
Article

Not peer-reviewed version

APE-1/Ref-1 Inhibition Blocks

Malignant Pleural Mesothelioma

Cell Proliferation and

Invasiveness: A Crosstalk between

Oxidative Stress and Epithelial

Mesenchymal Transition (EMT) in

Driving Carcinogenesis and

Metastasis

Valeria Ramundo , Giada Zanirato , Maria Luisa Palazzo , Chiara Riganti , Elisabetta Aldieri 

*

Posted Date: 30 June 2023

doi: 10.20944/preprints202306.2242.v1

Keywords: malignant pleural mesothelioma; oxidative stress; redox-sensitive factors; asbestos; epithelial

mesenchymal transition; proliferation

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/2814669
https://sciprofiles.com/profile/2748973
https://sciprofiles.com/profile/382917
https://sciprofiles.com/profile/578044


 

Article 
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Abstract: Malignant Pleural Mesothelioma (MPM) is an aggressive cancer associated to asbestos 

exposure. MPM pathogenesis has been related both to oxidative stress, evoked by and in response 

to asbestos fibers exposure, and the Epithelial Mesenchymal Transition (EMT), an event induced by 

oxidative stress itself and related to cancer proliferation and metastasis. Asbestos related primary 

oxidative damage is counteracted in the lung by various redox-sensitive factors, often 

hyperactivated in some cancers. Among these redox-sensitive factors, Apurinic-apyrimidinic 

endonuclease 1 (APE-1)/Redox effector factor 1 (Ref-1) has been demonstrated to be overexpressed 

in MPM and lung cancer, but the molecular mechanism has not yet fully understood. Moreover, 

asbestos exposure has been associated to induced EMT event, via some EMT transcription factors, 

such as Twist, Zeb-1 and Snail-1, in a possible crosstalk with oxidative stress and inflammation 

events. To demonstrate this hypothesis, we inhibited/silenced Ref-1 in MPM cells: as a consequence, 

both EMT (Twist, Zeb-1 and Snail-1) markers and cellular migration/proliferation were significantly 

inhibited. Take as a whole, these results show, for the first time, a crosstalk between oxidative stress 

and EMT in MPM carcinogenesis and invasiveness, so improving the knowledge to better address 

a preventive and therapeutic approach against this aggressive cancer. 

Keywords: malignant pleural mesothelioma; oxidative stress; redox-sensitive factors; asbestos; 

epithelial mesenchymal transition; proliferation 

 

1. Introduction 

Malignant pleural mesothelioma (MPM) is a rare but very aggressive tumor well known for its 

fatal outcome and in association to asbestos exposure. MPM is a tumor that originates from 

mesothelial cells lining pleural cavity and is characterized by a long latency period [1]. MPM is 

histologically distinct in three major subtypes: epithelioid, sarcomatous and biphasic, different from 

a prognostic point of view [2]. Due to the aggressiveness of this type of tumor, conventional therapies 

(chemotherapy, radiotherapy and surgical resection) are unsatisfactory [3] and the median survival 

of these patients is approximately 8-14 months. Moreover, current available predictive and diagnostic 

markers are few and not effective [1].  

The main etiological factor of MPM is the exposure to asbestos: even if the pathogenetic 

mechanisms involved are not yet fully understood, it has been widely reported that asbestos fibers 

in mesothelial cells evoke some events that have been associated to MPM development, such as 

chronic inflammation, accentuated oxidative stress derived from Reactive Oxygen Species (ROS) 
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generation, and the event called Epithelial Mesenchymal Transition (EMT) [4,5]. Particularly, 

asbestos exposure has been widely demonstrated to primarily induce oxidative stress in the 

mesothelium, by fibers itself and/or consequently to a pulmonary defensive cellular response: so, 

MPM onset has been linked to a strong oxidative damage in the microenvironment, event 

counteracted by antioxidant systems at the pulmonary level, that however could fail and so promote 

MPM development [6].  

As oxidative stress, EMT is an event recently associated to tumorigenesis and metastasis [7]. 

EMT is a pathophysiological reversible process during which some inducers, such as Transforming 

Growth Factor β (TGF-β), promote the transition of epithelial cells into mesenchymal cells, via 

downregulation of some epithelial markers (e.g., E-cadherin) and by increasing the mesenchymal 

ones (e.g., Fibronectin, Vimentin) [8]. The different expression of these markers is regulated by 

specific EMT-transcription factors (EMT-TFs), driven by TGF-β signaling, including Twist, Zeb-1 and 

Snail-1 [8], and thus inducing E-cadherin inhibition. Consequently, cells manifest proliferative and 

migratory phenotypes, apoptosis resistance and extracellular matrix (ECM) production [9], that 

together could drive tumoral invasiveness and metastasis. 

A consistent body of evidence confirms this correlation between EMT and tumorigenesis in 

different types of pulmonary tumors, such as Non-Small Cell Lung Cancer (NSCLC) [10–14], and in 

MPM also in association with asbestos exposure, where asbestos fibers induce EMT in human 

mesothelial cells via TGF-β signaling [15]. In addition, it was observed in MPM samples that a 

combination of γ-catenin downregulation and Twist overexpression can be considered a prognostic 

pattern for patients with MPM [16]. Moreover, also the association between EMT and lung 

progression was investigated by Liu et al. [17], which demonstrated a synergy between IL-

6/JAK/STAT3 and TGF-β/Smad signaling in inducing EMT in lung cancer cell lines. 

Thus, oxidative stress and EMT are two events that could interplay in mediating tumorigenesis 

and/or metastasis. Concerning these events, an EMT-oxidative stress link is particularly evident in 

different types of tumors: in this regard, it has been shown that ROS production promote EMT 

through a GSK-3β-mediated mechanism [9] and, moreover, the EMT-oxidative stress link is even 

more evident considering some proteins, such as heat shock protein 70 (Hsp70), which has a critical 

role in oxidative stress and EMT in MPM cell lines, via TGF-β pathway [18]. Then, it has been 

demonstrated that, in human MPM cells, hydrogen peroxide induces overexpression of EMT-related 

genes [19] and, on the other hand, inhibition of TGF-β signaling and treatment with antioxidants 

prevent the oxidative stress driven EMT [20].  

Our research group has previously demonstrated the overexpression in MPM of some redox-

sensitive transcription factors that control the cellular antioxidant defenses [21], such as Nuclear 

factor erythroid 2-related factor 2 (Nrf2 o NFE2L2)/Kelch-like protein ECH-associated protein 1 

(KEAP-1), Apurinic-apyrimidinic endonuclease 1 (APE-1)/Redox effector factor 1 (Ref-1) and 

Forkhead box protein M1 (FOXM1) [21]. Among these factors, APE-1/Ref-1 (also simply called Ref-

1) is a multifunctional enzyme involved in the base excision repair (BER) pathway, crucial for the 

repair of oxidative and alkylation DNA damage [22], and a reductive activator of transcription 

factors, such as Activator Protein-1 (AP-1), Hypoxia-Inducible Factor 1 α (HIF-1α), p53 and Nuclear 

Factor kappa B (NF-kB) [21]. In oxidative stress condition, high levels of ROS elicit Ref-1 

overexpression and BER pathway activation, and some tumors present basally Ref-1 overexpressed, 

thus consequently supporting tumor progression and chemoresistance [23]. As demonstrated, Ref-1 

expression affects tumor response to treatment, such as photodynamic therapy [24] or cisplatin-based 

adjuvant therapy in NSCLC patients [22]. In the latter paper, Ref-1 overexpression is associated with 

resistance to cisplatin and, on the contrary, the Ref-1 downregulation by siRNA enhances sensitivity 

of A549 NSCLC cells to chemotherapy [22]. Furthermore, the combination of Ref-1 shRNA 

knockdown and oxymatrine, decreases A549 cellular proliferation [24], and the treatment of A549 

cells with a specific Ref-1 inhibitor, inhibits tumor growth and progression [24]. Finally, different 

studies demonstrated that Ref-1 silencing improves sensitivity to different DNA damaging agents in 

various types of tumors [22,25–27].  
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In this view, until now, no evidence has been correlated to a possible crosstalk between Ref-1 

and EMT in MPM. Particularly, Ref-1 could be a crucial point in MPM onset and metastasis, and 

could be considered a new possible predictive/prognostic marker or a therapeutic target to hit given 

the failure of the treatments currently available. Take as a whole, this research has been addressed to 

elucidate this possible crosstalk between oxidative stress and EMT in driving tumorigenesis and 

metastasis of MPM, by focusing the role of Ref-1 as central point in this crosstalk. 

2. Results 

2.1. Overexpressed Ref-1 in MPM cells is downregulated after co-incubation with E3330 specific Ref-1 

inhibitor. 

Primarily, we confirmed previous results obtained by our research group evaluating Ref-1 

expression in MSTO-211H mesothelioma cells, compared to human mesothelial cells Met-5A, and 

NSCLC A549 cells, used as positive control of Ref-1 overexpression in cancer: our results clearly 

demonstrated significant Ref-1 overexpression in MSTO-211H towards Met-5A cells (Figure 1A-B). 

 

Figure 1. Ref-1 expression in MeT-5A, MSTO-211H and A549 cells. Ref-1 expression (37 kDa) was 

evaluated (A) by Western blotting on nuclear extracts of MeT-5A, MSTO-211H and A549 cells. TBP 

(36 kDa) was used as loading control. The image is representative of three independent experiments 

that produced similar results. (B) Densitometry data are presented as the percent decrease or increase 

in the protein levels. Data are presented as means ± SD (n=3). One-way ANOVA test: **p < 0.0001, *p 

< 0.001. 

Then, we treated MSTO-211H and A549 cells with different concentrations of E3330 specific Ref-

1 inhibitor (as described in Materials & Methods): both MSTO-211H and A549 cell lines showed a 

significant decreased Ref-1 expression after E3330 treatment, particularly at the higher dose (50 µM) 

tested (Figure 2A-B). 

 

Figure 2. Effect of Ref-1 inhibitor (E3330) on MSTO-211H and A549 cells. MSTO-211H and A549 

cells were incubated for 48 hours with (+) or without (-, Ctrl) increasing concentrations (20, 30 or 50 

µM) of the specific Ref-1 inhibitor E3330. (A) Ref-1 expression (37 kDa) was evaluated by Western 

blotting on nuclear extracts of MSTO-211H and A549 cells. TBP (36 kDa) was used as a loading 

control. The image is representative of three independent experiments that produced similar results. 

(B) Densitometry data are presented as the percent decrease or increase in the protein levels versus 
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the respective control. Data are presented as means ± SD (n=3). One-way ANOVA test: MSTO-211H 

treated cells vs untreated cells **p<0.005, *p<0.05; A549 treated cells vs untreated cells #p<0.001. 

2.2. Overexpressed Ref-1 in MPM and A549 cells is downregulated after siRNA transfection. 

Considering results obtained with E3330 inhibitor, we performed experiments in the attempt to 

silence Ref-1. We transfected MSTO-211H and A549 cells with Ref-1 siRNA, as described in Materials 

& Methods. Then, we evaluated whether Ref-1 downregulation occurred: as shown in Figure 3 (A-

B), we obtained a significant decrease of Ref-1 expression in both in MSTO-211H and A549 cells, thus 

confirming the siRNA effective knockdown. 

 

Figure 3. Ref-1 siRNA knockdown in MSTO-211H and A549 cells. MSTO-211H and A549 cells were 

transfected for 48 h without (-) or with 60 nM Ref-1 targeted siRNA. (A) Ref-1 expression (37 kDa) 

was evaluated by Western blotting on nuclear extracts of MSTO-211H and A549 cells. TBP (36 kDa) 

was used as a loading control. The image is representative of three independent experiments that 

produced similar results. (B) Densitometry data are presented as the percent decrease or increase in 

the protein levels versus the respective control. Data are presented as means ± SD (n=3). One-way 

ANOVA test: siRef-1 transfected cells vs ctrl cells *p<0.0001. 

2.3. Overexpressed EMT-TFs in MPM are downregulated after both co-incubation with E3330 specific Ref-1 

inhibitor and siRNA Ref-1.  

We investigated the possible crosstalk between oxidative stress and EMT. We addressed our 

experiments focusing on MPM, by evaluating the main three EMT-TFs Twist, Zeb-1, and Snail-1, 

already shown to be overexpressed in MPM [16,28,29] and in mesothelial cells after asbestos fibers 

exposure [15]. So, we evaluated these three EMT-TFs in our MPM cellular model both after Ref-1 

inhibitor E3330 incubation (at the higher dose 50 µM) and siRNA knockdown: only Twist resulted 

significantly downregulated after E3330 treatment (Figure 4A-B), while Zeb-1 and Snail-1 were only 

partially downregulated, but not significantly. 

 

Figure 4. Effect of Ref-1 inhibition in MSTO-211H cells on EMT-TFs. MSTO-211H cells were 

incubated for 48 hours with (+) or without (-) 50 µM of E3330 Ref-1 inhibitor. (A) Twist (28 kDa), Zeb-

1 (124 kDa) and Snail-1 (29 kDa) EMT-TFs expression was evaluated by Western blotting on nuclear 

extracts of MSTO-211H cells. TBP (36 kDa) was used as a loading control. The image is representative 

of three independent experiments that produced similar results. (B) Densitometry data are presented 
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as the percent decrease or increase in the protein levels versus the respective control. Data are 

presented as means ± SD (n=3). One-way ANOVA test: E3330 treated cells vs ctrl cells *p<0.0001. 

However, our results showed a significant decrease in all three EMT-TFs Twist, Zeb-1 and Snail-

1 in MSTO-211H cells after siRNA Ref-1 transfection (Figure 5A-B). 

 

Figure 5. Effect of Ref-1 siRNA knockdown in MSTO-211H cells on EMT-TFs. MSTO-211H cells 

were transfected for 48 h without (-) or with 60 nM Ref-1 targeted siRNA. (A) Twist (28 kDa), Zeb-1 

(124 kDa) and Snail-1 (29 kDa) EMT-TFs expression was evaluated by Western blotting on nuclear 

extracts of MSTO-211H cells. TBP (36 kDa) was used as a loading control. The image is representative 

of three independent experiments that produced similar results. (B) Densitometry data are presented 

as the percent decrease or increase in the protein levels versus the respective control. Data are 

presented as means ± SD (n=3). One-way ANOVA test: siRef-1 transfected cells vs ctrl cells **p<0.0001 

*p<0.001. 

2.4. Effect of Ref-1 inhibition/knockdown on cellular proliferation. 

To test the possible effect of this crucial crosstalk on cancer cell migration and invasiveness, 

mediated by EMT-induced event, we firstly evaluated the cellular motility after Ref-1 silencing, by a 

scratch assay performed on both MSTO-211H and A549 cell lines, used as positive cellular control of 

Ref-1 overexpression in cancer. The results shown in Figure 6 revealed that in MSTO-211H and A549 

cells the siRef-1 transfection reduced significantly the migration rate by 31% and 81% respectively 

after 24 hrs (T1) of silencing (Figure 6A-B). 

 

Figure 6. The effect of Ref-1 siRNA on cell migration. (A) Scratch assay assessed on MSTO-211H 

and A549 cells after 48 h without (-) or with 60 nM Ref-1 targeted siRNA. The cells were 

microscopically analyzed at the time of the scratch (T0) and after 24 hrs (T1). (B) The relative migration 

rate was calculated by setting the percentage of migration of the cells after siRef-1 to this value. The 

experiments were performed in triplicate and the mean values ± SD were plotted in the relative graph. 

One-way ANOVA test: siRef-1 transfected cells vs ctrl cells *p<0.0001. 
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Our evidence was confirmed by investigating, both in MSTO-211H and A549 cells after siRNA 

Ref-1 transfection, also the cellular proliferation, by evaluating the expression of the Proliferating Cell 

Nuclear Antigen (PCNA), a protein involved in cell replication processes and a known marker of 

proliferation. As shown in Figure 7 (A-B), Ref-1 silencing strongly inhibited PCNA expression in both 

MSTO-211H and A549 cells, thus confirming our results concerning cell migration. 

 

Figure 7. Effect of Ref-1 siRNA knockdown in MSTO-211H and A549 cells on cell proliferation. 

MSTO-211H and A549 cells were transfected for 48 h without (-) or with 60 nM Ref-1 targeted siRNA 

and it was evaluated the expression of PCNA proliferation marker. (A) PCNA expression (36 kDa) 

was evaluated by Western blotting on nuclear extracts of MSTO-211H and A549 cells. TBP (36 kDa) 

was used as a loading control. The image is representative of three independent experiments that 

produced similar results. (B) Densitometry data are presented as the percent decrease or increase in 

the protein levels versus the respective control. Data are presented as means ± SD (n=3). One-way 

ANOVA test: siRef-1 transfected cells vs ctrl cells *p<0.0001. 

3. Discussion 

MPM is a highly aggressive cancer with limited therapeutic possibilities [3]. The development 

of MPM is closely related to asbestos exposure and the long latency time, as well as its aggressiveness, 

make increasingly necessary to identify specific predictive markers and new therapeutic targets 

useful in counteracting this cancer. The pathogenesis of MPM is characterized by numerous and 

complex molecular events, particularly related to a previous exposure to a strong oxidant as asbestos, 

and by different deregulated physiological events such as particularly the EMT, a process involved 

in inflammation, tumorigenesis and invasiveness [30]. 

Different studies have demonstrated how the primary toxic role of asbestos exposure at level of 

the mesothelium is crucial, where a consequent inflammatory status, due to cytokines released in 

response to fibers, was associated to the production of ROS, which in turn promotes an oxidative 

stress status and stimulates, mainly through the redox-sensitive transcription factor NF-kB, cell 

survival and the development of a tumor microenvironment [4]. Recently, a lot of paper focused on 

the crucial role of oxidative stress in cancer: particularly, Cheung and Vousden [31] defined a 

complex and not well understood molecular system involved in correlating oxidative stress and 

tumor development and progression, highlighting the role of multiple responses to oxidative stress 

as a central event in driving tumorigenesis and promote invasiveness.  

In this field, our research group demonstrated the overexpression of different redox-sensitive 

transcription factors (Nrf-2, Ref-1 and FOXM1) in MPM towards not transformed mesothelial cells 

[21], confirming the hypothesis of the fundamental role of oxidative stress, induced primarily by 

asbestos exposure, in MPM onset [21]. Among these factors, overexpressed Ref-1 has been recently 

proposed as a possible marker in different tumors, such as in oral carcinoma [32], or a 

pharmacological target, such as in pancreatic [33], cutaneous [34], and lung [35] cancers. Particularly 

in the latter paper, Ref-1 overexpression in NSCLC has been associated to EMT, via a molecular 

mechanism mediated by TGF-β signaling regulation [35]. 

Until now, no clearly evidences of a possible crosstalk between oxidative stress and EMT has 

been demonstrated in MPM, especially considering the central role of asbestos in mediating both 

events: in mesothelial cells exposed to asbestos fibers, our research group demonstrated asbestos 

induces EMT in Met-5A cells through the secretion of the TGF-β factor, which in turn mediates the 
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downregulation of epithelial markers (i.e. E-cadherin) via the SMAD-mediated pathway and the 

upregulation of its downstream transcription factors such as Twist, Zeb-1 and Snail-1, thus 

promoting EMT [15]. Consequently, the present work has been addressed to evaluate whether this 

crosstalk between oxidative stress and EMT could be a possible mechanism in MPM able to mediate 

its carcinogenesis and/or invasiveness, through a molecular study in cellular models of those key 

factors involved in both cellular processes. 

In the light of previous data, we primarily performed experiment to confirm Ref-1 

overexpression in MSTO-211H mesothelioma cells towards Met-5A mesothelial not transformed 

cells, and NSCLC cellular model, used as positive control of Ref-1 overexpression: as expected, we 

clearly stated a significant Ref-1 overexpression in MSTO-211H and A549 cells, but not in Met-5A not 

transformed mesothelial cells. Concerning EMT in MPM, some data in literature demonstrated the 

main TGF-β related transcription factors Twist, Zeb-1, and Snail-1 are overexpressed in MPM and 

other tumors, by a mechanism mediated by TGF-β, and resulting in downregulation of the key EMT 

epithelial marker E-cadherin, in fact under-expressed in MPM [17,18,36], as shown previously also 

by our research group, which demonstrated all Twist, Zeb-1, and Snail-1 factors are significantly 

overexpressed in mesothelial cells after asbestos exposure, with a consequent E-cadherin 

downregulation [15].  

The next step in trying to demonstrate this crosstalk between oxidative stress and EMT was, first 

of all, to inhibit Ref-1 by, on the one hand, co-incubating MPM and A549 cells with different 

concentrations of the well documented E3330 specific inhibitor, and, on the other hand, via silencing 

directly Ref-1 (siRNA). Our results shown a significant reduction of Ref-1 expression, particularly at 

the higher dose of E3330 inhibitor tested, both in MSTO-211H and A549 cells, and, at the same time, 

Ref-1 silencing was effective, demonstrating a significant downregulation of Ref-1 after a siRNA 

approach. 

In support of the observed results related to Ref-1 role in tumorigenesis and invasiveness, we 

wondered if, after Ref-1 inhibition, the consequent Ref-1 downregulation could in fact also block the 

EMT. Then, by investigating this point in MSTO-211H cells, we evaluated whether Twist, Zeb-1 and 

Snail-1 factors could be affected by Ref-1 inhibition/silencing: the results clearly showed a strong and 

significant reduction of Twist, Zeb-1 and Snail-1 expression when Ref-1 turns out to be silenced, while 

only Twist was significantly downregulated after E3330 incubation, but not significantly Zeb-1 and 

Snail-1, nevertheless confirming this effective crosstalk between oxidative stress and EMT in MPM 

carcinogenesis and invasiveness. 

Recently, the use of E3330 inhibitor in pancreatic cancer has been shown to promote a tumor 

growth reduction [33] and, also in A549 cells and bladder cancer, E3330 treatment has been 

demonstrated to be effective in attenuating cellular proliferation [24,37], so as Ref-1 shRNA in A549 

cells [24]. In our cellular models, we also observed a significant inhibition of cellular proliferation 

particularly after Ref-1 silencing, by evaluating PCNA expression as index of tumor growth, and the 

cellular motility by the scratch assay: our results showed a significant reduction of both PCNA 

expression and cellular migration in MSTO-211H and A549 cells after Ref-1 silencing, thus focusing 

the crucial role of Ref-1 in controlling cancer proliferation and migration, the latter one particularly 

by blocking EMT via Twist inhibition. As further confirmation of our results, in literature a reduction 

of the expression of EMT mesenchymal markers N-cadherin, Vimentin and Snail-1 has been 

highlighted in cutaneous squamous carcinoma cells following silencing of Ref-1 [34]. Moreover, Yang 

et al. [35] showed Ref-1 inhibition suppresses EMT in NSCLC, through TGF-β signaling, and restores 

chemosensitivity. This evidence allows to confirm the central role of Ref-1 in driving EMT and its 

crosslink with oxidative stress, thus, consequently, in mediating tumorigenesis and invasiveness, 

particularly via Twist factor. Thus, the block of Ref-1 could not only restore the sensitivity to oxidative 

stress induced by chemotherapeutics, but also could avoid EMT driven invasiveness and, at the same 

time, contrast tumor proliferation. 

Take as a whole, although there are still many points to be clarified on the molecular mechanism 

involved in the development and invasiveness of asbestos-induced MPM, we can state that Ref-1 can 

be considered a promising predictive/prognostic marker and a good therapeutic target in MPM, in 
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the attempt to better counteract this so aggressive cancer by improving the prognosis and the 

pharmacological approach, particularly important when foreseeing the growing increase of MPM in 

the next years. 

4. Materials and Methods 

4.1. Cell cultures 

Experiments were performed on cell lines MSTO-211H (human biphasic mesothelioma cells), 

A549 (human lung adenocarcinoma) and Met-5A (human mesothelial cells): all cells were purchased 

from American Type Culture Collection (ATCC; Manassas, VA, USA) and grown in RPMI 1640 

medium or Ham’s F12 medium supplemented with 10% fetal bovine serum, 1% penicillin and 

streptomycin. The cells were maintained at 37 °C in a humidified atmosphere of 5% CO2 and 95% 

air.  

4.2. E3330 Ref-1 inhibitor 

MSTO-211H cells were incubated with E3330 Ref-1 inhibitor, provided by Sigma-Aldrich (St 

Louis, MO, USA). E3330 Ref-1 inhibitor powder was previously resuspended with dimethyl sulfoxide 

(DMSO), then cells were seeded into 6-well plates at a density of 100.000 cells/well and treated with 

different concentrations of E3330 Ref-1 inhibitor (20, 30 or 50 µmol/L). After 48 h incubation at 37°C, 

cells were processed as described below. 

4.3. siRNA Ref-1 

siRNA targeting Ref-1 (siRef-1) was purchased by Santa Cruz Biotecnology (sc-29470; Santa 

Cruz Biotechnology, CA, USA). Cells were seeded into 6-well plates at a density of 100.000 cells/well. 

After 24h, at 50% confluency, transfection was performed with jetPRIME® transfection reagent 

(Polyplus transfection, France): in each well, the medium was replaced with fresh medium 

containing a transfection mix of jetPRIME® buffer, siRef-1 (60nM) and jetPRIME® reagent. MSTO-

211H and A549 cells were treated at 37 °C for 48 h, then cells were processed as described below. 

4.4. Nuclear protein extraction 

Nuclear protein extraction was performed using Active Motif nuclear extraction kit (Active 

Motif, La Hulpe, Belgium): cells were washed with a solution of PBS and phosphatase inhibitors on 

ice and, subsequently, detached from the plates and transferred into iced microtubes, in PBS with 

phosphatase inhibitors, and then were centrifuged at 13.000 g at 4 °C, for 5 minutes. The supernatant 

was then removed and the pellet was resuspended in Hypotonic Buffer, incubated in ice for 15 

minutes. Next, 10% NP-40 detergent was added, and the tubes were centrifuged at 13.000 g at 4 °C 

for 30 seconds. The supernatant, with cytoplasmic content, obtained was collected in other tubes and 

stored at -80 °C. The nuclear pellet was resuspended in a Lysis Buffer (10mM DTT, Lysis buffer and 

protease inhibitors), then the suspension was incubated on ice for 30 minutes under shaking. 

Subsequently, further centrifugation was carried out for 10 minutes at 13.000 g at 4 °C, then the 

supernatant was collected and stored at -80 °C. Finally, protein quantification was performed 

spectrophotometrically at 595 nm by a Synergy HT microplate reader (Bio-Tek Instruments, 

Winooski, VT) with Bradford assay. 

4.5. Western blot Analysis 

For Western Blotting evaluation, nuclear extracts previously obtained were added to Laemmli 

Buffer 5X (containing 1.5 M Tris pH 6.8, glycerol,  β-mercaptoethanol, SDS and bromophenol blue) 

and subjected to a gradient 4-20% SDS-PAGE using polyacrylamide gels (Mini-ProteanTGX stain-

Free, BioRad). The transfer was carried out, through Trans-Blot Turbo Transfer System, on 

polyvinylidene fluoride (PVDF) membranes (TransBlot Turbo, BioRad) activated in methanol. Then, 

the membranes were incubated with Block solution (0.1% PBS-Tween and 5% nonfat dry milk) and 
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were decorated for 1h with the diluted primary antibody of interest in 0.1% PBS-Tween and 5% 

nonfat dry milk. After overnight antibody incubation and serial washes with 0.1% PBS-Tween, the 

membranes were incubated for 1 hour with peroxidase-conjugated sheep anti-mouse or sheep anti-

rabbit IgG antibody (Amersham International, Little Chalfont, UK) diluted 1:3.000 in 0.1% PBS-

Tween with 5% nonfat dry milk. After further washing with 0.1% PBS-Tween, proteins were detected 

by Enhanced Chemiluminescence (ECL), (Perkin Elmer, Waltham, MA, USA). The 

chemiluminescence signal was then read through the ChemiDoc Touch Imaging System (Biorad). 

Bio-Rad Image Lab Software 5.1 was used for image processing and densitometric analysis. 

The following antibodies were probed: anti-Ref-1, anti-TATA-binding protein (TBP), anti-Twist, 

anti-Zeb-1, anti-Snail-1 and anti-Proliferating Cell Nuclear Antigen (PCNA). All antibodies were 

provided by Santa Cruz Biotechnology, Inc. (CA, USA).  

4.6. Migration assay 

MSTO-211H and A549 cells grew for 48 hrs in medium transfected or not with siRef-1, until 

confluence. A scratch wound was generated with a pipette tip. After rinsing with medium to remove 

detached cells, low serum medium (1% FBS) was added. Photographs were taken of each well 

immediately (T0) and after 24 hrs (T1), using a Leica DMRXA camera (Leica Microsystems, Milan, 

Italy). Images were analyzed using ImageJ Software (http://rsb.info.nih.gov/ij/). The distance that 

cells migrated through the area created by scratching was determined by measuring the wound 

width at T1 and subtracting it from the wound width at the start. The relative migration rate was 

calculated by setting the percentage of migration of the control cells at time T1 and comparing the 

percentage of migration of the cells after Ref-1 silencing to this value. The results were representative 

of three independent experiments. 

4.7. Statistical Analysis 

Experiments were repeated at three times. Statistical analysis of the results was performed by a 

one-way analysis of variance (ANOVA) and Tukey test, using GraphPad Prism software (v6.01, San 

Diego, CA, USA). 
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