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ABSTRACT 

Human Hepatocellular Carcinoma (HCC) is the fifth most frequent neoplasm 

worldwide and its incidence is rising in Western countries. HCC is frequently diagnosed 

at advanced stage and, until today, there are no effective treatments of this late phase. 

Therefore, research focused on finding new markers of progression and new molecular 

targets for therapy for HCC is of the utmost importance.  

Unquestionably, HCC is the most serious complication of long-standing chronic 

disease representing generally the final event of a liver disease usually originated 

decades earlier. Any chronic liver disease that causes cirrhosis is considered a risk 

factor for HCC development and this disease is characterized by chronic inflammation 

involving repeated rounds of necrosis and regeneration associated with sustained 

oxidative stress. 

Apurinic apyrimidinic endonuclease/redox effector factor 1 (APE1/Ref-1) is a 

multifunctional protein involved in redox regulation of transcription factors and acting 

as an endonuclease of the base excision repair (BER) pathway of DNA lesions. 

APE1/Ref-1 has been found to be up-regulated and abnormally localized in the 

cytoplasmic compartment of several cancer cells. Of notice is the finding that 

cytoplasmic localization is associated with a poor prognosis.  

Since at the time I started my thesis no data were available about the possible 

involvement of APE1/Ref-1 in HCC, the aim of this work was to investigate the 

expression and sub-cellular localization of APE1/Ref-1 in HCC. In addition, my aim 

was also to analyze the correlation of these parameters with the progression of the 

disease. To accomplish these points I analyzed human samples of HCC and cirrhosis (in 

vivo model) and an in vitro model constituted by HCC cell lines at different degree of 

differentiation. I also assessed the protective role of APE1/Ref-1 to oxidative damage as 

a function of its sub-cellular localization over-expressing, in normal hepatocytes, wild 
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type and mutated forms of the protein that force its distribution to different cellular 

compartments.  

Using these approaches, we found that HCC is characterized by increased 

APE1/Ref-1 mRNA and protein levels and, that this up-regulation increases accordingly 

with tumor differentiation grading showing an association between tumor progression 

and APE1/Ref-1 levels. The increased amount of APE1/Ref-1 induces its nuclear and 

cytoplasmic accumulation in HCC. The cytoplasmic localization is peculiar of HCC and 

more frequently observed in poorly-differentiated cancers. The fact that APE1/Ref-1 

accumulates in the cytoplasm of poorly-differentiated tumors and correlates with a 

shorter survival time after HCC resection points to a possible role of the APE1/Ref-1 

sub-cellular localization as a prognostic marker of HCC aggressiveness.  

Thereafter, I demonstrated that APE1/Ref-1 over-expression in the normal 

hepatocyte cell line (IHH) enhances survival after oxidative damage induced by 

exposure to H2O2 and UV radiation although the different forms of the protein behave 

in a different ways. Wild type and truncated forms of APE1/Ref-1, that localize mainly 

in the cytoplasm and mitochondria, confer protection to H2O2 damage while the non-

cleavable form, localized in the nucleus, does not. Conversely, all the mutants protect 

IHH from UV induced apoptosis.  

These data demonstrate for the first time that APE1/Ref-1 expression is 

deregulated in HCC, that its over-expression has a protective role in vitro and that 

APE1/Ref-1 cytoplasmic localization has a prognostic significance in vivo. We favor the 

conclusion that APE1/Ref-1 may be considered as a new prognostic marker for HCC 

aggressiveness. Its possible involvement in HCC development offer a new molecular 

key to elucidate the role of this protein in oxidative stress related hepatocarcinogenesis. 

Riassunto 

Il carcinoma primitivo del fegato è la quinta neoplasia più frequente al mondo e 

rappresenta la terza causa di morte per cancro. La sua incidenza negli ultimi anni è 
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significativamente aumentata nei paesi occidentali e, nonostante i miglioramenti delle 

metodiche diagnostiche, la diagnosi di epatocarcinoma è spesso effettuata solo nella 

fase avanzata di malattia quando, le terapie al momento disponibili sono esclusivamente 

palliative. L’incremento di nuovi casi e la mancanza di terapia medica efficace, 

sottolineano la necessità di individuare nuovi marcatori prognostici e nuovi target 

terapeutici. Dal punto di vista fisiopatologico, il carcinoma epatocellulare rappresenta la 

complicanza più grave di una malattia cronica di fegato, generalmente iniziata molti 

anni prima della diagnosi di HCC, evoluta in cirrosi. La cirrosi epatica si sviluppa come 

conseguenza di un flogosi cronica che causa, cicli di necrosi e rigenerazione con un 

danno epatocitario sostenuto dallo stress ossidativo ed è considerata il fattore di rischio 

principale per lo sviluppo di HCC.  

APE1/Ref-1 (Apurinic apyrimidinic endonuclease/redox effector factor 1) è una 

proteina coinvolta nella regolazione dello stato redox cellular e agisce come co-

attivatore di fattori trascrizionali e nel meccanismo BER (base excission repair) di 

riparo dei danni ossidativi al DNA. In molti tumori è stato dimostrata una up-

regolazione di APE1/Ref-1 e in diversi casi la localizzazione citoplasmatica della 

proteina si è dimostrata correlare con una cattiva prognosi. 

Nel momento in cui ho cominciato il lavoro di tesi non era disponibile alcun 

dato sul possibile coinvolgimento di una alterata espressione di APE1/Ref-1 nel 

carcinoma primitivo del fegato. Gli obbiettivi di questa tesi sono stati, pertanto, la 

valutazione dell’espressione e del pattern di localizzazione cellulare di APE1/Ref-1 nel 

HCC in correlazione alla progressione della malattia e alla prognosi. In questa ottica ho 

valutato sia campioni di pazienti, diagnosticati affetti da HCC su cirrosi e trattati 

chirurgicamente, che un modello in vitro di epatocarcinoma a diversi gradi di 

differenziazione. Un ulteriore obbiettivo è stato quello di valutare l’eventuale effetto 

protettivo della overespressione di APE1/Ref-1 in una linea cellulare derivata da 

epatociti umani da fegato sano. In questo caso sono state overespresse differenti forme 

della proteina in modo da valutare il ruolo protettivo in relazione alle diverse 

localizzazioni intracellulari. 
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Sulla base di questi modelli noi abbiamo osservato che l’epatocarcinoma è 

caratterizzato da un incremento dei livelli di mRNA e proteina di APE1/Ref-1 che 

cresce in modo inversamente proporzionale rispetto al grado di differenziazione del 

cancro. L’aumentata produzione della proteina si associa ad un accumulo della stessa 

sia nei nuclei che nei citoplasmi di HCC con livelli maggiori rispetto alla SLC, la 

localizzazione citoplasmatica nel tessuto tumorale si è dimostrata peculiare del cancro e 

più frequente negli HCC poco differenziati. L’osservazione che associa la maggiore 

frequenza della localizzazione citoplasmatica nei tumori poco differenziati e la 

correlazione di tale localizzazione con una ridotta sopravvivenza individua in 

APE1/Ref-1 un marker di aggressività di HCC. I dati ottenuti hanno inoltre dimostrato 

che la overespressione di APE1/Ref-1, seppur con peculiarità legate alle diverse forme, 

conferisce alle IHH una resistenza allo stress ossidativo indotto da H2O2 e radiazioni 

UV. La forma wild type e la forma tronca della proteina, che localizzano nel citoplasma, 

proteggono le cellule dal danno da H2O2, mentre la forma non clivabile, a localizzazione 

nucleare, non conferisce la stessa protezione. Per quanto riguarda invece il danno 

indotto da UV tutte le forme della proteina sono in grado di proteggere le cellule 

epatiche dall’apoptosi. 

Tutti questi dati dimostrano per la prima volta che l’espressione di APE1/Ref-1 è 

deregolata nel carcinoma epatocelluare e che la sua overespressione ha un ruolo 

protettivo in vitro. La localizzazione citoplasmatica nel tessuto tumorale della proteina 

ha significato prognostico. Pertanto, APE1/Ref-1 può essere considerato come un 

possibile nuovo marker prognostico di aggressività dell’epatocarcinoma. Il suo possibile 

coinvolgimento nello sviluppo di HCC apre nuove possibili strade nella comprensione 

del ruolo di questa proteina nei meccanismi che associano lo stress ossidativo 

all’epatocarcinogenesi. 
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Chapter 1 

 

INTRODUCTION 

1.1 Hepatocellular carcinoma epidemiology and clinical features. 

 Human Hepatocellular Carcinoma (HCC) is unquestionably the most serious and 

dreaded complication of long-standing chronic liver disease representing generally the 

terminal event of a liver disease originated decades earlier. Clinically, it is considered to 

be an extremely malignant, rapidly progressing form of tumor and therapeutic measures 

still remain limited (Kuntz E, 2005). 

HCC is the fifth most frequent neoplasm worldwide (Parkin, 2001) and the third 

cause of cancer-estimated deaths (Bosch et al., 2005). Moreover, it is the most common 

malignant primary liver tumor in the world originating from hepatocytes and 

representing the 90% of all primary liver cancers London (London WT and McGlynn 

KA, 2006) . 

Over the last years the incidence of hepatocellular carcinoma is rising in 

particular in Western Countries and it is expected that the peak of HCC in HCV infected 

patients will occur in 2010 (Bosch et al., 2004). The number of HCC new cases 

worldwide, estimated in 2005 by the American Cancer Society, was over 650,000 
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accounting for 5.6% of all human cancers (Parkin et al., 2002; American Cancer 

Society, 2005). Furthermore, HCC is estimated to cause 600,000 death per year 

indicating a very unfavorable prognosis (Ferlay et al., 2004). Without specific treatment 

the prognosis is very poor, and the medians of survival for patients with early or 

advanced tumors are 6-9 months and 1-2 months, respectively. Population based studies 

in the United States indicate that the overall 1- and 3- year survival rate are 

approximately 20% and 5% respectively with a median survival time of 8 months 

(Davila and El-Serag, 2006). Although 2- to 4-year HCC survival rates doubled 

between 1992 and 2004, as more patients were diagnosed with localized and regional 

HCC with a consequent improvement of the prognosis, recent 1-year survival rates 

remained, however, less than 50% (Alterkuse et al., 2009).  

Liver cancer prevalence is not distributed evenly throughout the world showing 

great geographical variation that reflects the regional differences in the prevalence of 

specific etiological factors as well as ethnicity . Most HCC cases (>80%) occur in either 

sub-Saharan Africa or in Eastern Asia, China alone accounting for more than 50% of 

the world cases. North and South America, Northern Europe, and Oceania are low-rate 

areas for liver cancer while Southern European countries are medium-rate areas. In 

Italy, the estimated incidence of liver cancer is 13.5/100,000 for male and 4.6/100,000 

for women. In almost all populations, males have higher liver cancer rates than females, 

with male:female ratios averaging between 2:1 and 4:1. The largest discrepancies in 

rates are found in medium risk European populations where the male:female ratio is 

greater than 4:1 (Parkin et al., 2002; Ferlay et al., 2004). The reason for higher rates of 

liver cancer in males may be related to sex-specific differences in exposure to risk 

factors as men are more likely to be infected with HBV, HCV, alcohol consumption, 

and iron overload, also in addition to the important role shown for the androgenic 

hormones (Yu et al., 2001). In countries at low-medium risk, such as Italy, liver cancer 

is rare before the age of 50 years and the mean age at the diagnosis is approximately 65 
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years (Fattovich et al., 2004). This quite late onset of HCC in medium risk population is 

due to the fact that, almost invariably, this tumor develops in cirrhotic liver, and 

cirrhosis is the strongest predisposing factor for HCC (Simonetti et al., 1991). The risk 

of developing HCC remains low during chronic liver diseases (CLDs) but, increases 

exponentially at the cirrhotic stage. 

Overall, it is estimated that HBV and HCV infection are causally associated with 

over 80% of HCC in the world being the other causes of hepatocellular carcinoma 

alcoholic and nonalcoholic steatohepatitis (ASH and NASH), hemocromatosis and 

aflatoxin-B1 (Fattovich et al., 2004; Pisani et al., 1997). Globally, HBV is the most 

frequent cause of HCC. The vast majority of HCC in HBV-infected patients develop in 

a cirrhotic liver, but about 20% of these subjects develop HCC in absence of cirrhosis, 

as the HBV-DNA integration occurs during the early stage of infection (Brechot, 2004). 

HCV related CLD progress to cirrhosis and about 40% of these patients develop HCC 

10–15 years after diagnosis of the CLD (Seeff, 2002). Recently, it has been shown that 

the oxidative DNA damage in cirrhotic HCV-infected patients is associated with an 

increased risk of developing HCC (Tanaka et al., 2008).  

 Chronic inflammation is directly associated with HCC development also without 

viral infections (Pikarsky et al., 2004). For example, NASH for example, is 

characterized by fatty infiltration of the liver, inflammation, hepatocellular damage, and 

fibrosis and has been shown to be a cause of cirrhosis and HCC (Angulo, 2002a).  

Independently of the underlying cause, HCC has a long natural history, 

becoming symptomatic only at the advanced stage, when effective and radical therapies 

are limited. Patients with HCC present with one or more of several clinical features 

including right upper quadrant pain, weight loss, and/or worsening liver enzymes in a 

patient known to have cirrhosis. Rare presenting features include acute abdominal 

catastrophe from rupture of HCC with intra-abdominal bleeding or extra hepatic 
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manifestations (e.g., hypercalcemia, hypoglycemia, thyrotoxicosis) (Choi et al., 2001; 

Kuntz E, 2005). Anemia is present in more than half of cases, although erythrocytosis 

can be rarely seen because of extrarenal synthesis of erythropoietin. In addition to signs 

of cirrhosis and portal hypertension (e.g., ascites, varices), a hepatic bruit could be 

detected in 10%–20% of patients with HCC (Kew, 1996). With the increased awareness 

of HCC, more asymptomatic patients are being diagnosed as part of active surveillance 

programs. Unfortunately, the majority of patients still refer to hepatologist with signs 

and symptoms suggestive of liver decompensation and/or tumor spread. Therefore a 

surveillance program is of the utmost importance and current guidelines advocate the 

use of ultrasound (US) at 6–12 months frequency to screen for HCC in high-risk 

patients. High-risk patients include virtually all patients with cirrhosis and some HBV-

infected patients irrespective of cirrhosis (>40 years in men and >50 years in women). 

The use of alpha-fetoprotein (AFP) alone is strongly discouraged, because of its poor 

sensitivity and specificity; it is suitable to detect HCC advanced stages but its use in 

addition to US is controversial (Bruix and Sherman, 2005). 

To date, diagnosis of HCC can be confidently established when a focal hepatic 

mass major than 2 cm is identified at one imaging technique such as magnetic 

resonance imaging (MRI) or contrast-enhanced computed tomography (CT). When a 

focal hepatic mass is detected with atypical imaging findings, or in a non-cirrhotic liver, 

it should undergo a biopsy. Noninvasive diagnosis of HCC is best limited to patients 

with cirrhosis and to patients with a focal hepatic mass bigger than 2 cm.  

On the other hand, the recommended diagnostic approach for tumors ≤2 cm or 

tumors that do not meet above criteria is the following: 1) when nodules within 1–2 cm 

on screening of a cirrhotic liver are typical of HCC on 2 imaging modalities, the lesion 

should be treated as HCC. In an atypical lesion where the vascular profile is not 

consistent among techniques, a biopsy of the lesion must be considered; 2) nodules 



 

Introduction 

 

5 

 

smaller than 1 cm should be followed with US at 3 to 6-month intervals. If, over a 

period of  2 years, growth has not been observed, a return to routine surveillance at 6-

month intervals is suggested (Bruix and Sherman, 2005; Byrnes et al., 2007). 

Percutaneous liver biopsy still represents a crucial diagnostic method in 

particular for the small nodules where it is important to distinguish between cancer and 

cirrhotic dysplastic nodules. Histology allows to identify cancer and to classify HCC in 

well-differentiated or poorly-differentiated cancers. While many resected small nodular 

lesions are well-differentiated HCCs, others, not well characterized for the diagnosis of 

HCC, are classified as dysplastic nodule (DN) (International Working Party, 1995) and 

have been considered to have a premalignant potential. Furthermore, it has been 

confirmed that these equivocal nodules frequently develop to HCC in follow-up studies 

and contain microscopic focus or foci of hepatocellular carcinoma (Takayama et al., 

1990; Seki et al., 2000). Collectively all these findings suggest the presence of a 

stepwise pathway in hepatocarcinogenesis in humans and remark the link between 

cirrhotic nodular regeneration and HCC development.  

However, despite these progresses, most HCCs are still detected only at the 

advanced stages in many countries and a deeper understanding of the mechanisms 

involved in neoplastic transformation of the DN is needed. Histologically, HCC is 

composed of a tumor parenchyma comprising a liver-cell cordlike (trabecular) structure 

and a stroma formed of a sinusoid-like blood space lined by a single layer of endothelial 

cells. On the basis of the Edmondson-Steiner classification (Edmonson and STEINER, 

1954) HCC can be histologically classified in:  

1) Well-differentiated HCC: well-differentiated HCC is exclusively seen in the 

early stage and is rare in advanced HCC. The tumor cells are smaller than 

normal hepatocytes, and are arranged in 2- to 3-cell thickness with an irregular 

thin trabecular pattern. Increased cell density with an increased 
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nuclear/cytoplasm ratio is also characteristic, and fatty change is frequently 

observed. This carcinoma corresponds to Grade 1 of the Edmondson-Steiner 

classification (Figure 1, Panel A). 

2) Moderately-differentiated HCC: tumor cells have abundant eosinophilic 

cytoplasms and exhibit a thicker trabecular pattern which has several more 

layers than that of well-differentiated HCC. The nuclear/cytoplasm ratio is 

almost equal to that of a normal hepatocyte. A pseudoglandular pattern is also 

frequent. This carcinoma corresponds to grade 2 in the Edmondson-Steiner 

classification. A moderately-differentiated type is the most prevalent in HCC 

(Figure 1, Panel B).  

3) Poorly-differentiated HCC: tumor cells have scanty cytoplasm, and the 

nuclear/cytoplasm ratio is larger than that of normal hepatocytes. They show a 

compact (solid) growth pattern with slit-like blood spaces. Pleomorphism of the 

tumor cells, including bizarre mononuclear and/or multinuclear giant cells, is 

prominent in many cases. This carcinoma corresponds to Grade 3 of the 

Edmondson-Steiner classification (Figure 1, Panel C). 

4) Undifferentiated HCC: Tumor cells have scant cytoplasm with short spindle-

shaped and/or round nuclei and a solid or medullary growth pattern. This 

carcinoma corresponds to grade 4 of the Edmondson-Steiner classification 

(Figure 1, Panel D). 
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Figure 1. Histological classification of advanced HCC according to 
Edmondson-Steiner criteria. Panel A: well-differentiated HCC (G1). Panel B: 
moderately-differentiated HCC (G2) (pseudoglandular type). Panel C: poorly-
differentiated HCC (G3). Panel D: undifferentiated type HCC (G4). 

 

Based on extensive studies of variously sized resected HCCs and biopsy material 

from minute HCCs, it has been found that small, well-differentiated, early-stage HCCs 

proliferate along with gradual dedifferentiation (Kojiro, 1998). 

HCC is known to often present histological variations in a single tumor nodule. 

Although the majority of small HCC nodules (less than about 1.5 cm in diameter) 

consist uniformly of well-differentiated cancerous tissues, about 40% of HCC nodules 

ranging from 1.5 to 3 cm in diameter are composed of more than two cancerous tissues 

with different histological grades, mostly well-differentiated and moderately-

differentiated cancer. In these HCC nodules, less differentiated cancerous tissues are 
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always located inside the lesion, and are surrounded by well-differentiated tissues. The 

areas of well-differentiated cancerous tissues diminishes in size along with an increase 

in the tumor size, and it is rather infrequent to find well-differentiated cancerous tissues 

in tumors larger than 3 cm in diameter (Kenmochi et al., 1987). These characteristics 

once again indicate the need of HCC diagnosis in the early stage to identify well-

differentiated HCC, thus treating the cancer in a less advanced stage. 

In Europe, the most reliable and widely adopted methods for staging HCC are 

currently the Cancer of the Liver Italian Program (CLIP) (The Cancer of the Liver 

Italian Program (CLIP), 1998) and Barcelona Clinic Liver Cancer classification (BCLC) 

(Llovet et al., 1999) systems. CLIP uses a mathematical score based on the Child–

Turcotte–Pugh (CTP) classification (which provides an assessment of the synthetic 

function defining the cirrhosis stage), tumor morphology, AFP, and presence of 

vascular invasion. Despite some degree of overlap, several stages of HCC can be 

identified: 

1) Very early HCC: single node HCC, smaller than 2 cm, in Child-Pugh A class, 

with no symptoms and lack of change in performance status.  

2) Early HCC: single node HCC, smaller than 5 cm, or up to 3 nodes < 3 cm 

each, in Child-Pugh A-B class, with no symptoms and lack of change in 

performance status.  

3) Intermediate stage HCC: patients with compensated cirrhosis and without 

HCC-related symptoms or vascular invasion that are outside of the criteria of 

very early or early stage. 
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4) Advanced stage HCC: patients with cancer symptoms, related to progressed 

liver failure, tumor growth with vascular involvement, extrahepatic spread, or 

physical impairment.  

 According to the European Association for the Study of Liver-American 

Association for the Study of Liver Diseases (EASL-AASLD) guidelines, the very early 

and early HCCs can be treated with curative treatments such as tumor resection, liver 

transplantation (OLT), radiofrequency; while at HCC intermediate or advanced stages, 

the available treatments are only a palliative (Figure 2) (Bruix and Sherman, 2005). 

Figure 2. Proposed algorithm for treatment of HCC. Abbreviations: PS, performance status; 
OLT, orthotopic liver transplantation; PEI, percutaneous ethanol injection; RFA, radiofrequency 
ablation. (Bruix and Sherman, 2005) 

It has to be noticed that there are a growing number of clinical studies evaluating 

the efficacy of molecular targeted therapies in HCC, either alone or in combination with 

the classical chemotherapy. Positive results were reported for the use of sorafenib 

(Nexavar, Bayer Healthcare AG, Leverkusen, Germany), an oral multikinase inhibitor, 

in patients with HCC. A phase III double-blind, randomized, placebo-controlled trial 
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demonstrated that the overall survival and time to symptom progression were 

significantly longer in patients administered with sorafenib vs. those patients 

administered placebo. To date it seems reasonable to recommend sorafenib for patients 

with advanced stage or intermediate stage HCC with portal vein thrombosis (Llovet et 

al., 2007). Promising results on progression-free survival have also been reported for 

erlotinib (Hampton, 2007) an inhibitor of endothelial growth factor receptor signaling 

(Philip et al., 2005). Preclinical studies show that telomerase inhibition can impair 

proliferation of human HCC in nude mice (Djojosubroto et al., 2005). In addition to the 

above approaches, antibody treatment against HCC surface markers have been reported 

to lower recurrence rates after liver transplantation (Xu et al., 2007). 

A deeper understanding of the molecular mechanisms of HCC progression is 

needed to find new molecular targets for future therapies, new markers to improve 

screening of cirrhotic patients for early lesions and to individuate HCC patients that 

could benefit from surgery or chemotherapy. 

1.2 Pathogenesis of HCC: molecular mechanisms of hepatocarcinogenesis and role 

of oxidative stress. 

The major etiologies of HCC are well defined and some of the steps involved in 

the molecular pathogenesis of HCC have been elucidated in recent years. 

Hepatocarcinogenesis is a multistep process involving different genetic alterations that 

ultimately lead to malignant transformation of the hepatocyte (Thorgeirsson and 

Grisham, 2002). The molecular contribution of the multiple factors and their 

interactions in hepatocarcinogenesis are still poorly understood. This is not unexpected 

given the heterogeneity of etiological factors implicated in the development of HCC, the 

complexity of hepatocyte functions and the late stage at which HCC is usually detected 

and analyzed.  
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The most common and unifying condition associated with hepatocarcinogenesis 

is cirrhosis which develops after long latencies of a CLD (Sherman, 2005). The 

accumulation of genetic alterations driving a cirrhotic liver to cancer is a multistep 

process originating from hepatocytes as a consequence of accelerated hepatocyte 

proliferation (Thorgeirsson and Grisham, 2002; Bruix et al., 2004; Villanueva et al., 

2007; Branda and Wands, 2006), activation of oncogenes, DNA rearrangement, and 

chromosomal instability (Ferber et al., 2003). Simultaneously, oxidative stress resulting 

from chronic inflammation produces genomic and mitochondrial DNA damage 

(Hussain et al., 2007). Genetic aberrations (allelic deletions) and epigenetic alterations 

(aberrant methylation) are present at preneoplastic stages (Thorgeirsson and Grisham, 

2002). In this milieu, selected cell populations proliferate organized into dysplastic 

nodules, telomerase activity progressively increases to allow uncontrolled cellular 

replication, finally, activation of pathways related to survival and proliferation induce 

the malignant phenotype (Farazi P A, 2006; Kojiro, 2005).  

Solid tumors develop after disruption of at least three critical intracellular 

signaling networks. Disruption of specific pathways results from oncogene activation, 

through point mutations, copy number alterations, or epigenetic changes; or through 

inactivation of tumor suppressor genes resulting from loss of heterozygosity, point 

mutations, epigenetic silencing, or aberrant transcription of dominant-negative proteins 

(Vogelstein and Kinzler, 2004). Hanahan proposed that signaling pathway disruption in 

cancer can be grouped in six function capabilities, some of which need to be altered for 

cancer development: self-sufficiency in growth signals, insensitivity to antigrowth 

signals, evading apoptosis, limitless replicative potential, sustained angiogenesis, and 

tumor invasion and metastases. In HCC, some of these pathways that are common 

disturbances universal to all liver cancers have been demonstrated (Farazi P A, 2006; 

Thorgeirsson and Grisham, 2002; Bruix et al., 2004; Villanueva et al., 2007): 
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1) disturbances in the cell cycle regulation. 

2) aberrant angiogenesis, already present in early hepatocarcinogenesis, 

resulting from autocrine/paracrine secretion of vascular endothelial growth 

factor (VEGF), platelet-derived growth factor (PDGF), or angiopoietin-2 or 

high-level amplification of VEGFA gene. 

3) Escape from apoptosis due to deregulation of intrinsic or extrinsic apoptotic 

pathways.  

4) reactivation of telomerase reverse transcriptase (TERT) which ensures 

limitless replicative potential. 

Hepatocytes proliferation is also an important feature of hepatocarcinogenesis. 

Although there is no dominant pathway responsible for it in HCC, gene expression 

studies have shown major molecular classes of HCC, according to the gene sets 

responsible for cell proliferation and survival (Boyault et al., 2007; Breuhahn et al., 

2004; Budhu et al., 2006). One class features activation of the Wnt signaling pathway 

with a high prevalence of mutations in CTNNB1. Mutations or deletions in CTNNB1 

exon 3 prevent the ubiquitination of its protein product β-catenin, leading to its nuclear 

translocation and trans-activation of target genes. Another class is associated with high 

proliferation, chromosomal instability and activation of RAS/mitogen-activated protein 

kinase kinase (MAPKK) signaling, IGF signaling, c-met signaling, or Akt/mammalian 

target of rapamycin (mTOR) signaling pathways. A third class is related to interferon 

signaling, associated with leukocyte infiltration (Breuhahn et al., 2004). Less clear is the 

role of nuclear factor-kB signaling, Janus kinase–signal transducer and activator of 

transcription (Jak-Stat), TGF-β, and Hedgehog signaling activation. In parallel, an 

interleukin gene expression signature from the adjacent liver tissue has been linked to 

higher rates of venous invasion and metastasis, enlightening the importance of tumor 

microenvironment in the genesis and dissemination of HCC (Budhu et al., 2006). Figure 
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3 represents the possible histopathological progression of HCC ranging from CLD and 

cirrhosis to tumor. 

 

Figure 3. Representative scheme of the possible histopathological progression 
and molecular features of HCC. (Farazi P A, 2006) 

 

Chronic liver diseases are characterized by persistent liver damage with 

progressive alteration of organ function caused by increased cellular damage. Despite 

the large variety of damage in liver diseases, morphological changes can be attributed to 

a sequence of events: i) cellular damage; ii) cellular death (necrosis/apoptosis); iii) 

regeneration and; iv) fibrosis (Kuntz E, 2005). Cellular damage is the first step of the 

liver injury that occurs in an inflammatory milieu; the progressive course from 

hepatocyte damage to death is characterized by an increased level of reactive oxygen 

species (ROS) (Kaplowitz, 2000). Chronic inflammation and ROS-dependent pathways 

are also involved in the regulation of hepatocyte apoptosis and proliferation (Schwabe 

and Brenner, 2006). The oxidative stress typically associated to hypoxia, toxins, 
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infection, hypernutrition leads to cellular damage and disruption of liver cell function, 

causing hepatocyte death and regeneration (Cesaratto et al., 2004). Based on the extent 

and etiology of the damage, CLD may expand from steatosis to hepatocellular 

carcinoma (HCC), through hepatitis, fibrosis, and cirrhosis (Kaplowitz, 2000). The most 

common causes at the basis of CLD are viral infections sustained by hepatitis C and B 

viruses (HCV and HBV), alcohol abuse and alterations of lipid/carbohydrate 

metabolism, also known as nonalcoholic fatty liver disease (NAFLD). As previously 

described, all these clinical features are major risk factors for HCC development (Bosch 

et al., 2004).  

The viral-induced hepatocarcinogenesis is associated to different characteristics 

of HBV and HCV infections and involves both host and viral factors.  

HBV is a non-cytopathic, partially double-stranded hepatotropic DNA virus 

classified as a member of the hepadnaviridae family. Several lines of evidence support 

the direct involvement of HBV in the transformation process. First, HBV genome 

integration has been associated with host DNA microdeletions (Tokino et al., 1991) that 

can target cancer-relevant genes including telomerase reverse transcriptase (TERT), 

platelet-derived-growth-factor receptor-β (PDGFRβ), PDGFβ and mitogen activated 

protein kinase 1 (MAPK1), among others (Murakami et al., 2005). Second, HBx 

transcriptional activation activity can alter the expression of growth-control genes, such 

as, Ras, Raf, MAPK, JNK, NF-kB and others (Feitelson et al., 2002; Guo et al., 2001). 

Finally, HBx can bind and inactivate the tumor suppressor p53 in vitro, thereby 

increasing cellular proliferation and survival compromising DNA-damage checkpoints 

(Feitelson et al., 2002). Host–viral interactions seem to contribute to 

hepatocarcinogenesis in several ways. A robust T-cell immune response is presumably 

elicited to combat viral infection, but this response contributes to hepatocyte necrosis, 

inflammation and consequently regeneration, leading to carcinogenesis. The HBV 
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infection sustains a chronic active infection resulting in continuous cycles of necrosis–

inflammation–regeneration. Such continuous replication of hepatocytes might facilitate 

the propagation of oncogenic lesions and telomere erosion with consequent genomic 

instability (Block et al., 2003). Another proposed mechanism of HBV-induced 

hepatocarcinogenesis might stem from viral–endoplasmic reticulum (ER) physical 

interactions that provoke ER stress and ultimately the induction of oxidative stress 

(Rahmani et al., 2000; Huh and Siddiqui, 2002), which can stimulate growth- and 

survival-signaling pathways, cause mutations through the generation of free radicals and 

activate stellate cells (Block et al., 2003; Galli et al., 2005). 

HCV is a non-cytopathic virus of the flaviviridae family. The HCV positive-

stranded RNA genome encodes non-structural proteins (NS2, NS3, NS4A, NS5A and 

NS5B), which associate with the ER membrane to form the viral replicase and viral 

envelope proteins (E1 and E2). HCV possesses three important clinical and biological 

distinctions from HBV that are relevant to hepatocarcinogenesis. First, HCV shows a 

higher propensity to yield chronic infection (Rehermann and Nascimbeni, 2005). The 

second key difference is the greater propensity of HCV to promote liver cirrhosis as 

compared with HBV. Third, as HCV is an RNA virus without a DNA intermediate 

form, it cannot integrate into host genomes (Rehermann and Nascimbeni, 2005). 

Thereby both viral and host factors are thought to contribute to HCC development in the 

setting of HCV infection (Block et al., 2003; Levrero, 2006). Similar to HBV, HCC 

associated with HCV infection evolves after many years of chronic infection offering a 

paradigm for the role of chronic liver injury followed by regeneration, cirrhosis and the 

development of HCC. One theory for HCV-induced hepatocarcinogenesis suggests that 

the continuous hepatocyte death caused by the immune response to the virus and 

subsequent regeneration provide a context for the accumulation and propagation of 

mutations. Furthermore, the HCV core protein and the NS5A non-structural protein 

have been implicated in the evasion from immune-mediated cell killing (Pachiadakis et 
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al., 2005). HCV can also cause ER stress with all the above mentioned pro-carcinogenic 

effects. In addition, HCV core proteins have been shown to interact with components of 

the MAPK signaling pathway and therefore modulate cell proliferation (Macdonald et 

al., 2003). The carcinogenic potential of HCV core proteins is also indicated by the 

induction of ROS which raises the possibility that HCV-induced HCC involves an 

oxidative-stress-mediated mechanism (Moriya et al., 2001).  

Alcohol is an important HCC risk factor and chronic alcohol intake has been 

implicated in causing the production of proinflammatory cytokines (such as TNF-α) 

which sets the stage for chronic hepatocyte destruction–regeneration, stellate cell 

activation, cirrhosis and ultimately HCC. Alcohol also damages the liver through 

oxidative stress mechanisms (McClain et al., 2002; Wu et al., 2006).  

Although there are many differences between the etiology of CLD, all types of 

liver injury that drives hepatocarcinogenesis are characterized by chronic inflammation 

and are associated with an increased production of free radicals, such as O•-, H2O2 and 

OH•-, by neutrophils, endotoxin-activated Kupffer cells, hepatocyte mitochondria and 

cytochrome (cyt) P450 enzymes (Cesaratto et al., 2004). As shown in Figure 4, 

malignant transformation of hepatocytes may occur regardless of the etiological agent 

through a pathway of increased liver cell turnover, induced by chronic liver injury and 

regeneration in a context of inflammation and oxidative damage.  
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Figure 4. Mechanisms of hepatocarcinogenesis. The suspected mechanisms of 
hepatocarcinogenesis with a central role of chronic inflammation and oxidative stress 
(Farazi P A, 2006). 

It is well known that during inflammatory process free radicals production 

induces protein, DNA and lipid damage deregulating cell homeostasis and driving 

normal cells to malignancy (Bartsch and Nair, 2004a). Pikarsky in 2004 demonstrated 

how inflammation is a key event in HCC development by studying a mouse model of 

chronic cholestatic hepatitis (Pikarsky et al., 2004). In a recent review, Haitian Lu 

described that, in a set of chronic inflammation, the persistent tissue damage and cell 

proliferation as well as the enrichment of reactive oxygen and nitrogen species 

contribute to a cancer-prone microenvironment. In this environment, cell proliferation, 

angiogenesis and tumor growth are stimulated and several transcription factors such as 

NF-kB and HIF-1α activated by proinflammatory citokynes (TNF-α) and by hypoxia 

are involved in these processes. Another interesting transcription factors family, 

possibly involved in this process, is the transcription factor signal transducers and 

activators of transcription (STAT): STAT3 has been demonstrated to be activated in 

several cancers and probably plays an important role in cancer development (Lu et al., 
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2006). All these transcription factors have been demonstrated to be activated also in 

HCC (Liu et al., 2002; Tai et al., 2000).  

The oxidative and nitrative damage may also directly play a central role in 

inflammation driven carcinogenesis (Bartsch and Nair, 2004a; Kawanishi and Hiraku, 

2006). Mutations in cancer-related genes or post-translational modifications of proteins 

by nitration, nitrosation, phosphorylation, acetylation or polyADP-ribosylation by free 

radicals or lipid peroxidation by products, such as reactive aldehydes malondialdehydes 

and 4-hydroxynonenal are some of the key events that can increase the cancer risk. In 

addition, free radicals can modulate cell growth and tumor promotion by activating 

signal-transduction pathways, which results in the transcriptional induction of 

protooncogenes, including c-FOS, c-JUN and c-MYC (Cerutti and Trump, 1991) that 

are involved in stimulating growth. Mechanistic studies have shown that protein 

phosphorylation and polyADP-ribosylation of chromosomal proteins are involved in the 

transcriptional induction of c-FOS by oxidants (Shalon et al., 1996) and that a pro-

oxidant state can promote neoplastic growth (Cerutti, 1985). As shown in figure 5, free 

radicals, released at the site of inflammation, not only damage DNA, but also modify 

cancer-related proteins and regulate transcription. Often, if the insult continues over a 

prolonged period of time, the scales are tipped in favor of increased tumorigenesis, with 

DNA damage and mutation, inhibition of apoptosis, stimulation of the cell 

cycle/proliferation and inhibition of DNA repair (Hussain et al., 2003). 
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Figure 5. Schematic diagram explaining the possible link between 
inflammation, free radicals production and cellular transformation. Chronic 
inflammation and production of free radicals regulate multiple cellular processes 
causing an induction of a carcinogenetic phenotype (Hussain et al., 2003)  

 

The relevance of cellular redox imbalance in liver pathologies is outlined by a number 

of studies, pointing out a correlation between organ damage and increase in pro-oxidant 

cellular markers, associated with a concomitant decrease of antioxidants (Schwabe and 

Brenner, 2006; Kitada et al., 2001; Jaeschke, 2000; Loguercio and Federico, 2003; Poli 

and Parola, 1997; Kang, 2002; Cardin et al., 2001; Yang et al., 2005a). Chemical 

modification of essential biomolecules by ROS may cause their functional inactivation 

and lead to either cell death or an adaptive cellular response. In particular, a complex 

functional modulation of cellular protein repertoire by ROS occurs upon oxidative insult 

through the ROS dependent modification of specific amino acids such as Cys, Trp, Tyr, 
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His, Arg and Lys (Staal et al., 1994; Sun et al., 2000; Davies, 1987; Scaloni, 2006). 

ROS also behave as molecular second messengers as they are generated in response to 

cytokines, hormones, growth factors, and other soluble mediators (Benhar et al., 2002; 

Behrend et al., 2003; Lander, 1997). Directly or indirectly through the activation of 

protein kinases and phosphatases, intracellular ROS may control the function of 

transcription factors (Schwabe and Brenner, 2007; Xu et al., 2005; Gashler and 

Sukhatme, 1995; Ema et al., 1999) such as early growth response protein 1 (Egr-1) and 

NF-kB, thus leading to profound changes in cellular gene expression profile. Depending 

on the cell type and intensity/duration of the oxidative stress affecting cells, ROS may 

therefore act either as proapoptotic molecules or stimulators of cell proliferation. In 

spite of their powerful antioxidant resources, hepatocytes suffer from the cytotoxic 

effects of oxidative stress, leading to cell death by necrosis and apoptosis, as well as 

triggering inflammation (Feldstein et al., 2003a; Wieckowska et al., 2006). Several 

other conditions causing increased ROS production lead to apoptosis of hepatocytes 

(Papakyriakou et al., 2002). Reactive oxygen species are involved in the control of 

hepatocyte (Sarafian and Bredesen, 1994) and endothelial cell (Kurose et al., 1997) 

apoptosis in the liver. Oxidative stress can induce the mitochondrial permeability 

transition (Lemasters et al., 1998) or directly activate caspases as in the case of H2O2 

stimulus (Hampton and Orrenius, 1997). The mode of cell death is primarily dependent 

on the variety of ROS, the cell type, the cellular ATP content, and the membrane 

receptors activated (Feldstein et al., 2003a; Ouchi et al., 1999; Feldstein et al., 2003b). 

In the liver, inflammatory cells, cholangiocytes, and Kupffer cells are the main sources 

of tumor necrosis factor α (TNF-α). Inflammatory cytokines, including TNF-α, also 

contribute to mitochondrial dysfunction by interfering with the mitochondrial 

respiratory chain and by forming O2
•- (Sanchez-Alcazar et al., 2000). An indirect effect 

of TNF-α in promoting mitochondrial dysfunction is the increased production of 
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reactive nitrogen species (RNS) as a consequence of the induction of nitric oxide 

synthase 2 (NOS2) (Palmer et al., 1988). 

 Mitochondria play a crucial role in controlling apoptotic cell death, particularly 

in hepatocytes. Activation of death receptors induces amplified apoptotic pathways 

involving caspase 8 and mitochondrial membrane proteins, which abolish the flow of 

electrons in the respiratory chain, increase mitochondrial ROS production, and finally 

trigger the apoptosome (Kirkland et al., 2002; Feldmann et al., 2000; Li et al., 1997). 

Some viral proteins, such as the HCV protein NS5A, may affect intracellular Ca2+ 

concentration and signaling, thus triggering the elevation of ROS concentration in 

mitochondria and the translocation of NF-kB and STAT-3 into the nucleus (Gong et al., 

2001; Pahl, 1999; Berridge et al., 1998; Liu et al., 2002).  

Given these assumptions, oxidative stress might contribute to 

hepatocarcinogenesis in several ways. First, oxidative stress promotes the development 

of fibrosis and cirrhosis, which are key features of a permissive HCC 

microenvironment. The pro-carcinogenic effect of the cirrhotic microenvironment has 

been shown in the mouse, where PDGF transgenic mice develop fibrosis that progresses 

to HCC (Campbell et al., 2005). As stellate cells are the main source of collagen 

deposition in the injured liver, it is notable that oxidative-stress induction of cultured 

stellate cells through treatment with isoprostanes can promote increased cell 

proliferation and collagen synthesis, which are characteristics of the fibrotic response 

(Comporti et al., 2005). Second, ethanol-induced oxidative stress might have an effect 

on HCC-relevant STAT associated signaling pathways (Osna et al., 2005). Oxidative 

stress might also cause the accumulation of oncogenic mutations (Marrogi et al., 2001). 

Oxidative stress might accelerate telomere shortening, which would in turn fuel the 

development of liver cirrhosis, chromosomal instability and ultimately HCC (Kurz et 

al., 2004). Viral proteins are able to induce oxidative stress and activate hepatocyte 
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proliferation and immune response escape (Kurz et al., 2004). The deregulation of 

apoptosis of preneoplastic and neoplastic cells, associated to oxidative chronic insult 

may play an important role in HCC development (Lechel et al., 2007; Micsenyi et al., 

2004). Finally, oxidative insult cause DNA oxidative damage in cirrhotic tissue and in 

HCC (Kawanishi and Hiraku, 2006; Hagen et al., 1994) associated to mismatch of the 

DNA repair (Jungst et al., 2004). Figure 6 represents a possible link between the 

oxidative damage in CLD and the development of cirrhosis and HCC 

 

Figure 6. Possible role of free radicals in progression of CLD 
disease to cirrhosis and HCC. 

 

The activation of cellular mechanisms that regulate the cellular response to the 

oxidative stress is a crucial event in the conditions described above during 

hepatocarcinognesis. The nuclear protein apurinic apyrimidinic endonuclease/redox 

effector factor 1 (APE1/Ref-1) is a paradigmatical example of protein involved in 
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cellular response to oxidative stress since this protein is involved either in 

transcriptional regulation of gene expression during adaptive cellular response to 

oxidative stress and in the base excision repair pathway of DNA lesions generated as a 

consequence of ROS-induced base damages (Tell et al., 2005). 

1.3 Apurinic/apyrimidinic endonuclease/redox effector factor 1 (APE1/Ref-1). 

Apurinic/apyrimidinic endonuclease/redox effector factor 1 (APE1/Ref-1) is a 

protein acting as an essential master regulator of the cellular response to oxidative stress 

that highly contributes to the maintenance of the genome stability. In the early nineties 

APE1/Ref-1 has been cloned by two independent groups (Demple et al., 1991; Robson 

and Hickson, 1991) as a DNA repair enzyme first and as a redox protein the following 

year (Xanthoudakis and Curran, 1992). The gene encoding the APE1/Ref-1 protein 

maps to chromosome 14 bands q11.2–12 in the human genome (Harrison et al., 1992; 

Robson et al., 1992). The complete gene (APEX1) is 2.6 kb long and consists of four 

introns and five exons, the first of which is non-coding, its cDNA is about 1.4 kb in 

length and encompasses an opening reading frame of 954 nucleotides, encoding a 

protein of 318 amino acids with a weight of 37 kDa (Seki et al., 1992). 

APE1/Ref-1 is a dual function protein involved both in the base excision repair 

(BER) pathway of DNA lesions, acting as the major apurinic/apyrimidinic 

endonuclease, and in eukaryotic redox transcriptional regulation of gene expression. 

These two biological activities are located in two functionally distinct domains, the N-

terminus and the C-terminus domains (Figure 7). 
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Figure 7. Schematic diagram of APE1/Ref-1 functional domains. The pictures 
describes the putative or determined post-translational modification sites of APE1/Ref-1 

 

The N-terminus contains the nuclear localization signal (NLS) and is principally 

devoted to the redox dependent activity, being cysteine at position 65 (C65) a key 

residue, while the C-terminus exerts the enzymatic activity on the abasic sites of DNA 

(Xanthoudakis et al., 1994). While the C-terminal part of the protein is highly conserved 

during phylogeny, the N-terminus is not and the redox function of APE1/Ref-1 is found 

only in mammals and not in other vertebrates (Georgiadis et al., 2008). The two major 

functions of APE1/Ref-1 are completely independent in their actions, as shown by the 

observation that a mutation of the C65 abolishes the redox function but does not affect 

the repair function (Luo et al., 2008) whereas mutation of a variety of amino acids 

required for DNA repair activity, such as Histidine 309 (H309) and others, do not affect 

the redox function (McNeill and Wilson, III, 2007). 
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Reactive oxygen species (ROS, e.g. O2
•-, H2O2 and OH•-) represent one of the 

most common causes of DNA base lesions since DNA bases are particularly susceptible 

to oxidation mediated by ROS (Neeley and Essigmann, 2006). A multitude of DNA 

oxidative lesions, abasic (AP) sites, single and double-strand breaks containing 3’ sugar 

fragments or phosphates are invariably cytotoxic and/or mutagenic (Friedberg et al., 

2004). Many cancers, as well as a variety of other pathophysiological entities such as 

the aging syndrome, are likely the consequence of mutations, cell death or signaling 

alterations induced by oxidative DNA damage (Ames et al., 1993). Nearly oxidative 

induced DNA lesions (except double-strand breaks), as well as single strand breaks, are 

repaired via the DNA base excision repair (BER) pathway (Mitra et al., 1997; Krokan et 

al., 2000). The critical step in BER pathway is the excision of damaged bases from the 

DNA by a class of enzymes called DNA glycosylases (Krokan et al., 1997); the repair is 

then completed in several subsequent steps, beginning with cleavage of the DNA 

backbone by AP endonuclease (APE1/Ref-1) (Mitra et al., 1997). The strand cleavage 

by APE1/Ref-1 generates 3’-OH and 5’ deoxyribose phosphate (dRP) termini; in the 

subsequent step, DNA polymerase-β (Pol-β), which has intrinsic dRP lyase activity, 

carries out both 5’ end-cleaning and DNA repair synthesis with incorporation of the 

appropriate nucleotide at the site of the base damage (Sobol et al., 2000; Matsumoto and 

Kim, 1995). The resulting nick is finally sealed by DNA ligase and thus the repair is 

completed (Figure 8) (Tomkinson et al., 2001).  
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Figure 8. APE1/Ref-1functions in BER pathway (Fritz, 
2000).  

 

All the steps of the BER pathway are finely orchestrated to provide an accurate 

repair of the damaged base and to avoid the generation of intermediate products that are 

toxic for the cell (Hegde et al., 2008). APE1/Ref-1 generates the 3’ hydroxyl end in 

different ways. It binds specifically (Shen and Loeb, 2003) and processively (Carey and 

Strauss, 1999) to abasic sites, generated spontaneously or by glycosylases, and cuts the 

5’ phosphodiester bond with its endonuclease activity to produce the primer (Kelley and 

Parsons, 2001). APE1/Ref-1 removes with its 3’-5’ exonuclease activity a 3’-phospho-

α,β-unsaturated aldehyde, formed by complex glycosylases [such as the oxidative 

damage-repairing glycosylases 8-oxoguanine DNA glcosylase (OGG1)] and by 
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radiation. This activity may also contribute to the fidelity of repair synthesis by 

removing mispaired nucleotides (Wong et al., 2003). The repair function of APE1/Ref-1 

requires 10 conserved amino acids: D70, D90, E96, Y171, D210, N212, D219, D283, 

D308, and H309 (Fritz et al., 2003). 

While the DNA repair active site of APE1/Ref-1 has been clearly delineated 

(Mol et al., 2000), the redox regulated domain is much less defined. The redox activity 

of APE1/Ref-1 is strictly associated to ROS produced by: respiration chain; as a 

consequence of external noxious agents such as ionizing radiation; as ‘second 

messengers’ (Droge, 2002; Giorgio et al., 2007); and during pathological states by 

activated neutrophils (Nakamura et al., 1997). Variations in the redox state may result in 

alterations in gene expression profile asset through the redox modulation of 

transcription factors (TFs) activity. The redox status of reactive cysteine residues, 

located within the DNA-binding domain of some TFs, may control their transcriptional 

activity. APE1/Ref-1 has been identified as a protein capable of nuclear redox activity, 

inducing the DNA binding activity of several transcription factors, such as AP-1 

(Xanthoudakis and Curran, 1992), NF-kB (Nishi et al., 2002), Myb (Xanthoudakis et 

al., 1992), PEBP2 (Akamatsu et al., 1997), HLF (Ema et al., 1999), NF-Y (Nakshatri et 

al., 1996), Egr-1 (Cesaratto et al., 2007; Huang and Adamson, 1993), HIF-1α (Huang et 

al., 1996), ATF/CREB family (Xanthoudakis et al., 1992), p53 (Georgiadis et al., 2008; 

Hanson et al., 2005; Seo et al., 2002) and Pax proteins (Cao et al., 2002; Tell et al., 

1998; Tell et al., 2000b). In order to properly bind specific DNA target sequences, these 

TFs require that critical cysteine residues are in the reduced state (Figure 9). 
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Figure 9 Schematic representation of APE1/Ref-1 regulation of TFs redox 
activation. Modification from Kelley 2007 (Fishel and Kelley, 2007). Trx: 
thioredoxin. 

 

 Therefore, by maintaining these cysteines in the reduced state, APE/Ref-1 

provides a redox-dependent mechanism for regulation of target gene expression through 

a redox cycle in which Thioredoxin (Trx) would restore the reduced form of APE1/Ref-

1 at the C65 residue of the protein (Hirota et al., 1997; Qin et al., 1996; Ueno et al., 
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1999; Wei et al., 2000; Georgiadis et al., 2008; Walker et al., 1993). The only cysteine 

residue required for full redox function is C65, which is buried within the APE1/Ref-1 

protein (Gorman et al., 1997; Mol et al., 2000), as recently confirmed by Georgiadis 

who, using the Zebrafish APE1 (zAPE1) that lacks the redox function, mutated in a 

threonine (T58C) at the same position of the cysteine in the mammalian APE1/Ref-1, 

found resulting acquisition of redox activity of the mutated protein (Georgiadis et al., 

2008).  

APE1/Ref-1 is essential for cell viability. Genetic knockout of APEX1 in mice 

causes postimplantation embryonic lethality (Ludwig et al., 1998; Xanthoudakis et al., 

1996) and any attempt to isolate stable APE1/Ref-1-knockout cell lines has been so far 

unsuccessful. In the last years, however, conditional knockout and knockdown 

strategies (Izumi et al., 2005) confirmed the essentiality of this protein for cell life 

indicating that for mammalian cells, this seems to be mainly due to its DNA-repair 

activity in BER pathway (Fung and Demple, 2005). However, attempts to restore this 

activity in cells not expressing APE1/Ref-1 by using the yeast homologous Apn1 (Fung 

and Demple, 2005), which lacks the redox-transcriptional activation domain (Izumi et 

al., 2005), were unsuccessful. APE1/Ref-1 functional activation is a consequence of 

different stimuli that may generate both physiological and toxic oxidative stress 

conditions or increase the intracellular cAMP levels leading to different outcomes (Fig. 

10).  
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Figure 10. Schematic representation of APE1/Ref-1 stimulation and function. HBV, hepatitis 
B virus; HCV, hepatitis C virus; HBsAg, hepatitis B virus antigen S; HBx, hepatitis B virus X 
protein; NS5A, hepatitis C virus nonstructural 5A protein; Rac1, EGR-1, early growth response 1; 
HIF-1α, hypoxia-inducible factor 1; p53, p53 tumor suppressor protein; AP-1, transcription factor 
AP1; STAT3, signal transducer and activator of transcription 3.  

 

APE1/Ref-1 is regulated at both the transcriptional and post-translational level. 

The regulatory functions of the different APE1/Ref-1 activities can be fine-tuned and 

implemented via three different mechanisms: (a) increase in APE1/Ref-1 level after 

transcriptional activation (Pines et al., 2005a; Pines et al., 2005b; Ramana et al., 1998); 

(b) relocalization of APE1/Ref-1 in different intracellular compartments (Tell et al., 

2005); and (c) modulation of APE1/Ref-1 post-translational modifications (PTM), such 

as acetylation and phosphorylation. As recently demonstrated, in addition to redox 
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regulation, acetylation appears to have a fine-tuning role in affecting APE1/Ref-1 

different activities (Bhakat et al., 2003; Fantini et al., 2008; Izumi et al., 2005). 

In terms of transcriptional regulation, the effects of reactive oxygen species (ROS) 

on APE1/Ref-1 induction have been the most intensely studied. In both in vivo and in 

vitro studies, oxidative agents induce APE1/Ref-1 expression (Gillardon et al., 1997; 

Grosch et al., 1998; Grosch and Kaina, 1999; Ramana et al., 1998; Tell et al., 2000a; 

Tell et al., 2000b; Walker et al., 1994; Yao et al., 1994). Induction is characterized by a 

transient increase in APE1/Ref-1 protein and mRNA that appear to involve de novo 

synthesis since various agents, that block protein synthesis, abolish this induction 

(Ramana et al., 1998; Tell et al., 2000b). Interestingly, protein upregulation is always 

associated with an increase in both redox and AP endonuclease activity, followed by an 

increase in cell resistance toward oxidative stress and DNA damaging agents (Grosch et 

al., 1998; McNeill and Wilson, III, 2007; Mitra et al., 2007; Ramana et al., 1998). The 

resistance to cell death is also transient; the reversal coincides with the reduction in 

APE1/Ref-1 mRNA and protein levels (Ramana et al., 1998). APE1/Ref-1 induction by 

ROS may involve two steps: in the first step, APE1/Ref-1 translocates from the 

cytoplasm to the nucleus (Gillardon et al., 1997; Ramana et al., 1998; Tell et al., 2000a; 

Tell et al., 2000b) and the second step of the process involves de novo protein synthesis 

via transcriptional activation of the promoter (Grosch et al., 1998). The APE1/Ref-1 

promoter lacks a TATA box and has multiple transcription start sites, though the 

assignment of the major site is disputed (Akiyama et al., 1994; Harrison et al., 1995; 

Robson et al., 1992; Zhao et al., 1992). The functional basal promoter is approximately 

300 bp and is located in a CpG island (Akiyama et al., 1994; Harrison et al., 1995; Zhao 

et al., 1992). Also, located within the CpG island and exon 1, there are putative 

transcription factor recognition sites for Sp1, USF, AP-1, CREB, and ATF, among 

others (Akiyama et al., 1994; Harrison et al., 1995). In fact, different transcription 

factors, including Sp-1 (Fung et al., 2001), Egr-1 (Pines et al., 2005a), STAT3 (Haga et 
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al., 2003), CREB (Grosch and Kaina, 1999) and Jun/ATF4 (Fung et al., 2007) are 

involved in the inducible expression of APE1. The upstream region of the promoter 

contains negative regulatory elements: one negative calcium-responsive element-A type 

(nCaRE-A) sequence and two nCaRE-B type sequences: B1 and B2 (Izumi et al., 1996). 

APE1 itself may inhibit its own expression through the binding to nCa-RE-B2 

sequences within the APE1 distal promoter, thus constituting an autoregulatory 

functional loop (Izumi et al., 1996). Given that ROS are generated endogenously as by-

products of cellular respiration and also during such pathological states as 

inflammation, the induction of APE1/Ref-1 seems an important response in pathological 

conditions. 

APE1/Ref-1 expression is ubiquitous. However, it exhibits a complex and 

heterogeneous intracellular distribution pattern that differs among tissue and cell types. 

Stimuli that promote APE1/Ref-1 expression are also able to promote its intracellular 

movement (Figure 10). Five categories of cellular stimuli can be identified: (a) 

prooxidant injuries (Gillardon et al., 1997), hypoxia/reoxygenation (Angkeow et al., 

2002), aging (Cho et al., 2003); (b) heavy metal exposure (Scortegagna and Hanbauer, 

2000); (c) direct exposure to ROS (Frossi et al., 2002; Frossi et al., 2003; Tell et al., 

2000b); (d) hormone or cytokine stimulation (Tell et al., 2000a); and (e) increase in 

intracellular Ca2+ concentration (Fuchs et al., 2003; Tell et al., 2002). Most reports have 

described that APE1/Ref-1 is localized to the nucleus, but it has also been shown that in 

some cell types, particularly those with high metabolic or proliferative rates 

(spermatocytes, thyrocytes, lymphocytes, hepatocytes, and hippocampal cells), 

APE1/Ref-1 can be localized in the cytoplasm (Duguid et al., 1995; Kakolyris et al., 

1998b; Tell et al., 2000b; Wilson et al., 1996). This cytoplasmic localization may 

correspond to APE1/Ref-1 mitochondrial localization (Sawyer and Van, 1999; 

Chattopadhyay et al., 2006), to APE1/Ref-1 association with the ER membrane (Tell et 

al., 2001), or alternatively, APE1/Ref-1, as a redox protein, may be in the cytoplasm to 
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maintain newly synthesized transcription factors in a reduced state while they are being 

transported to the nucleus (Kakolyris et al., 1998b). Interestingly, in the cytoplasm of 

hypoglossal motor neurons, the APE1/Ref-1 staining is associated with ribosomes 

(Duguid et al., 1995). Lastly, since highly metabolically active cells experience an 

increase in oxidative stress, the presence of APE1/Ref-1 in the cytoplasm may reflect an 

involvement in cellular responses to oxygen tension (Kakolyris et al., 1998b; Rivkees 

and Kelley, 1994; Wilson et al., 1996). Many cell types exhibit both cytoplasmic and 

nuclear localization of APE1/Ref-1 (Kakolyris et al., 1998b; Rivkees and Kelley, 1994). 

 APE1/Ref-1 is an abundant protein (104–105 copies/cell) within eukaryotic cells 

and the fine-tuning of the multiple functions of this protein may depend by PTMs that 

modulate the function of APE1/Ref-1 under different conditions. Different PTM has 

been described in the case of APE1/Ref-1 such as phosphorylation, acetylation, redox 

regulation and proteolysis. Phosphorylation sites included consensus sequences for 

casein kinase I and II (CKI and CKII), for protein kinase C (PKC), and for glycogen 

synthase kinase 3 (GSK3) (Fritz and Kaina, 1999; Yacoub et al., 1997). The PKC-

mediated phosphorylation was able to promote the redox activity of APE1/Ref-1 on AP-

1 TF but the role of phosphorylation of APE1/Ref-1 are still not clear. Acetylation 

occurring on APE1/Ref-1 protein has very recently been found by Bhakat et al. (Bhakat 

et al., 2003). The transcriptional coactivator p300, which is activated by Ca2+, is able to 

specifically acetylate APE1/Ref-1 both in vitro and in vivo. Acetylation at K6 or K7 

enhances DNA binding of APE1/Ref-1 to nCaRE sequences. APE1 is a site for redox 

regulation by the dithiol-reducing enzyme Trx (Hirota et al., 1997; Qin et al., 1996; 

Ueno et al., 1999; Wei et al., 2000), through C35 and C32 in the catalytic center of Trx, 

and involving the C65 redox sensitive site of APE1 (Ueno et al., 1999; Wei et al., 2000; 

Xanthoudakis et al., 1994). The Trx-mediated redox regulation of APE1 is required for 

the functional activation of AP-1 (Hirota et al., 1997). An interesting post-translational 

processing that has been recently described is proteolysis occurring at residue K31 that 
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gives rise to a protein form called NΔ33-APE1/Ref-1 lacking the 33 N-terminal amino 

acids (Guo et al., 2008). This form has been recently suggested to be localized in 

mitochondria (Chattopadhyay et al., 2006) but this localization is not associated with 

Cytochrome C realese or induction of apoptosis. The relationship between apoptosis 

and APE1/Ref-1 expression is highly correlative and supported by three lines of 

evidence. First, in all cases, there is a slow progressive decrease in APE1/Ref-1 

transcript that precedes DNA fragmentation (Fujimura et al., 1999; Kawase et al., 1999; 

Morita-Fujimura et al., 1999; Robertson et al., 1997; Walton et al., 1997). Second, in 

double labeling experiments using anti-APE1/Ref-1 antibody and TUNEL, cells that 

lose APE1/Ref-1 immunoreactivity become TUNEL positive (Kawase et al., 1999). 

Third, the decline in APE1/Ref-1 level is related to an increased rate of apoptosis 

(Gillardon et al., 1997). 

The necessity of APE1 for cellular survival and its frequent overexpression in 

tumor cells strongly suggest a fundamental role of this protein in preventing cell death 

and in controlling cellular proliferation. Several investigators studied the expression 

pattern of APE1/Ref-1 in cancer development (Table 1).  



 

Introduction 

 

35 

 

 

Cancer tissue APE1/Ref-1 

level 

APE1/Ref-1 

altered 

cellular 

distribution 

Reference 

Prostate  No (Evans et al., 2000) 

Cervical  No (Xu et al., 1997) 

Germ cell tumor  No (Kelley et al., 1998) 

Ovarian  Yes (Moore et al., 2000) 

Rhabdomyosarcomas  No (Thomson et al., 2001) 

Colon  Yes (Kakolyris et al., 1997) 

Thyroid  Yes (Russo et al., 2001; Tell et al., 2000a; 

Russo et al., 2002) 

Breast  Yes (Puglisi et al., 2002) 

Lung  Yes (Puglisi et al., 2001) 

Table 1. Summary of the reported deregulation of APE1/Ref-1 expression and 
sub-cellular distribution in human cancers. 

 

Kakolyris et al. showed that different kinds of human tumors have been 

characterized by alterations in sub-cellular distribution of APE1/Ref-1 with respect to 

normal tissue. This is the case in colorectal carcinoma: in normal colorectal mucosa, 

APE1/Ref-1 is localized in the nucleus of the less differentiated cells in the lower part 
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of the crypt, while cytoplasmic localization is typical of the more differentiated and 

superficial colon epithelium. This distribution is altered in cancer cells because the 

nuclear restricted pattern is lost, and colon carcinoma cells display both nuclear and 

cytoplasmic APE1/Ref-1 localization with a predomination of the latter (Kakolyris et 

al., 1997).  

A similar pattern has been described in breast cancer. In normal breast gland 

tissue, the localization is eminently nuclear, whereas in carcinomas, nuclear, 

cytoplasmic, and nuclear/cytoplasmic stainings were observed. This cytoplasmic 

accumulation in breast cancer cells correlates with both the aggressiveness and 

prognosis of the tumor. Nuclear localization was always associated with a better 

prognosis while both the cytoplasmic and the nuclear/cytoplasmic staining were 

associated with a poor prognosis with increased angiogenesis, lymph node positivity 

and low differentiation grade of the tumor (Kakolyris et al., 1998a; Puglisi et al., 2002). 

Interestingly, there seems to be no functional relationship between alterations in sub-

cellular distribution of APE1/Ref-1 and the ability of cancerous tissue to repair abasic 

sites, suggesting that, at least in breast cancer, DNA repair by BER is not affected 

(Rossi et al., 2000). Bobola et al. (Bobola et al., 2001) demonstrated that even an 

increase in AP endonucleasic activity occurs in human gliomagenesis with a 

concomitant elevation of APE1/Ref-1 protein expression level. Similar observations 

have also been made by Robertson et al. (Robertson et al., 2001). In different germ cell 

tumors, such as seminomas, yolk sac tumors, and malignant teratomas, APE1/Ref-1 

expression levels and DNA repair ability correlated and conferred a proportional level 

of protection from bleomycin treatment. These outcomes suggest that a consequence of 

the increase in AP activity accompanying tumorigenesis could be enhanced resistance to 

radiotherapy and chemotherapy. A deregulation in nuclear vs. cytoplasmic ratio toward 

a more cytoplasmic staining was also observed in thyroid carcinomas (Tell et al., 2000a) 

and epithelial ovarian cancers (Moore et al., 2000). A quantitative evaluation of 
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APE1/Ref-1 expression showed a strong up-regulation at the nuclear level of 

APE1/Ref-1in cervical (Xu et al., 1997), non–small cell lung cancer (Kakolyris et al., 

1999; Puglisi et al., 2001), rhabdomyosarcomas (Thomson et al., 2001) and squamous 

cell head-and-neck cancer (Koukourakis et al., 2001). This led to suggest that 

APE1/Ref-1 levels and/or sub-cellular disregulation may be used as a prognostic index 

to indicate the sensitivity of the tumor toward radio- or chemotherapy. Koukourakis et 

al. (Koukourakis et al., 2001) found that nuclear expression of APE1/Ref-1 in head-and-

neck cancer was associated with resistance to cisplatinum chemoradiation therapy and 

with a poor clinical outcome. Herring et al. (Herring et al., 1998) reported the existence 

of an inverse relationship between intrinsic radiosensitivity and the levels of APE1/Ref-

1 in cervical carcinoma. However, these are not general features of all tumors. In fact, 

although it has been clearly demonstrated that a sub-cellular disregulation was 

associated with the onset of the tumorigenic process in ovarian cancer (Moore et al., 

2000), APE1/Ref-1 expression was ubiquitous between different epithelial ovarian 

cancers and was unaltered during the metastatic process (Freitas et al., 2003).  

APE1/Ref-1 has been described as a potential target for cancer therapy (Fishel 

and Kelley, 2007) as indicated by the observation that drugs inhibiting APE1/Ref-1 

functions (BER, redox or both) lead to tumor cell death or are able to reduce cancer 

cells resistance to radiotherapy and chemotherapy (Koukourakis et al., 2001). 
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Chapter 2 

 

AIMS OF THE STUDY 

 

Hepatocellular carcinoma develops almost invariably in a cirrhotic liver and, 

represents the end stage complication of all chronic liver diseases that progress to 

cirrhosis. In spite of improved diagnostic tools to date the diagnosis is still frequently 

done at an advanced stage. In addition, even when a nodule is detected during follow-up 

programs, it remains difficult to distinguish between nodular dysplasia in a cirrhotic 

context and early HCC. Although histology is still the gold standard for the HCC 

diagnosis, it lacks of molecular markers of disease progression and prognosis.  

In the last years a deeper understanding of the molecular events associated with 

hepatocarcinogenesis demonstrated that oxidative stress play a central role in HCC 

development. APE1/Ref-1 is a major regulator of the cellular adaptive response to 

oxidative stress and it has been shown to be deregulated in several tumors. One of the 

main actions of this protein resides in repairing DNA lesions due to ROS damage that 

are known to be associated with HCC development and participates at the redox 

regulation of TFs activation, that are known to be activated in HCC. 
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APE1/Ref-1 intracellular distribution is also altered in different tumors and a 

cytoplasmic localization has been correlated with a worst prognosis while a APE1/Ref-1 

over-expression is associated with resistance to radiotherapy and chemotherapy.  

To date, no data are available neither about APE1/Ref-1 expression pattern and 

intracellular localization in liver cirrhosis and HCC and/or the possible prognostic role. 

Given these considerations, the aims of this work of Thesis are:  

1. To assess the APE1/Ref-1 expression pattern in cirrhosis and tumor 

tissues according to the different phases of chronic liver disease ending 

in HCC; 

2. To evaluate APE1/Ref-1 sub-cellular localization in HCC and cirrhotic 

tissues and its association with the natural history of the patient; 

3. To evaluate the expression pattern of APE1/Ref-1 according to HCC 

differentiation grading to investigate if any relationship between the 

differentiation of hepatocytes and APE1/Ref-1 expression exists; 

4. To evaluate if the over-expression of APE1/Ref-1 in normal hepatocytes 

confers to the cell a survival advantage against oxidative stress insults. 
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Chapter 3 

 

MATERIALS AND METHODS 

 

3.1 Experimental design  

The study has been conducted following three steps:  

1) APE1/Ref-1 cellular localization and mRNA level in HCC and cirrhotic tissues. 

This part of the study has been conducted studying two different cohorts of 

patients. 

 The first cohort of patients (Cohort 1) included subjects treated for HCC and 

enrolled to have a long-term follow-up since the primary objective was to asses the 

possible association between APE1/Ref-1 sub-cellular localization in HCC and 

surrounding liver cirrhosis and patients survival. This was obtained following patients 

referring to the Centro Clinico Studi Fegato for HCC follow-up and treated by tumor 

resection before: paraffin embedded tissue samples and clinical data were collected and 

analyzed after the follow-up period was completed. In this cohort the cellular 

localization of APE1/Ref-1 has been evaluated by immunohistochemistry (IHC).  
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To investigate APE1/Ref-1 transcript levels, a second cohort of patients (Cohort 

2) has been selected. The APE1/Ref-1 mRNA expression was assessed in HCC, SLC 

and distal liver cirrhosis having as primary goal the evaluation of the APE1/Ref-1 

mRNA levels in association with liver disease progression. Since it was necessary to 

obtain liver tissue samples for RNA extraction, 19 consecutive patients were enrolled 

after HCC diagnosis, specimens were collected during surgery and the snap frozen 

tissues stored at -80°C. This Cohort 2 is still open for enrolment of patients and the 

follow-up program of the subjects is on-going. APE1/Ref-1 mRNA level has been 

assessed by Real Time RT-PCR.  

2) Characterization of APE1/Ref-1 sub-cellular distribution, mRNA and protein levels 

in hepatoma cell lines at different degree of differentiation. 

This part of the thesis work was focused in analyzing the expression pattern of 

APE1/Ref-1 in vitro in a model of hepatoma cell lines at different degrees of 

differentiation. The primary purpose was to evaluate mRNA and protein levels 

according to the differentiation grading focusing only on hepatocytes and avoiding the 

contamination of other liver cells typically associated with whole tissue homogenates. 

The second end-point was to describe the APE1/Ref-1 expression pattern in a model 

useful for future in vitro studies. APE1/Ref-1 mRNA level has been assessed by Real 

Time RT-PCR, protein level by Western blot analysis and cellular localization by 

immunocytochemistry and Western blot analysis on purified cell fractions. 

3) APE1/Ref-1 over-expression in normal hepatocytes  

In this part of the work I evaluated if APE1/Ref-1 over-expression has protective 

role in normal hepatocytes submitted to oxidative insult. The point of this was to 

investigate a possible protective role of the protein from apoptosis after DNA damage 

and citotoxicity after hydrogen peroxide exposure. In this section I also evaluated three 

different forms of APE1/Ref-1 to understand if the compartmentalization of the protein 
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may play a role in hepatocytes protection. IHH has been transfected by APE1/Ref-1 

different forms, apoptosis was studied by AnnexinV FACS analysis and by BAX 

activation and Cytochrome C release, while the protection against hydrogen peroxide 

injury was assessed by MTT test. 

3.2 APE1/Ref-1 cellular localization and mRNA level in HCC and cirrhotic tissues 

3.2.1 Cohorts of patients 

A total of 82 patients have been studied in the two cohorts.  

The first cohort (Cohort 1) was composed of 62 consecutive patients included in 

a retrospective study to investigate, by immunohistochemistry (IHC), the sub-cellular 

localization of APE1/Ref-1 in HCC, surrounding liver cirrhosis tissue (SLC) and 

normal liver (NL). Among these 62 patients, 47 were affected by HCC and treated by 

surgical resection of the tumor; 15 patients who underwent resection of hepatic angioma 

were used as normal controls (NL). All the clinical data were collected from the time of 

surgical resection to the death of the HCC patients. The patients underwent HCC 

resection at the Departments of Surgery of the Universities of Trieste and Udine and all 

the paraffin-embedded samples were concentrated at the Pathology department of the 

University of Udine.  

In the prospective second series 19 subjects has been analyzed to investigate 

APE1/Ref-1 mRNA level in HCC, SLC with respect to distal liver cirrhosis (DLC) by 

using Real Time RT-PCR. Nineteen patients were affected by HCC and treated with 

liver transplantation (OLT) or liver resection, one patient being a liver donor for OLT 

was used as normal control for gene expression analysis. The transplantation has been 

performed at the Liver Transplant Center of University of Udine and Torino and the 

HCC resection at the Department of Surgery of University of Trieste. All the clinical 
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data has been collected at the time of surgery and patients are currently inserted in a 

follow up program. No patient had undergone chemotherapy before surgery. For every 

patient a informed consent form has been obtained.  

3.2.2 Sample collection and histological diagnosis 

Samples of HCC, SLC, DLC, NL were obtained at the time of the surgical 

resection, fixed in formalin for a maximum of 24 h, and embedded in paraffin. In HCC 

cases, each liver sample was sufficiently large to include both the tumor and the 

surrounding cirrhosis. From each sample, 4-μm sections were cut; 1 slide was stained 

with hematoxylin-eosin and used for morphological diagnosis, whereas the other slides 

were used for immunohistochemical analysis in the cohort of patients studied for the 

APE1/Ref-1 sub-cellular localization. Cirrhosis was evaluated histologically and 

clinically staged by the Child-Pugh score (Child and Turcotte, 1964; Pugh et al., 1973). 

Tumor staging was assessed using the Cancer Liver Italian Program score (CLIP) that 

combines Child-Pugh staging with tumour criteria: tumour morphology, portal invasion, 

and alpha fetoprotein levels (Llovet and Bruix, 2000). HCC samples were histologically 

classified according to the Edmondson and Steiner criteria (Edmonson and STEINER, 

1954). All histological specimens were analyzed by a single operator (Claudio Avellini, 

University of Udine).  

For the cohort of patients studied for APEX1 expression in addition to the 

histological diagnosis, all samples of DLC, SLC, HCC have been collected during the 

surgery and immediately snap frozen and stored at -80°C until the RNA extraction.  

3.2.3 Immunohistochemical Analysis 

Immunohistochemical detection of APE1/Ref-1 was performed by 

immunohistochemistry using the anti-APE1/Ref-1 mouse monoclonal antibody, 

prepared as described (Pines et al., 2005b) as primary antibody and the Super Sensitive 



 

Materials and methods  

 

45 

 

TN Polymer HRP IHC (Bio Genex, San Ramon, CA, USA) as the detection system. 

The dewaxed sections were treated with H2O2 solution (40 mL H2O2, 140 vol., added to 

160 mL PBS) for 10 min at room temperature to inhibit endogenous peroxidase, and 

then immersed in 10 mM citrate buffer (pH 6.0) for 40 min at 98°C for antigen 

recovery. The sections were then washed with PBS and incubated with the primary 

antibody (1:50 diluted in PBS) at 4°C overnight. The sections were washed twice with 

PBS and incubated with Super Sensitive TN Polymer HRP IHC (Bio Genex) for 30 min 

at room temperature. The peroxidase activity was developed with 3,3′-diaminobenzidine 

(used as chromogen) for 10 min; Mayer’s hematoxylin counterstain for nuclei was 

subsequently applied. A positive reactivity for APE1/Ref-1 was indicated by the 

presence of a dense, homogeneous brown staining for the nucleus and a granular brown 

staining for the cytoplasm of the hepatocytes. APE1/Ref-1 expression was evaluated by 

counting the positive cells on 1000 hepatocytes for each slide and expressed as a 

percentage. Sub-cellular localization of APE1/Ref-1 was classified as nuclear or 

cytoplasmic on the basis of the percentage of positive cells. The median was used as 

cutoff to define the positive cases, considering as positive nucleus or cytoplasm when 

the APE1/Ref-1 expression was greater than or equal to the median. Reactivity observed 

in both nucleus and cytoplasm was considered cytoplasmic. APE1/Ref-1 

immunohistochemical analysis on normal liver was performed with the same protocol 

used for HCC on the liver tissue surrounding the angioma. 

3.2.4 APE1/Ref-1 transcript levels analysis 

3.2.4.1 RNA Isolation 

APE1/Ref-1 mRNA levels were evaluated in the second cohort of patients. DLC, 

SLC, HCC for each patient and NL was collected during the surgery and immediately 

snap frozen and stored at -80°C. 
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Total RNA was extracted using Tri-Reagent kit (Sigma-Aldrich, St Louis, MO, 

USA, T9424) according to manufacturer’s instructions as described: a) after thawing 50 

mg of each tissue sample has been homogenized in 1 mL of TRI Reagent; b) After 

homogenization, the homogenate has been centrifuged at 12,000 g for 10 minutes at 4°C 

to remove the insoluble material then the clear supernatant containing RNA was 

transferred to a fresh tube; c) samples were left 5 minutes at room temperature, then 0.1 

mL of chloroform was added, the tube was shaken vigorously for 15 seconds, and allow 

to stand for 15 minutes at room temperature; d) mixture was centrifuged at 12,000 g for 

15 minutes at 4°C obtaining 3 phases where the colorless upper aqueous phase 

contained RNA; d) this aqueous phase was transferred to a fresh tube, 0.5 mL of 

isopropanol added and, after mixing,the sample was allowed to stand for 10 minutes at 

room temperature and then centrifuged at 12,000 g for 10 minutes at 4°C; e) the RNA 

pellet was washed by adding 1 mL of 75% ethanol then centrifuged at 7,500 g for 5 

minutes at 4°C the RNA pellet was air-dried for 10 minutes; f) Isolated RNA was 

dissolved in RNAse free water and stored at -80°C.  

3.2.4.2 RNA quantification and purity/integrity evaluation 

Quantification and quality evaluation were performed spectrofotometrically 

(Beckman DU640). RNA concentration was determined using an appropriate dilution of 

the sample in buffer TE pH 7.00 (10 mM Tris, 1 mM EDTA) taking into account that 

absorbance at λ=260 nm (A260) is 1 for a 40 μg/mL RNA solution at neutral pH. 

Quality criteria sufficed when A260/A280 ratio had a value between 1.8 and 2.0 

(implying low or no protein contamination) and A260/A230 ratio was greater than 2.0 

(considered to indicate low salt and solvent contamination). 

Integrity and genomic DNA contamination were evaluated in agarose-

formaldehyde gels. Two μg of total RNA were run in an Agarose/formaldehyde gel 

prepared in MOPS buffer (20 mM MOPS, 10 mM sodium acetate, 1 mM EDTA) with 
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1% agarose and 15% formaldehyde under a chemical hood and run in MOPS buffer (3 

V/cm). The observation of the intact bands corresponding to rRNAs 18S and 28S with 

no smears confirms RNA sample integrity and the absence of high molecular weight 

species (usually remaining in or near the wells) indicates no gross genomic DNA 

contamination. 

3.2.4.3 Retrotranscription 

Total RNA was retrotranscribed into cDNA using the commercial kit iScriptTM 

cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA, catalog 170-8891) that 

uses oligo dT and random hexamers as primers for a modified MMLV reverse 

transcriptase. One μg of RNA was retrotranscribed in a final volume of 20 μl (0.05 

μg/μL) following the instructions of the manufacturer. The reaction was run in a 

Thermal Cycler (Gene Amp PCR System 2400, Perkin-Elmer, Boston, MA, USA), at 

25°C per 5 min, 42°C for 45 min, 85°C for 5 min. Samples to be compared were 

retrotranscribed together to reduce differences in retrotranscription reaction conditions 

(master mix preparation, temperature) as retrotrascription is usually considered the most 

variable step in RT- Real Time PCR.The cDNA obtained has been stored at -20°C. 

3.2.4.4 Real Time RT-PCR 

Real-time quantitative PCR was performed according to the iQTM SYBR® Green 

Supermix protocol (Bio-Rad Laboratories, catalog 170-8882); 18S and β-actin were 

used as housekeeping genes to normalize levels of specific mRNA between samples. 

All primer pairs were designed using the software Beacon Designer 6.0 (Premier 

Biosoft International, Palo Alto, CA, USA) and synthesized by Sigma Genosys 

(Cambridgeshire, UK). Primer sequences and references are reported in Table 1.  
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Table 2. Primer sequence. 

PCR amplification was carried out in 25 μl reaction volume containing 25 ng of 

cDNA, iQTM SYBR® Green Supermix (50mM KCl; 20 mM Tris-HCl, pH 8.4; 0.2 mM 

each dNTP; 25U/mL iTaq DNA polymerase; 3 mM MgCl2; SYBR Green I; 10 mM 

fuorescein; and stabilizers) (BIO-RAD laboratories) and 250 nM gene specific sense 

and anti-sense primers (for 18S RT-PCRs, 100 nM of each primer were employed). 

Reactions were run and analyzed on a bio-Rad iCycler iQ Real-Time PCR detection 

system (iCycler IQ software, version 3.1; Bio-Rad).  

Temperature steps were: 

(1X) 95°C - 3 min 

(40X) 95°C - 20 sec 

60°C - 20 sec 

72°C - 30 sec 

(1X) 95°C 1 min 

a final step to measure Tm of products was included: 

(1X) 55°C - 1 min 

Gene Accession 

Number 
Forward Primer Reverse Primer 

Product, 

bp 

APE1/Ref-1 NM_080649 CTGCCTGGACTCTCTCATCAATAC CCTCATCGCCTATGCCGTAAG 118 

18S X03205 TAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 150 

β-actin NM_001101 CGCCGCCAGCTCACCATG CACGATGGAGGGGAAGACGG 120 
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(80X) 55°C - 10 sec 

increase setpoint temperature after cycle 2 by 0.5°C 

(1X) 4°C - hold. 

Standard curves were prepared for each target and reference gene. Melting curve 

analysis was performed in order to verify the specificity of the amplification 

immediately after the amplification protocol. To further investigate the product 

specificity, the amplification products were run in a 2% agarose gel. No retrotranscribed 

RNA and DNA were added as control and in each plate the same NL control has been 

included each time to compare samples analyzed in different plates. The relative 

quantification was made using the Genex pre-settled excel sheet (Bio-Rad Laboratories, 

Hercules, CA, USA) using the Pfaffl modification of the ΔCt equation (Tichopad et al., 

2004; Pfaffl, 2001), taking into account the efficiencies of individual genes. The results 

were normalized to 18S and β-actin and the APE1/Ref-1 expression in DLC, SLC and 

HCC was expressed relative to NL, in addition, for each patient the SLC and HCC 

mRNA levels were expressed with respect to its own DLC level.  

3.2.5 Statistical Analysis 

In the case of the IHC study, continuous variables, including APE1/Ref-1 

expression as detected by immunohistochemistry, are given as median and interquartile 

ranges (IQR) because of skewed distributions; categorical variables are given as the 

number and/or percentage of subjects with the feature of interest. Paired and unpaired 

between-group comparisons were performed with the Wilcoxon and Mann-Whitney 

tests, respectively. Survival time was defined as the time elapsed between surgical 

resection of HCC and death. For survival analysis, a positive APE1/Ref-1 expression 

was defined as greater than or equal to the median value. Survival of patients with and 

without positive APE1/Ref-1 expression was compared using Kaplan-Meier curves and 
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the log-rank test. Univariable and multivariable Cox regression was used to study the 

relationship between survival and APE1/Ref-1 expression and to correct for the effect of 

HCC grading. Statistical significance was set to p <0.05. Sample size was calculated by 

considering that a Cox regression of the ln hazard ratio on a covariate with a standard 

deviation of 0.5 (binary variable split at the median) based on a sample of 50 patients 

followed until death has a 97% power at 0.05 significance level to detect a ln hazard 

ratio of 1.098 (corresponding to an hazard ratio of 3.0). Statistical analysis was 

performed using STATA 9.2 program. 

In the case of mRNA expression study the mRNA levels are expressed as fold 

change vs. DLC in each patient. Comparison between two groups were analyzed via 

Student’s t test (p<0.05) and comparison between three groups by ANOVA with a 

Tukey posthoc test (p<0.05). Data are reported as mean ± Standard Deviation (SD). 

3.3 Characterization of APE1/Ref-1 sub-cellular distribution, mRNA and protein 

levels in hepatoma cell lines at different degree of differentiation 

3.3.1 Cell lines 

An in vitro model has been set up to investigate the APE1/Ref-1 expression 

pattern according to the HCC differentiation grading using Immortalized Human 

Hepatocytes (IHH), HuH-7 (well-differentiated hepatoma) and JHH-6 (poor-

differentiated hepatoma) cell lines.  

1. Immortalized Human Hepatocytes (IHH) has been kindly provided by Prof. 

Diedier Trono (Professor and Dean, School of Life Sciences, Ecole 

Polytechnique Fédérale de Lausanne “Frontiers in Genetics" National Center of 

Competence in Research). The characteristics of this line have been reported in 

2005 by his group (Nguyen et al., 2005). Briefly, primary hepatocytes were first 
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isolated from a large liver biopsy obtained at a distance from the tumor from a 

37-year-old female treated with surgical resection of an adenocarcinoma 

metastasis. Hepatocytes were then transduced with lentiviral vectors carrying 

immortalizing genes (SV40Tag, hTERT). IHH conserved defining properties of 

primary hepatocytes, including the ability to secrete liver-specific proteins and 

to detoxify drugs and were non-tumorigenic. IHH has been grown in 

DMEM/F12 (Invitrogen, catalog 11039021) supplemented by Fetal Bovine 

Serume (FBS) 10% vol/vol (Sigma, catalog F7524), penicillin G (100 UI/mL) 

and streptomycin (100 mg/mL) (Euroclone, catalog ECB3001D), Dexametasone 

10-6 M (Sigma, catalog D4902) added as previously described Polla (Pollard and 

Earnshaw, 2007; Tosh, 2007), 10-8 M bovine insulin (Sigma, catalog I1882 

Sigma).  

2. HuH-7 (JCRB0403) is a Human Hepatoma cell line derived from a well-

differentiated hepatocellular carcinoma of a 57 years old male purchased from 

Japan Health Science Research Resources Bank Cell (Osaka, Japan). Huh-7 

were grown in Dulbecco's modified Eagle's medium (Euroclone, catalog 

ECB7501L) with FBS 10% vol/vol (Sigma, catalog F7524), penicillin G (100 

UI/mL) and streptomycin (100 mg/mL), L-Glutamin 2 mM (Euroclone, catalog 

ECB3000D). 

3. JHH6 (JCRB1030) is a HCC cell line derived from a poorly-differentiated HCC 

of a 57 years old female negative for HBV infection markers. JHH-6 have an 

ephithelial-like structure with an undifferentiated morphology, do not produce 

albumin, α-FP and CEA while they produce ferritin. JHH-6 were grown in 

Williams'E medium (Sigma, catalog W4128) supplemented FBS 10% v/v 

(Sigma, catalog F7524), penicillin G (100 UI/mL) and streptomycin (100 

mg/mL) (Euroclone, catalog ECB3001D), L-Glutamin 2 mM (Euroclone, 

catalog ECB3000D). 
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Each cell line was grown at 37°C in 5% CO2 and 95% humidity incubator. 

Subconfluent cultures (80-90% of confluence) were sub-cultured by detachment with 

0.05 % Trypsin/0.02 % EDTA and appropriate dilution (typically 1/8). 

Cryopreservation was done in FBS plus 10% DMSO, at a density of at least 1 x 106 

cells/mL, and using Criostep box (Nalgene, catalog 5100-0001) to ensure a slop of 

freezing of -1°C/min. Once frozen, criovials were placed in liquid N2 for long term 

storage. To conduct the experiments (protein extraction, nuclear and cytoplasmic 

fractions isolation, immunocytochemistry, RNA extraction), all lines were used within 

20 passage numbers to reduce variations due to cell line characteristic alterations. Each 

cell line has been monthly tested for mycoplasm contamination by Hoechst staining.  

3.3.2 APE1/Ref-1 transcript level analysis 

3.3.2.1 RNA extraction 

Cells were grown at 80% of confluence in 100 mm dishes and then directly 

lysed on the culture dish using 1 mL of the TRI Reagent. After addition of the reagent, 

the monolayer was scraped, recovered and pipetted several times to obtain a 

homogenous lysate. From this point the cell RNA isolation protocol followed the same 

passages described previously for liver tissue sample RNA isolation (section 2.4.1). 

3.3.2.2 RNA quantification and purity/integrity evaluation, Retrotranscription 

and Real Time RT-PCR 

The procedures used for this analysis were exactly the same previously 

described for human samples and described in material and methods (section 1.4.1). 
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3.3.3 APE1/Ref-1 protein level analysis  

3.3.3.1 Total protein extraction 

 Total protein extracts were obtained using a commercial cell Lysis Buffer (Cell 

signaling, catalog 9803) according to manufacture’s protocol: a) cells were grown at 

80% of confluence then washed twice with PBS at room temperature and dissolved in 

cell lysis buffer containing 1% v/v of a protease inhibitor cocktail from Sigma (Sigma, 

catalog P-8340) and phenylmethylsulfonylfluoride (PMSF) 2 mM, b) the cells were 

incubated on ice for 5 min and then scraped; c) cells were collected in a fresh tube and 

centrifuge for 10 min at 12000 g for 10 min at 4°C; the supernatant containing the 

protein extract was collected in a fresh tube. An aliquote was used to protein 

quantification and the rest was divided in small aliquots, to avoid thaw/frozen cycles, 

and stored at -80°C. JHH-6 total protein has been obtained in big quantities to use 

always the same sample for all the standard curves used in western blot analysis 

described in section 3.3.4. 

3.3.3.2 Protein quantification 

The total protein quantity in each sample was determined by the Bicinchoninic 

Acid Kit (BCA) (Sigma, catalog B9643 and C2284) (Smith et al., 1985) following the 

instructions of the manufacturer (Sigma-Aldrich procedure n° TPRO 562). 

3.3.3.3 SDS page and Western blot 

APE1/Ref-1 protein level has been compared by Western Blot analyses. Proteins 

were separated in a Laemmli 10 % SDS/PAGE (Laemmli, 1970). The running gel was 

prepared as follows: 10% acrylamide/bisacrylamide (Sigma A3574), 0.375 M Tris pH 

8.8, 0.1% SDS (Sigma L3771), 0.1% APS (Sigma A3678), 0.08% TEMED) and the 

stacking gel was composed by: 3% acrylamide/bis-acrylamide, 0.24% N,N'-metilen-

bisacrylamide (Fluka 66675), 0.125M Tris pH 6.8, 0.1% SDS, 0.1% APS and 0.1% 
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TEMED (Sigma T9281). Protein samples (10 μg/lane) were diluted in Laemmli loading 

buffer (62.5 mM Tris, 8% glycine, 1% SDS, 0.02% bromophenol blue; pH 6.8) plus β-

mercaptoetanol (Sigma M-3148) boiled for 5 min at 95°C and loaded in the gel, the 

electrophoresis was run in Mighty Small SE250 cell (Amersham Biosciences).  

After SDS-PAGE, gels were electrotransferred to PVDF membranes (Bio-Rad 

Laboratories, Hercules, CA, USA) using a wet transfer system (Mini Trans-Blot 

Electrophoretic Transfer Cell, Biorad). Membranes were blocked for unspecific biding 

with blocking buffer composed by T-TBS (20 mM Tris/HCl; 0.1% Tween20; 500 nM 

NaCl; pH 7.5) and 5% defatted milk. Membranes were incubated with primary 

antibodies diluted in blocking buffer as indicated in table 3. 

Protein Primary Antibody Dilution Incubation 

APE1/Ref-1 
Kindly provided By G. Tell 
University of Udine 

1:2000 Overnight at 4°C 

β-Actin Sigma, catalog # A2066 1:1000 Overnight at 4°C 

α-Tubulin 
Santa Cruz Biotechnology, 
catalog # DM1A 

1:5000 Overnight at 4°C 

Table 3. Primary antibodies used for Western blot analysis. 

 

APE1/Ref-1 immunodetection was carried out using as primary antibody a 

mouse monoclonal IgG2 antibody developed against the human purified APE1/Ref-1 

protein and directed to the epitope consistent with amino acids 80-100, (kindly provided 

by G. Tell University of Udine). β-Actin (antibody from Sigma, # A2066) and α-

Tubulin were used as reference protein and detected on the same membranes for 

normalization purposes. After three washes with T-TBS, membranes were incubated 

with Anti-mouse IgG peroxidase conjugated secondary antibody (Dako, catalog P0260) 

diluted 1/2000 for 1 hour at RT. Signal development was done with chemiluminiscent 

substrate (Amersham Biosciences ECL Plus RPN2132) revealed on photographic film 
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(Kodak Biomax Light, Ronchester, NY, USA). Weight marker standards PageRuler™ 

Plus Prestained Protein Ladder (Fermentas SM1811) of molecular weights 10–250 kDa 

or were included. 

3.3.3.4 Protein quantification by Western Blot 

Although classical Western blot is typically used for qualitative purposes, it can 

also be used for comparative analysis of protein level (Feissner et al., 2003). Factors as 

evident as antibody concentrations and other not so obvious (electroblotting system, 

chemical composition of membrane, supplier of enzyme substrate, system to acquire 

images and even the software employed to quantify signal) may strongly affect 

quantification results. The most important limit of this procedure is the absence of a 

linear relationship between the densitometry signal on photographic film and the 

amount of protein of interest (Schutz-Geschwender A, 2004). To overcome the limits of 

the quantification, I used the following controls: 

- For each experiment two gels, loaded with the same samples, were run. One of 

these gels was electrotransferred in the PVDF membrane for the immunoblotting 

while the other was stained by Coomassie Brilliant Blu R250 (Fluka, catalog 

#27816) to verify the electrophoretic course and the equal loading of samples 

before the transfer procedure; 

- The transfer procedure was set up to obtain a 100% efficiency and checked by the 

Coomassie Brilliant blue R250 staining of the gel post transfer. Only the absence 

of any residual band was considered as a good transfer for subsequent 

quantification. Furthermore the transfer was also checked by Ponceau S (Sigma, 

catalog # P7170) staining of the PVDF membrane; 

- A calibration curve was always included by using the same protein standard 

preparation (JHH6 total protein extracts) every time on each gel to allow 
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comparison between membranes. Furthermore, the dilution range of standard 

sample and primary and secondary antibodies concentrations were chosen to 

obtain a calibration curve as linear as possible;  

- The amount of tested samples to be loaded on the gel was evaluated to obtain a 

signal that was detectable in the linear part of the standard curve; 

- APE1/Ref-1 optical density was normalized to the α-tubulin signal obtained on 

the same gel. β-actin was not a good reference protein (see results); 

- A colloidal Gold (Biorad, catalog 170-6527) staining of the revealed membrane 

was performed at the end to further check the equal loading of lanes (Rohringer 

and Holden, 1985); 

Only if every check point of the procedure was satisfactory, the Western blot 

was used to quantify the protein amount as follow (Schutz-Geschwender A, 2004; 

Vierck et al., 2000):  

- the optical density profiles of the X-Ray bands were evaluated by using NIH 

Image software (Scion Corporation Frederick, MD, USA);  

- the surface area of each single band corresponding to the optical density (O.D.) 

was measured in Arbitrary Unit (AU);  

- A standard curve was generated, both for APE1/Ref-1 and α-Tubulin, plotting the 

AU with respect to the µg of protein loaded on the calibration curve by using 

Curve Expert 1.37 (Daniel Hyams copyright) free software; 

- The amount of the protein on analyzed samples was calculated by interpolation 

from the regression analysis curve generated using the above mentioned software; 
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- The results for APE1/Ref-1 were normalized to the reference protein revealed on 

the same membrane and expressed as fold O.D. change with respect to the non-

tumoral cell line (IHH APE1/Ref-1 content).  

3.3.3.5 Determination of Molecular Mass by SDS-PAGE  

Calculation of the molecular weight of unknown protein was done by plotting 

the measured migration distance of the calibration proteins against the logarithm of their 

molecular mass; computing of a standard curve and estimating of the MW of the 

unknown protein with the regression functions of the standard curve (Hames, 1990). 

3.3.4 APE1/Ref-1 sub-cellular distribution  

3.3.4.1 Immunocytochemistry  

IHH, Huh-7 and JHH6 were split the day before the experiment and allow to 

grown on glass coverslips to reach a 50-60% confluence. After three washes with PBS, 

cells were fixed with paraformaldehyde at final concentration of 4% for 15 minutes at 

RT followed by PBS washes. The cells were then permeabilized with 0.1% Triton X-

100 in PBS, treated with RNAse A, washed with PBS and blocked at RT with PBS 

containing 2.5% FBS. The coverslips were then incubated with the same anti-

APE1/Ref-1 primary antibody used for WB and diluted (1:2) in blocking buffer for 1 h 

at RT. After three washes with PBS, immunoreactive proteins were visualized by 

incubating the cells with fluorescein isothiocyanate (FITC)-conjugated mouse 

secondary antibody (Vector Laboratories, catalog AI-2080) in blocking buffer for 1 h at 

RT in the dark, followed by washes in PBS. Propiodium iodide was used to stain the 

nucleus by incubation for 5 minutes at RT. Before the coverslips were mounted with a 

DABCO solution (2.4% DABCO–52% glycerol in PBS; pH 7.2) the cells were washed 

once in PBS and once in water. Fluorescent images were visualized using a Leica 



 

Materials and methods  

 

58 

 

DM2000 apparatus. Images were captured using a charge-coupled-device camera (Leica 

DC490) with a software by Leica and processed using Adobe Photoshop CS 8.0.  

3.3.4.2 Nuclear and cytoplasmic fractionation  

 Nuclear and cytoplasmic extracts were isolated by differential centrifugation as 

previously described with some modifications (Prieto-Alamo and Laval, 1999). IHH, 

Huh-7 and JHH-6 (107) were washed once with PBS at RT and resuspended in 400 μl of 

ice-cooled hypotonic lysis buffer A (10 mM Hepes, 10 mM KCl, 0.1 mM MgCl2, 0.1 

mM EDTA; 0.1 mM DTT, 1 mM PMSF, 1X Protease inhibitor cocktail Sigma, 0.1 mM 

NaF, 0.1 mM Na-Orthovanadate, pH 7.9). After incubation for 10 min on ice nuclei 

were collected by centrifugation for 10 min at 800 g at 4°C in a microcentrifuge. 

Cytoplasmic fraction contained in the supernatant was transferred to a fresh tube. Then, 

the nuclei pellet was washed twice adding 400 μl of buffer A followed by centrifugation 

10 min at 800 g at 4°C in a microcentrifuge. The nuclei pellet was then resuspended and 

incubated with 100 μl of buffer B (10 mM Hepes, 100 mM NaCl, 1.5 mM MgCl2, 0.1 

mM EDTA; 0.1 mM DTT, 1 mM PMSF, 1X Protease inhibitor cocktail Sigma, 0.1 mM 

NaF, 0.1 mM Na-Orthovanadate, pH 7.9) for 30 min at 4°C. After incubation samples 

were centrifuged at 15,000 g at 4°C for 30 min. The supernatant, containing the nuclear 

fraction, was collected in a fresh tube. In this case, to avoid the interferences between 

buffers and BCA, the protein concentration was determined by Bradford assay (Bio-

Rad, catalog 500-0006) following the manufacture’s indications.  

The nuclear and cytoplasmic extracted fractions (15 μg protein/lane) were 

applied to 10% SDS-PAGE gel as previously described. APE1/Ref-1 was detected with 

the same antibody and conditions described in the previous section (Table 3). To test 

nuclear and cytoplamic enrichments α-tubulin 1:5000 and nuclear matrix protein p84 

(Abcam Inc., catalog ab487), dilution 1:1000 in T-TBS 2% nonfat dry milk, have been 

respectively used as cytoplasmic and nuclear markers. The secondary antibody was used 
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in the same conditions described before. All the antigens have been detected on the 

same membrane. 

3.3.5 Statistical analysis 

Comparison between two groups was analyzed via Student’s t test (p<0.05) and 

comparison between three groups by ANOVA with a Bonferroni posthoc test (p<0.05). 

Data are reported as mean ± Standard Deviation (SD). 

3.4 APE1/Ref-1 over-expression in normal hepatocytes 

3.4.1 Transfections 

3.4.1.1 Cell lines 

All transfections were carried out in IHH. IHH are considered normal 

hepatocytes and they express SV40 Large T antigen supporting plasmid replication 

since p3XFLAG-CMV™-14 (Sigma, catalog E49001) contains SV40 origin of 

replication in its sequence (Chittenden et al., 1991; Gerard and Gluzman, 1985) (Figure 

11). This feature facilitates transfection, high transgene expression and gives rise to a 

homogeneous population of transfectant cells. Since plasmids remain as episomal 

entities, the effects of chromosome integration like gene silencing, activation or 

inactivation of endogenous genes and different levels of expression are avoided.  
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3.4.1.2 Plasmid constructs 

The sequences of interest were cloned into p3XFLAG-CMV™-14 (Sigma, 

catalog E4901) and inserted between EcoRI and BamHI restriction sites obtaining 4 

different expression vectors with the Flag at the C-terminus: 

1. p3XFLAG empty vector used as control 

Figure 11. p3XFlag CMV 14 scheme. 
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2. pRef-1 containing the cDNA coding for the wild type protein (Table 5) 

3. pNΔ33 containing the cDNA coding for the truncated form of APE1/Ref-1 

lacking the N-terminal 33 amino acids (Table 5).  

4. p31-34ALA containing the cDNA coding for an APE1/Ref-1 with the mutations: 

K31A, K32A, N33A and D34A. In this way amino acids 31-34 (cleavage site 

for WT APE1/Ref-1) are replaced for alanines resulting in a non-cleavable 

protein (Table 5). The non-cleavable APE1/Ref-1 due to the mutation of 4 AA is 

described below in table 4. 

APE1/Ref-1 form cDNAsequence position N31-34 Amino Acids sequence position 31-
34 

APE1/Ref-1 wild type AAGAAAAATGAC KKND 

APE1/Ref-1 31-34 ALA GCAGCAGCAGCA AAAA 

Table 4. APE1/Ref-1 non-cleavable form sequence 

 

All the constructs were kindly provided by Carlo Vascotto from the G. Tell 

laboratory at University of Udine. 



 

Materials and methods  

 

62 

 

 

 cDNA sequence 

pRef-1 
GAATTCATGCCGAAGCGTGGGAAAAAGGGAGCGGTGGCGGAAGACGGGGATGAGCTCAGGACAGAGCCAGAGGCCAAGA

AGAGTAAGACGGCCGCAAAGAAAAATGACAAAGAGGCAGCAGGAGAGGGCCCAGCCCTGTATGAGGACCCCCCAGATCAG

AAAACCTCACCCAGTGGCAAACCTGCCACACTCAAGATCTGCTCTTGGAATGTGGATGGGCTTCGAGCCTGGATTAAGAAG

AAAGGATTAGATTGGGTAAAGGAAGAAGCCCCAGATATACTGTGCCTTCAAGAGACCAAATGTTCAGAGAACAAACTACCA

GCTGAACTTCAGGAGCTGCCTGGACTCTCTCATCAATACTGGTCAGCTCCTTCGGACAAGGAAGGGTACAGTGGCGTGGGCC

TGCTTTCCCGCCAGTGCCCACTCAAAGTTTCTTACGGCATAGGCGATGAGGAGCATGATCAGGAAGGCCGGGTGATTGTGGC

TGAATTTGACTCGTTTGTGCTGGTAACAGCCTATGTACCTAATGCAGGCCGAGGTCTGGTACGACTGGAGTACCGGCAGCGC

TGGGATGAAGCCTTTCGCAAGTTCCTGAAGGGCCTGGCTTCCCGAAAGCCCCTTGTGCTGTGTGGAGACCTCAATGTGGCAC

ATGAAGAAATTGACCTTCGCAACCCCAAGGGGAACAAAAAGAATGCTGGCTTCACGCCACAAGAGCGCCAAGGCTTCGGGG

AATTACTGCAGGCTGTGCCACTGGCTGACAGCTTTAGGCACCTCTACCCCAACACACCCTATGCCTACACCTTTTGGACTTAT

ATGATGAATGCTCGATCCAAGAATGTTGGTTGGCGCCTTGATTACTTTTTGTTGTCCCACTCTCTGTTACCTGCATTGTGTGAC

AGCAAGATCCGTTCCAAGGCCCTCGGCAGTGATCACTGTCCTATCACCCTATACCTAGCACTGGGATCCCGGGCTGACTACA

AAGACCATGACGGTGATTATAAAGATCATGACATCGACTACAAGGATGACGATGACAAGTAGTGA 

pNΔ33 
GAATTCATGGACAAAGAGGCAGCAGGAGAGGGCCCAGCCCTGTATGAGGACCCCCCAGATCAGAAAACCTCACCCAGTGG

CAAACCTGCCACACTCAAGATCTGCTCTTGGAATGTGGATGGGCTTCGAGCCTGGATTAAGAAGAAAGGATTAGATTGGGT

AAAGGAAGAAGCCCCAGATATACTGTGCCTTCAAGAGACCAAATGTTCAGAGAACAAACTACCAGCTGAACTTCAGGAGCT

GCCTGGACTCTCTCATCAATACTGGTCAGCTCCTTCGGACAAGGAAGGGTACAGTGGCGTGGGCCTGCTTTCCCGCCAGTGC

CCACTCAAAGTTTCTTACGGCATAGGCGATGAGGAGCATGATCAGGAAGGCCGGGTGATTGTGGCTGAATTTGACTCGTTTG

TGCTGGTAACAGCCTATGTACCTAATGCAGGCCGAGGTCTGGTACGACTGGAGTACCGGCAGCGCTGGGATGAAGCCTTTCG

CAAGTTCCTGAAGGGCCTGGCTTCCCGAAAGCCCCTTGTGCTGTGTGGAGACCTCAATGTGGCACATGAAGAAATTGACCTT

CGCAACCCCAAGGGGAACAAAAAGAATGCTGGCTTCACGCCACAAGAGCGCCAAGGCTTCGGGGAATTACTGCAGGCTGTG

CCACTGGCTGACAGCTTTAGGCACCTCTACCCCAACACACCCTATGCCTACACCTTTTGGACTTATATGATGAATGCTCGATC

CAAGAATGTTGGTTGGCGCCTTGATTACTTTTTGTTGTCCCACTCTCTGTTACCTGCATTGTGTGACAGCAAGATCCGTTCCA

AGGCCCTCGGCAGTGATCACTGTCCTATCACCCTATACCTAGCACTGGGATCCCGGGCTGACTACAAAGACCATGACGGTGA

TTATAAAGATCATGACATCGACTACAAGGATGACGATGACAAGTAGTGA 

p31-34ALA 
GAATTCATGCCGAAGCGTGGGAAAAAGGGAGCGGTGGCGGAAGACGGGGATGAGCTCAGGACAGAGCCAGAGGC

CAAGAAGAGTAAGACGGCCGCAGCAGCAGCAGCAAAAGAGGCAGCAGGAGAGGGCCCAGCCCTGTATGAGGACC

CCCCAGATCAGAAAACCTCACCCAGTGGCAAACCTGCTACGCTCAAGATCTGCTCTTGGAATGTGGATGGGCTTCG

AGCCTGGATTAAGAAGAAAGGATTAGATTGGGTAAAGGAAGAAGCCCCAGATATACTGTGCCTTCAAGAGACCAA

ATGTTCAGAGAACAAACTACCAGCTGAACTTCAGGAGCTGCCTGGACTCTCTCATCAATACTGGTCAGCTCCTTCG

GACAAGGAAGGGTACAGTGGCGTGGGCCTGCTTTCCCGCCAGTGCCCACTCAAAGTTTCTTACGGCATAGGCGATG

AGGAGCATGATCAGGAAGGCCGGGTGATTGTGGCTGAATTTGACTCGTTTGTGCTGGTAACAGCCTATGTACCTAA

TGCAGGCCGAGGTCTGGTACGACTGGAGTACCGGCAGCGCTGGGATGAAGCCTTTCGCAAGTTCCTGAAGGGCCT

GGCTTCCCGAAAGCCCCTTGTGCTGTGTGGAGACCTCAATGTGGCACATGAAGAAATTGACCTTCGCAACCCCAAG

GGGAACAAAAAGAATGCTGGCTTCACGCCACAAGAGCGCCAAGGCTTCGGGGAATTACTGCAGGCTGTGCCACTG

GCTGACAGCTTTAGGCACCTCTACCCCAACACACCCTATGCCTACACCTTTTGGACTTATATGATGAATGCTCGATC

CAAGAATGTTGGTTGGCGCCTTGATTACTTTTTGTTGTCCCACTCTCTGTTACCTGCATTGTGTGACAGCAAGATCC

GTTCCAAGGCCCTCGGCAGTGATCACTGTCCTATCACCCTATACCTAGCACTGGGATCCCGGGCTGACTACAAAGA

CCATGACGGTGATTATAAAGATCATGACATCGACTACAAGGATGACGATGACAAGTAGTGA 

Table 5. cDNA sequence of different form of APE1/Ref-1. ATG: transcription start codon; 
TAGTGA: transcription stop codon; Green: 3XFLAG 
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3.4.1.3 Plasmid amplification and purification 

 Plasmids were transformed into E. Coli DH5α after the generation of competent 

cells as follows: one E. Coli DH5α colony was pre-inoculated in 3 mL of Luria-Bertani 

medium (LB: 10g/L Bactotryptone, 5g/L Yeast extract, 10g/L NaCl, pH 7.5) with 

agitation for 18 h at 37°C; 400 μL of the bacterial culture were then inoculated in 200 

mL of LB and incubated at 37°C until the optical density of the solution was 0.3-0.4 

measured at λ=600 nm. The culture was aliquoted in 50 mL tubes and centrifuged at 

3000g for 10 minute, and the pellet resuspended in TSS (10% PEG, 5% DMSO, 20-50 

mM MgSO4 in LB). Aliquots of 400 mL were immediately frozen and stored at -80°C. 

For the transformation an aliquot of competent cells was thawed in ice and incubated 

after adding the plasmid, on ice for 30 min. Tubes were then put at 42°C for 90 seconds 

and on ice for 1-2 min. 300 mL of LB were subsequently added and the mix incubated 

at 37°C for 1h. Finally cells were plated in Petri dishes containing LB-agar with 

ampicillin 75 mg/mL and incubated at 37°C for 18 h. Colonies grown on agar were 

collected, checked and used for plasmid amplification and purification. The purification 

of the plasmid was done using the GenElutetm Endotoxin-free Plasmid Maxiprep Kit 

(Sigma, code PLEX 15) according to manufacture’s indications. 

3.4.1.4 Transfection 

Transfection was done using Lipofectamine 2000 (Invitrogen, catalog 11668-

027). Cells were plated the previous day at an appropriate density to achieve 90-95% 

confluence at the time of transfection. As suggested by the manufactur, plasmids (4 μg) 

were mix in a proportion 0.4 μg plasmid/μL Lipofectamine in a final volume of 1 mL of 

medium without FBS, added on top of monolayers and incubated for 4 hours. After 

incubation, complete medium was added without washing away vector complexes. Next 

day, cells were trypsinized and diluted 1/11 and 24 hours later G418 was added at the 
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established concentration to begin selection. Colonies of transfected cells are usually 

visible after 4 weeks of transfection. 

3.4.1.5 Selection 

Plasmids derived from p3XFLAG-CMV™-14 carry the resistance gene for 

neomycin (Neomycin phosphotransferase) and permit selection of stable transfectants 

with the G418 antibiotic (Sigma, catalog G8168). A dosing curve of cellular death in 

the presence of G418 was performed to establish the smallest concentration of antibiotic 

that kills 100% of no-transfected cells. This was considered the appropriate 

concentration to be used for the selection of transfectants. To this end cells were plated 

at 6000 cells/cm2 and incubated with complete medium containing 125, 250, 500, 1000 

and 1250 μg/mL of G418 for two weeks. Medium was replaced every 3 days to ensure 

the presence of the stated concentration of G418. After incubation period, cells were 

stained with methylene blue (0.5% in 50% methanol) for 20 min. The concentration that 

kills all the cells in the plate is established by visual and microscopic inspection. 

3.4.2 Immunocytochemistry 

Immunocytochemestry was used to localize the flagged proteins and to study 

their sub-cellular localization using the protocol previously described with minor 

modification. Nuclei were stained using Hoescht 33342 (Molecular Probes, catalog 

H3570) and anti-Flag M2 form Sigma (Sigma, catalog F1804) at 1:1000 dilution was 

used to detect flagged WT, NΔ33 and 31-34ALA APE1/Ref-1. To visualize the 

mitochondria, cells were incubated in growth medium supplemented with 150 mM 

MitoTracker Red CMX ROS (Molecular Probes, Invitrogen, catalog M7512) for 10 

minutes, then washed in fresh warm medium and fixed as described above. An 

incubation step with ice-cold acetone for 10 minutes at -20°C was included to diminish 

Mitotracker background, then the protocol followed as described in a previous section 

(section 3.4.1). 
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3.4.3 Western Blot 

The total protein extracts from each clone obtained (15 μg protein/lane) were 

applied to 10% SDS-PAGE gel as previously described. The production of flagged 

protein (transfected form of APE1/Ref-1) was detected by using the same anti-Flag M2 

antibody used for the immunocitochemistry (Sigma, catalog F1804) at a final dilution of 

at 1:1000 incubated overnight at 4°C. To evaluate the endogenous protein production, 

APE1/Ref-1 was detected with the same antibody and conditions described in the 

previous section (Table 2). The secondary antibody was also used under the same 

conditions described before. 

3.4.4 Oxidative stress induction and MTT analysis 

3.4.4.1 Hydrogen peroxide 

IHH pRef-1, IHH pNΔ33, IHH p31-34ALA and IHH p3X were plated (25000 

cells/cm2) in 24 well tissue culture plates (MW24). After 24 hours cells were exposed to 

hydrogen peroxide (Sigma, catalog H1009) at the following concentrations: 0.100, 

0.150, 0.250, 0.350, 1 and 2 mM for additional 24h, and cytotoxicity was tested by 

MTT reduction assay. 

3.4.4.2 MTT reduction assay 

Cell monolayers were washed with PBS and 0.5 mg/mL MTT (3-(4,5-dimethyl-

2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, Sigma, catalog M2128) in culture 

medium without phenol red indicator was added and incubated for 2 h in CO2 incubator. 

After incubation MTT solution was aspirated and insoluble violet formazan crystals 

were dissolved with solubilization buffer (3 % SDS, 0.03 N HCl in 70 % isopropanol). 

Absorbance was measured in a plate reader (Beckman Coulter LD400) at λ = 562 nm. 



 

Materials and methods  

 

66 

 

3.4.5 Induction and detection of apoptosis.  

Apoptosis was induced by culturing cells on 35mm dishes (25000 cells/cm2) and 

irradiating cells (in fixed volumes of culture medium) at 90 mJ/cm2 during 12” using a 

UV Stratalinker 2400 apparatus (Stratagene). To quantify cell death in all the clones, 

apoptosis was induced and at the indicated time points (0, 3, 6 h) the floating cells and 

adhering cells were collected and stained with annexin V-FITC (Sigma, catalog 

556454). Cells were collected, counted, centrifuged and the pellet was resuspended in 

annexin V buffer (10 mM Hepes pH 7.4, 140mM NaCl, 2.5 mM CaCl2) at a 

concentration of 1x106 cell/mL 50 μl of cells were then mixed with 2.5 μl of Annexin 

V-FITC and 5 μl of Propidium Iodide (50 μg/mL) and incubated in the dark for 15 min 

at RT. Before FACS reading, 200 μl of Annexin V buffer was added to each sample. 

The stained cells were then analyzed by flow cytometry using a FACScalibur system 

(Becton Dickinson).  

Apoptosis induction was further investigated by evaluating BAX activation and 

Cytochrome C release by immunocytofluorescence. After UV induction, 

IHH/p3XFLAG, IHH/pRef-1 and IHH/pNΔ33 cells were treated with ZVAD 100 μM, a 

specific caspase inhibitor, to avoid apoptotic cells detachment. In each dish three 

coverslips were plated and used for BAX activation, Cytochrome C release detection 

and control. Cells were stained with mitotrackerRed CMX ROS (Molecular Probes , 

catalog M7512), nuclei were stained by Hoescht 33342(Molecular Probes, catalog 

H3570). BAX activation was detected using as primary antibody anti-BAX cdc2 

antibody (Neomarkers Fremont, CA, catalog MS-711-P) at 1:200 dilution, and 

Cytochrome C release using anti-Cyt C antibody (BD Bioscience, catalog 556432) as 

primary antibody at 1:400 dilution. Anti mouse FITC (Vector Laboratories, catalog AI-

2080) was used as secondary antibody. Cells were then visualized using a Zeiss 

Axiovert 135TV apparatus, images were captured using a CCD device camera 

(Photometric CE200A) with Openlab 3.5.0 (Improvision) and processed using Adobe 
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Photoshop CS 8.0. Scoring of BAX Activation and Cytochrome C release was 

performed by counting at least 100 fluorescent cells per sample. Only the cells 

displaying a clear diffuse cytoplasmic staining for Cytochrome C (cytochrome C release 

feature) and a clear BAX mitochondrial localization were scored as apoptotic cells. 

All these data has been obtained under the supervision of prof. Jean-Claude 

Martinou at the Cell Biology laboratory of the Department of Science III University of 

Geneva and supported by a Sheila Sherlock Short Term Fellowship from the European 

Association for the Study of the Liver (EASL). 

3.4.6. Statistical analysis  

All the experiments has been repeated at least three times. Comparison between 

two groups was analyzed via Student’s t test (p<0.05) and comparison between three 

groups by ANOVA with a Bonferroni posthoc test (p<0.05). Data are reported as mean 

± Standard Deviation (SD). 
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Chapter 4 

 

RESULTS 

4.1 APE1/Ref-1 cellular localization and mRNA level in HCC and cirrhotic tissues 

4.1.1 Immunohistochemistry for APE1/Ref-1 sub-cellular localization 

4.1.1.2 Characteristics of the cohort of patients studied 

The evaluation of the cellular localization of APE1/Ref-1 in HCC and SLC has 

been assessed on the first cohort of 47 patients using immunohistochemistry (Table 6). 

The mean age of the forty-seven patients who underwent HCC resection was 63±10 

years, with no differences between sexes (p = 0.2297). The male/female ratio (M/F) was 

almost 3/1, fully comparable with the one described in literature (Bosch et al., 2004). 

According to HCC etiology seven patients were affected by chronic infection 

sustained by HBV virus (HBsAg-positive); 15 had a chronic liver disease associated to 

HCV viral infection; seventeen patients had an alcohol consumption higher than 30 

g/day for more than ten years (Bellentani et al., 1999) and were at the end stage of an 

alcoholic liver disease; eight patients had no known predisposing factors for HCC and 

classified as cryptogenic cirrhosis/HCC. The majority of the patients showed a 
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compensated cirrhosis since 81% (n=38) were in stage A and 19% (n=9) in stage B 

according to Child-Pugh classification (Child and Turcotte, 1964). Histological 

diagnosis of tumor samples demonstrated a tumor grading of G1 in nine, G2 in 

nineteen, G3 in fourteen, and G4 in five patients, collectively accounting for 28 patients 

affected by a well-differentiated HCC (G1-G2) and 19 patients with a poorly-

differentiated HCC (G3-G4). Tumor staging, assessed using the Cancer Liver Italian 

Program score (CLIP) (Llovet and Bruix, 2000), was as follows: 17% CLIP 0; 32% 

CLIP 1; 17% CLIP 2; 30% CLIP 3; 2% CLIP 4; and 2% CLIP 5 being the majority of 

the patients staged between CLIP 0 and CLIP 3. Patients treated for hepatic angioma 

and included in the study as normal control resulted negative for any other common 

cause of liver disease including non alcoholic fatty liver disease (NAFLD), alcohol 

consumption (>20 g/day), HCV and HBV viral infection. Among these fifteen patients 

six were male and nine female with a mean age of 56±7 years with no differences 

between sexes.  
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Table 6. Clinical characteristics of patients studied by IHC for APE1/Ref-1 
sub-cellular localization. (M: male; F: Female; M/F: male/female ratio; HBV: 
hepatitis B Virus; HCV: hepatitis C virus; Child-Pugh: classification of underlying 
cirrhosis; CLIP: Cancer Liver Italian Program score) 

Cohort of patients studied by IHC (Cohort 1) 

Patients number 47 

Sex 

M 34 

F 13 

M/F 2,6/1 

Age (mean±SD) 

 63±10 

M 62±11 

F 66±7 

Ethiology 

HCV 15 

HBV 7 

ALCOHOL 17 

OTHER 8 

Child-Pugh score 
A 38 

B 9 

 0 8 

CLIP score 

1 15 

2 8 

3 14 

>4 2 
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4.1.1.2 Histological diagnosis and sub-cellular localization of APE1/Ref-1 in 

SLC and HCC. 

In each case the histology confirmed the clinical diagnosis. The diagnosis of 

angioma was histologically confirmed in each patient demonstrating the absence of any 

other liver disease in the parenchyma surrounding the angioma and used as NL, an 

example is shown in Figure 12, panel A, and the APE1/Ref-1 positive staining (Figure 

12 Panel B) was observed only at the nuclear level of normal hepatocytes and 

endothelial and biliary duct cells. 

Figure 12. Microphotographs of Normal Liver. Panel A: representative example of 
Hematosilin-Eosin staining (10X objective). Panel B: representative example of APE1/Ref-1 
staining (10X objective), arrows show the nuclear reactivity (brown color) for APE1/Ref-1 in 
hepatocytes. 

 

Histological diagnosis was also performed on SLC and HCC to confirm the clinical 

diagnosis and defining the HCC grading as previously described. An example of 

APE1/Ref-1 immunostaining in SLC is represented in Figure 13 showing a clear 

A B
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nuclear localization of the protein in the cirrhotic tissue, the cytoplasmic localization of 

APE1/Ref-1 in SLC was very rare. 

 

The presence of APE1/Ref-1 in tumor tissue was detected not only in the nucleus 

(Figure 14, panel A) but also in the cytoplasm (Figure 14, panel B) of HCC cells. 

Nuclear reactivity was characterized by a dense brown nuclear staining being the nuclei 

negative for APE1/Ref-1 localization stained in light blue.  

Cytoplasmic reactivity was typically a granular diffuse brown staining in this 

compartment either associated or not with nuclear reactivity.  

Figure 13. Immunohistochemical detection of APE1/Ref-1 
in surrounding liver cirrhosis (SLC). Representative 
example of APE1/Ref-1 nuclear reactivity in SLC 
hepatocytes (10X objective), black arrows indicate some 
examples of APE1/Ref-1 nuclear reactivity. Nuclei negative 
for APE1/Ref-1 localization are stained in blue (orange 
arrow). 
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Figure 14. Immunohistochemical detection of APE1/Ref-1 in HCC. Nuclei negative for 
APE1/Ref-1 localization are stained in blue (orange arrow). Panel A: representative example of 
APE1/Ref-1 nuclear reactivity in HCC’s hepatocytes (20X objective), black arrows indicate some 
examples of APE1/Ref-1 nuclear reactivity. Panel B: representative example of cytoplasmic 
staining in HCC tissue (20X objective) as indicated by the yellow arrows. 

 

 Although APE1/Ref-1 was detected in both tumor tissue and surrounding 

cirrhosis, nuclear and cytoplasmic APE1/Ref-1 staining was significantly more frequent 

in HCC tissue with respect to SLC (Figure 15). The median percentage of positive 

nuclear stained hepatocytes was almost double in HCC than in SLC (p=0.0004). This 

was also the case for cytoplasmic staining, for which the median of APE1/Ref-1 

positive cells was twenty percent (IQR=40) in HCC and zero (IQR=0) in SLC 

(p=0.00001) (Figure 15). 
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Figure 15. Box plot of the APE1/Ref-1 nuclear and 
cytoplasmic immunohistochemical reactivity in hepatocellular 
carcinoma (HCC, gray bars) and surrounding liver cirrhosis 
(SLC, white bars). Data report the median (expressed in %) of 
cells positive for APE1/Ref-1 staining for both nuclear and 
cytoplasmic compartments. 

 

To investigate the correlation between APE1/Ref-1 sub-cellular localization and 

hepatocellular carcinoma differentiation grading, APE1/Ref-1 reactivity was also 

compared between patients with well-differentiated (G1-G2) and poorly-differentiated 

(G3-G4) HCC. As reported in Table 7, the median percentage of cells with a clear 

APE1/Ref-1 cytoplasmic staining was almost three-fold higher in poorly-differentiated 

tumors than in G1-G2 (p<0.032), whereas no difference was found in the nuclear 

reactivity of APE1/Ref-1. Furthermore, APE1/Ref-1 expression was comparable in the 

cirrhosis surrounding well- and poorly-differentiated HCC for both nuclear and 

cytoplasmic localization. 
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 G1/G2 G3/G4 P( Mann-Whitney) 

HCC-APE1/Ref-1-nucleus 55 (70) 
[0-85] 

45 (35) 
[0-80] 0.396 

HCC-APE1/Ref-1-cytoplasm 10 (28) 
[0-80] 

30 (40) 
[0-80] 0.032 

SLC- APE1/Ref-1-nucleus 20 (38) 
[0-80] 

30 (50) 
[0-80] 0.335 

SLC- APE1/Ref-1-cytoplasm 0 (10) 
[0-40] 

0 (0) 
[0-40] 0.182 

Table 7. APE1/Ref-1 sub-cellular localization according to HCC differentiation grading. 
Data are reported as median (range) [min-max] interval and define the median percentage of cells 
positive for APE1/Ref-1 staining in nucleus and cytoplasm for both SLC and HCC. Abbreviations: 
HCC-APE1/Ref-1-nucleus, APE1/Ref-1 nuclear localization in HCC tissue; HCC-APE1/Ref-1-
cytoplasm, APE1/Ref-1 cytoplasmic localization in HCC tissue; SLC-APE1/Ref-1-nucleus, 
APE1/Ref-1 nuclear localization in surrounding liver cirrhosis tissue; SLC-APE1/Ref-1-
cytoplasm, APE1/Ref-1 cytoplasmic localization in surrounding liver cirrhosis tissue; G1/G2, 
well-differentiated tumors; G3/G4, poorly-differentiated tumors. 

 

These findings suggested that the different nuclear and cytoplasmic localization 

of APE1/Ref-1 may have some relevance to the clinical outcome of the patients, as 

reported for other types of cancer (Puglisi et al., 2001; Tell et al., 2000a; Puglisi et al., 

2002; Yang et al., 2005b). We therefore analyzed whether this was the case for HCC. 

Because the cutoffs of clinical relevance are not available, we split the population 

studied at the median value of APE1/Ref-1 cytoplasmic staining considering positive 

cytoplasmic staining the case in which a percentage of cells with APE1/Ref-1 positive 

cytoplasm was greater than or equal to the median (20%) to investigate whether the 

cytoplasmic reactivity correlates with patient survival. 

Figure 16 shows the Kaplan-Meier curves in patients with positive or negative 

APE1/Ref-1 cytoplasmic localization in HCC tissue. Subjects with positive HCC 

APE1/Ref-1 cytoplasmic reactivity had significantly shorter survival times after 
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resection (median 0.44, 95% CI 0.11–1.46; p=0.003, log-rank test) than those negative 

for cytoplasmic localization of the protein in HCC tissue (median 1.64, 95% CI 1.09–

3.15).  

 

Figure 16. Kaplan-Meyer survival curve according to the cytoplasmic 
localization of APE1/Ref-1 in HCC tissue. Dashed line indicates patients 
negative for cytoplasmic staining for APE1/Ref-1, solid line indicates cases 
where APE1/Ref-1 cytoplasmic localization was positive.  

Cox regression was used to study the relationship between survival and 

APE1/Ref-1 cytoplasmic positivity in HCC tissue and histological grading of the tumor. 

At univariate Cox regression analysis the correlation between survival probability and 

age, sex, Child-Pugh, HCC grading and cytoplasmic localization was studied to identify 

predictors of mortality. Age, sex and Child-Pugh score were not associated with 

survival time. 

As shown in Table 8, patients with APE1/Ref-1 cytoplasmic positivity in HCC 

showed a hazard rate (HR) of 2.5 (95% CI 1.3–4.8, p=0.004), whereas patients with 
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poorly-differentiated HCC (G3-G4) had a HR of 2.0 (95% CI 1.1–3.7, p=0.02), 

indicating these two variables as possible predictors of survival in this cohort. 

 

Univariate analysis HR 95%CI P value 

HCC- APE1/Ref-1-cytoplasm 
positive 2.5 1.3 to 4.8 0.004 

Age 1.0 0.9 to 1.1 0.496 

Male gender 1.1 0.5 to 2.1 0.864 

Child-Pugh score 0.9 0.4 to 1.9 0.735 

Grading G3/G4 2.0 1.1 to 3.7 0.026 

Table 8. Univariable Cox regression analysis. 

On multivariable analysis (Table 9), the HR of patients with positive HCC 

cytoplasmic expression of APE1/Ref-1 remained significant (2.2; 95% CI 1.1–4.3, 

p=0.021), whereas the HR of poorly-differentiated HCC (G3-G4 grading) was no longer 

significant (1.6; 95% CI 0.8–3.0, p=0.171), indicating that the cytoplasmic localization 

of APE1/Ref-1 is a predictor of survival independent from the HCC differentiation 

grading. 
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 HR (95%CI) P value 

HCC-APE1/Ref-1-cytoplasm positive 2.2 (1.1-4.4) 0.021 

Grading G3/G4 1.6 (0.8-3.0) 0.171 

Table 9. Multivariable Cox regresssion analysis. 

4.1.2 APE1/Ref-1 mRNA level analysis  

The immunoistochemical study conducted on the first cohort of patients (Cohort 

1) was mainly aimed to analyze the sub-cellular localization of APE1/Ref-1 in HCC and 

in the cirrhotic tissue surrounding the tumor on paraffin-embedded tissues.  

Since RNA extraction from these samples was difficult, the APE1/Ref-1 mRNA 

levels in HCC and cirrhotic tissue were studied in the second cohort of patients (Cohort 

2). These patients have been consecutively included in the study after being diagnosed 

affected by HCC at Centro Clinico Studi Fegato (CCSF) of Cattinara Hospital of 

Trieste. Samples were collected (immediately snap frozen) during orthotopic liver 

transplantation (OLT, performed at the Liver Transplantation centre of the University of 

Udine or Torino) or surgical resection of the tumor. In this way, it was possible to 

appropriately store the samples for the RNA extraction performed as described in the 

Material and Methods section. Samples of tissue obtained from one liver donor for OLT 

have been used as normal liver tissue (NL). 

In this second cohort I collected, from each patient, samples of cirrhosis distal 

from the tumor (distal liver cirrhosis, DLC), cirrhotic tissue surrounding the tumor 

(SLC) and the tumor itself obtaining representative specimens of the different stages of 

liver disease progressing from cirrhosis to cancer. 
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4.1.2.1 Characteristics of the cohort of patients studied 

This second cohort of patients included nineteen subjects, sixteen males and 

three females with a M/F ratio of 5/1 and a mean age of 63±7 years (no differences 

between sexes) (Table 10).  

All patients presented underlying cirrhosis due to HCV infection in 6 patients, 

HBV infection in 5 patients and an alcohol consumption greater than 30 g/day for more 

then ten years in 6 patients. The remaining two subjects had no clear predisposing 

factors for HCC and were classified as cryptogenic cirrhosis/HCC. Among these 

nineteen patients 6 were treated with orthotropic liver transplantation (OLT) and the 

remaining 13 has been treated by surgical resection of the tumor. According to Child-

Pugh score 12 patients were in stage A, 6 patients in stage B and 1 patient in stage C 

indicating that the majority of patients presented a compensated cirrhosis.  

When the HCC stage was calculated with CLIP score 2 patients had CLIP 0, 8 

patients CLIP 1, 4 patients CLIP 2, and 5 patients CLIP 3. The histological diagnosis 

demonstrated that tumor grading was G1 in one, G2 in thirteen, G3 in five subject 

accounting for 14 patients affected by a well-differentiated cancer and five with a 

poorly-differentiated HCC. Table 10 summarizes the clinical characteristics of the 

second cohort. 

The clinical features of the second cohort of patients studied for APE1/Ref-1 

mRNA levels were comparable with the one studied for the APE1/Ref-1 sub-cellular 

localization. 
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Cohort of patients studied by RT-PCR (Cohort 2) 
Patients number  19 

Sex  

M  16  

F  3  

M/F  5/1  

Age (mean±SD)  

  63±7  

M  63±8  

F  67±3 

Ethiology  

HCV  6 

HBV  5 

ALCOHOL  6 

OTHER  2 

Child-Pugh 
A 12 

B 6 

C 1 

CLIP stage 

0 2 

1 8 

2 4 

3 5 

Table 10. Clinical characteristics of patients studied by Real 
Time RT-PCR for APE1/Ref-1 mRNA expression. (M: male; F: 
Female; M/F: male/female ratio; HBV: hepatitis B Virus; HCV: 
hepatitis C virus; Child-Pugh: classification of underlying cirrhosis; 
CLIP: Cancer Liver Italian Program score). 

4.1.2.2 Real Time RT-PCR APE1/Ref-1 evaluation  

For each patient the whole homogenate of DLC, SLC, HCC has been used for 

RNA extraction and Real Time RT-PCR analysis. All the primers used to evaluate 
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APE1/Ref- mRNA level by Real Time RT-PCR were first tested on the samples to 

define the best conditions for reaction and, as demonstrated by melting curve and 

standard curve results, all the designed primers worked using the same Real Time RT-

PCR protocol of reaction (Table 11). 

Then, different house keeping genes have been evaluated to verify if their 

expression in normal liver, cirrhosis and HCC tissue was comparable. As shown in the 

in Figure 17 this was the case for 18S but not for β-Actin, and 18S was therefore 

selected as HK gene. The threshold cycle (Ct) for 18S in the four different type of tissue 

was as follows: NL 17.14 ± 0.41, SLC 17.34 ± 0.49, DLC 17.32±0.71, HCC 17.55±0.61 

(data are expressed as threshold cycle mean ± SD) while the Ct of β-actin were not 

comparable, in particular comparing HCC tissue and normal liver: NL 22.10.±0.89, 

SLC 21.40±0.76, DLC 21.37 ± 0.20, HCC 20.60 ± 0.69 (data are expressed as threshold 

cycles mean ± SD). For that reason APE1/Ref-1 expression level has been normalized 

to 18S as HK gene for all the analyses. 
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Gene Melting curve Standard Curve 
Standard Curve 

parameters 

18S 

 

r2=0.993 

eff.=70.0% 

β-Actin 

 

r2=0.994 

eff.=99.7% 

APE1/Ref-1 
r2=0.998 

eff.=87.8% 

Table 11. Results of primers settings. Abbreviations: eff.: efficiency; r2 : regression 
coefficient of the standard curve. 
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Figure 17. House keeping gene expression similarity in NL, DLC, SLC, HCC. Panel A: 
evaluation of 18S threshold cycles in the different tissues for the cohort studied. Panel B: 
evaluation of β-actin threshold cycles in the different tissues for the cohort studied. 
(Abbreviations: NL: normal liver; DLC: distal liver cirrhosis; SLC: surrounding liver 
cirrhosis; HCC: hepatocellular carcinoma) 

 

APE1/Ref-1 mRNA levels in DLC, SLC and HCC relative to NL were increased 

in all the pathological samples following liver disease progression.  

To avoid the lack of a significant number of NL samples and considering the 

progression of the disease associated with the characteristics of each single patient, we 

analyzed the mRNA levels in each patient by comparing the SLC and HCC of each 

subject with respect to its own DLC. Eighty-nine percent of patients presented an up-

regulation of APE1/Ref-1 in HCC and sixty-eight percent of patients in SLC as showed 

in Figure 18 that illustrates the SLC/DLC ratio (panel A, orange bars indicates the up-

regulation) and HCC/DLC ratio (panel B, up-regulation indicated by the red bars) for 

each patient. 
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Figure 18. APE1/Ref-1 mRNA relative levels determined by Real Time RT-PCR in HCC 
affected patients. Panel A: HCC/DLC ratio for individual patient. Panel B: SLC/SLC ratio for 
individual patients. 

The data (fold change mean ± SD) obtained with this second analysis confirmed 

that APE1/Ref-1 transcript levels increase ranging from cirrhosis to HCC (Figure 19) 

being almost 1.5-fold higher in SLC (1.51±0.50) and 3-fold higher in HCC (2.83±1.01) 

than in DLC, with a statistically significant increase form SLC to HCC (p=0.002). 

Figure 19. APE1/Ref-1 mRNA relative levels determined by Real 
Time RT-PCR in HCC patients. Fold change in HCC and SLC 
with respect to DLC. ( # p=0.002 vs. SLC). Abbreviations: DLC: 
distal liver cirrhosis; SLC: surrounding liver cirrhosis; HCC: 
hepatocellular carcinoma. Data are expressed as mean ± SD. 

APE1/Ref-1 up-regulation in the HCC tissue was associated with viral etiology 

as the mRNA levels were progressively higher in alcohol (1.16 ± 0.37), HBV (1.86 ± 
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0.54) and HCV (2.11 ± 0.66) related tumors resulting significantly higher (p=0.036) in 

patients affected by HCV infection that in those where HCC was related to alcohol 

(Figure 20). On the contrary, APE1/Ref-1 transcript levels in the cirrhosis surrounding 

the tumor were not associated with tumor etiology. No association has been found 

between APE1/Ref-1 mRNA level in HCC, SLC or DLC and age, sex, Child-Pugh 

score, HCC grading and HCC staging. I have followed these patients collecting all the 

clinical data and tissue samples. This labor was performed during the two days a week I 

spent in CCSF during the three years of my PhD (as planned in the PhD project) and I 

am still involved in the defined clinical follow-up program of this cohort of patients. 

The rather short follow-up period prevents to draw any firm conclusion but the follow-

up scheme continues.  

Figure 20. APE1/Ref-1 mRNA relative levels determined by Real 
Time RT-PCR in HCC tissue. Fold change in HCC with respect to 
DLC according to tumor etiology. ( # p=0.036 vs. Alcohol) 
Abbreviations: Alcohol: alcohol related HCC; HBV: hepatitis B 
virus related HCC; HCV: hepatitis C virus related HCC; HCC: 
hepatocellular carcinoma. Data are expressed as mean ± SD. 
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4.2 Characterization of APE1/Ref-1 sub-cellular distribution, mRNA and protein 

levels in hepatoma cell lines at different degrees of differentiation. 

4.2.1 Cell lines 

To characterize the APE1/Ref-1 expression pattern in an in vitro model that 

mimics different degrees of differentiation of HCC and to avoid the study of the whole 

homogenate of liver tissue, APE1/Ref-1 mRNA, protein expression and sub-cellular 

distribution have been investigated in two hepatoma cell lines (Huh-7 and JHH6) and 

one normal human hepatocyte cell line (Nguyen et al., 2005). Huh-7 was isolated from a 

patient after resection of a well-differentiated HCC corresponding to G1-G2 grading, as 

defined above, while JHH-6 cell line was isolated form a patient treated for a poorly-

differentiated HCC model of G3-G4 grading. IHH is used as a control cell line since 

they are normal hepatocytes immortalized after isolation from a normal liver. 

4.2.2 APE1/Ref-1 mRNA level in hepatoma cell lines 

The Real Time RT-PCR analysis revealed that APE1/Ref-1 mRNA level was 

significantly higher (p=0.0035) in the hepatoma cell lines with respect to IHH. Like in 

human samples all data were normalized to 18S expression which was comparable 

between the three cell lines. As shown in Figure 21, Huh-7 and JHH-6 showed 

respectively a 2.5-fold and 10.8-fold change in mRNA level with respect to IHH, 

indicating a progressive increment from normal hepatocytes to poorly-differentiated 

cancer cells and showing an association within the mRNA level and the HCC grading. 
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Figure 21. Real Time RT-PCR analysis expressed as fold change 
in mRNA expression of APE1/Ref-1 in hepatoma cell lines as 
compared to normal hepatocytes (IHH). Data are expressed as 
mean ± SD of five different experiments from 5 different batchs of 
cells *p=0.0035 vs. Huh7 

 

This observation is in line with the results obtained in human specimens where 

there was a clear up-regulation of APE1/Ref-1 in cancer tissue with respect to NL and 

cirrhosis, and it was intriguing because the cytoplasmic localization of the protein 

demonstrated by IHC was also associated with the HCC differentiation grading. 

4.2.3 APE1/Ref-1 protein level in hepatoma cell lines 

To further investigate the APE1/Ref-1 expression pattern in this in vitro model 

we evaluated the relative protein level in the three cell lines studying. We used a non-

commercial antibody against APE1/Ref-1 and its specificity was first checked running 

JHH-6 total protein extracts on denaturing 10% polyacrylamide gel as shown in Figure 

22 (panel A). The antibody recognized a major band at the expected 37 kDa 

corresponding to the APE1/Ref-1 full length protein, and a secondary faint band at 

around 33 kDa (Figure 22, Panel A) that has been described to be a cleavage product of 
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the protein giving rise to a form of APE1/Ref-1 lacking the N-terminal 33 amino acids 

(Mitra et al., 2007). The resulting molecular weight (MW) of the two detected bands, 

calculated referring to the migration of the molecular weight standards (Figure 22, Panel 

B), confirmed the expected MW of the two APE1/Ref-1 forms. Of notice and of 

importance was the observation that the antibody recognized a common epitope of the 

two forms of the proteins since this is a mouse monoclonal antibody recognizing the 

amino acids 80-100 present in both forms. This antibody was the same used for the IHC 

study of the Cohort 1. 

Figure 22. Typical anti-APE1/Ref-1 antibody signal. Panel A: The antibody against 
APE1/Ref-1 detects a principal band at 37 kDa and a lighter secondary band. Panel B: 
extrapolation of molecular weight of unknown protein plotting the measured migration 
distance of the calibration protein against the logarithm of their molecular mass. The secondary 
band MW was estimated around 33kDa. 

 

To compare the relative APE1/Ref-1 protein level between the three cell lines, 

thus over-coming the lack of a linear relationship between the densitometry signal on 

photographic films and the amount of protein of interest, a standard curve was used on 

every gel.  
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The standard curve was obtained with different dilution of a reference sample and, 

since JHH6 cells showed the APE1/Ref-1 maximal signal per mg of protein, a JHH-6 

total protein extract was used on each gel.  

Figure 23 shows an example of the standard curve used with its regression curve 

obtained by Curve Expert analysis employing the optical density measurements of the 

signals on the photographic film (ImageJ software). 
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Figure 23. Standard Curve derived from the optical density profile 
analysis of the reference sample. For every Western blot the relative level 
of APE1/Ref-1 was determined using a standard curve generated from a 
reference sample (JHH6 total extract) from the same bath. The curve showed 
here is an example of a non-linear regression curve obtained by Curve Expert 
analysis of the optical density profile of the signal. The standard curve was 
determined for APE1/Ref-1, β-actin and α-tubulin.  
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Every gel was run in duplicate; after running, one gel was electrophoretically blotted to 

a PVDF membrane while the other was stained with Coomasie Brilliant blue. All the 

experiments showed equal amounts of total protein loaded for each lane, (see Figure 24, 

panel A). The blotted gel was then stained by Coomassie Brilliant blue and the PVDF 

membranes with Ponceau S to ensure that the transfer of proteins were complete.  

After the immunodetection of the proteins of interest Colloidal Gold was used 

for a permanent record of the PVDF membrane that also served to further check the 

equal amount of loaded protein between lanes (Figure 24, Panel B).  

Using all these check points we demonstrated that, although the amount of total 

protein loaded for each analyzed sample was equal, β-actin was not expressed at the 

same level in IHH, Huh-7, and JHH6 as showed in Figure 24 Panel C-D, while the α-

tubulin detection was similar among the three cell lines (Figure 24, Panel C-D).  

Consequently, the APE1/Ref-1 protein levels were normalized to α-tubulin 

signal obtained on the same gel. 
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Figure 24. Western blot analysis for β-actin and α-tubulin protein  levels in IHH, 
Huh-7, JHH6. Panel A: example of coomassie staining of 10% polyacrialmide gel after 
electrophoresis. Panel B: example of Colloidal Gold staining of the PVDF membrane. These 
two panels indicates that the quantity of IHH, Huh-7 and JHH6 total protein loaded are 
comparable. This condition was assessed for every experiment. Panel C: representative WB for 
APE1/Ref-1 in IHH, Huh-7 and JHH6. In this panel is also reported the evaluation of α-tubulin 
and β-actin as reference protein showing that α -tubulin is expressed at the same level in the cell 
lins studied while β-actin is not. Panel D: optical density profile evaluation (ImageQ) of the 
band signal for α -tubulin and β-actin. The figure indicates that the bands of α-tubulin  are 
comparable as indicated by the curve area (OD) while β-actin showed an important difference 
between the three cell lines making it not useful as reference protein in this model. 
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APE1/Ref-1 protein level was evaluated in this in vitro model and expressed as 

fold-change of optical density (OD) in Huh-7 and JHH6 with respect to IHH, indicating 

a trend of increasing levels ranging from normal hepatocytes to well-differentiated and 

poorly-differentiated cancer cells (Figure 25). JHH6 presents a secondary band of lower 

MW, that is the APE1/Ref-1 truncated form lacking the N-terminal 33 amino acids. 

Interestingly, this second band is detectable only in the poorly-differentiated hepatoma 

cell lines. 

Figure 25. WB analysis for APE1/Ref-1 in total extracts of hepatoma cell lines and 
in normal hepatocytes. Panel A: representative WB for APE1/Ref-1 detection. Panel 
B: band density quantification graph. Samples were  normalized to α-tubulin and 
protein levels in Huh-7 and JHH-6 are relative to IHH cells, data are expressed as 
mean±SD of five different experiments from 5 different batchs of cells. (* p=0.001 vs. 
Huh7) 
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4.2.4 APE1/Ref-1 cellular localization in hepatoma cell lines 

To evaluate the APE1/Ref-1 cellular distribution in IHH, Huh-7 and JHH6 an 

immunofluorescence detection of the protein was performed and showed that, in all the 

cell lines studied, APE1/Ref-1 was localized both in the nucleus and, to a lesser extent, 

in the cytoplasm (Figure 26). 

 

Figure 26. Immunofluorescence for APE1/Ref-1 in IHH, Huh-7 and JHH6. In red: propidium 
iodide (PI) stained nuclei. In green: FITC-immunodetected APE1/Ref-1. APE1/Ref-1 is localized 
both in the nucleus and partially in cytoplasm of each cell line.  

 

To investigate further the sub-cellular localization, a Western blot analysis was 

performed on nuclear and cytoplasmic enriched fractions (Figure 26). 
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The evaluation of the purity of the enriched nuclei and cytoplasm showed the 

presence of the nuclear marker (α-p84) only in the nuclei and the cytoplasmic marker 

(α-tubulin) was detectable only in the cytoplasmic fraction. 

Western blot analysis showed that the presence of APE1/Ref-1 in the nucleus 

was comparable among IHH, Huh-7 and JHH6 while a higher level of the protein was 

shown in JHH6 than in Huh-7 and IHH for the cytoplasmic fraction. A band of 33 kDa, 

corresponding to the truncated form of APE1/Ref-1, was detected only in JHH-6 but not 

in Huh-7 or IHH cytoplasmic fractions (figure 27, panel C) suggesting an accumulation 

of this form of APE1/Ref-1 in the cytoplasm of the poorly-differentiated hepatoma cell 

line.  
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Figure 27. Western blot analysis for 
APE1/Ref-1 in IHH, Huh-7 and JHH6 
nuclear and cytoplasmic fractions. 
Panel A: example of coomassie staining 
of 10% polyacrialmide gel after 
electrophoresis. Panel B: example of 
Colloidal Gold staining of the PVDF 
membrane. These two panels indicates 
that the quantity of protein loaded in each 
well was comparable. This condition was 
assessed for every experiment. Panel C: 
representative WB for APE1/Ref-1 in 
IHH, Huh-7 and JHH6 nuclear and 
cytoplasmic fractions.  
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4.3 APE1/Ref-1 over-expression in normal hepatocytes (IHH) 

4.3.1 Transfection 

All transfections were carried out in IHH. Figure 28 shows a representative 

result of an experiment of selection agent dosage. IHH cells were challenged against 

G418 antibiotic (at the concentrations shown in the figure) for two weeks. Visual 

inspection clearly shows that cells can grow, although at a lower rate, in the presence of 

125 μg/ mL G418. Microscopic inspection of the same plate revealed the absence of 

cells at 250 μg/ mL of G418. On this basis we selected 250 μg/ mL as the concentration 

for selecting transfectants as this was the lowest to kill 100% of cells in the plate. 

Figure 28. G418 dosage curve for IHH cells. IHH cells were plated 
at 6000 cells/ cm2. Next day G418 was added at the indicated 
concentrations that were maintained for 15 days. At the end of the 
experiment cells were stained with 0.5% methylene blue for 
visualization. 
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 Figure 29 shows the four new cell lines generated by transfection with 

p3XFLAG, pRef-1, pNΔ33, p31-34ALA plasmids and named IHH/p3XFLAG, 

IHH/pRef-1, IHH/pNΔ33, IHH/p31-34ALA. The new lines show conserved hepatocytes 

cell morphology with no evident changes in shape or size with respect to IHH parental 

cells. 

Figure 29. Photomicrographs of monolayer cultures of cell lines IHH/p3XFLAG (A), IHH/ pRef-1 
(B), IHH/ pNΔ33 (C), and IHH/ p31-34ALA (D). 
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4.3.2 Western blot analysis of transfected proteins  

 The MW of each flagged protein produced after plasmids transfection was 

calculated on the basis of the amino acid sequences to be as follows: Ref-1-FLAG 40.7 

kDa, NΔ33-FLAG 36.6 kDa, 31-34ALA-FLAG 40.4 kDa (Table 12).  

All the expected proteins were produced by the transfected IHH as showed by 

Western blot analysis of total protein extracts indicated in Figure 30 panel A.  

The APE1/Ref-1 endogenous protein was produced by each cell line (Figure 30, 

panel B). The anti-APE1/Ref-1 antibody recognized both the endogenous protein and 

the transfected flagged variants. Panel B there is a clear overlap of the endogenous 

APE1/Ref-1 and the flagged truncated form (NΔ33-FLAG) being their molecular 

weight 37 kDa and 36.6 kDa respectively.  

 

  

 

 

 

Table 12. Molecular Weight of endogenous and transfected APE1/Ref-1 forms. 
To notice APE1/Ref-1 full-length endogenous protein has a similar molecular 
weight of the transfected flagged truncated form (NΔ33-FLAG). Furthermore 
among the transfected proteins Ref-1-FLAG and 31-34ALA-FLAG have a similar 
molecular weight. 

Protein forms 
Molecular Weight 
(MW) 

Endogenous 
APE1/Ref-1 37 kDa 

APE1/Ref-1 NΔ33 33 kDa 

Transfected 
Ref-1-FLAG 40.7 kDa 

NΔ33-FLAG 36.6 kDa 

 31-34ALA-FLAG 40.4 kDa 
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Figure 30. Western blot detection of transfected and endogenous APE1/Ref-1 forms. 
Panel A: detection of transfected proteins using anti-Flag antibody. Panel B: detection of 
endogenous and flagged APE1/Ref-1 using anti-APE1/Ref-1 antibody.  

 

4.3.3 Cellular distribution of the APE1/Ref-1 flagged proteins 

 The immunocytochemistry demonstrated that Ref-1-FLAG, the full-length 

flagged protein, was predominantly localized in the nucleus of the IHH (Figure 31, lane 

B) and only partially in the cytoplasm with no clear mitochondrial localization as 

suggested by the merge of FITC and mitotracker red. In the case of NΔ33-FLAG 

(Figure 31, lane C), the truncated flagged protein lacking the NLS signal, the 

distribution was almost completely cytoplasmic with a diffused pattern and only 

partially localized in the mitochondria as demonstrated by the orange color resulted by 

the merge between FITC and mitotracker-red. This results points to both a typical 

accumulation of this form in the cytosol and the possible localization of the truncated 

form into the mitochondria. In line with this conclusion was the observation that 31-

34ALA-FLAG, the non-cleavable flagged APE1/Ref-1, was completely localized into 

the nucleus with no cytoplasmic localization (Figure 31, lane D). As shown in Figure 31 

lane A, no flagged protein was detected in the IHH/p3xFlag demonstrating the 

specificity of the immunohistochemical analysis. 

A B 

48 kDa 

34 kDa 

α-tubulin 
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Figure 31. Microphotography of APE1/Ref-1 flagged forms cellular localization in the 
four cell lines obateined after transfection. In light blue: Hoescht stained nuclei. In red: 
mitotracker-red stained mitochondria. In green: FITC detected flagged APE1/Ref-1 forms. 
Merge is obtained overlapping all three images, orange indicates a mitochondrial localization 
of the flagged proteins.  
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4.3.4 Oxidative stress induction and viability analysis 

Oxidative stress was induced by exposure of the cells to H2O2. IHH/p3XFLAG 

were used as control cells since they do not express the genes under test, nevertheless, 

they are IHH transfected with the same, but empty, vector and grows under the selection 

of G418 as the cell line tested. 

Viability, as measured by cells capacity to metabolize MTT, revealed that both 

IHH/pRef-1 and IHH/pNΔ33 expression exert a significant protection against H2O2 

injury at concentrations of 150 μM (p=0.005, Anova), 200 μM (p=0.003, Anova) and 

250 μM (p=0.002, Anova) while, at higher concentration (350 μM), this protective 

effect is lost (p=0.212) (figure 32). The major difference between IHH/pRef-1 (52.60 ± 

7.47 %) and IHH/pNΔ33 (57.96 ± 6.20 %) with respect to IHH/p3XFLAG viability 

(27.16 ± 6.65 %) was seen at 250 μM H2O2, for which cell viability was almost double 

in IHH/pRef-1 (p=0.01) and IHH/pNΔ33 (p=0.003). Conversely, p31-34ALA does not 

confer a protection since the viability of the IHH/p31-34ALA was comparable with the 

control (IHH/p3XFLAG) for every H2O2 concentration tested. Accordingly, IHH/p31-

34ALA viability at 200 μM H2O2 was almost half than that of IHH/pRef-1 (36.55 ± 

3.56 vs. 61.83 ± 11.5, respectively; p=0.022) and IHH/pNΔ33 (36.55 ± 3.56 vs. 70.36 ± 

8.1, respectively; p=0.004) indicating that the over-expression of the non-cleavable 

form of the protein was not able to protect cells from the oxidative stress caused by the 

H2O2 concentrations used. Interestingly, no difference has been found between pRef-1 

and pNΔ33 over-expressing clones. 
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4.3.5 Induction and detection of apoptosis 

4.3.5.1 AnnexinV positive staining 

Apoptosis was induced by UV irradiation. As in point 4.3.4, IHH/p3XFLAG 

were used as control cells since they do not express the genes under test and they are 

IHH transfected with the same, but empty, vector and grows under the selection of 

G418 as the cell line tested. 

The number of Annexin V positive cells (Figure 33) was significantly different 

between groups both at 3h (p=0.031, Anova) and 6h (p=0.001, Anova) post UV 

irradiation demonstrating a protective response at each time even though this response 

was not homogeneous among the 3 cell lines tested. 
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Figure 32. Hydrogen peroxide cytotoxicity on lines measured by 
MTT assay. Data are expressed as mean±SD of three different 
experiments.(*= different from IHH/p3XFLAG; #= different from 
IHH/p31-34ALA; p values are reported in the text)
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At 3 hours after UV treatment, only IHH/pNΔ33 showed a significant resistance 

(p=0.023) with respect to IHH/p3XFLAG being, the percentage of Annexin V positive 

cells, 14.46 ± 2.28 for IHH/pNΔ33 and 37.93 ± 1.48 for IHH/p3XFLAG. These data 

indicate that 3h after the UV irradiation the truncated form of APE1/Ref-1 showed a 

more rapid protective response to the oxidative insult. 

On the other hand, at 6 hours, AnnexinV staining was significantly reduced by 

the over-expression of Ref-1-FLAG (p=0.003), NΔ33-FLAG (p=0.001) and 31-34ALA-

FLAG (p=0.005) with respect to control cells being the percentage of AnnexinV 

positive stained cells as follows: 25.24 ± 6.73 for IHH/pRef-1, 18.22 ± 1.02 for IHH/ 

pNΔ33, 27.76 ± 2.07 for IHH/p31-34ALA and 49.86 ± 0.82 for IHH/p3XFLAG. This 

second set of data indicates that after the first 3 hours, all the APE1/Ref-1 forms were 

able to protect IHH from apoptotic stimulus induced by UV irradiation. 

No difference was observed between the three cell lines over-expressing the 

different forms of APE1/Ref-1 in their apoptotic rate at 6h after the induction. All the 4 

transfected cells, showed a low apoptotic rate at basal conditions that was comparable 

between the cells studied. 
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Figure 33. FACS analysis of apoptotic rate after UV irradiation. Cells were treated with 
UV exposure and after 3 and 6 hours FACS analysis for AnnexinV staining was performed to 
assess the percentage of cells undergoing apoptosis. Panel A: example of FACS analysis 
graphs for apoptotic rate at 3 and 6 hours after UV irradiation (FL1-H: AnnexinV-FITC; FL2-
H: propidium iodide). Panel B:  The bar plot shows the AnnexinV-FITC positive cells 
mean±SD of three different experiments from three different batch of cells. (*= different from 
IHH/p3XFlag; p values are reported in the text) 
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4.3.5.2 BAX activation and Cytochrome C release 

BAX activation is required for mitochondrial Cytochrome C release in apoptotic 

cascade. To confirm the data obtained by FACS and described above it was checked if 

BAX activation and Cytochrome C release were inhibited by APE1/Ref-1 over-

expression.  

Figure 34 is an example of the immuno-detection of BAX activation, the upper 

lane shows untreated cells where BAX is not activated and not detected by the antibody 

while the lower lane shows in UV irradiated cells a clear BAX activation with detection 

of the protein which is localized in the mitochondria. Cytochrome C release is 

illustrated in Figure 35, when Cytochrome C is not released it is clearly localized into 

the mitochondria (upper lane) while after BAX activation, Cytochrome C is released 

into the cytosol and it is detected as a green diffuse cytoplasmic fluorescence (lower 

lane). 

 The count of the positive cells for BAX activation and Cytochrome C release 

(Figure 36) showed that both IHH/pRef-1 (11.2 ± 1.5) and IHH/pNΔ33 (13.2 ± 1.2) 

significantly (p=0.001) inhibited BAX activation by almost three times with respect to 

IHH/p3XFLAG (30.8 ± 0.91). This effect was associated with a parallel decrease in 

Cytochrome C release (p=0.001) being less frequent in IHH/pRef-1 (12.4 ± 1.4) and 

IHH/pNΔ33 (17.3 ± 1.2) than IHH/p3XFLAG (35.5 ± 1.1). These dates confirmed those 

obtained by FACS analysis suggesting an anti-apoptotic role of APE1/Ref-1 in IHH. 
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Figure 34. Example of immunocytochemical detection of BAX activation after UV treatment. In 
light blue: Hoescht stained nuclei. In red: mitotracker-red stained mitochondria. In green: FITC 
detected BAX activated form. Merge is obateined overlapping all three images, orange indicates a 
mitochondrial localization of BAX as conseguence of its activation. 

Figure 35. Example of immunocytochemical detection of Cytochrome C release after UV 
treatment. In light blue: Hoescht stained nuclei. In red: mitotracker-red stained mitochondria. In 
green: FITC detected Cytocrome C. Merge is obateined overlapping all three images, orange 
indicates a mitochondrial localization of Cytocrome C. After BAX activation Cytochrome C is 
realeased into the cytoplasm loosing its mitochondrial localization. 
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Figure 36. Bar graphs represented the percentage of cells with BAX 
activation and Cytocrome C release after UV irradiation. Data are reported as 
mean of three different experiments, standard deviation it is not shown to allow the 
representation of 0%. (*p<0.01 vs. IHH/p3X).  
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Chapter 5 

 

DISCUSSION 

The aim of this Thesis was to describe the expression pattern of APE1/Ref-1 in 

human hepatocellular carcinoma and to correlate it with the differentiation grades and 

progression of the disease. To accomplish these points, I analyzed different models of 

HCC, first focusing on human samples and then on hepatic cell lines obtained both from 

normal liver and hepatocellular carcinoma at different degrees of differentiation. 

As already stated, APE1/Ref-1 is known to be deregulated in different tumor 

processes correlating with patient prognosis (Table 1), and is a master regulator of 

cellular response to oxidative stress. HCC develops in a milieu of chronic inflammation 

and oxidative stress damage (Farazi P A, 2006; Schwabe and Brenner, 2006) and at the 

time I started my work, no data were available about the possible involvement of 

APE1/Ref-1 in the process of hepatocarcinogenesis.  

Inflammation and oxidative insult are common features of hepatocarcinogenesis 

regardless the tumor etiology (Farazi P A, 2006) as hepatocellular carcinoma almost 

invariably develops as natural outcome of chronic liver diseases that progress from 

hepatitis to cirrhosis (Sherman, 2005). In this study we analyzed two different cohorts 

of patients: Cohort 1 included 47 patients enrolled to investigate, retrospectively, 

APE1/Ref-1 sub-cellular localization by immunohistochemistry on paraffin-embeded 
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HCC and SLC sections; Cohort 2 was composed by 19 patients included in a 

prospective study to analyze APE1/Ref-1 mRNA levels on frozen samples of DLC, 

SLC and HCC collected immediately at the surgery. All the subjects studied developed 

HCC in a cirrhotic liver. The majority of patients were affected by a compensated 

cirrhosis (Child-Pugh Stage A) in both in Cohort 1 (81% of subjects) and Cohort 2 

(63% of subjects).  

The most common causes of HCC worldwide are HBV and HCV infections and 

the incidence of HCC in Western countries is rising accordingly to the increased 

incidence of HCV infection (Brechot et al., 1998; Bosch et al., 2004). Alcohol abuse is 

the other most common cause of HCC development (Bosch et al., 2004). This 

distribution was comparable with that of the patients included in this study: HBV and 

HCV represent the more frequent causes of HCC in the two cohorts, followed by 

alcohol consumption. The distribution of patients by etiology was comparable between 

the Cohort 1, studied for APE1/Ref-1 sub-cellular localization, and Cohort 2, analyzed 

for APE1/Ref-1 transcript levels. HCC develops more frequently in males with a mean 

age at the diagnosis of 65 years, in line with what reported for Caucasians (Fattovich et 

al., 2004). Age and sex distributions were also comparable between the two cohorts 

studied being the median age in Cohort 1 63 ± 10 years with a M:F ratio of 3:1 and 63 ± 

10 years in Cohort 2 with a M:F ratio of 4:1. 

HCC is a multistep process that begins at the cirrhotic stage (Thorgeirsson and 

Grisham, 2002; El-Serag and Rudolph, 2007). Cirrhosis is characterized by fibrosis and 

rounds of necrosis and regeneration leading to the formation of cirrhotic hyperplastic 

nodules with a high proliferation rate. These nodules may degenerate to high level 

dysplastic nodules and HCC (Figure 3). All chronic liver diseases are characterized by 

persistent cellular damage with an increased level of ROS (Kaplowitz, 2000), and 

oxidative stress is present in all the steps driving normal hepatocytes to malignant 

transformation. To figure out the possible involvement of APE1/Ref-1 in these different 
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steps we analyzed human samples of both cirrhosis and tumor. In the cohort 1 the tumor 

(HCC) and the surrounding liver cirrhosis (SLC) tissues have been analyzed and in the 

cohort 2 also the cirrhosis distal form the tumor (DLC) was included.  

Hepatocellular carcinoma progress starting from a well-differentiated tumor to a 

poorly-differentiated HCC and in Cohort 1 the number of patients affected by well-

differentiated tumors was similar with the one with poorly-differentiated cancers ( 57% 

G1-G2 vs. 43% G3-G4), allowing the comparison of the sub-cellular distribution in 

accordance to the HCC differentiation grading. This was not the case in the cohort 2 for 

which the majority of patients enrolled (73%) had a well-differentiated cancer rendering 

difficult the comparison of the APE1/Ref-1 mRNA levels according to the HCC 

differentiation grading.  

To further address this last point and to focus the analysis at the hepatocyte level 

avoiding other cell type contamination typical of the whole homogenate, APE1/Ref-1 

mRNA levels were additionally investigated in an in vitro model using Huh-7 (well-

differentiated HCC), JHH6 (poorly-differentiated HCC) and IHH (normal hepatocytes). 

In these cells also the sub-cellular localization and protein level were assessed.  

From another point of view, APE1/Ref-1 is also known to be an essential protein 

protecting cells from different oxidative insults (Li et al., 2008; Ramana et al., 1998). 

Therefore, a significant part of the present work was dedicated to explore this important 

aspect using IHH.  

5.1 APE1/Ref-1 mRNA levels in HCC and Cirrhosis 

All types of liver injury that drives to hepatocarcinogenesis are characterized by 

chronic inflammation and associated with an increased production of free radicals such 

as O•-, H2O2 and OH•- (Cesaratto et al., 2004). ROS represents a link between chronic 
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inflammation and hepatocarcinogenesis (Pikarsky et al., 2004; Farazi P A, 2006; 

Bartsch and Nair, 2004b) causing DNA, protein and lipid damage and acting as second 

messengers able to induce gene expression by redox regulation of TFs activity (Hussain 

et al., 2003).  

APE1/Ref-1 is implicated both in redox activation of TFs (HIF-1α, STAT-3, 

NF-kB among others) and in repair of DNA lesions and it is regulated at both 

transcriptional and post-translational levels (Tell et al., 2005). ROS are able to induce 

an increase of APE1/Ref-1 mRNA and protein that has been demonstrated in vivo and 

in vitro (Gillardon et al., 1997; Grosch et al., 1998; Grosch and Kaina, 1999; Ramana et 

al., 1998; Tell et al., 2000a; Tell et al., 2000b; Walker et al., 1994; Yao et al., 1994). 

APE1/Ref-1 induction is characterized by an increase in APE1/Ref-1 protein and 

mRNA that appear to involve de novo synthesis since various agents, that block protein 

synthesis, abolish this induction (Ramana et al., 1998; Tell et al., 2000b). 

Our data demonstrate that APE1/Ref-1 mRNA levels were increased in 90% of 

HCC tissue samples and in almost 68% in SLC with respect to NL, indicating a 

predominant APE1/Ref-1 up-regulation in tumor tissues. This was in line with the 

observation that APE1/Ref-1 transcript levels have been found to be elevated in 

different cancers such as prostate cancer (Kelley et al., 2001), germ cell tumors 

(Robertson et al., 2001) and melanoma (Yang et al., 2005b). The finding that the 

frequency of APE1/Ref-1 induction increases from SLC to HCC suggests a relationship 

between the tumor progression and its up-regulation. Cirrhotic liver contains dysplastic 

nodules  and the high-grade dysplastic nodules frequently contains one or more foci of 

HCC (Kojiro, 2005) indicating that the process of hepatocarcinogenesis begins in 

cirrhotic tissue where hepatocytes progressively undergo malignant transformation and 

suggesting a possible explanation for the, although less frequent, APE1/Ref-1 up-

regulation in SLC.  
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It has been shown that elevated APE1/Ref-1 levels facilitate the ROS induced 

transformation of JB6 cells suggesting that APE1/Ref-1 up-regulation associated with 

oxidative insult may be involved in tumorigenesis (Yang et al., 2007). The data reported 

in the mentioned study indicate that the presence of elevated APE1/Ref-1 might 

enhance the ROS mediated activation of AP-1 and NF-kB inducing cell proliferation 

and, at the same time, protects cells from oxidative damage facilitating neoplastic 

transformation. Herring et al. reported the existence of an inverse relationship between 

intrinsic radiosensitivity and the expression of APE1/Ref-1 in cervical carcinoma 

(Herring et al., 1998). Furthermore, the knockdown of APE1/Ref-1 blocks ovarian 

cancer cell and tumor growth (Fishel et al., 2008) suggesting a central role of 

APE1/Ref-1 over-expression in tumor progression.  

In the 19 patients analyzed for APE1/Ref-1 mRNA level we observed a 

significant increase of APE1/Ref-1 expression from DLC to SLC to HCC being 

APE1/Ref-1 transcript levels 1.5-fold higher in SLC and 3-fold higher in HCC with 

respect to DLC. It is important to notice that this result was obtained by comparing the 

mRNA levels in SLC and HCC of each subject with respect to its own DLC. This 

approach allowed to compare the different stages of the liver cancer progression 

avoiding the variations associated to patient characteristics and confirmed that 

APE1/Ref-1 up-regulation followed the disease progression. These data are in line with 

the observation that oxidative DNA damage is increased in human liver tissue 

surrounding the HCC (Jungst et al., 2004) and suggest a probable reactive induction of 

APE1/Ref-1 associated with oxidative damage in SLC. 

It has been shown that APE1/Ref-1 up-regulation is always associated with an 

increase in both redox modulated and AP endonuclease activities, followed by an 

increase in cell resistance toward oxidative stress and DNA damage (Grosch et al., 

1998; McNeill and Wilson, III, 2007; Mitra et al., 2007; Ramana et al., 1998). The 

resistance to cell death is transient and the reversal coincides with the reduction in 
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APE1/Ref-1 mRNA and protein levels (Ramana et al., 1998). These observations 

together with our finding that APE1/Ref-1 is over-expressed in almost all the HCC 

tissues studied, suggest that the constitutive up-regulation of this protein may drive cells 

to malignant transformation as a consequence of an adaptive response to oxidative 

damage being APE1/Ref-1 ROS mediated induction involved in clastogenic adaptation 

(Grosch et al., 1998).  

Since the multistep process of hepatocarcinogenesis is also characterized by a 

progressive de-differentiation of HCC (Edmonson and STEINER, 1954; Nam et al., 

2005), APE1/Ref-1 mRNA levels have been evaluated in accordance to the HCC 

differentiation grading. This analysis showed that JHH6 (poorly-differentiated 

hepatoma cell line) were characterized by significantly higher APE1/Ref-1 levels with 

respect to Huh-7 (well-differentiated hepatoma cell line) and IHH, demonstrating an up-

regulation of APE1/Ref-1 in hepatoma cell lines and confirming the results obtained on 

human samples showing that the highest levels of APE1/Ref-1 mRNA were found in 

the more aggressive cancers. 

It has been demonstrated that the over-expression of antioxidant enzymes in 

hepatoma cell lines inhibits tumor cell propagation (Dong-Yun et al., 2003) and that 

ROS promotes their invasive ability (Kozuki et al., 2001; Kozuki et al., 2000; Miura et 

al., 2003). Moreover, the expression of antioxidant enzymes is associated with the cell 

line differentiation and a reduction of these enzymes was typically found in the poorly-

differentiated hepatoma (Yang et al., 2005a) suggesting that the progressive increase of 

APE1/Ref-1 transcript levels, according to HCC differentiation grading, may be 

associated with an increased level of ROS depending on a reduced activity of 

antioxidant enzymes. However, the up-regulation of APE1/Ref-1 depends not only on 

the direct effect of ROS on its promoter but other stimuli may be responsible of its 

induction. Different transcription factors, including Sp-1 (Fung et al., 2001), Egr-1 

(Pines et al., 2005a), STAT3 (Haga et al., 2003), CREB (Grosch and Kaina, 1999), and 
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Jun/ATF4 (Fung et al., 2007) are involved in the inducible expression of APE1. For 

instance, STAT3 induces APE1/Ref-1 expression in liver (Haga et al., 2003), STAT3 

activation is an early event in HCC (Liu et al., 2002) and it is known to play an 

important role in HCC development (Farazi P A, 2006; Sun et al., 2008).  

In this work, we found that patients affected by HCV related HCC showed a 

significantly higher APE1/Ref-1 mRNA level in HCC tissue with respect to patients 

affected by an alcohol related cancer. Interestingly, HCV is able to induce 

mitochondrial ROS production, DNA damage (Machida et al., 2006) and to 

constitutively induce STAT3 expression (Gong et al., 2001; Waris et al., 2005). Based 

on these observations, it is possible to speculate that this TF triggers APE1/Ref-1 

induction in HCC of patients affected by HCV but this hypothesis needs to be 

investigated. Very recently, Caillot et al. demonstrated that the STAT3 expression is 

associated to the tumor etiology since alcohol does not increase STAT3 levels while 

HCV induces its up-regulation but this was described only in the cirrhosis surrounding 

the tumor while in our series of patients no difference has been found in the APE1/Ref-

1 transcript level in SLC according to liver disease etiology (Caillot et al., 2009). We 

acknowledge that one limitation of our survey is the small number of patients but, since, 

the Cohort 2 is still open to enrolment, we will increase this number to confirm these 

preliminary although promising results. 

The increased mRNA levels were associated with a parallel increase in protein 

levels. As all the stimuli that promote APE1/Ref-1 expression are also able to induce its 

intracellular translocation, in the next section the analysis of protein levels and cellular 

localization in HCC tissues and hepatoma cell lines is discussed.  
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5.2 APE1/Ref-1 immunodetection and sub-cellular localization in cirrhosis and 

HCC 

Among the tumors with APE1/Ref-1 over-expression, the sub-cellular 

localization was shown to be modified with respect to physiological conditions; in fact, 

in some tumors APE1/Ref-1 cytoplasmic localization was associated with a worst 

clinical outcome (Table 1). 

In the forty-seven HCC cases studied by IHC (Cohort 1), APE1/Ref-1 positive 

staining was significantly more frequent in HCC tissue than in the surrounding liver 

cirrhosis (Figure 15). Supporting this and confirming the data obtained by the Real 

Time RT-PCR in the cohort 2, Western blot analysis performed at the Prof. G. Tell 

laboratory (University of Udine) on total protein extracts of five HCC tissues and 

normal liver showed that the APE1/Ref-1 protein level in tumor tissues was higher than 

in normal liver for all the patients studied. Then, we can conclude that APE1/Ref-1 is 

up-regulated in HCC with respect to normal liver and cirrhosis both at protein and 

mRNA levels or, in other words, that its induction determines an increased production 

of the protein in particular in tumor tissue. 

As mentioned before, oxidative agents promote an increase of APE1/Ref-1 

mRNA and protein expression, and this up-regulation is always associated with an 

increased redox and AP endonuclease activities (Grosch et al., 1998; Ramana et al., 

1998; Grosch and Kaina, 1999). It was suggested that ROS are increased in all liver 

pathologies causing a significant damage to hepatocyte DNA also detectable in the liver 

surrounding the HCC (Jungst et al., 2004). The DNA repair proteins are targeted in the 

nucleus in response to DNA damage signals (Mitra et al., 2002) and chronic oxidative 

stress increases APE1/Ref-1 nuclear accumulation (Ramana et al., 1998). Our data 

demonstrate that APE1/Ref-1 nuclear staining is significantly more frequent in tumor 

tissue than in SLC. Moreover, APE1/Ref-1 cytoplasmic localization is not only 
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significantly more frequent in HCC tissue being almost absent in SLC (Figure 15). It is 

worth mentioning that in normal liver, APE1/Ref-1 was found to be localized only in 

the nuclei of hepatocytes and endothelial and biliary ductal cells. These data point to the 

cytoplasmic localization as a peculiar feature of transformed hepatocytes and suggest 

that APE1/Ref-1 cytoplasmic accumulation may play a role in HCC development. A 

similar pattern of APE1/Ref-1 distribution has been described in colorectal cancer 

(Kakolyris et al., 1997), breast cancer (Kakolyris et al., 1998a; Puglisi et al., 2002), 

thyroid carcinomas (Tell et al., 2000a), malignant melanoma (Yang et al., 2005a) and 

epithelial ovarian cancers (Moore et al., 2000). In each of these tumors, cytoplasmic 

expression of APE1/Ref-1 was observed in tumor cells whereas nuclear reactivity was 

found mostly in the normal cells. 

To investigate the possible role of APE1/Ref-1 expression in the progression of 

hepatocellular carcinoma, we evaluated the protein levels and sub-cellular localization 

of APE1/Ref-1 according to HCC histological differentiation grading. APE1/Ref-1 

cytoplasmic localization in HCC tissue was significantly more frequent in poorly-

differentiated than in well-differentiated tumors while, no difference was found in 

nuclear detection between the two groups. In line with this observation, we 

demonstrated in vitro that APE1/Ref-1 was significantly up-regulated in hepatoma cell 

lines with respect to normal hepatocytes both for mRNA and protein levels, being the 

highest level of the protein detected in the less differentiated cells. Immunofluorescence 

studies established that APE1/Ref-1 is localized both in the nucleus and in the 

cytoplasm of the three cell lines. Interestingly, Western blots, performed on nuclear and 

cytoplasmic enriched fractions, indicated that the presence of APE1/Ref-1 in the 

nucleus was comparable among the cells while, for the cytoplasmic fraction, a higher 

level of protein was found in JHH-6 than both in Huh-7 and IHH. A second band 

corresponding to the APE1/Ref-1 truncated form was detectable only in JHH6 

cytoplasmic fraction. Similarly to what observed for tissue samples, APE1/Ref-1 level 

is higher in poorly-differentiated HCC with a progressive increase from normal 
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hepatocyte to well-differentiated and poorly-differentiated hepatoma. The over-

expression in poorly-differentiated cancers is associated with a cytoplasmic 

accumulation that not only is more frequent in HCC than in SLC but is also 

significantly associated with the HCC differentiation grading leading to the conclusion 

that, as in other types of cancer, HCC is associated with a significant accumulation of 

APE1/Ref-1 in the cytoplasm of tumor cells. 

This particular distribution was also shown to correlate with the aggressiveness 

and prognosis of the neoplasia. In breast cancer, APE1/Ref-1 nuclear localization was 

always associated with a better prognosis, low angiogenesis, and negative lymph node 

status, whereas cytoplasmic expression was predictive of a bad prognosis (Puglisi et al., 

2002; Kakolyris et al., 1998a). From our data, this seems to be true also for HCC, 

because patients with cytoplasmic localization of APE1/Ref-1 in HCC showed a median 

survival time after resection significantly shorter than patients with negative 

cytoplasmic staining. 

These results underline the strong association of the cytoplasmic localization of 

APE1/Ref-1 with HCC and reinforce the hypothesis that APE1/Ref-1 cytoplasmic 

accumulation in HCC tissue could be related to a poor prognosis. This is further 

supported by the finding that the hazard rate of subjects with APE1/Ref-1 cytoplasmic 

localization in HCC was 2.5-fold higher than those negative for the protein. This 

difference holds when the grading is included in the multivariable analysis 

demonstrating that APE1/Ref-1 cytoplasmic localization in HCC is an independent 

predictor of survival.  

Our findings empasize the need for a deeper understanding of the possible 

mechanism associated with APE1/Ref-1 cytoplasmic accumulation in hepatocellular 

carcinoma and the probable functions of the protein in this compartment. Whereas 

APE1/Ref-1 nuclear roles are well established, very little is known about APE1/Ref-1 

extra-nuclear functions. Stimuli that promote APE1/Ref-1 expression are also able to 
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control its intracellular trafficking (Tell et al., 2005). As shown in Figure 10, several 

different intracellular and extracellular stimuli activate APE1/Ref-1 (Tell et al., 2005). 

Each of these stimuli, particularly ROS production, has been described to act in the 

maintenance of chronic liver injury progressing to HCC (Farazi P A, 2006; Cesaratto et 

al., 2004). 

During cellular response to oxidative stress, neo synthesized APE1/Ref-1 is 

rapidly translocated into the nuclear compartment. Nuclear localization of APE1/Ref-1 

is controlled by the first 20 amino acids at the N-terminal sequence through a bipartite 

nuclear localization signal (NLS) comprising residues 1–7 and 8–13 with the 

involvement of an importin system (Jackson et al., 2005). Recently, Qu et al 

demonstrated that S-nitrosation of C93 and C310 in response to NO stimulation leads 

nuclear to cytoplasm translocation of APE1/Ref-1 and that the region comprising amino 

acids 64–80 contains a nuclear export signal (Qu et al., 2007). Thus, both nuclear 

import and export may control sub-cellular distribution of APE1. Interestingly, we 

found the presence of the truncated form of APE1/Ref-1 (NΔ33APE1/Ref-1) in the less 

differentiated cells (JHH6) both in the total protein extracts and in the cytoplasmic 

fraction. This band presents a MW corresponding to that of the truncated APE1/Ref-1 

which lacks the 33 N-terminal amino acids and consequently the NLS signal 

(Chattopadhyay et al., 2006). The truncated from of APE1/Ref-1 (NΔ33APE1/Ref-1) 

was not detectable in IHH and Huh-7 cytoplasmic fractions, indicating a distinctive 

accumulation of this form in the cytoplasm of the less differentiated cancer cells. 

Furthermore, the truncated APE1/Ref-1 was not detected in the nuclear fraction of any 

cell line confirming this form is only present in the cytoplasm. When we transfected 

IHH with pRef-1, pNΔ33 and p31-34ALA, the transgenic flagged proteins did not 

suppress the production of the endogenous APE1/Ref-1. As expected, a different pattern 

of cellular localization was observed with the Ref-1-FLAG distributed both in the 

nucleus and in the cytoplasm of IHH/pRef-1 with a predominant nuclear staining. On 
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the contrary, 31-34ALA-FLAG (non-cleavable form) was localized only in the nucleus 

of IHH/p31-34ALA while the truncated form of APE1/Ref-1 (NΔ33-FLAG) showed a 

predominant cytoplasmic staining demonstrating that the nuclear localization is 

associated with the presence of the N- terminal 33 amino acids.  

Chattopadhyay et al. demonstrated that a cleavage at K31 gives rise to a form of 

APE1/Ref-1 that is localized in mitochondria (Chattopadhyay et al., 2006), even though 

the role of APE1/Ref-1 in this compartment needs to be further elucidated it has been 

suggested that this protein could be involved in mitochondrial BER pathway (Larsen et 

al., 2005). Whereas, neither the identity of the specific protease responsible of the 

cleavage nor the mitochondrial localization signal (MTS) have been defined yet.  

The observation that the cleavage of APE1/Ref-1 induces mitochondrial 

localization was in line with our findings demonstrating that NΔ33-FLAG co-localizes 

with mitochondria in IHH/pNΔ33 (figure 31, lane C) while the non-cleavable form is 

not able to exit the nucleus and, then, to be imported into the organelle (figure 31, lane 

D). Therefore, the loss of the N-terminal part may be responsible for APE1/Ref-1 

cytoplasmic retention by inhibiting its nuclear accumulation. However, since 

cytoplasmic accumulation interested also the full length protein, mitochondrial 

localization would not represent the only explanation for this localization in HCC. Some 

other hypotheses have to be considered for future studies. APE1/Ref-1, as a redox 

protein, may be in the cytoplasm to maintain newly synthesized transcription factors in 

a reduced state while they are being transported to the nucleus (Kakolyris et al., 1998b) 

or, since highly metabolically active cells experience an increase in oxidative stress, the 

presence of APE1/Ref-1 in the cytoplasm may reflect an involvement in cellular 

responses to oxygen tension (Kakolyris et al., 1998b; Rivkees and Kelley, 1994; Wilson 

et al., 1996).  
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APE1/Ref-1 is up-regulated in the HCC where its cytoplasmic localization has a 

prognostic significance. This accumulation is increased in less differentiated cancers 

that also show an increase of the truncated form of APE1/Ref-1. This truncated form of 

the protein is principally distributed in the cytoplasm of IHH and, when over-expressed, 

it co-localizes with mitochondria. Although, additional data are needed to provide an 

explanation on the molecular events at the basis of these observations, it is intriguing to 

understand if the over-expression of APE1/Ref-1 may confer a survival advantage to 

hepatocytes. Data obtained on this regard are discussed in the next section. 

5.3 APE1/Ref-1 over-expression in normal hepatocytes: resistance to oxidative 

stress. 

It has been shown in different models that the over-expression of APE1/Ref-1 

protects cells from oxidative damage and induces the selection of cells resistant to ROS 

damage (Grosch et al., 1998). APE1/Ref-1 expression in association with a chronic 

exposure to H2O2 or UV radiation drives to neoplastic transformation (Yang et al., 

2007). Our findings demonstrated that APE1/Ref-1 is up-regulated in HCC but 

interestingly an increase of its mRNA levels was also present in the SLC. Dysplastic 

nodules that are present in cirrhotic liver have been demonstrated to be clonal lesions, 

and therefore already neoplastic phenomena (Aihara et al., 1996; Ochiai et al., 2000). 

Although simple, the hypothesis that hepatocytes having a survival advantage in a 

cirrhotic context characterized by chronic inflammation and oxidative stress would 

expand in a clustered fashion is appealing and might be related to resistance to disease 

damage or associated to impaired mechanisms of apoptosis as suggested by Yuong 

Nyun Park et al. Park (Park et al., 2001). 

We observed that both IHH/pRef-1 and IHH/pNΔ33 exert a significant 

protection against oxidative insult induced by H2O2 while the over-expression of the 
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non-cleavable mutant does not protect the cell. Furthermore, viability of the cells 

expressing the full length and the truncated form of APE1/Ref-1 at 200 μM was almost 

double with respect to IHH/p31-34ALA. These results indicate that the over-expression 

of APE1/Ref-1 confers a survival advantage to hepatocytes only in the case of the wild 

type protein or its trucanted form with the suggestive implication for a role of the 

APE1/Ref-1 mitochondrial localization in this protective mechanism. Li et al. recently 

demonstrated that over-expression of the APE1/Ref-1 truncated form into the 

mitochondria of HUVEC cells enhances cell survival after H2O2-induced oxidative 

stress both in terms of MTT reduction and colony formation (Li et al., 2008). Other 

studies showed that the knockdown of APE1/Ref-1 sensitizes cells to apoptosis induced 

by oxidative stress both in vitro (Xiong et al., 2008) and in vivo (Unnikrishnan et al., 

2009).  

In this work, we also demonstrated that APE1/Ref-1 over-expression reduce the 

apoptotic rate in IHH. Although six hours after treatment all the APE1/Ref-1 transfected 

forms were able to reduce the apoptotic rate, only IHH/pNΔ33 showed an enhanced 

survival after 3 hours. This underlines a possible link between APE1/Ref-1 over-

expression and hepatocyte survival under UV exposure and that the NΔ33 APE1/Ref-1 

is the form that faster prevents apoptosis. These findings, in addition to the increased 

expression in cirrhosis and HCC, are in line with the demonstration (Park et al., 2001) 

that, at all stages of hepatocarcinogenesis the rate of cell proliferation is higher than 

apoptosis, allowing a preferential net gain of cells that are resistant to apoptosis and that 

can drive tumor progression suggesting that APE1/Ref-1 may be implicated in this 

mechanism.  

In addition to the demonstration that the balance between survival and apoptosis 

is compromised in the pre-neoplastic hepatocytes, it has been found that some pro-

apoptotic molecules are down regulated or inactivated in HCC (e.g. BAX). The balance 

between death and survival is disrupted due to over-expression of anti-apoptotic signals 
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(Fabregat et al., 2007). Mitochondrial dysfunction is the committing step in hepatocyte 

cell death which, at its time, is dependent on mitochondria (Malhi et al., 2006). One of 

the pathways that trigger hepatocyte apoptosis is dependent on BAX activation that 

induces mitochondrial outer membrane permeabilization leading to the release of 

Cytochrome C to the cytosol and caspases activation (Green, 2005). In our model, both 

pRef-1 and pNΔ33 over-expression were able to inhibit BAX activation and 

consequently reduce Cytochrome C, indicating that APE1/Ref-1 over-expression is able 

to protect IHH from apoptosis at this level. Although in a different model, these 

observations are supported by the recent findings that mitochondrial targeted 

APE1/Ref-1 reduced the apoptotic Cytochrome C release (Li et al., 2008) and that the 

absence of APE1/Ref-1 decreased the ratio of Bcl2/BAX protein expression resulting in 

Cytochrome C release and caspase 3 activation (Xiong et al., 2008). In our in vitro 

model, APE1/Ref-1 over-expression in a normal hepatocyte derived cell line confers a 

survival advantage which allows us to speculate that these mechanisms might be 

implicated also in the hepatocarcinogenesis in vivo even though further experiments are 

necessary to prove this hypothesis. 

 





 

Conclusions  

 

125 

 

 

 

Chapter 6 

 

CONCLUSIONS 

The data obtained in this thesis demonstrated an altered expression of 

APE1/Ref-1 in HCC since we observed that: 

- APE1/Ref-1 is significantly more expressed in HCC with respect to SLC and 

this induction is characterized by a progressive increase of mRNA levels 

according to tumor progression (from DLC to SLC to HCC). As well it 

increases, in vitro, from IHH to Huh-7 to JHH6 according with cell 

differentiation grade. The increase of APE1/Ref-1 mRNA levels is 

associated with an increased production of protein both in vivo and in vitro; 

- Etiology also seems to have an influence in APE1/Ref-1 mRNA levels since 

it is higher in HCC tissues of HCV infected patients; 

- Hepatocellular carcinoma is characterized by a sub-cellular redistribution of 

APE1/Ref-1 as nuclear APE1/Ref-1 localization is more frequent in HCC 

than in SLC and its cytoplasmic localization is almost characteristic of HCC 

tissues and significantly more frequent in poorly-differentiated cancers;  

- APE1/Ref-1 cytoplasmic accumulation is confirmed also in vitro where 

JHH6 cells, derived from a poorly-differentiated HCC, are characterized by 
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the highest level of protein in the cytoplasm and by the presence of 

APE1/Ref-1 truncated form lacking the NLS signal. The truncated form is 

localized in mitochondria as the over-expression of this form is associated 

with its cytoplasmic, mainly mitochondrial, localization. In addition, 

APE1/Ref-1 non-cleavable form localize almost completely in the nucleus;  

- APE1/Ref-1 cytoplasmic localization in HCC tissues is an independent 

predictor of survival of patients being associated with a shorter survival time 

after resection;  

- Over-expression of both wild type and truncated APE1/Ref-1 protects IHH 

from H2O2 exposure. Protection against H2O2 might be associated with the 

cytoplasmic localization of the protein as the over-expression of the non-

cleavable form does not confer a protective effect to transfected cells. On the 

other hand, all forms of over-expressed APE1/Ref-1 protected IHH from 

apoptosis induced by UV radiation inhibiting BAX activation and 

Cytochrome C release.  

Together these observations allowed us to reach to the following conclusions: 

1. HCC is characterized by increased APE1/Ref-1 mRNA and protein levels and 

this up-regulation increases accordingly with tumor differentiation grading 

demonstrating an association between tumor progression and APE1/Ref-1 

levels. 

2. The increased amount of APE1/Ref-1 induces its nuclear and cytoplasmic 

accumulation in HCC with respect to SLC being the cytoplasmic localization 

peculiar of HCC. APE1/Ref-1 is localized more frequently in the cytoplasm of 

poorly-differentiated cancers and correlates with a worst prognosis indicating 

that cytoplasmic localization is a prognostic marker of HCC aggressiveness.  
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3. The cytoplasmic localization is associated with the presence of a truncated form 

of the protein in the cytoplasm of the less differentiated cells that also localizes 

in the mitochondria.  

4. APE1/Ref-1 over-expression confers protection to IHH against oxidative stress 

and DNA damage and the truncated form acts giving hepatocytes a survival 

advantage that might be related with a progressive selection of resistant clones. 

This hypothesis needs to be further investigated.  

In summary, these data suggest that APE1/Ref-1 over-expression in a context of 

oxidative stress and DNA damage may confer to normal hepatocytes a survival 

advantage particularly inhibiting apoptosis. The over-expression of APE1/Ref-1 in 

human samples is associated with a cytoplasmic accumulation in less differentiated 

cancers and this is an independent predictor of survival. Thus, although all these data 

need to be confirmed in a larger cohort of patients, they strongly suggest the 

involvement of APE1/Ref-1 in the evolution steps of hepatocellular carcinoma 

indicating this protein as a promising molecular target for HCC treatment. More 

importantly, APE1/Ref-1 cytoplasmic localization could represent a new prognostic 

marker for HCC aggressiveness. 



 

128 

 

 

 

 



 

Acknowledgments  

 

129 

 

ACKNOWLEDGMENTS 

During my PhD I worked with different groups and I would like to sincecerely 

acknolewdge all the people with whom I shared my three years of PhD research. I am 

greatly grateful to all of them for their personal and professional help, advice, and 

support. 

Centro Studi Fegato 

Prof. Claudio Tiribelli, Alejandro Aranda, Andrea Berengeno, dott.. Cristina Bellarosa, 

Caecilia Hapsari Sukowati, Elena Boscolo, dott. Giulia Bortolussi, dr. Giorgio Bedogni, 

dr. Igino Rigato, dott. Maria Gabriela Mediavilla, Cristina Ranieri, Maryam Kazemi, 

Mohammed Qaisiya, dott. Natalia Rosso, dr. Norberto Chavez Tapia, dott. 

Pablo Giraudi, Sabrina Corsucci, Sandra Leal, dott. Silvia Gazzin. 

Centro Clinico Studi Fegato 

dr. S. Lory Crocè, dr. Flora Masutti, dr. Anna Castiglione, Patrizia Piriavich, Milva 

Pagotto, Daniela Mattiazzi, Cinzia Ursich, Loredana Morgan. 

CEINGE, University of  Naples 

Prof. Achille Jolascon, Prof. Marcello Persico, dott. Daniela Spanò. 

University of  Udine 

Prof. Gianluca Tell, dr. Claudio Avellini, dott. Carlo Vascotto, Erica Codarin 

University of Geneva 

Prof. Jaen-Claude Martinou, dott. Stephanie Grandemange, dr. Andrea De Gottardi



 

130 

 



 

References  

 

131 

 

 

REFERENCES

Aihara,T., Noguchi,S., Sasaki,Y., Nakano,H., Monden,M., and Imaoka,S. (1996). 
Clonal analysis of precancerous lesion of hepatocellular carcinoma. Gastroenterology 
111, 455-461. 

Akamatsu,Y., Ohno,T., Hirota,K., Kagoshima,H., Yodoi,J., and Shigesada,K. (1997). 
Redox regulation of the DNA binding activity in transcription factor PEBP2. The roles 
of two conserved cysteine residues. J Biol. Chem. 272, 14497-14500. 

Akiyama,K., Seki,S., Oshida,T., and Yoshida,M.C. (1994). Structure, promoter analysis 
and chromosomal assignment of the human APEX gene. Biochim. Biophys. Acta 1219, 
15-25. 

Alterkuse, FS, McGlynn, KA, and Reichman, ME. Hepatocellular Carcinoma 
Incidence, Mortality, and Survival Trends in the United States From 1975 to 2005. JCO 
published online February 17, 2009, 10.1200/JCO.2008.20.7753 . 2009.  

American Cancer Society. Cancer Facts and Figures 2005. 
www.cancer.org/docroot/home/index.asp . 2005.  

Ames,B.N., Shigenaga,M.K., and Hagen,T.M. (1993). Oxidants, antioxidants, and the 
degenerative diseases of aging. Proc. Natl. Acad. Sci. U. S. A 90, 7915-7922. 

Angkeow,P., Deshpande,S.S., Qi,B., Liu,Y.X., Park,Y.C., Jeon,B.H., Ozaki,M., and 
Irani,K. (2002). Redox factor-1: an extra-nuclear role in the regulation of endothelial 
oxidative stress and apoptosis. Cell Death. Differ. 9, 717-725. 

Angulo,P. (2002). Nonalcoholic fatty liver disease. N. Engl. J. Med. 346, 1221-1231. 

Bartsch,H. and Nair,J. (2004a). Oxidative stress and lipid peroxidation-derived DNA-
lesions in inflammation driven carcinogenesis. Cancer Detect. Prev. 28, 385-391. 

Bartsch,H. and Nair,J. (2004b). Oxidative stress and lipid peroxidation-derived DNA-
lesions in inflammation driven carcinogenesis. Cancer Detect. Prev. 28, 385-391. 

Behrend,L., Henderson,G., and Zwacka,R.M. (2003). Reactive oxygen species in 
oncogenic transformation. Biochem. Soc. Trans. 31, 1441-1444. 



 

References 

132 

 

Bellentani,S., Pozzato,G., Saccoccio,G., Crovatto,M., Croce,L.S., Mazzoran,L., 
Masutti,F., Cristianini,G., and Tiribelli,C. (1999). Clinical course and risk factors of 
hepatitis C virus related liver disease in the general population: report from the 
Dionysos study. Gut 44, 874-880. 

Benhar,M., Engelberg,D., and Levitzki,A. (2002). ROS, stress-activated kinases and 
stress signaling in cancer. EMBO Rep. 3, 420-425. 

Berridge,M.J., Bootman,M.D., and Lipp,P. (1998). Calcium--a life and death signal. 
Nature 395, 645-648. 

Bhakat,K.K., Izumi,T., Yang,S.H., Hazra,T.K., and Mitra,S. (2003). Role of acetylated 
human AP-endonuclease (APE1/Ref-1) in regulation of the parathyroid hormone gene. 
EMBO J 22, 6299-6309. 

Block,T.M., Mehta,A.S., Fimmel,C.J., and Jordan,R. (2003). Molecular viral oncology 
of hepatocellular carcinoma. Oncogene 22, 5093-5107. 

Bobola,M.S., Blank,A., Berger,M.S., Stevens,B.A., and Silber,J.R. (2001). 
Apurinic/apyrimidinic endonuclease activity is elevated in human adult gliomas. Clin 
Cancer Res. 7, 3510-3518. 

Bosch,F.X., Ribes,J., Cleries,R., and Diaz,M. (2005). Epidemiology of hepatocellular 
carcinoma. Clin. Liver Dis. 9, 191-211. 

Bosch,F.X., Ribes,J., Diaz,M., and Cleries,R. (2004). Primary liver cancer: worldwide 
incidence and trends. Gastroenterology 127, S5-S16. 

Boyault,S., Rickman,D.S., de,R.A., Balabaud,C., Rebouissou,S., Jeannot,E., Herault,A., 
Saric,J., Belghiti,J., Franco,D., Bioulac-Sage,P., Laurent-Puig,P., and Zucman-Rossi,J. 
(2007). Transcriptome classification of HCC is related to gene alterations and to new 
therapeutic targets. Hepatology 45, 42-52. 

Branda,M. and Wands,J.R. (2006). Signal transduction cascades and hepatitis B and C 
related hepatocellular carcinoma. Hepatology 43, 891-902. 

Brechot,C. (2004). Pathogenesis of hepatitis B virus-related hepatocellular carcinoma: 
old and new paradigms. Gastroenterology 127, S56-S61. 

Brechot,C., Jaffredo,F., Lagorce,D., Gerken,G., Meyer zum,B.K., Papakonstontinou,A., 
Hadziyannis,S., Romeo,R., Colombo,M., Rodes,J., Bruix,J., Williams,R., and 
Naoumov,N. (1998). Impact of HBV, HCV and GBV-C/HGV on hepatocellular 
carcinomas in Europe: results of a European concerted action. J. Hepatol. 29, 173-183. 

Breuhahn,K., Vreden,S., Haddad,R., Beckebaum,S., Stippel,D., Flemming,P., 
Nussbaum,T., Caselmann,W.H., Haab,B.B., and Schirmacher,P. (2004). Molecular 



 

References 

133 

 

profiling of human hepatocellular carcinoma defines mutually exclusive interferon 
regulation and insulin-like growth factor II overexpression. Cancer Res. 64, 6058-6064. 

Bruix,J., Boix,L., Sala,M., and Llovet,J.M. (2004). Focus on hepatocellular carcinoma. 
Cancer Cell 5, 215-219. 

Bruix,J. and Sherman,M. (2005). Management of hepatocellular carcinoma. Hepatology 
42, 1208-1236. 

Budhu,A., Forgues,M., Ye,Q.H., Jia,H.L., He,P., Zanetti,K.A., Kammula,U.S., Chen,Y., 
Qin,L.X., Tang,Z.Y., and Wang,X.W. (2006). Prediction of venous metastases, 
recurrence, and prognosis in hepatocellular carcinoma based on a unique immune 
response signature of the liver microenvironment. Cancer Cell 10, 99-111. 

Byrnes,V., Shi,H., Kiryu,S., Rofsky,N.M., and Afdhal,N.H. (2007). The clinical 
outcome of small (<20 mm) arterially enhancing nodules on MRI in the cirrhotic liver. 
Am J. Gastroenterol. 102, 1654-1659. 

Caillot,F., Derambure,C., Bioulac-Sage,P., Francois,A., Scotte,M., Goria,O., Hiron,M., 
Daveau,M., and Salier,J.P. (2009). Transient and etiology-related transcription 
regulation in cirrhosis prior to hepatocellular carcinoma occurrence. World J. 
Gastroenterol. 15, 300-309. 

Campbell,J.S., Hughes,S.D., Gilbertson,D.G., Palmer,T.E., Holdren,M.S., Haran,A.C., 
Odell,M.M., Bauer,R.L., Ren,H.P., Haugen,H.S., Yeh,M.M., and Fausto,N. (2005). 
Platelet-derived growth factor C induces liver fibrosis, steatosis, and hepatocellular 
carcinoma. Proc. Natl. Acad. Sci. U. S. A 102, 3389-3394. 

Cao,X., Kambe,F., Ohmori,S., and Seo,H. (2002). Oxidoreductive modification of two 
cysteine residues in paired domain by Ref-1 regulates DNA-binding activity of Pax-8. 
Biochem. Biophys. Res. Commun. 297, 288-293. 

Cardin,R., Saccoccio,G., Masutti,F., Bellentani,S., Farinati,F., and Tiribelli,C. (2001). 
DNA oxidative damage in leukocytes correlates with the severity of HCV-related liver 
disease: validation in an open population study. J Hepatol. 34, 587-592. 

Carey,D.C. and Strauss,P.R. (1999). Human apurinic/apyrimidinic endonuclease is 
processive. Biochemistry 38, 16553-16560. 

Cerutti,P.A. (1985). Prooxidant states and tumor promotion. Science 227, 375-381. 

Cerutti,P.A. and Trump,B.F. (1991). Inflammation and oxidative stress in 
carcinogenesis. Cancer Cells 3, 1-7. 

Cesaratto,L., Calligaris,S.D., Vascotto,C., Deganuto,M., Bellarosa,C., Quadrifoglio,F., 
Ostrow,J.D., Tiribelli,C., and Tell,G. (2007). Bilirubin-induced cell toxicity involves 



 

References 

134 

 

PTEN activation through an APE1/Ref-1-dependent pathway. J Mol. Med. 85, 1099-
1112. 

Cesaratto,L., Vascotto,C., Calligaris,S., and Tell,G. (2004). The importance of redox 
state in liver damage. Ann. Hepatol. 3, 86-92. 

Chattopadhyay,R., Wiederhold,L., Szczesny,B., Boldogh,I., Hazra,T.K., Izumi,T., and 
Mitra,S. (2006). Identification and characterization of mitochondrial abasic (AP)-
endonuclease in mammalian cells. Nucleic Acids Res. 34, 2067-2076. 

Child, CG and Turcotte, JG. Surgery and portal hypertension. In: The liver and portal 
hypertension.Edited by CG Child.Philadelphia [Saunders], 50-64. 1964.  

Chittenden,T., Frey,A., and Levine,A.J. (1991). Regulated replication of an episomal 
simian virus 40 origin plasmid in COS7 cells. J Virol. 65, 5944-5951. 

Cho,C.G., Kim,H.J., Chung,S.W., Jung,K.J., Shim,K.H., Yu,B.P., Yodoi,J., and 
Chung,H.Y. (2003). Modulation of glutathione and thioredoxin systems by calorie 
restriction during the aging process. Exp. Gerontol. 38, 539-548. 

Choi,B.G., Park,S.H., Byun,J.Y., Jung,S.E., Choi,K.H., and Han,J.Y. (2001). The 
findings of ruptured hepatocellular carcinoma on helical CT. Br. J. Radiol. 74, 142-146. 

Comporti,M., Arezzini,B., Signorini,C., Sgherri,C., Monaco,B., and Gardi,C. (2005). 
F2-isoprostanes stimulate collagen synthesis in activated hepatic stellate cells: a link 
with liver fibrosis? Lab Invest 85, 1381-1391. 

Davies,K.J. (1987). Protein damage and degradation by oxygen radicals. I. general 
aspects. J Biol. Chem. 262, 9895-9901. 

Davila,J.A. and El-Serag,H.B. (2006). Racial differences in survival of hepatocellular 
carcinoma in the United States: a population-based study. Clin. Gastroenterol. Hepatol. 
4, 104-110. 

Demple,B., Herman,T., and Chen,D.S. (1991). Cloning and expression of APE, the 
cDNA encoding the major human apurinic endonuclease: definition of a family of DNA 
repair enzymes. Proc. Natl. Acad. Sci. U. S. A 88, 11450-11454. 

Djojosubroto,M.W., Chin,A.C., Go,N., Schaetzlein,S., Manns,M.P., Gryaznov,S., 
Harley,C.B., and Rudolph,K.L. (2005). Telomerase antagonists GRN163 and GRN163L 
inhibit tumor growth and increase chemosensitivity of human hepatoma. Hepatology 
42, 1127-1136. 

Dong-Yun,S., Yu-Ru,D., Shan-Lin,L., Ya-Dong,Z., and Lian,W. (2003). Redox stress 
regulates cell proliferation and apoptosis of human hepatoma through Akt protein 
phosphorylation. FEBS Lett. 542, 60-64. 



 

References 

135 

 

Droge,W. (2002). Free radicals in the physiological control of cell function. Physiol 
Rev 82, 47-95. 

Duguid,J.R., Eble,J.N., Wilson,T.M., and Kelley,M.R. (1995). Differential cellular and 
subcellular expression of the human multifunctional apurinic/apyrimidinic endonuclease 
(APE/ref-1) DNA repair enzyme. Cancer Res. 55, 6097-6102. 

Edmonson,H.A. and Steiner,P.E. (1954). Primary carcinoma of the liver: a study of 100 
cases among 48,900 necropsies. Cancer 7, 462-503. 

El-Serag,H.B. and Rudolph,K.L. (2007). Hepatocellular carcinoma: epidemiology and 
molecular carcinogenesis. Gastroenterology 132, 2557-2576. 

Ema,M., Hirota,K., Mimura,J., Abe,H., Yodoi,J., Sogawa,K., Poellinger,L., and Fujii-
Kuriyama,Y. (1999). Molecular mechanisms of transcription activation by HLF and 
HIF1alpha in response to hypoxia: their stabilization and redox signal-induced 
interaction with CBP/p300. EMBO J 18, 1905-1914. 

Evans,A.R., Limp-Foster,M., and Kelley,M.R. (2000). Going APE over ref-1. Mutat. 
Res. 461, 83-108. 

Fabregat,I., Roncero,C., and Fernandez,M. (2007). Survival and apoptosis: a 
dysregulated balance in liver cancer. Liver Int. 27, 155-162. 

Fantini,D., Vascotto,C., Deganuto,M., Bivi,N., Gustincich,S., Marcon,G., 
Quadrifoglio,F., Damante,G., Bhakat,K.K., Mitra,S., and Tell,G. (2008). APE1/Ref-1 
regulates PTEN expression mediated by Egr-1. Free Radic. Res. 42, 20-29. 

Farazi P A, DePinho R A. Hepatocellular carcinoma pathogenesis: from genes to 
environment. Nat Rev Cancer 6:674-687. 2006.  

Fattovich,G., Stroffolini,T., Zagni,I., and Donato,F. (2004). Hepatocellular carcinoma in 
cirrhosis: incidence and risk factors. Gastroenterology 127, S35-S50. 

Feissner,R., Xiang,Y., and Kranz,R.G. (2003). Chemiluminescent-based methods to 
detect subpicomole levels of c-type cytochromes. Anal. Biochem. 315, 90-94. 

Feitelson,M.A., Sun,B., Satiroglu Tufan,N.L., Liu,J., Pan,J., and Lian,Z. (2002). 
Genetic mechanisms of hepatocarcinogenesis. Oncogene 21, 2593-2604. 

Feldmann,G., Haouzi,D., Moreau,A., Durand-Schneider,A.M., Bringuier,A., Berson,A., 
Mansouri,A., Fau,D., and Pessayre,D. (2000). Opening of the mitochondrial 
permeability transition pore causes matrix expansion and outer membrane rupture in 
Fas-mediated hepatic apoptosis in mice. Hepatology 31, 674-683. 



 

References 

136 

 

Feldstein,A.E., Canbay,A., Angulo,P., Taniai,M., Burgart,L.J., Lindor,K.D., and 
Gores,G.J. (2003a). Hepatocyte apoptosis and fas expression are prominent features of 
human nonalcoholic steatohepatitis. Gastroenterology 125, 437-443. 

Feldstein,A.E., Canbay,A., Guicciardi,M.E., Higuchi,H., Bronk,S.F., and Gores,G.J. 
(2003b). Diet associated hepatic steatosis sensitizes to Fas mediated liver injury in mice. 
J Hepatol. 39, 978-983. 

Ferber,M.J., Montoya,D.P., Yu,C., Aderca,I., McGee,A., Thorland,E.C., 
Nagorney,D.M., Gostout,B.S., Burgart,L.J., Boix,L., Bruix,J., McMahon,B.J., 
Cheung,T.H., Chung,T.K., Wong,Y.F., Smith,D.I., and Roberts,L.R. (2003). 
Integrations of the hepatitis B virus (HBV) and human papillomavirus (HPV) into the 
human telomerase reverse transcriptase (hTERT) gene in liver and cervical cancers. 
Oncogene 22, 3813-3820. 

Ferlay, J, Bray, F, Pisani, P, and Parkin, D. M. GLOBOCAN 2002: Cancer Incidence, 
Mortality and Prevalence Worldwide.  2004.  IARC CancerBase. No. 5, Version 2.0. 
Lyon; France: IARC Press.  

Fishel,M.L., He,Y., Reed,A.M., Chin-Sinex,H., Hutchins,G.D., Mendonca,M.S., and 
Kelley,M.R. (2008). Knockdown of the DNA repair and redox signaling protein 
Ape1/Ref-1 blocks ovarian cancer cell and tumor growth. DNA Repair (Amst) 7, 177-
186. 

Fishel,M.L. and Kelley,M.R. (2007). The DNA base excision repair protein Ape1/Ref-1 
as a therapeutic and chemopreventive target. Mol. Aspects Med. 28, 375-395. 

Freitas,S., Moore,D.H., Michael,H., and Kelley,M.R. (2003). Studies of 
apurinic/apyrimidinic endonuclease/ref-1 expression in epithelial ovarian cancer: 
correlations with tumor progression and platinum resistance. Clin Cancer Res. 9, 4689-
4694. 

Friedberg,E.C., McDaniel,L.D., and Schultz,R.A. (2004). The role of endogenous and 
exogenous DNA damage and mutagenesis. Curr. Opin. Genet. Dev. 14, 5-10. 

Fritz,G. (2000). Human APE/Ref-1 protein. Int. J Biochem. Cell Biol. 32, 925-929. 

Fritz,G., Grosch,S., Tomicic,M., and Kaina,B. (2003). APE/Ref-1 and the mammalian 
response to genotoxic stress. Toxicology 193, 67-78. 

Fritz,G. and Kaina,B. (1999). Phosphorylation of the DNA repair protein APE/REF-1 
by CKII affects redox regulation of AP-1. Oncogene 18, 1033-1040. 

Frossi,B., De,C.M., Daniel,K.C., Rivera,J., and Pucillo,C. (2003). Oxidative stress 
stimulates IL-4 and IL-6 production in mast cells by an APE/Ref-1-dependent pathway. 
Eur. J Immunol 33, 2168-2177. 



 

References 

137 

 

Frossi,B., Tell,G., Spessotto,P., Colombatti,A., Vitale,G., and Pucillo,C. (2002). 
H(2)O(2) induces translocation of APE/Ref-1 to mitochondria in the Raji B-cell line. J 
Cell Physiol 193, 180-186. 

Fuchs,S., Philippe,J., Corvol,P., and Pinet,F. (2003). Implication of Ref-1 in the 
repression of renin gene transcription by intracellular calcium. J Hypertens. 21, 327-
335. 

Fujimura,M., Morita-Fujimura,Y., Kawase,M., and Chan,P.H. (1999). Early decrease of 
apurinic/apyrimidinic endonuclease expression after transient focal cerebral ischemia in 
mice. J Cereb. Blood Flow Metab 19, 495-501. 

Fung,H., Bennett,R.A., and Demple,B. (2001). Key role of a downstream specificity 
protein 1 site in cell cycle-regulated transcription of the AP endonuclease gene 
APE1/APEX in NIH3T3 cells. J Biol. Chem. 276, 42011-42017. 

Fung,H. and Demple,B. (2005). A vital role for Ape1/Ref1 protein in repairing 
spontaneous DNA damage in human cells. Mol. Cell 17, 463-470. 

Fung,H., Liu,P., and Demple,B. (2007). ATF4-dependent oxidative induction of the 
DNA repair enzyme Ape1 counteracts arsenite cytotoxicity and suppresses arsenite-
mediated mutagenesis. Mol. Cell Biol. 27, 8834-8847. 

Galli,A., Svegliati-Baroni,G., Ceni,E., Milani,S., Ridolfi,F., Salzano,R., Tarocchi,M., 
Grappone,C., Pellegrini,G., Benedetti,A., Surrenti,C., and Casini,A. (2005). Oxidative 
stress stimulates proliferation and invasiveness of hepatic stellate cells via a MMP2-
mediated mechanism. Hepatology 41, 1074-1084. 

Gashler,A. and Sukhatme,V.P. (1995). Early growth response protein 1 (Egr-1): 
prototype of a zinc-finger family of transcription factors. Prog. Nucleic Acid Res. Mol. 
Biol. 50, 191-224. 

Georgiadis,M.M., Luo,M., Gaur,R.K., Delaplane,S., Li,X., and Kelley,M.R. (2008). 
Evolution of the redox function in mammalian apurinic/apyrimidinic endonuclease. 
Mutat. Res. 643, 54-63. 

Gerard,R.D. and Gluzman,Y. (1985). New host cell system for regulated simian virus 
40 DNA replication. Mol. Cell Biol. 5, 3231-3240. 

Gillardon,F., Bottiger,B., and Hossmann,K.A. (1997). Expression of nuclear redox 
factor ref-1 in the rat hippocampus following global ischemia induced by cardiac arrest. 
Brain Res. Mol. Brain Res. 52, 194-200. 

Giorgio,M., Trinei,M., Migliaccio,E., and Pelicci,P.G. (2007). Hydrogen peroxide: a 
metabolic by-product or a common mediator of ageing signals? Nat Rev Mol. Cell Biol. 
8, 722-728. 



 

References 

138 

 

Gong,G., Waris,G., Tanveer,R., and Siddiqui,A. (2001). Human hepatitis C virus NS5A 
protein alters intracellular calcium levels, induces oxidative stress, and activates STAT-
3 and NF-kappa B. Proc. Natl. Acad. Sci. U. S. A 98, 9599-9604. 

Gorman,M.A., Morera,S., Rothwell,D.G., de La,F.E., Mol,C.D., Tainer,J.A., 
Hickson,I.D., and Freemont,P.S. (1997). The crystal structure of the human DNA repair 
endonuclease HAP1 suggests the recognition of extra-helical deoxyribose at DNA 
abasic sites. EMBO J 16, 6548-6558. 

Green,D.R. (2005). Apoptotic pathways: ten minutes to dead. Cell 121, 671-674. 

Grosch,S., Fritz,G., and Kaina,B. (1998). Apurinic endonuclease (Ref-1) is induced in 
mammalian cells by oxidative stress and involved in clastogenic adaptation. Cancer 
Res. 58, 4410-4416. 

Grosch,S. and Kaina,B. (1999). Transcriptional activation of apurinic/apyrimidinic 
endonuclease (Ape, Ref-1) by oxidative stress requires CREB. Biochem. Biophys. Res. 
Commun. 261, 859-863. 

Guo,S.P., Wang,W.L., Zhai,Y.Q., and Zhao,Y.L. (2001). Expression of nuclear factor-
kappa B in hepatocellular carcinoma and its relation with the X protein of hepatitis B 
virus. World J Gastroenterol. 7, 340-344. 

Guo,Y., Chen,J., Zhao,T., and Fan,Z. (2008). Granzyme K degrades the redox/DNA 
repair enzyme Ape1 to trigger oxidative stress of target cells leading to cytotoxicity. 
Mol. Immunol 45, 2225-2235. 

Haga,S., Terui,K., Zhang,H.Q., Enosawa,S., Ogawa,W., Inoue,H., Okuyama,T., 
Takeda,K., Akira,S., Ogino,T., Irani,K., and Ozaki,M. (2003). Stat3 protects against 
Fas-induced liver injury by redox-dependent and -independent mechanisms. J Clin 
Invest 112, 989-998. 

Hagen,T.M., Huang,S., Curnutte,J., Fowler,P., Martinez,V., Wehr,C.M., Ames,B.N., 
and Chisari,F.V. (1994). Extensive oxidative DNA damage in hepatocytes of transgenic 
mice with chronic active hepatitis destined to develop hepatocellular carcinoma. Proc. 
Natl. Acad. Sci. U. S. A 91, 12808-12812. 

Hames,B. (1990). One-dimensional polyacrylamide gel electrophoresis. in Gel 
Electrophoresis of Proteins: A Practical Approach. (New York: Oxford University 
Press). 

Hampton,M.B. and Orrenius,S. (1997). Dual regulation of caspase activity by hydrogen 
peroxide: implications for apoptosis. FEBS Lett. 414, 552-556. 

Hampton,T. (2007). Cancer drug trials show modest benefit: drugs target liver, gastric, 
head and neck cancers. JAMA 298, 273-275. 



 

References 

139 

 

Hanson,S., Kim,E., and Deppert,W. (2005). Redox factor 1 (Ref-1) enhances specific 
DNA binding of p53 by promoting p53 tetramerization. Oncogene 24, 1641-1647. 

Harrison,L., Ascione,A.G., Wilson,D.M., III, and Demple,B. (1995). Characterization 
of the promoter region of the human apurinic endonuclease gene (APE). J Biol. Chem. 
270, 5556-5564. 

Harrison,L., Ascione,G., Menninger,J.C., Ward,D.C., and Demple,B. (1992). Human 
apurinic endonuclease gene (APE): structure and genomic mapping (chromosome 
14q11.2-12). Hum. Mol. Genet. 1, 677-680. 

Hegde,M.L., Hazra,T.K., and Mitra,S. (2008). Early steps in the DNA base 
excision/single-strand interruption repair pathway in mammalian cells. Cell Res. 18, 27-
47. 

Herring,C.J., West,C.M., Wilks,D.P., Davidson,S.E., Hunter,R.D., Berry,P., Forster,G., 
MacKinnon,J., Rafferty,J.A., Elder,R.H., Hendry,J.H., and Margison,G.P. (1998). 
Levels of the DNA repair enzyme human apurinic/apyrimidinic endonuclease (APE1, 
APEX, Ref-1) are associated with the intrinsic radiosensitivity of cervical cancers. Br. J 
Cancer 78, 1128-1133. 

Hirota,K., Matsui,M., Iwata,S., Nishiyama,A., Mori,K., and Yodoi,J. (1997). AP-1 
transcriptional activity is regulated by a direct association between thioredoxin and Ref-
1. Proc. Natl. Acad. Sci. U. S. A 94, 3633-3638. 

Huang,L.E., Arany,Z., Livingston,D.M., and Bunn,H.F. (1996). Activation of hypoxia-
inducible transcription factor depends primarily upon redox-sensitive stabilization of its 
alpha subunit. J Biol. Chem. 271, 32253-32259. 

Huang,R.P. and Adamson,E.D. (1993). Characterization of the DNA-binding properties 
of the early growth response-1 (Egr-1) transcription factor: evidence for modulation by 
a redox mechanism. DNA Cell Biol. 12, 265-273. 

Huh,K.W. and Siddiqui,A. (2002). Characterization of the mitochondrial association of 
hepatitis B virus X protein, HBx. Mitochondrion. 1, 349-359. 

Hussain,S.P., Hofseth,L.J., and Harris,C.C. (2003). Radical causes of cancer. Nat. Rev. 
Cancer 3, 276-285. 

Hussain,S.P., Schwank,J., Staib,F., Wang,X.W., and Harris,C.C. (2007). TP53 
mutations and hepatocellular carcinoma: insights into the etiology and pathogenesis of 
liver cancer. Oncogene 26, 2166-2176. 

International Working Party. Terminology of nodular lesions of the liver: 
recommendations of the World Congress of Gastroenterology Working Group. 
Hepatology 22(3), 983-993. 1995.  



 

References 

140 

 

Izumi,T., Brown,D.B., Naidu,C.V., Bhakat,K.K., MacInnes,M.A., Saito,H., Chen,D.J., 
and Mitra,S. (2005). Two essential but distinct functions of the mammalian abasic 
endonuclease. Proc. Natl. Acad. Sci. U. S. A 102, 5739-5743. 

Izumi,T., Henner,W.D., and Mitra,S. (1996). Negative regulation of the major human 
AP-endonuclease, a multifunctional protein. Biochemistry 35, 14679-14683. 

Jackson,E.B., Theriot,C.A., Chattopadhyay,R., Mitra,S., and Izumi,T. (2005). Analysis 
of nuclear transport signals in the human apurinic/apyrimidinic endonuclease 
(APE1/Ref1). Nucleic Acids Res. 33, 3303-3312. 

Jaeschke,H. (2000). Reactive oxygen and mechanisms of inflammatory liver injury. J 
Gastroenterol. Hepatol. 15, 718-724. 

Jungst,C., Cheng,B., Gehrke,R., Schmitz,V., Nischalke,H.D., Ramakers,J., Schramel,P., 
Schirmacher,P., Sauerbruch,T., and Caselmann,W.H. (2004). Oxidative damage is 
increased in human liver tissue adjacent to hepatocellular carcinoma. Hepatology 39, 
1663-1672. 

Kakolyris,S., Giatromanolaki,A., Koukourakis,M., Kaklamanis,L., Kanavaros,P., 
Hickson,I.D., Barzilay,G., Georgoulias,V., Gatter,K.C., and Harris,A.L. (1999). Nuclear 
localization of human AP endonuclease 1 (HAP1/Ref-1) associates with prognosis in 
early operable non-small cell lung cancer (NSCLC). J Pathol. 189, 351-357. 

Kakolyris,S., Kaklamanis,L., Engels,K., Fox,S.B., Taylor,M., Hickson,I.D., 
Gatter,K.C., and Harris,A.L. (1998a). Human AP endonuclease 1 (HAP1) protein 
expression in breast cancer correlates with lymph node status and angiogenesis. Br. J 
Cancer 77, 1169-1173. 

Kakolyris,S., Kaklamanis,L., Engels,K., Turley,H., Hickson,I.D., Gatter,K.C., and 
Harris,A.L. (1997). Human apurinic endonuclease 1 expression in a colorectal 
adenoma-carcinoma sequence. Cancer Res. 57, 1794-1797. 

Kakolyris,S., Kaklamanis,L., Giatromanolaki,A., Koukourakis,M., Hickson,I.D., 
Barzilay,G., Turley,H., Leek,R.D., Kanavaros,P., Georgoulias,V., Gatter,K.C., and 
Harris,A.L. (1998b). Expression and subcellular localization of human AP endonuclease 
1 (HAP1/Ref-1) protein: a basis for its role in human disease. Histopathology 33, 561-
569. 

Kang,K.J. (2002). Mechanism of hepatic ischemia/reperfusion injury and protection 
against reperfusion injury. Transplant. Proc. 34, 2659-2661. 

Kaplowitz,N. (2000). Mechanisms of liver cell injury. J. Hepatol. 32, 39-47. 



 

References 

141 

 

Kawanishi,S. and Hiraku,Y. (2006). Oxidative and nitrative DNA damage as biomarker 
for carcinogenesis with special reference to inflammation. Antioxid. Redox. Signal. 8, 
1047-1058. 

Kawase,M., Fujimura,M., Morita-Fujimura,Y., and Chan,P.H. (1999). Reduction of 
apurinic/apyrimidinic endonuclease expression after transient global cerebral ischemia 
in rats: implication of the failure of DNA repair in neuronal apoptosis. Stroke 30, 441-
448. 

Kelley,M.R., Cheng,L., Foster,R., Tritt,R., Jiang,J., Broshears,J., and Koch,M. (2001). 
Elevated and altered expression of the multifunctional DNA base excision repair and 
redox enzyme Ape1/ref-1 in prostate cancer. Clin. Cancer Res. 7, 824-830. 

Kelley,M.R. and Parsons,S.H. (2001). Redox regulation of the DNA repair function of 
the human AP endonuclease Ape1/ref-1. Antioxid. Redox Signal. 3, 671-683. 

Kelley, MR, Xu, Y, Tritt, R, and Robertson, KA. The multifunctional DNA base 
excision repair and redox protein, AP endonuclease (APE/ref-1), and its role in germ 
cell tumors. Germ Cell Tumors IV, Vol.4: 81-86, John Libbey & Co.London [Jones I. 
A. W. Harnden G. P. Joffe J. K. eds.]. 1998.  

Kenmochi,K., Sugihara,S., and Kojiro,M. (1987). Relationship of histologic grade of 
hepatocellular carcinoma (HCC) to tumor size, and demonstration of tumor cells of 
multiple different grades in single small HCC. Liver 7, 18-26. 

Kew, M. Tumors of the liver.  1513-1548. 1996.  In: Zakim D, Boyer T, eds. 
Hepatology: A textbook of liver disease. Philadelphia: WB Saunders Company.  

Kirkland,R.A., Windelborn,J.A., Kasprzak,J.M., and Franklin,J.L. (2002). A Bax-
induced pro-oxidant state is critical for cytochrome c release during programmed 
neuronal death. J Neurosci. 22, 6480-6490. 

Kitada,T., Seki,S., Iwai,S., Yamada,T., Sakaguchi,H., and Wakasa,K. (2001). In situ 
detection of oxidative DNA damage, 8-hydroxydeoxyguanosine, in chronic human liver 
disease. J Hepatol. 35, 613-618. 

Kojiro,M. (1998). Pathology of early hepatocellular carcinoma: progression from early 
to advanced. Hepatogastroenterology 45 Suppl 3, 1203-1205. 

Kojiro,M. (2005). Histopathology of liver cancers. Best. Pract. Res. Clin Gastroenterol. 
19, 39-62. 

Koukourakis,M.I., Giatromanolaki,A., Kakolyris,S., Sivridis,E., Georgoulias,V., 
Funtzilas,G., Hickson,I.D., Gatter,K.C., and Harris,A.L. (2001). Nuclear expression of 
human apurinic/apyrimidinic endonuclease (HAP1/Ref-1) in head-and-neck cancer is 



 

References 

142 

 

associated with resistance to chemoradiotherapy and poor outcome. Int. J Radiat. Oncol 
Biol. Phys. 50, 27-36. 

Kozuki,Y., Miura,Y., and Yagasaki,K. (2000). Inhibitory effects of carotenoids on the 
invasion of rat ascites hepatoma cells in culture. Cancer Lett. 151, 111-115. 

Kozuki,Y., Miura,Y., and Yagasaki,K. (2001). Resveratrol suppresses hepatoma cell 
invasion independently of its anti-proliferative action. Cancer Lett. 167, 151-156. 

Krokan,H.E., Nilsen,H., Skorpen,F., Otterlei,M., and Slupphaug,G. (2000). Base 
excision repair of DNA in mammalian cells. FEBS Lett. 476, 73-77. 

Krokan,H.E., Standal,R., and Slupphaug,G. (1997). DNA glycosylases in the base 
excision repair of DNA. Biochem. J. 325 ( Pt 1), 1-16. 

Kuntz E,K.H.-D. (2005). Hepatology, Principles and Practice: History, Morphology, 
Biochemistry, Diagnostics, Clinic, Therapy. 

Kurose,I., Higuchi,H., Miura,S., Saito,H., Watanabe,N., Hokari,R., Hirokawa,M., 
Takaishi,M., Zeki,S., Nakamura,T., Ebinuma,H., Kato,S., and Ishii,H. (1997). Oxidative 
stress-mediated apoptosis of hepatocytes exposed to acute ethanol intoxication. 
Hepatology 25, 368-378. 

Kurz,D.J., Decary,S., Hong,Y., Trivier,E., Akhmedov,A., and Erusalimsky,J.D. (2004). 
Chronic oxidative stress compromises telomere integrity and accelerates the onset of 
senescence in human endothelial cells. J Cell Sci. 117, 2417-2426. 

Laemmli,U.K. (1970). Cleavage of structural proteins during the assembly of the head 
of bacteriophage T4. Nature 227, 680-685. 

Lander,H.M. (1997). An essential role for free radicals and derived species in signal 
transduction. FASEB J. 11, 118-124. 

Larsen,N.B., Rasmussen,M., and Rasmussen,L.J. (2005). Nuclear and mitochondrial 
DNA repair: similar pathways? Mitochondrion. 5, 89-108. 

Lechel,A., Holstege,H., Begus,Y., Schienke,A., Kamino,K., Lehmann,U., Kubicka,S., 
Schirmacher,P., Jonkers,J., and Rudolph,K.L. (2007). Telomerase deletion limits 
progression of p53-mutant hepatocellular carcinoma with short telomeres in chronic 
liver disease. Gastroenterology 132, 1465-1475. 

Lemasters,J.J., Nieminen,A.L., Qian,T., Trost,L.C., Elmore,S.P., Nishimura,Y., 
Crowe,R.A., Cascio,W.E., Bradham,C.A., Brenner,D.A., and Herman,B. (1998). The 
mitochondrial permeability transition in cell death: a common mechanism in necrosis, 
apoptosis and autophagy. Biochim. Biophys. Acta 1366, 177-196. 



 

References 

143 

 

Levrero,M. (2006). Viral hepatitis and liver cancer: the case of hepatitis C. Oncogene 
25, 3834-3847. 

Li,M.X., Wang,D., Zhong,Z.Y., Xiang,D.B., Li,Z.P., Xie,J.Y., Yang,Z.Z., Jin,F., and 
Qing,Y. (2008). Targeting truncated APE1 in mitochondria enhances cell survival after 
oxidative stress. Free Radic. Biol. Med. 45, 592-601. 

Li,P., Nijhawan,D., Budihardjo,I., Srinivasula,S.M., Ahmad,M., Alnemri,E.S., and 
Wang,X. (1997). Cytochrome c and dATP-dependent formation of Apaf-1/caspase-9 
complex initiates an apoptotic protease cascade. Cell 91, 479-489. 

Liu,P., Kimmoun,E., Legrand,A., Sauvanet,A., Degott,C., Lardeux,B., and Bernuau,D. 
(2002). Activation of NF-kappa B, AP-1 and STAT transcription factors is a frequent 
and early event in human hepatocellular carcinomas. J Hepatol. 37, 63-71. 

Llovet, J, Ricci, S, Mazzaferro, V, and et al. Sorafenib improves survival in advanced 
hepatocellular carcinoma (HCC): results of a phase III randomized placebo-controlled 
trial (SHARP trial). J Clin Oncol 25(18S):LBA1. 2007.  

Llovet,J.M., Bru,C., and Bruix,J. (1999). Prognosis of hepatocellular carcinoma: the 
BCLC staging classification. Semin. Liver Dis. 19, 329-338. 

Llovet,J.M. and Bruix,J. (2000). Prospective validation of the Cancer of the Liver 
Italian Program (CLIP) score: a new prognostic system for patients with cirrhosis and 
hepatocellular carcinoma. Hepatology 32, 679-680. 

Loguercio,C. and Federico,A. (2003). Oxidative stress in viral and alcoholic hepatitis. 
Free Radic. Biol. Med. 34, 1-10. 

London WT and McGlynn KA (2006). Liver Cancer. In Cancer Epidemiology and 
Prevention. Schottenfeld D and Fraumeni JF, ed. (New York: Oxford University Press), 
pp. 763-786. 

Lu,H., Ouyang,W., and Huang,C. (2006). Inflammation, a key event in cancer 
development. Mol. Cancer Res. 4, 221-233. 

Ludwig,D.L., MacInnes,M.A., Takiguchi,Y., Purtymun,P.E., Henrie,M., Flannery,M., 
Meneses,J., Pedersen,R.A., and Chen,D.J. (1998). A murine AP-endonuclease gene-
targeted deficiency with post-implantation embryonic progression and ionizing 
radiation sensitivity. Mutat. Res. 409, 17-29. 

Luo,M., Delaplane,S., Jiang,A., Reed,A., He,Y., Fishel,M., Nyland,R.L., Borch,R.F., 
Qiao,X., Georgiadis,M.M., and Kelley,M.R. (2008). Role of the multifunctional DNA 
repair and redox signaling protein Ape1/Ref-1 in cancer and endothelial cells: small-
molecule inhibition of the redox function of Ape1. Antioxid. Redox Signal. 10, 1853-
1867. 



 

References 

144 

 

Macdonald,A., Crowder,K., Street,A., McCormick,C., Saksela,K., and Harris,M. 
(2003). The hepatitis C virus non-structural NS5A protein inhibits activating protein-1 
function by perturbing ras-ERK pathway signaling. J Biol. Chem. 278, 17775-17784. 

Machida,K., Cheng,K.T., Lai,C.K., Jeng,K.S., Sung,V.M., and Lai,M.M. (2006). 
Hepatitis C virus triggers mitochondrial permeability transition with production of 
reactive oxygen species, leading to DNA damage and STAT3 activation. J. Virol. 80, 
7199-7207. 

Malhi,H., Gores,G.J., and Lemasters,J.J. (2006). Apoptosis and necrosis in the liver: a 
tale of two deaths? Hepatology 43, S31-S44. 

Marrogi,A.J., Khan,M.A., van Gijssel,H.E., Welsh,J.A., Rahim,H., Demetris,A.J., 
Kowdley,K.V., Hussain,S.P., Nair,J., Bartsch,H., Okby,N., Poirier,M.C., Ishak,K.G., 
and Harris,C.C. (2001). Oxidative stress and p53 mutations in the carcinogenesis of iron 
overload-associated hepatocellular carcinoma. J Natl. Cancer Inst. 93, 1652-1655. 

Matsumoto,Y. and Kim,K. (1995). Excision of deoxyribose phosphate residues by DNA 
polymerase beta during DNA repair. Science 269, 699-702. 

McClain,C.J., Hill,D.B., Song,Z., Deaciuc,I., and Barve,S. (2002). Monocyte activation 
in alcoholic liver disease. Alcohol 27, 53-61. 

McNeill,D.R. and Wilson,D.M., III (2007). A dominant-negative form of the major 
human abasic endonuclease enhances cellular sensitivity to laboratory and clinical 
DNA-damaging agents. Mol. Cancer Res. 5, 61-70. 

Micsenyi,A., Tan,X., Sneddon,T., Luo,J.H., Michalopoulos,G.K., and Monga,S.P. 
(2004). Beta-catenin is temporally regulated during normal liver development. 
Gastroenterology 126, 1134-1146. 

Mitra,S., Hazra,T.K., Roy,R., Ikeda,S., Biswas,T., Lock,J., Boldogh,I., and Izumi,T. 
(1997). Complexities of DNA base excision repair in mammalian cells. Mol. Cells 7, 
305-312. 

Mitra,S., Izumi,T., Boldogh,I., Bhakat,K.K., Chattopadhyay,R., and Szczesny,B. 
(2007). Intracellular trafficking and regulation of mammalian AP-endonuclease 1 
(APE1), an essential DNA repair protein. DNA Repair (Amst) 6, 461-469. 

Mitra,S., Izumi,T., Boldogh,I., Bhakat,K.K., Hill,J.W., and Hazra,T.K. (2002). 
Choreography of oxidative damage repair in mammalian genomes. Free Radic. Biol. 
Med. 33, 15-28. 

Miura,Y., Kozuki,Y., and Yagasaki,K. (2003). Potentiation of invasive activity of 
hepatoma cells by reactive oxygen species is mediated by autocrine/paracrine loop of 
hepatocyte growth factor. Biochem. Biophys. Res. Commun. 305, 160-165. 



 

References 

145 

 

Mol,C.D., Izumi,T., Mitra,S., and Tainer,J.A. (2000). DNA-bound structures and 
mutants reveal abasic DNA binding by APE1 and DNA repair coordination [corrected]. 
Nature 403, 451-456. 

Moore,D.H., Michael,H., Tritt,R., Parsons,S.H., and Kelley,M.R. (2000). Alterations in 
the expression of the DNA repair/redox enzyme APE/ref-1 in epithelial ovarian cancers. 
Clin. Cancer Res. 6, 602-609. 

Morita-Fujimura,Y., Fujimura,M., Kawase,M., and Chan,P.H. (1999). Early decrease in 
apurinic/apyrimidinic endonuclease is followed by DNA fragmentation after cold 
injury-induced brain trauma in mice. Neuroscience 93, 1465-1473. 

Moriya,K., Nakagawa,K., Santa,T., Shintani,Y., Fujie,H., Miyoshi,H., Tsutsumi,T., 
Miyazawa,T., Ishibashi,K., Horie,T., Imai,K., Todoroki,T., Kimura,S., and Koike,K. 
(2001). Oxidative stress in the absence of inflammation in a mouse model for hepatitis 
C virus-associated hepatocarcinogenesis. Cancer Res. 61, 4365-4370. 

Murakami,Y., Saigo,K., Takashima,H., Minami,M., Okanoue,T., Brechot,C., and 
Paterlini-Brechot,P. (2005). Large scaled analysis of hepatitis B virus (HBV) DNA 
integration in HBV related hepatocellular carcinomas. Gut 54, 1162-1168. 

Nakamura,H., Nakamura,K., and Yodoi,J. (1997). Redox regulation of cellular 
activation. Annu. Rev Immunol 15, 351-369. 

Nakshatri,H., Bhat-Nakshatri,P., and Currie,R.A. (1996). Subunit association and DNA 
binding activity of the heterotrimeric transcription factor NF-Y is regulated by cellular 
redox. J Biol. Chem. 271, 28784-28791. 

Nam,S.W., Park,J.Y., Ramasamy,A., Shevade,S., Islam,A., Long,P.M., Park,C.K., 
Park,S.E., Kim,S.Y., Lee,S.H., Park,W.S., Yoo,N.J., Liu,E.T., Miller,L.D., and Lee,J.Y. 
(2005). Molecular changes from dysplastic nodule to hepatocellular carcinoma through 
gene expression profiling. Hepatology 42, 809-818. 

Neeley,W.L. and Essigmann,J.M. (2006). Mechanisms of formation, genotoxicity, and 
mutation of guanine oxidation products. Chem. Res. Toxicol. 19, 491-505. 

Nguyen,T.H., Mai,G., Villiger,P., Oberholzer,J., Salmon,P., Morel,P., Buhler,L., and 
Trono,D. (2005). Treatment of acetaminophen-induced acute liver failure in the mouse 
with conditionally immortalized human hepatocytes. J. Hepatol. 43, 1031-1037. 

Nishi,T., Shimizu,N., Hiramoto,M., Sato,I., Yamaguchi,Y., Hasegawa,M., Aizawa,S., 
Tanaka,H., Kataoka,K., Watanabe,H., and Handa,H. (2002). Spatial redox regulation of 
a critical cysteine residue of NF-kappa B in vivo. J Biol. Chem. 277, 44548-44556. 



 

References 

146 

 

Ochiai,T., Urata,Y., Yamano,T., Yamagishi,H., and Ashihara,T. (2000). Clonal 
expansion in evolution of chronic hepatitis to hepatocellular carcinoma as seen at an X-
chromosome locus. Hepatology 31, 615-621. 

Osna,N.A., Clemens,D.L., and Donohue,T.M., Jr. (2005). Ethanol metabolism alters 
interferon gamma signaling in recombinant HepG2 cells. Hepatology 42, 1109-1117. 

Ouchi,N., Kihara,S., Arita,Y., Maeda,K., Kuriyama,H., Okamoto,Y., Hotta,K., 
Nishida,M., Takahashi,M., Nakamura,T., Yamashita,S., Funahashi,T., and 
Matsuzawa,Y. (1999). Novel modulator for endothelial adhesion molecules: adipocyte-
derived plasma protein adiponectin. Circulation 100, 2473-2476. 

Pachiadakis,I., Pollara,G., Chain,B.M., and Naoumov,N.V. (2005). Is hepatitis C virus 
infection of dendritic cells a mechanism facilitating viral persistence? Lancet Infect. 
Dis. 5, 296-304. 

Pahl,H.L. (1999). Signal transduction from the endoplasmic reticulum to the cell 
nucleus. Physiol Rev 79, 683-701. 

Palmer,R.M., Rees,D.D., Ashton,D.S., and Moncada,S. (1988). L-arginine is the 
physiological precursor for the formation of nitric oxide in endothelium-dependent 
relaxation. Biochem. Biophys. Res. Commun. 153, 1251-1256. 

Papakyriakou,P., Tzardi,M., Valatas,V., Kanavaros,P., Karydi,E., Notas,G., Xidakis,C., 
and Kouroumalis,E. (2002). Apoptosis and apoptosis related proteins in chronic viral 
liver disease. Apoptosis. 7, 133-141. 

Park,Y.N., Chae,K.J., Kim,Y.B., Park,C., and Theise,N. (2001). Apoptosis and 
proliferation in hepatocarcinogenesis related to cirrhosis. Cancer 92, 2733-2738. 

Parkin,D.M. (2001). Global cancer statistics in the year 2000. Lancet Oncol. 2, 533-543. 

Parkin, D. M., Whelan, SL, Ferlay, J, Teppo, L, and Thomas, DB. Cancer incidence in 
Five Continents Vol VIII. IARC Sc.Publ.No.155.Lyon, France, 2002 . 2002.  

Pfaffl,M.W. (2001). A new mathematical model for relative quantification in real-time 
RT-PCR. Nucleic Acids Res. 29, e45. 

Philip,P.A., Mahoney,M.R., Allmer,C., Thomas,J., Pitot,H.C., Kim,G., 
Donehower,R.C., Fitch,T., Picus,J., and Erlichman,C. (2005). Phase II study of 
Erlotinib (OSI-774) in patients with advanced hepatocellular cancer. J Clin Oncol 23, 
6657-6663. 

Pikarsky,E., Porat,R.M., Stein,I., Abramovitch,R., Amit,S., Kasem,S., Gutkovich-
Pyest,E., Urieli-Shoval,S., Galun,E., and Ben-Neriah,Y. (2004). NF-kappaB functions 
as a tumour promoter in inflammation-associated cancer. Nature 431, 461-466. 



 

References 

147 

 

Pines,A., Bivi,N., Romanello,M., Damante,G., Kelley,M.R., Adamson,E.D., 
D'Andrea,P., Quadrifoglio,F., Moro,L., and Tell,G. (2005a). Cross-regulation between 
Egr-1 and APE/Ref-1 during early response to oxidative stress in the human 
osteoblastic HOBIT cell line: evidence for an autoregulatory loop. Free Radic. Res. 39, 
269-281. 

Pines,A., Perrone,L., Bivi,N., Romanello,M., Damante,G., Gulisano,M., Kelley,M.R., 
Quadrifoglio,F., and Tell,G. (2005b). Activation of APE1/Ref-1 is dependent on 
reactive oxygen species generated after purinergic receptor stimulation by ATP. Nucleic 
Acids Res. 33, 4379-4394. 

Pisani,P., Parkin,D.M., Munoz,N., and Ferlay,J. (1997). Cancer and infection: estimates 
of the attributable fraction in 1990. Cancer Epidemiol. Biomarkers Prev. 6, 387-400. 

Poli,G. and Parola,M. (1997). Oxidative damage and fibrogenesis. Free Radic. Biol. 
Med. 22, 287-305. 

Pollard,T. and Earnshaw,W. (2007). In Cell biology. 

Prieto-Alamo,M.J. and Laval,F. (1999). Overexpression of the human HAP1 protein 
sensitizes cells to the lethal effect of bioreductive drugs. Carcinogenesis 20, 415-419. 

Pugh,R.N., Murray-Lyon,I.M., Dawson,J.L., Pietroni,M.C., and Williams,R. (1973). 
Transection of the oesophagus for bleeding oesophageal varices. Br. J Surg. 60, 646-
649. 

Puglisi,F., Aprile,G., Minisini,A.M., Barbone,F., Cataldi,P., Tell,G., Kelley,M.R., 
Damante,G., Beltrami,C.A., and Di,L.C. (2001). Prognostic significance of Ape1/ref-1 
subcellular localization in non-small cell lung carcinomas. Anticancer Res. 21, 4041-
4049. 

Puglisi,F., Barbone,F., Tell,G., Aprile,G., Pertoldi,B., Raiti,C., Kelley,M.R., 
Damante,G., Sobrero,A., Beltrami,C.A., and Di,L.C. (2002). Prognostic role of 
Ape/Ref-1 subcellular expression in stage I-III breast carcinomas. Oncol. Rep. 9, 11-17. 

Qin,J., Clore,G.M., Kennedy,W.P., Kuszewski,J., and Gronenborn,A.M. (1996). The 
solution structure of human thioredoxin complexed with its target from Ref-1 reveals 
peptide chain reversal. Structure. 4, 613-620. 

Qu,J., Liu,G.H., Huang,B., and Chen,C. (2007). Nitric oxide controls nuclear export of 
APE1/Ref-1 through S-nitrosation of cysteines 93 and 310. Nucleic Acids Res. 35, 
2522-2532. 

Rahmani,Z., Huh,K.W., Lasher,R., and Siddiqui,A. (2000). Hepatitis B virus X protein 
colocalizes to mitochondria with a human voltage-dependent anion channel, HVDAC3, 
and alters its transmembrane potential. J Virol. 74, 2840-2846. 



 

References 

148 

 

Ramana,C.V., Boldogh,I., Izumi,T., and Mitra,S. (1998). Activation of 
apurinic/apyrimidinic endonuclease in human cells by reactive oxygen species and its 
correlation with their adaptive response to genotoxicity of free radicals. Proc. Natl. 
Acad. Sci. U. S. A 95, 5061-5066. 

Rehermann,B. and Nascimbeni,M. (2005). Immunology of hepatitis B virus and 
hepatitis C virus infection. Nat. Rev. Immunol. 5, 215-229. 

Rivkees,S.A. and Kelley,M.R. (1994). Expression of a multifunctional DNA repair 
enzyme gene, apurinic/apyrimidinic endonuclease (APE; Ref-1) in the suprachiasmatic, 
supraoptic and paraventricular nuclei. Brain Res. 666, 137-142. 

Robertson,K.A., Bullock,H.A., Xu,Y., Tritt,R., Zimmerman,E., Ulbright,T.M., 
Foster,R.S., Einhorn,L.H., and Kelley,M.R. (2001). Altered expression of Ape1/ref-1 in 
germ cell tumors and overexpression in NT2 cells confers resistance to bleomycin and 
radiation. Cancer Res. 61, 2220-2225. 

Robertson,K.A., Hill,D.P., Xu,Y., Liu,L., Van,E.S., Hockenbery,D.M., Park,J.R., 
Wilson,T.M., and Kelley,M.R. (1997). Down-regulation of apurinic/apyrimidinic 
endonuclease expression is associated with the induction of apoptosis in differentiating 
myeloid leukemia cells. Cell Growth Differ. 8, 443-449. 

Robson,C.N. and Hickson,I.D. (1991). Isolation of cDNA clones encoding a human 
apurinic/apyrimidinic endonuclease that corrects DNA repair and mutagenesis defects 
in E. coli xth (exonuclease III) mutants. Nucleic Acids Res. 19, 5519-5523. 

Robson,C.N., Hochhauser,D., Craig,R., Rack,K., Buckle,V.J., and Hickson,I.D. (1992). 
Structure of the human DNA repair gene HAP1 and its localisation to chromosome 14q 
11.2-12. Nucleic Acids Res. 20, 4417-4421. 

Rohringer,R. and Holden,D.W. (1985). Protein blotting: detection of proteins with 
colloidal gold, and of glycoproteins and lectins with biotin-conjugated and enzyme 
probes. Anal. Biochem. 144, 118-127. 

Rossi,O., Carrozzino,F., Cappelli,E., Carli,F., and Frosina,G. (2000). Analysis of repair 
of abasic sites in early onset breast cancer patients. Int. J Cancer 85, 21-26. 

Russo,D., Arturi,F., Bulotta,S., Pellizzari,L., Filetti,S., Manzini,G., Damante,G., and 
Tell,G. (2001). ApeI/Ref-I expression and cellular localization in human thyroid 
carcinoma cell lines. J. Endocrinol. Invest 24, RC10-RC12. 

Russo,D., Celano,M., Bulotta,S., Bruno,R., Arturi,F., Giannasio,P., Filetti,S., 
Damante,G., and Tell,G. (2002). APE/Ref-1 is increased in nuclear fractions of human 
thyroid hyperfunctioning nodules. Mol. Cell Endocrinol. 194, 71-76. 



 

References 

149 

 

Sanchez-Alcazar,J.A., Schneider,E., Martinez,M.A., Carmona,P., Hernandez-Munoz,I., 
Siles,E., De La,T.P., Ruiz-Cabello,J., Garcia,I., and Solis-Herruzo,J.A. (2000). Tumor 
necrosis factor-alpha increases the steady-state reduction of cytochrome b of the 
mitochondrial respiratory chain in metabolically inhibited L929 cells. J Biol. Chem. 
275, 13353-13361. 

Sarafian,T.A. and Bredesen,D.E. (1994). Is apoptosis mediated by reactive oxygen 
species? Free Radic. Res. 21, 1-8. 

Sawyer,D.E. and Van,H.B. (1999). Repair of DNA damage in mitochondria. Mutat. 
Res. 434, 161-176. 

Scaloni, A. Mass Spectrometry approaches for the molecular characterization of 
oxidatively/nitrosatively modified proteins. Redox Proteomics: from Protein 
Modifications to Cellular Dysfunction and Diseases [Wiley Eds, New York], 59-99. 
2006.  

Schutz-Geschwender A. Quantitative, two-color Western blot detection with infrared 
fluorescence. LI-COR Bioscences . 2004.  

Schwabe,R.F. and Brenner,D.A. (2006). Mechanisms of Liver Injury. I. TNF-alpha-
induced liver injury: role of IKK, JNK, and ROS pathways. Am J Physiol Gastrointest. 
Liver Physiol 290, G583-G589. 

Schwabe,R.F. and Brenner,D.A. (2007). Nuclear factor-kappaB in the liver: friend or 
foe? Gastroenterology 132, 2601-2604. 

Scortegagna,M. and Hanbauer,I. (2000). Increased AP-1 DNA-binding activity and 
nuclear REF-1 accumulation in lead-exposed primary cultures of astrocytes. 
Neurochem. Res. 25, 861-866. 

Seeff,L.B. (2002). Natural history of chronic hepatitis C. Hepatology 36, S35-S46. 

Seki,S., Hatsushika,M., Watanabe,S., Akiyama,K., Nagao,K., and Tsutsui,K. (1992). 
cDNA cloning, sequencing, expression and possible domain structure of human APEX 
nuclease homologous to Escherichia coli exonuclease III. Biochim. Biophys. Acta 1131, 
287-299. 

Seki,S., Sakaguchi,H., Kitada,T., Tamori,A., Takeda,T., Kawada,N., Habu,D., 
Nakatani,K., Nishiguchi,S., and Shiomi,S. (2000). Outcomes of dysplastic nodules in 
human cirrhotic liver: a clinicopathological study. Clin. Cancer Res. 6, 3469-3473. 

Seo,Y.R., Kelley,M.R., and Smith,M.L. (2002). Selenomethionine regulation of p53 by 
a ref1-dependent redox mechanism. Proc. Natl. Acad. Sci. U. S. A 99, 14548-14553. 



 

References 

150 

 

Shalon,D., Smith,S.J., and Brown,P.O. (1996). A DNA microarray system for analyzing 
complex DNA samples using two-color fluorescent probe hybridization. Genome Res. 
6, 639-645. 

Shen,J.C. and Loeb,L.A. (2003). Mutations in the alpha8 loop of human APE1 alter 
binding and cleavage of DNA containing an abasic site. J Biol. Chem. 278, 46994-
47001. 

Sherman,M. (2005). Hepatocellular carcinoma: epidemiology, risk factors, and 
screening. Semin. Liver Dis. 25, 143-154. 

Simonetti,R.G., Camma,C., Fiorello,F., Politi,F., D'Amico,G., and Pagliaro,L. (1991). 
Hepatocellular carcinoma. A worldwide problem and the major risk factors. Dig. Dis. 
Sci. 36, 962-972. 

Smith,P.K., Krohn,R.I., Hermanson,G.T., Mallia,A.K., Gartner,F.H., Provenzano,M.D., 
Fujimoto,E.K., Goeke,N.M., Olson,B.J., and Klenk,D.C. (1985). Measurement of 
protein using bicinchoninic acid. Anal. Biochem. 150, 76-85. 

Sobol,R.W., Prasad,R., Evenski,A., Baker,A., Yang,X.P., Horton,J.K., and Wilson,S.H. 
(2000). The lyase activity of the DNA repair protein beta-polymerase protects from 
DNA-damage-induced cytotoxicity. Nature 405, 807-810. 

Staal,F.J., Anderson,M.T., Staal,G.E., Herzenberg,L.A., Gitler,C., and Herzenberg,L.A. 
(1994). Redox regulation of signal transduction: tyrosine phosphorylation and calcium 
influx. Proc. Natl. Acad. Sci. U. S. A 91, 3619-3622. 

Sun,X., Majumder,P., Shioya,H., Wu,F., Kumar,S., Weichselbaum,R., Kharbanda,S., 
and Kufe,D. (2000). Activation of the cytoplasmic c-Abl tyrosine kinase by reactive 
oxygen species. J Biol. Chem. 275, 17237-17240. 

Sun,X., Zhang,J., Wang,L., and Tian,Z. (2008). Growth inhibition of human 
hepatocellular carcinoma cells by blocking STAT3 activation with decoy-ODN. Cancer 
Lett. 262, 201-213. 

Tai,D.I., Tsai,S.L., Chang,Y.H., Huang,S.N., Chen,T.C., Chang,K.S., and Liaw,Y.F. 
(2000). Constitutive activation of nuclear factor kappaB in hepatocellular carcinoma. 
Cancer 89, 2274-2281. 

Takayama,T., Makuuchi,M., Hirohashi,S., Sakamoto,M., Okazaki,N., Takayasu,K., 
Kosuge,T., Motoo,Y., Yamazaki,S., and Hasegawa,H. (1990). Malignant transformation 
of adenomatous hyperplasia to hepatocellular carcinoma. Lancet 336, 1150-1153. 

Tanaka,H., Fujita,N., Sugimoto,R., Urawa,N., Horiike,S., Kobayashi,Y., Iwasa,M., 
Ma,N., Kawanishi,S., Watanabe,S., Kaito,M., and Takei,Y. (2008). Hepatic oxidative 



 

References 

151 

 

DNA damage is associated with increased risk for hepatocellular carcinoma in chronic 
hepatitis C. Br. J. Cancer 98, 580-586. 

Tell,G., Crivellato,E., Pines,A., Paron,I., Pucillo,C., Manzini,G., Bandiera,A., 
Kelley,M.R., Di,L.C., and Damante,G. (2001). Mitochondrial localization of APE/Ref-1 
in thyroid cells. Mutat. Res. 485, 143-152. 

Tell,G., Damante,G., Caldwell,D., and Kelley,M.R. (2005). The intracellular 
localization of APE1/Ref-1: more than a passive phenomenon? Antioxid. Redox. 
Signal. 7, 367-384. 

Tell,G., Pellizzari,L., Pucillo,C., Puglisi,F., Cesselli,D., Kelley,M.R., Di,L.C., and 
Damante,G. (2000a). TSH controls Ref-1 nuclear translocation in thyroid cells. J. Mol. 
Endocrinol. 24, 383-390. 

Tell,G., Pines,A., Pandolfi,M., D'Elia,A.V., Donnini,D., Lonigro,R., Manzini,G., 
Russo,D., Di,L.C., and Damante,G. (2002). APE/Ref-1 is controlled by both redox and 
cAMP-dependent mechanisms in rat thyroid cells. Horm. Metab Res. 34, 303-310. 

Tell,G., Scaloni,A., Pellizzari,L., Formisano,S., Pucillo,C., and Damante,G. (1998). 
Redox potential controls the structure and DNA binding activity of the paired domain. J 
Biol. Chem. 273, 25062-25072. 

Tell,G., Zecca,A., Pellizzari,L., Spessotto,P., Colombatti,A., Kelley,M.R., Damante,G., 
and Pucillo,C. (2000b). An 'environment to nucleus' signaling system operates in B 
lymphocytes: redox status modulates BSAP/Pax-5 activation through Ref-1 nuclear 
translocation. Nucleic Acids Res. 28, 1099-1105. 

The Cancer of the Liver Italian Program (CLIP). A new prognostic system for 
hepatocellular carcinoma: a retrospective study of 435 patients. Hepatology; 28:751-5 . 
1998.  

Thomson,B., Tritt,R., Davis,M., and Kelley,M.R. (2001). Histology-specific expression 
of a DNA repair protein in pediatric rhabdomyosarcomas. J Pediatr. Hematol. Oncol 23, 
234-239. 

Thorgeirsson,S.S. and Grisham,J.W. (2002). Molecular pathogenesis of human 
hepatocellular carcinoma. Nat. Genet. 31, 339-346. 

Tichopad,A., Didier,A., and Pfaffl,M.W. (2004). Inhibition of real-time RT-PCR 
quantification due to tissue-specific contaminants. Mol. Cell Probes 18, 45-50. 

Tokino,T., Tamura,H., Hori,N., and Matsubara,K. (1991). Chromosome deletions 
associated with hepatitis B virus integration. Virology 185, 879-882. 



 

References 

152 

 

Tomkinson,A.E., Chen,L., Dong,Z., Leppard,J.B., Levin,D.S., Mackey,Z.B., and 
Motycka,T.A. (2001). Completion of base excision repair by mammalian DNA ligases. 
Prog. Nucleic Acid Res. Mol. Biol. 68, 151-164. 

Tosh,D. (2007). Differentiation of pancreatic cells into hepathocytes. In Cell Biology, 
T.Pollard, W.Earnshaw, and J.Lippincot-Schwartz, eds. (Oxford: Elsevier), pp. 177-
182. 

Ueno,M., Masutani,H., Arai,R.J., Yamauchi,A., Hirota,K., Sakai,T., Inamoto,T., 
Yamaoka,Y., Yodoi,J., and Nikaido,T. (1999). Thioredoxin-dependent redox regulation 
of p53-mediated p21 activation. J Biol. Chem. 274, 35809-35815. 

Unnikrishnan,A., Raffoul,J.J., Patel,H.V., Prychitko,T.M., Anyangwe,N., Meira,L.B., 
Friedberg,E.C., Cabelof,D.C., and Heydari,A.R. (2009). Oxidative stress alters base 
excision repair pathway and increases apoptotic response in Apurinic/apyrimidinic 
endonuclease 1/Redox factor-1 haploinsufficient mice. Free Radic. Biol. Med. 

Vierck,J.L., Bryne,K.M., and Dodson,M.V. (2000). Evaluating dot and Western blots 
using image analysis and pixel quantification of electronic images. Methods Cell Sci. 
22, 313-318. 

Villanueva,A., Newell,P., Chiang,D.Y., Friedman,S.L., and Llovet,J.M. (2007). 
Genomics and signaling pathways in hepatocellular carcinoma. Semin. Liver Dis. 27, 
55-76. 

Vogelstein,B. and Kinzler,K.W. (2004). Cancer genes and the pathways they control. 
Nat. Med. 10, 789-799. 

Walker,L.J., Craig,R.B., Harris,A.L., and Hickson,I.D. (1994). A role for the human 
DNA repair enzyme HAP1 in cellular protection against DNA damaging agents and 
hypoxic stress. Nucleic Acids Res. 22, 4884-4889. 

Walker,L.J., Robson,C.N., Black,E., Gillespie,D., and Hickson,I.D. (1993). 
Identification of residues in the human DNA repair enzyme HAP1 (Ref-1) that are 
essential for redox regulation of Jun DNA binding. Mol. Cell Biol. 13, 5370-5376. 

Walton,M., Lawlor,P., Sirimanne,E., Williams,C., Gluckman,P., and Dragunow,M. 
(1997). Loss of Ref-1 protein expression precedes DNA fragmentation in apoptotic 
neurons. Brain Res. Mol. Brain Res. 44, 167-170. 

Waris,G., Turkson,J., Hassanein,T., and Siddiqui,A. (2005). Hepatitis C virus (HCV) 
constitutively activates STAT-3 via oxidative stress: role of STAT-3 in HCV 
replication. J. Virol. 79, 1569-1580. 

Wei,S.J., Botero,A., Hirota,K., Bradbury,C.M., Markovina,S., Laszlo,A., Spitz,D.R., 
Goswami,P.C., Yodoi,J., and Gius,D. (2000). Thioredoxin nuclear translocation and 



 

References 

153 

 

interaction with redox factor-1 activates the activator protein-1 transcription factor in 
response to ionizing radiation. Cancer Res. 60, 6688-6695. 

Wieckowska,A., Zein,N.N., Yerian,L.M., Lopez,A.R., McCullough,A.J., and 
Feldstein,A.E. (2006). In vivo assessment of liver cell apoptosis as a novel biomarker of 
disease severity in nonalcoholic fatty liver disease. Hepatology 44, 27-33. 

Wilson,T.M., Rivkees,S.A., Deutsch,W.A., and Kelley,M.R. (1996). Differential 
expression of the apurinic / apyrimidinic endonuclease (APE/ref-1) multifunctional 
DNA base excision repair gene during fetal development and in adult rat brain and 
testis. Mutat. Res. 362, 237-248. 

Wong,D., DeMott,M.S., and Demple,B. (2003). Modulation of the 3'-->5'-exonuclease 
activity of human apurinic endonuclease (Ape1) by its 5'-incised Abasic DNA product. 
J Biol. Chem. 278, 36242-36249. 

Wu,D., Zhai,Q., and Shi,X. (2006). Alcohol-induced oxidative stress and cell responses. 
J. Gastroenterol. Hepatol. 21 Suppl 3, S26-S29. 

Xanthoudakis,S. and Curran,T. (1992). Identification and characterization of Ref-1, a 
nuclear protein that facilitates AP-1 DNA-binding activity. EMBO J 11, 653-665. 

Xanthoudakis,S., Miao,G., Wang,F., Pan,Y.C., and Curran,T. (1992). Redox activation 
of Fos-Jun DNA binding activity is mediated by a DNA repair enzyme. EMBO J 11, 
3323-3335. 

Xanthoudakis,S., Miao,G.G., and Curran,T. (1994). The redox and DNA-repair 
activities of Ref-1 are encoded by nonoverlapping domains. Proc. Natl. Acad. Sci. U. S. 
A 91, 23-27. 

Xanthoudakis,S., Smeyne,R.J., Wallace,J.D., and Curran,T. (1996). The redox/DNA 
repair protein, Ref-1, is essential for early embryonic development in mice. Proc. Natl. 
Acad. Sci. U. S. A 93, 8919-8923. 

Xiong,J.J., Zhang,Y., Wang,J.L., Bao,G.D., Zhang,Y., and Zhu,Z.Y. (2008). Silencing 
of Ref-1 expression by retrovirus-mediated shRNA sensitizes HEK293 cells to 
hydrogen peroxide-induced apoptosis. Biosci. Biotechnol. Biochem. 72, 3206-3210. 

Xu,J., Shen,Z.Y., Chen,X.G., Zhang,Q., Bian,H.J., Zhu,P., Xu,H.Y., Song,F., 
Yang,X.M., Mi,L., Zhao,Q.C., Tian,R., Feng,Q., Zhang,S.H., Li,Y., Jiang,J.L., Li,L., 
Yu,X.L., Zhang,Z., and Chen,Z.N. (2007). A randomized controlled trial of Licartin for 
preventing hepatoma recurrence after liver transplantation. Hepatology 45, 269-276. 

Xu,Y., Moore,D.H., Broshears,J., Liu,L., Wilson,T.M., and Kelley,M.R. (1997). The 
apurinic/apyrimidinic endonuclease (APE/ref-1) DNA repair enzyme is elevated in 
premalignant and malignant cervical cancer. Anticancer Res. 17, 3713-3719. 



 

References 

154 

 

Xu,Z., Chen,L., Leung,L., Yen,T.S., Lee,C., and Chan,J.Y. (2005). Liver-specific 
inactivation of the Nrf1 gene in adult mouse leads to nonalcoholic steatohepatitis and 
hepatic neoplasia. Proc. Natl. Acad. Sci. U. S. A 102, 4120-4125. 

Yacoub,A., Kelley,M.R., and Deutsch,W.A. (1997). The DNA repair activity of human 
redox/repair protein APE/Ref-1 is inactivated by phosphorylation. Cancer Res. 57, 
5457-5459. 

Yang,L.Y., Chen,W.L., Lin,J.W., Lee,S.F., Lee,C.C., Hung,T.I., Wei,Y.H., and 
Shih,C.M. (2005a). Differential expression of antioxidant enzymes in various 
hepatocellular carcinoma cell lines. J Cell Biochem. 96, 622-631. 

Yang,S., Irani,K., Heffron,S.E., Jurnak,F., and Meyskens,F.L., Jr. (2005b). Alterations 
in the expression of the apurinic/apyrimidinic endonuclease-1/redox factor-1 (APE/Ref-
1) in human melanoma and identification of the therapeutic potential of resveratrol as an 
APE/Ref-1 inhibitor. Mol. Cancer Ther. 4, 1923-1935. 

Yang,S., Misner,B.J., Chiu,R.J., and Meyskens,F.L., Jr. (2007). Redox effector factor-1, 
combined with reactive oxygen species, plays an important role in the transformation of 
JB6 cells. Carcinogenesis 28, 2382-2390. 

Yao,K.S., Xanthoudakis,S., Curran,T., and O'Dwyer,P.J. (1994). Activation of AP-1 
and of a nuclear redox factor, Ref-1, in the response of HT29 colon cancer cells to 
hypoxia. Mol. Cell Biol. 14, 5997-6003. 

Yu,M.W., Yang,Y.C., Yang,S.Y., Cheng,S.W., Liaw,Y.F., Lin,S.M., and Chen,C.J. 
(2001). Hormonal markers and hepatitis B virus-related hepatocellular carcinoma risk: a 
nested case-control study among men. J. Natl. Cancer Inst. 93, 1644-1651. 

Zhao,B., Grandy,D.K., Hagerup,J.M., Magenis,R.E., Smith,L., Chauhan,B.C., and 
Henner,W.D. (1992). The human gene for apurinic/apyrimidinic endonuclease (HAP1): 
sequence and localization to chromosome 14 band q12. Nucleic Acids Res. 20, 4097-
4098. 

 

 

 



 
Reprints 

 

155 
 

REPRINTS 

 





 
Reprints 

 

157 
 



 
Reprints 

 

158 
 



 
Reprints 

 

159 
 



 
Reprints 

 

160 
 



 
Reprints 

 

161 
 



 
Reprints 

 

162 
 



 
Reprints 

 

163 
 



 
Reprints 

 

164 
 

 



 
Reprints 

 

165 
 

 



 
Reprints 

 

166 
 

 



 
Reprints 

 

167 
 

 



 
Reprints 

 

168 
 

 



 
Reprints 

 

169 
 

 



 
Reprints 

 

170 
 



 
Reprints 

 

171 
 

 



 
Reprints 

 

172 
 

 



 
Reprints 

 

173 
 



 
Reprints 

 

174 
 



 
Reprints 

 

175 
 



 
Reprints 

 

176 
 



 
Reprints 

 

177 
 



 
Reprints 

 

178 
 



 
Reprints 

 

179 
 



 
Reprints 

 

180 
 



 
Reprints 

 

181 
 



 
Reprints 

 

182 
 



 
Reprints 

 

183 
 



 
Reprints 

 

184 
 



 
Reprints 

 

185 
 



 
Reprints 

 

186 
 



 
Reprints 

 

187 
 



 
Reprints 

 

188 
 



 
Reprints 

 

189 
 



 
Reprints 

 

190 
 



 
Reprints 

 

191 
 



 
Reprints 

 

192 
 



 
Reprints 

 

193 
 



 
Reprints 

 

194 
 



 
Reprints 

 

195 
 



 
Reprints 

 

196 
 



 
Reprints 

 

197 
 



 
Reprints 

 

198 
 



 
Reprints 

 

199 
 



 
Reprints 

 

200 
 



 
Reprints 

 

201 
 



 
Reprints 

 

202 
 



 
Reprints 

 

203 
 



 
Reprints 

 

204 
 



 
Reprints 

 

205 
 



 
Reprints 

 

206 
 



 
Reprints 

 

207 
 



 
Reprints 

 

208 
 



 
Reprints 

 

209 
 



 
Reprints 

 

210 
 



 
Reprints 

 

211 
 



 
Reprints 

 

212 
 



 
Reprints 

 

213 
 



 
Reprints 

 

214 
 

 
 

 
 



 
Reprints 

 

215 
 



 
Reprints 

 

216 
 



 
Reprints 

 

217 
 



 
Reprints 

 

218 
 



 
Reprints 

 

219 
 



 
Reprints 

 

220 
 

 



 
Reprints 

 

221 
 



 
Reprints 

 

222 
 



 
Reprints 

 

223 
 



 
Reprints 

 

224 
 



 
Reprints 

 

225 
 



 
Reprints 

 

226 
 



 
Reprints 

 

227 
 



 
Reprints 

 

228 
 



 
Reprints 

 

229 
 

 



 
Reprints 

 

230 
 

 



 
Reprints 

 

231 
 



 
Reprints 

 

232 
 



 
Reprints 

 

233 
 



 
Reprints 

 

234 
 



 
Reprints 

 

235 
 



 
Reprints 

 

236 
 



 
Reprints 

 

237 
 



 
Reprints 

 

238 
 



 
Reprints 

 

239 
 



 
Reprints 

 

240 
 

 



 
Reprints 

 

241 
 



 
Reprints 

 

242 
 



 
Reprints 

 

243 
 



 
Reprints 

 

244 
 



 
Reprints 

 

245 
 



 
Reprints 

 

246 
 



 
Reprints 

 

247 
 



 
Reprints 

 

248 
 



 
Reprints 

 

249 
 



 
Reprints 

 

250 
 



 
Reprints 

 

251 
 



 
Reprints 

 

252 
 



 
Reprints 

 

253 
 



 
Reprints 

 

254 
 



 
Reprints 

 

255 
 

 
 

 



 
Reprints 

 

256 
 

 



 
Reprints 

 

257 
 

IS THERE ANY EFFECTIVE THERAPY FOR NAFLD? 
 
Vittorio Di Maso1 and Stefano Bellentani1,2 

1Italian Liver Foundation, Basovizza - Trieste, and 2Nutrition and Liver Centre, 
Carpi – Modena, Italy 
 
 
 
 
 
 
 
 
 
 
 
Address for correspondence:  
Stefano Bellentani, M.D., Ph.D. – 
Nutrition and Liver Centre –  
Gastroenterology – Poliambulatori Ospedale “Ramazzini”  
P.le Donatori di Sangue, 3  
41012 Carpi (Modena) 
Italy 
 
e.mail: Stefano Bellentani: bellentanistefano@gmail.com;  
Vittorio Di Maso: vidimaso@gmail.com  
 
F1000 Medicine Reports (Accepted 2009) 



 
Reprints 

 

258 
 

Abstract 

NAFLD is defined as fat accumulation in liver, ranging from simple steatosis to 

non-alcoholic steatohepatitis (NASH), and although it was considered  a benign 

condition, nowadays it is known to be associated with liver injury and development of 

end stage liver disease. NAFLD is the hepatic manifestation of Metabolic Syndrome 

(MS) and its incidence is rising accordingly with the increased prevalence of MS being 

considered the most common cause of liver enzymes elevation in Western countries. To 

date no medication or surgical procedure have been approved for effective treatment of 

NAFLD, but many approaches are under investigation. A huge amount of data has been 

produced in the last years and multicenter clinical trials are already ongoing worldwide, 

and the ideal treatment for NASH will be hopefully found soon. Meanwhile, lifestyle 

interventions and behavior therapy must be introduced in our clinical practice possibly 

supported by public health programs. 

 

1. Introduction and context 

Although non-alcoholic fatty liver disease (NAFLD) was first described more 

than 65 years ago by Zelman (1), only in 1980 Ludwig defined a new entity 

characterized by a type of fatty liver with inflammation, ballooned hepatocytes and 

fibrosis, naming it “Nonalcoholic Steatohepatitis (NASH)” (2) NAFLD is now defined 

as fat accumulation in liver exceeding 5-10% by weight in subjects without a significant 

alcohol consumption (< 20 g/day, that is less than 2-3 glasses of wine/day), and without 

any other known causes of chronic liver disease (CLD). In clinical practice, the 

diagnosis of NAFLD is usually reached by ultrasonography (US) that allows detecting 

moderate and severe steatosis with a fair sensitivity and specificity, only when fat on 

liver biopsy exceeds 33%. 

NAFLD and NASH are strictly correlated with the presence of Insulin 

Resistance (IR), often associated with central obesity, type-2 diabetes, and dyslipidemia 

thus rendering the hepatic manifestation of the Metabolic Syndrome (MS) (3). Its 

incidence is rapidly rising in adults and children due to the increased prevalence of 

obesity, type 2 diabetes, and metabolic diseases, and is now considered the most 

frequent cause of elevated liver enzymes (4,5). 
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Population studies estimate that 20-25% of adults have NAFLD and about 10% 

progress to NASH, cirrhosis and HCC over a 30-40 year period (3) showing an overall 

lower survival due to increased risk for both cardiovascular and liver diseases mortality 

(6,7). Since hepatologists worldwide are facing the epidemiological bursting of this 

disease, efforts are aimed to early identification of subjects affected by NAFLD/NASH 

and to find effective treatment.  

2. Recent advances 

Progress in developing potential therapies for NAFLD/NASH has been made 

mainly addressing each step involved in the pathogenesis of the diseases (see Fig.1), 

however, no medication or surgical procedure have been approved for effective 

treatment of NAFLD. Agents that reduce oxidative stress and/or apoptosis or show 

some cytoprotective properties have been also evaluated, typically in small uncontrolled 

trials, with inconclusive results. At present the treatment of the components of the 

associated MS(hypertension, diabetes, or dyslipidemia) represents the unique 

therapeutic choice that is at present available on the market.  

2.1. Lifestyle Modifications 

Life style modifications through a multidisciplinary approach, including dietary 

intervention, behavior therapy and physical exercise is the frontline therapy for this 

disease (8). Even if this approach could be ultimately cost-effective, it is unfortunately 

limited by the long-term compliance of the patients. Dietary intervention together with 

daily physical exercises are associated not only with a weight reduction and 

amelioration of IR, but also with the improvement of liver function and hepatic 

histology (9,10,11). Modifications of the diet to improve NAFLD or avoid the 

progression to NASH, has recently been attempted in pilot studies and included both the 

reduction of saturated fatty acids and simple carbohydrates intake and increasing the 

amount of polyunsaturated fatty acids and slowly adsorbed carbohydrates 

(12,13,14)Larger trials with appropriate histological follow-up are still lacking though 

needed. 

2. Pharmacotherapy  

2.2a. Oral hypoglicaemic agents  

Insulin-sensitizing agents, namely metformin and the thiazolidinediones (TZDs, 

glitazones), have been investigated in controlled trials. Many studies have demonstrated 
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an improvement of aminotransferases levels, IR and histology after metformin treatment 

(15). More recently metformin has been found to modulate the expression of the pro-

inflammatory TNF-α cytochines (16), and to improve liver function and ecographic 

steatosis more than dietary modifications alone (17). Also TDZs (pioglitazone and 

rosiglitazone), are promising drugs to treat NASH and various randomized long-term 

controlled studies of limited series demonstrated a significant reduction in serum ALT, 

liver fat content, and an  improvement of IR and liver histology (18) However, the main 

limitation of TDZs therapy is the short duration of the improvements after treatment 

interruption, and the contraindication in  patients with heart disease (19). Further larger 

studies are required.   

2.2b. Weight-loss drugs 

Contradictory data have been published on the treatment of  NASH with orlistat, 

a lipase inhibitor reducing fat absorption. In randomized placebo controlled trials 

orlistat has lead to improvements in liver enzymes, ultrasound findings and hepatic 

inflammation and fibrosis, but only in patients that maintained a significant weight 

reduction (20). In another pilot study comparing orlistat (n=12) and Sibutramine (n=13), 

an enhancer of satiety, treatment with both drugs lead to improvements in ALT and 

reduced liver fat at ultrasound  (21). These data suggest that orlistat seems to be 

effective for NASH only in facilitating  significant weight loss. 

The endocannabinoid (EC) system, involved in the regulation of food intake and 

body weight, represents a novel target for medical therapy of NASH (Fig.1). 

Rimonabant is a selective EC CB1 receptor antagonist decreasing hepatic lipogenesis 

and increasing satiety, adiponectin levels, and glucose uptake, thereby improving 

insulin levels and lipid profiles. In four large randomized placebo controlled multicenter 

trials, after 1 or 2 years of therapy, rimonabant  has been shown to induce a significant 

average weight loss higher than placebo in obese patients, and more notably, significant 

improvements in lipid profiles, glycosylated hemoglobin, adiponectin, and C-reactive 

protein in patients with hyperlipidemia and diabetes. These impressing metabolic effects 

and preliminary animal studies, along with isolated case reports suggested a direct 

effects of this medication in NASH, prompted in 2007 two large multicenter,  controlled 

trials that were interrupted by both USA and European National Medicines Authorities  
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(FDA and EMEA) due to the development of  important psychiatric problems such as  

severe depression and suicides.  

2.2c. Statins 

The role of statins in the treatment of NASH remains unclear. Recently has been 

shown that patients treated with statins had a significant reduction in hepatic steatosis, 

liver enzymes and TNF-α serum levels, and probably also a low rate of fibrosis 

progression (22). Although these early studies suggest that statins may be useful in 

hyperlipidemic NAFLD patients, but controlled trials are need to validate these results.  

2.2d. Anti-oxidants,cytoprotective agents, and other drugs. 

Vitamin E, betain and ursodeoxycholic Acid (UDCA) therapies have produced 

controversial results so far. Studies using Vitamin E showed an improvement of liver 

function while others did not (23,24). Despite the preliminary results of some pilot 

studies demonstrating an UDCA protective role in NAFLD (25), a large multicenter 

trial with a large number of patients treated with UDCA or placebo for 2 years showed a 

histological improvement in both UDCA group and placebo (26). It is possible that 

UDCA used in combination with other medications may improve liver function as using 

UDCA plus vitamin E to treat NAFLD patients (27). 

Betaine, a metabolite that increases levels of S-adenosylmethionine ,was used in 

a small uncontrolled study demonstrating an improvement of aminotransferases, 

steatosis, inflammation and fibrosis after one year treatment (28). In two small studies, 

treatment with the angiotensin II blocker, losartan, also led to improvements in liver 

histology (29). However the very limited number of patients involved in these studies 

renders the results questionable.  

2.3. Bariatric surgery 

Bariatric surgery it is suitable in severely obese patients, often affected by 

NAFLD, who failed to lose weight with nutritional counseling. Different surgical 

approaches are possible and in general liver histology improves significantly after 

bariatric surgery (30). 

3. Implications for clinical practice 

The epidemiological bursting of obesity and diabetes in Western Countries lead 

to a parallel increase in the prevalence of NAFLD. Once recognized the presence of 

fatty liver, it is important for the general practitioner and for the clinician not to consider 
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it a benign disease but to check for additional cardiovascular risks, to exclude alcohol 

intake and to understand if NAFLD could progress to NASH and other end-stage liver 

diseases. Despite its limitations, liver biopsy  is still the gold standard for the diagnosis 

of NASH.  

Once reached the diagnosis of NAFLD or NASH the main efforts should be 

focused to obtain lifestyle modifications of the patient. Diet and physical exercise, 

which ideally should always be personalized, represent an important therapeutic 

approach to decrease cardiovascular risk, treat MS and NAFLD, but it needs a strong 

multidisciplinary counseling program to increase and maintain patient compliance. 

Enrolled patients should be referred to trained lifestyle therapists (dietitians, behavior 

psychologists, physical activity supervisors, case managers) and social environment 

should also be changed. 

Other pharmacological or surgical treatments may be considered, but only in 

patients with associated MS or severe obesity, since no drugs or surgical procedures has 

been approved for the treatment of NAFLD or NASH. Larger multicenters clinical trials 

and validation studies are already  ongoing worldwide (Table 1) and the ideal treatment 

for NASH will be hopefully found soon. Meanwhile, lifestyle interventions and 

behavior therapy must be introduced in our clinical practice possibly supported by 

public health programs to change the environment of our “fatty society”. 
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Fig.1: treatment targets (pink arrows) according to the pathogenesis 

mechanisms of NAFLD and NASH  

1. Anti‐oxidants (Sylimarine, SAME, UDCA) 
2. Betaine
3. Metformin
4. Caspase inhibitors

Steatosis (NAFLD)

Steatosis and
damage (NASH)

Decreased insulin clearance,
increased IR, lipolysis, 
glucaneogenesis,
and VLDL secretion

Wrong diet, physical  inactivity
Increased insulin ,
increased free fatty acid, 
decreased adiponectin

Insulin resistance

Oxidative stress Inflammation

Apoptosis

Fibrosis
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peroxidation, reactive oxygen species
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(HSC)  

Increased modulators of hepatic fibrogenesis
Activation of  pattern recognition receptors
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1. Lifestyle
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1. Anti‐cannabinoids
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Table 1. Promising agents and clinical trials ongoing 
(www.clinicaltrials.gov) to treat NASH  

Therapeutic 
target Agent 

Phase II study Phase III study 

Pilot Multicenter Single Multicenter 

Diet 
Macronutrients 

Omega-3 fatty acids X    

Polyunsaturated Fatty acids X    

Weight loss 
Orlistat    X 

Rimonabant  X   

Antioxidants 

Silymarin  X   

Pentoxifilline X    

Pentoxifilline vs Pioglitazone X    

SAMe X    

Iron Depletion X    

Mitochondrial protection 
(TRO19662) 

X    

Inflammation 
and fibrosis PDE4 inhibitor X    

Reduction of IR 

Metformin versus vitamin E 
versus placebo (TONIC) 

   X 

Pioglitazone versus Metformin 
versus placebo (PIVENS) 

   X 

Rosiglitazone versus 
Rosiglitazone and metformin 
versus Rosiglitazone and 
losartan 

  X  
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Abbreviations  

 

CLD, Chronic Liver Disease  

IR, Insulin Resistance 

MS, Metabolic Syndrome 

NASH, Non-alcoholic steatohepatitis 

NAFLD, non-alcoholic fatty liver disease 

TZDs, thiazolidinediones 

TNF-α, Tumor Necrosis Factor alfa 

US, ultrasonography  

EC, endocannabinoid 

FDA, Food and Drug Administration 

EMEA,  European Medicine Agency 

USA, United States of America 
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