mRNAs (142). The HPV genome can be divided into three different 

regions: (1) a coding region containing the early genes, E1, E2, E4, E5, E6 and E7; (2) a region 

containing the late genes encoding the major (L1) and minor (L2) capsid proteins; and (3) a non-

coding region, termed long control region (LCR), localized between open reading frames (ORF) L1 

and E6, and containing most of the regulatory elements involved in viral DNA replication and 
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transcription (Figure 2). This genome structure is shared among different HPV genera, except for 

the E5 gene, which is not present in the majority of the beta types (the ones mainly infecting  skin). 

HPV E6 and E7 genes are highly conserved in almost all HPV types, and in the case of cancer-

associated HPV types they encode the major transforming proteins.  

 

Figure 2. HPV16 genome and functions of the early and late gene products (143). 

 

The life cycle of HPVs is tightly linked to the differentiation program of keratinocytes in the 

squamous epithelium (144). The production of viral particles occurs exclusively in suprabasal 

differentiated layers. After the infection, the genome is uncoated and transferred into the cell 

nucleus as a low copy number (20-100) episome. When these infected cells undergo cell division, 

the viral genome replicates and becomes equally segregated between the two daughter cells. One 

of the daughter cells migrates from the basal layer and initiates a program of differentiation. The 

other one continues to divide in the basal layer and provides a reservoir of viral DNA for further cell 

divisions. Since production of HPVs is restricted to suprabasal cells, those in the basal layer are 

not lysed by virion production, but continue to proliferate. This differentiation-dependence allows 

the infected cells to persist in the basal layers for several years. Differentiation of HPV-positive 

cells induces the productive phase of the viral life cycle, which requires cellular DNA synthesis 
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machinery. The expression of E6 and E7 deregulates cell cycle control, thus pushing differentiating 

cells into S phase and allowing viral genome amplification in cells that normally would have exited 

the cell cycle. The late-phase L1 and L2 proteins encapsidate newly synthesized viral genomes, 

then virions are shed from the uppermost layers of the epithelium (Figure 3) (145, 146).  

 

Figure 3. The life cycle of HPVs (145). 

Mucosal HPVs preferentially infect the cervical transformation zone, which is the junction point of 

the endocervix columnar cells and the esocervix stratified squamous epithelial cells. The 

transformation zone epithelium is subjected to continuous changes during a woman’s life, and it 

has been suggested that the specific features of this region favour the development of cervical 

cancer. However, the majority of HPV infections do not lead to cytological anomalies or cancer, but 

they are cleared by the immune system in a relatively short time (6–12 months). A small number of 

infections persists and promotes the development of low- and high-grade cervical intraepithelial 

neoplasia (CIN), which may regress or progress to an invasive cervical carcinoma after a period of 

latency (147). There are additional risk factors which play a role in the progression of HPV-induced 

diseases, most likely by influencing the immune surveillance system or acting as additional risk 

factor. Among them, sexual habits, smoking, oral contraceptives, parity, host genetic predisposition 

and other viral infections have been reported (148-152).  
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In precancerous lesions, most HPV genomes persist in an episomal state, whereas in many high-

grade lesions genomes are integrated into the host chromosome. Although no apparent hotspots 

have been identified, HPV integration often occurs near common fragile sites, which are naturally 

occurring regions of genomic instability (153, 154). The integration of viral DNA into the host 

genome is a crucial step to carcinogenesis. However, recent studies have suggested that in the 

development of high grade dysplasia HPV episomes may coexist with integrated copies of the 

genome (155). In lesions containing HPV episomes, the viral E2 protein directly represses early 

gene expression as part of a mechanism to regulate copy number. The integration of viral DNA 

disrupts E2 expression, leading to the deregulated expression of early viral genes, including E6 

and E7. These proteins are critical in viral replication and induce proliferation, immortalization, and 

malignant transformation of the infected cells (156, 157) Both E6 and E7 are small proteins, 

approximately 18 and 13 kDa respectively, localized in the nucleus. The E6 proteins are also found 

in the cytoplasm and some studies have suggested that E7 has also a cytoplasmic component 

(158, 159). Several functions have been described for E6 and E7, which act synergistically in the 

development of HPV-induced cancers. The main activity of E6 is the degradation of the tumour 

suppressor protein p53 via the ubiquitin/proteasome pathway (160) and the pro-apoptotic protein 

BAK (161, 162). These events lead to resistance to apoptosis and increase in chromosomal 

instability. In addition, the activation of telomerase (163) and the postulated inhibition of 

degradation of SRC-family kinases by the E6 oncoprotein (164) seem to fulfill important functions 

in growth stimulation. A primary target of E7 is the retinoblastoma (Rb) family of proteins that 

control the activity of E2F transcription factors, key regulators of S phase genes (165). E7 inhibition 

of RB results in the upregulation of p16INK4A (166, 167), in the stimulation of cyclins A and E (168, 

169), and in the inactivation of the cyclin-dependent kinase inhibitors p21 and p27 (170, 171). 

Moreover, E6 and E7 induce genomic instability through multiple mechanisms, including aberrant 

centrosome abnormalities (172-174). E6 and E7 also target cytokine expression to modulate cell 

proliferation and interferon responses, contributing to immune evasion (175, 176). Figure 4 and 

Figure 5 show the main pathway affected by the two viral proteins.  
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Figure 4. Protein targets of the E6 HPV oncoprotein (145). 

 

 

Figure 5. Protein targets of the E7 HPV oncoprotein (145). 

Although most women will be infected with HPV at some time, the majority of acute HPV infections 

induces low grade precursor lesions that regress spontaneously in more than 90% of cases. In 

only a minority of cases the virus infection persists and causes cell alterations leading to 

malignancy (177). Virus multiplication is confined to the nucleus. Consequently, infected cells 

exhibit a high degree of nuclear atypia. Koilocytosis describes a perinuclear clearing halo with a 
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pyknotic nucleus and is the characteristic feature of productive HPV infection (178). In a small 

percentage of cases, the persistency of the viral infection leads to the development of low grade 

disease, termed low-grade cervical intraepithelial neoplasia (CIN 1), which is characterized by 

abnormal differentiation in the lower third of the epithelium. The lesion may regress or progress to 

severe dysplasia (CIN 2, CIN2/3 and CIN3) or evolve to invasive cervical carcinoma. CIN1 lesions 

resemble productive infections while high-grade lesions such as CIN2 and CIN3 have a more 

extensive proliferative-phase, with the productive stages of the virus life cycle being only poorly 

supported. 

Nowadays, cytological examination of smears (Pap test) in combination with colposcopy and HPV 

DNA testing are the most frequent methodologies in cervical cancer screening programmes. 

Although these technologies have dramatically reduced cervical cancer incidence and mortality, 

they present limitations and disadvantages in terms of sensitivity, specificity, inter- and intra- 

reproducibility (179). Only the HPV DNA test confirms HPV infection and defines the viral type. The 

current cytological and histological examinations cannot reliably distinguish the abnormal smears 

or biopsy which will progress to invasive cancer from the vast majority of cases that spontaneously 

regress. Moreover, the recognition of cervical dysplasia is still crucial in cases with borderline 

cytological and/or morphological features. In such cases, the histological diagnosis of cervical 

dysplasia lesions is highly subjective (180). A correct sub-classification of the squamous 

intraepithelial lesion (SIL) is needed to better stratify patients according to their real risk of 

developing cervical cancer, but also to avoid misclassification and overtreatment.  

Immunological detection of HPV in human cells or tissues is often hindered for two main reasons: 

first, the late capsid proteins are only expressed in productive infections and second, the early 

proteins are usually expressed in small amounts in infected tissues. In addition, the production of 

specific antibodies to be used for immunochemistry has long been hampered due to the lack of a 

suitable in-vitro culture system to obtain HPV virions or antigens. To date, IHC detection of HPV 
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infection is performed by HPV L1 and surrogate biomarkers, such as p16INK4a , Ki67, hTERT and 

others (58, 167, 181-189). 

4.2. ROLE OF RECQ HELICASES IN TUMOUR SUPPRESSION 

Genetic information is stored in the base pairing of double stranded DNA (dsDNA). In many 

biological processes the complementary strands of the DNA duplex are separated to access the 

genetic information. The strand separation reaction is catalysed by DNA helicases. Helicases are 

ATP-dependent enzymes which disrupt the duplexes. Helicase-catalyzed DNA unwinding is a 

fundamental requirement for many aspects of nucleic acid metabolism, such as DNA replication, 

recombination, repair, transcription, translation and RNA splicing.  

One of the most extensively studied groups of helicases is the RECQ family. In humans, five 

members of the RecQ family have been found: BLM, RECQ1 (also known as RECQL or RECQL1), 

RECQ4 (also known as RECQL4), RECQ5, and WRN (190-192). RECQ helicases are so-called 

‘genome caretakers’ and  do not seem to directly regulate tumourigenesis. It is likely that they are 

able to prevent genomic instability, and therefore their loss or inactivation would result in the 

accumulation of structural changes in oncogenes or tumour-suppressor genes leading to cancer 

(193, 194). Nevertheless, it is likely that RECQ helicases directly affect cellular transformation, 

influencing oncogene-induced senescence for example (195). Germline mutations in BLM, WRN or 

RECQ4, which are located on chromosomes 15q-26.1, 8p-12 and 8q-24.3 respectively, give rise to 

rare disorders associated with cancer predisposition, premature ageing and developmental 

defects. These disorders are Bloom’s syndrome (BS), Werner’s syndrome (WS) and Rothmund–

Thomson syndrome (RTS) respectively. Remarkably, recent reports demonstrate that RECQ4 

mutations are also responsible for two other apparently unrelated disorders: Rapadilino syndrome 

and Baller–Gerold syndrome (196) (197) (198-200). BLM and WRN helicases were also recently 

suggested to be involved in the promotion of tumour cell growth and proliferation (201, 202). 

Mutations in the RECQ1 and RECQ5 genes may be responsible for additional cancer 
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predisposition disorders, but this remains to be proven. Furthermore recent studies have 

associated a single nucleotide polymorphism of RECQ1 gene with reduced survival in pancreatic 

cancer patients (203, 204). A cancer specific role of RECQ1 is supported by two recent reports 

showing that silencing in cancer cells resulted in mitotic catastrophe and local and systemic 

administration of RecQL1-siRNA mixed with polyethyleneimine polymer or cationic liposomes 

prevented tumour growth in murine models (205, 206).  

Biochemical studies have demonstrated that RECQ helicases unwind DNA with a 3’ to 5’ polarity in  

a variety of DNA structures other than standard B-form DNA duplexes. Consistent with the ability to 

unwind various DNA structures, several cellular functions have been attributed to RecQ proteins, 

including roles in stabilization and repair of damaged DNA replication forks, telomere maintenance, 

homologous recombination, and DNA damage checkpoint signaling (207-210).  
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AIM OF THE STUDY 

The main goal of this PhD project is to define innovative proteomic methods and tools for the 

quantitative detection of  biomarkers useful in clinical practice.  

During the first year, the project was devoted to the development and optimization of protein 

extraction protocols and methods for fixed and paraffin embedded (FPE) tissues with different pre-

analytical conditions. This part of the research was developed in the context of the European 

project IMPACTS work package on proteomics that aims at validating a commercial protein 

extraction protocol (QProteome FFPE tissue kit) in formalin and FineFIX fixed tissues. This phase 

involved both pre-analytical treatment of tissues (tissue transport, fixation time, type of fixative) and 

analytical treatment of tissues (protein extraction, qualitative and quantitative protein detection) and 

was performed directly on clinical samples from surgical leftovers. 

In order to explore the potential application of protein analyses on archive tissues, I analyzed two 

different aspects of clinical proteomics:  

 the screening of non-surrogate biomarkers for cervical cancer useful for the early detection 

and for the progression risk assessment. This part was performed in collaboration with a 

company, which produces specific and high affinity monoclonal antibodies (MoAbs) 

directed against E7 HPV oncoprotein. The evaluation of this MoAbs was performed trough 

IHC by comparing the staining efficiency with the following markers: the viral capsid protein 

L1, the surrogates p16, hTERT, p53, Ubiquitin and the proliferative marker Ki67. 

 the identification of a new therapy target for glioblastoma, deepening the functions of 

human RECQ1 helicase. A combination of proteomic and molecular biology approaches 

was applied in this research. This phase of the project was performed in collaboration with 

the Genome Stability Laboratory at ICGEB, Trieste.  

 Hereafter is provided a synoptic table of methods used.  
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MATERIALS AND METHODS 

1. SAMPLES COLLECTION 

I used clinical samples that can be divided into three groups: (a) surgical leftovers, used for the 

parallel fixation trial (Formalin and FineFIx) and protocol validation experiments; (b) independent 

clinical case studies from AT, used to study the candidate biomarkers; (c) human cancer cell lines 

used to assess and screen the validity of the biomarkers studied. 

1.1. Surgical leftover tissues 

Tissues were collected from three different hospitals within the IMPACTS group. In particular, 3 

lung cancer specimens were supplied by the Institute of Pathology of Graz University, 3 colon 

cancer specimens were provided by the Department of Medical, Surgical and Health Sciences of 

Trieste University, and 3 breast cancer specimens were supplied by the Department of Biomedical 

Sciences and Human Oncology of Turin University. Each specimen was divided into two equivalent 

sets: one was fixed in 10% neutral-buffered formalin, paraffin embedded (FFPE) and dehydrated 

according to routine protocols for diagnosis; the other one was fixed in FineFix dehydrated, and 

paraffin-embedded, according to the manufacturer’s recommendations. Samples were anonymized 

and their use was approved by the Ethic Committee of each above-mentioned University. The 

resulting FFPE and FineFix-paraffin embedded tissue blocks were stored at room temperature for 

future use. Hematoxylin-Eosin-stained sections were examined for each case by board certified 

pathologists to ensure similar degrees of cellularity and absence of necrosis. In order to compare 

the fixation procedures and the protein extraction efficiency among different tissues, protein lysates 

were prepared in five differrent university laboratories (Graz, Munich (TUM), Trieste, Turin and 

Verona). Four of them had received 72 sections and one only 9. A total of 81 lysates were then 

submitted to proteomic analyses. The study protocol was approved by the Ethic Committee of each 

above mentioned University. 
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1.2. Cervical cancer case study 

Cervical cancer samples were provided by a multicentric retrospective cervical cancer case 

studies. The selection criteria were a diagnosis of cervical dysplasia or cervical invasive 

carcinoma. The study analyzed included 45 patients with a median age of 38.9 years (range = 19-

79). The clinical diagnosis and the mean age at diagnosis were reported in following table (Table 

1).  

Clinical diagnosis N. 
Age at diagnosis (years) 

Mean SD Min Max 

CIN1  6  30.8  7.9 19 43 
CIN2  8  33.9  6.4 20 39 
CIN3 21  37.1  9.9 25 67 

DYSPLASIA, NOS  1   26.0* - - - 
SQUAMOUS METAPLASIA  1   42.0* - - - 

CARCINOMA, NOS  1   32.0* - - - 
SQUAMOUS CELL 

CARCINOMA 
 7   59.6 16,4 32 79 

Total 45 38.9 13.5 19 79 

* Individual age 

Table 1. Clinical diagnosis of cervical biopsies used in the study.  Abbreviations: SD, standard deviation; CIN, Cervical 
Intraepithelial neoplasia; NOS, not otherwise specified. 

These specimens were characterized at clinical and molecular level for the presence and type of 

HPV using PCR-based systems or the Hybrid Capture assay (H2C, QIAGEN), during the clinical 

setting. Table 2 summarized the HPV types infection distribution. 
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HPV types N. of patients. 

HPV6  1 
HPV16 17 
HPV18  3 
HPV31  3 
HPV33  3 
HPV52  1 
HPV56  1 
HPV58  1 
HPV61  1 
HPV66  1 
HPV68  1 

Multiple infections  7 
Negative  5 

Total 45 

Table 2. HPV type distribution among the 45 patients.  

1.3.  RECQ1 case study  

The protein expression profile of RECQ1 was analysed in different type of tumours. Brain, colon, 

lung, and thyroid cancer tissues together with normal autoptic heart tissue were provided by the 

Pathology Department of the Trieste University and submitted to IHC analyses of RECQ1. From 

this test, RECQ1 resulted to be a candidate biomarker for brain tumors. To deeply explore this 

hypothesis, 63 additional biopsies of glioblastoma were collected from the archive of the same 

pathology department. The selection criteria were: patients with a first glioblastoma diagnosed 

between 2003 and 2009.  Among the 63 patients, 30 were males with a median age of 65 years 

(range 42-84) and 33 were females with a median age of 62 years (range 42-81). This case study 

was used to construct a TMA for the IHC analyses. 
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1.4. Cell lines 

In this study the following cell lines of human origin were used: 

• Glioblastoma cell lines: T98G (ATCC, CRL-1690) and U-87 (ATCC, HTB-14). 

• Normal fibroblast  cell line: IMR-90 (ATCC, CCL-186).  

Cells were maintained in Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 

Glutamax (Life Tecnologies, Inc.), 10% (v/v) fetal bovine serum (FBS; Life Technologies, Inc.), 

100U/ml penicillin and 100 µg/ml streptomycin and 2 µg/ml Gentamicine. Cells were grown at 37°C 

in an incubator supplied with 5% CO2. Confluent monolayer cells were washed with phosphate-

buffered saline (PBS) and treated with trypsin (0.25% (w/v) trypsin, 0.5 mM EDTA in PBS) at 37°C 

for 5 minutes or until cells were dispersed. An appropriate volume of complete growth medium was 

added and cells were pelleted. For sub-cultivation, cells were resuspended in complete growth 

medium, according to the following ratio: 

• Glioma cells at a ratio of 1:6 to 1:8; 

• Fibroblasts at 1:2 to 1:3.  

Cells were frozen at a density of approximately 2 x 106 cells/ml in FBS with 10% DMSO and then 

stored at -80°C.  

2. HISTOLOGICAL STAINING AND MICRODISSECTION 

H&E staining was routinely performed on 3μm-thick sections (211).  

Manual microdissection was performed to isolate tumour from perilesional tissue in cases where 

the amount of perilisonal tissue was higher than 15% of the total amount. H&E stained section of 

each case was analysed by expert pathologists and the areas of interest were marked on the slide. 

Five consecutive unstained sections from the same tissue blocks were used for protein extraction 

(see the paragraph 5.1). 
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The H&E slides were also used to locate the dysplastic lesions and the tumour or the perilesional 

area on the original paraffin donor block for the construction of cervical cancer and glioblastoma 

TMAs. 

3. TISSUE MICROARRAY CONSTRUCTION 

For TMAs construction, selected areas were marked on the H&E slides. Tissue cylinders of 1.5 

mm in diameter were taken from the selected regions of the donor paraffin block and were 

punched into a recipient paraffin block using a tissue-arraying instrument (Galileo TMA CK3500, 

Integrated Systems Engineering, Milano, Italy). Once completed, the TMA was placed upside-

down onto a glass slide and incubated at 40°C for about 30 minutes in order to allow binding of the 

donor cores to the paraffin wax of the block. The aforementioned glass slide  was used to level the 

block surface by gently pushing the cores into the block. After cooling, 4 µm thick sections were cut 

and mounted on microscope slides for subsequent  H&E staining and IHC analyses. 

 

The following TMAs were constructed in this study: 

• Cervical TMAs, which comprise a total of 138 tissues cores. Multiple punches for each 

bioptic sample were done, taking different cervical intraepithelial lesions (from low grade to 

invasive squamous cancer) specifically selected by two expert pathologists (Table 3). Low 

grade lesions (LSIL) include normal epithelium with condyloma, condyloma and CIN1 

dysplasia; high grade lesions (HSIL) consist of: CIN2, CIN2/3 and CIN3 displasias.  
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 Histopathological sub-classification Number Total number. 

LSIL 
Condyloma 64  95 

CIN1 31 

HSIL 
CIN2 11  24 

CIN2/CIN3  4 
CIN3  9 

Squamous cell 
carcinoma 

 19  19 

All lesions.   138 

Table 3. Number of cervical lesions analyzed by TMAs. 

• Glioblastoma TMA which comprises 82 tissues cores: 63 lesional and 19 perilesional tissue 

areas, specifically selected by an expert pathologist 

4. IMMUNIHISTOCHEMSTRY 

IHC staining was performed on 4 µm-thick tissue sections deposited on SuperFrost® Plus slides 

and incubated at least for 12 hours at 37°C. The antibodies used and the experimental conditions 

are listed on the table below. The immunostaining procedures were performed automatically by 

using the Benchmark device (Ventana Medical System) and manually by using heat-induced 

antigen retrieval method. For the manual detection, the incubations were performed in a humidified 

chamber. Briefly, tissue sections were deparaffinized, immersed in xylene for 30 minutes and then 

hydrated in a decreasing alcohol series. Endogenous peroxidase activity was blocked by 

incubating the tissue sections in 0.3% H2O2 for 20 minutes. The sections were subject to heat-
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induced antigen retrieval solution2

Only for ubiquitin, DAKO LSAB+/HRP kit (Dako Cytomation) was used for staining. After the 

deparaffinization and the inhibition of the endogenous peroxidase activity, the tissue sections were 

blocked with 3% BSA for 20 minutes. The primary antibody was diluted in 5mM Tris-HCl with 1% 

BSA and incubated for 1 hour at room temperature. The slides were washed and then incubated 

with the biotinylated antibody and with the sreptavidin-HRP solution as previously described. 

Detection was made using the DAB chromogen solution provided by the kit for 5 minutes. The 

sections were counterstained with Mayer hematoxylin as usual. 

 for 20 minutes. To avoid unspecific binding, the sections were 

incubated for 20 minutes with blocking serum (Vectastain Universal Elite ABC kit, Vector 

Laboratories). Incubation with the primary antibody was performed for 1 hour as described in Table 

4. Negative controls of sections without the primary antibody step were used. The slides were 

washed three times for 3 minutes each in PBS and 0.1% of Triton X-100, and incubated for 60 

minutes with the biotinylated secondary antibody and for 30 minutes with Vectastain ABC system. 

Detection was made using the DAB substrate kit (Vector Laboratories) for 8-10 minutes. The 

sections were counterstained with Mayer hematoxylin. Double IHC of Ki67 and RECQ1 was 

performed using DAB and FastRed detection system and the Benchmark device (Ventana Medical 

System). 

Cells showing a positive staining were counted across three high power fields (HPF) and making 

the average. The staining intensity was evaluated by a score from 0 to 3+, at cytoplasmatic and 

nuclear level, across three HPFs.   

                                                 

 

2 See Table 4 for the antibody-specific antigen retrieval method used. 
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Antibody 
 (Clone) 

#Order Localization AR Dilution IT 

EGFR 
# 2232 

(Cell Signaling) 
Membrane 10 mM Buffer Citrate pH6 1:150 RT 

E-cadherin 
(36) 

#610181 
(BD Biosciences) 

Membrane 10 mM Buffer Citrate pH6 1:2000 RT 

Ki67 
(30_9) 

#790-4286 
Ventana  Medical System 

Nucleus 
100 mM Tris-Borate 
1 mM EDTA  pH 8.0 

Pre-diluted RT 

p16 
(F-12) 

#sc-1661 
(Santa Cruz 

Biotechnology) 
Nucleus/Cytoplasm 10 mM Buffer Citrate pH 6 1:150 RT 

p53 
(D07) 

#800-2912 
Ventana  Medical System 

Nucleus 10 mM Buffer Citrate pH 6 Pre-diluted RT 

hTERT 
(Y182) 

#ab32020 
Abcam 

Nucleus/Cytoplasm 10 mM Buffer Citrate pH 6 1:100 37°C 

Ubiquitin 
#Z0458 

Dako Cytomation 
Nucleus  1:500 RT 

L1 
#VAHP50 

Virofem Diagnostic 
Nucleus/Cytoplasm 10 mM Buffer Citrate pH 6 Pre-diluted RT 

RQ-CT3 Sigma Genosys Nucleus 10 mM Buffer Citrate pH 6 1:150 RT 
RQ-FL4 home made (212) i Nucleus  10 mM Buffer Citrate pH 6 1:150 RT 
GFAP 

(EP672Y) 
# 760-4345 

Ventana  Medical System 
Cytoplasm 

100 mM Tris-Borate 
1 mM EDTA pH 8.0 

Pre-diluted RT 

Table 4. Antibodies used for IHC analyses. Abbreviations: AR, antigen retrival; IT, Incubation Temperature; RT, room 
temperature. 

                                                 

 

3 The custom rabbit polyclonal anti-RECQ1 antibody against the C-terminal region of RECQ1 (RQ-CT) was raised 
against a 16 amino acid peptide corresponding to residues 634-649 of RECQ1 (C-SGSKNTGAKKRKIDDA) with an N-
terminal cysteine conjugated to the keyhole limpet hemocyanin (KLH) carrier protein. 
4 The rabbit polyclonal anti-RECQ1 antibody against the full-length RECQ1 (RQ-FL) was made by injecting the rabbits 
with full-length recombinant RECQ1 expressed in insect cells. 
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Specificity of RECQ1 antibody was assessed by preadsorption test. Before the incubation with 

primary antibody, the RECQ1 antibody and the specific immunizing peptide have been incubated 

in a molar ratio of 1:5 at 37°C for 30 minutes.  

The screening of the 39 MoAbs against the HPV oncoviral protein was made by using the 

Vectastain Universal Elite ABC kit (Vector Laboratories) as previously described, but blocking of 

unspecific sites was performed with 3% BSA. No antigen retrieval procedures were performed 

Information about staining conditions are confidential. Specifity of the selected MoAb was tested by 

preadsorption assay as described for RECQ1 . 

5. PROTEIN ANALYSES IN FPE TISSUES 

5.1. Protein extraction from FFPE and FineFix tissue sections 

In order to compare the fixation procedures and the protein extraction efficiency among different 

tissues, protein lysates were prepared in five different laboratories (Graz, Munich, Trieste, Turin 

and Verona) from matched FFPE/FineFix lung (Graz), colon (Trieste) and breast (Turin) cancer 

samples. A flowchart of the study is provided in Figure 6.  

For each case an H&E stained slide with the tumour area marked and five consecutive 10 µm thick 

unstained sections were cut, mounted onto glass slides and distributed to the participants. Tissue 

slides were sent at room temperature. Protein extraction was performed in each laboratory using 

the Qproteome FFPE Tissue Kit (QIAGEN) as previously reported for FFPE (91) and FineFix (213) 

tissue sections. Tissue sections were deparaffinized in xylene and rehydrated in graded etahanol 

series (100%, 96% and 50%); each step was performed twice for 10 minutes at room temperature. 

Tumor areas were scratched from the unstained slide with a needle. The microdissected tissue 

was transferred into the adequate volume of Qproteome FFPE Tissue Kit Buffer (100 µl for two 

slides of about 0.5 cm in diameter) and extraction was performed according to the 

manufacturerer’s recommended procedure. Protein lysates were stored at -20°C. 
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Figure 6. Study design of protein extraction from matched FFPE and FineFix tissues within the IMPACTS work-package 
on proteomics. 

 

5.2. Protein extraction from FFPE cervical tissues 

This protocol describes a rapid and low-cost method based on SDS-containing-Laemmli buffer 

which allows an efficient extraction of proteins from FFPE (46, 92). About 3 sections up to 10 µm 

thickness (~ 25 mm2 each) were cut and placed in a 1.5 ml collection tube. Tissues were 

deparaffinized in 1 ml xylene (2 × 5 minutes) and rehydrated in graded ethanol series (2 x 100%, 

90%, 70%, 5 minutes). Tissue pellets were resuspended in 150 μl of freshly prepared Laemmli 

Buffer (100 mM Tris-HCl in distilled water, pH 6.8, 2% (w/v) SDS, 20% (v/v) glycerol, 4% (v/v) β-

mercaptoethanol) and incubated at 99°C for 20 minutes. Tubes were spin down at maximum 

speed for 5 minutes at 4°C. Staining solution (0.02% of Bromophenol blue stock solution 1% (w/v) 

Bromophenol blue, 50 mM Tris-base) was added to the supernatant. The lysates were stored at -

20°C. 
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5.3. Western blotting in FPE tissues 

The protein lysates (1/10 of the total protein extract volume) were separated by 12% sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Protein samples were heated at 

95°C for 5 minutes in 5X SDS-sample buffer (250 mM Tris-HCl, pH 6.8, 500 mM DTT, 10% SDS, 

0.5% bromophenol blue, 50% glycerol), spun down and then analyzed by SDS-PAGE, according to 

the standard Laemmli method (214). Gels were run in SDS electrophoresis buffer (25 mM Tris, 190 

mM glycine, 0.1% SDS).  

After electrophoresis, the proteins were transferred onto a PVDF membrane. The electro-transfer 

was performed in transfer buffer (96 mM glycine, 12 mM Tris, and 10% methanol) at 4°C for 1 hour 

at 350 mA. Membranes were incubated with the primary antibodies (Table 5) after blocking. Then 

the membranes were washed four times with PBST (PBS with 0.1% Tween 20) for 5 minutes and 

were incubated with the proper HRP-conjugated secondary antibodies5

                                                 

 

5 See 

 (from Pierce, diluted 

1:10000 in blocking solution). Washing was performed 5 times with PBST for 5 minutes. Incubation 

with the chemiluminescent reagents (Amersham Biosciences ECL Western Blotting Detection 

Reagents or Millipore Immobilon™ Western Chemiluminescent Substrates) was performed 

according to the manufacturer’s instructions. Immunoblots were developed on a Kodak Biomat 

XAR film.  

Table 5. 
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Primary Antibody 
(clone) 

MW 
(kDa) 

#Order Blocking 
Primary Antibody 

Dilution 
Secondary Antibody 

β-Actin 
(AC15) 

 42 
#A5441 
(Sigma) 

5% MP/PBST 1:10000 5% MP Mouse 

HER2/NEU 185 
#A0485 

(Dako  Cytomation) 
5% MP/PBST 1 : 500 PBST Rabbit 

EGFR 170 
# 2232 

(Cell Signaling) 
5% BSA/PBST 1:2000 5% BSA Rabbit 

E-cadherin 
(36) 

120 
#610181 

(BD Biosciences) 
5% MP/PBST 1:5000 5% MP Mouse 

ER 
(578-595) 

 67 
#E0646 
(Sigma) 

0.5% Casein/PBS 1:3000 0.5% Casein/PBST Rabbit 

MoAb 
oncoviral protein 

 30 Confidential information 

Table 5. Antibodies used for Western blotting and reverse phase array analyses. Abbreviations: MW,  molecular weight;  MP, nonfat dry milk powder; BSA, bovine serum albumin. 
PBST, PBS with 0.1% Tween 20. 
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5.4. RPPA of protein lysates from FFPE and FineFix tissues 

For every protein lysate, a 5-fold dilution series plus a negative control consisting only of 

QproteomeFFPE Tissue Kit buffer (undiluted, 1:2, 1:4, 1:8, 1:16, buffer) was prepared and 

transferred to a 96-well plate. Protein lysate microarrays (or reverse phase protein microarrays) 

were generated by using the Bio-Rad Calligrapher (BioRad, Hercules, CA). For each dilution 

series, 3 replicates were applied onto a nitrocellulose coated glass slide (FastSlide, Whatman/ 

Schleicher and Schuell). For protein detection, the slides were incubated in a peroxidase blocking 

solution (DAKO) for 1 hour, followed by  blocking in 5% milk powder/PBST for 1hour. Primary 

antibodies reacting with β-Actin, E-cadherin, EGFR, HER2, or ER (Table 5) were applied at 4°C for 

about 16 hours. After incubation with the horseradish peroxidase-coupled secondary antibodies 

(21°C; 1 hours), specific binding was detected using the ECLPlus and ECLadvance Western Blot 

Detection System (GE Healthcare). For estimation of total protein amounts, arrays were stained in 

parallel with Sypro Ruby Protein Blot Stain (Molecular Probes) according to the manufacturer’s 

instructions and visualized on an Eagle Eye (Stratagene). The developed films were scanned 

individually (MP190, Canon). Intensities of protein spots were measured using the MicroVigene 

software package (VigeneTec) as described elsewhere (215). Relative expression levels of 

proteins were calculated by normalization to total protein amount. Antibodies used for the protein 

lysate microarrays were previously validated for specificity by Western blot analysis with tissue 

lysates. 
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6. PROTEIN ANALYSES ON CELL LINES 

6.1. RNA interference  

Transient transfection was performed by using a pool of 4 siRNAs against RECQ1  (NM_032941: 

Dharmacon-SMARTpool) (Table 6) and the Hyperfect transfection system (QIAGEN), following the 

manufacturer’s instructions. The siRNA pool was prepared at a final concentration of 100 nM and 

mixed with the HiPerFect Transfection Reagent, according to the manufacter’s instructions. The 

samples were incubated for 10 minutes at room temperature (15–25°C) to allow the formation of 

transfection complexes. Then, the complexes were added to the cell suspension and 0.25x106 of 

T98G, U87 and IMR90 cells per well of 6 wells plates were seeded. The cells were incubated 

under normal growth conditions (37°C and 5% CO2) for 72 hours. RNAi control experiments were 

performed using a duplex siRNA against Luciferase (Dharmacon).  

Name Target sequence 

Sequence 5 CUACGGCUUUGGAGAUAUA 
Sequence 6 GAUUAUAAGGCACUUGGUA 
Sequence 7 GGGCAAGCAAUGAAUAUGA 
Sequence 8 GAGCUUAUGUUACCAGUUA 

Table 6. Individual sequence of siRNA against RECQ1 from Dharmacon SMART pool (NM_032941) 

 

6.2. Protein extraction  

To prepare whole cell extracts, 90% confluent cells were washed with PBS, trypsinized, washed 

with cold PBS and lysed. 

T98G, U-87, and IMR-90 whole cell extracts were prepared in HNNG lysis buffer (15 mM Hepes 

pH 7.5, 250 mM NaCl, 1% (v/v) NP-40, 10% (v/v) glycerol, 1 mM PMSF) supplemented with 0.2 
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mM sodium orthovandate (Sigma), 10 mM sodium glycerol-2-phosphate (Sigma), 25 mM NaF 

(Sigma) and protease inhibitors cocktail tablets (Roche).   

Cells suspension were sonicated 3 times for 10 seconds, avoiding bubbles formation and 

excessive heating of the solution. Then samples were clarified by centrifugation at 14,000 x g for 

10 minutes at 4°C. Protein concentrations were estimated by Bradford protein assay (Bio-Rad). A 

standard curve was obtained through serial dilutions of BSA in the specific lysis buffer. Aliquots of 

the extracts were stored at -80°C, and operative aliquots was maintained at 4°C. 

6.3. SDS-PAGE and Western blotting analyses 

The whole protein lysates (equals to 10 µg of proteins) were separated on 12% SDS-PAGE, 

according to the previously described protocol (see paragraoh 5.3). After electrophoresis run, gels 

were stained by Coomassie Brilliant Blue staining (0.2% Coomassie Blue R-250, 25% methanol, 

10% glacial acetic acid) for 30 minutes, and then destained with Coomassie destaining solution 

(25% methanol,10% glacial acetic acid).  

After electrophoresis, the proteins were transferred onto a PVDF membrane, following the  protocol  

described on paragraph 5.3. The primary antibodies used and the incubation conditions are 

reported in Table 7. Membranes were detected by immunoblotting using the SuperSignal West 

Femto Maximum Sensitivity Substrate (Pierce) or Immobilon™ Western Chemiluminescent 

Substrates (Millipore). Subsequent immunoblotting were performed on the same membranes after 

stripping in 100 mM β-mercaptoethanol, 62.5 mM Tris-HCl pH 6.8, 2% SDS for 30 minutes at 55°C 

and washing twice with TBST 10 minutes. Immunodetections were performed as above described 

from incubation with blocking solution. 
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Primary Antibody 
(clone) 

MW (kDa) Order Blocking 
Primary Antibody 

Dilution 
Secondary Antibody 

β-Actin-HRP conjugated 
(AC15) 

42 
#A3854 
(Sigma) 

5% MP/PBST 1:20000 5% MP/PBST  

α-Tubulin 
(B-5-1-2) 

50 
#T6074 
(Sigma) 

5% MP/PBST 1:10000 5% MP/PBST Mouse 

RECQ1 (H-110) 70 
#sc-25547 

(Santa Cruz Biotecnology) 
5% MP/PBST 1:2000 5% MP/PBST Rabbit 

RAD51 (H-92) 35 
#sc-8349 

(Santa Cruz Biotecnology) 
5% MP/PBST 1.1000 5% MP/PBST Rabbit 

γ-H2AX pSer139 
(JBW301) 

14 
#05-636 

Upstate (Millipore) 
5% MP/PBST 1.1000 5% MP/PBST Mouse 

Table 7. Antibodies used for Western blotting analyses. 



Materials and Methods  

 

43 

 

6.4. Cell cycle analyses 

Cell cycle profile distributions of T98G and U87 cells were performed on transiently siRNA 

transfected cells 72 hours after transfection. Cells were pulsed for 1 h with BrdU (Sigma) at a final 

concentration of 10 μM. BrdU positive cells were detected by using a mouse anti-BrdU-FITC 

primary antibody followed by an anti-mouse Alexa 488-conjugated secondary antibody. Cells were 

collected and analyzed by flow cytometry on a FACSCalibur (Beckton Dickinson) to simultaneously 

determine the cell-cycle profile (DNA content) by incorporation of propidium iodide and the S-

phase cell population by incorporation of BrdU. Cell cycle profile distributions were determined with 

the CellQuestPro and Modfit LT 3.0 software. 

6.5. Clonogenic assays 

Colony forming assays were made in vitro as already described (216). Assays were performed in 

six-well plates, with clones produced either by transfection with a luciferase-siRNA duplex as 

control or with a RECQ1-siRNA. Cells were seeded at different dilutions (100, 200, 400, 800, 1600 

and 3200 cells per well) in six-well plates and incubated under normal growth conditions (37°C and 

5% CO2). After one week, the medium was removed and the cells were rinsed carefully with PBS. 

Formed colonies were fixed and stained in 3 ml of a mixture containing 6.0% glutaraldehyde and 

0.5% crystal violet for at least 30 minutes. After glutaraldehyde and crystal violet removal, plates 

were carefully rinsed in water. The plates with colonies were dried at room temperature, before 

colonies count. The counting was done using VersaDoc 4000 imaging system (BioRad). 

Proliferative capacity of control cells and of the RECQ1-depleted cells was evaluated by their 

plating efficiency (PE) and expressed as colony forming capacity. The PE was calculated as the 

average ratio of the number of formed colonies versus the number of cells seeded and was 

expressed as percentage. Cell survival assays were performed by plating transfected cells before 

treatment with hydroxyurea (HU, Sigma) or temozolomide (TMZ, Sigma). Before seeding, cells 
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were treated overnight with different doses of HU (0.2, 2, 10 and 20 mM) or TMZ (5, 50, 250 and 

500 µM). Surviving fractions were calculated following a procedure already published (216). 

6.6. Immunofluorescence 

Immunifluorescence was performed as already described (217). 20x103 cells were seeded in 

chamber slides (NALGENE) after transient downregulation of the RECQ1 expression by RNA 

interference for 24 hours. A second transfection with the siRNA was repeated immediately after the 

cells were seeded in the chamber slides. The cells were left under these conditions for 72 hours. 

Then the medium was removed and the chamber slides were washed with PBS. Cells were then 

fixed with 3.5% paraformaldehyde in PBS for 20 minutes at room temperature, quenched with 125 

mM of glycine solution for 5 minutes at room temperature and washed four times with PBS. The 

cells were permeabilized for 5 minutes with 0.2% Triton X-100 in PBS and treated thrice with 1% 

BSA in PBS 0.2% Tween-20 (PBST) buffer for 10 minutes each to block unspecific binding of 

antibodies. The cells were then incubated with different antibodies for 1 hour at 37°C and washed 

thrice for 5 minutes each at room temperature (Table 8). The cells were incubated for 1 hour at 

37°C with the FITC conjugate anti-mouse secondary Alexa 488 and anti-rabbit secondary Alexa 

594 antibodies (Invitrogen Molecular Probes). After three washes in PBS, cells were treated with 

RNAse A. Nuclei were counterstained with Toto3 (Invitrogen Molecular Probe), diluted 1:20000 in 

0.2% Triton X-100 in PBS. Coverslips were mounted with Vectashield (Vector Laboratories).  

BrdU staining was performed after incubation of cells in 10 µM BrdU (Sigma) for 1 hour and DNA 

denaturation by 2N HCl for 30 minutes at 37°C and then followed by permeabilization. 

Confocal fluorescence analysis was performed on a Zeiss LSM 510 Meta confocal microscope. 

Images were acquired using the LSM software. The cells containing  γ-H2AX and RAD51 foci were 

counted in at least 100 nuclei.  
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Primary Antibody 
(clone) 

Order 
Primary Antibody 

Dilution 
Secondary 
Antibody 

RECQ1 (H-110) 
#sc-25547 

(Santa Cruz Biotecnology) 
1:1000 Rabbit 

RAD51 (H-92) 
#sc-8349 

(Santa Cruz Biotecnology) 
1:250 Rabbit 

γ-H2AX pSer139 
(JBW301) 

#05-636 
Upstate (Millipore) 

1:750 Mouse 

BrdU 
(B44) 

# 347580 
(BD Bioscience) 

1:1000 Mouse 

Table 8. Antibodies used for Immunofluorescence analyses. 

 

7. STATISTICS  

7.1. Extraction protocol validation statistics 

In order to avoid the multiple testing problems arising from analysing different fixation methods with 

antibody measurements, we adapted Goeman’s global test (218). Therewith it was possible to test 

whether any of the fixation methods caused any difference in protein lysate microarray 

measurements by one single p-value. Each measurement was rank transformed in order to reduce 

the influence of outliers. Furthermore, for each specimen the mean rank was subtracted in order to 

remove the block effect of the specimens. The global test was applied by using the permutation 

test criterion with 10000 replications. Pair wise differences between fixation methods were tested 

by Wilcoxon’s signed rank sum test. Values of p below 0.05 were considered statistically 

significant. Analyses were performed through R 2.9.0 (http://www.r-project.org/) and R-package 

globaltest 4.10.0 provided by the Department of Medical Statistics of the Georg-August-University 

at Göttingen, Germany (http://www.ams.med.uni-goettingen.de/de/sof/ld/rp/ld.f1.r). 
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7.2. Cervical cancer TMAs statistics 

For E7 antibody and the other biomarkers, oneway analysis of variance was performed to detect 

significant differences in the mean number of positive cells and in the mean staining intensity 

(evaluated by a score from 0 to 3+), at cytoplasmatic and nuclear level, among different types of 

cervical lesion, by epithelial layer. 

We made use of repeated measures analysis of variance to ascertain significant differences in the 

mean number of positive cells between E7 and each biomarker. Moreover, Spearman’s correlation 

test and linear regression analysis were employed in order to detect correlations between E7 and 

the other biomarkers. Two sided p-value less than 0.05 was considered statistically significative. 

Analyses were performed with Stata SE 9.2 software (Stata Corp College Station, TX, USA). 

7.3. Glioblastoma TMA statistics 

The Wilcoxon’s test for matched-samples was employed to evaluate differences in IHC analyses 

between tumour tissues and normal peri-lesional tissues. IHC measures of outcome were: the 

proportion of positive cells for RECQ1, the intensity of the signal and the number of positive cells 

for Ki67. Spearman’s correlation test was applied to assess the relationship between intensity 

score of RECQ1 and the number of positive cells in lesional tissues. Kruskal-Wallis test was 

applied to investigate differences in the percentage of positive cells for Ki67 and RECQ1 among 

groups defined by patient gender and the intensity score of RECQ1. Two-sided p-value less than 

0.05 was considered statistically significant. Analyses were performed with Stata SE 9.2 software 

(Stata Corp College Station, TX, USA). 
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RESULTS 

My research activity was devoted to explore the potential of conventional and innovative proteomic 

approaches in clinical cancer research on AT. The first part of my project focused on the 

standardization of protein extraction protocols from FPE tissues and the validation of quantitative 

protein analysis. This part was strictly connected with the European project IMPACTS. In order to 

investigate the possible application of clinical proteomics in AT, two different fields were explored: 

(a) the screening of new non-surrogate biomarkers for cervical cancer useful for the early detection 

and for the progression risk assessment; (b) the identification of a new therapy target for 

glioblastoma, deepening the functions of human RECQ1 helicase. These two studies were 

performed in collaboration with a company and with the Genome Stability Laboratory (ICGEB, 

Trieste) respectively.  

1. STANDARDIZATION OF PROTEIN ANALYSIS OF TISSUES FIXED WITH 

FORMALIN AND FINEFIX (132) 

The aim of the IMPACTS work-package on proteomics was to compare protein expression in 

matched lung, colon and breast cancer tissues fixed with formalin and FineFix. Tissue samples 

were fixed either in formalin (FFPE) or FineFix (Milestone) in three different European pathology 

departments (Graz, Torino and Trieste). The tissue slides were inspected by histology and five 

unstained sections from three matched samples of each tissue were distributed within the 

IMPACTS consortium. The comparison of protein recovery efficiency was evaluated by Western 

blot and RPPA technology. IHC analysis was performed in order to compare morphology and  

immunoreactivity in tissues treated with different pre-analytical conditions.  

 



Results  

 

48 

 

1.1. Protein extraction  

Five institutions (Graz, Munich, Torino, Trieste and Verona) were involved in the protein extraction 

validation from matched FFPE/FineFix cancer tissue samples. Four groups participated in the 

validation of protein extraction from FineFix specimens. In order to avoid variation unrelated to the 

fixative used, each group extracted proteins by employing the same method. Typically, 100 µl 

extraction buffer were used for protein solubilization from FFPE and FineFix tissue sections. All the 

five groups successfully extracted proteins from FFPE and FineFix tissues. Western blot analysis 

against β-Actin was performed to demonstrate successful protein extraction and suitability for 

downstream protein lysate microarray analysis. E-cadherin, EGFR and ER were also detected by 

Western blot. Representative Western blot detection of the analyzed proteins is shown in Figure 7 

and 9. 

 

Figure 7. Representative β-Actin Western blot in FFPE and FineFix fixed lung, colon, and breast cancer  samples. 
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Figure 8. Representative Western blot analyses against  β-Actin, EGFR and E-cadherin in matched FFPE and Finefix 
colon cancer tissues.  

1.2. Quantitative protein analysis 

Several studies have proven that RPPA is a powerful technology for quantitative protein analysis of 

routinely processed FFPE tissues (91, 98, 219). For this reason, this methodology was used to 

quantitatively measure protein abundances in tissue lysates. Twelve protein lysate microarrays 

were printed from 25 µl of starting material for each case. In addition, pools of lysates from the 

samples were also spotted on the same slides. For each case three replicates and a 6-fold dilution 

series were spotted; thus for each case 18 spots are incorporated into the calculations. This array 

analysis equals 2160 Western blot lanes: 12 cases (including 3 pools) x 18 spots x 5 antibodies x 2 

cohorts (FFPE/FineFix). This number indicates the high throughput potential of the protein 

microarray technology.  
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Figure 9. (A) Protein microarray design.  (B) Protein microarray analysis: SyproRuby staining and immunodetection of β-
Actin, E-cadherin, EGFR, HER2, and ER.  

 

These protein microarrays were probed with antibodies against β-Actin, E-cadherin, EGFR, HER2, 

and ER (Figure 9). Following antibody-based protein detection, the developed films were scanned 

and analyzed with a specific software, as described in Materials and Methods (paragraph 5.4). In 

order to compare intensity values between FFPE and FineFix, the average pixel intensity of each 

spot was normalized to the intensity values obtained for the total protein and detected by 

SyproRuby stain. The global comparison of the intensity values (including all five antibodies) 

showed that FineFix enhanced the antigen or protein preservation for the selected antibody panel 

(p = 0.04), in comparison to the matched FFPE samples. The pair-wise protein comparison 

between the fixatives (for each antibody) indicated differences in the signal intensity for EGFR (p = 

0.007) and HER2 (p = 0.02) in the FineFix samples compared to the FFPE ones as shown in 

Figure 9. In contrast, E-cadherin, ER, and β-Actin signal intensities did not show significant 

A B 
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differences (p > 0.05) between FFPE and FineFix (Figure 10). Overall, we observed a modest 

increase for E-cadherin in the FineFix samples, whereas β-Actin signals were slightly increased in 

FFPE samples, but these changes did not reach statistical significance.  

Figure 10. Box plot of the pair-wise proteins comparison between the fixatives. 
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1.3. IHC analyses 

IHC staining was performed to evaluate the suitability of FineFix in maintaining tissue morphology 

and antigen immunoreactivity. The analyses were performed by the same institutions which 

provided the tissues for validation analyses. IHC analyses of the selected BMs showed 

comparable results between formalin and Finefix treated samples. FinFix tissues provide good 

tissue histology for the morphological examination and good immunoreactivity for IHC analyses, as 

shown in Figure 11.   

 

Figure 11. Representative IHC staining against E-cadherin and EGFR  on matched colon cancer tissues fixed with 
formalin and FineFix. 
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2. HPV MoAbs VALIDATION 

2.1. MoAbs screening 

Thirty-nine monoclonal antibodies (MoAbs) directed against the E7 viral oncoprotein were supplied 

by the company. The screening was performed in a TMA that comprise 12 LSILs, 12 HSILs, 6 

squamous carcinoma. All the specimens were HPV16 positive at genotyping. This first analysis 

aimed at a qualitative evaluation of the specificity of the antibodies for the cervical lesions. Table 9, 

displays the staining status of cervical lesions for each antibody clone. The battery of MoAbs 

showed different specificities for the cervical lesions, suggesting their possible utility in differential 

diagnosis. In detail, 18 MoAbs were positive for all the 30 cervical lesions analyzed, while 9 were 

negative for all the lesions, suggesting that these antibodies could be strain specific. Eight MoAbs 

were negative in the HSIL, 3 were negative in the squamous invasive carcinoma, while the 

MoAb35 recognize only LSIL. For all the MoAbs analyzed, the HPV oncoprotein expression was 

found both in the cytoplasm and in the nucleus, indicating that this protein is involved in different 

cellular pathways and could have different post-translational modifications. Figure 12 shows 

examples of the different IHC staining by the MoAbs. 
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Table 9. Summary results of MoAbs screening (the numbers indicate the different MoAb clones; blue cells represent positive stains).  

 

Monoclonal Antibodies 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 

LSIL 
                                       

HSIL 
                                       

SCC 
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Figure 12. Representative IHC staining of the the different group of HPV MoAbs (O.M. 20X). Abbreviations: SCC, 
squamous cell carcinoma. 

 

2.2. Specificity analyses of the MoAbs 

The specificity of the MoAbs was confirmed by pre-adsorption tests. Figure 13 shows that only a 

minimal non-specific stain can be detected after pre-adsorption of the tissue with the specific viral 

peptide.  
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Figure 13.  Pre-adsorption test using the specific oncoviral peptide on cervical cancer tissues. Immunostaining with the 
E7 antibody in cervical tissue (1) and after preadsorption with the specific peptide (2) (O.M. 40X). 

Protein extraction from representative FFPE cervical biopsies were performed in order to confirm 

the specificity of the E7 antibody. The E7 protein was successfully detected, obtaining a clear 

signal at the right molecular weight (~30 kDa). The β-actin western blot analyses was also 

performed to demonstrated the efficiency of the extraction (Figure 14). 

 

Figure 14. E7 and β-actin Western blot analyses in FFPE cervix tissues. 
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The aim of this part of my project was to compare the new E7 antibody with the following 

biomarkers: the HPV capsid protein L1, p16, hTERT, p53, Ubiquitin (Ub) and the proliferative 

marker Ki67.  

2.3. IHC comparison between E7 and the other biomarkers  

Once the antibodies passed our screening, it was chosen the molecule that gave better results in 

terms of staining and specificity. The selected molecule was validated with other TMAs, which 

comprised a total of 138 tissues cores from different cervical intraepithelial lesions and with 

different HPV types infections.  

In this study, I analyzed 138 squamous cervical lesions, from low grade dysplasia to invasive 

cancer. In particular, I analyzed 95 LSILs, which comprised 64 condylomas and 31 CIN1 lesions, 

24 HSILs, which consisted of 11 CIN2, 4 CIN2/CIN3 and 9 CIN3 lesions, and 19 squamous cell 

carcinomas.  

HPV DNA was found in the 73% of LSILs, in the 96% of HSILs, and in all squamous cell 

carcinomas. Multiple HPV infections was found in 6% of LSILs, 23% of HSILs and in 3% of 

squamous cell carcinomas. HPV 16 was found in all the 14 lesions characterized by multiple 

infections. Table 10 provide a summary of the HPVs typing distribution by lesion. 
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Virus 

LSIL HSIL 
Squamous cell 

carcinoma 
Tot infections 

Single 
infection 

Multiple 
infection 

Single 
infection 

Multiple 
infection 

Single 
infection 

Multiple 
infection 

Single 
infection 

Multiple 
infection 

HPV6  3  0  0  0  0  1  3  1 
HPV16 29  6 13  5 12  3 54 14 
HPV18  5  1  0  1  3  0  8  2 
HPV31  2  0 2  1  0  0  4  1 
HPV33  9  2  0  0  1  1 10  3 
HPV39  0  2  0  1  0  0  0  3 
HPV45  0  0  0  0  0  2  0  2 
HPV51  0  1  0  0  0  0  0  1 
HPV52  2  1  0  2  0  0  2  3 
HPV56  2  0  2  0  0  0  4  0 
HPV58  4  0  0  0  0  0  4  0 
HPV61  3  0  0  0  0  0  3  0 
HPV66  4  0  0  0  0  0  4  0 
HPV67  0  1  0  0  0  0  0  1 
HPV68  0  0  1  0  0  0  1  0 

Tot infections 63 14 18 10 16  7 97 31 

Table 10. Summary table of HPV typing distribution by lesions. 
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2.3.1. E7  

For the evaluation of E7 staining, cytoplasmatic and nuclear immunoreactivity was evaluated, as 

number of staining positive cells. On a total of 138 cervical squamous lesions, we were not able to 

evaluate 45 due to either non-representative arrayed areas or lost spot during the process of 

cutting or staining. In the 64 LSILs, the mean number of staining positive cells was 58.3 (SD =  

21.0), in the 15 HSILs it was 62.7 (SD =  21.2). In the 14 squamous cell carcinomas it was 40.3 

(SD =  28.4). Analysis of variance showed significant differences in the mean value of positive 

staining cells between LSIL and squamous cell carcinoma (p = 0.03), and between HSIL and 

squamous cell carcinoma (p = 0.03).  

Figure 15 shows median and 25th and 75th percentiles of positive staining cell number, by type of 

squamous lesion.  

In the Figure 16 representative IHC staining of E7 for each cervical lesion are shown. 

 

 

Figure 15. Distribution of  E7 positive staining cells, by type of squamous lesion (median value: diamond; 25th- and 75th 
percentiles: lower and upper horizontal lines of the box).  
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Figure 16. Representative IHC staining of E7 for each cervical lesion (O.M. 40X). 

In LSIL and HSIL lesions, the number of cells positive for E7 in the basal, parabasal, intermediate 

and superficial layer was evaluated, both at nuclear and cytoplasmatic level. The result are showed 

in Figure 17. Not statistically differences were found between LSILs and HSILs.  

Mean cytoplasmatic and nuclear staining intensity in LSIL and HSIL, by layer, is displayed by 

Figure 18. LSIL and HSIL showed significant difference in the basal (p = 0.02), parabasal (p = 

0.009) and in the superficial layer (p = 0.007) at nuclear level. 
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Figure 17. Mean number of E7 cytoplasmatic and nuclear positive cells, by layer, in LSIL and HSIL. 

 

Figure 18. Mean E7 cytoplasmatic and nuclear staining intensity, by layer, in LSIL and HSIL. 
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2.3.2. L1  

For the evaluation of L1, both cytoplasmatic and nuclear staining was considered. On a total of 138 

cervical squamous lesions, we were not able to evaluate 40 due to either non-representative 

arrayed areas or lost spot during the process of cutting or staining. In the 64 LSILs, the mean 

number of staining positive cells was 47.5 (SD = 20.0), in the 18 HSILs was 42.2 (SD = 25.3). The 

16 squamous cell carcinomas showed a mean number of 16.9 (SD = 19.6). Significant differences 

were found between LSIL and squamous cell carcinoma (p < 0.0001), and between HSIL and 

squamous cell carcinoma (p = 0.003).  

 

Figure 19 shows median and 25th and 75th percentiles of positive staining cell number, by type of 

squamous lesion. 

Figure 20 shows representative IHC staining of L1 for each cervical lesion. 

 

 

Figure 19. Distribution of L1 positive staining cells, by type of squamous lesion (median value: diamond; 25th- and 75th 
percentiles: lower and upper horizontal lines of the box). 
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Figure 20. Representative IHC staining of L1 for each cervical lesion (O.M. 40X). 

The evaluation of nuclear and cytoplasmatic cell positivity by epithelial layer showed that L1 was 

predominantly cytoplasmatic, both in LSIL and HSIL (Figure 21). In the nucleus, the mean number 

of positive cells was significantly higher in HSIL than in LSIL in the superficial layer (p = 0.009). 

Mean cytoplasmatic and nuclear staining intensity in LSIL and HSIL, by layer, is displayed by 

Figure 22. LSIL and HSIL showed a significant difference in the superficial layer at nuclear level (p 

= 0.05).  
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Figure 21. Mean number of L1 cytoplasmatic and nuclear positive cells, by layer, in LSIL and HSIL. 

 

Figure 22. Mean L1 cytoplasmatic and nuclear staining intensity, by layer, in LSIL and HSIL. 
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2.3.3. p16  

Both cytoplasmatic and nuclear staining was considered in the evaluation of p16. On a total of 138 

cervical squamous lesions, we were not able to evaluate 56 due to either non-representative 

arrayed areas or lost spot during the process of cutting or staining. In the 50 LSILs the mean 

number of positive cells were 60.2 (SD = 22.6), in the 18 HSILs was 61.1 (SD = 27.2), among the 

14 squamous cell carcinomas the mean number was 37.1 (SD = 28.3).  Significant differences 

were found between LSIL and squamous cell carcinoma (p = 0.01), and between HSIL and 

squamous cell carcinoma (p = 0.03).  

Figure 23 shows median and 25th and 75th percentiles of positive staining cell number, by type of 

squamous lesion.  

Figure 24 shows representative IHC staining of p16 for each cervical lesion. 

 

0
20

40
60

80
10

0
N

um
be

r o
f p

os
iti

ve
 c

el
ls

LSIL HSIL Squamous cel l ca.

p16

 

Figure 23. Distribution of p16 positive staining cells, by type of squamous lesion (median value: diamond; 25th- and 75th 
percentiles: lower and upper horizontal lines of the box). 
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Figure 24. Representative IHC staining of p16 for each cervical lesion (O.M. 40X). 

The results of p16 nuclear and cytoplasmatic positivity by layer are shown in Figure 25. No 

significant differences were found between LSIL and HSIL. 

Mean cytoplasmatic and nuclear staining intensity in LSIL and HSIL, by layer, is displayed by 

Figure 26. LSIL and HSIL showed a significant difference in the parabasal (p = 0.02) and in the 

intermediate layer (p = 0.01) at nuclear level.  
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Figure 25. Mean number of p16 cytoplasmatic and nuclear positive cells, by layers in LSIL and HSIL. 

 

 

Figure 26. Mean p16 cytoplasmatic and nuclear staining intensity, by layer, in LSIL and HSIL. 
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2.3.4. hTERT  

hTERT was evaluated at both cytoplasmatic and nuclear level. On a total of 138 cervical 

squamous lesions, we were not able to evaluate 51 due to either non-representative arrayed areas 

or lost spot during the process of cutting or staining. In the 63 LSILs the mean number of staining 

positive cells was 47.2 (SD = 28.4), in the 12 HSILs the mean number was 44.2 (SD = 32.3), and 

in the 12 squamous cell carcinomas was 37.9 (SD = 37.3). No significant differences were found 

between lesions.   

Figure 27 shows median and 25th and 75th percentiles of positive staining cell number, by type of 

squamous lesion. 

Figure 28 shows representative IHC staining of hTERT for each cervical lesion. 
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Figure 27. Distribution of hTERT positive staining cells, by type of squamous lesion (median value: diamond; 25th- and 
75th percentiles: lower and upper horizontal lines of the box). 
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Figure 28. Representative IHC staining of hTERT for each cervical lesion (O.M. 40X). 

The results of hTERT nuclear and cytoplasmatic positivity by layer are shown in Figure 29. A 

significant difference between LSIL and HSIL was found in the basal layer (p = 0.01) at 

cytoplasmatic level. In the nucleus, the mean number of positive cells in HSIL was higher than in 

LSIL in all layers (p < 0.0001).  

Mean cytoplasmatic and nuclear staining intensity in LSIL and HSIL, by layer, is displayed by 

Figure 30. LSIL and HSIL showed a significant difference in the parabasal layer (p = 0.04) at 

cytoplasmatic level. In the nucleus, the mean staining intensity was significantly different between 

lesions in the intermediate (p = 0.02) and in the superficial layer (p = 0.02). 
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Figure 29. Mean number of hTERT cytoplasmatic and nuclear positive cells, by layer, in LSIL and HSIL. 

 

Figure 30.  Mean hTERT cytoplasmatic and nuclear staining intensity, by layer, in LSIL and HSIL. 
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2.3.5. p53  

For the evaluation of p53, only nuclear staining was considered. On a total of 138 cervical 

squamous lesions, we were not able to evaluate 46 due to either non-representative arrayed areas 

or lost spot during the process of cutting or staining. In the 65 LSILs the mean number of p53 

positive cells were 10.8 (SD = 9.6), in the 13 HSILs was 13.0 (SD = 15.4), in the 14 squamous cell 

carcinoma the mean number was 11.6 (SD = 17.2). No significant differences were found between 

lesions. 

Figure 31 shows median and 25th and 75th percentiles of positive staining cell number, by type of 

squamous lesion. 

Figure 32 shows representative IHC staining of p53 for each cervical lesion. 
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Figure 31. Distribution of positive p53 staining cells, by type of squamous lesion (median value: diamond; 25th- and 75th 
percentiles: lower and upper horizontal lines of the box). 
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Figure 32. Representative IHC staining of p53 for each cervical lesion (O.M. 40X). 

The results of p53 nuclear positivity by layer are shown in Figure 33. A significant difference 

between LSIL and HSIL was found in the intermediate (p = 0.02) and in the superficial layer (p = 

0.03). 

Mean nuclear staining intensity in LSIL and HSIL, by layer, is displayed by Figure 34. LSIL and 

HSILs showed significant differences in the intermediate (p = 0.02) and in the superficial layer (p = 

0.05).  
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Figure 33. Mean number of p53 nuclear positive cells, by layer, in LSIL and HSIL. 

 

 

Figure 34. Mean p53 nuclear staining intensity, by layer, in LSIL and HSIL. 
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2.3.6. Ubiquitin  

For the evaluation of Ub, only nuclear staining was considered. On a total of 138 cervical 

squamous lesions, we were not able to evaluate 37 due to either non-representative arrayed areas 

or lost spot during the process of cutting or staining. In the 71 LSILs, the mean number of staining 

positive cells was 28.1 (SD = 24.6), in the 15 HSILs was 32.7 (SD = 23.4), in the 15 squamous cell 

carcinomas 53.3 (SD = 30.2).  Significant differences were found between LSIL and squamous cell 

carcinoma (p = 0.03).  

Figure 35 shows median and 25th and 75th percentiles of positive staining cell number, by type of 

squamous lesion. 

Figure 36 shows representative IHC staining of Ub for each cervical lesion. 
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Figure 35. Distribution of Ub positive staining cells, by type of squamous lesion (median value: diamond; 25th- and 75th 
percentiles: lower and upper horizontal lines of the box). 
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Figure 36. Representative IHC staining of Ub for each cervical lesion (O.M. 40X). 

The results of Ub nuclear positivity by layer are shown in Figure 37. No significant difference were 

detected between LSIL and HSIL. 

Mean nuclear staining intensity in LSIL and HSIL, by layers, is displayed by Figure 38. LSIL and 

HSIL showed no significant  differences. 
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Figure 37. Mean number of Ub nuclear positive cells, by layer, in LSIL and HSIL. 

 

 

Figure 38. Mean Ub nuclear staining intensity, by layer, in LSIL and HSIL. 
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2.3.7. Ki67  

Ki67 is a well known marker used in clinical practice to assess tumour proliferation. For the 

evaluation of Ki67, only nuclear staining was considered. On a total of 138 cervical squamous 

lesions, we were not able to evaluate 28 due to either non-representative arrayed areas or lost 

spot during the process of cutting or staining. As expected, the number of Ki67 positive cells was 

higher in the high grade cervical lesions. In the 78 LSILs, the mean number of staining positive 

cells was 17.3 (SD = 11.4), in 18 HSILs was 45.6 (SD = 21.5), in the 14 squamous cell carcinomas 

was 48.6 (SD = 19.2). Significant differences were found between LSIL and HSIL (p < 0.0001), and 

between LSIL and squamous cell carcinoma (p < 0.0001). 

Figure 39 shows median and 25th and 75th percentiles of positive staining cell number, by type of 

squamous lesion. 

Figure 40 shows representative IHC staining of Ki67 for each cervical lesion. 
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Figure 39. Distribution of Ki67 positive staining cells, by type of squamous lesion (median value: diamond; 25th- and 75th 
percentiles: lower and upper horizontal lines of the box). 
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Figure 40.Representative IHC staining of Ki67 for each cervical lesion (O.M. 40X). 

The results of Ki67 nuclear positivity by layer are shown in Figure 41. Significant differences were 

detected between LSIL and HSIL in the basal (p = 0.01), parabasal (p = 0.03), intermediate (p < 

0.0001) and in the superficial layer (p < 0.0001) . 
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Figure 41. Mean number of Ki67 nuclear positive cells, by layer, in LSIL and HSIL. 

 

2.3.8. Comparison between E7 and the other biomarkers 

Repeated measures analysis of variance was performed in order to evaluate differences in the 

mean number of positive cells between E7 antibody and the other biomarkers. The results are 

shown in Figure 42 and inTable 11. In all three types of lesion, E7 showed a higher mean value  of 

positive cells than L1, the viral capsid protein. No significant difference was found between E7 and 

the most used surrogate in clinical setting, i.e. p16, in all types of squamous lesions. In LSIL, the 

mean number of positive cells stained by hTERT, p53 and Ub, i.e. the most used surrigate in 

research setting, was lower than E7. Similar differences was found in HSIL where significant 

difference at 5% level was found between E7 and p53 and Ub. In squamous cell carcinoma E7 and 

p53 showed a significative difference. E7 and Ki67, a proliferative marker, significantly differed in 

LSIL and HSIL.  
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Figure 42. Mean number of positive cells, by marker and type of squamous lesion.  

 

Biomarker 
LSIL HSIL Squamous cell ca. 

p p p 

Viral protein 
 

  

L1   0.002   0.01 0.01 

True surrogate 
 

   

p16   0.4   0.7 0.5 

hTERT   0.02   0.09 1.0 

p53 <0.0001 <0.0001 0.001 

Ub <0.0001   0.0002 0.6 

Proliferative marker 
 

  

Ki67 <0.0001   0.009 0.6 

Table 11. Comparison between the mean number of E7 positive cells and the mean number of cells stained by six 
biomarkers, by type of squamous lesion. p-values derived from the analysis of variance. In bold type the p-values not 
statistically significative (p ≤ 0.05).  

Figure 43, Figure 44 and Figure 45 show representative immunostaining of each marker for all the 

squamous lesions.  
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Figure 43. Representative IHC of each marker in LSIL (O.M. 40X). 
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Figure 44. Representative IHC of each marker in HSIL (O.M. 40X). 
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Figure 45. Representative IHC of each marker in squamous cell carcinoma (O.M. 40X). 

Spearman’s correlation test and linear regression analyses were performed to investigate the 

possible correlation between E7 and the other biomarkers. Significant results are shown in Figure 

46and Figure 47 together with scatter diagrams. 
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Figure 46. Scatter diagrams of E7 versus L1, p16 and hTERT, by type of squamous lesion. 
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Figure 47. Scatter diagrams of E7 versus p53, Ub and Ki67, by type of squamous lesion.  
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On the basis of E7 versus L1 scatter diagram in LSIL and HSIL, we identified two main groups of 

lesions. One, the group A, characterized by high level of E7 and low level of L1 (circled in blu in 

Figure 48) and the group B, characterized by high level of both markers (circled in red in Figure 

48). Spots of each lesion where retrieved and ri-evaluated by an expert pathologist. In Figure 48 

representative images of these two distinct groups are shown. In LSIL, group A is characterized by 

dysplastic epithelium linked with koilocytosis, while B group is characterized by a condyloma. In 

HISL, group A is characterized by high grade dysplasia associated with koilocytosis, while group B 

lesions display high grade dysplasia without evidence of koilocytotic atypia. 
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Figure 48. Correlation of mean number of E7 and L1 staining cells in LSIL (left) HSIL (right). In the lower pannel, 
representative images of the two distinct groups, A  and B, in  LSIL (left) and in HSIL (right) (O.M: 40X).  
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3. DEEPENING RECQ1 HELICASES FUNCTION (220) 

3.1. Expression of RECQ1 in human tumor tissues  

The protein expression profile of RECQ1 was analyzed in different types of tumours. A preliminary 

IHC analysis of perilesional sections of human colon carcinoma, thyroid cancer, lung cancer, and 

brain glioblastoma tissues showed that RECQ1 was effectively detected in these samples. The 

RECQ1 expression was confined in the cellular nuclei and more than 30% of cells in each sample 

positively stained for RECQ1, using either the antibody raised against the full-length protein (RQ-

FL) or that one specifically recognizing the C-terminus of RECQ1 (RQ-CT) (Figure 49 A). The 

specificity of the two anti-RECQ1 antibodies was confirmed by pre-adsorption experiments 

showing that only a minimal non-specific stain can be detected after pre-adsorption of the tissue 

with the recombinant RECQ1 protein (Figure 49 B). 
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Figure 49. (A) Representative IHC against the RQ-FL antibody (left) and the RQ-CT antibody (right) in perilesional 
tissues from glioblastoma, colon carcinoma, lung cancer and thyroid cancer (O.M 40X). (B) Pre-adsorption experiments 
by using the recombinant RECQ1 protein on normal colon tissues. Immunostaining against RQ-FL antibody in colon 
tissues before (1) and after preadsorption with the full-length recombinant RECQ1 protein (2) (O.M. 40X). 
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Subsequently, the IHC analysis was repeated by including lesional tissues from brain glioblastoma, 

colon carcinoma, lung and thyroid cancers for comparative analysis (Figure 50). The results 

showed that RECQ1 was highly expressed both in the perilesional and lesional tissues of these 

tumors. Only in brain gliomas the expression of RECQ1 was significantly higher in the tumor 

samples in comparison to the perilesional tissues. In particular, we observed a 4-fold decrease of 

RECQ1 positive nuclear staining cells from brain tumour tissues versus perilesional ones. These 

results were also confirmed in autoptic normal brain tissues, which might represent a more 

appropriate control for our experiments since we cannot rule out the possibility that perilesional 

tissues might be partially influenced in the expression profile by the tumour itself. 

 



Results  

 

91 

 

 

Figure 50. (A) Representative pictures of IHC analysis on tissues from different types of tumors. On the left, the 
perilesional area and, on the right, the tumoral one. IHC was made using the anti-RECQ1 RQ-FL antibody (O.M 40X). 
The histograms on the right represent the percentage of nuclei positive for RECQ1 in perilesional and lesional tissues of 
the respective tumors.  
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Perilesional and autoptic normal brain tissues showed a lower number of positive nuclei compared 

to the other control tissues, suggesting that RECQ1 is less expressed in normal non-dividing 

tissues (Figure 51). This hypothesis was confirmed by the analysis of RECQ1 in a human normal 

heart tissue, as another example of non dividing tissue. As reported in Figure 52 no significant 

nuclear staining for RECQ1 was detected in the heart.  

 

Figure 51. Representative IHC of RECQ1 expression in normal autoptic brain tissues performed using the anti-RECQ1 
RQ-FL antibody (O.M. 40X). 

 

 

Figure 52. Immunostaining for RECQ1 on human normal heart tissue (O.M 20X). 

In order to investigate proliferation activity of glioblastoma tumours, IHC staining of Ki67 was 

performed. As it is known, the protein is present during all active phases of the cell cycle (G1, S, 
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G2, and mitosis), but it is absent in resting cells (G0) This is the reason why Ki67 is routinely used 

in clinical practice for determining the so-called growth fraction of a given cell population. The 

proliferation index (P.I.), i.e. the percentage of nuclei staining positively for this marker, increases 

as the growth fraction rises (221). 

Double IHC staining for Ki67 and RECQ1 (Figure 53) demonstrated that proteins frequently co-

localize, but RECQ1 is expressed also in non replicating cells. This observation was more evident 

in normal colon tissue, which has a higher replicative status. Colon tissues IHC showed that Ki67 

was expressed in the crypts, indicating their proliferation state, while RECQ1 was also present 

throughout the apical cell surface (Figure 54).  

 

Figure 53. Representative double immunostaining against Ki67 (in red) and RECQ1 (in brown) in multiform glioblastoma 
(A) and colon tissues (B) (O. M. 40X). Arrows indicate cells in which the two proteins co-localize. 
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Figure 54. Representative immunostaining against Ki67 (in red, A) and RECQ1 (in brown, B) in normal colon tissues 
(O.M. 20X). 

In summary, the IHC analysis of different tumour samples indicates that RECQ1 is highly 

expressed in all types of tumours. However, only in the case of glioblastoma a higher expression of 

RECQ1 was significantly associated to neplastic transformation because of the lower expression of 

RECQ1 in brain peri-lesional tissues. 
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3.2. Tissue microarray analysis 

To further validate the results on RECQ1 expression in glioblastoma, its expression pattern was 

analyzed on a tissue microarray containing a total of 63 glioblastoma and 19 perilesional tissues 

(Figure 55). 

Figure 55. Representative IHC of RECQ1 expression in tissue cores derived from a glioblastoma specimen (right) and 
from the corresponding normal surrounding tissue (left) (O.M. 40X). 

 

In line with the previous results, the percentage of RECQ1 positive cells (Figure 56) and the 

intensity of the staining (Figure 57) were significantly higher in tumoral versus perilesional tissues 

(p = 0.001 and p = 0.0009, respectively). The higher positivity of glioblastoma to RECQ1 correlated 

with higher intensity of the immunostaining (Spearman’s rho = 0.5, p = 0.0001). In particular, 

RECQ1 positive cells in lesional tissues displayed strong nuclear positivity with a staining nuclear 

intensity of 3+, while most of the positive cells for RECQ1 in the perilesional tissues were 

characterized by a weaker staining intensity of 2+. The number of positive cells for Ki67 differed 

significantly between tumours and matched surrounding normal tissues, with a higher expression 

of the protein in the lesional tissues (p = 0.0008) (Figure 58). 
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Figure 56. Distribution of cells positive to RECQ1 in 19 brain glioblastomas and paired peri-lesional tissues. The boxes 
summarize the confidence interval (lower and higher horizontal lines), 25th-50th and 75th percentiles (horizontal lines of 
the box).  

 

 

Figure 57. Distribution of the staining intensity (2+ in light gray, 3+ in dark gray) for RECQ1 in 19 brain glioblastomas 
(left) and paired peri-lesional tissues (right). 
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Figure 58. Distribution of cells positive to Ki67 in 19 brain glioblastomas and paired peri-lesional tissues. The boxes 
summarize the confidence interval (lower and higher horizontal lines), 25th-50th and 75th percentiles (horizontal lines of 
the box). 

 

GFAP staining showed that in the peri-lesional area astrocytes made up the vast majority of all 

positive cell for RECQ1 while a lesser positive staining for RECQ1 was detected in the 

oligodendrocytes and the support neurons (Figure 59). GFAP staining highlighted that only 

astrocytes presented an intense nuclear positivity to RECQ1 in tumour tissues.  
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Figure 59. Representative GFAP staining in a lesional (left) and peri-lesional (right) glioma tissue. Arrows indicate the 
astrocytes (A), which are positive to the antibody, the oligodentrocytes (O) and the support neurons (N) (O.M. 40X). 

 

A detailed IHC analysis of the glioblastoma in the TMA indicated that the percentage of positive 

cells for Ki67 and RECQ1 did not differ significantly between males and females (p = 0.9 and 0.7, 

respectively). Similarly, the age at diagnosis did not correlate with the percentage of positive cells 

for RECQ1 and Ki67 (p = 0.4 and p =1.0), and the intensity of signal for RECQ1 (p = 0.5). A 

significant association was detected between the percentage of positive cells and the intensity of 

the signal for RECQ1 (Spearman’s rho = 0.5, p = 0.0001) indicating that samples with a high 

number of positive cells are associated with a stronger signal. No correlation was present between 

the percentage of positive cells for RECQ1 and Ki67 (Spearman’s rho = 0.2, p = 0.2). In summary, 

the TMA analysis confirmed that RECQ1 expression was significantly increased in the tissues  

surrounding glioblastoma . 
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3.3. Analyses of RECQ1 down-regulated cells 

Protein expression analyses of RECQ1 on gliobastoma tissues suggest that the helicase is almost 

absent in perilesional and/or normal tissues, possibly because of the low degree of proliferation of 

brain cells. Hence, we believe that RECQ1 could be a potential target for chemotherapy in brain 

tumours, since its depletion by RNAi or its inhibition by selective compounds could involve only 

neoplastic cells. For this reason, we tested this hypothesis in two different glioblastoma cell lines 

(T98G and U87), silencing the RECQ1 gene and monitoring the effects at protein level by means 

of Western blotting, immunofluorescence and FACS analysis. Normal human IMR-90 fibroblasts, 

transiently transfected with RECQ1-specific siRNAs and cells transfected with a luciferase siRNA 

duplex were used as control. Western blot analysis showed that in T98G and U87 there was more 

than 80% depletion of RECQ1 in all whole cell extracts upon the silencing of RECQ1-gene as 

compared to control cells (Figure 60). 

Figure 60. Western blot analysis of T98G, U-87 and IMR-90 cell lines transiently transfected with a pool of siRNA against 
RECQ1. α-Tubulin was used as loading control. Abbreviation: L, Luciferase silencing; R, RECQ1 silencing.  
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3.4. Cell cycle analyses  

Previous studies showed that siRNA-mediated depletion of RECQ1 impaired cellular proliferation 

in different cell lines (205). This observation was also supported by FACS analysis of RECQ1-

depleted T98G glioblastoma cells that had been bromodeoxyuridine (BrdU)-labelled, indicating that 

there is more than 50% reduction in both BrdU labelling and S phase fraction. This reduction of S 

phase cells is associated to an increased fraction of cells arrested in G1 (Figure 61). These results 

confirm that RECQ1 depletion suppresses cell proliferation by interfering with DNA synthesis. 

Figure 61. (A) Flow cytometry profiles of DNA content (x-axis; propidium iodide/PI staining) versus BrdU incorporation (y-
axis; anti-BrdU immunostaining) 72 h after siRNA transfection. Boxes are labeled to indicate cell cycle phases. (B) The 
bar graph at bottom reports the percentage of G0/G1, S-phase/BrdU positive and G2/M cells in cultures that had been 
transfected with RECQ1 (siRNA RECQ1) or luciferase/control (siRNA Luc) siRNA pools. Results shown are the mean ± 
SE from three independent experiments. 
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3.5. Colony forming assay  

To test the role of RECQ1 in glioblastoma cell growth and proliferation, we compared the colony 

forming properties of the T98G and U-87 glioblastoma cell lines and normal human IMR-90 

fibroblasts, after the transient transfection with RECQ1-specific siRNAs, versus cells transfected 

with a luciferase siRNA duplex as control. The colony forming assays demonstrated a significant 

reduction in both size and number of colonies of RECQ1 downregulated T98G and U-87 

glioblastoma cells (Figure 62). On the other hand, the downregulation of RECQ1 in normal human 

primary fibroblasts did not significantly affect the proliferation capacity of these cells, in agreement 

with previous findings (205). In particular, RECQ1-depleted glioblastoma cells showed about 10-

fold reduction in their proliferative capacity in comparison with control cells (from 5% to 59%). 

Collectively, this data point to a specific regulatory role of human RECQ1 in the proliferation in 

glioblastoma cells.  
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Figure 62. (A) Clonogenic assays performed in RECQ1-depleted T98G, U-87, and IMR-90 cell lines. Pictures show 
colonies formed after seeding 800 cells. (B) Bar-graphs showing the plating efficiencies expressed as colony forming 
capacity. Values represent the average ratio of the number of formed colonies to the number of cells seeded, expressed 
as percentage. 

Moreover, in order to provide additional data on the role of RECQ1 in DNA synthesis and cell 

proliferation, the colony forming capacity of RECQ1-depleted cells upon replication stress induction 

with HU was measured. Cellular survival curves at increasing HU concentrations showed that 

RECQ1 depleted cells were hyper-sensitive to HU treatment, suggesting a possible role of RECQ1 

in DNA replication fork processing (Figure 63). 
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Figure 63. Graph showing the cellular surviving fractions measured at different doses of hydroxyurea in control and 
RECQ1-depleted T98G cells. Surviving fraction values are the mean ± SE from three independent experiments. 

 

To explore the possibility that RECQ1 might represent a suitable new target for brain tumour 

treatment, we investigated the sensitivity of glioblastoma cells to temozolamide (TMZ), a commonly 

used anticancer agent in the treatment of human brain tumours (222, 223). TMZ is an alkylating 

agent that effectively inhibits glioblastoma cell proliferation. Its activity is primarily related to the 

formation of O6-methylguanine in DNA, which mispairs with thymine during DNA replication cycles 

and leads to cell death because of accumulation of unrepaired DNA mismatches. (224, 225). Thus, 

the colony forming capacity of RECQ1-depleted (205) glioblastoma cell lines after treatment with 

TMZ was analyzed (Figure 64). Cellular survival curves related to increasing TMZ concentrations 

showed that RECQ1 depleted T98G and U87 cell lines were hypersensitive to the action of TMZ 

suggesting a possible role of RECQ1 in DNA repair pathways linked to DNA replication. These 

data also suggest that RECQ1 might represent a suitable new target for the inhibition of cell 

proliferation in brain tumours. 
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Figure 64. The graphs show the cellular surviving fractions measured at different doses of temozolomide in control and 
RECQ1-depleted T98G and U-87 cells. Surviving fraction values are the mean ± SEM from three independent 
experiments. 

 

3.6. Immunofluorescence analyses 

The reduced cell proliferation and the cell cycle perturbation taking place upon RECQ1 down-

regulation might be related to some type of chromosomal insult or damage occurring in the RECQ1 

down-regulated cells leading to replication arrest and DNA surveillance machinery activation. Thus, 

the rate of foci formation of two DNA damage/repair markers, γ-H2AX and RAD51, was analyzed 

by immunofluorescence. 
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3.6.1. γ-H2AX foci formation 

An early response to DNA damage is the phosphorilation of H2AX, a variant of Histone H2A, at the 

level of Serine 139. The analysis of γ -H2AX foci provides a quantitative procedure to monitor DNA 

breaks (226). Previous studies with RECQ1-deficient HeLa cells showed an increased level of 

DNA damage and sister chromatid exchanges upon RECQ1 depletion (227). Immunofluorescence 

experiments on glioblastoma cells indicated that RECQ1 depletion results in a dramatic increase in 

spontaneous γ-H2AX foci formation confirming that the reduced expression of RECQ1 is 

associated with defects in DNA repair (Figure 65). Approximately 50% of the RECQ1 depleted 

cells contained more than 10 γ-H2AX foci per nucleus, compared to only 15% of the wild-type cells. 

Western blots against γ-H2AX confirmed an increased load of DNA lesions upon RECQ1 depletion  

(Figure 66).  
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Figure 65. (A) Representative immunofluorescence staining of endogenous RECQ1 and endogenous γ-H2AX on T98G 
cells after treatment with anti-RECQ1 siRNA or control siRNAs (anti-Luciferase). (B) The bar-graph shows the 
percentage of cells that contain a defined number of γ-H2AX foci per cell. 
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Figure 66. Western blot analysis against -H2AX  of T98G and U-87 cell lines transiently transfected with a pool of siRNA 
against RECQ1. α-Tubulin was used as loading control. Abbreviation: L, Luciferase silencing; R, RECQ1 silencing. 

 

3.6.2.  RAD51 foci formation 

RAD51 is a key component of the machinery and a marker for activation of homologous 

recombination (HR) repair pathway upon DNA double strand break induction. Previous studies 

suggested that RecQ helicases play an important role in HR repair at sites of chromosomal DNA 

damage (192). To test if RECQ1 is also involved in this pathway, we analyzed the ability of RAD51 

to form foci in RECQ1 depleted T98G cells. As shown in Figure 67 the RECQ1 glioblastoma 

depleted cells exhibited an increased number of spontaneous RAD51 foci relative to the control 

cells. However, the increased number of RAD51 foci is lower than number of the γ-H2AX foci 

(Figure 67). This observation suggests that the double-strand breaks might not be the major form 

of damage that leads to γ-H2AX foci formation in the absence of RECQ1.  
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Figure 67. (A) Representative immunofluorescence staining of endogenous RAD51 and BrdU incorporation on T98G 
cells after treatment with anti-RECQ1 siRNA or control siRNAs (siRNA Luc). (B)  Bar-graph showing the percentage of 
cells that contain a defined number of RAD51 foci per cell. 

 

Figure 68. Western blot analysis of T98G  and U-87 cell lines after transient depletion of RECQ1 gene. α-Tubulin was 
used as loading control. Abbreviation: L, Luciferase silencing; R, RECQ1 silencing. 
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DISCUSSION 

Thanks to the possibility of having accessing to the fresh and archival samples from several 

hospitals, our laboratory can investigate the potential of molecular technological innovations 

directly on the clinical material and exploit them on clinical case studies.  My PhD project aimed at: 

1) The standardization of methods devoted to a reliable protein extraction and analysis from 

FPE tissues; 

2) The application of protein analysis in two different research settings: 

(a) at diagnostic level: the validation of E7 HPV antibodies in cervical cancer. 

(b) at translational research level: the identification of a new therapy target for 

glioblastoma, deepening the functions of human RECQ1 helicase.  

 

1. STANDARDIZATION OF PROTEIN ANALYSIS OF TISSUES FIXED WITH 

FORMALIN AND FINEFIX (132) 

Up to now, the lack of standardized guidelines for the DNA, RNA and protein analysis of AT have 

hampered the use of such samples for molecular analyses. In 2007, the European project  

IMPACTS was established with the main goal of standardizing molecular methods in AT for the 

first time. My research, developed within the IMPACTS work-package on proteomics, contributed 

to: (a) new fixation procedures compatible with subsequent protein analysis; (b) novel protein 

extraction technologies in FPE samples. 

In this study, a total of 81 lysates were examinated. As Western blot analysis demonstrated, all the 

5 laboratories involved in the project were able to extract proteins from both formalin and FineFix 
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tissues. All the lysates obtained were found to be reliable for protein microarray application. Our 

quantitative comparison between fixatives for tested antibody panel (β-Actin, E-cadherin, EGFR, 

HER2, and ER) yielded a higher immunostaining intensity for the FineFix lysates compared to the 

FFPE (p = 0.04). Remarkable differences for two large membrane proteins, EGFR and HER2 were 

found. Signal intensities for EGFR (p =0.007) and HER2 (p =0.02) were significantly higher in the 

FineFix samples compared to the FFPE samples, whereas no differences were observed for β-

Actin, E-cadherin, and ER. A recent study by Nassiri et al. showed a similar discrepancy for HER2 

abundance between matched UMFIX/FFPE breast cancer samples, whereas they were not able to 

find differences for the ER (228). The reason why EGFR and HER2 gave stronger signals in the 

FineFix samples could be that alcoholic formalin-substitutes, like FineFix and UMFIX, improve 

protein detection because of their non-crosslinking property. Most likely, in FineFIx samples, 

proteins could be extracted out the tissue context more easily. Based on our results, we conclude 

that fixation treatment could affect protein analysis, since in the FineFix lysates the 

immunoreactivity was higher than in formalin ones. Furthemore, our study confirms those 

previously reported (91, 92) which demonstrated the application of quantitative protein analysis is 

feasible in FFPE tissue.  

Overall, our study further demonstrates that FineFix may be used as a formalin-substitute for 

protein analysis, because IHC staining and morphology on FineFix tissues are comparable to 

those of formalin-fixed tissues, the gold standard for pathological evaluation (131).  

2. HPV MoAbs VALIDATION 

The detection and typing of HPV in pathology specimens is gaining increasingly in importance, but 

to date only surrogate biomarkers are available to detect HPV infection at the protein level. This 

research was carried out in collaboration with a private company with the following two main goals: 
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1. To evaluate a new HPV specific antibody in comparison to other markers used in clinical 

practice and research setting.  

2. To evaluate the usefulness of the new HPV antibody for the morphological diagnosis of 

cervix uteri lesions. 

The gold standard for the diagnosis of pre-malignant cervical lesions is the identification of well-

described morphological features in biopsies stained with H&E (229). Nevertheless, the histological 

diagnosis of precancerous lesions, like CIN, with H&E is subject by a significant degree of 

discordance among pathologists (230-233). The use of adjunctive IHC stain can help increase the 

accuracy of the diagnostic interpretation of cervical lesions and reduce false-negative and false-

positive diagnosis. Many IHC studies (182, 186, 234) have provided evidence that Ki67 and p16 

are valuable surrogate markers and can improve the diagnosis of difficult interpretation of cervical 

biopsies. The analyses of an antibody directed against the viral oncoprotein E7 were performed for 

the first time by the present study. The evaluation of the staining efficiency was done by comparing 

IHC results of the new antibody with those obtained with the surrogate markers p16, hTERT, p53 

and Ub, with Ki67 (marker of cell proliferation) and with the HPV capsid protein L1.  

2.1. E7 IHC 

The evaluation of E7 was preceded by the screening of 39 MoAbs directed against the E7 viral 

oncoprotein (see the Results paragraph 2.1, pag. 53 and the summary Table 9, pag 28) The 

screening allowed me to obtain two important pieces of information: (a) the usefulness of the 

different MoAbs in differential diagnosis because of the different specificities of these molecules; 

(b) the selection of a proper antibody for further validation analyses and comparison with the other 

markers.  
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The specificity of this new antibody for the E7 oncoviral protein was confirmed by the preadsorption 

test and the western blot analyses (Figure 13 and Figure 14, pag. 56).   

The IHC analysis of the number of positive cells (Figure 15, pag. 59) showed significant differences 

between LSIL and squamous cell carcinoma (p = 0.03), and between HSIL and squamous cell 

carcinoma (p = 0.03). This findings could suggest that the viral protein is mainly responsabile for 

the initiation and promotion of the infection rather than for its progression.  

The analyses conducted in the epithelial tissues, layer by layer, showed that E7 stained both 

nucleus and cytoplasm in all the 4 layers of the LSIL and HSIL (Figure 17, pag. 61). The 

cytoplasmatic positivity is higher than in the nuclear one in all layers and in both types of lesion, 

even if no significant differences were found. The fact that E7 showed both nuclear and 

cytoplasmatic positivity indicates that the protein could have different post-translational 

modifications and functions probably affecting its sub-cellular localizatation.  

2.2. p16 and Ki67 IHC 

p16, together with the evaluation of Ki67, is considered a valuable surrogate marker of HPV 

infection in cervical lesions (167, 181, 183, 184, 186, 235). All these studies reported that p16 

expression increases with the severity of the lesions, by considering as outcome measure the 

staining intensity score and the distribution of the staining through the epithelium thickness. 

Generally, positive immunostaining for both p16 and Ki67 in the upper two thirds of the squamous 

epithelium is a good indicator of atypical squamous lesions (236). Our results on the staining 

intensity (Figure 26, pag. 67) showed that in the nucleus, the HSIL displayed a higher (237) 

staining intensity in each layer in comparison to LSIL. The difference was significant in the 

parabasal (mean intensity 2.3 vs 1.7; p = 0.02) and in the intermediate layer (2.2 vs 1.5; p = 0.01). 

On the other hand, no significant difference was found in cytoplasm.  
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In this study the number of cells stained positive for p16 was lower in squamous cell carcinoma 

than in LSIL and HSIL. This could be due to the immortalization and uncontrolled proliferation of 

cancer cells. The p16 protein works as an negative regulators of the cell cycle progression through 

the inhibition of cyclin-dependent kinases 4 and 6 and interactions with cyclin D1 In response to 

infection by high risk HPV, p16 is overexpressed leading to a cell cycle arrest (167). During cancer 

progression, the cell cycle control is lost and cells become immortalize. Moreover, I have to 

consider that hypermethylation of p16 gene, frequently observed in cervical cancer (238-244), that 

could lead to the inactivation of the gene transcription by suppressing the control of the p16 protein 

on cell cycle progression.  

Many authors recommend the use of p16 IHC in diagnostic because p16 staining can facilitate the 

interpretation of equivocal biopsies. On the other hand, other authors indicate that p16 shows a 

higher specificity than sensitivity for squamous lesions which reduces its usefulness in diagnostics 

(183). For this reason, it was reccomended the use of a combination of immune-staining, with p16, 

L1 and Ki67, to better classify cervical lesions, especially those that might progress (182, 245, 

246).  

My results concerning Ki67 IHC (Figure 39, pag. 77), which is a well known cell proliferation 

marker, confirm that its expression increases with the severity of cervical lesions, as already 

reported (186, 235). 

2.3. hTERT, Ub and p53 IHC 

Many other dysplasia-associated biomarkers have been identified and used to improve the 

diagnostic accuracy of pre-neoplastic and neoplastic lesions, such as hTERT, Ub and p53 (187, 

189, 234). During the infection, E6 and E7 HPV oncoproteins activate different molecular 

mechanisms leading to malignat transformation. These mechanisms are mediated by proteins 

which are used as molecular markers and indicators of HPV infection.  
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2.3.1. hTERT IHC 

Multiple studies have analyzed telomerase as possible marker for HSIL and invasive cervical 

cancer (187-189, 247-249). The E6 oncoviral protein activates the oncogenic hTERT enzyme, by 

stimulating the transcription of the gene and by immortalizing transformed cervical cells. Reported 

studies have shown that the activity of this enzyme, measured by the TRAP (Telomeric Repeat 

Amplification Protocol) method, increases in cervical cancer in comparison to normal cervical 

tissue (250, 251). However, my results showed that the mean number of positive cells for hTERT 

was higher in the LSIL and in the HISL in comparison to squamous cell carcinoma (Figure 27, pag. 

68). The discrepancy between our results and those indicating higher telomerase activity in cancer, 

could be explained by the methodological differences. TRAP is a measure of telomerase activity, 

while IHC measures the protein presence, and its accumulation. Telomorase is active only if it is 

assembled with other elements in a functional complex. Nevertheless, the existence of alternative 

spliced forms of hTERT mRNA or by the post-translational modification of hTERT protein could 

also explain our results. Considering nuclear and cytoplasmatic positivity by layer, cytoplasmatic 

hTERT expression was found both in LSIL and HSIL, whereas nuclear positivity is virtualy absent 

in the LSIL. The mean number of nuclear positive cells in HSIL was higher than in LSIL in all the 

epitehlial layers (p < 0.0001). In line with the results reported by Kyo et al. (252), my observations  

demonstrated that hTERT is expressed not only in nucleus but also in cytoplasm of cancer cells. 

Further studies on the different localization of hTERT are needed in order to investigate if this 

staining pattern is associated with pathological features of the lesions or with their progression.  

2.3.2. Ub and p53 IHC  

My results (Figure 35, pag. 74) showed a statistical difference (p = 0.03) in the mean number 

positive cells for Ub between LSIL and squamous cell carcinoma. As far as p53, (Figure 31, pag. 

71), even if no statistical differences were found, the median number of positive cells was lower in 

squamous cell carcinoma (median = 4) than in LSIL and HSIL (median = 10). The rapid removal of 
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enzymes and proteins, generally by means of the ubiquitin-proteasome pathway, is essential for 

the control of cellular growth and metabolism. In the process of cervical carcinogenesis, the 

binding of the viral oncoproteins with ubiquitin and other related proteins modified and induced 

degradation of different proteins, such as p53 (Figure 4 and Figure 5, pag. 21). Thus, not only are 

cell proteins functionally inactive, but their expression levels tend to be lower in relation to the 

intense degradation. As a consequence, with the increase of lesion severity, the IHC expression of 

Ub in neoplastic cells was higher, whereas that of p53 is lower (Figure 35, pag 74 and Figure 31, 

pag. 71).  

2.4. L1 IHC 

L1 is a viral capsid protein and is expressed with the production of infectious viral particles. 

Transcription of this late protein seems to be regulated by cell-derived transcriptional factors that 

are produced by the differentiated cells of the intermediate and superficial layer. My results, in 

agreement with previous studies (182, 230, 245), showed an higher positivity of L1 protein in LSIL 

than in HSIL and in squamous cell carcinoma, indicating a viral productive phase of infection ( 

Figure 19, pag. 62). A statistically significant differencs were detected between LSIL and 

squamous cell carcinoma and beween HSIL and squamous cell carcinoma (p < 0.0001 and p = 

0.003, respectively). However, unlike what reported by previous studies which found L1 mainly 

expressed in the nucleus, I found L1 mainly expressed in the cytoplasm of LSIL and HSIL and a 

positive nuclear staining predominantly observed only in the superficial layer of HSIL.  

2.5. Comparison of E7 with the other markers 

Different studies consider the combination of HPV L1, p16 and Ki67 immunostaining as valuable 

index for diagnosis and prognosis of cervical lesions (182, 245, 246), because up to now there 

were no available antibodies directed against E7 oncoprotein. 
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The new HPV antibody, directed against the E7 oncoviral protein, gave me the opportunity to 

compare this antibody with the viral capisd protein L1, with the surrogates markers p16, p53, Ub 

and hTERT, and with the proliferative marker Ki67 for the first time ever. In my analyses I used the 

number of positive stained cells for each marker as measure of outcome because it is a less 

subjective method of evaluation. The results (Figure 42 and Table 11, pag. 80) showed that the E7 

immunostaining is similar to that of p16, which is the most used surrogate marker in clinical 

practice for all types of squamous lesions. Moreover, in the HSIL the IHC results of E7 are similar 

to that of hTERT. In the detection of squamous cell carcinoma, E7 is similar to hTERT and Ub. At 

the histological examination, the staining pattern in each epithelial layer (Figure 43, pag. 81, Figure 

43, pag. 82 and Figure 45, pag. 83) was very similar between E7 and these surrogates. So we can 

conclude that the new E7 antibody is a suitable non-surrogate marker for the diagnosis of cervical 

lesions.  

Comparison between the mean number of E7 and L1 positive cells shows a significant difference 

in LSIL (p = 0.002), in HSIL (p = 0.01) and in squamous cell carcinoma (p=0.01) (Table 11, pag. 

80).  Moreover, the ratio of the means between E7 and L1 positive cells indicate that in LSIL, E7 is 

1.2 times higher than L1 (58/47), whereas, in HSIL and in squamous cell carcinoma this value 

increases to 1.5 (63/42) and 2.5 (63/16), respectively. L1 capsid protein is mainly detectable during 

the productive stage of HPV disease. A high expression level of L1 indicates that the virus is 

present as a productive form. On the other hand, a low expression level of L1 could indicate a 

latent viral infection or integration of HPV DNA into the host genome. Similarly, the expression 

level of E7 is related to the degree of dysplasia: the up-regulation of the oncoprotein is mainly 

associated with the integration of the viral DNA into the host genome. In agreement with the 

molecular biology of the infection, my results indicate that in LSIL there is an early dysplastic state 

associated with the production of the virion. As the lesions increase in severity, the ratio of the 

means increases, indicating that the advanced dysplastic features are less associated with virions 

assembly. Correlation analysis between these two viral proteins allows to identify two possible 
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groups of lesions, both in LSIL and HSIL (Figure 48, pag 87). This observation was supported by 

microscopical analyses. The review of the slides by expert pathologists leads us to suggest two 

possible models in the progression of LSIL: the replicative and the proliferative (Figure 69). The 

replicative model (Figure 69 A) is characterized by the nuclear and cytoplasmatic positivity of the 

two proteins, which increases from the basal to the superficial layer. In the replicative model we 

postulated that morphological findings are due to an active viral replication of the HPV. We 

hypothesize that this model could be associated to a low or intermediate risk of progression of the 

disease. On the other hand, the proliferative model (Figure 69 B) shows a basal layer 

characterized by a higher number of positive cells (both nuclear and cytoplasmatic) than the 

superficial layer. We hypothesize that this model could be mostly related to cell proliferation, and 

that this staining pattern could be associated with a high risk of progression of the lesion. The 

results of this study show that the combination of the new E7 antibody and the L1 staining may 

allow a distinction help differentiate between varying risk patterns for low grade lesions and could 

have possible applications also in cytology. Further analyses are needed to validate these 

hypotheses, based on specific clinical case studies, aiming at improving the quality of diagnosis, 

gaining more information about the risk of progression and facilitating the therapy decision. 
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Figure 69. Proposed model for the E7 and L1 expression in LSIL. 

IHC and ICC are the most widely used diagnostic tools in the clinical practice requiring simpler 

handling and management procedures compare to PCR or hybridization methods (e.g. Southern 

blot). Although useful as screening tools, HPV DNA tests have some technical limitations. This 

type of analysis displays high sensitivity (>90%) for detecting precancerous lesions, but it is unable 

to differentiate among latent, subclinical and clinical relevant infections, which are important for the 

early diagnosis and risk assessment. Furthemore, PCR-based test need more specific laboratory 

equipments and tools compare to IHC which is a “mature technology”, widely used in every 

hospitals of the world. Currently, IHC and ICC techniques are not routinely used for the diagnosis 

of HPV infections because there are no specific biomarkers and the interpretation of results is often 

A B 
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characterized by a poor inter- and intra-observers agreement. As my research demonstrated, the 

availability of this new specific antibody against the E7 viral protein, can help the morphological 

evaluation of cervical lesions linked to HPV infection and the potential evolution of risk progression 

through a commonly used diagnostic methodology. 

3. DEEPENING THE RECQ1 HELICASE FUNCTION 

The RECQ protein family is a highly conserved group of DNA helicases with diverse roles in 

multiple DNA metabolic processes, including DNA recombination, replication and repair, and a 

possible role in transcription. Genetic defects in three of the five human RECQ helicases, BLM, 

WRN and RECQ4 can lead to high levels of genomic instability and, in humans, to premature 

aging and increased susceptibility to cancer. These phenotypes reflect the prominent role that 

human RecQ helicases have in maintaining genome stability and in the response to cellular stress 

and/or DNA damage. Mutations in the RECQ1 and RECQ5 genes may be responsible for 

additional cancer predisposition disorders, but this remains to be proven. Allelic losses or deletion 

of chromosome 12p12, where the RECQ1 gene is located, is a frequent event in a wide range of 

solid tumours (253-256), and a single-nucleotide polymorphism of the RECQ1 gene has been 

associated with a reduced survival of pancreatic cancer patients (204, 257). In this regard, RECQ 

helicases might be considered as “tumour suppressors” that prevent neoplastic transformation by 

controlling chromosomal stability. However, recent studies reported that the BLM and WRN are up-

regulated in tumours. Hickson et al. showed that BLM is highly expressed in tumour cells of both 

lymphoid and epithelial origin and that this reflects the greater fraction of proliferating cells that are 

present in tumours relative to the normal tissues of the same origin (201). Similarly, Kobbe et al. 

suggested that WRN could also be involved in the promotion of tumour cell growth (202). A cancer 

specific role of RECQ1 is supported by two recent reports showing that RECQ1 silencing in cancer 

cells resulted in mitotic catastrophe and local and systemic administration of RecQL1-siRNA mixed 

with polyethyleneimine polymer or cationic liposomes prevented tumour growth in murine models 

(205, 206).  
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In order to better understand the function of RECQ1 in tumours, during my doctorate I first 

characterized the protein profile of RECQ1 in tumours of different origin by IHC analyses (Figure 

50, pag. 91). Previous results suggested that RECQ1 is highly expressed in all tumours analyzed, 

in agreement with previous findings (258, 259). Nevertheless, only in glioblastoma a higher 

expression of RECQ1 was significantly associated to cancer because of the lower expression of 

RECQ1 in perilesional tissues (p = 0.0013). Moreover, my results showed that RECQ1 expression 

is confined in the nuclei of the tumour cells, suggesting that this protein plays an important role in 

glioblastoma growth. This result was validated on a TMA containing a total of 63 glioblastoma and 

19 perilesional tissues (Figure 55 and Figure 56, pag. 95-96); this analyses indicated also that the 

higher expression of RECQ1 in the tumours is not related to individuals’ sex or age. As expected, 

IHC analyses against Ki67 showed that protein expression is higher in the glioblastoma tumours 

than in the surrounding perilesional tissue (p = 0.0008) (Figure 58, pag. 97). This results further 

confirmed that the lower expression of RECQ1 in perilesional glioblastoma cell is possibly due to 

the low degree of proliferation of brain cells. Hence, we believe that RECQ1 would be an ideal 

target for chemotherapy especially in the case of brain tumours since its depletion by RNAi or its 

inhibition by selective compounds would primarily affect tumoural cells (260). However, double IHC 

staining of RECQ1 and Ki67 (Figure 53, pag. 93) indicated that the two proteins frequently co-

localize, but RECQ1 helicase expression is not exclusively related to the cell replication stage. My 

results did not show any correlation between the percentage of positive cells for RECQ1 and Ki67 

(Spearman’s rho= 0.2, p = 0.2), suggesting that the high expression of RECQ1 in brain tumours is 

not simply related to the higher degree of proliferation of these cells. 

To further investigate the function of this human helicase in glioblastoma, different cell lines 

experiments were made. An essential role of RECQ1 in tumour growth and proliferation was 

confirmed by the clonogenic assays on T98G and U-87 cells. After RECQ1 gene silencing, a 

significant reduction in the number of colonies was observed (Figure 62, pag. 102). This event is 

supported by a previous study showing that RECQ1 is important for HeLa cell proliferation and 

plays a unique role in the maintenance of genome integrity (227, 261). Consistently, I found that 
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the silencing of RECQ1 results in spontaneous γ-H2AX foci formation and HU hypersensitivity in 

T98G cells (Figure 66, pag. 107, and Figure 63, pag. 103), thus suggesting that RECQ1 plays an 

important and unique role in DNA repair during DNA replication. Concerning the specific role of 

RECQ1 in genome maintenance Sharma et al. suggested that RECQ1 might be involved in the 

regulation of the homologous recombination pathway of DNA double-strand break repair (227). 

Interestingly, immunofluorescence experiments indicate that RECQ1 loss resulted in fewer RAD51 

foci formation in comparison to γ-H2AX foci (Figure 67, pag. 108).This observation is indicative that 

RECQ1 might not play a major role in homologous recombination (HR). Moreover, additional 

results showed that there isn’t any significant defect in HR frequency in RECQ1 siRNA-inhibited 

cells. The hyper-recombination phenotype of RECQ1-depleted cells suggests two hypothesis: (a) 

RECQ1 could be involved in the suppression of some illegitimate recombination events, as already 

proposed for other helicases of the same family (262); (b) loss of RECQ1 could result in the 

accumulation of some form of DNA lesion or strand breaks, other than DSBs, that might 

subsequently lead to repair by HR if not properly repaired. 

The resistance of glioma cells to TMZ is mainly associated with levels of DNA repair protein O6-

alkylguanine alkyltransferase (AGT) which removes alkyl groups at O6 position of guanine. O6-

benzylguanine (O6-BG), an inhibitor for AGT, reduces resistance to TMZ (263). It has been already 

demonstrated that chemosensitivity of tumour cells to TMZ correlates with the inhibition of 

telomerase activity (264). Our studies using malignant glioma cell lines with low (U87-MG) and 

high levels of AGT (T98G) showed that RECQ1 suppression by RNA interference increases the 

sensitivity of these cells to TMZ, independently of the AGT expression levels (Figure 64, pag. 104). 

These findings support the notion that RECQ1 plays a unique role in DNA repair during DNA 

replication in malignant cells.  

A recent study showed that RECQ1 silencing in cancer cells induces a cell specific mitotic 

catastrophe not observed in normal cells (205). The absence of RECQ1 might promote the 

accumulation of DNA damage in the M-phase arrested cells due to deficient G1 and G2 checkpoint 
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functions of cancer cells. These events would then lead to the specific mitotic death of this cell 

type. Under normal conditions, the accumulation of DNA damage and mitotic cell death is avoided 

during S and G2 phases by the up-regulation of different repair enzymes, such as RECQ1. Thus, 

cancer cells might maintain a greater copy number of DNA repair enzymes to restore DNA damage 

in a short time. My results demonstrated that, similarly to other RecQ helicases, RECQ1 plays an 

important role in the regulation of cellular proliferation by interfering with DNA synthesis. Cell cycle 

analyses of RECQ1-depleted T98G glioblastoma cells indicated that there is a reduction of S 

phase cells associated to an increased fraction of cells arrested in G1 (Figure 61, pag. 100).  

The fact that RECQ helicases, such as BLM, WRN and RECQ1, are up-regulated in tumours might 

appear incompatible with their suggested tumour suppression function. A possible explanation is 

that, in somatic cells, DNA repair defects affecting genome integrity due to a RECQ helicase 

deficiency may lead to cancer predisposition. Conversely, increased RECQ helicase expression 

might be required in transformed or actively proliferating cells to resolve and repair the grater load 

of DNA intermediates that are generated during active replication.  

Taken together, our results indicate that RECQ1 might be considered as a new suitable target for 

the development of anti-cancer therapies to eliminate proliferating tumour cells (260).  
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CONCLUSION 

Microscopical examination of neoplastic lesions has been the starting point for diagnosis, 

prognosis and therapeutic decision. However, patients with morphologically identical tumours can 

have different clinical outcomes. To address the pressing medical need for more accurate 

predictions, a variety of technologies (DNA microarrays, quantitative RT-PCR,  RPPA) have been 

developed over the last four decades to sub-classify cancers on the basis of their molecular 

features. Translational research aimes at  translating molecular tools in clinical practice to better 

define diseases with same morphological features. 

Conventional diagnostic and therapeutic approaches for human cancers are currently based on a 

combination of histopathology and immunohistology, integrated with clinical data. In most cases, 

this strategy provides precise information on tumour primary site, histological type, stage and 

grade as well as information on the completeness of surgical removal. A profound impact on 

diagnostic pathology is coming from the recent advances in molecular biology and molecular 

technologies which are increasing their potential in complementing the traditional histopathological 

analyses. In particular, molecular information derived from genomics, transcriptomics and 

proteomics will be of critical importance to deeper understand  molecular pathogenesis, to increase 

treatment efficacy, and to enhance the quality of information provided to clinicians in order to 

improve patient management (265). 

Worldwide, the most abundant supply of human tissues is the FFPE blocks. In fact, all tissues 

taken for any clinical reason are fixed and paraffin-embedded and, after the definitive histological 

diagnosis, are stored in the pathology archives sometimes for decades or more. These archives 

represent a vast, well-characterized historical collection covering virtually every disease with long 

follow-up periods, a prerequisite for optimal retrospective studies (241). It has been  estimated that 

in the last twenty years more than billion FFPE patients’ specimens were stored in European 

hospitals. In the last decades, the FFPE blocks have been widely used for molecular analyses on 
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DNA, RNA and, more recently, proteins, thanks to the rapid advances of molecular techniques. 

The great availability of specimens together with molecular methods make the archival tissues the 

ideal material for clinical and molecular retrospective analysis, which can accelerate the process of 

translation of the basic molecular cancer biology knowledge into clinical practice (241). 

Among functional genomics approaches, proteomics plays a pivotal role in clinical practice due to 

its potential in translating detailed molecular phenotypes of disease into diagnostic pathology 

protocols (39, 60-63). Quantitative protein analyses in AT is necessary in the clinical practice since 

a precise measurement of the expression level of a specific protein could help 

clinicians/pharmacologists to better define a more appropriate molecular-targeted therapy. 

During my doctorate, I have focused my attention on the application of conventional and innovative 

proteomic approaches on clinical specimens, in particular on AT.  

The first part of my research was devoted to the development of suitable protein extraction 

protocols from tissues with different pre-analytical conditions. Then, I faced up two aspects of 

clinical proteomics by using two different clinical case studies: (a) in cervix uteri lesions I evaluated, 

the suitability of new antibodies against the oncoviral protein E7 in the identification of HPV 

infection for the first time ever; (b) in brain, colon, lung, and thyroid cancer tissues, I investigated 

the function of the RECQ1 helicase exploiting it as a possible therapy target . 

My research achieved the following goals: 

1. The standardization of a suitable protein extraction protocol from FFPE tissues. In fact, our 

study demonstrates that it is possible to harmonize protein analysis in AT in different 

European laboratories, by using the same protocols for tissue processing and protein 

extraction. 
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2. The optimization of an appropriate protocol for molecular analyses of tissues fixed with 

FineFix. The possibility to use proteomics approaches also on tissues fixed with formalin 

alternative reagents has great potential for the future pathology, when the use of formalin 

will be ban due to its carcinogenetic effects. Moreover, FineFix proves a suitable formalin 

substitute in clinical practice, because preserves both specimens’ morphology and 

immunoreactivity.   

3. The validation of a new antibody against the E7 oncoviral protein, for the detection of HPV 

in cervical cancer. This lead us to conclude that E7 might be a suitable specific marker for 

the diagnosis of cervical cancer (by using both IHC and cytological tests), and could be 

used also for others HPV linked diseases. The analyses of a battery of E7 MoAbs has 

allowed to select them also for their helpfulness in differential diagnosis. 

4. The proposal of two models for the assessment of the progression risk in patients with 

LSIL, by using the combination of E7 and L1 immunostaining. This evidence, coming from 

the evaluation of morphological features together with statistical correlation analysis, lead 

us to stress the importance to use a panel of biomarkers to better classify cervical lesions.  

5. An insightful knowledge of the function of RECQ1 in glioblastoma. In fact, for the first time 

RECQ1 expression has been studied in glioblastoma cell lines, and demonstrated an 

important role in its growth and proliferation, maintaining genome stability.  

6. The proposal of RECQ1 helicase as therapy target in glioblastoma, because the enzyme 

expression in this tumour is higher than that in perilesional tissues or in cancers of different 

origin. These findings lead us to consider RECQ1 a reliable target for the development of 

new anti-cancer therapies aimed at the elimination of proliferating tumour cells.   
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Altogether, my results demonstrated that AT could represent a valuable source of material for 

proteomics research. 

 



References  

 

127 

 

REFERENCES 

1. García Jordá E. Translational research. Clinical and Translational Oncology. 2008;10(1):3-
5. 

2. Srinivas PR, Verma M, Zhao Y, Srivastava S. Proteomics for cancer biomarker discovery. 
Clin Chem. 2002 Aug;48(8):1160-9. 

3. Ferlay J, Parkin DM, Steliarova-Foucher E. Estimates of cancer incidence and mortality in 
Europe in 2008. European journal of cancer (Oxford, England : 1990).46(4):765-81. 

4. Sobin LH. TNM, sixth edition: new developments in general concepts and rules. Semin 
Surg Oncol. 2003;21(1):19-22. 

5. Sobin LH. TNM: evolution and relation to other prognostic factors. Semin Surg Oncol. 
2003;21(1):3-7. 

6. AJCC Cancer Staging Handbook: from the AJCC Cancer Staging Manual. 2002. 

7. Sobin LH, Compton CC. TNM seventh edition: what's new, what's changed: communication 
from the International Union Against Cancer and the American Joint Committee on Cancer. 
Cancer.  Nov 15;116(22):5336-9. 

8. Greene FL, Sobin LH. A worldwide approach to the TNM staging system: collaborative 
efforts of the AJCC and UICC. J Surg Oncol. 2009 Apr 1;99(5):269-72. 

9. AJCC Cancer Staging Handbook: from the AJCC Cancer Staging Manual. 2010. 

10. Dietel M, Sers C. Personalized medicine and development of targeted therapies: The 
upcoming challenge for diagnostic molecular pathology. A review. Virchows Arch. 2006 
Jun;448(6):744-55. 

11. Bullinger L, Valk PJ. Gene expression profiling in acute myeloid leukemia. J Clin Oncol. 
2005 Sep 10;23(26):6296-305. 

12. Silva FP, Swagemakers SM, Erpelinck-Verschueren C, Wouters BJ, Delwel R, Vrieling H, 
et al. Gene expression profiling of minimally differentiated acute myeloid leukemia: M0 is a distinct 
entity subdivided by RUNX1 mutation status. Blood. 2009 Oct 1;114(14):3001-7. 



References  

 

128 

 

13. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, et al. Integrated 
genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by 
abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell.  Jan 19;17(1):98-110. 

14. Vitucci M, Hayes DN, Miller CR. Gene expression profiling of gliomas: merging genomic 
and histopathological classification for personalised therapy. Br J Cancer.104(4):545-53. 

15. Normanno N, De Luca A, Carotenuto P, Lamura L, Oliva I, D'Alessio A. Prognostic 
applications of gene expression signatures in breast cancer. Oncology. 2009;77 Suppl 1:2-8. 

16. Wiechmann L, Sampson M, Stempel M, Jacks LM, Patil SM, King T, et al. Presenting 
features of breast cancer differ by molecular subtype. Ann Surg Oncol. 2009 Oct;16(10):2705-10. 

17. Dahinden C, Ingold B, Wild P, Boysen G, Luu VD, Montani M, et al. Mining tissue 
microarray data to uncover combinations of biomarker expression patterns that improve 
intermediate staging and grading of clear cell renal cell cancer. Clin Cancer Res.  Jan 1;16(1):88-
98. 

18. Arsanious A, Bjarnason GA, Yousef GM. From bench to bedside: current and future 
applications of molecular profiling in renal cell carcinoma. Mol Cancer. 2009;8:20. 

19. Dave SS, Fu K, Wright GW, Lam LT, Kluin P, Boerma EJ, et al. Molecular diagnosis of 
Burkitt's lymphoma. N Engl J Med. 2006 Jun 8;354(23):2431-42. 

20. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, et al. Molecular 
portraits of human breast tumours. Nature. 2000 Aug 17;406(6797):747-52. 

21. Ramaswamy S, Perou CM. DNA microarrays in breast cancer: the promise of personalised 
medicine. Lancet. 2003 May 10;361(9369):1576-7. 

22. Diamandis M, White NMA, Yousef GM. Personalized Medicine: Marking a New Epoch in 
Cancer Patient Management. Molecular Cancer Research. 

23. Buyse M, Loi S, van't Veer L, Viale G, Delorenzi M, Glas AM, et al. Validation and Clinical 
Utility of a 70-Gene Prognostic Signature for Women With Node-Negative Breast Cancer. Journal 
of the National Cancer Institute. 2006 6 September 2006;98(17):1183-92. 



References  

 

129 

 

24. Paik S, Shak S, Tang G, Kim C, Baker J, Cronin M, et al. A Multigene Assay to Predict 
Recurrence of Tamoxifen-Treated, Node-Negative Breast Cancer. New England Journal of 
Medicine. 2004;351(27):2817-26. 

25. Wulfkuhle JD, McLean KC, Paweletz CP, Sgroi DC, Trock BJ, Steeg PS, et al. New 
approaches to proteomic analysis of breast cancer. Proteomics. 2001 Oct;1(10):1205-15. 

26. Bateman NW, Sun M, Bhargava R, Hood BL, Darfler MM, Kovatich AJ, et al. Differential 
Proteomic Analysis of Late-Stage and Recurrent Breast Cancer from Formalin-Fixed Paraffin-
Embedded Tissues. Journal of Proteome Research.null-null. 

27. Emery LA, Tripathi A, King C, Kavanah M, Mendez J, Stone MD, et al. Early dysregulation 
of cell adhesion and extracellular matrix pathways in breast cancer progression. Am J Pathol. 2009 
Sep;175(3):1292-302. 

28. Jones MB, Krutzsch H, Shu H, Zhao Y, Liotta LA, Kohn EC, et al. Proteomic analysis and 
identification of new biomarkers and therapeutic targets for invasive ovarian cancer. Proteomics. 
2002 Jan;2(1):76-84. 

29. Press JZ, Wurz K, Norquist BM, Lee MK, Pennil C, Garcia R, et al. Identification of a 
preneoplastic gene expression profile in tubal epithelium of BRCA1 mutation carriers. Neoplasia.  
Dec;12(12):993-1002. 

30. Pothuri B, Leitao MM, Levine DA, Viale A, Olshen AB, Arroyo C, et al. Genetic analysis of 
the early natural history of epithelial ovarian carcinoma. PLoS One.5(4):e10358. 

31. May T, Virtanen C, Sharma M, Milea A, Begley H, Rosen B, et al. Low malignant potential 
tumors with micropapillary features are molecularly similar to low-grade serous carcinoma of the 
ovary. Gynecologic Oncology.117(1):9-17. 

32. Ornstein DK, Gillespie JW, Paweletz CP, Duray PH, Herring J, Vocke CD, et al. Proteomic 
analysis of laser capture microdissected human prostate cancer and in vitro prostate cell lines. 
Electrophoresis. 2000 Jun;21(11):2235-42. 

33. Ahram M, Best CJ, Flaig MJ, Gillespie JW, Leiva IM, Chuaqui RF, et al. Proteomic analysis 
of human prostate cancer. Mol Carcinog. 2002 Jan;33(1):9-15. 



References  

 

130 

 

34. Morris DS, Tomlins SA, Rhodes DR, Mehra R, Shah RB, Chinnaiyan AM. Integrating 
biomedical knowledge to model pathways of prostate cancer progression. Cell Cycle. 2007 May 
15;6(10):1177-87. 

35. Tomlins SA, Mehra R, Rhodes DR, Cao X, Wang L, Dhanasekaran SM, et al. Integrative 
molecular concept modeling of prostate cancer progression. Nat Genet. 2007;39(1):41-51. 

36. True L, Coleman I, Hawley S, Huang CY, Gifford D, Coleman R, et al. A molecular correlate 
to the Gleason grading system for prostate adenocarcinoma. Proc Natl Acad Sci U S A. 2006 Jul 
18;103(29):10991-6. 

37. Hwang SI, Thumar J, Lundgren DH, Rezaul K, Mayya V, Wu L, et al. Direct cancer tissue 
proteomics: a method to identify candidate cancer biomarkers from formalin-fixed paraffin-
embedded archival tissues. Oncogene. 2007 Jan 4;26(1):65-76. 

38. Tainsky MA. Genomic and proteomic biomarkers for cancer: A multitude of opportunities. 
Biochimica et Biophysica Acta (BBA) - Reviews on Cancer. 2009;1796(2):176-93. 

39. Chung CH, Levy S, Chaurand P, Carbone DP. Genomics and proteomics: emerging 
technologies in clinical cancer research. Crit Rev Oncol Hematol. 2007 Jan;61(1):1-25. 

40. Celis A, Rasmussen HH, Celis P, Basse B, Lauridsen JB, Ratz G, et al. Short-term culturing 
of low-grade superficial bladder transitional cell carcinomas leads to changes in the expression 
levels of several proteins involved in key cellular activities. ELECTROPHORESIS. 1999;20(2):355-
61. 

41. Ornstein DK, Gillespie JW, Paweletz CP, Duray PH, Herring J, Vocke CD, et al. Proteomic 
analysis of laser capture microdissected human prostate cancer and in vitro prostate cell lines. 
ELECTROPHORESIS. 2000;21(11):2235-42. 

42. Gillespie JW, Best CJ, Bichsel VE, Cole KA, Greenhut SF, Hewitt SM, et al. Evaluation of 
non-formalin tissue fixation for molecular profiling studies. Am J Pathol. 2002 Feb;160(2):449-57. 

43. Dotti I, Bonin S, Basili G, Nardon E, Balani A, Siracusano S, et al. Effects of formalin, 
methacarn, and fineFIX fixatives on RNA preservation. Diagn Mol Pathol. 2010 Jun;19(2):112-22. 



References  

 

131 

 

44. Macabeo-Ong M, Ginzinger DG, Dekker N, McMillan A, Regezi JA, Wong DT, et al. Effect 
of duration of fixation on quantitative reverse transcription polymerase chain reaction analyses. 
Mod Pathol. 2002 Sep;15(9):979-87. 

45. Hood BL, Conrads TP, Veenstra TD. Unravelling the proteome of formalin-fixed paraffin-
embedded tissue. Brief Funct Genomic Proteomic. 2006 Jun;5(2):169-75. 

46. Stanta G, editor. Guidelines for Molecular Analysis in Archive Tissues; 2010. 

47. Biomarkers and surrogate endpoints: preferred definitions and conceptual framework. Clin 
Pharmacol Ther. 2001 Mar;69(3):89-95. 

48. Peltomaki P, de la Chapelle A. Mutations predisposing to hereditary nonpolyposis colorectal 
cancer. Adv Cancer Res. 1997;71:93-119. 

49. Sharma SV, Bell DW, Settleman J, Haber DA. Epidermal growth factor receptor mutations 
in lung cancer. Nat Rev Cancer. 2007 Mar;7(3):169-81. 

50. Evans WE, Relling MV. Pharmacogenomics: Translating Functional Genomics into Rational 
Therapeutics. Science. 1999 October 15, 1999;286(5439):487-91. 

51. Newman WG, Hadfield KD, Latif A, Roberts SA, Shenton A, McHague C, et al. Impaired 
Tamoxifen Metabolism Reduces Survival in Familial Breast Cancer Patients. Clinical Cancer 
Research. 2008 September 15, 2008;14(18):5913-8. 

52. Lau P, Chin JL, Pautler S, Razvi H, Izawa JI. NMP22 is predictive of recurrence in high-risk 
superficial bladder cancer patients. Can Urol Assoc J. 2009 Dec;3(6):454-8. 

53. Shariat SF, Karam JA, Raman JD. Urine cytology and urine-based markers for bladder 
urothelial carcinoma detection and monitoring: developments and future prospects. Biomark Med. 
2008 Apr;2(2):165-80. 

54. Kageyama S, Isono T, Matsuda S, Ushio Y, Satomura S, Terai A, et al. Urinary calreticulin 
in the diagnosis of bladder urothelial carcinoma. Int J Urol. 2009 May;16(5):481-6. 

55. Shariat SF, Karakiewicz PI, Godoy G, Karam JA, Ashfaq R, Fradet Y, et al. Survivin as a 
prognostic marker for urothelial carcinoma of the bladder: a multicenter external validation study. 
Clin Cancer Res. 2009 Nov 15;15(22):7012-9. 



References  

 

132 

 

56. Kim HJ, Shen SS, Ayala AG, Ro JY, Truong LD, Alvarez K, et al. Virtual-karyotyping with 
SNP microarrays in morphologically challenging renal cell neoplasms: a practical and useful 
diagnostic modality. Am J Surg Pathol. 2009 Sep;33(9):1276-86. 

57. Conlin AK, Seidman AD. Use of the Oncotype DX 21-gene assay to guide adjuvant 
decision making in early-stage breast cancer. Mol Diagn Ther. 2007;11(6):355-60. 

58. Follen M, Schottenfeld D. Surrogate endpoint biomarkers and their modulation in cervical 
chemoprevention trials. Cancer. 2001 May 1;91(9):1758-76. 

59. Mitra AP, Lin H, Cote RJ, Datar RH. Biomarker profiling for cancer diagnosis, prognosis and 
therapeutic management. Natl Med J India. 2005 Nov-Dec;18(6):304-12. 

60. Becker KF, Metzger V, Hipp S, Hofler H. Clinical proteomics: new trends for protein 
microarrays. Curr Med Chem. 2006;13(15):1831-7. 

61. Verrills NM. Clinical proteomics: present and future prospects. Clin Biochem Rev. 2006 
May;27(2):99-116. 

62. Wulfkuhle JD, Liotta LA, Petricoin EF. Proteomic applications for the early detection of 
cancer. Nat Rev Cancer. 2003 Apr;3(4):267-75. 

63. Zhang X, Li L, Wei D, Yap Y, Chen F. Moving cancer diagnostics from bench to bedside. 
Trends Biotechnol. 2007 Apr;25(4):166-73. 

64. Wulfkuhle JD, Liotta LA, Petricoin EF. Proteomic applications for the early detection of 
cancer. Nat Rev Cancer. 2003;3(4):267-75. 

65. Boja E, Hiltke T, Rivers R, Kinsinger C, Rahbar A, Mesri M, et al. Evolution of clinical 
proteomics and its role in medicine. J Proteome Res.  Jan 7;10(1):66-84. 

66. Petricoin EE, Paweletz CP, Liotta LA. Clinical applications of proteomics: proteomic pattern 
diagnostics. J Mammary Gland Biol Neoplasia. 2002 Oct;7(4):433-40. 

67. Kelloff GJ, Hawk ET, Sigman CC, Petricoin EF, Liotta LA. Clinical Applications of 
Proteomics.  Cancer Chemoprevention: Humana Press; 2005. p. 123-30. 



References  

 

133 

 

68. Orntoft TF, Thykjaer T, Waldman FM, Wolf H, Celis JE. Genome-wide study of gene copy 
numbers, transcripts, and protein levels in pairs of non-invasive and invasive human transitional 
cell carcinomas. Mol Cell Proteomics. 2002 Jan;1(1):37-45. 

69. Mijalski T, Harder A, Halder T, Kersten M, Horsch M, Strom TM, et al. Identification of 
coexpressed gene clusters in a comparative analysis of transcriptome and proteome in mouse 
tissues. Proceedings of the National Academy of Sciences of the United States of America. 2005 
June 14, 2005;102(24):8621-6. 

70. Tian Q, Stepaniants SB, Mao M, Weng L, Feetham MC, Doyle MJ, et al. Integrated 
Genomic and Proteomic Analyses of Gene Expression in Mammalian Cells. Molecular & Cellular 
Proteomics. 2004 October 1, 2004;3(10):960-9. 

71. Gygi SP, Rochon Y, Franza BR, Aebersold R. Correlation between protein and mRNA 
abundance in yeast. Mol Cell Biol. 1999 Mar;19(3):1720-30. 

72. Anderson L, Seilhamer J. A comparison of selected mRNA and protein abundances in 
human liver. Electrophoresis. 1997 Mar-Apr;18(3-4):533-7. 

73. Greenbaum D, Colangelo C, Williams K, Gerstein M. Comparing protein abundance and 
mRNA expression levels on a genomic scale. Genome Biol. 2003;4(9):117. 

74. Chen G, Gharib TG, Huang C-C, Taylor JMG, Misek DE, Kardia SLR, et al. Discordant 
Protein and mRNA Expression in Lung Adenocarcinomas. Molecular & Cellular Proteomics. 2002 
April 1, 2002;1(4):304-13. 

75. Ghaemmaghami S, Huh W-K, Bower K, Howson RW, Belle A, Dephoure N, et al. Global 
analysis of protein expression in yeast. Nature. 2003;425(6959):737-41. 

76. Irmler M, Hartl D, Schmidt T, Schuchhardt J, Lach C, Meyer HE, et al. An approach to 
handling and interpretation of ambiguous data in transcriptome and proteome comparisons. 
Proteomics. 2008 Mar;8(6):1165-9. 

77. Hartl D, Irmler M, Romer I, Mader MT, Mao L, Zabel C, et al. Transcriptome and proteome 
analysis of early embryonic mouse brain development. Proteomics. 2008 Mar;8(6):1257-65. 

78. Frey IM, Rubio-Aliaga I, Siewert A, Sailer D, Drobyshev A, Beckers J, et al. Profiling at 
mRNA, protein, and metabolite levels reveals alterations in renal amino acid handling and 



References  

 

134 

 

glutathione metabolism in kidney tissue of Pept2-/- mice. Physiol Genomics. 2007 Feb 
12;28(3):301-10. 

79. Lichtinghagen R, Musholt PB, Lein M, Romer A, Rudolph B, Kristiansen G, et al. Different 
mRNA and protein expression of matrix metalloproteinases 2 and 9 and tissue inhibitor of 
metalloproteinases 1 in benign and malignant prostate tissue. Eur Urol. 2002 Oct;42(4):398-406. 

80. Rogers S, Girolami M, Kolch W, Waters KM, Liu T, Thrall B, et al. Investigating the 
correspondence between transcriptomic and proteomic expression profiles using coupled cluster 
models. Bioinformatics. 2008 December 15, 2008;24(24):2894-900. 

81. Hochstrasser DF, Sanchez J-C, Appel RD. Proteomics and its trends facing nature's 
complexity. Proteomics. 2002;2(7):807-12. 

82. Brennan DJ, O'Connor DP, Rexhepaj E, Ponten F, Gallagher WM. Antibody-based 
proteomics: fast-tracking molecular diagnostics in oncology. Nat Rev Cancer.10(9):605-17. 

83. Hanash S. HUPO initiatives relevant to clinical proteomics. Mol Cell Proteomics. 2004 
Apr;3(4):298-301. 

84. Uhlen M, Ponten F. Antibody-based proteomics for human tissue profiling. Mol Cell 
Proteomics. 2005 Apr;4(4):384-93. 

85. Bjorling E, Lindskog C, Oksvold P, Linne J, Kampf C, Hober S, et al. A web-based tool for 
in silico biomarker discovery based on tissue-specific protein profiles in normal and cancer tissues. 
Mol Cell Proteomics. 2008 May;7(5):825-44. 

86. Ponten F, Jirstrom K, Uhlen M. The Human Protein Atlas--a tool for pathology. J Pathol. 
2008 Dec;216(4):387-93. 

87. Uhlen M, Oksvold P, Fagerberg L, Lundberg E, Jonasson K, Forsberg M, et al. Towards a 
knowledge-based Human Protein Atlas. Nat Biotechnol.  Dec;28(12):1248-50. 

88. Ikeda K, Monden T, Kanoh T, Tsujie M, Izawa H, Haba A, et al. Extraction and analysis of 
diagnostically useful proteins from formalin-fixed, paraffin-embedded tissue sections. J Histochem 
Cytochem. 1998 Mar;46(3):397-403. 



References  

 

135 

 

89. Chu WS, Liang Q, Liu J, Wei MQ, Winters M, Liotta L, et al. A nondestructive molecule 
extraction method allowing morphological and molecular analyses using a single tissue section. 
Lab Invest. 2005 Nov;85(11):1416-28. 

90. Shi SR, Liu C, Balgley BM, Lee C, Taylor CR. Protein extraction from formalin-fixed, 
paraffin-embedded tissue sections: quality evaluation by mass spectrometry. J Histochem 
Cytochem. 2006 Jun;54(6):739-43. 

91. Becker KF, Schott C, Hipp S, Metzger V, Porschewski P, Beck R, et al. Quantitative protein 
analysis from formalin-fixed tissues: implications for translational clinical research and nanoscale 
molecular diagnosis. J Pathol. 2007 Feb;211(3):370-8. 

92. Nirmalan NJ, Harnden P, Selby PJ, Banks RE. Development and validation of a novel 
protein extraction methodology for quantitation of protein expression in formalin-fixed paraffin-
embedded tissues using western blotting. J Pathol. 2009 Mar;217(4):497-506. 

93. Addis MF, Tanca A, Pagnozzi D, Crobu S, Fanciulli G, Cossu-Rocca P, et al. Generation of 
high-quality protein extracts from formalin-fixed, paraffin-embedded tissues. Proteomics. 2009 
Aug;9(15):3815-23. 

94. Berg D, Hipp S, Malinowsky K, Bollner C, Becker KF. Molecular profiling of signalling 
pathways in formalin-fixed and paraffin-embedded cancer tissues. Eur J Cancer. 2009 Nov 13. 

95. Hood BL, Darfler MM, Guiel TG, Furusato B, Lucas DA, Ringeisen BR, et al. Proteomic 
analysis of formalin-fixed prostate cancer tissue. Mol Cell Proteomics. 2005 Nov;4(11):1741-53. 

96. Prieto DA, Hood BL, Darfler MM, Guiel TG, Lucas DA, Conrads TP, et al. Liquid Tissue: 
proteomic profiling of formalin-fixed tissues. Biotechniques. 2005 Jun;Suppl:32-5. 

97. Scicchitano MS, Dalmas DA, Boyce RW, Thomas HC, Frazier KS. Protein extraction of 
formalin-fixed, paraffin-embedded tissue enables robust proteomic profiles by mass spectrometry. 
J Histochem Cytochem. 2009 Sep;57(9):849-60. 

98. Hipp S, Walch A, Schuster T, Losko S, Laux H, Bolton T, et al. Activation of epidermal 
growth factor receptor results in Snail protein but not mRNA over-expression in endometrial 
cancer. J Cell Mol Med. 2008 Oct 13. 



References  

 

136 

 

99. Wilson B, Liotta LA, Petricoin Iii E. Monitoring proteins and protein networks using reverse 
phase protein arrays. Disease Markers.28(4):225-32. 

100. Kononen J, Bubendorf L, Kallioniemi A, Barlund M, Schraml P, Leighton S, et al. Tissue 
microarrays for high-throughput molecular profiling of tumor specimens. Nat Med. 1998 
Jul;4(7):844-7. 

101. Egervari K, Szollosi Z, Nemes Z. Tissue microarray technology in breast cancer HER2 
diagnostics. Pathol Res Pract. 2007;203(3):169-77. 

102. Bubendorf L, Kolmer M, Kononen J, Koivisto P, Mousses S, Chen Y, et al. Hormone 
therapy failure in human prostate cancer: analysis by complementary DNA and tissue microarrays. 
J Natl Cancer Inst. 1999 Oct 20;91(20):1758-64. 

103. Dube V, Grigull J, DeSouza LV, Ghanny S, Colgan TJ, Romaschin AD, et al. Verification of 
endometrial tissue biomarkers previously discovered using mass spectrometry-based proteomics 
by means of immunohistochemistry in a tissue microarray format. J Proteome Res. 2007 
Jul;6(7):2648-55. 

104. Hewitt SM. The application of tissue microarrays in the validation of microarray results. 
Methods Enzymol. 2006;410:400-15. 

105. Skacel M, Siva A, Xu B, Tubbs RR. From array to array: confirmation of genomic gains and 
losses discovered by array-based comparative genomic hybridization utilizing fluorescence in situ 
hybridization on tissue microarrays. J Mol Histol. 2007 May;38(2):135-40. 

106. Kallioniemi OP, Wagner U, Kononen J, Sauter G. Tissue microarray technology for high-
throughput molecular profiling of cancer. Hum Mol Genet. 2001 Apr;10(7):657-62. 

107. Venkataraman G, Ananthanaranayanan V. Tissue microarrays: potential in the Indian 
subcontinent. Indian J Cancer. 2005 Jan-Mar;42(1):9-14. 

108. Fernandez DC, Bhargava R, Hewitt SM, Levin IW. Infrared spectroscopic imaging for 
histopathologic recognition. Nat Biotechnol. 2005 Apr;23(4):469-74. 

109. Rimm DL. What brown cannot do for you. Nat Biotechnol. 2006 Aug;24(8):914-6. 



References  

 

137 

 

110. Rhodes A, Jasani B, Barnes DM, Bobrow LG, Miller KD. Reliability of immunohistochemical 
demonstration of oestrogen receptors in routine practice: interlaboratory variance in the sensitivity 
of detection and evaluation of scoring systems. J Clin Pathol. 2000 Feb;53(2):125-30. 

111. Rojo MG, Garcia GB, Mateos CP, Garcia JG, Vicente MC. Critical comparison of 31 
commercially available digital slide systems in pathology. Int J Surg Pathol. 2006 Oct;14(4):285-
305. 

112. Mulrane L, Rexhepaj E, Penney S, Callanan JJ, Gallagher WM. Automated image analysis 
in histopathology: a valuable tool in medical diagnostics. Expert Rev Mol Diagn. 2008 
Nov;8(6):707-25. 

113. Guo T, Wang W, Rudnick PA, Song T, Li J, Zhuang Z, et al. Proteome analysis of 
microdissected formalin-fixed and paraffin-embedded tissue specimens. J Histochem Cytochem. 
2007 Jul;55(7):763-72. 

114. Crockett DK, Lin Z, Vaughn CP, Lim MS, Elenitoba-Johnson KS. Identification of proteins 
from formalin-fixed paraffin-embedded cells by LC-MS/MS. Lab Invest. 2005 Nov;85(11):1405-15. 

115. Bagnato C, Thumar J, Mayya V, Hwang SI, Zebroski H, Claffey KP, et al. Proteomics 
analysis of human coronary atherosclerotic plaque: a feasibility study of direct tissue proteomics by 
liquid chromatography and tandem mass spectrometry. Mol Cell Proteomics. 2007 Jun;6(6):1088-
102. 

116. Nirmalan NJ, Hughes C, Peng J, McKenna T, Langridge J, Cairns DA, et al. Initial 
development and validation of a novel extraction method for quantitative mining of the formalin-
fixed, paraffin-embedded tissue proteome for biomarker investigations. J Proteome Res.  Feb 
4;10(2):896-906. 

117. Shi SR, Key ME, Kalra KL. Antigen retrieval in formalin-fixed, paraffin-embedded tissues: 
an enhancement method for immunohistochemical staining based on microwave oven heating of 
tissue sections. J Histochem Cytochem. 1991 Jun;39(6):741-8. 

118. Yamashita S. Heat-induced antigen retrieval: mechanisms and application to 
histochemistry. Prog Histochem Cytochem. 2007;41(3):141-200. 



References  

 

138 

 

119. Wolff C, Schott C, Porschewski P, Reischauer B, Becker K-F. Successful Protein Extraction 
from Over-Fixed and Long-Term Stored Formalin-Fixed Tissues. PLoS ONE.6(1):e16353. 

120. Liotta LA, Espina V, Mehta AI, Calvert V, Rosenblatt K, Geho D, et al. Protein microarrays: 
meeting analytical challenges for clinical applications. Cancer Cell. 2003 Apr;3(4):317-25. 

121. Poetz O, Schwenk JM, Kramer S, Stoll D, Templin MF, Joos TO. Protein microarrays: 
catching the proteome. Mech Ageing Dev. 2005 Jan;126(1):161-70. 

122. MacBeath G. Protein microarrays and proteomics. Nat Genet. 2002 Dec;32 Suppl:526-32. 

123. Paweletz CP, Charboneau L, Bichsel VE, Simone NL, Chen T, Gillespie JW, et al. Reverse 
phase protein microarrays which capture disease progression show activation of pro-survival 
pathways at the cancer invasion front. Oncogene. 2001 Apr 12;20(16):1981-9. 

124. WHO IAFROC. IARC Monographs on the Evaluation of Carcinogenic Risks to Humans. 
Lyon: International Agency for Research on Cancer; 2006. 

125. Puchtler H, Meloan SN. On the chemistry of formaldehyde fixation and its effects on 
immunohistochemical reactions. Histochemistry. 1985;82(3):201-4. 

126. Perlmutter MA, Best CJ, Gillespie JW, Gathright Y, Gonzalez S, Velasco A, et al. 
Comparison of snap freezing versus ethanol fixation for gene expression profiling of tissue 
specimens. J Mol Diagn. 2004 Nov;6(4):371-7. 

127. Noguchi M, Furuya S, Takeuchi T, Hirohashi S. Modified formalin and methanol fixation 
methods for molecular biological and morphological analyses. Pathol Int. 1997 Oct;47(10):685-91. 

128. Foss RD, Guha-Thakurta N, Conran RM, Gutman P. Effects of fixative and fixation time on 
the extraction and polymerase chain reaction amplification of RNA from paraffin-embedded tissue. 
Comparison of two housekeeping gene mRNA controls. Diagn Mol Pathol. 1994 Sep;3(3):148-55. 

129. Lee KY, Shibutani M, Inoue K, Kuroiwa K, U M, Woo GH, et al. Methacarn fixation--effects 
of tissue processing and storage conditions on detection of mRNAs and proteins in paraffin-
embedded tissues. Anal Biochem. 2006 Apr 1;351(1):36-43. 

130. Lykidis D, Van Noorden S, Armstrong A, Spencer-Dene B, Li J, Zhuang Z, et al. Novel zinc-
based fixative for high quality DNA, RNA and protein analysis. Nucleic Acids Res. 
2007;35(12):e85. 



References  

 

139 

 

131. Stanta G, Mucelli SP, Petrera F, Bonin S, Bussolati G. A novel fixative improves 
opportunities of nucleic acids and proteomic analysis in human archive's tissues. Diagn Mol Pathol. 
2006 Jun;15(2):115-23. 

132. Hannelore Kothmaier CS, Claudia Böllner, Franz Quehenberger, Lorenzo Daniele, 
Valentina Faoro, Alberto Zamo, Roberto Rossoni, Giorgio Stanta, Helmut Popper, Gianni 
Bussolati, and Karl-Friedrich Becker  Quantitative protein analysis of tissues fixed with formalin and 
FineFix. JOURNAL OF CLINICAL PATHOLOGY. 2010. 

133. Vincek V, Nassiri M, Nadji M, Morales AR. A tissue fixative that protects macromolecules 
(DNA, RNA, and protein) and histomorphology in clinical samples. Lab Invest. 2003 
Oct;83(10):1427-35. 

134. Delfour C, Roger P, Bret C, Berthe ML, Rochaix P, Kalfa N, et al. RCL2, a new fixative, 
preserves morphology and nucleic acid integrity in paraffin-embedded breast carcinoma and 
microdissected breast tumor cells. J Mol Diagn. 2006 May;8(2):157-69. 

135. Olert J, Wiedorn KH, Goldmann T, Kuhl H, Mehraein Y, Scherthan H, et al. HOPE fixation: 
a novel fixing method and paraffin-embedding technique for human soft tissues. Pathol Res Pract. 
2001;197(12):823-6. 

136. Ergin B, Meding S, Langer R, Kap M, Viertler C, Schott C, et al. Proteomic analysis of 
PAXgene-fixed tissues. J Proteome Res.  Oct 1;9(10):5188-96. 

137. Wiedorn KH, Olert J, Stacy RA, Goldmann T, Kuhl H, Matthus J, et al. HOPE--a new fixing 
technique enables preservation and extraction of high molecular weight DNA and RNA of > 20 kb 
from paraffin-embedded tissues. Hepes-Glutamic acid buffer mediated Organic solvent Protection 
Effect. Pathol Res Pract. 2002;198(11):735-40. 

138. Puchtler H, Waldrop FS, Meloan SN, Terry MS, Conner HM. Methacarn (methanol-Carnoy) 
fixation. Practical and theoretical considerations. Histochemie. 1970;21(2):97-116. 

139. zur Hausen H. Papillomaviruses and cancer: from basic studies to clinical application. Nat 
Rev Cancer. 2002 May;2(5):342-50. 



References  

 

140 

 

140. MuÃ±oz N, Bosch FX, de SanjosÃ© S, Herrero R, CastellsaguÃ© X, Shah KV, et al. 
Epidemiologic Classification of Human Papillomavirus Types Associated with Cervical Cancer. 
New England Journal of Medicine. 2003;348(6):518-27. 

141. Smith JS, Lindsay L, Hoots B, Keys J, Franceschi S, Winer R, et al. Human papillomavirus 
type distribution in invasive cervical cancer and high-grade cervical lesions: A meta-analysis 
update. International Journal of Cancer. 2007;121(3):621-32. 

142. Hebner CM, Laimins LA. Human papillomaviruses: basic mechanisms of pathogenesis and 
oncogenicity. Reviews in Medical Virology. 2006;16(2):83-97. 

143. Ghittoni R, Accardi R, Hasan U, Gheit T, Sylla B, Tommasino M. The biological properties 
of E6 and E7 oncoproteins from human papillomaviruses. Virus Genes.40(1):1-13. 

144. Longworth MS, Laimins LA. Pathogenesis of Human Papillomaviruses in Differentiating 
Epithelia. Microbiol Mol Biol Rev. 2004 June 1, 2004;68(2):362-72. 

145. Moody CA, Laimins LA. Human papillomavirus oncoproteins: pathways to transformation. 
Nat Rev Cancer.10(8):550-60. 

146. Doorbar J. The papillomavirus life cycle. Journal of clinical virology : the official publication 
of the Pan American Society for Clinical Virology. 2005;32:7-15. 

147. Ã–stÃ¶r AG. Natural History of Cervical Intraepithelial Neoplasia: A Critical Review. 
International Journal of Gynecologic Pathology. 1993;12(2):186. 

148. Magnusson PKE, Sparen P, Gyllensten UB. Genetic link to cervical tumours. Nature. 
1999;400(6739):29-30. 

149. Moreno V, Bosch FX, Muñoz N, Meijer CJLM, Shah KV, Walboomers JMM, et al. Effect of 
oral contraceptives on risk of cervical cancer in women with human papillomavirus infection: the 
IARC multicentric case-control study. The Lancet. 2002;359(9312):1085-92. 

150. Muñoz N, Franceschi S, Bosetti C, Moreno V, Herrero R, Smith JS, et al. Role of parity and 
human papillomavirus in cervical cancer: the IARC multicentric case-control study. The Lancet. 
2002;359(9312):1093-101. 



References  

 

141 

 

151. Schiffman MH, Haley NJ, Felton JS, Andrews AW, Kaslow RA, Lancaster WD, et al. 
Biochemical Epidemiology of Cervical Neoplasia: Measuring Cigarette Smoke Constitutents in the 
Cervix. Cancer Research. 1987 July 15, 1987;47(14):3886-8. 

152. zur Hausen H. Papillomaviruses and cancer: from basic studies to clinical application. 
Nature Rev Cancer. 2002;2:342-50. 

153. Ziegert C. A comprehensive analysis of HPV integration loci in anogenital lesions 
combining transcript and genome-based amplification techniques. Oncogene. 2003;22:3977-84. 

154. Smith PP, Friedman CL, Bryant EM, McDougall JK. Viral integration and fragile sites in 
human papillomavirus-immortalized human keratinocyte cell lines. Genes Chromosom Cancer. 
1992;5:150-7. 

155. Kadaja M, Isok-Paas H, Laos T, Ustav E, Ustav M. Mechanism of Genomic Instability in 
Cells Infected with the High-Risk Human Papillomaviruses. PLoS Pathog. 2009;5(4):e1000397. 

156. Fehrmann F, Laimins LA. Human papillomaviruses: targeting differentiating epithelial cells 
for malignant transformation. Oncogene.22(33):5201-7. 

157. Boulet G, Horvath C, Broeck DV, Sahebali S, Bogers J. Human papillomavirus: E6 and E7 
oncogenes. The International Journal of Biochemistry & Cell Biology. 2007;39(11):2006-11. 

158. McLaughlin-Drubin ME, Huh KW, Munger K. Human papillomavirus type 16 E7 oncoprotein 
associates with E2F6. J Virol. 2008;82:8695-705. 

159. Howie HL, Katzenellenbogen RA, Galloway DA. Papillomavirus E6 proteins. Virology. 
2009;384:324-34. 

160. Tommasino M, Accardi R, Caldeira S, Dong W, Malanchi I, Smet A, et al. The role of TP53 
in Cervical carcinogenesis. Human Mutation. 2003;21(3):307-12. 

161. Jackson S, Harwood C, Thomas M, Banks L, Storey A. Role of Bak in UV-induced 
apoptosis in skin cancer and abrogation by HPV E6 proteins. Genes Dev. 2000;14:3065-73. 

162. Thomas M, Banks L. Inhibition of BAK-induced apoptosis by HPV-18 E6. Oncogene. 
1998;17:2943-54. 



References  

 

142 

 

163. Veldman T, Horikawa I, Barrett JC, Schlegel R. Transcriptional activation of the telomerase 
hTERT gene by human papillomavirus type 16 E6 oncoprotein. J Virol. 2001;75:4467-72. 

164. Oda H, Kumar S, Howley PM. Regulation of the Src family tyrosine kinase Blk through 
E6AP-mediated ubiquitination. Proc Natl Acad Sci USA. 1999;96:9557-62. 

165. Dyson N, Howley PM, Munger K, Harlow E. The human papillomavirus-16 E7 oncoprotein 
is able to bind to the retinoblastoma gene product. Science. 1989;243:934-7. 

166. Kiyono T. Both Rb/p16INK4a inactivation and telomerase activity are required to 
immortalize human epithelial cells. Nature. 1998;396:84-8. 

167. Klaes R. Overexpression of p16(INK4) as a specific marker for dysplastic and neoplastic 
epithelial cells of the cervix uteri. Int J Cancer. 2001;92:276-84. 

168. Nguyen CL, Munger K. Direct association of the HPV16 E7 oncoprotein with cyclin A/CDK2 
and cyclin E/CDK2 complexes. Virology. 2008;380:21-5. 

169. Zerfass K. Sequential activation of cyclin E and cyclin A gene expression by human 
papillomavirus type 16 E7 through sequences necessary for transformation. J Virol. 1995;69:6389-
99. 

170. Funk JO. Inhibition of CDK activity and PCNA-dependent DNA replication by p21 is blocked 
by interaction with the HPV-16 E7 protein. Genes Dev. 1997;11:2090-100. 

171. Zerfass-Thome K. Inactivation of the CDK inhibitor p27KIP1 by the human papillomavirus 
type 16 E7 oncoprotein. Oncogene. 1996;13:2323-30. 

172. Duensing A. Centrosome overduplication, chromosomal instability, and human 
papillomavirus oncoproteins. Environ Mol Mutagen. 2009;50:741-7. 

173. Duensing S. The human papillomavirus type 16 E6 and E7 oncoproteins cooperate to 
induce mitotic defects and genomic instability by uncoupling centrosome duplication from the cell 
division cycle. Proc Natl Acad Sci USA. 2000;97:10002-7. 

174. Moody CA, Laimins LA. Human papillomaviruses activate the ATM DNA damage pathway 
for viral genome amplification upon differentiation. PLoS Pathog. 2009;5:e1000605. 



References  

 

143 

 

175. Basile JR, Zacny V, Munger K. The cytokines tumor necrosis factor-Î± (TNF-Î±) and TNF-
related apoptosis-inducing ligand differentially modulate proliferation and apoptotic pathways in 
human keratinocytes expressing the human papillomavirus-16 E7 oncoprotein. J Biol Chem. 
2001;276:22522-8. 

176. Beglin M, Melar-New M, Laimins L. Human papillomaviruses and the interferon response. J 
Interferon Cytokine Res. 2009;29:629-35. 

177. Frazer IH, Cox JT, Mayeaux EJ, Jr., Franco EL, Moscicki AB, Palefsky JM, et al. Advances 
in prevention of cervical cancer and other human papillomavirus-related diseases. Pediatr Infect 
Dis J. 2006 Feb;25(2 Suppl):S65-81, quiz S2. 

178. Della Torre G, Pilotti S, de Palo G, Rilke F. Viral particles in cervical condylomatous lesions. 
Tumori. 1978;64:459-63. 

179. IARC Monograph on Evaluation of Carcinogenic Risks of Humans: Human 
Papillomaviruses. 2005. 

180. Stoler MH, Schiffman M, for the Atypical Squamous Cells of Undetermined 
Significanceâ€“Low-grade Squamous Intraepithelial Lesion Triage Study G. Interobserver 
Reproducibility of Cervical Cytologic and Histologic Interpretations. JAMA: The Journal of the 
American Medical Association. 2001 March 21, 2001;285(11):1500-5. 

181. Wang SS. Validation of p16INK4a as a marker of oncogenic human papillomavirus infection 
in cervical biopsies from a population-based cohort in Costa Rica. Cancer Epidemiol Biomarkers 
Prev. 2004;13:1355-60. 

182. Yu L, Wang L, Zhong J, Chen S. Diagnostic value of p16INK4A, Ki-67, and human 
papillomavirus l1 capsid protein immunochemical staining on cell blocks from residual liquid-based 
gynecologic cytology specimens. Cancer Cytopathology.118(1):47-55. 

183. Mulvany NJ, Allen DG, Wilson SM. Diagnostic utility of p16INK4a: a reappraisal of its use in 
cervical biopsies. Pathology. 2008;40(4):335-44. 

184. Fortune D, Scurry J. The use of p16INK4a as an adjunct to the interpretation of cervical 
biopsies. Pathology. 2006;38(2):190-1. 



References  

 

144 

 

185. Tsoumpou I, Arbyn M, Kyrgiou M, Wentzensen N, Koliopoulos G, Martin-Hirsch P, et al. 
p16INK4a immunostaining in cytological and histological specimens from the uterine cervix: A 
systematic review and meta-analysis. Cancer treatment reviews. 2009;35(3):210-20. 

186. Nam EJ, Kim JW, Hong JW, Jang HS, Lee SY, Jang SY, et al. Expression of the p16INK4a 
and Ki-67 in relation to the grade of cervical intraepithelial neoplasia and high-risk human 
papillomavirus infection. J Gynecol Oncol. 2008;19(3):162-8. 

187. Saha B, Chaiwun B, Tsao-Wei DD, Groshen SL, Naritoku WY, Atkinson RD, et al. 
Telomerase and Markers of Cellular Proliferation Are Associated With the Progression of Cervical 
Intraepithelial Neoplasia Lesions. International Journal of Gynecologic Pathology. 2007;26(3):214-
22 10.1097/01.pgp.0000250146.44592.d2. 

188. Jarboe EA, Thompson LC, Heinz D, McGregor JA, Shroyer KR. Telomerase and human 
papillomavirus as diagnostic adjuncts for cervical dysplasia and carcinoma. Human Pathology. 
2004;35(4):396-402. 

189. de Méndez Morelva T, Antonio L. Immunohistochemical expression of ubiquitin and 
telomerase in cervical cancer. Virchows Archiv. 2009;455(3):235-43. 

190. Hickson ID. RecQ helicases: caretakers of the genome. Nat Rev Cancer. 2003 
Mar;3(3):169-78. 

191. Opresko PL, Cheng WH, Bohr VA. Junction of RecQ helicase biochemistry and human 
disease. J Biol Chem. 2004 Apr 30;279(18):18099-102. 

192. Wu L, Hickson ID. DNA helicases required for homologous recombination and repair of 
damaged replication forks. Annu Rev Genet. 2006;40:279-306. 

193. Hickson ID. RecQ helicases: caretakers of the genome. Nat Rev Cancer. 2003;3(3):169-78. 

194. Caretaker tumour suppressor genes that defend genome integrity. Trends in Molecular 
Medicine. 2002;8:179-86. 

195. Grandori C, Wu K-J, Fernandez P, Ngouenet C, Grim J, Clurman BE, et al. Werner 
syndrome protein limits MYC-induced cellular senescence. Genes & Development. 2003 July 1, 
2003;17(13):1569-74. 



References  

 

145 

 

196. Ellis NA, Groden J, Ye TZ, Straughen J, Lennon DJ, Ciocci S, et al. The Bloom's syndrome 
gene product is homologous to RecQ helicases. Cell. 1995 Nov 17;83(4):655-66. 

197. Yu CE, Oshima J, Fu YH, Wijsman EM, Hisama F, Alisch R, et al. Positional cloning of the 
Werner's syndrome gene. Science. 1996 Apr 12;272(5259):258-62. 

198. Kitao S, Lindor NM, Shiratori M, Furuichi Y, Shimamoto A. Rothmund-thomson syndrome 
responsible gene, RECQL4: genomic structure and products. Genomics. 1999 Nov 1;61(3):268-76. 

199. Siitonen HA, Kopra O, Kaariainen H, Haravuori H, Winter RM, Saamanen AM, et al. 
Molecular defect of RAPADILINO syndrome expands the phenotype spectrum of RECQL 
diseases. Hum Mol Genet. 2003 Nov 1;12(21):2837-44. 

200. Van Maldergem L, Siitonen HA, Jalkh N, Chouery E, De Roy M, Delague V, et al. Revisiting 
the craniosynostosis-radial ray hypoplasia association: Baller-Gerold syndrome caused by 
mutations in the RECQL4 gene. J Med Genet. 2006 Feb;43(2):148-52. 

201. Turley H, Wu L, Canamero M, Gatter KC, Hickson ID. The distribution and expression of 
the Bloom's syndrome gene product in normal and neoplastic human cells. Br J Cancer. 2001 Jul 
20;85(2):261-5. 

202. Opresko PL, Calvo JP, von Kobbe C. Role for the Werner syndrome protein in the 
promotion of tumor cell growth. Mech Ageing Dev. 2007 Jul-Aug;128(7-8):423-36. 

203. Phillips KA, Van Bebber S, Issa AM. Diagnostics and biomarker development: priming the 
pipeline. Nat Rev Drug Discov. 2006 Jun;5(6):463-9. 

204. Li D, Liu H, Jiao L, Chang DZ, Beinart G, Wolff RA, et al. Significant effect of homologous 
recombination DNA repair gene polymorphisms on pancreatic cancer survival. Cancer Res. 2006 
Mar 15;66(6):3323-30. 

205. Futami K, Kumagai E, Makino H, Goto H, Takagi M, Shimamoto A, et al. Induction of mitotic 
cell death in cancer cells by small interference RNA suppressing the expression of RecQL1 
helicase. Cancer Sci. 2008 Jan;99(1):71-80. 

206. Futami K, Kumagai E, Makino H, Sato A, Takagi M, Shimamoto A, et al. Anticancer activity 
of RecQL1 helicase siRNA in mouse xenograft models. Cancer Sci. 2008 Jun;99(6):1227-36. 



References  

 

146 

 

207. Bachrati CZ, Hickson ID. RecQ helicases: guardian angels of the DNA replication fork. 
Chromosoma. 2008 Jun;117(3):219-33. 

208. Bohr VA. Rising from the RecQ-age: the role of human RecQ helicases in genome 
maintenance. Trends Biochem Sci. 2008 Oct 14. 

209. Ouyang KJ, Woo LL, Ellis NA. Homologous recombination and maintenance of genome 
integrity: cancer and aging through the prism of human RecQ helicases. Mech Ageing Dev. 2008 
Jul-Aug;129(7-8):425-40. 

210. Sharma S, Doherty KM, Brosh RM, Jr. Mechanisms of RecQ helicases in pathways of DNA 
metabolism and maintenance of genomic stability. Biochem J. 2006 Sep 15;398(3):319-37. 

211. Melis M, editor. Compendio di tecnica istopatologica: Lombardo Editore; 1975. 

212. Cui S, Arosio D, Doherty KM, Brosh RM, Jr., Falaschi A, Vindigni A. Analysis of the 
unwinding activity of the dimeric RECQ1 helicase in the presence of human replication protein A. 
Nucleic Acids Res. 2004;32(7):2158-70. 

213. Kothmaier H, Rohrer D, Quehenberger F, Becker K-F, Popper HH. Comparison of formalin-
free tissue fixatives:a proteomic study testing their application for routine pathology and research  
Archives of Pathology & Laboratory Medicine; 2010 (in revision). 

214. Laemmli UK. Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4. Nature. 1970 Aug 15;227(5259):680-5. 

215. Gulmann C, Sheehan KM, Kay EW, Liotta LA, Petricoin EF, 3rd. Array-based proteomics: 
mapping of protein circuitries for diagnostics, prognostics, and therapy guidance in cancer. J 
Pathol. 2006 Apr;208(5):595-606. 

216. Franken NA, Rodermond HM, Stap J, Haveman J, van Bree C. Clonogenic assay of cells in 
vitro. Nat Protoc. 2006;1(5):2315-9. 

217. Marcello A, Ferrari A, Pellegrini V, Pegoraro G, Lusic M, Beltram F, et al. Recruitment of 
human cyclin T1 to nuclear bodies through direct interaction with the PML protein. Embo J. 2003 
May 1;22(9):2156-66. 

218. Goeman JJ, van de Geer SA, de Kort F, van Houwelingen HC. A global test for groups of 
genes: testing association with a clinical outcome. Bioinformatics. 2004 Jan 1;20(1):93-9. 



References  

 

147 

 

219. Hipp S, Walch A, Schuster T, Hofler H, Becker KF. Precise measurement of the E-cadherin 
repressor Snail in formalin-fixed endometrial carcinoma using protein lysate microarrays. Clin Exp 
Metastasis. 2008;25(6):679-83. 

220. Ramiro Mendoza-Maldonado  VF, Sailesh Bajpai, Matteo Berti, Federico Odreman, Marco 
Vindigni, Tamara Ius, Abdollah Ghasemian, Serena Bonin, Miran Skrap, Giorgio Stanta, 
Alessandro Vindigni  The human RECQ1 helicase is highly expressed in glioblastoma and plays an 
important role in tumor cell proliferation. Molecular cancer. 2010;Status: Submitted. 

221. Gerdes J, Lemke H, Baisch H, Wacker HH, Schwab U, Stein H. Cell cycle analysis of a cell 
proliferation-associated human nuclear antigen defined by the monoclonal antibody Ki-67. J 
Immunol. 1984 Oct;133(4):1710-5. 

222. Friedman HS, Kerby T, Calvert H. Temozolomide and treatment of malignant glioma. Clin 
Cancer Res. 2000 Jul;6(7):2585-97. 

223. Yung WK, Prados MD, Yaya-Tur R, Rosenfeld SS, Brada M, Friedman HS, et al. 
Multicenter phase II trial of temozolomide in patients with anaplastic astrocytoma or anaplastic 
oligoastrocytoma at first relapse. Temodal Brain Tumor Group. J Clin Oncol. 1999 Sep;17(9):2762-
71. 

224. D'Atri S, Tentori L, Lacal PM, Graziani G, Pagani E, Benincasa E, et al. Involvement of the 
mismatch repair system in temozolomide-induced apoptosis. Mol Pharmacol. 1998 Aug;54(2):334-
41. 

225. Denny BJ, Wheelhouse RT, Stevens MF, Tsang LL, Slack JA. NMR and molecular 
modeling investigation of the mechanism of activation of the antitumor drug temozolomide and its 
interaction with DNA. Biochemistry. 1994 Aug 9;33(31):9045-51. 

226. van Attikum H, Gasser SM. The histone code at DNA breaks: a guide to repair? Nat Rev 
Mol Cell Biol. 2005 Oct;6(10):757-65. 

227. Sharma S, Brosh RM, Jr. Human RECQ1 is a DNA damage responsive protein required for 
genotoxic stress resistance and suppression of sister chromatid exchanges. PLoS ONE. 
2007;2(12):e1297. 



References  

 

148 

 

228. Nassiri M, Ramos S, Zohourian H, Vincek V, Morales AR, Nadji M. Preservation of 
biomolecules in breast cancer tissue by a formalin-free histology system. BMC Clin Pathol. 
2008;8:1. 

229. Buckley CH, Butler EB, Fox H. Cervical intraepithelial neoplasia. J Clin Pathol. 1982 
Jan;35(1):1-13. 

230. Galgano MT, Castle PE, Atkins KA, Brix WK, Nassau SR, Stoler MH. Using Biomarkers as 
Objective Standards in the Diagnosis of Cervical Biopsies. The American Journal of Surgical 
Pathology.34(8):1077-87 10.97/PAS.0b013e3181e8b2c4. 

231. Klaes Rd, Benner A, Friedrich T, Ridder Rd, Herrington S, Jenkins D, et al. p16INK4a 
Immunohistochemistry Improves Interobserver Agreement in the Diagnosis of Cervical 
Intraepithelial Neoplasia. The American Journal of Surgical Pathology. 2002;26(11):1389-99. 

232. Malpica A, Matisic JP, Van Niekirk D, Crum CP, Staerkel GA, Yamal JM, et al. Kappa 
statistics to measure interrater and intrarater agreement for 1790 cervical biopsy specimens 
among twelve pathologists: Qualitative histopathologic analysis and methodologic issues. 
Gynecologic Oncology. 2005;99(3 SUPPL.):S38-S52. 

233. Parker MF, Zahn CM, Vogel KM, Olsen CH, Miyazawa K, O'Connor DM. Discrepancy in the 
Interpretation of Cervical Histology by Gynecologic Pathologists. Obstetrics & Gynecology. 
2002;100(2):277-80. 

234. Conesa-Zamora P, DomÃ©nech-Peris An, Orantes-Casado FJ, Ortiz-Reina Sn, Sahuquillo-
FrÃas L, Acosta-Ortega Js, et al. Effect of Human Papillomavirus on Cell Cycleâ€“Related 
Proteins p16, Ki-67, Cyclin D1, p53, and ProEx C in Precursor Lesions of Cervical Carcinoma. 
American Journal of Clinical Pathology. 2009 September 1, 2009;132(3):378-90. 

235. Kruse A-J, Baak JPA, de Bruin PC, Jiwa M, Snijders WP, Jan Boodt P, et al. Ki-67 
immunoquantitation in cervical intraepithelial neoplasia (CIN): a sensitive marker for grading. The 
Journal of Pathology. 2001;193(1):48-54. 

236. Aoyama C, Liu P, Ostrzega N, Holschneider CH. Histologic and Immunohistochemical 
Characteristics of Neoplastic and Nonneoplastic Subgroups of Atypical Squamous Lesions of the 
Uterine Cervix. American Journal of Clinical Pathology. 2005 May 1, 2005;123(5):699-706. 



References  

 

149 

 

237. Kalof AN, Cooper K. p16INK4a Immunoexpression: Surrogate Marker of High-risk HPV and 
High-grade Cervical Intraepithelial Neoplasia. Advances in Anatomic Pathology. 2006;13(4):190-4. 

238. Nuovo GJ, Plaia TW, Belinsky SA, Baylin SB, Herman JG. In situ detection of the 
hypermethylation-induced inactivation of the p16 gene as an early event in oncogenesis. Proc Natl 
Acad Sci U S A. 1999 Oct 26;96(22):12754-9. 

239. Huang L-W, Pan H-S, Lin Y-H, Seow K-M, Chen H-J, Hwang J-L. P16 Methylation Is an 
Early Event in Cervical Carcinogenesis. International Journal of Gynecological Cancer.Publish 
Ahead of Print:10.1097/IGC.0b013e31821091ea. 

240. Dong SM, Kim H-S, Rha S-H, Sidransky D. Promoter Hypermethylation of Multiple Genes 
in Carcinoma of the Uterine Cervix. Clinical Cancer Research. 2001 July 1, 2001;7(7):1982-6. 

241. Widschwendter A, Gattringer C, Ivarsson L, Fiegl H, Schneitter A, Ramoni A, et al. Analysis 
of Aberrant DNA Methylation and Human Papillomavirus DNA in Cervicovaginal Specimens to 
Detect Invasive Cervical Cancer and Its Precursors. Clinical Cancer Research. 2004 May 15, 
2004;10(10):3396-400. 

242. Jeong DH, Youm MY, Kim YN, Lee KB, Sung MS, Yoon HK, et al. Promoter methylation of 
p16, DAPK, CDH1, and TIMP-3 genes in cervical cancer: correlation with clinicopathologic 
characteristics. International Journal of Gynecological Cancer. 2006;16(3):1234-40. 

243. Furtado YL, Almeida G, Lattario F, Silva KS, Maldonado P, Silveira FA, et al. The presence 
of methylation of the p16INK4A gene and human papillomavirus in high-grade cervical squamous 
intraepithelial lesions. Diagn Mol Pathol.  Mar;19(1):15-9. 

244. Wong IH, Lo YM, Zhang J, Liew CT, Ng MH, Wong N, et al. Detection of aberrant p16 
methylation in the plasma and serum of liver cancer patients. Cancer Res. 1999 Jan 1;59(1):71-3. 

245. Negri G, Bellisano G, Zannoni GF, Rivasi F, Kasal A, Vittadello F, et al. p16ink4a and HPV 
L1 Immunohistochemistry is Helpful for Estimating the Behavior of Low-grade Dysplastic Lesions 
of the Cervix Uteri. The American Journal of Surgical Pathology. 2008;32(11):1715-20 
10.097/PAS.0b013e3181709fbf. 



References  

 

150 

 

246. Yoshida T, Sano T, Kanuma T, Owada N, Sakurai S, Fukuda T, et al. Immunochemical 
analysis of HPV L1 capsid protein and p16 protein in liquid-based cytology samples from uterine 
cervical lesions. Cancer Cytopathology. 2008;114(2):83-8. 

247. Reesink-Peters N, Helder MN, Wisman GBA, Knol AJ, Koopmans S, Boezen HM, et al. 
Detection of telomerase, its components, and human papillomavirus in cervical scrapings as a tool 
for triage in women with cervical dysplasia. Journal of Clinical Pathology. 2003 January 1, 
2003;56(1):31-5. 

248. Branca M, Giorgi C, Ciotti M, Santini D, Di Bonito L, Costa S, et al. Upregulation of 
telomerase (hTERT) is related to the grade of cervical intraepithelial neoplasia, but is not an 
independent predictor of high-risk human papillomavirus, virus persistence, or disease outcome in 
cervical cancer. Diagnostic Cytopathology. 2006;34(11):739-48. 

249. Jarboe EA, Liaw KL, Thompson LC, Heinz DE, Baker PL, McGregor JA, et al. Analysis of 
telomerase as a diagnostic biomarker of cervical dysplasia and carcinoma. Oncogene. 2002;21(4 
REV. ISS. 1):664-73. 

250. Frost M, Bobak JB, Gianani R, Kim N, Weinrich S, Spalding DC, et al. Localization of 
Telomerase hTERT Protein and hTR in Benign Mucosa, Dysplasia, and Squamous Cell Carcinoma 
of the Cervix. American Journal of Clinical Pathology. 2000 November 1, 2000;114(5):726-34. 

251. Anderson S, Shera K, Ihle J, Billman L, Goff B, Greer B, et al. Am J Pathol. 1997;151:25-
31. 

252. Kyo S, Masutomi K, Maida Y, Kanaya T, Yatabe N, Nakamura M, et al. Significance of 
Immunological Detection of Human Telomerase Reverse Transcriptase: Re-Evaluation of 
Expression and Localization of Human Telomerase Reverse Transcriptase. The American Journal 
of Pathology. 2003;163(3):859-67. 

253. Grepmeier U, Dietmaier W, Merk J, Wild PJ, Obermann EC, Pfeifer M, et al. Deletions at 
chromosome 2q and 12p are early and frequent molecular alterations in bronchial epithelium and 
NSCLC of long-term smokers. Int J Oncol. 2005 Aug;27(2):481-8. 



References  

 

151 

 

254. Guran S, Beyan C, Nevruz O, Yakicier C, Tunca Y. A chronic myeloid leukemia-like 
syndrome case with del (12) (p12) in a Li-Fraumeni syndrome family. Clin Lab Haematol. 2005 
Apr;27(2):135-8. 

255. Montpetit A, Larose J, Boily G, Langlois S, Trudel N, Sinnett D. Mutational and expression 
analysis of the chromosome 12p candidate tumor suppressor genes in pre-B acute lymphoblastic 
leukemia. Leukemia. 2004 Sep;18(9):1499-504. 

256. Park J, Betel D, Gryfe R, Michalickova K, Di Nicola N, Gallinger S, et al. Mutation profiling 
of mismatch repair-deficient colorectal cncers using an in silico genome scan to identify coding 
microsatellites. Cancer Res. 2002 Mar 1;62(5):1284-8. 

257. Li D, Frazier M, Evans DB, Hess KR, Crane CH, Jiao L, et al. Single nucleotide 
polymorphisms of RecQ1, RAD54L, and ATM genes are associated with reduced survival of 
pancreatic cancer. J Clin Oncol. 2006 Apr 10;24(11):1720-8. 

258. Futami K, Ogasawara S, Goto H, Yano H, Furuichi Y. RecQL1 DNA repair helicase: A 
potential tumor marker and therapeutic target against hepatocellular carcinoma. Int J Mol Med. 
2010 Apr;25(4):537-45. 

259. Kawabe T, Tsuyama N, Kitao S, Nishikawa K, Shimamoto A, Shiratori M, et al. Differential 
regulation of human RecQ family helicases in cell transformation and cell cycle. Oncogene. 2000 
Sep 28;19(41):4764-72. 

260. …, R M-M, V F. ANTICANCER AGENT SPECIFIC FOR BRAIN TUMORS WITH 
MECHANISM OF RECQ1 SUPPRESSION. WO Patent WO/2010/ …. 

261. Sharma S, Stumpo DJ, Balajee AS, Bock CB, Lansdorp PM, Brosh RM, Jr., et al. RECQL, 
a member of the RecQ family of DNA helicases, suppresses chromosomal instability. Mol Cell Biol. 
2007 Mar;27(5):1784-94. 

262. Chu WK, Hickson ID. RecQ helicases: multifunctional genome caretakers. Nat Rev Cancer. 
2009 Sep;9(9):644-54. 

263. Wedge SR, Porteous JK, Newlands ES. 3-aminobenzamide and/or O6-benzylguanine 
evaluated as an adjuvant to temozolomide or BCNU treatment in cell lines of variable mismatch 



References  

 

152 

 

repair status and O6-alkylguanine-DNA alkyltransferase activity. Br J Cancer. 1996 
Oct;74(7):1030-6. 

264. Kanzawa T, Germano IM, Kondo Y, Ito H, Kyo S, Kondo S. Inhibition of telomerase activity 
in malignant glioma cells correlates with their sensitivity to temozolomide. Br J Cancer. 2003 Sep 
1;89(5):922-9. 

265. Chaurand P, Sanders ME, Jensen RA, Caprioli RM. Proteomics in diagnostic pathology: 
profiling and imaging proteins directly in tissue sections. Am J Pathol. 2004 Oct;165(4):1057-68. 

 



Tables Index  

 

153 

 

TABLES INDEX 

Table 1. Clinical diagnosis of cervical biopsies used in the study.  Abbreviations: SD, standard 
deviation; CIN, Cervical Intraepithelial neoplasia; NOS, not otherwise specified. .......................... 28 

Table 2. HPV type distribution among the 45 patients. ................................................................... 29 

Table 3. Number of cervical lesions analyzed by TMAs. ................................................................ 32 

Table 4.. Antibodies used for IHC analyses. Abbreviations: AR, antigen retrival; IT, Incubation 

Temperature; RT, room temperature. ............................................................................................. 34 

Table 5. Antibodies used for Western blotting and reverse phase array analyses. Abbreviations: 

MW,  molecular weight;  MP, nonfat dry milk powder; BSA, bovine serum albumin. PBST, PBS with 

0.1% Tween 20. .............................................................................................................................. 38 

Table 6. Individual sequence of siRNA against RECQ1 from Dharmacon SMART pool 

(NM_032941) .................................................................................................................................. 40 

Table 7. Antibodies used for Western blotting analyses. ................................................................ 42 

Table 8. Antibodies used for Immunofluorescence analyses. ......................................................... 45 

Table 9. Summary results of MoAbs screening (the numbers indicate the different MoAb clones; 

blue cells represent positive stains). ............................................................................................... 54 

Table 10. Summary table of HPV typing distribution by lesions. .................................................... 58 

Table 11. Comparison between the mean number of E7 positive cells and the mean number of 

cells stained by six biomarkers, by type of squamous lesion. p-values derived from the analysis of 

variance. In bold type the p-values not statistically significative (p ≤ 0.05). .................................... 80



Figures Index  

 

154 

 

FIGURES INDEX 

Figure 1. A partial list of commercial tests currently available for personalized medicine in cancer 
patients (22). ..................................................................................................................................... 4 

Figure 2. HPV16 genome and functions of the early and late gene products (143). ...................... 18 

Figure 3. The life cycle of HPVs (145). ........................................................................................... 19 

Figure 4. Protein targets of the E6 HPV oncoprotein (145). ........................................................... 21 

Figure 5. Protein targets of the E7 HPV oncoprotein (145). ........................................................... 21 

Figure 6. Study design of protein extraction from matched FFPE and FineFix tissues within the 

IMPACTS work-package on proteomics. ........................................................................................ 36 

Figure 7. Representative β-Actin Western blot in FFPE and FineFix fixed lung, colon, and breast 

cancer  samples. ............................................................................................................................. 48 

Figure 8. Representative Western blot analyses against  β-Actin, EGFR and E-cadherin in matched 

FFPE and Finefix colon cancer tissues. .......................................................................................... 49 

Figure 9. (A) Protein microarray design.  (B) Protein microarray analysis: SyproRuby staining and 

immunodetection of β-Actin, E-cadherin, EGFR, HER2, and ER. .................................................. 50 

Figure 10. Box plot of the pair-wise proteins comparison between the fixatives. ........................... 51 

Figure 11. Representative IHC staining against E-cadherin and EGFR  on matched colon cancer 

tissues fixed with formalin and FineFix. .......................................................................................... 52 

Figure 12. Representative IHC staining of the the different group of HPV MoAbs (O.M. 20X). 

Abbreviations: SCC, squamous cell carcinoma. ............................................................................. 55 



Figures Index  

 

155 

 

Figure 13.  Pre-adsorption test using the specific oncoviral peptide on cervical cancer tissues. 

Immunostaining with the E7 antibody in cervical tissue (1) and after preadsorption with the specific 

peptide (2) (O.M. 40X). ................................................................................................................... 56 

Figure 14. E7 and β-actin Western blot analyses in FFPE cervix tissues. ...................................... 56 

Figure 15. Distribution of  E7 positive staining cells, by type of squamous lesion (median value: 

diamond; 25th- and 75th percentiles: lower and upper horizontal lines of the box). ....................... 59 

Figure 16. Representative IHC staining of E7 for each cervical lesion (O.M. 40X). ....................... 60 

Figure 17. Mean number of E7 cytoplasmatic and nuclear positive cells, by layer, in LSIL and HSIL.

 ........................................................................................................................................................ 61 

Figure 18. Mean E7 cytoplasmatic and nuclear staining intensity, by layer, in LSIL and HSIL. ...... 61 

Figure 19. Distribution of L1 positive staining cells, by type of squamous lesion (median value: 

diamond; 25th- and 75th percentiles: lower and upper horizontal lines of the box). ....................... 62 

Figure 20. Representative IHC staining of L1 for each cervical lesion (O.M. 40X). ........................ 63 

Figure 21. Mean number of L1 cytoplasmatic and nuclear positive cells, by layer, in LSIL and HSIL.

 ........................................................................................................................................................ 64 

Figure 22. Mean L1 cytoplasmatic and nuclear staining intensity, by layer, in LSIL and HSIL. ...... 64 

Figure 23. Distribution of p16 positive staining cells, by type of squamous lesion (median value: 

diamond; 25th- and 75th percentiles: lower and upper horizontal lines of the box). ....................... 65 

Figure 24. Representative IHC staining of p16 for each cervical lesion (O.M. 40X). ...................... 66 



Figures Index  

 

156 

 

Figure 25. Mean number of p16 cytoplasmatic and nuclear positive cells, by layers in LSIL and 

HSIL. ............................................................................................................................................... 67 

Figure 26. Mean p16 cytoplasmatic and nuclear staining intensity, by layer, in LSIL and HSIL. .... 67 

Figure 27. Distribution of hTERT positive staining cells, by type of squamous lesion (median value: 

diamond; 25th- and 75th percentiles: lower and upper horizontal lines of the box). ....................... 68 

Figure 28. Representative IHC staining of hTERT for each cervical lesion (O.M. 40X).................. 69 

Figure 29. Mean number of hTERT cytoplasmatic and nuclear positive cells, by layer, in LSIL and 

HSIL. ............................................................................................................................................... 70 

Figure 30.  Mean hTERT cytoplasmatic and nuclear staining intensity, by layer, in LSIL and HSIL.

 ........................................................................................................................................................ 70 

Figure 31. Distribution of positive p53 staining cells, by type of squamous lesion (median value: 

diamond; 25th- and 75th percentiles: lower and upper horizontal lines of the box). ....................... 71 

Figure 32. Representative IHC staining of p53 for each cervical lesion (O.M. 40X). ...................... 72 

Figure 33. Mean number of p53 nuclear positive cells, by layer, in LSIL and HSIL. ....................... 73 

Figure 34. Mean p53 nuclear staining intensity, by layer, in LSIL and HSIL. .................................. 73 

Figure 35. Distribution of Ub positive staining cells, by type of squamous lesion (median value: 

diamond; 25th- and 75th percentiles: lower and upper horizontal lines of the box). ....................... 74 

Figure 36. Representative IHC staining of Ub for each cervical lesion (O.M. 40X). ....................... 75 

Figure 37. Mean number of Ub nuclear positive cells, by layer, in LSIL and HSIL. ........................ 76 

Figure 38. Mean Ub nuclear staining intensity, by layer, in LSIL and HSIL. ................................... 76 



Figures Index  

 

157 

 

Figure 39. Distribution of Ki67 positive staining cells, by type of squamous lesion (median value: 

diamond; 25th- and 75th percentiles: lower and upper horizontal lines of the box). ....................... 77 

Figure 40.Representative IHC staining of Ki67 for each cervical lesion (O.M. 40X). ...................... 78 

Figure 41. Mean number of Ki67 nuclear positive cells, by layer, in LSIL and HSIL. ...................... 79 

Figure 42. Mean number of positive cells, by marker and type of squamous lesion. ...................... 80 

Figure 43. Representative IHC of each marker in LSIL (O.M. 40X). ............................................... 81 

Figure 44. Representative IHC of each marker in HSIL (O.M. 40X). .............................................. 82 

Figure 45. Representative IHC of each marker in squamous cell carcinoma (O.M. 40X). .............. 83 

Figure 46. Scatter diagrams of E7 versus L1, p16 and hTERT, by type of squamous lesion. ........ 84 

Figure 47. Scatter diagrams of E7 versus p53, Ub and Ki67, by type of squamous lesion. ........... 85 

Figure 48. Correlation of mean number of E7 and L1 staining cells in LSIL (left) HSIL (right). In the 

lower pannel, representative images of the two distinct groups, A  and B, in  LSIL (left) and in HSIL 

(right) (O.M: 40X). ........................................................................................................................... 87 

Figure 49. (A) Representative IHC against the RQ-FL antibody (left) and the RQ-CT antibody 

(right) in perilesional tissues from glioblastoma, colon carcinoma, lung cancer and thyroid cancer 

(O.M 40X). (B) Pre-adsorption experiments by using the recombinant RECQ1 protein on normal 

colon tissues. Immunostaining against RQ-FL antibody in colon tissues before (1) and after 

preadsorption with the full-length recombinant RECQ1 protein (2) (O.M. 40X). ............................. 89 

Figure 50. (A) Representative pictures of IHC analysis on tissues from different types of tumors. 

On the left, the perilesional area and, on the right, the tumoral one. IHC was made using the anti-



Figures Index  

 

158 

 

RECQ1 RQ-FL antibody (O.M 40X). The histograms on the right represent the percentage of 

nuclei positive for RECQ1 in perilesional and lesional tissues of the respective tumors. ............... 91 

Figure 51. Representative IHC of RECQ1 expression in normal autoptic brain tissues performed 

using the anti-RECQ1 RQ-FL antibody (O.M. 40X). ....................................................................... 92 

Figure 52. Immunostaining for RECQ1 on human normal heart tissue (O.M 20X). ........................ 92 

Figure 53. Representative double immunostaining against Ki67 (in red) and RECQ1 (in brown) in 

multiform glioblastoma (A) and colon tissues (B) (O. M. 40X). Arrows indicate cells in which the two 

proteins co-localize. ........................................................................................................................ 93 

Figure 54. Representative immunostaining against Ki67 (in red, A) and RECQ1 (in brown, B) in 

normal colon tissues (O.M. 20X). .................................................................................................... 94 

Figure 55. Representative IHC of RECQ1 expression in tissue cores derived from a glioblastoma 

specimen (right) and from the corresponding normal surrounding tissue (left) (O.M. 40X). ........... 95 

Figure 56. Distribution of cells positive to RECQ1 in 19 brain glioblastomas and paired peri-lesional 

tissues. The boxes summarize the confidence interval (lower and higher horizontal lines), 25th-50th 

and 75th percentiles (horizontal lines of the box). ............................................................................ 96 

Figure 57. Distribution of the staining intensity (2+ in light gray, 3+ in dark gray) for RECQ1 in 19 

brain glioblastomas (left) and paired peri-lesional tissues (right). ................................................... 96 

Figure 58. Distribution of cells positive to Ki67 in 19 brain glioblastomas and paired peri-lesional 

tissues. The boxes summarize the confidence interval (lower and higher horizontal lines), 25th-50th 

and 75th percentiles (horizontal lines of the box). ............................................................................ 97 



Figures Index  

 

159 

 

Figure 59. Representative GFAP staining in a lesional (left) and peri-lesional (right) glioma tissue. 

Arrows indicate the astrocytes (A), which are positive to the antibody, the oligodentrocytes (O) and 

the support neurons (N) (O.M. 40X). .............................................................................................. 98 

Figure 60. Western blot analysis of T98G, U-87 and IMR-90 cell lines transiently transfected with a 

pool of siRNA against RECQ1. α-Tubulin was used as loading control. Abbreviation: L, Luciferase 

silencing; R, RECQ1 silencing. ....................................................................................................... 99 

Figure 61. (A) Flow cytometry profiles of DNA content (x-axis; propidium iodide/PI staining) versus 

BrdU incorporation (y-axis; anti-BrdU immunostaining) 72 h after siRNA transfection. Boxes are 

labeled to indicate cell cycle phases. (B) The bar graph at bottom reports the percentage of G0/G1, 

S-phase/BrdU positive and G2/M cells in cultures that had been transfected with RECQ1 (siRNA 

RECQ1) or luciferase/control (siRNA Luc) siRNA pools. Results shown are the mean ± SE from 

three independent experiments. ................................................................................................... 100 

Figure 62. (A) Clonogenic assays performed in RECQ1-depleted T98G, U-87, and IMR-90 cell 

lines. Pictures show colonies formed after seeding 800 cells. (B) Bar-graphs showing the plating 

efficiencies expressed as colony forming capacity. Values represent the average ratio of the 

number of formed colonies to the number of cells seeded, expressed as percentage. ................ 102 

Figure 63. Graph showing the cellular surviving fractions measured at different doses of 

hydroxyurea in control and RECQ1-depleted T98G cells. Surviving fraction values are the mean ± 

SE from three independent experiments. ..................................................................................... 103 

Figure 64. The graphs show the cellular surviving fractions measured at different doses of 

temozolomide in control and RECQ1-depleted T98G and U-87 cells. Surviving fraction values are 

the mean ± SEM from three independent experiments. ............................................................... 104 

Figure 65. (A) Representative immunofluorescence staining of endogenous RECQ1 and 

endogenous γ-H2AX on T98G cells after treatment with anti-RECQ1 siRNA or control siRNAs 



Figures Index  

 

160 

 

(anti-Luciferase). (B) The bar-graph shows the percentage of cells that contain a defined number of 

γ-H2AX foci per cell. ...................................................................................................................... 106 

Figure 66. Western blot analysis against -H2AX  of T98G and U-87 cell lines transiently transfected 

with a pool of siRNA against RECQ1. α-Tubulin was used as loading control. Abbreviation: L, 

Luciferase silencing; R, RECQ1 silencing. ................................................................................... 107 

Figure 67. (A) Representative immunofluorescence staining of endogenous RAD51 and BrdU 

incorporation on T98G cells after treatment with anti-RECQ1 siRNA or control siRNAs (siRNA 

Luc). (B)  Bar-graph showing the percentage of cells that contain a defined number of RAD51 foci 

per cell. ......................................................................................................................................... 108 

Figure 68. Western blot analysis of T98G  and U-87 cell lines after transient depletion of RECQ1 

gene. α-Tubulin was used as loading control. Abbreviation: L, Luciferase silencing; R, RECQ1 

silencing. ....................................................................................................................................... 108 

Figure 69. Proposed model for the E7 and L1 expression in LSIL. .............................................. 118



List of publications  

 

161 

 

LIST OF PUBLICATIONS 

Publications 

• Hannelore Kothmaier CS, Claudia Böllner, Franz Quehenberger, Lorenzo Daniele, 
Valentina Faoro, Alberto Zamò, Roberto Rossoni, Giorgio Stanta, Helmut Popper, Gianni 
Bussolati, and Karl-Friedrich Becker Quantitative protein analysis of tissues fixed with 
formalin and FineFix. Journal of Clinical Pathology. 2010; Status: Submitted 

• Ramiro Mendoza-Maldonado, Valentina Faoro, Sailesh Bajpai, Matteo Berti, Federico 
Odreman, Marco Vindigni, Tamara Ius, Abdollah Ghasemian, Serena Bonin, Miran Skrap, 
Giorgio Stanta, Alessandro Vindigni  The human RECQ1 helicase is highly expressed in 
glioblastoma and plays an important role in tumor cell proliferation. Molecular cancer. 2010; 
Status: Submitted. 

• Isabella Dotti, Serena Bonin, Giorgio Basili, Valentina Faoro (2011, in print) Formalin-free 
Fixatives, in Guidelines for Molecular Analysis in Archive Tissues, Giorgio Stanta, Springer-
Verlag GmbH, Germany 

• Valentina Faoro, Giorgio Stanta (2011, in print) Manual Microdissection, in Guidelines for 
Molecular Analysis in Archive Tissues, Giorgio Stanta, Springer-Verlag GmbH, Germany 

• Valentina Faoro, Anna Sapino (2011, in print) Tissue Microarray (TMA), in Guidelines for 
Molecular Analysis in Archive Tissues, Giorgio Stanta, Springer-Verlag GmbH, Germany 

• Valentina Faoro, Karl-Friedrich Becker, Giorgio Stanta (2011, in print) Protein Extraction in 
Archive Tissues, in Guidelines for Molecular Analysis in Archive Tissues, Giorgio Stanta, 
Springer-Verlag GmbH, Germany 

• Valentina Faoro, Karl-Friedrich Becker, Giorgio Stanta (2011, in print) Protein 
Electrophoretic Separation, in Guidelines for Molecular Analysis in Archive Tissues, Giorgio 
Stanta, Springer-Verlag GmbH, Germany 

• Valentina Faoro, Karl-Friedrich Becker, Giorgio Stanta (2011, in print) Protein 
Immunodetection, in Guidelines for Molecular Analysis in Archive Tissues, Giorgio Stanta, 
Springer-Verlag GmbH, Germany 



List of publications  

 

162 

 

• Valentina Faoro, Giorgio Stanta, Alessandro Viindigni (2011, in print) Mass Spectrometry - 
Introduction, in Guidelines for Molecular Analysis in Archive Tissues, Giorgio Stanta, 
Springer-Verlag GmbH, Germany 

• Valentina Faoro, Giorgio Stanta (2011, in print) Sample Preparation and in Gel Tryptic 
digestion for Mass Spectrometry Experiments, in Guidelines for Molecular Analysis in 
Archive Tissues, Giorgio Stanta, Springer-Verlag GmbH, Germany 

• M. Donada ScD1; S. Bonin PhD1 2; R. Barbazza MD; V. Faoro ScD1 2; and G. Stanta, MD1 

Thymidylate synthase: a confusing biomarker with strategic characteristics in stage ii colon 
cancer. TS mRNA discriminates patients with stage II colon cancer. BJC 2011. Status: 
Sumbitted 

Posters and Presentations 

• Ramiro Mendoza Maldonado , Sailesh Bajpai, Valentina Faoro  and Alessandro Vindigni 
Defining the role of RECQ1 in human cells. Poster session at the Workshop “Proteomic 
Characterization of Macromolecular Complexes Involved in DNA Metabolism” , Trieste May 
2009 

• Valentina Faoro, Pela Bisatti, Serena Bonin, Giorgio Basili, Marisa Donada, Isabella Dotti, 
Ermanno Nardon and Giorgio Stanta Flag the biomarkers: towards a comparative 
transcriptomics and proteomics approach . Oral presentation at the 24th Meeting of the 
Adriatic Society of Pathology on June 2009. 

• Marcello Naccarato, P. Caruso, I. Dotti, M. Borando, V. Faoro, F. Chiodo Grandi, N. 
Koscica, A. Granato, G. Stanta, G. Pizzolato Expression of the Endocannabinoid receptors 
in Human Stroke: an autoptic study . Oral presentation at the XLI Congresso Nazionale 
Società Italiana di neurologia (SIN), Catania 2010 

Patent 

• Vindigni, A., Mendoza-Maldonado, R., Faoro, V., Odreman, F., Berti, M.,Vindigni, M., Bonin, 
S., Skrap, M., Stanta, G. Anticancer agent specific forbrain tumors with mechanism of 
RECQ1 suppression. Priority Date: 29 June2009. PCT Filing date: 18 June 2010. PCT 
Application number:PCT/IB2010/052763. Status: Pending. 



Acknowledgments  

 

163 

 

ACKNOWLEDGEMENTS 

I am heartily thankful to my supervisor, Prof. Giorgio Stanta, for his encouragement, guidance and 

support during my doctorate.  

I would like to show my gratitude to Prof. Alessandro Vindigni for giving me the opportunity of 

working in his lab. I wish to thank Ramiro who patiently taught me many techniques and methods.  

This thesis would not have been possible unless Dr. Renzo Barbazza, Dr. Serena Bonin and  Dr. 

Davide Brunetti, who provided me constant help, sound advice and good teaching.  

Thank you to all my collegues for providing a stimulating and fun environment in which to learn and 

grow. I’m especially grateful to Marisa, Ermanno and Isabella who supported during the completion 

of the project and help me get through the difficult times.  

I wish to thank my friends and my brother for all the emotional support during these years and for 

providing a loving environment for me. 

Lastly, and most importantly, I wish to thank my parents and my grand mother. They bore me, 

raised me, supported me, taught me, and loved me. To them I dedicate this thesis. 

                                                 

 

 


	ABBREVIATIONS
	ABSTRACT
	INTRODUCTION
	MOLECULAR MEDICINE: TOWARDS A MOLECULAR PATHOLOGY APPROACH
	CLINICAL SAMPLES IN MOLECULAR MEDICINE
	APPROCHES AND TOOLS IN ARCHIVE TISSUES

	CLINICAL APPLICATION OF MOLECUALR MEDICINE
	CLASSIFICATION OF CANCER BIOMARKERS

	CLINICAL PROTEOMICS
	PROTEOMICS METHODS IN ARCHIVE TISSUES
	TISSUE MICROARRAYS
	EXTRACTION
	REVERSE PHASE PROTEIN MICROARRAY
	ALTERNATIVE FIXATIVES


	EXAMPLES OF CLINICAL APPLICATION OF PROTEOMICS METHODS IN ARCHIVE TISSUES
	CERVICAL CANCER
	ROLE OF RECQ HELICASES IN TUMOUR SUPPRESSION


	AIM OF THE STUDY
	MATERIALS AND METHODS
	SAMPLES COLLECTION
	Surgical leftover tissues
	Cervical cancer case study
	RECQ1 case study
	Cell lines

	HISTOLOGICAL STAINING AND MICRODISSECTION
	TISSUE MICROARRAY CONSTRUCTION
	IMMUNIHISTOCHEMSTRY
	PROTEIN ANALYSES IN FPE TISSUES
	Protein extraction from FFPE and FineFix tissue sections
	Protein extraction from FFPE cervical tissues
	Western blotting in FPE tissues
	RPPA of protein lysates from FFPE and FineFix tissues

	PROTEIN ANALYSES ON CELL LINES
	RNA interference
	Protein extraction
	SDS-PAGE and Western blotting analyses
	Cell cycle analyses
	Clonogenic assays
	Immunofluorescence

	STATISTICS
	Extraction protocol validation statistics
	Cervical cancer TMAs statistics
	Glioblastoma TMA statistics


	RESULTS
	STANDARDIZATION OF PROTEIN ANALYSIS OF TISSUES FIXED WITH FORMALIN AND FINEFIX (132)
	Protein extraction
	Quantitative protein analysis
	IHC analyses

	HPV MoAbs VALIDATION
	MoAbs screening
	Specificity analyses of the MoAbs
	IHC comparison between E7 and the other biomarkers
	E7
	L1
	p16
	hTERT
	p53
	Ubiquitin
	Ki67
	Comparison between E7 and the other biomarkers


	DEEPENING RECQ1 HELICASES FUNCTION (220)
	Expression of RECQ1 in human tumor tissues
	Tissue microarray analysis
	Analyses of RECQ1 down-regulated cells
	Cell cycle analyses
	Colony forming assay
	Immunofluorescence analyses
	(-H2AX foci formation
	RAD51 foci formation



	DISCUSSION
	STANDARDIZATION OF PROTEIN ANALYSIS OF TISSUES FIXED WITH FORMALIN AND FINEFIX (132)
	HPV MoAbs VALIDATION
	E7 IHC
	p16 and Ki67 IHC
	hTERT, Ub and p53 IHC
	hTERT IHC
	Ub and p53 IHC

	L1 IHC
	Comparison of E7 with the other markers

	DEEPENING THE RECQ1 HELICASE FUNCTION

	CONCLUSION
	REFERENCES
	TABLES INDEX
	FIGURES INDEX
	LIST OF PUBLICATIONS
	Publications
	Posters and Presentations
	Patent

	ACKNOWLEDGEMENTS

