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Abstract 
Il Melanoma Uveale rappresenta la neoplasia intraoculare più frequente nell’età adulta. Colpisce circa 2,500 

individui ogni anno negli USA ed il 50% dei pazienti affetti da tale neoplasia sviluppa metastasi  entro 5 anni 

dalla diagnosi. Non essendo state ancora identificate terapie efficaci, la sopravvivenza in presenza di 

metastasi è di circa 6 mesi. Il Melanoma Uveale è geneticamente caratterizzato dalla presenza di mutazioni 

somatiche attivanti a carico degli oncogeni GNAQ e GNA11, che codificano per due diverse subunità α delle 

proteine G. Tali mutazioni sono state identificate rispettivamente in circa il 94% dei casi di Melanoma 

Cutaneo ed il 4% dei casi di Melanoma Uveale.  

Sulla base di tali osservazioni, nel presente lavoro di tesi è stato valutato il ruolo esercitato da una proteina 

citoplasmatica ad attività tirosin-chinasica associata ai recettori per le integrine denominata FAK (focal 

adhesion kinase), nella progressione del Melanoma Uveale, sia in vitro che in vivo. In particolare, mediante 

analisi bioinformatica (www.cbioportal.com) delle alterazioni genomiche di campioni estratti da pazienti 

affetti da melanoma uveale (n=80), è stato inizialmente determinato che il gene codificante per FAK (PTK2) 

risulta over-espresso nel 56% dei casi. Inoltre, il presente studio condotto in cellule di Melanoma Uveale 

OMM1.3 (GNAQ/11 mutate) e in cellule ingegnerizzate per l’espressione di un recettore di membrana 

accoppiato a proteine-G (Gαq) attivato esclusivamente da ligandi sintetici denominate HEK293 

DREADD/Gq, ha dimostrato il coinvolgimento di segnali mediati da GNAQ nell’attivazione di FAK 

attraverso il reclutamento del fattore coinvolto nello scambio di nucleotidi guaninici denominato TRIO e la  

proteina appartenente alla super-famiglia di Ras denominata Rho-A. A riprova, saggi biologici hanno 

dimostrato l’efficacia di specifici inibitori di FAK nei processi di proliferazione cellulare sia in cellule di 

Melanoma Uveale derivanti da lesioni primarie che da metastasi epatiche. Attraverso l’innovativo approccio 

genetico denominato CRISPR/Cas 9 genome editing (Clustered Regularly Interspaced Short Palindromic 

Repeats), il silenziamento dell’espressione di FAK ha ridotto significativamente la crescita del melanoma 

uveale in modelli sperimentali utilizzati in vivo. Collettivamente, i risultati ottenuti indicano che FAK può 

essere considerato un potenziale target terapeutico per il trattamento del Melanoma Uveale e di altre 

neoplasie caratterizzate da mutazioni oncogeniche a carico delle subunità αq/α11 dei recettori di membrana 

accoppiati a proteine G. 
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Abstract 
Uveal melanoma (UM) is the most common primary cancer of the eye in adults. It is diagnosed in about 

2,500 adults in USA every year and approximately 50% of UM patients develop liver metastasis mostly 

within 5 years after diagnosis, independently of the successful treatment of the primary lesions. The survival 

of metastatic UM patients is often only few (2-6) months. To date, there are not effective options to treat or 

prevent UM metastasis. UM is genetically characterized by mutually exclusive activating mutations in the 

GNAQ and GNA11 oncogenes, which encode heterotrimeric Gαq family members. These mutations have 

been identified in about 92% and 4% of uveal and skin melanomas, respectively. Here, we focused on a 

cytoplasmic protein tyrosine kinase associated with integrins namely focal adhesion kinase (FAK), which 

modulates important cell processes such as growth, survival, migration and angiogenesis. By the analysis of 

UM genomic alterations (TCGA), we found that the gene encoding FAK (PTK2) is amplified or 

overexpressed in >56% of all UM lesions. UM represents the human cancer harboring the highest levels of 

FAK, which we confirmed by immune histochemical analysis of a large collection of UM lesions. We found 

that Gq-GPCRs triggers a rapid phosphorylation of FAK at position Y397, which reflects its activation, 

through a guanine nucleotide exchange factor (TRIO)/Rho-A signaling circuitry. This promotes the assembly 

of focal adhesions, independently of the PLCβ/Ca2+ second messenger system and the canonical PKC 

pathway. Next, we have assessed whether Gαq promotes the FAK-dependent proliferation of uveal 

melanoma cells. Both, CRISPR/Cas9 genome editing of FAK as well as the use of FAK inhibitors under 

clinical evaluation for other diseases resulted in reduction of UM tumor growth in vivo. The impact of these 

FAK inhibiting strategies in UM metastasis is under current evaluation. Collectively, our findings support 

the potential clinical benefit of targeting FAK as a precision therapy approach for UM and other GNAQ-

driven malignancies and pathological conditions. 
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Chapter 1 

Introduction 
1.1  Uveal Melanoma: clinical burden 

Uveal melanoma (UM) is the most common primary intraocular malignancy in adults displaying a high 

propensity for metastasis to the liver within 5-10 years after diagnosis, independently of the successful 

treatment of the primary lesions [1]. UM is a rare subtype of melanoma, representing ~5% of all melanoma 

tumors. Approximately 90% of all uveal melanomas involve the choroid, with the remainder arising in the 

ciliary body or the iris of the eye (Fig. 1.1) [1]. The terms choroidal melanoma and ocular melanoma are 

alternative terms for this cancer, because most of the uveal tract is choroidal. However, the term ocular 

melanoma should be avoided, because it implies the inclusion of conjunctival and adnexal melanomas, which 

behave like cutaneous rather than uveal primaries. UM can also rarely arise in melanocytes in the 

conjunctiva–melanoma of the conjunctiva accounts for ~2% – 3% of all eye neoplasms. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: schematic representation of uveal melanoma origin sites 

 

1.2  Epidemiology 
The incidence rate of UM ranges from 0.2 to 0.3 per million individuals in African/Asian populations to up 

to 6 per milion individuals in white population [2]. The average age of diagnosis is ~60 years and it affects 

both sexes equally or slightly more frequently males as per some reports [2] (Fig. 1.2). More recently, an 

increase in the mean age at diagnosis for the interval between 1973 and 2009 was described based on the 

analysis of 7043 UM patients from the Surveillance, Epidemiology, and End Results Program (SEER) 

database [3]. Furthermore, there is a strong difference in the incidence of UM for different ethnic groups: the 

annual age-adjusted incidence is 0.31 for Afro-Americans, 0.38 for Asians, 1.67 for Hispanics, and 6.02 for 

non-Hispanic whites [4], yet prognosis does not differ for ethnic groups [4]. The European Cancer Registry-

based study on survival and care of cancer patients (EUROCARE) for the years 1983–1994 reported similar 

incidence rates with a characteristic increase from south to north Europe, from <2 per million in Spain and 

Southern Italy to >8 per million in Norway and Denmark [5].  
3 

 



 
 
 

 

 

 

 

 

 

 

 

 

Figure 1.2: epidemiology of uveal melanoma in both sexes 

 

1.3  Etiology and risk factors 
The etiology of UM is still unclear. A variety of risk factors have been identified, incuding the presence of 

light eyes, fair skin color, red/blond hair, and BAP1 mutations [6]. In contrast to Cutaneous Melanoma, the 

impact of ultraviolet (UV) light exposure is less clear for UM: although there are effective therapeutic 

strategies to eradicate primary UM. Cornea, lens, and vitreous body absorb almost all wavelengths below 

300 nm and much of the spectrum between 300 and 400 nm. However, age-dependent alterations of the 

vitreous body [might alter the absorptive capacity of the latter. The associations between UM risk and blue 

iris or a generally weakly pigmented phenotype and sun exposure suggest a role for UV radiation in the 

etiology of UM [6]. If there is a role for UV light in UM etiology, it is certainly by far weaker than that for 

CM. The etiologic effect of UV radiation for UM is likely too weak to overcome confounding factors such as 

co-distribution of weakly pigmented skin and iris and latitude, co-occurrence of UV radiation with light of 

longer wavelengths, and protective, vitamin D-mediated effects of sun exposure. Interestingly, a recent study 

has demonstrated that posterior choroidal melanomas occurring in illuminated areas were associated with 

frequent adenine-to-cytosine mutations, whereas ciliochoroidal melanoma arising from unilluminated areas 

are associated with frequent adenine-to-thymine mutations and light eye color, suggesting that both light eye 

color and sunlight may be indipendent risk factors associated with different anatomic and mutation profiles 

[7]. 

  

1.4  Clinical presentation and diagnosis 

The most common presenting symptom in patients with primary UM is blurred vision (37.8%); howewer, 

many patients are asymptomatic at the time of diagnosis (30.2%). Other common symptoms at presentation 

include: painless loss or distortion of vision (metamorphopsia) (2.2%), a serous (fluid) retinal detachment, 

(photopsia) (8.6%), floaters (7%), visual filed loss (6.1%), visible tumor (3.1%) and pain (2.4%). Other 

diagnoses to be considered when assessing lesions concerning for UM are dependent upon location based on 
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the evaluation of iris or posterior lesions of the eye (Fig.1.4). For example, when UM affects the anterior 

segment of the eye, patients may notice discoloration of the iris or persistent injection of the episclera; also, 

chronic conjunctivitis may represent a referring diagnosis. Rarely, a blind eye or an eye with a dense cataract 

may harbor an occult melanoma. Patients with suspicious pigmented lesions should be assessed by an 

ophthalmologist who has clinical expertise in ocular tumors. The presence of subretinal fluid and orange 

pigment and the documented growth on fundus photography are findings that support the diagnosis of UM. 

Drusen and pigment epithelial changes are more suggestive of a benign lesion. Fluorescein angiography can 

demonstrate an intrinsic secondary vasculature of the choroid; however, ocular echography is the single most 

effective diagnostic tool available to the clinician. Melanomas tend to exhibit low internal reflectivity as well 

as an intrinsic acoustic quiet zone on ultrasound. Most are dome-shaped, but a collarstud or mushroom 

configuration is highly suggestive of melanoma. The shape occurs after a break in Bruch’s membrane, a 

structure of the retina. Some reports suggest a correlation between increased tumor thickness and the risk of 

distant metastasis. Most experts agree that a lesion measuring >3 mm in apical height is likely a melanoma. 

Rarely is a clinical biopsy necessary to confirm the diagnosis of UM. The Collaborative Ocular Melanoma 

Study reported >99% diagnostic accuracy for eyes with typical features that were enucleated [8]. In some 

instances, a diagnostic biopsy may be indicated, particularly when the lesion is amelanotic or difficult to 

assess because of vitreous hemorrhage or debris. Fine-needle aspiration can be performed but requires the 

assistance of a skilled cytologist who is familiar with ocular pathology.  

 

 

 

 

 

 

Figure 1.4: different diagnosis of uveal melanoma by location 

 

1.5  Primary treatment of Uveal Melanoma  
Before ocular therapy, a systemic workup should be performed to demonstrate lack of distant metastasis; 

once it is confirmed that disease is limited to the eye, local ophthalmic therapy can be focused on the primary 

neoplasm. Distant metastasis is rare at the time of initial UM presentation, occurring in <5% of patients. If 

distant disease is present, a local therapy for the eye may be deferred in favor of systemic treatment, although 

this depends on the symptomatology of the patient with regard to the eye. It cannot be emphasized enough 

that the management of UM is highly individualized; what follows are general guidelines and principles used 

by leading ocular oncologists in North America and Western Europe. 

 Close serial observation: in most instances, it is best to consider this approach for patients who have 

ocular lesions with indeterminate findings that are not typical of melanoma. The ophthalmologist will 
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often monitor patients for definitive features, such as rapid growth or the development of subretinal 

fluid. In very rare instances, observation may be the preferred approach if the patient is too frail for 

surgical intervention to either enucleate or place a radionuclide plaque.  

 Laser therapy: diode laser therapy, also konwn as transpupillary thermo therapy (TTT) and 

photodinamyc laser photocoagulation are modalities that direct focused energy to destroy tumor vascular 

supplies and reduce local recurrences by injecting and activating light-sensitive compounds and free 

readicalsis well tolerated but has limited value, because local relapse rates are as high as 20%. TTT has 

been effective as primary therapy in up to 80% of cases of small or indeterminate lesions with few risk 

factors. Howewer, the rate of tumor control with laser therapy varies inversely with tumor size. 

Therefore, it is best considered for small tumors (<3mm thickness) arising at a distance from the macula 

and the optic nerve. More commonly, this modality is used in an adjuvant setting after radiation. 

 Radiation therapy: focal radiation therapy is the most common globe-salvaging approach used by ocular 

oncologists. The Collaborative Ocular Melanoma Study medium-size trial randomized patients who had 

tumors that measured from 2.5 to 10.0 mm in apical height to primary brachytherapy (with iodine-125 

plaques) or enucleation. In that trial, no statistically significant difference was observed in melanoma-

related mortality between the 2 cohorts [9]. Since then, ocular brachytherapy has emerged as the most 

common globe-sparing modality for tumors within these parameters. Patients who have melanomas with 

an apical height >10.0 mm can be treated using this approach but are more likely to experience severe 

radiation retinopathy and visual loss. In USA, iodine-125 is the most commonly used isotope. Other 

radioisotopes are also used; ruthenium-106 is the preferred isotope in many European centers. If 

available, charged-particle and proton-beam radiation are alternative to brachytherapy. Most clinicians 

agree that both modalities have high rates of local tumor control, as high as 98% in some series. 

 Surgery: enucleation (removal of the globe) is the most common surgery performed for UM, and is 

appropriate for patients with vision loss, extensive extraocular growth, circumferential tumor invasion 

and large tumor diameter. Alternative surgical modalities include transretinal endoresection and trans-

scleral resection: both procedures are site-and surgeon-dependent, with the majority of data coming from 

single-institution case series. Uvectomy (selective excision of the tumor with retention of the globe) is 

best limited to small anterior tumors of the eye, such as iris melanomas. Patients who undergo selective 

choroidal resection of their melanomas may benefit from adjuvant plaque radiotherapy to reduce the risk 

of ocular recurrence. Surgery affords the most detailed histopathologic assessment and can confirm 

microscopic extraocular extension. Epithelioid cell type and the presence of microvascular loops are 

associated with a worse prognosis. Exenteration (surgical removal of the globe and adjacent orbital 

contents) is rarely indicated and is limited to extreme cases of massive orbital involvement and patients 

who are receiving palliative care. 
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In addition, in patients with UM, it’s believed that survival and the risk of distant relapse are independent of 

the method selected for primary tumor management. Some authorities have suggested that micrometastatic 

disease precedes local therapy. However, because metastatic risk correlates with the size of the primary 

tumor, some ocular oncologists now take a more aggressive local approach to the management of smaller 

primary and indeterminate tumors. A few adjuvant studies have been conducted in UM in an attempt to 

prevent metastatic disease. However, none of these studies demonstrated meaningful metastasis free survival 

benefit or overall survival (OS) benefit, including a small phase 3 using methanolextracted residue of 

bacillus Calmette-Guerin [10] and 2 single-arm studies of interferon-α using matched historic controls. 

Adjuvant intra-arterial hepatic infusion of the alkylating agent, fotemustine, was studied in an effort to 

reduce the occurrence of liver metastasis, because the liver is the most common site of metastasis and cause 

of death from UM [11]. In that study, 22 UM patients with choroidal involvement, and longest basal 

dimension >20 mm, extrascleral extension or apical height >15 mm were treated with fotemustine for 6 

months. In this contest, adjuvant intra-arterial hepatic fotemustine was not shown to improve survival 

compared with matched historical controls. There are several ongoing adjuvant clinical trials in the USA 

such as ipilimumab, sunitinib, valproic acid, and crizotinib for high-risk patients. These agents or classes of 

agents have been chosen for study based on the molecular characteristics of UM cells or expected 

immunomodulatory or microenvironment effects.  

 

1.6  Metastatic Uveal Melanoma treatments 

Since the liver represents the first and only site of metastasis in most patients with UM, and the prognosis of 

patients with metastatic UM is highly dependent on the presence of liver metastasis and disease progression 

in the liver [12], liver-directed local treatments such as surgical resection, hepatic artery embolization, 

hepatic arterial infusion of chemotherapy, and radiofrequency ablation have been used in patients with 

metastatic uveal melanoma. A survival benefit has been demonstrated in patients who undergo surgical 

resection of liver metastasis compared with non-surgical control groups in multiple retrospective studies, but 

this benefit is limited to those who have minimal tumor volume that is limited to the liver and who also are 

fit enough for surgery (in a population with an average age at diagnosis of 70 years); and, according to these 

criteria, <10% of patients who have metastatic UM are candidates for liver resection [13].  

Direct targeting of the hepatic arterial circulation is an enticing anatomic option for patients with liver-

predominant disease, because the normal liver will receive blood supply from the portal system, whereas 

metastatic tumors generally are supplied predominantly by the hepatic artery. Hepatic arterial infusion of 

fotemustine (Fig. 1.6.1) has been studied in patients with UM metastatic to the liver in a randomized phase 3 

study that assigned 171 patients to receive fotemustine either intravenously or by hepatic arterial infusion 

[14]. Although hepatic arterial infusion of fotemustine significantly improbe progression-free survival (PFS) 

compared with intravenous administration (median PFS, 4.5 vs 3.5 months; hazard ratio [HR], 0.62; 95% 
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confidence interval [CI], 0.45-0.84; P 5 .002), there was no improvement in OS (median OS, 14.6 vs 13.8 

months; P5.59). 

 

 

 

 

 

Figure 1.6.1: chemical structure of fotemustine 

 

Isolated hepatic perfusion (IHP) is another option. In contrast to hepatic arterial infusion, IHP is a closed-

circuit perfusion that delivers high doses of chemotherapy to the liver with minimized systemic drug 

exposure (Figure 1.6.2). IHP is an invasive and precise operative procedure that requires great skill and a 

period of extracorporeal circulation. A simple derivative percutaneous procedure known as percutaneous 

hepatic perfusion (PHP) has been developed. In a phase 3 trial, 93 patients were randomized to either PHP 

with melphalan or best supportive care, and crossover to PHP was allowed for those in the best supportive 

care arm after hepatic progression [15]. In that trial, there was a significant improvement in the median 

hepatic PFS (245 vs 49 days; P < .001) and the overall response rate (34.1% vs 2%; P < .001) compared with 

best supportive care.  

 

 

 

 

 

 

 

 

Figure 1.6.2: isolated hepatic perfusion circuit 

 

Chemoembolization which combines hepatic artery embolization with infusion of concentrated doses of 

chemotherapeutic agents like cisplatin and 1,3-bis (2-cholorethyl)-1-nitrosourea, is another commonly used 

liver-directed therapy for metastatic UM. Gelatin sponge and non spherical polyvinyl alcohol particles have 

been used as embolic agents for chemoembolization. Because these embolic agents have an unpredictable 

level of arterial occlusion on account of their irregular shape and heterogeneous calibration, spherical 

embolic agents and drug-eluting microspheres have been developed and increasingly are being used. In a 

retrospective study of 201 patients with UM involving the liver, systemic chemotherapy, intra-arterial 

hepatic chemotherapy, and chemoembolization were compared [12]. In that study, although the rate of 

objective response to systemic treatment was <1%, chemoembolization induced a 36% objective response 

rate with a median response duration of 6 months.  
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Also, another important liver-directed approach is the radioembolization by using yttrium-90 (90Y) 

radiospheres.  90Y is small enough to pass deep into tumor vessels (2-4 mm tissue penetration of radiation) 

but not through the capillary, thus sparing normal liver surrounding the tumor (Figure 1.6.3). Two 

retrospective studies of 90Y produced high response rates of up to 62% (8 of 13 patients) with a median OS 

of 7 to 10 months [16-17]. Currently, a prospective phase 2 study of 90Y plus ipilimumab is ongoing to 

evaluate the clinical activity in patients with UM metastatis to the liver. 

 

 

 

 

 

 

 

 

 

Figure 1.6.3: Yttrium-90 PET following radioembolization 

 

1.7  Systemic therapies in uveal melanoma   
Chemotherapy: UM is highly resistant to systemic cytotoxic chemotherapy. Several clinical trials of single-

agent or combination chemotherapy have produced disappointing results, with objective response rates of 

<1%. [18-20]. On the basis of promising activity in patients with advanced cutaneous melanoma, 

biochemotherapy with either bleomycin, vincristine, lomustine, dacarbazine, and interferon-a or with 

fotemustine, interferon-a, and interleukin-2 has been studied in 4 phase 2 trials for patients with metastatic 

UM [21-22]. Objective response rates in those studies were <20%, and the median OS was only 12 months 

with significant pulmonary toxicities, neurotoxicities, and myelosuppression. To date, no clear role has been 

established for chemotherapy or biochemotherapy in patients with metastatic UM. 

Immunotherapy: in March 2011, ipilimumab, a human antibody that blocks the immune checkpoint  

interaction between cytotoxic T-lymphocyte–associated protein 4 (CTLA4) and B7 protein 1 (B7.1) on 

antigen-presenting cells and/or target tumor cells, was approved for the treatment of advanced melanoma 

based on improved OS in a large, randomized, phase 3 study [23]. Although ipilimumab has been 

extensively studied in cutaneous melanoma, only limited data for ipilimumab are available in UM. For 

example, in a retrospective review of 39 patients with metastatic UM who received ipilimumab at doses of 

either 3 mg/kg (N 5 34 patients) or 10 mg/kg (N 5 5 patients) [24], the objective response and disease control 

rates (with the addition of patients who had stable disease at 12 weeks to objective responders) were 2.6% 

and 46%, respectively, at week 12 and 2.6% and 28.2%, respectively at week 23. The median OS was only 

9.6 months. The efficacy of ipilimumab in UM also was investigated in other studies. 

9 

 



 
 

The programmed death 1 protein (PD-1) is another important immune checkpoint receptor expressed on the 

surface of T cells. PD-1 has 2 known ligands, PD-L1 (B7-H1) and PD-L2 (B7-DC). The ligation of PD-1 

with PDL1 inhibits T-cell proliferation and activation and induces apoptosis of antigen-specific T cells to 

suppress antitumor immunity. Recently, pembrolizumab (humanized) and nivolumab (human) 

immunoglobulin G4 (IgG4) anti-PD1 monoclonal antibodies were approved by the Food and Drug 

Administration for the treatment of metastatic melanoma after ipilimumab (and v-Raf murine sarcoma viral 

oncogene homolog [BRAF] inhibitor therapy for patients who have melanoma with BRAF mutations). The 

efficacy of PD-1 blockade has not yet been reported in metastatic UM. In a single-center EAP, 7 patients 

with metastatic UM received 2 mg/kg of pembrolizumab every 3 weeks [25]. Two patients had objective 

responses (1 complete response and 1 partial response), and the median PFS was 12.2 weeks in that report. 

Currently, several clinical trials of immunotherapy including adoptive cell therapy and combined ipilimumab 

and nivolumab, are under way to identify effective immunotherapeutic approaches in metastatic UM. 

Targeted therapy: 80% of UMs have oncogenic mutations in GNAQ or GNA11, and these mutations are 

potential drivers of mitogen-activated protein kinase (MAPK) activation, similar to oncogenic BRAF 

mutations in cutaneous melanoma [26]. Therefore, inhibition of the MAPK pathway has been studied in 

metastatic UM. A randomized phase 2 trial of selumetinib, a selective MAPK kinase (MEK) inhibitor, 

produced promising preliminary outcomes for UM [27]. In that study, 101 patients with metastatic UM were 

randomized to receive either selumetinib or temozolomide (or dacarbazine). The median PFS in the 

selumetinib group was 15.9 weeks with a median OS of 11.8 months, whereas the chemotherapy group had a 

median PFS of 7 weeks and a median OS of 9.1 months (P 5 .09 for OS). This was the first randomized study 

to demonstrate  improved PFS in patients with metastatic UM, although an OS benefit was not observed. 

Currently, several MEK-inhibitors based clinical trials are underway or have been completed, including a 

randomized, double-blind, phase 3 study called SUMIT comparing selumetinib plus dacarbazine versus 

placebo plus dacarbazine (completed; no difference in PFS) and studies of MEK inhibitors with protein 

kinase C or AKT inhibitors. These studies will provide insight into the role of MEK inhibitors, their 

molecular targets, and other interacting pathways in the treatment of metastatic UM.  

 

1.8  Genetic mutations in uveal melanoma 

Oncogene and tumor-suppressor mutations that are common in other cancers are mostly absent in UM, a 

disease that is characterized by a low mutation burden. UM also differs in its genetic mutation profile from 

conventional cutaneous melanoma, in which BRAF and NRAS mutations dominate. These driver mutations, 

which control the biology of up to 70% of cutaneous melanomas, are absent/rare in UM [28]. UM has, in 

many cases, a poor prognosis since about half of all patients develop metastatic disease, predominantly to the 

liver. By using gene expression profile (GEP) classification, UM can be stratified into two distinct molecular 

classes with a significant difference in prognosis [29]. Class 1 tumors can be further divided into two 
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subgroups (class 1A and 1B) and has in general a good prognosis and low metastatic risk, whereas class 2 

tumors have high metastatic risk and thereby a worse prognosis. The risk of metastasis has been determined 

to be 2% for class 1A tumors, 21% for 1B tumors, and finally 72% for class 2. The different molecular 

classes are also associated with mutations in different UM driver genes [30]. The most frequently mutated 

genes that are considered to be drivers in UM development and progression are: BAP1, EIF1AX, GNA11, 

GNAQ, and SF3B1 [26, 30-32]. Also, activating mutations occur in PLCβ4 (phospholipase C β4), the 

downstream effector of Gaq signaling [26, 31] and in cysteinyl leukotriene receptor 2 (CYSLTR2), a seven-

transmembrane G-protein-coupled receptor (GPCR), which functions in leukotriene-mediated signaling [33]. 

Microarrays and gene copy numbers from single nucleotide polymorphism arrays revealed that 42.2% of 

uveal melanoma samples harbored mutated GNAQ, 32.6% harbored mutated GNA11, 31.5% harbored 

mutated BAP1, 9.7% harbored mutated SF3B1, 18.9% harbored mutated EIF1AX and 1% harbored mutated 

TERT [34]. Of these, GNAQ and GNA11 mutations are usually mutually exclusive, but both can coexist with 

BAP1 or SF3B1 mutations [52]. Likewise, BAP1 and SF3B1 mutations are mutually exclusive, as are 

EIF1AX and SF3B1 mutations, whereas TERT mutations appear to coexist specifically with GNA11 or 

EIF1AX mutations [32, 34]. 

• BRCA1-associated protein 1 (BAP1): BAP1 encodes a deubiquitinating hydrolase with multiple cellular 

functions, such as regulation of chromatin dynamics, DNA damage response, cell cycle regulation, and 

cell growth. It is involved in the polycomb multiprotein repressor complex that is critical for 

transcriptional silencing of target genes by removing ubiquitin molecules from histone H2A. As a 

consequence of this functional loss, an accumulation of monoubiquitinated histone H2A has been 

revealed, which in turn was found to cause a more de-differentiated phenotype [35]. Furthermore it has 

been shown that BAP1 may interact with promoters regulated by the E2F transcription factor 1 gene 

(E2F1) and, thus, may affect the cell cycle progression genes controlled by E2F [36].  BAP1 is able to 

display tumor suppressor capacity by binding to the BRCA1 protein and thereby enhancing BRCA1-

mediated tumor suppression [37]. BAP1 mutations strongly correlate with metastatic disease in UM: over 

80% of metastasizing UM has been found to carry a mutation in this gene [30]. Most of the BAP1 

mutations are truncating variants or missense variants affecting the ubiquitin carboxyl-terminal hydrolase 

domain. In some cases, BAP1 is not altered by a sequence mutation but by hemizygous deletion of one or 

more exons. Such alterations may be missed by traditional Sanger sequencing because of the presence of 

normal DNA in the sample. Also, BAP1 is frequently mutated in other tumor types, including 

cholangiocarcinoma, renal cell carcinoma, mesothelioma, and bladder cancer (www.cbioportal.org). 

Several of these cancer types are part of the hereditary cancer syndrome known as tumor predisposition 

syndrome that is characterized by germline mutations of BAP1 in patients belonging to cancer-prone 

families. Currently, there is no consensus among genetic counseling groups regarding who should be 

screened and surveillance strategies for patients who have germline BAP1 aberrancy.  
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• Splicing factor 3b subunit 1 (SF3B1): SF3B1 located at chromosome 2 is another driver gene identified 

by whole-exome sequencing of UM tumors. SF3B1 is essential in pre-mRNA splicing by encoding the 

unit of the splicing factor 3b protein complex that is a critical part of both major (U2-like) and minor 

(U12-like) spliceosomes. SF3B1 has recently also been designated as a factor involved in DNA damage 

repair [38]. Missense mutations in specific regions of the SF3B1 gene have been found to alter the 

splicing of many target genes [39]. Uveal melanoma is among a small group of cancers associated with 

SF3B1 mutations: these mutations define a genetic subset of uveal melanoma that have been reported to 

be associated with favorable prognostic features and to be nearly always mutually exclusive of BAP1 

mutations [30]. SF3B1 mutations are observed in codon 65 and mostly in tumors without loss of all or 

part of chromosome 3. Furney et al. have reported an association of these mutations with alternative 

splicing of transcripts [40].  

• Eucaryotic Translation Initiation Factor 1A X-Linked (EIF1AX): EIF1AX, located on the Xp22 

chromosome, encodes the eukaryotic translation initiation factor 1A (eIF1A). This factor is essential in 

the initiation phase of translation of eukaryotic cells by the transfer of methionyl initiator tRNA to the 

small (40S) ribosomal unit and stabilizes the formation of the ribosome around the AUG start codon, 

which enables translation. EIF1AX was identified as a UM driver gene by whole-exome sequencing [32]. 

Approximately 14%–20% of all UM carries a mutation in this gene, with most mutations found in exons 

1 and 2 [32, 34]. EIF1AX mutations usually occur in non metastatic cases, are associated with class 1 

GEP tumors and good prognosis, and are inversely associated with metastasis [41]. EIF1AX mutations 

are usually mutually exclusive with BAP1 mutations and to a large extent also to SF3B1 mutations. As 

expected most EIF1AX mutations are identified in tumors with disomy 3 (48%) and rarely occur in 

monosomy 3 tumors (3%) [32]. In contrast to, for example, BAP1 mutations, which mainly are truncating 

and loss-of-function variants, the majority of the EIF1AX mutations are heterozygous non synonymous 

variants, or in some cases splicing variants, leading to deletions of one or two amino acids. Thus, in most 

cases, the core protein remains unchanged.  

• GNAQ and GNA11: GNAQ encodes the alpha subunit (Gaq) and GNA11 the alpha subunit 11 (Ga11), 

both being guanine nucleotide–binding proteins belonging to the heterotrimeric protein family, which are 

of importance in transmembrane signaling systems. The alpha subunits serve as a switch between the G-

proteins active state – when bound to guanosine triphosphate (GTP) – and the inactive state – when GTP 

is hydrolyzed to guanosine diphosphate. Activating mutations in GNAQ/GNA11 were the first described 

driver mutations in UMs. GNAQ and GNA11 mutations occur in a mutual exclusive pattern and are 

exclusively found in codon 209 and in some cases in codon 183 [26, 31]). Mutations at these positions 

lead to a constitutive activation of the Gaq and Ga11 subunits by abolishing their intrinsic GTPase 

activity, thereby preventing the return to an inactive state. In total, ~85% of all UMs carry a mutation in 

either of these genes. Both GNAQ and GNA11 have been found to upregulate the MAP kinase pathway 

when constitutively activated in a similar fashion as BRAF and NRAS mutations (Figure 1.8.1).  
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The activation of the MAPK pathway in the absence of BRAF/NRAS mutations in UMs was at first 

unforeseen until the identification of GNAQ and later GNA11 mutations that had the same effect as the 

V600EBRAF mutation. Cell lines with a GNAQ Q209L mutation have also been found to be highly 

sensitive to mitogen-activated protein kinase (MEK) inhibition [31]. Mutations in these genes have not 

been associated with the two different molecular classes of UM tumors. In addition, GNAQ/GNA11 

mutations have not been reported to be of prognostic value and they occur at similar frequencies in 

metastatic and non-metastatic lesions. Furthermore, they have not been linked to patient outcomes. Taken 

all this data into consideration is supportive of GNAQ/GNA11 being early events. The hotspot mutations 

in GNAQ or GNA11 are also commonly found in benign nevi such as blue nevi [26, 42]. Actually, 

GNAQ Q209 was most frequently found in blue nevi, observed in 55% of the lesions, whereas 45% of the 

primary UMs and 22% of the metastatic UM, respectively, carry this mutation [26]. Inverse relationship 

was seen for the GNA11 Q209 mutation where metastatic lesions showed the highest number (56%) 

followed by primary UM tumors (32%) and lastly blue nevi (6%) [26]. Mutations affecting codon R183 

are less frequent, present in 2% of the blue nevi and 5% of primary UM tumors, GNAQ and GNA11 

mutations combined [26]. 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.8.1: signaling pathways in uveal melanoma 

 

1.9  Clinical implications  
The identification of driver genes has led to the identification of novel treatment targets and several clinical 

trials are ongoing investigating these targets in UM therapy. Targeting mutated GNQ/GNA11 directly is 

difficult because of the molecular nature of the mutations causing an inactivation of intrinsic GTPase within 

the cell. However, for several downstream molecules of GNAQ/GNA11, targeted therapies have become 
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available. These include mitogenic activated protein kinase/extracellular signal-regulated kinase (MEK) that 

is shown to be upregulated in GNAQ/GNA11 mutated tumors [43]. Inhibition of MEK has actually been 

found to decrease the proliferation of UM tumors both in vivo and in vitro [44]. Furthermore, a clinical 

Phase II trial has shown a prolonged progression-free survival of nearly 9 weeks when treating patients with 

the MEK inhibitor selumetinib compared to chemotherapy (temozolamide) [45]. However, in another Phase 

II trial, there was no significant effect on overall survival when treating with semurafenib compared to 

chemotherapy, although there was a modest increase in response rate and progression-free survival [27]. 

Other putative downstream targets of GNAQ/GNA11 mutated tumors are protein kinase C and molecules of 

the protein kinase B (AKT)/mammalian target of rapamycin pathway [46-47]. Also BAP1 mutations are 

difficult to target directly because of their recessive nature. However, the effects of the mutations are 

possible to target by the use of histone deacetylase (HDAC) inhibitors in tumors with loss of BAP1 function. 

The absence of functional BAP1 protein leads to hyperubiquitination of H2A in the cells [35]. The use of 

HDAC inhibitors can reverse this phenotype, thereby causing a shift from aggressive, de-differentiated class-

2 UM cells to more differentiated and less aggressive cells [35]. HDAC inhibitors have also been suggested 

as adjuvant treatment in high-risk patients [48].  

In familial cancer combining clinical and genetic information can be used to improve prognostic estimates 

and to improve strategies for early diagnosis. By genetic testing of cancer-prone families, the clinical 

outcome can in many situations be improved, by detecting precursor lesions and tumors at an early stage in 

members of mutation-positive families. Often, however, this is not straight forward, as in familial melanoma, 

where a low frequency of mutations in high penetrance genes is seen and risk estimates for mutation carriers 

have not been well established at this point. Genetic testing is often only recommended when the result is of 

importance in the management of the patient and where there is a possibility of improving the clinical 

outcome. However, in families exhibiting the phenotype specific for BAP1 tumor predisposition syndrome, 

genetic testing should be offered. Additional research will be of importance to elucidate the penetrance and 

risk of developing different types of cancer in mutation carriers. Identifying the susceptibility factor in 

cancer-prone families will be of importance for choice of surveillance programs and follow-up of the patient 

and their relatives. For families with a high cancer burden but without mutation in any known high 

predisposing gene, next-generation sequencing will be the natural choice to search for novel susceptibility 

genes. This will subsequently increase the knowledge about genetic susceptibility and may in the future be 

the basis for improved early detection and prevention of UM as well as lead to the development of new 

targeted treatments. 

 

1.10  Focal adhesion kinase (FAK)  
Focal Adhesion Kinase (FAK) is a 125 kDa non-receptor tyrosine kinase also known as PTK2, that resides at 

the sites of integrin clustering, known as focal adhesions. FAK plays a significant role in adhesion, survival, 
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motility, metastasis, angiogenesis, lymphangiogenesis, cancer stem cell functions [49-50], tumor 

microenvironment and epithelial to mesenchymal transition (EMT) [51]. FAK was first discovered in 1992 

by several different groups [52], the next year human FAK was isolated [53] and later it was found in 

Drosophila and other species [54]. Once FAK was isolated in humans it was directly linked to cancer due to 

its high expression in primary tumors and overexpression in nearly all metastatic tumors, with no detectable 

FAK mRNA or protein in normal tissues [53]. 

 

1.11 FAK structure organization 
The human gene encoding FAK namely PTK2 is localized on chromosome 8q24, a region characterized by 

frequent aberrations in human cancers [55]. Structurally, FAK consists of an amino-terminal regulatory 

FERM domain, a central catalytic kinase domain, two proline-rich motifs, and a carboxy-terminal focal 

adhesion targeting domain FAT (a four helix bundle) (Fig. 1.11.1).  

 

 

 

 

                                                      

 

 

Figure 1.11.1: FAK domain structure model 

 

The N-terminal FERM domain of FAK contains one nuclear export sequence (NES) and one nuclear 

localization sequence (NLS), whereas the FAK kinase domain contains another NES sequence close to the 

major FAK phosphorylation sites Y576/Y577 suggesting the regulation of FAK through nucleo-cytoplasmic 

shuttling and supporting nuclear functions of FAK (binding with p53 [56], and Mdm-2 [57] and other 

partners) [58].  

The C-terminal domain of FAK contains two proline-rich regions that function as binding sites for SRC-

homology (SH)3-domain-containing proteins. SH3-domain-mediated binding of the adaptor protein p130Cas 

to FAK is important in promoting cell migration through the coordinated activation of Rac at membrane 

extensions [59]. The SH3-mediated binding of other proteins, such as GRAF (GTPase regulator associated 

with FAK) and ASAP1 (Arf GTPase-activating protein (GAP) containing SH3, ankyrin repeat and pleckstrin 

homology (PH) domains-1), connects FAK to the regulation of cytoskeletal dynamics and focal contact 

assembly. However, the downstream connections of GRAF and ASAP1 remain undefined. Furthermore, the 

C-terminal domain encompasses the FAT region which promotes the co-localization of FAK with integrins 

at focal contacts. The FAK FAT domain also binds directly to an activator of Rho-family GTPases that is 

known as p190 RhoGEF, and FAK-mediated tyrosine phosphorylation of p190 RhoGEF might be a direct 
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link to RhoA activation [60]. Interestingly, FAK is phosphorylated (P) on several tyrosine residues, 

including Tyr397, 407, 576, 577, 861 and 925. Tyrosine phosphorylation of FAK on its major site Tyr397 

creates a Src-homology-2 (SH2) binding site for Src [61-62]. The interaction between Y397-activated FAK 

and Src leads to a cascade of tyrosine phosphorylation of multiple sites in FAK, as well as other signaling 

molecules such as p130CAS and paxillin, resulting in cytoskeletal changes and activation of other 

downstream signaling pathways [59]. Also, FAK phosphorylation leads to activation of phospholipase Cγ 

(PLCγ), suppressor of cytokine signalling (SOCS), growth-factor-receptor bound protein 7 (GRB7), the Shc 

adaptor protein, p120 RasGAP and the p85 subunit of phosphatidylinositol 3-kinase (PI3K) [55]. 

Phosphorylation of Tyr576 and Tyr577 within the kinase domain is required for maximal FAK catalytic 

activity, whereas the binding of FAK-family interacting protein of 200 kDa (FIP200) to the kinase region 

inhibits FAK catalytic activity [63]. Also, FAK phosphorylation at Tyr925 creates a binding site for GRB2 

[63]. These structural studies provided a basis for developing of small molecule inhibitors targeting FAK. 

 

1.12 Regulation of FAK expression 
Nuclear factor κB (NFκB) and p53 are well-characterized transcription factors which activate and repress the 

PTK2 promoter, respectively [64-65]. Also, other transcription factors like Nanog [66], Argonaute2 (Ago2) 

[67], and PEA3 [68] increase PTK2 promoter activity. Nanog promotes FAK expression in colon carcinoma 

cells and as part of a signaling loop, Nanog activity is increased by FAK phosphorylation [66]. Ago2, a part 

of the cellular RNA interference machinery, is amplified in hepatocellular carcinoma and induces FAK 

transcription [67]. Ago2-silencing reduces FAK levels and concomitantly blocks tumorigenesis and 

metastasis in mice. Elevated PEA3 and FAK levels correlate with metastatic stages in human oral squamous 

cell carcinoma [68]. PEA3 induces FAK expression in vitro and silencing of either PEA3 or FAK reduces 

metastasis of human melanoma xenografts. Given the complexity and size of the PTK2 promoter region, it is 

likely that transcription factor combinatorial effects regulate PTK2 transcription. 

FAK is also subject to alternative splicing as PTK2 with deletion of exon 33 (FAK amino acids 956–982), 

identified in a subset of breast and thyroid patient samples, results in enhanced cell motility and invasion 

[69]. However, this deletion disrupts FAK linkage to integrins and it is unclear how truncated FAK may 

function. At the protein levels, FAK is subject to proteasomal or calpain-mediated degradation [70]. Poly-

ubiquitination by the E3 ligase mitsugumin 53 (also known as TRIM72) promotes FAK proteasomal 

degradation during myogenesis, but this has not been tested in tumor cells [71]. However, in general, FAK 

protein levels are elevated in advanced stage of solid tumors. Together, these results support the notion that 

elevated FAK expression is connected to several tumor-associated phenotypes. 
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1.13 Regulation of FAK activity  
Several types of signaling events initiate FAK activation. The best-characterized mechanism promoting FAK 

activation involves engagement of integrins with the ECM and the subsequent co-clustering of proteins like 

talin and paxillin with the cytoplasmic tail of integrin [72].  This leads to the recruitment of FAK to sites of 

integrin clustering via interactions with integrin-associated proteins, leading to FAK activation. Other 

examples of signaling stimuli promoting FAK activation include stimulation by specific growth factors like 

epithelial growth factor (EGF), hepatocyte growth factor (HGF), vascular endothelial growth factor (VEGF) 

and platelet derived growth factor (PDGF), activation of particular G-protein-coupled receptors, and the 

binding of interacting partners of the FAK FERM domain such as ezrin in an integrin-independent manner 

[63, 70, 72].  

The first step in FAK activation involves displacement of the FERM domain from the kinase domain, 

presumably reflecting binding of a phospholipid or peptide ligand to the FERM domain, allowing rapid 

autophosphorylation of Y397 [72]. This then creates a high affinity binding site for the SH2 domain of Src, 

or other SFKs, leads to exposure of the activation loop, and prevents further interactions between the FERM 

and kinase domains. Src then transphosphorylates additional sites on FAK (Y576 and Y577) on the kinase 

domain activation loop, leading to full activation [72]. The phosphorylated activation loop also precludes the 

inhibitory docking of the FERM domain. 

Recent studies provide additional mechanistic insights into FAK activation, one of which establishes a 

phospholipid, phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2), as an important signaling messenger 

linking integrin signaling to FAK regulation [74]. Integrin-mediated local production of PI(4,5)P2 promotes 

binding of PI(4,5)P2 to a basic region (K216AKTLRK222) of the regulatory FAK FERM domain, inducing 

FAK clustering in focal adhesions [74]. FAK subsequently transits into a partially open conformation where 

the autophosphorylation site Y397 is exposed without re-leasing the autoinhibitory interaction of FERM-

kinase domains, but this is sufficient to facilitate autophosphorylation and subsequent Src recruitment to 

Y397 [74]. Src-phosphorylation of the activation loop then releases the FERM/kinase domain leading to a 

fully active conformation. Using a variety of complementary approaches including structural and biophysical 

analyses, Brami-Cherrier et al, identified that autophosphorylation of Y397 requires FAK dimerization, 

mediated via FERM:FERM and FERM:FAT interactions, and occurs in trans FERM:FAT interaction 

involves binding of FAT to a basic patch on the FERM domain. Interestingly, paxillin contributes to positive 

regulation of FAK activity by clustering FAK at focal adhesions and reinforcing FERM:FAT association 

[75]. In addition, different types of cellular stimuli impact upon FAK activation. For example, elevated 

intracellular pH positively regulates FAK, in which deprotonation of the His58 FAK residue at high 

intracellular pH initiates conformational changes that may enhance Y397 autophosphorylation [76].  
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1.14 Role of FAK in cancer cells  
FAK is at the intersection of various signaling pathways promoting cancer growth and metastasis (Fig. 

1.14.1). These include kinase-dependent control of cell motility, invasion, cell survival, and transcriptional 

events promoting epithelial-mesenchymal transition (EMT) [70, 72]. Additionally, kinase-independent 

scaffolding functions of FAK can influence cell survival or cancer stem cell proliferation [59, 70, 72]. 

Understanding the balance between kinase-dependent and -independent functions is the key to the 

interpretation of FAK-related phenotypes.  

 

 

 

 

 

 

 

 

 

 

 
Figure 1.14.1: Kinase dependent and independent-FAK signalling pathways 

 

Conditional tissue-specific FAK floxed mouse models and chemical FAK inhibitors have allowed the 

delineation of several FAK-associated pathways. For example, several groups have used polyoma virus 

middle T antigen (PyMT)-driven breast tumor models combined with tissue-specific FAK knockout through 

the mouse mammary tumor virus (MMTV) promoter (MMTV-PyMT model) [49, 77] to assess FAK function 

in tumor progression. 

 Survival and apoptosis: the first demonstration of a survival function for FAK was performed by Frisch et 

al, where expression of active FAK was shown to suppress anoikis in Madin Darbin canine kidney (MDCK) 

and immortalized keratinocyte HaCat epithelial cells [78]. Then, FAK was linked to apoptosis in cancer 

cells, in which the inhibition of FAK with anti-sense oligonucleotides or with dominant negative FAK 

(FAK-CD (FAK C-terminal domain)) caused loss of adhesion and apoptosis in tumor cells [79]. Also, down-

regulation of FAK with FAK siRNA decreased MCF-7 breast cancer viability and inhibited tumor growth 

[80]. In addition, FAK was shown to interact with p53 and inhibit its apoptotic activity [56]. Furthermore, 

nuclear FAK regulated survival through its direct binding to Mdm-2, which promoted p53 ubiquitination and 

degradation [57]. The anti-apoptotic function of FAK was demonstrated in HL-60 leukemia cells, where 
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FAK activated the PI-3-Kinase/AKT pathway and induced functions of NF-kappa B and inhibitor of 

apoptosis proteins (IAPs) [81].  

 Motility: FAK was shown to play a pivotal role for motility in cancer cells [82]. FAK-null embryos exhibited 

decreased cell motility [83], whereas overexpression of FAK induced cell motility [84]. The Src and PI-3 

Kinase downstream signaling pathways have been shown to be an important role for FAK-mediated cell 

motility [70]. 

 Invasion and metastasis: tumor cell invasion into the surrounding microenvironment is an important step in 

cancer progression, allowing cancer cells to form metastasis at secondary locations. This requires transition 

to a motile phenotype through changes in focal adhesons (FAs) and cytoskeletal dynamics, and alterations in 

matrix metalloproteinase (MMP) expression or activation to facilitate ECM invasion. EMT, which is driven 

by a transcriptional program, supports the progression to these invasive properties. FAK was shown to 

mediate cell invasion and metastasis through promotion of EMT (Fig. 1.14.2). For example, FAK promotes 

cellular membrane expression of MT1-MMP, a matrix metalloproteinase, which serves to degrade the ECM 

[85]. Also, FAK activity increases MMP-9 expression and spontaneous breast carcinoma metastasis in a 

syngeneic and orthotopic mouse model [86]. Other studies show that MMPs regulation and surface 

presentation in cancer cells involves multiple downstream pathways such as p130Cas58 and the 

PI3K/Akt/mTOR cascade [87]. Thus, FAK plays an important role in EMT, invasion and metastasis and the 

details of the down-stream molecular mechanisms of FAK-regulated EMT and E-cadherin mediated cell-cell 

adhesions or integrin-ECM mediated adhesions and their cross-talk and role in metastasis remain to be 

discovered. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14.2: FAK promotes survival and invasion in cancer 

 

 Angiogenesis: angiogenesis is critical to malignant progression and involves the local formation of nascent 

blood vessels from pre-existing vasculature through stimulation of ECs and subsequent mobilization, 

proliferation and sprout formation [63]. FAK integrates angiogenic signals from vascular endothelial growth 

factor receptors (VEGFRs) and integrin receptors, and directs the migration and growth of endothelial cells 
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to promote angiogenesis [88]. The requirement of FAK in angiogenesis was initially suggested by early 

observations of restricted patterns of enriched FAK expression in the embryonic vasculature and the 

embryonic lethality conferred upon FAK gene ablation in mice, which is due to cardiovasculature defects 

[89]. VEGF-induced FAK activation promotes rapid localization of FAK to endothelial adherens junctions 

and binding of FAK to vascular endothelial (VE)-cadherin via its FERM domain and FAK-mediated 

phosphorylation of β-catenin. This subsequently induces β-catenin/VE-cadherin dissociation and increased 

junctional breakdown. In the context of cancer, the angiogenic function of FAK was demonstrated using EC-

specific FAK-null melanoma- or lung-carcinoma bearing mice, which exhibit suppressed VEGF-mediated 

tumor angiogenesis and growth [90]. Additionally, elevated FAK expression was observed in the vascular 

and tumor cell compartments of invasive breast cancer specimens [91]. A key mechanism underpinning the 

pro-angiogenic role of tumoral FAK is induction of VEGF expression. Inhibition of FAK catalytic activity in 

breast carcinoma cells by stable expression of FRNK reduces FAK Y925 phosphorylation, the ability of the 

Grb2 adaptor protein to bind to FAK, as well as Erk2 activation [92]. The concomitant impairment of FAK–

Grb2–Erk2 signaling results in decreased VEGF expression in vitro and in vivo together with small avascular 

tumors in mice without affecting cell survival or proliferation in vitro [92]. Reconstitution experiments with 

a FAK Y925F or impaired kinase activity mutants in Src-transformed FAK-null fibroblasts confirmed the 

role of this FAK phosphorylation site and catalytic activity in regulating VEGF-associated angiogenesis. 

Suppression of FAK expression in neuroblastoma, breast and prostate carcinoma cells also results in reduced 

VEGF expression [72]. Overall, these findings indicate that FAK can play contrasting roles within cancer 

cells and the surrounding tumor microenvironment, and highlight novel rationales for therapeutic targeting of 

FAK.  

 

1.15 Novel strategies targeting FAK with pharmacological inhibitors  
FAK has long been considered as a potential target for cancer therapeutics, reflecting its pivotal role in 

governing malignant characteristics and the evidence of its high expression and activity in both preclinical 

tumor models and human cancers. A number of inhibitory approaches were initially employed to 

functionally interrogate the oncogenic role of FAK. These include antisense oligonucleotide, siRNA- and 

shRNA-based abrogation of FAK expression), and overexpression of FRNK [93-95]. Attenuation of FAK 

signaling through these approaches led to decreased cell viability by induction of apoptosis, as well as 

impaired migratory and angiogenic capacity of cancer cells in vitro and in vivo, and provided proof-of-

principle for the development of more clinically relevant pharmacologic approaches such as small molecule 

inhibitors. Over the past decade, a number of preclinical and clinical studies have employed a variety of 

pharmacologic agents with different mechanisms for the blockade of FAK signaling in cancer (Fig. 1.15.1). 

Of these, several orally bioavailable ATP-competitive FAK inhibitors have entered early clinical testing. 

FAK small molecule inhibitors can be divided into two main groups: the first group includes inhibitors 
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targeting enzymatic or kinase-dependent functions of FAK, such as inhibitors targeting the ATP-binding site 

domain and allosteric inhibitors that target other sites of FAK yet still block kinase activity, and the second 

group includes inhibitors that target the scaffolding function of FAK [96]. 
 

 

 

 

 

 

 

 

 

Figure 1.15.1: Anti-cancer compound targeting FAK 

 

• Small molecule ATP-competitive kinase inhibitors: small molecules inhibitors that bind within the active 

site of kinases compete with relatively high levels of ATP present in cells. These inhibitors are designed to 

make binding interactions with residues surrounding the ATP binding pocket of kinases and the advantage of 

this approach is that it blocks the FAK enzymatic activity with high efficiency. The best characterized 

cellular-active and selective nanomolar affinity FAK inhibitors are comprised of pyrimidine (TAE-226, PF 

573,228, PF 562,271) or pyridine (VS-4718) ATP site hinge binders [97-99].  

• TAE-226 effectively inhibited in vitro kinase activity of recombinant FAK with an IC50 of 5.5 nM, 

caused apoptosis and decreased tumor growth in glioma and ovarian cancer xenograft models in vivo 

[100]. TAE226 not only caused tumor regression, but also affected tumor microenvironment, blocked 

production of VEGF and reduced micro vessel density [100]. TAE-226 also was shown to inhibit IGFR-1 

at 120 nM [101]. Since FAK and IGFR-1 were shown to interact and increase cancer cell survival [102], 

their dual targeting with TAE-226 inhibitor can be very effective. In fact, TAE226 inhibited pancreatic 

cell growth and decreased phosphorylation of ERK and AKT as well [102]; 

• PF-573,228  is the mother compound for the derivative FAK-directed drugs (VS-6062 and VS6063) that 

are currently being evaluated by Verastem. PF-573,228 exhibits an IC50 value of 4 nM, and inhibits cell 

migration by blocking focal adhesion turnover, but has no effect on cell growth or survival in fibroblast 

or prostate cancer cell lines [103]. Despite its potent efficacy in FAK inhibition, PF-573,228 showed 

limited anticancer effects possibly due to the compensatory role of the FAK homologue namely Pyk2 

[104]. There is no report that further evaluates this compound in the pre-clinical or clinical settings. 

• PF-562,271 effectively inhibited in vitro FAK activity with an IC50 of 1.5 nM, and also inhibited Pyk2 

kinase activity (IC50=13 nM) [98]. Since Pyk2 was shown to compensate for FAK functions in 

angiogenesis, metastasis and tumorigenicity in FAK-deficient cells [105], dual-targeting of FAK and Pyk-

2 is beneficial for effective therapy. PF-562,271 effectively decreased tumor growth in many xenograft 
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models [98], and also it inhibited pancreatic tumor growth, invasion and metastasis in an orthotopic 

murine model [106]. This inhibitor blocked not only tumor growth and proliferation, and also inhibited 

pancreatic tumor microenvironment components such as tumor associated fibroblasts and macrophages 

[106]. 

• VS-4718 is the newest FAK inhibitor acquired by Verastem. VS-4718 is a potent reversible inhibitor of 

FAK, exhibiting an IC50 of 1.5 nM, and is abel to induce a robust FAK inhibition in cultured breast 

carcinoma cells at a concentration of 0.1 μM [99]. An initial preclinical study indicated that VS-4718 

showed limited effects on cell proliferation in adherent cancer cells, whereas it induced marked inhibition 

of FAK and p130Cas phosphorylation in cells grown in suspension or as spheroids, resulting in caspase-3 

activation and apoptosis [99]. Additionally, VS-4718 exerted anti-tumor and anti-metastatic effects in 

orthotopic breast and ovarian carcinoma mouse tumor models (4T1 and MDA-MB-231) without 

conferring animal morbidity, death or weight loss [99]. The efficacy of VS-4718 was demonstrated by a 

marked reduction in both sub-cutaneous tumor growth of breast carcinoma cells and their metastasis to 

lungs that was accompanied by inhibition of FAK Y397 and p130Cas phosphorylation and elevated 

caspase-mediated apoptosis [99]. VS-4718 inhibitor is currently in clinical trials in subjects with 

metastatic non-hematologic malignancies (phase I clinical trial # NCT01849744, 

http://www.clinicaltrials.gov). 

Another important approach is to target the FAK autophosphorylation site, which was reported recently with 

allosteric FAK inhibitor 14 or compound Y15 to block tumor growth [107-108]. The inhibitor effectively 

inhibited FAK autophosphorylation activity at 25 nM-1 uM, did not inhibit Pyk-2, EGFR, Src, IGFR-1 and 

other enzymes in vitro and decreased tumor growth in vivo at 30 mg/kg by intraperitoneal delivery or at 120 

mg/kg by oral delivery using breast, pancreatic, neuroblastoma, glioblastoma and colon cancer xenograft 

mice models. The inhibitor caused apoptosis and decreased proliferation in xenograft tumors in vivo. The 

advantage of this approach is the high specificity of targeting Y397, the main autophosphorylation site of 

FAK. This inhibitor also decreased Y418-phosphorylation of down-stream Src in colon cancer cells [108], 

which can be also benefitial for development of future therapies. FAK has additional functions independent 

of its autophosphorylation activity or kinase activity [109], which is evident from the different phenotypes of 

FAK−/−cells and cells with deleted Y397 site [110], or with knock-in point mutation (lysine 454 to arginine) 

[109], which is important for future therapeutic design of the enzymatic inhibitors. Takeda also developed 

non-ATP-competitive FAK allosteric inhibitors that efficiently decreased FAK functions [111]. The Takeda 

identified tricyclic sulfonamides (compund 1 and compund 2) that targeted a novel allosteric site in the C-

lobe of the FAK-kinase domain, caused conformational changes of the kinase domain and induced disruption 

of ATP pocket formation and inhibition of FAK kinase activity with an IC50 of 4.2 and 8.7 μM, respectively 

[111]. The compounds required pre-incubation of kinase with inhibitor to cause allosteric ATP-non 

competitive inhibition. Both allosteric inhibitors were highly selective among 288 kinases, with only 10 

kinases other than FAK inhibited by >50% and Pyk-2 inhibited by 25%. The compound 2 was more selective 
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than compound 1, as it did not inhibit 10 kinases >50% and did not inhibit Pyk-2 at 10 μM. This approach 

reveals novel allosteric and selective way of FAK inhibition. The in vivo studies in xenograft mice models 

need to demonstrate efficacy on these allosteric inhibitors. 

• Inhibitors targeting FAK scaffold: FAK also signals via non-kinase scaffold functions that cannot be 

affected using conventional small molecule FAK inhibitors. Since FAK has so many binding partners such 

as Src, EGFR, Her-2, c-Met, PI-3K, disruption of these complexes is an additional therapeutic approach to 

disrupt signals that FAK integrates and effectively block FAK regulated functions. A small number of 

compounds developed by CureFAKtor Pharmaceutical are currently undergoing pre-clinical testing. In 

particular, a compound known as C4 disrupts FAK and VEGFR4 interactions [112], whereas the M13 

compound blocks FAK and Mdm-2 interaction [113]. Other inhibitors of FAK-scaffold functions include 

INT2-31 that blocks FAK and c-Met/IGFR1 interactions [114] and R2 which targets the FAK–p53 

interaction [115]. All of these inhibitors effectively reduce cell viability and tumor growth through inhibiting 

angiogenesis and Akt signaling, or by activating p53 signaling with a resulting enhanced expression of 

downstream targets of p53 such as p21 and Bax. Also, the inhibitors targeting FAK scaffolding function 

displayed efficacy at submicromolar and low micromolar doses in vitro and at 15–60 mg/kg in vivo in mice 

xenograft models. Since there are other many important scaffolding partners of FAK, disrupting FAK-

protein interactions based on structural studies is a very perspective approach and will show the efficacy of 

this approach in future.  

 

 

 

 

 

 

 

 

 

Aim of the study 
On the basis of the aforementioned findings highlighting the potential involvement of FAK in the 

development of certain tumors, the present study aimed to address the role of FAK toward the progression of 

UM in a GNAQ-dependent manner. In particular, our investigation focused on the mechanisms by which 

Gaq may activate FAK and the identification of the effectors determining the biological function of the Gaq-

FAK transduction signaling. Next, the benefit of FAK inhibition in UM was ascertained both in vitro and in 

vivo using CRISPR/Cas9 genome editing as well as specific inhibitors that are currently under advanced 

clinical evaluation.  
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Chapter 2 

Materials and methods 
2.1 Cell lines, culture procedures, and chemicals: HEK293 DREADD/Gq cells were cultured in DMEM 

(Invitrogen, CA) containing 10% FBS (Sigma-Aldrich Inc., MO) and 1× antibiotic/antimycotic solution 

(Sigma-Aldrich Inc., MO). OMM1.3 and Mel270 Uveal Melanoma cells have been described elsewhere 

[116]. All cell lines were grown in a 37°C incubator with 5% CO2 and underwent to mycoplasma 

contamination by using Mycoplasma Detection Kit (Roche) prior to the described experiments. Y-27632 

(Tocris Cookson Inc., MO) (10μM), PKC inhibitor (Tocris Cookson Inc., MO) (10μM), Blebbistatin (Tocris 

Cookson Inc., MO) (100nM), VS-4718/PND-1186 (Selleckchem, CA) (1μM) and PF-562271 (Selleckchem, 

CA) (1μM) were dissolved in DMSO and were used to treat HEK293 DREADD/Gq cells and uveal 

melanoma cells for different time points before to perform the experiments.  

 
2.2 Mutational analysis: bioinformatic whole-genome sequencing of UM samples (n=80) derived from The 

Cancer Genome Atlas (TCGA) (www.cbioportal.org). mRNA expression z-Scores (RNA seq V2 RSEM) 

selected was ± 1.5.  
 
2.3 Immunoblot analysis: cells were lysed in RIPA buffer containing Halt protease and phosphatase 

inhibitor cocktail (Thermo Scientific, Rockford, IL). Protein concentration was measured by Bio-Rad Protein 

Assay (Bio-Rad, Hercules, CA). Equal amounts of total proteins were subjected to SDS-polyacrylamide gel 

electrophoresis and transferred to PVDF membranes. Membranes were blocked with 5% non-fat dry milk in 

T-TBS buffer (50 Mm Tris/HCL, pH 7.5, 0.15 M NaCl, 0.1% [v/v] Tween-20) for 1 hour at room 

temperature, and then incubated with primary antibodies in blocking buffer at 4°C overnight. Primary 

antibodies were diluted 1:1000 unless otherwise stated. (anti-Gαq (E-17; Santa Cruz Biotech., CA), anti-

RhoA (C-18; Santa Cruz Biotech., CA), anti-Rac1 (BD Biosciences, CA), anti-Trio (H120; Santa Cruz 

Biotech., CA), anti-GAPDH (14C10; Cell Signaling Technology, MA), anti-FAK (Cell Signaling 

Technology, MA), anti-pFAK (Y397) (Cell Signaling Technology, MA), anti-pY (Santa Cruz Biotech., CA), 

anti-AKT (Cell Signaling Technology, MA), anti-pAKT (S473) (Cell Signaling Technology, MA), anti-

ERK1/2 (Cell Signaling Technology, MA), anti-pERK42/44 (Cell Signaling Technology, MA), anti-S6 (Cell 

Signaling Technology, MA), anti-pS6 (Cell Signaling Technology, MA), anti-α-Tubulin (Cell Signaling 

Technology, MA). Detection was conducted by incubating the membranes with horseradish peroxidase-

conjugated goat anti-rabbit and anti-mouse IgG secondary antibodies (Southern Biotech, Birmingham, AL) 

that were used at a dilution of 1:50,000 in 5% milk-T-TBS buffer at room temperature for 1 hour, and 

visualized with Immobilon Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA). 
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2.4 Immunoprecipitation assay: cells were lysed with lysis buffer [10mM Tris-Cl (pH 8.0), 150mM NaCl, 

1mM EDTA, 0.3% CHAPS, 50mM NaF, 1.5mM Na3VO4, protease inhibitor (Thermo Scientific, CO), 1mM 

DTT and 1mM PMSF], and centrifuged at 16,000 rpm for 10 min at 4°C. Supernatants were incubated with 

primary antibody for 2h at 4°C, and protein G or protein A conjugated resin for another 1 hour. Resins were 

then washed 3 times with lysis buffer and boiled in SDS-loading buffer. 

2.5 siRNA transfection: all human siRNA sequences and providers are described in the following table. All 

the cells were transfected when 40% confluent using Lipofectamine RNAiMAX Reagent (Invitrogen, CA) 

according to manufacturer’s instructions, using 50nM of each siRNA, and experiments were performed, 

when the cells were confluent. Detail of RNAi and oligonucleotide sequences used in this study: 

siRNA                  Source                                                Homology              Details 
 
siRNA Control      Thermo Scientific                               -                              SIC001 
 
Hs_GNAQ             Thermo Scientific (Smart Pool)         Homo Sapiens        Human (GNAQ 2776)  

Hs_Trio                  Thermo Scientific (Smart Pool)        Homo Sapiens        Human (TRIO 7204)  

Hs_RhoA               Thermo Scientific (Smart Pool)         Homo Sapiens        Human (RhoA 387) 

Hs_Rac1                Thermo Scientific (Smart Pool)         Homo Sapiens        Human (RAC1 5879) 

Hs_PTK2               Thermo Scientific (Smart Pool)         Homo Sapiens        Human (PTK2 5747) 

2.6 Cell proliferation analysis: Alamar Blue Cell Viability Reagent was purchased from Life Technologies 

(Grand Island, NY). In brief, OMM1.3 and MEL270 UM cell lines were cultured in 96-well plates and then 

treated with VS4718 and PF-562271 for 72 hours. The manufacturer's instructions were followed to 

complete the assay. 

2.7 Focal adhesion assay: cells cultured on fibronectin-coated coverslips were washed three times with 

PBS, were fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS) for 30 minutes, and 

permeabilized using 0.05% Triton X-100 for 10 minutes. Cells were blocked with 3% FBS-containing PBS 

for 30 min, and incubated with anti-pFAK (Y397) (Cell Signaling Technology, MA) and anti-paxillin (Cell 

Signaling Technology, MA) (in 3% FBS-PBS otherwise stated) for 1 hour at room temperature. The reaction 

was visualized with Alexa-labeled secondary antibodies (Invitrogen, CA) and using also Alexa Fluor 488 

Phalloidin (Invitrogen, CA). Cells were incubated in PBS buffer containing Hoechst 33342 (Molecular 

Probes, OR) for nuclear staining. Images were acquired with an Axio Imager Z1 microscope equipped with 

ApoTome system controlled by ZEN 2012 software (Carl Zeiss, NY).  

 
2.8 Methylcellulose growth assay: 5×103 uveal melanoma cells were embedded in 1% methylcellulose 

(R&D HSC001) diluted in growth media and plated onto 6-well-poly-hyodroxyethyl methacrylic acid (poly-

HEMA) – coated plates (Costar). At the indicated time, colonies were imaged in phase contrast, and 
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enumerated by counting five different fields of each well. All experimental points were performed in 

triplicate and repeated at least two times.  

 

2.9 Genetic editing with CRISPR/Cas9: OMM1.3 and MEL20 UM cells were infected with a specific FAK-

sgRNA (# AATACTCGCTCCATTGCACC) cloned into a CRISPR/Cas9 All-in-One Lentivector. After ~1 

week of puromycin-selection, we selected several single clones and assessed FAK editing by direct 

sequencing and by lack of FAK protein through western blot analysis. MEL270 FAK KO generated by 

CRISPR/Cas9 genome editing were also injected in female NOD.Cg-Prkdcscid Il2rgtm1wjl/SzJ mice 

(commonly known as NOD scid gamma, Jackson Laboratory, Maine).  

 

2.10 In vivo mice experiments and VS4718 treatment: female NOD.Cg-Prkdcscid Il2rgtm1wjl/SzJ mice 

(commonly known as NOD scid gamma, Jackson Laboratory, Maine), 5 to 6 weeks of age and weighing 18 

to 20g, were used to evaluate the potential clinical benefit of targeting FAK by using VS4718 and by 

CRISPR/Cas9 genetic approach, housed in appropriate sterile filter-capped cages, and provided food and 

water ad libitum. Briefly, exponentially growing cultures were harvested, washed, resuspended in RPMI 

1640, and 1.5 x 106 viable cells were transplanted subcutaneously into the flanks of the mice. To administer 

VS4718, an appropriate amount of VS4718 was added to the vehicle prepared with 0.5% carboxymethyl 

cellulose (CMC) (C5678, Sigma-Aldrich; St . Louis, MO) and 0.1% Tween 80 (P1754, Sigma Aldrich; St. 

Louis, MO) in sterile water, to make 100 mg/ml stock. The formulation was mixed with constant gentle 

stirring and sonicated for 5-10 minutes to make a uniform suspension. The VS4718 suspension was 

administered via oral gavage twice daily at a dose of 100 mg/kg. For tumor growth analysis, tumor volume 

was assessed as [(LW2/2); where L and W represent the length and the width of the tumor]. The animals 

were monitored twice weekly for tumor development. Results of animal experiments were expressed as mean 

± SEM of a total of 6 tumors analyzed. All the mice studies were carried out according to National Institutes 

of Health (NIH) approved protocols (ASP #13-695) in compliance with the NIH Guide for the Care and Use 

of Laboratory Mice. 

 

2.11 Data and statistical analysis: data were analyzed using GraphPad Prism version 6 (GraphPad Software, 

San Diego, CA). Comparisons between esperimental groups were made using unpaired t test. P < 0.05 was 

considered to be statistically significant. 
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Chapter 3 

Results 
3.1 PTK2 gene is overexpressed in Uveal Melanoma                                                              

It has been well established that FAK is overexpressed in various types of solid and non-solid tumors to 

mediate survival and other important functions [117-119]. A potential link between FAK and cancer was first 

reported over twenty years ago in a study that identified elevated levels of FAK transcripts in various tumor 

contests [53]. Similarly, a number of subsequent evidences reported up-regulation of FAK in a wide range of 

malignancies including ovarian, cervical, kidney, lung, pancreatic, brain, colon, breast, and skin cancer [80]. 

In addition, several studies have confirmed a correlation between FAK overexpression levels and poorer 

clinical prognosis in different types of human tumors [120]. Here, we focused on uveal melanoma (UM), a 

type of cancer harboring only a handful of mutations as compared to hundreds in other cancers. We started 

our study from the analysis of the possible drug targets that lead to selective death or growth suppression 

specifically in Gαq-activated tumors. In a preliminary analysis performed to this end in collaboration with 

the Ruppin’s Laboratory (UCLA), we started with a set of genes that can be targeted by approved and 

experimental drugs (N=756) [121]. By comparing the TCGA UM dataset (N=80) with skin melanoma 

samples that do not harbor GNAQ genomic alterations (N=209) as control, we first identified the genes that 

are highly overexpressed in UM. We validated this approach by confirming that the genes over- and under-

expressed in UM and GNAQ-altered skin melanomas are highly overlapping (hyper-geometric p<1E-198 and 

p<1E-232, respectively). Next, we filtered the genes for those whose inactivation leads to better patient 

survival in UM based on TCGA survival data, and finally we used large datasets of gene essentiality [122-

124], and drug response screenings [122-126] in cancer cells to identify genes that are predicted to reduce 

cell viability when targeted in GNAQ-expressing tumors. In according with the aforementioned observations, 

we summerized the 5 top predicted drug targets emerging from our computational screening pipeline 

(Fig.3.1A). Among them, based on all the three steps described above, the top predicted gene target resulted 

PTK2, suggesting the potential benefit of targeting the PTK2 gene product (a non-receptor tyrosine kinase 

known as FAK) in GNAQ-induced tumors. Also, in order to identify novel genetic alterations correlated with 

oncogenic drivers in UM, we curated whole-genome sequencing data for 80 UM samples derived from The 

Cancer Genome Atlas (TCGA). The analysis of UM genomic alterations revealed that the gene encoding for 

FAK (PTK2) is amplified or overexpressed in 56% of UM lesions (Fig.3.1B) even whithout the 

amplification of MYC proto-oncogene located close the PTK2 locus, suggesting that UM represents the 

human cancer harboring the highest level of FAK overexpression (Fig.3.1C). Furthermore, we found that the 

patients with high PTK2 expression (red) show poorer survival than the patients with low PTK2 expression 

(blue) (Fig. 1), align with its potential biological role in UM (Fig.3.1D). These findings implicate FAK as a 

novel uveal melanoma up-regulated gene and highlight its critical role in UM pathogenesis.   
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Fig. 3.1 PTK2 gene is overexressed in UM. (A) Potential target genes and their molecular, clinical phenotypic 
significance values. The genes are listed based on their combined significance identified by combined ranking of their 
significance (molecular: genes are up-regulated in UM based on TCGA gene expression data; clinical: down-regulation 
of the gene leads to better prognosis in TCGA UM survival data; phenotypic: inactivation of the gene in GNAQ-altered 
contexts leads to a reduced cell growth, based on shRNA knockdown or drug inhibition screens; (B) Genetic alteration 
of UM from cBioPortal analysis of UM patients (N=80); (C) Percent of tumor samples with elevated FAK Mrna; (D) 
UM patients with high PTK2 expression (top 40-percentile, N=32; red) shows poorer survival than the patients with 
low PTK2 expression (bottom 40-percentile, N=32; blue), (data from UM TCGA). 
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3.2 GNAQ activates FAK in UM cancer cells  
FAK is a cytoplasmatic tyrosine kinase that modulates cell growth, survival and movement, with 

phosphorylation at position Y397 representing a common marker of FAK activation [63]. As the 

phosphorylation of many proteins has been largely involved in cancer [127-128], we first investigated 

whether GNAQ and its coupled GPCRs trigger multiple tyrosine phosphorylation sites. As model system, we 

used HEK293 cells expressing a synthetic GPCRs linked to Gq, also known as DREADD (designer receptors 

exclusively activated by a designer drug) which is activated by the pharmacologically inert compound 

namely clozapine-N-oxide (CNO) [129]. Whortly, we observed that CNO induced a rapid tyrosine 

phosphorylation of diverse cellular proteins, as evaluated by using different anti-pY antibodies. Tyrosine 

phosphorylation started upon only 2 minutes agonist addition and increase up to 1h of treatment (Fig. 3.2A). 

In accordance with other previous studies showing the induction of tyrosine phosphorylation by agonist-

activated-GPCRs [130-131], our previous investigation has demonstrated that fully transforming GPCRs 

may mediate tyrosine phosphorylation of a set of cellular proteins, including p125FAK and the p130 v-src 

substrate [132]. Performing western blotting analysis and phospho-tyrosine immunoprecipitations of lysates 

obtained by HEK293 DREADD/Gq cells treated with CNO, we observed a remarkable activation of FAK 

(Fig. 3.2B-C). On the basis of these findings, it can be argued that GNAQ activating circuitry may lead to 

tyrosine phosphorylation of diverse cellular proteins such as p125FAK. Next, we asked whether FAK is 

activated in UM cells expressing the GNAQ oncogene. Of note, GNAQ silencing prevented FAK 

phosphorylation in OMM1.3 UM cells (Fig. 3.2D), providing a multifaceted regulation of FAK activity in 

UM cells harboring GNAQ mutation. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2 GNAQ activates FAK in UM cancer cells. (A) Western blot analysis of time-dependent pY phosphorylation 
in HEK293 DREADD/Gaq cells treated with Clozapine N-oxide (CNO). (B) Western blot analysis of time-dependent 
FAK Y397 phosphorylation in HEK293 DREADD/Gaq cells treated with CNO. (C) Anti-pY immunoprecipitates from 
HEK293 DREADD/Gaq cells treated with CNO for the indicated times and then analyzed for FAK protein expression 
(D) Western blot analysis of FAK Y397 phosphorylation in OMM1.3 UM cells transfected with siRNA Control and 
siRNA Gaq. α-tubulin serves as a loading control.  
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So far, it is not clearly understood which of the multiple Gaq-initiated pathways regulates and activates FAK 

and how the interplay between FAK and GNAQ-mediated signaling contibutes to the transduction of 

proliferative prompts. For instance, the activation of PKC is one of the best-known downstream target 

activated by Gaq [133]. Using a PKC inhibitor (PKCi), we observed that the phosphorylation of FAK by Gaq 

was still evident in both HEK293 DREADD/Gq cells and in OMM1.3 UM cells (Fig. 3.2E-F), suggesting 

that the activation of FAK may occur in a PKC- independent manner. Recently, a genome wide dsRNA 

screen in drosophila cells has revealed that Trio, which is a guanine nucleotide exchange factor, may be 

involved in the transduction of many signals mediated by Gaq through the activation of Rho-GTPases and 

their associated signaling circuitries [134]. These findings prompted us to investigate whether Trio and its 

regulated GTPase, like RhoA and Rac1, may partecipate to FAK phosphorylation mediated by Gaq signaling 

pathway. As evaluated by western blot assays, we observed that the knock down of RhoA and Trio 

prevented FAK activation in HEK293 DREADD/Gq cells upon stimulation with CNO, while the knock 

down of RAC1 did not affect the activation of FAK (Fig. 3.2G-I). Also, the silencing of RhoA prevented the 

phosphoryation of FAK in OMM1.3 UM cells (Fig. 3.2J). Taken together, these results suggest that Gaq 

signals through Trio and RhoA leading to the phosphorylation of FAK without the PKC involvement.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.2 GNAQ activates FAK in uveal melanoma cancer cells. (E) FAK Y397 phosphorylation and p42/44 ERK in 
HEK293 DREADD/Gaq cells treated with a specific PKC inhibitor (PKCi) and then stimulated with CNO. (F) FAK 
Y397 phosphorylation and p42/44 ERK in OMM1.3 cells treated with a PKCi for the indicated times. (G) FAK Y397 
phosphorylation in HEK293 DREADD/Gaq cells transfected with siRNA Rho-A and stimulated with CNO. α-tubulin 
serves as a loading control. (H) FAK Y397 phosphorylation in HEK293 DREADD/Gaq cells transfected with siRNA 
RAC and stimulated with CNO. α-tubulin serves as a loading control. (I) FAK Y397 phosphorylation in HEK293 
DREADD/Gaq cells transfected with siRNA TRIO and treated with CNO. α-tubulin serves as a loading control. (J) 
FAK Y397 phosphorylation in OMM1.3 cells  transfected with siRNA Rho-A. α-tubulin serves as a loading control. 
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Several studies have demonstrated that FAK is linked to focal adhesion formation and turnover through the 

binding to guanine nucleotide exchange factor (GEF) and then the dynamic rearrangement of the actin 

cytoskeleton [59-60, 70, 82]. In order to provide novel evidence on the role of activated FAK in stress fiber 

polymerization and contraction, we used the ROCK inhibitor Y-27632 and the selective myosin II inhibitor 

namely blebbistatin. Both compounds, decreased FAK phoshorylation in HEK293 DREADD/Gq and in 

OMM1.3 uveal melanoma cells (Fig. 3.2K-N). Next, the focal adhesion formation observed upon CNO 

stimulation in HEK293 DREADD/Gq cells was repressed inhibiting ROCK and in the presence of 

blebbistatin (Fig. 3.2O). Collectively, these findings demonstrated the importance of RhoA-ROCK-

dependent assembly of focal adhesion complexes through the activation of GNAQ signaling pathway. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.2 GNAQ activates FAK in uveal melanoma cancer cells. (K) Y397 phosphorylation in HEK293 
DREADD/Gaq cells treated with ROCK inhibitor Y-27632 and then stimulated with CNO. (L) FAK Y397 
phosphorylation in OMM1.3 UM cells treated with Y-27632 for the indicated times. (M) FAK Y397 phosphorylation 
in HEK293 DREADD/Gaq cells treated with blebbistatin and then stimulated CNO. (N) FAK Y397 phosphorylation in 
OMM1.3 UM cells treated with blebbistatin for the indicated times. (O) Immunofluorescence assay for FAK Y397 in 
HEK293 DREADD/Gaq cells treated with Y-27632 or Blebbistatin and CNO. FAK Y397 (green), Hoechst stains 
nuclear DNA (blue) and paxillin stains F-actin (red). 
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3.3 FAK mediates the proliferation of uveal melanoma cells through the 
PI3K/AKT/mTOR signaling pathway 
Recent evidences have demonstrated the involvement of FAK in tumorigenesis by promoting sustained 

proliferative and survival signals [107]. Given its apparent role in cancer progression, small molecule FAK 

inhibitors are emerging as promising chemotherapeutic agents [98-100, 103-104], suggesting that FAK 

inhibition could be an appropriate approach to targeted cancer treatment. In order to investigate the 

significance of FAK activation in the biology of UM, we transfected OMM1.3 and MEL270 UM cells with 

siRNA targeting FAK (siRNA PTK2). FAK silencing led to reduced AKT and S6 phosphorylation in both 

UM cell lines, without altering ERK activation (Fig. 3.3A-B). Furthermore, FAK knock down lowered the 

proliferation of UM cells (Fig. 3C). These results may suggest that FAK activation by Gaq triggers the 

PI3K/AKT/mTOR signaling pathway toward the growth of UM cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Fig. 3.3 FAK mediates the proliferation of uveal melanoma cells through the PI3K/AKT/mTOR signaling 
pathway. (A) FAK Y397, AKT S473, pS6, p42/44 ERK phosphorylation in OMM1.3 cells transfected with siRNA 
FAK. α-tubulin serves as a loading control. (B) FAK Y397, AKT S473, pS6, p42/44 ERK phosphorylation in MEL270 
cells transfected with siRNA FAK. α-tubulin serves as a loading control. (C) Alamar Blue assay performed in OMM1.3 
cells transfected with siRNAs FAK or Gaq. 
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Two ATP-competitive FAK kinase inhibitors, namely VS-4718 (PND-1186) and PF-562271 (Fig. 3.3D) are 

under clinical evaluation for their antitumor activity [98-99]. Therefore, we asked whether these inhibitors 

may exert inhibitory effects on the proliferation of UM cells. Interestingly, both compounds reduced AKT 

and S6 phosphorylation without altering ERK activation in both OMM1.3 and MEL270 cells (Fig. 3.3E-F). 

Moreover, both compounds decreased the proliferation of UM cells  with an IC50 around 1µM (Fig. 3.3G). 

VS-4718 treatment led also to a reduced number of colonies in OMM1.3 cells cultured in 3D matrix (Fig. 

3.3H). Overall, these results may provide novel insights into FAK inhibition by VS-4718 and PF-562271 

toward further therapeutic approach in patients with UM.   

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3 FAK mediates the proliferation of uveal melanoma cells through the PI3K/AKT/mTOR signaling 
pathway. (D) Chemical structure of the FAK inhibitors VS-4718 and PF-562271. (E) FAK Y397, AKT S473, pS6 and 
p42/44 ERK phosphorylation in OMM1.3 cells treated with 1µM VS-4718 and µM PF-562271 for the indicated times. 
(F) FAK Y397, AKT S473, pS6 and p42/44 ERK phosphorylation in MEL270 cells treated with VS-4718 and PF-
562271 for the indicated times. (G) Alamar Blue assay performed in OMM1.3 and MEL270 cells after 3 days of 
treatment with increasing concentrations of VS-4718 and PF-562271. (H) OMM1.3 cells were embedded in 0.1% 
methylcellulose, vehicle (DMSO) or 1µM VS-4718 were added and after 10 days the colonies were imaged by phase 
contrast microscopy. 
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3.4 Targeting FAK in vivo   

Previous studies in human xenograft or syngeneic mouse tumor models have associated some FAK small-

molecules inhibitors oral administration with the inhibition of breast, liver, prostate, pancreatic, and 

squamous cell carcinoma tumor growth with a dose-range from 5 to 50 mg/kg and twice-daily administration 

(BID) has shown greatest efficacy [99-101]. As part of a translational effort, we first investigated the 

potential therapeutic benefit of targeting FAK in UM in vivo by using the specific inhibitor VS-4718 (PND-

1186) that is under advanced clinical evaluation. We used as xenograft models female non-obese 

diabetic/severe combined immunodeficiency (NOD-SCID) gamma (NSG) mice. We inoculated in their flank 

UM cells and allowed to grow until they reach a volume of 200 mm3, at which time they were randomized 

into the corresponding treatment and control arms. We treated the mice twice daily with VS-4718 (100 

mg/kg via oral gavage) and finally we assessed the tumor volume thrice weekly by Vernier caliper, as we 

described previously [134-135]. At different experimental days, mice were euthanized and we found that VS-

4718 treated mice showed significantly smaller primary tumors (or reduced tumor volume) than vehicle-

treated control mice (Fig. 3.4A-D). Taken together, our results show that VS-4718 inhibits the growth of UM 

cells in vivo. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4 Targeting FAK in vivo: (A-B) MEL270 UM cell were injected into both flanks of NOD-SCID mice. Animals 
were treated with either vehicle or VS-4718 as indicated by oral gavage twice daily for 3 weeks. Tumor size were 
misured at the indicated time points. Tumor volumes were calculated and blotted. *** denotes a statistically significant 
difference (p<0.01) comparing with vehicle-treated group. (C-D) Tumor weighs from different groups at the end of 
experiments ( mean ± SEM, n=8; n= number of tumors analyzed), and hematoxylin and eosin (H&E)-stained sections 
of representative tumors from each group are shown.  
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Next, we used the new CRISPR/Cas9 genome editing technique [136] (Fig. 3.4E), to induce the loss of FAK 

expression both in OMM1.3 and MEL270 UM cells. Firstly, we investigated the system by infecting in vitro 

UM cells with a lentivector (gRNA CRISPR/Cas9 All-in-One Lentivector) containing inside a sequence 

targeting directly a specific exon nucleotide region located on PTK2 gene locus. After 1 week of cell 

puromycin-selection, we collected the samples and we found that the genome editing induced the KO of 

FAK with an high efficiency both in MEL270 and OMM1.3 UM cells (Fig. 3.4F). Also, we explored the 

system to target directly FAK in vivo. We inoculated in the flanks of female non-obese diabetic/severe 

combined immunodeficiency (NOD-SCID) gamma (NSG) mice both MEL270/FAK WT UM cells as control 

group and MEL270/FAK KO UM cells that we previous generated. We obtained evidence that MEL270 

FAK-KO using CRISPR/Cas9 reduced tumor formation compared to MEL270 FAK-WT mice models 

displaying a remarkable anti-tumor activity (Fig. 3.4G-H). Collectively, our findings confirm and extend our 

previous observations, providing further support to the notion that FAK could be a promising therapeutic 

target in UM and other GNAQ-driven malignancies and pathological conditions. 

  
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4 Targeting FAK in vivo: (E) DSB repair promotes gene editing. DSBs induced by Cas9 (yellow) can be 
repaired in one of two ways. In the error-prone NHEJ pathway, the ends of a DSB are processed by endogenous DNA 
repair machinery and rejoined, which can result in random indel mutations at the site of junction. Indel mutations 
occurring within the coding region of a gene can result in frameshifts and the creation of a premature stop codon, 
resulting in gene knockout. Alternatively, a repair template in the form of a plasmid or ssODN can be supplied to 
leverage the HDR pathway, which allows high fidelity and precise editing. (F) Western blot analysis of FAK 
CRISPR/Cas9-edited in MEL270 and OMM1.3 UM; GAPDH serves as loading control. (G-H) UM tumors (MEL270) 
formation in vivo in cells expressing control sgRNA and FAK KO (sgRNA-FAK). Tumor size at the end of the study 
was measured (mean ± SEM, n=4), hematoxylin and eosin (H&E)-stained sections of representative tumors from each 
group are shown (middle panel). 
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Chapter 4 

Discussion 
Numerous melanomas show oncogenic mutations in signaling components of the MAP kinase pathway, in 

particular BRAF and NRAS [137], nevertheless a subset of melanocytic neoplasms does not show these 

mutations [138]. UM, which arises from melanocytes within the choroidal plexus of the eye, exhibits  

biologically distinct characteristics from CM including peculiar liver metastasis [30]. In this respect, in the 

majority of UMs and in a subset of melanomas arising in the skin [31] have been assessed mutations in the 

Gα subunits named GNAQ and GNA11 as genetic initiating events. On the basis of these findings, we have 

ascertained that FAK represents a key driver of GNAQ-induced tumorigenesis both in UM cells harboring 

activating GNAQ/GNA11 mutations and in xenograft models. Furthermore, we have provided evidence that 

FAK activation may play a role in the functional network between the Gαq transduction pathway and the 

tyrosine phosphorylation signaling involved in the UM development. Overall, our novel data may suggest 

that the inhibition of FAK does represent a suitable pharmacological treatment in UM and other tumors 

harboring GNAQ/GNA11 mutations.  

FAK is a non-receptor protein tyrosine kinase identified as a critical signaling molecule leading to cell 

adhesion, invasion, angiogenesis and metastasis through a cooperation with src, integrin and growth factor 

receptor-mediated transduction pathways [70]. In addition, increased FAK expression and activity have been 

associated with the progression of various malignancies and a poor prognosis [53]. Few studies have 

addressed the role of G-proteins in the regulation of FAK activity. GPCRs may induce FAK activation 

through both Rho-dependent and Rho–independent mechanisms, hence triggering subsequent signaling 

cascades involved in relevant biological responses [139-140]. In addition, previous investigations have 

determined that the growth promoting pathways activated by GPCRs might involve the tyrosine 

phosphorylation of substrates for oncogene-encoded tyrosine kinases [132].  

In the present study, we first performed a computational screening pipeline comparing the TCGA UM 

dataset (n=80) with skin melanomas samples that do not harbor GNAQ genomic alterations (n=209), in order 

to identify genes that are predicted to reduce cell viability when targeted in GNAQ-expressing tumors. 

Interestingly, we found that PTK2 is the top predicted gene among the major 5 drug targets genes. 

Accordingly, a further bio-informatic analysis of UM genetic alterations (www.cbioportal.com), evidenced 

that PTK2 is over-expressed in more than 50% of all UM lesions. Remarkably, patients with high PTK2 

expression showed poor survival rates. Next, to dissect the mechanisms involved in FAK activation by Gαq, 

we used as experimental model a cell line named Designer Receptor Exclusively Activated by Designer 

Drugs (DREADD), which expresses an ectopic GPCR activated solely by the synthetic ligand clozapine-N-

oxide (CNO) [129]. We found that CNO induces FAK phosphorylation in a time-dependent manner through 

a guanine-nucleotide exchange factor namely Trio as well as through the Trio-dependent-Rho GTPase, Rho-
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A. These events lead, in turn, to increased stress fiber polymerization and contraction as evaluated by knock 

down experiments and using specific pharmacological inhibitors.  

As FAK exerts a significant role in the survival and proliferation of cancer cells [139], initial efforts were 

made to inhibit its activity transfecting cells with a dominant negative C-terminal plasmid named FAK-CD 

and silencing FAK expression by FAK siRNA [80]. In this regard, mammary gland-specific deletion of FAK 

in mice expressing the polyoma middle T (PyMT) oncogene under control of the MMTV promoter resulted 

in delayed mammary tumor formation and reduced tumor incidence [77]. Likewise, the deletion of FAK 

from MMTV-PyMT-transformed mammary epithelial cells in vitro led to a decreased proliferation and 

invasion and an enhanced sensitivity to anoikis [77]. In the current study, we have demonstrated that FAK 

knock down by FAK siRNA reduces the proliferation of UM cells as observed silencing GNAQ expression. 

Of note, FAK inhibition potently lowered the PI3K/AKT/mTOR survival pathway, as determined evaluating 

the phosphorylation of the downstream targets pAKT and pS6, either in OMM1.3 UM primary cells or 

MEL270 UM cells derived from metastatic lesions. Overall, these results indicate the partial  knowledge  of 

Gαq-FAK signaling, including the targets and the compensatory changes of the intracellular transduction 

network.  

Considering that FAK activation plays an important role in tumor progression, several FAK inhibitors 

(FAKi) have been generated [104]. Accordingly, certain FAK inhibitors have shown the ability to prevent 

the growth of xenograft tumors [98] as well as the metastasis of diverse tumors [106]. In our study, two 

different FAKi have been used in order to target UM cells: the FAKi namely PF-562271 and a new 

generation orally-bioavailable FAKi known as VS-4718. Both agents were able to elicit anti-tumor activity 

in ovarian cancer models, which is characterized by a high frequency of FAK amplification and 

overexpression [99]. Both compounds reduced UM cell growth in vitro and VS-4718 was able to inhibit UM 

tumor formation in vivo. To further validate the clinical benefit targeting FAK in UM in vivo, the silencing of 

FAK through the novel genetic approach namely CRISPR/Cas9 nearly abolished tumor formation in our 

xenograft models. Collectively, our findings suggest that  FAK may represent a suitable therapeutic target for 

the treatment of uveal melanoma and other malignancies that originate from function mutations in 

the GNAQ and GNA11 oncogenes. 

 

Future direction targeting FAK   

Although FAK was first identified over twenty years ago, studies on this multifunctional kinase and scaffold 

still continue apace providing significant surprises. Major progresses have been achieved during the past few 

years targeting FAK and the first Phase I trial has been promising. Nevertheless,  many questions remain 

open as the mechanisms involved in FAK up-regulation in the early cancer stages. In this respect, it could be 

exciting to evaluate the cross-signaling between FAK, WNT, Sonic Hedgehog, Gli and Notch toward further 

transcription factors and markers involved in the regulation of FAK expression. In addition, as FAK inhibits 

cancer stem cells through kinase-dependent and independent functions, the dissection of the mechanisms 
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involved is very important toward the design of future therapies. Likewise, the regimen of FAK inhibitors 

used alone or in combination treatments, pharmacodynamics and toxicology studies would be important to 

set in order to propose suitable clinical trials. Targeting FAK scaffold together with FAK enzymatic 

inhibitors and dissecting their functions may also represent a future translational perspective.  

In conclusion, the past twenty years of FAK research answered many questions regarding FAK binding 

partners, the structure of its major domains and the mechanisms of survival signaling, although remains 

unsolved further questions about FAK biology that should be answered in the next future. 
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Nel corso del Dottorato, l’attività di ricerca ha riguardato inizialmente i meccanismi 

molecolari coinvolti dal rame nella stimolazione dell’angiogenesi in cellule tumorali. 

Gli esperimenti condotti e i risultati ottenuti hanno dimostrato che il rame (CuSO4), 

attraverso la generazione di radicali liberi ed il coinvolgimento del pathway 

trasduzionale EGFR/ERK/MAPK, è in grado di indurre l’up-regolazione dei livelli di 

mRNA e proteici del fattore trascrizionale indotto dall’ipossia HIF-1α, del fattore di 

crescita dell’endotelio vascolare VEGF e del recettore di membrana responsivo agli 

estrogeni GPER, sia in cellule tumorali mammarie SkBr3 che epatiche HepG2. In tale 

contesto, utilizzando specifici silenziatori è stato inoltre osservato il coinvolgimento 

di HIF-1α e GPER nell’up-regolazione di VEGF indotta dal rame. E’ stato infine 

valutato il ruolo del cross-talk funzionale tra HIF-1α, VEGF e GPER nelle risposte 

biologiche mediate dal rame, utilizzando come modello sperimentale cellule 

HUVECs (Human Umbilical Vein Endothelial Cells), nelle quali il metallo ha indotto 

la formazione di un intricato network di strutture tubulari simil-vascolari e la 

migrazione cellulare.  
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L’ attività di  ricerca ha inoltre riguardato la caratterizzazione dei pathway 

trasduzionali coinvolti negli effetti mediati dall’aldosterone in cellule tumorali 

mammarie. Attraverso saggi di co-immunoprecipitazione ed immunofluorescenza è 

stato dimostrata l’esistenza di un’interazione diretta tra il recettore dell’aldosterone 

MR e GPER, il quale è stato coinvolto nella regolazione dello scambiatore Na+/H+  

denominato NHE-1 la cui attività è regolata dal complesso aldosterone/MR. Gli studi 

condotti hanno infine specificato il ruolo di MR e GPER in alcuni effetti biologici 

mediati dall’aldosterone, utilizzando come modello sperimentale cellule endoteliali 

derivate da tumore mammario denominate B-TEC. In tale contesto cellulare, il 

silenziamento dell’espressione di GPER e di MR ha infatti inibito la capacità 

dell’aldosterone di indurre la proliferazione e la migrazione cellulare.  

Nel corso del dottorato, è stato inoltre svolto uno stage di un anno (Gennaio 2016-

Dicembre 2016) a San Diego presso il Laboratorio diretto dal Prof. J. Silvio Gutkind 

– John & Rebecca Moores Cancer Center, dell’Università della  California (USA). 

Durante tale stage, l’attività di ricerca ha riguardato il ruolo esercitato da una proteina 

citoplasmatica ad attività tirosin-chinasica associata ai recettori per le integrine, 

denominata FAK (focal adhesion kinase), nella progressione del Melanoma Uveale. 

A riguardo, si precisa che tale tumore è caratterizzato dalla presenza di mutazioni 

somatiche attivanti a carico degli oncogeni GNAQ e GNA11, che codificano per due 

diverse subunità α delle proteine G. Attraverso analisi bioinformatica lo studio ha 

inizialmente determinato che il gene codificante per FAK (PTK2) è over-espresso nel 

56% dei casi di Melanoma Uveale. Sulla base di tale osservazione, sono stati 

successivamente valutati i meccanismi mediati da GNAQ nell’attivazione di FAK, 

utilizzando come modelli sperimentali cellule di Melanoma Uveale OMM1.3 

(GNAQ/11 mutate) e cellule denominate HEK293 DREADD/Gq che sono state 

ingegnerizzate per l’espressione di un recettore di membrana accoppiato a proteine-G 

(Gαq) attivato da ligandi sintetici. I saggi biologici effettuati hanno dimostrato 

l’attività antitumorale di specifici inibitori di FAK, come osservato negli esperimenti 
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realizzati in cellule di Melanoma Uveale derivanti sia da lesioni primarie che da 

metastasi epatiche. Infine, attraverso l’innovativo approccio genetico CRISPR/Cas9, 

il silenziamento dell’espressione di FAK ha ridotto significativamente la crescita del 

melanoma uveale anche in saggi condotti in vivo. 
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Abstract 

The cytochrome P450 1B1 (CYP1B1) is a heme-thiolate monooxygenase involved in both estrogen 

biosynthesis and metabolism. For instance, CYP1B1 catalyzes the hydroxylation of E2 leading to 

the production of 4-hydroxyestradiol that may act as a potent carcinogenic agent. In addition, 

CYP1B1 is overexpressed in different tumors including breast cancer. In this scenario, it is worth 

mentioning that CYP1B1 expression is triggered by estrogens through the estrogen receptor (ER)α 

in breast cancer cells. In the present study, we evaluated whether the G protein estrogen receptor 

namely GPER may provide an alternate route toward the expression and function of CYP1B1 in 

ER-negative breast cancer cells, in main players of the tumor microenvironment as cancer 

associated fibroblasts (CAFs) that were obtained from breast cancer patients, in CAFs derived from 

a cutaneous metastasis of an invasive mammary ductal carcinoma and in breast tumor xenografts. 

Our results show that GPER along with the EGFR/ERK/c-Fos transduction pathway can lead to 

CYP1B1 regulation through the involvement of a half-ERE sequence located within the CYP1B1 

promoter region. As a biological counterpart, we found that both GPER and CYP1B1 mediate 

growth effects in vitro and in vivo. Altogether, our data suggest that estrogens in ER-negative cell 

contexts may engage the alternate GPER signaling toward CYP1B1 regulation. Estrogen-CYP1B1 

landscape via GPER should be taken into account in setting novel pharmacological approaches 

targeting breast cancer development. 

Keywords: Breast cancer; Cancer-associated fibroblasts; CYP1B1; Estrogen; GPER. 
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Introduction 

Breast cancer is the most frequently diagnosed malignancy and the leading cause of cancer death in 

women worldwide [1]. A prolonged exposure to estrogens has been considered an important factor 

driving the initiation and progression of diverse hormone-dependent malignancies, including breast 

tumor [2]. The multifaceted biological effects triggered by estrogens are mainly mediated by the 

estrogen receptor (ER)α and ERβ, which acting as ligand-activated transcription factors stimulate 

cell survival, proliferation and migration [3]. The G protein estrogen receptor, GPER (also known 

as GPR30), has been recently shown to mediate estrogen action in both normal and malignant cells 

as well as in main components of the tumor stroma namely cancer-associated fibroblasts (CAFs) [4-

5]. In this regard, it has been demonstrated that estrogenic GPER signaling triggers a network of 

transduction pathways including the transactivation of the epidermal growth factor receptor 

(EGFR), an increase of intracellular cyclic AMP (cAMP), calcium mobilization, the activation of 

mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase/protein kinase B 

(PI3K/Akt) cascades [6]. These rapid GPER-mediated responses then lead to gene expression 

changes, cancer cell proliferation and migration [4]. Accordingly, GPER expression has been 

negatively correlated with relapse free survival and positively associated with tamoxifen resistance 

in patients with breast tumor [7-8].  

Previous studies have indicated that certain metabolites of 17β-estradiol (E2) may influence the 

development of breast malignancy, therefore great attention has been addressed to a better  

understanding of the mechanisms involved in estrogen biosynthesis and metabolism as well as in 

the biological effects of estrogen metabolites [9-10]. For instance, it has been reported that diverse 

cytochrome P450 enzymes (CYP) contribute to key processes leading to the metabolism of E2 [11]. 

CYP1B1 (cytochrome P450, family 1, subfamily B, polypeptide 1), which is a heme-thiolate 

monooxygenase mainly expressed in endocrine-regulated tissues like breast, uterus and ovary, has 

been indicated as a primary enzyme involved in estrogen metabolism [12]. In addition, CYP1B1 has 
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been suggested to play an essential role in the development of various hormone-dependent tumors, 

including breast cancer, through the bio-transformation of endogenous estrogens and environmental 

carcinogens [9,13-16]. In this context, CYP1B1 is responsible for the metabolism of E2 into 4-

hydroxyestradiol (4OHE2) that forms DNA adducts and generates free radicals leading to DNA 

damage and tumorigenesis in different tissues like breast [2,17-18]. Several compounds as dioxin, 

benzo(a) pyrene (BaP) and polycyclic aromatic hydrocarbons (PAHs) stimulate the transcription of 

CYP1B1 [19-20] as wells as its metabolic activity [2]. It is worth nothing that estrogens generate a 

feed-forward loop triggering the transcription of CYP1B1, which in turn is primarily involved in the 

metabolic conversion of these steroids [19,21-22]. For instance, the transcription of CYP1B1 was 

induced in breast and endometrial cancer cells by E2 through the activation of ERα and its binding 

to an estrogen responsive element (ERE) located within the CYP1B1 promoter sequence [21]. 

These findings may underline the physiological relevance of CYP1B1 regulation by estrogens in the 

landscape of the estrogen homeostasis and action, in particular in hormone-sensitive tissues [2, 21-

22].  

In order to provide a more comprehensive scenario through which estrogens may trigger the 

transcription of CYP1B1 and its metabolic activity in a feed-forward manner, we have ascertained 

that estrogenic GPER signaling regulates CYP1B1 expression in ER-negative and GPER-positive 

breast cancer cells, CAFs obtained from breast cancer patients and CAFs derived from a cutaneous 

metastasis of an invasive mammary ductal carcinoma (met-CAFs). In addition, we have determined 

that ligand-activated GPER and CYP1B1 contribute to the proliferative responses observed in the 

aforementioned cells and also in breast tumor xenografts. Thus, GPER may be included among the 

transduction mediators through which estrogens generate a feed-forward loop driving CYP1B1 

expression and its metabolic action toward breast cancer development. 
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Results 

E2 and G-1 induce CYP1B1 expression through GPER-mediated signaling. Previous studies 

ascertained that estrogens up-regulate CYP1B1 levels through ERα in diverse cancer cells [22], 

therefore we asked whether estrogens may trigger CYP1B1 expression through GPER in an ER-

independent manner. Of note, E2 and the selective GPER agonist G-1 induced CYP1B1 mRNA 

(Fig. 1 A-B) and protein levels (Supplementary Figure S1) in cell contexts lacking ER but 

expressing GPER as SkBr3 breast cancer cells, CAFs and met-CAFs. Next, the silencing of GPER 

expression abrogated the CYP1B1 protein induction by E2 and G-1 in SkBr3 cells (Fig. 1 C-D), 

CAFs (Fig. 1 G-H) and met-CAFs (Fig. 1 K-L). In addition, we found that the EGFR inhibitor 

AG1478 (AG) and the MEK inhibitor PD98059 (PD) abrogate the increased expression of CYP1B1 

upon E2 and G-1 treatments in SkBr3 cells (Fig. 1 E-F), CAFs (Fig. 1 I-J) and met-CAFs (Fig. 1 M-

N). Taken together, these findings suggest that the GPER/EGFR/ERK transduction pathway is 

involved in CYP1B1 expression upon exposure to E2 and G-1 in our model systems. 

A half-ERE site is required for CYP1B1 transcription by E2 and G-1. In order to provide novel 

insights into the transcriptional activation of CYP1B1 by E2 and G-1, we first ascertained that E2 

and G-1 stimulate the luciferase activity of diverse CYP1B1 promoter deletion constructs in SkBr3 

cells (Fig. 2 A), CAFs and met-CAFs (data not shown). Among other sequences, we focused on a 

half-ERE site [23-24] located from -120 to -110 respect to the transcription initiation site (TIS) of 

the CYP1B1 promoter (Fig. 2 B). By site-directed mutagenesis, we generated (see material and 

methods) two further deleted CYP1B1 promoter constructs containing (Fig. 2 C) or lacking (Fig. 2 

D) the half-ERE site. Worthy, E2 and G-1 stimulated the luciferase activity only transfecting in 

SkBr3 cells (Fig. 2 E), CAFs (Fig. 2 F) and met-CAFs (Fig. 2 G) the plasmid containing the half-

ERE site, hence suggesting that this site is involved in CYP1B1 transcription upon treatment with 

ligands used (see below). Thereafter, the luciferase activity of representative CYP1B1 promoter 

constructs induced by E2 and G-1 was no longer evident silencing GPER expression or in the 
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presence of the EGFR inhibitor AG1478 (AG) and the MEK inhibitor PD 98059 (PD) in SkBr3 

cells (Supplementary Figure S2), both CAFs and met-CAFs (data not shown), in accordance with 

the results shown in figure 1. Collectively, these results indicate that E2 and G-1 regulate CYP1B1 

transcription through the GPER/EGFR/ERK transduction pathway. 

c-Fos is involved in CYP1B1 expression by E2 and G-1. In order to further assess the 

transduction mechanisms leading to the CYP1B1 expression, we ascertained that E2 and G-1 trigger 

c-Fos expression at both mRNA and protein levels in SkBr3 cells (Supplementary Figure S3 A-C), 

CAFs (Supplementary Figure S3 D-F) and met-CAFs (Supplementary Figure S3 G-I), according to 

our previous studies [25]. Considering that a half-ERE sequence may differ in only one nucleotide 

from a canonical AP1 binding site [23-24], we then established that E2 and G-1 trigger the 

recruitment of c-Fos to the half-ERE site located within the CYP1B1 promoter in SkBr3 cells (Fig. 

3 A), CAFs and met-CAFs (data not shown), however this response was no longer evident 

transfecting the DN/c-Fos construct in SkBr3 cells (Fig. 3 B), CAFs and met-CAFs (data not 

shown). Further supporting these findings, the up-regulation of CYP1B1 protein levels and the 

transactivation of a representative CYP1B1 construct induced by E2 and G-1 was prevented 

transfecting SkBr3 cells, CAFs and met-CAFs with the DN/c-Fos (Fig. 3 C-H). Taken together, 

these data indicate that c-Fos is involved in the regulation of CYP1B1 by E2 and G-1. 

CYP1B1 activity is stimulated by E2 and G-1. Previous investigations have suggested that an 

increased expression of CYP1B1 leads to its enhanced enzymatic activity in cancer cells [14, 26-

27]. Therefore, we assessed that a treatment for 18 h with E2 and G-1 stimulate CYP1B1 activity in 

SkBr3 cells (Fig. 3 I), CAFs (Fig. 3 J) and met-CAFs (Fig. 3 K), as evaluated by EROD assay. 

Accordingly, we found that the selective CYP1B1 inhibitor named TMS abolishes the CYP1B1 

enzymatic activity induced by E2 and G-1 (Fig. 3 I-K), thus suggesting its usefulness toward the 

evaluation of CYP1B1 involvement in certain biological responses (see below).   
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GPER and CYP1B1 are involved in the up-regulation of growth regulatory genes by E2 and 

G-1. Estrogenic GPER signaling has been shown to trigger relevant effects in cancer cells as well as 

in CAFs through the induction of growth regulators like cyclins [28-30]. Accordingly, we found 

that E2 and G-1 stimulate the expression of cyclin D1, cyclin E and cyclin A at both mRNA and 

protein levels in SkBr3 cells, CAFs and met-CAFs, however these responses were abrogated using 

the GPER antagonist G15 as well as in the presence of the CYP1B1 inhibitor TMS (Fig. 4). Nicely 

fitting with these findings, the proliferative effects elicited by E2 and G-1 in SkBr3 cells, CAFs and 

met-CAFs were prevented silencing GPER or CYP1B1 as well as in the presence of the GPER and 

CYP1B1 inhibitors, G15 and TMS, respectively (Fig. 5). Taken together, these results suggest that 

both GPER and CYP1B1 contribute to the growth responses prompted by E2 and G-1 in our model 

systems.  

GPER and CYP1B1 are involved in the growth effects triggered by E2 and G-1 in breast 

cancer xenografts. In order to strengthen the aforementioned observations we turned to the high 

metastatic and invasive MDA-MB-231 breast cancer cells [31] that were used both in vitro and in 

vivo studies. First, we determined that E2 and G-1 induce CYP1B1 expression at both mRNA (Fig. 

6 A) and protein levels though GPER (Fig. 6 B-E) also in these cells. Corroborating the results 

obtained in SkBr3 cells, CAFs and met-CAFs, we thereafter ascertained that E2 and G-1 stimulate 

the luciferase activity of diverse CYP1B1 promoter constructs (Fig. 6 F) except for the half-ERE 

deleted plasmid (Fig. 6 G). Likewise, we found that E2 and G-1 up-regulate the expression of cyclin 

D1, cyclin E and cyclin A in MDA-MB-231 cells, however these responses were no longer evident 

silencing GPER (Fig. 6 H-I) or using the GPER antagonist G15 (Fig. 6 J) and the CYP1B1 inhibitor 

TMS (Fig. 6 K). Recapitulating the abovementioned findings, E2 and G-1 promoted the 

proliferation of MDA-MB-231 cells through GPER and CYP1B1, as ascertained silencing their 

expression (Fig. 6 L-N) and using G15 or TMS (Fig. 6 O). Then, in order to evaluate the role of 

CYP1B1 on tumor growth in vivo, 45-day-old female nude mice were injected with MDA-MB-231 
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cells into the mammary fat pad region and treated with vehicle, G-1 and TMS alone or in 

combination. These treatments were well tolerated as no change in body weight and in food or 

water consumption were observed together with no evidence of reduced motor function. Among the 

different groups of mice, no significant difference was assessed after the sacrifice in the mean 

weights or histologic features of the major organs (liver, lung, spleen and kidney), thus indicating a 

lack of toxic effects. Of note, TMS treatment prevented the tumor growth induced by G-1 (Fig. 7 A-

B) and the up-regulation of cyclin protein levels in tumor homogenates (Fig. 7 C). In addition, an 

increased expression of the proliferative marker Ki67, together with that of cyclin D1, cyclin E and 

cyclin A was found in tumor tissue sections obtained from G-1 treated mice with respect to those 

treated with vehicle (Fig. 7 D). Worthy, these effects were prevented in the group of animals 

receiving G-1 in combination with TMS (Fig. 7 D). Overall, these data suggest that GPER and 

CYP1B1 are involved in the stimulatory effects exerted by E2 and G-1 in MDA-MB-231 breast 

cancer cells both in vitro and in vivo.  



9 

 

Discussion  

In the present study we have ascertained that estrogens through the alternate route, namely GPER, 

regulate CYP1B1 expression and function in diverse ER-negative breast cancer cells, CAFs 

obtained from breast cancer patients, CAFs derived from a cutaneous metastasis of an invasive 

mammary ductal carcinoma and in MDA-MB-231 that were used both in vitro and in vivo. In 

particular, we have demonstrated that estrogenic GPER signaling stimulate CYP1B1 expression 

through the activation of the GPER/EGFR/ERK transduction pathway and the recruitment of c-Fos 

to the half-ERE site located within the CYP1B1 promoter sequence. We have also disclosed that 

CYP1B1 is involved in the growth effects elicited by GPER ligands, as demonstrated silencing both 

GPER and CYP1B1 or using their inhibitors named G15 and TMS, respectively. In accordance with 

these findings, TMS abrogated the increase of the proliferative index Ki67 and the expression of 

diverse cyclins upon exposure to the selective GPER ligand G-1, as assessed in tumor homogenates 

and tissue sections. Overall, these findings provide novel evidence regarding the role of GPER on 

the estrogen-CYP1B1 landscape toward breast tumor progression, as recapitulated in figure 8.  

Estrogens are involved in important physiological functions as the maintenance of the female 

reproductive system, however these steroids may also contribute to the development of breast 

malignancies [32]. Estrogen mainly act through the classical ER, nevertheless several studies have 

demonstrated that GPER can mediate the stimulatory effects of estrogens in both normal and 

malignant tissues, including breast cancer [4,28,33-34]. For instance, ligand-activated GPER 

triggers a network of transduction pathways such as EGFR, intracellular cyclic AMP, calcium 

mobilization, MAPK and PI3K, thus leading to the induction of genes involved in the proliferation, 

migration and invasion of cancer cells including breast tumor cells [33]. Likewise, a clinical 

correlation between GPER expression and increased tumor size, distant metastasis and recurrence 

has been found in human breast tumor specimens, suggesting that GPER levels may be predictive of 

aggressive breast malignancies [7,34]. Various studies have also revealed that certain GPER-
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mediated responses to estrogens target important components of the tumor microenvironment 

driving cancer progression as CAFs [5]. In particular, GPER has been involved in the transcription 

of genes toward the proliferation, migration and adhesion/spreading of CAFs derived from breast 

tumor patients [5]. Worthy, in the present study we have ascertained that GPER mediates the 

stimulatory action of estrogens not only in CAFs obtained from primary breast malignancies but 

also in CAFs derived from a cutaneous metastasis of an invasive mammary ductal carcinoma. In 

this regard, it is worthy mentioning that metastasis-associated CAFs may elicit stimulatory effects 

in metastatic cancer cells similar to those triggered by CAFs at primary tumor sites [35]. Indeed, it 

is now unquestioned that both tumor growth and the essential steps of the metastatic process are not 

only dependent on cancer cells, but rather involve a promiscuous interaction between tumor cells 

and components of the tumor microenvironment as CAFs [36]. Likewise, recent observations have 

indicated that cancer cells might carry CAFs during their migration to metastatic sites, in such way 

these co-traveling cells may facilitate tumor development in further tissues [37]. 

Several studies have suggested that estrogens play a role in the development of hormone-sensitive 

tumors via oxidative estrogen metabolism [19]. CYP1B1 is a major E2 hydroxylase involved in 

estrogen biosynthesis and metabolism, generation of DNA damaging pro-carcinogens and 

resistance to anti-hormone therapies [14]. For instance, CYP1B1 catalyzes the hydroxylation of E2 

leading to the formation of 4OHE2 [10], which may trigger the induction of estradiol-3,4-quinone, 

the strongest ultimate carcinogenic estrogen metabolite that, binding to the N-7 position of guanine, 

leads to the destabilization of the glycosidic bond and the subsequent DNA depurination and 

mutagenesis [2,20,22,38]. Considering that CYP1B1 expression has been reported increased in 

tumor tissues compared to the normal counterpart [16,39] and given that the levels of 4OHE2 have 

been found higher in hormone-sensitive tumors like breast cancer respect to normal tissues [20], 

this cytochrome has attracted increasing interest as potential target in further anticancer strategies, 

especially in the treatment of hormone-related tumors [40]. 
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The transcription of CYP1B1 is mainly regulated by the aryl hydrocarbon receptor (AhR) that acts 

as a ligand-activated transcription factor [41]. Xenobiotics like dioxin, halogenated aromatic 

hydrocarbons, BaP and PAHs, are AhR activators of CYP1B1 transcription [20,41]. In accordance 

with our findings, it has been recently reported that G-1 is also able to up-regulate the expression of 

both AhR and CYP1B1 in ER-positive MCF-7 breast cancer cells, although the molecular 

mechanisms involved remain to be elucidated [42]. Furthermore, CYP1B1 can be regulated by 

other transcription factors as AhR nuclear translocator (ARNT) complex (AhR/ARNT), Sp1, 

cAMP–response element binding protein (CREB) and ER [22]. In this context, it is worth noting 

that CYP1B1 may be induced by its own substrates [2]. For instance, E2-activated ERα triggered 

the transcription of CYP1B1 through an estrogen responsive element (ERE) located within the 

CYP1B1 promoter sequence in MCF-7 cells [21]. These findings may indicate that the regulation of 

CYP1B1 expression and activity by its own substrates like estrogens would be patho-

physiologically important for their metabolism and homeostasis in hormone-responsive tissues. In 

this scenario, our data provide novel insights into the current knowledge regarding the regulation of 

CYP1B1 by estrogens. Using as model systems ER-negative breast cancer cells, CAFs from a 

primary tumor, CAFs from a metastatic site and breast xenografts, we have determined that GPER 

may be an alternate route toward the regulation of CYP1B1 expression and function by estrogens in 

different biological targets. Worthy, the CYP1B1 inhibitor TMS prevented the stimulatory effects 

on tumor growth exerted by estrogenic GPER signaling both in vitro and in vivo, in accordance with 

previous studies that highlighted the ability of this agent to delay tumor progression in xenograft 

models [13]. TMS has been also proposed as a potential chemopreventive agent in hormone-

sensitive tumors as it prevented the formation of the carcinogenic estrogen metabolite 4OHE2, it 

induced apoptotic cell death selectively in cancer cells and it reduced tumor volume of tamoxifen-

resistant breast cancer xenografts [11,13,15,43-44]. Collectively, our findings suggest that GPER 
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may be included among the transduction mediators involved by estrogens in the regulation of 

CYP1B1 toward the development of breast cancer at both primary and metastatic sites. 
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Materials and Methods 

Reagents. 17β-Estradiol (E2), salicylamide (2-hydroxybenzamide), resorufin (7-hydroxy-3H-

phenoxazin-3-one) and resorufin ethyl ether (7-ethoxy-3H-phenoxazin-3-one) were purchased from 

Sigma-Aldrich (Milan, Italy). G-1 (1-[4-(-6-bromobenzol [1,3]diodo-5-yl)-3a,4,5,9b-

tetrahidro3H5cyclopenta[c]quinolin-8yl]-ethanone), G-15 (3aS,4R,9bR)-4-(6-bromo-1,3-

benzodioxol-5-yl)-3a,4,5,9b-3H-cyclopenta[c]quinolone and TMS 1-[2,(3,5-

Dimethoxyphenyl)ethenyl]-2,4-dimethoxybenzene were obtained from Tocris Bioscience (Space, 

Milan, Italy). Tyrphostin AG1478 (AG) and PD98059 (PD) were obtained from Calbiochem (DBA, 

Milan, Italy). All the aforementioned compounds were dissolved in dimethyl sulfoxide (DMSO), 

except for salicylamide that was dissolved in methanol. 

Ethics statement. All procedures conformed to the Helsinki Declaration for the research on 

humans. Signed informed consent was obtained from all patients and the experimental research has 

been performed with the ethical approval provided by the “Comitato Etico Regione Calabria, 

sezione area nord c/o azienda ospedaliera di Cosenza, Italy”.  

Cell cultures. SkBr3 and MDA-MB-231 breast cancer cells were obtained by ATCC (Manassas, 

VA, USA), used less than 6 months after resuscitation and routinely tested and authenticated 

according to the ATCC suggestions. SkBr3 cells were maintained in RPMI-1640 (Life 

Technologies, Milan, Italy) without phenol red, supplemented with 10% fetal bovine serum (FBS) 

and 100μg/ml penicillin/streptomycin (Life Technologies, Milan, Italy). MDA-MB231 cells were 

maintained in DMEM (Dulbecco’s modified Eagle’s medium) (Life Technologies, Milan, Italy) 

with phenol red, with a supplement of 5% FBS and 100 μg/ml of penicillin/streptomycin. CAFs 

obtained from breast malignancies and met-CAFs obtained from biopsy of cutaneous metastasis in a 

patient with a primary invasive mammary ductal carcinoma, who previously had undergone 

surgery, were characterized and maintained as we have previously described [28,45]. Briefly, 

specimens were cut into smaller pieces (1–2mm diameter), placed in digestion solution (400 IU 
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collagenase, 100 IU hyaluronidase, and 10% serum, containing antibiotic and antimycotic solution) 

and incubated overnight at 37 °C. The cells were then separated by differential centrifugation at 90× 

g for 2min. Supernatant containing fibroblasts was centrifuged at 485× g for 8min; the pellet 

obtained was suspended in fibroblasts growth medium (Medium 199 and Ham’s F12 mixed 1:1 and 

supplemented with 10% FBS) and cultured at 37°C in 5% CO2. Primary cells cultures of metastasis-

derived fibroblasts were characterized by immunofluorescence. Briefly, cells were incubated with 

human anti-vimentin (V9) and human anti-cytokeratin 14 (LL001), both from Santa Cruz 

Biotechnology (DBA, Milan, Italy). To characterize fibroblasts activation, we used anti-fibroblast 

activated protein α (FAPα) antibody (H-56; Santa Cruz Biotechnology, DBA, Milan, Italy) (data not 

shown). CAFs and metastasis-derived CAFs were maintained in Medium 199 and Ham’s F12 

(mixed 1:1) supplemented with 10% FBS and 100μg/ml penicillin/streptomycin. All cell lines were 

grown in a 37°C incubator with 5% CO2. All cell lines to be processed for immunoblot and RT-

PCR assays were switched to medium without serum and phenol red the day before treatments. 

Gene expression studies. Total RNA was extracted and cDNA was synthesized by reverse 

transcription as previously described [46]. The expression of selected genes was quantified by real-

time PCR using platform Quant Studio7 Flex Real-Time PCR System (Life Technologies). Gene-

specific primers were designed using Primer Express version 2.0 software (Applied Biosystems). 

For CYP1B1, c-Fos, cyclin D1, cyclin E, cyclin A and the ribosomal protein 18S, which was used 

as a control gene to obtain normalized values, the primers were: 5′-

TGTGCCTGTCACTATTCCTCATG-3′ (CYP1B1 forward) and 5′-

GGGAATGTGGTAGCCCAAGA-3′ (CYP1B1 reverse); 5′-CGAGCCCTTTGATGACTTCCT-3′ 

(c-Fos forward) and 5′-GGAGCGGGCTGTCTCAGA-3′ (c-Fos reverse); 5′-

GTCTGTGCATTTCTGGTTGCA-3′ (cyclin D1 forward) and 5′-GCTGGAAACATGCCGGTTA-

3′ (cyclin D1 reverse); 5′-GCATGTCACCGTTCCTCCTTG-3′ (cyclin A forward) and 5′-

GGGCATCTTCACGCTCTATTTT-3′ (cyclin A reverse); 5′-GATGACCGGGTTTACCCAAAC-3′ 
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(cyclin E forward) and 5′-GAGCCTCTGGATGGTGCAA-3′ (cyclin E reverse); 5′-

GGCGTCCCCCAACTTCTTA-3′ (18S forward) and 5′-GGGCATCACAGACCTGTTATT-3′ (18S 

reverse). Assays were performed in triplicate and the results were normalized for 18S expression 

and then calculated as fold induction of RNA expression. 

Western Blot analysis. Cells were grown in 10-cm dishes, exposed to treatments and then lysed in 

500 μL of 50 mmol/L NaCl, 1.5 mmol/L MgCl2, 1 mmol/L EGTA, 10% glycerol, 1% Triton X-

100, 1% sodium dodecyl sulfate (SDS), and a mixture of protease inhibitors containing 1mmol/L 

aprotinin, 20 mmol/L phenylmethylsulfonyl fluoride and 200 mmol/L sodium orthovanadate. 

Protein lysates from tumor homogenates obtained from nude mice were processed as previously 

described [47]. Protein concentration was determined using Bradford reagent according to the 

manufacturer’s recommendations (Sigma-Aldrich, Milan, Italy). Equal amounts of whole protein 

extract were resolved on a 10% SDS-polyacrylamide gel, transferred to a nitrocellulose membrane 

(Amersham Biosciences, Sigma-Adrich, Milan, Italy), probed overnight at 4 °C with antibodies 

against CYP1B1 (TA339934), cyclin D1 (TA801655), cyclin E (TA590076), cyclin A (TA890057) 

(OriGene Technologies, DBA, Milan, Italy), c-Fos (E8), GPER (N-15) and β-actin (C-2) (Santa 

Cruz Biotechnology, DBA). Proteins were detected by horseradish peroxidase-linked secondary 

antibodies (Santa Cruz Biotechnology, DBA) and then revealed using the chemiluminescent 

substrate for western blotting Westar Nova 2.0 (Cyanagen, Biogenerica, Catania, Italy). 

Gene Silencing Experiments. Cells were plated into 10-cm dishes and transfected using X-treme 

GENE 9 DNA Transfection Reagent (Roche Diagnostics, Sigma-Adrich, Milan, Italy) for 24 h 

before treatments with a control shRNA, a shRNA for GPER (shGPER) or a shRNA for CYP1B1 

(shCYP1B1, Santa Cruz Biotechnology, DBA, Milan, Italy). The silencing of GPER expression 

was obtained by using the constructs which we have previously described, and used [48]. 

Bioinformatic tools. The putative promoter sequences of  CYP1B1 was retrieved from the National 

Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov). Prediction of 
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transcription factors for CYP1B1 was performed using TRANSFAC 

(http://www.generegulation.com) site.  

Plasmids. The plasmid DN/c-Fos, which encodes a c-Fos mutant that heterodimerizes with c-Fos 

dimerization partners but does not allow DNA binding, was a kind gift from Dr C Vinson (NIH, 

Bethesda, MD, USA). pGL3-promoter plasmid containing the 5’-flanking region from -2299 to +25 

respect to the transcription initiation site (TIS) [49] of the CYP1B1 gene and CYP1B1 promoter 

deletion constructs containing fragments -1652 to +25, -1243 to +25, -1022 to +25, -988 to +25, -

910 to +25 respect to TIS were generated as previous described [50]. 

Site-directed mutagenesis. The p-GL3-promoter plasmid containing the 5’-flanking region from -

1652 to +25 respect to TIS of the CYP1B1 gene was used as template to generate as previously 

described [51] the DNA fragment from -513 to -95 respect to TIS containing a half-ERE site (see 

results section), which was amplified by PCR using the following primers: sense 5’-

CGAGGTACCCTGATCTCGCCGCAAGAACT-3’ and anti-sense 5’-

GTCGCTAGCGCCGCACACCAGGCC-3’. The CYP1B1 deletion construct from -513 to -95 

lacking the half-ERE site (see results section) was amplified by PCR using the following primers: 

sense 5’-CGAGGTACCCTGATCTCGCCGCAAGAACT-3’ and anti-sense 5’-

GTCGCTAGCGCCGCACACCAGGCCGACTCCCGTCCAGG-3’. The amplified DNA fragments 

were digested with KpnI and NheI and cloned into the pGL3-promoter plasmid (Promega, Milan, 

Italy). The sequence of each construct was verified by nucleotide sequence analysis. 

Transfections and luciferase assays. Cells (1 x 10
5
) were plated into 24-well dishes with 500 

µl/well of regular growth medium the day before transfection. Growth medium was replaced with 

medium lacking serum on the day of transfection, which was performed using X-tremeGene9 

reagent, as recommended by the manufacturer (Roche Diagnostics), with a mixture containing 0.5 

μg of each reporter plasmid and 1 ng of pRL-TK. After 8 h, the medium was replaced with fresh 

medium lacking serum and the cells were incubated for 18 h with treatments. Luciferase activity 
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was then measured with the Dual Luciferase Kit (Promega, Milan, Italy) according to the 

manufacturer’s recommendations. Firefly luciferase activity was normalized to the internal 

transfection control provided by the Renilla luciferase activity. The normalized relative light unit 

values obtained from cells treated with vehicle (−) were defined as one fold induction, relative to 

which the activity induced by treatments was calculated.  

Chromatin immunoprecipitation (CHIP) assay. The cells grown on 10-cm plates were shifted for 

24 h in a medium lacking serum and then exposed to treatments for 3 h. Thereafter, cells were 

cross-linked with 1% formaldehyde and sonicated. Supernatants were immuno-cleared with salmon 

DNA/protein A-agarose (Upstate Biotechnology, Inc., Lake Placid, NY, USA) and 

immunoprecipitated with anti c-Fos (H-125) or nonspecific IgG (Santa Cruz Biotechnology, DBA). 

Pellets were washed, eluted with a buffer consisting of 1% SDS and 0.1 mol/L NaHCO3 and 

digested with proteinase K. DNA was obtained by phenol/chloroform extractions and precipitated 

with ethanol. A 4µl volume of each immunoprecipitated DNA sample and input were used as a 

template to amplify by PCR the region containing a half-ERE site located in the CYP1B1 promoter 

region. The primers used to amplify this fragment were as follows: 5’-

CTGCTGGTAGAGCTCCGAGG-3’ (forward) and 5’-CCCGCTGCTCTGCTTCTTAC-3’ 

(reverse). Data were normalized to the input for the immunoprecipitation.  

Ethoxyresorufin-O-deethylase activity assay. The cells (7 x 10
4 

cells/ml) were grown in 24-well 

plates for 48 h, then were shifted for 24 h in a medium lacking serum and then treated for 18 h. The 

cells were washed with PBS, and fresh medium containing salicylamide to inhibit conjugating 

enzymes (1.5 mM) was added to the wells. The plate was incubated at 37°C for 5 min, then 7-

ethoxyresorufin was added (final concentration of 5 μM) and the reaction was carried out for 1 hour 

at 37°C with gentle stirring of the plate every 5 min. Aliquots of cell suspensions (200 μL) were 

transferred to tubes and the reaction was terminated by the addition of an equal volume of ice-cold 

methanol, which resulted in immediate cell lysis. Then, samples were centrifuged at 3,000 rpm for 
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10 min and the supernatants transferred to an opaque 96-well plate and the fluorescence was read 

using Gene5 2.01 Software in Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek, AHSI, 

Milan Italy) with excitation and emission at 530 and 590 nm, respectively. Standard curves for 

resorufin formation were also performed. Data were normalized to total protein content, which was 

determined using the Bradford reagent according to the manufacturer’s recommendations (Sigma-

Aldrich, Milan, Italy). 

Proliferation assay. Cells (1 × 10
5
) were seeded in 24-well plates in regular growth medium, 

washed once they had attached and then incubated in medium containing 2.5% charcoal-stripped 

FBS, transfected for 24 h and then exposed to treatments. Transfection were renewed every 2 days 

and treatments every days. Cells were counted on day 5 using the Countess Automated Cell 

Counter, as recommended by the manufacturer’s protocol (Life Technologies, Milan, Italy). 

In vivo studies. Female 45-day-old athymic nude mice (nu/nu Swiss; Envigo Laboratories) were 

maintained in a sterile environment. At day 0, exponentially growing MDA-MB-231 cells (2.5x10
6
 

per mouse) were inoculated in mammary fat pad  in 0.1 mL of Matrigel (Cultrex; Trevigen Inc.). 

When the tumors reached average ~0.15 cm
3
 (i.e., in about 1 week), mice were randomized and 

divided into four groups, according to treatments administered by intramuscular (G-1) and/or 

subcutaneous (TMS) injection for 21 days. The first group of mice (n = 7) was treated daily with 

vehicle (0.9% NaCl with 0.1% albumin and 0.1% Tween-20; Sigma-Aldrich), the second group of 

mice (n = 7) was treated daily with G-1 (0.5 mg/kg/die), the third group of mice (n = 7) was treated 

daily with TMS  (0.3 mg/kg/die), and the fourth group of mice (n = 7) was treated daily with G-1 in 

combination with TMS (the concentrations were similar to those described above). G-1 and TMS 

were dissolved in DMSO at 1 mg/mL. MDA-MB-231 xenograft tumor growth was evaluated twice 

a week by caliper measurements, along two orthogonal axes: length (L) and width (W). Tumor 

volumes (in cubic centimeters) were estimated by the following formula: TV=L × (W2)/2. After 21 

days of treatment, the animals were killed following the standard protocols and tumors were 
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dissected from the neighboring connective tissue. Specimens of tumors were frozen in nitrogen and 

stored at –80 °C; the remaining tumor tissues of each sample were fixed in 4% paraformaldehyde 

and embedded in paraffin for the histologic analyses. Animal experiments were conducted 

according to Italian law (D.L. 26/2014), the Guide for Care and Use of Laboratory Animals 

published by the US National Institutes of Health (2011), and the Directive 2010/63/EU of the 

European Parliament on the protection of animals used for Scientific research. The animal research 

project was approved by the Italian Ministry of Health, Rome (authorization n. 199/2015-PR). 

Immunohistochemistry. Paraffin embedded sections, 5 μm thick, were mounted on slides 

precoated with poly-lysine, and then they were deparaffinized and dehydrated (7-8 serial sections). 

Immunohistochemical experiments were performed after heat-mediated antigen retrieval. Hydrogen 

peroxide (3% in distilled water) was used, for 30 min, to inhibit endogenous peroxidase activity 

while normal goat serum (10%) was utilized, for 30 min, to block the non-specific binding sites. 

Immunodetection was carried out using anti-Ki67 and cyclin D1 (1:100) (DAKO, Denmark), cyclin 

E (1:200) (Bethyl Laboratories, Texas, USA) and cyclin A (1:50) (Abcam, DBA) primary 

antibodies at 4°C overnight. Then, a universal biotinylated IgG was applied (1:600) for 1 hour at 

RT, followed by ABC/HRP. Immunoreactivity was visualized by using DAB. The negative controls 

were made with DAKO mouse IGg1 (cod.X0931) for Ki67, DAKO immunoglobulin fraction 

(cod.X0936) for cyclin D1 at the same concentration of primary antibodies, rabbit serum at 5% for 

cyclin E and cyclin A. Sections were also counterstained with haematoxylin. Six-seven serial 

sections were processed for each sample from two independent operators.  

Imaging. Tissue samples were visualized using an OLYMPUS BX41 microscope (Olympus 

Europa, Germany) and the images were taken with CSV1.14 software using a CAM XC-30 for 

images acquisition. 
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Statistical analysis. Statistical analysis was performed using ANOVA followed by Newman-

Keuls’ testing to determine differences in means. Statistical comparisons for in vivo studies were 

made using the Wilcoxon–Mann–Whitney test. P < 0.05 was considered statistically significant. 
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Figure legends 

Figure 1. GPER mediates CYP1B1 induction by E2 and G-1 in SkBr3 cells, CAFs and met-CAFs. 

E2 (10 nM) (A) and G-1 (100 nM) (B) induce the mRNA expression of CYP1B1, as indicated. Data 

obtained by real-time PCR in three independent experiments performed in triplicate were 

normalized to 18S expression and shown as fold changes of CYP1B1 expression upon treatments 

with E2 and G-1 respect to cells treated with vehicle (−). (■) P < 0.05 for cells receiving treatments 

versus vehicle. The up-regulation of CYP1B1 protein levels induced by 10 nM E2 and 100 nM G-1 

is abrogated in SkBr3 cells (C), CAFs (G) and met-CAFs (K) transfected for 24 h with shRNA or 

shGPER and then treated for 6 h with vehicle (−), 10 nM E2 and 100 nM G-1. (D, H, L) Efficacy of 

GPER silencing. Evaluation of CYP1B1 protein levels in SkBR3 cells (E-F), CAFs (I-J) and met-

CAFs (M-N) upon treatment  for 6 h with vehicle, 10 nM E2 and 100 nM G-1 alone or in 

combination with 1 μM EGFR inhibitor AG1478 (AG) or 10 μM MEK inhibitor PD98059 (PD). β-

actin serves as a loading control. Results shown are representative of at least two independent 

experiments. 

Figure 2. E2 and G-1-stimulate the transcriptional activation of CYP1B1 promoter constructs. (A) 

SkBr3 cells were transiently transfected for 8 h with the indicated CYP1B1 promoter constructs, 

then cells were treated for 18 h with vehicle (−), 10 nM E2 or 100 nM G-1. Schematic 

representation of the CYP1B1 5’-flanking region containing a half-ERE binding motif (B), a 

deletion construct containing a half-ERE binding motif (C) and a deletion construct lacking a half-

ERE binding motif (D), as indicated. SkBr3 cells (E), CAFs (F) and met-CAFs (G) were transiently 

transfected for 8 h with the deleted CYP1B1 promoter constructs shown in panels C and D, then 

treated for 18 h with vehicle, 10 nM E2 and 100 nM G-1, as indicated. The luciferase activities 

were normalized to the internal transfection control and values of cells receiving vehicle were set as 

1-fold induction upon which the activities induced by treatments were calculated. Each column 
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represents the mean ± SD for three independent experiments, each performed in triplicate. (■) 

indicates P < 0.05 for cells receiving treatments versus vehicle.  

Figure 3. c-Fos is involved in the up-regulation of CYP1B1 by E2 and G-1 in SkBr3 cells, CAFs 

and met-CAFs. (A) Recruitment of c-Fos induced by 10 nM E2 and 100 nM G-1 to the half-ERE 

site located within the CYP1B1 promoter sequence in SkBr3 cells. In control samples non-specific 

IgG was used instead of the primary antibody. (B) SkBr3 cells were transfected for 18 h with a 

vector or a construct encoding for a dominant negative form of c-Fos (DN/c-Fos), then treated for 3 

h with vehicle (−), 10 nM E2 and 100 nM G-1 and thereafter submitted to the chromatin 

immunoprecipitation procedure using anti-c-Fos or nonspecific anti-IgG antibodies. The amplified 

sequences were evaluated by real-time PCR. CYP1B1 protein levels in SkBr3 cells (C), CAFs (E) 

and met-CAFs (G) transfected for 18 h with a vector or DN/c-Fos and then treated for 6 h with 

vehicle, 10 nM E2 and 100 nM G-1, as indicated. β-actin serves as a loading control. Results shown 

are representative of at least two independent experiments. SkBr3 cells (D), CAFs (F) and met- 

CAFs (H) were transfected for 18 h with a CYP1B1construct, a vector or DN/c-Fos and then treated 

for 18 h with vehicle, 10 nM E2 and 100 nM G-1. The luciferase activities were normalized to the 

internal transfection control and values of cells receiving vehicle were set as 1-fold induction upon 

which the activities induced by treatments were calculated. CYP1B1 activity evaluated by EROD 

assay in SkBr3 cells (I), CAFs (J) and met-CAFs (K) treated for 18 h with vehicle (−), 10 nM E2 

and 100 nM G-1 alone or in combination with 5μM CYP1B1 inhibitor TMS. Fluorescence values of 

cells receiving vehicle were set as 1-fold induction upon which values induced by treatments were 

calculated. Each column represents the mean ± SD for three independent experiments, each 

performed in triplicate. (■) indicates P < 0.05 for cells receiving treatments versus vehicle (−). 

Figure 4. GPER and CYP1B1 mediate the up-regulation of cyclins D1, cyclin E and cyclin A by E2 

and G-1 in SkBr3 cells, CAFs and met-CAFs. Cyclin D1, cyclin E and cyclin A mRNA expression 
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in SkBr3 cells (A), CAFs (C) and met-CAFs (E) treated for 18 h with vehicle (−), E2 (10 nM) and 

G-1 (100 nM) alone or in combination with 100 nM GPER antagonist G15 and 5 μM CYP1B1 

inhibitor TMS, as evaluated by real-time PCR. Data obtained in three independent experiments 

performed in triplicate were normalized to 18S expression and shown as fold changes upon E2 and 

G-1 treatments respect to cells treated with vehicle. (■) P < 0.05 for cells receiving treatments 

versus vehicle. Cyclin D1, cyclin E and cyclin A protein levels in SkBr3 cells (B), CAFs (D) and 

met-CAFs (F) upon treatments for 18 h with vehicle (−), E2 (10 nM) and G-1 (100 nM) alone or in 

combination with 100 nM GPER antagonist G15 and 5 μM CYP1B1 inhibitor TMS. β-actin serves 

as a loading control. Results shown are representative of at least two independent experiments. 

Figure 5. GPER and CYP1B1 are involved in the proliferative effects induced by E2 and G1 in 

SkBr3 cells, CAFs and met-CAFs. The proliferation of SkBr3 cells (A), CAFs (E) and met-CAFs (I) 

induced by 10 nM E2 or 100 nM G-1 is prevented silencing GPER or CYP1B1 expression. Cells 

were transfected every 2 days with shRNA, shGPER or shCYP1B1, treated every day with ligands 

and then counted on day 5. Efficacy of GPER (B, F, J) and CYP1B1 (C, G, K) silencing. β-actin 

serves as a loading control. The proliferation of SkBr3 cells (D), CAFs (H) and met-CAFs (L) 

induced by 10 nM E2 or 100 nM G-1 is prevented by 100 nM GPER antagonist G15 and 1 µM 

CYP1B1 inhibitor TMS. Proliferation of cells treated with vehicle (−) was set as 100% upon which 

cell growth induced by treatments was calculated. Each data point is the mean ± SD of three 

independent experiments performed in triplicate. (■) P < 0.05 for cells receiving treatments versus 

vehicle.  

Figure 6. E2 and G-1 induce CYP1B1 expression through GPER in MDA-MB-231 breast cancer 

cells. (A) E2 (10 nM) and G-1 (100 nM) induce CYP1B1 mRNA expression in MDA-MB-231 

cells, as evaluated by real-time PCR. Data obtained in three independent experiments performed in 

triplicate were normalized to 18S expression and shown as fold changes upon E2 and G-1 

treatments respect to cells exposed to vehicle (−). (B-C) CYP1B1 protein levels in MDA-MB-231 
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cells treated with 10 nM E2 and 100 nM G-1, as indicated. (D) CYP1B1 protein levels upon 

treatments with 10 nM E2 and 100 nM G-1 in cells transfected with shRNA or shGPER. (E) 

Efficacy of GPER silencing. β-actin serves as a loading control. Results shown are representative of 

at least two independent experiments. (F) Cells were transiently transfected for 8 h with the 

indicated CYP1B1 promoter constructs, then cells were treated for 18 h with vehicle (−), 10 nM E2 

or 100 nM G-1. (G) Cells were transiently transfected for 8 h with the deleted CYP1B1 promoter 

constructs shown in figure 2C and 2D, then treated for 18 h with vehicle, 10 nM E2 and 100 nM G-

1, as indicated. The luciferase activities were normalized to the internal transfection control and 

values of cells receiving vehicle were set as 1-fold induction upon which the activities induced by 

treatments were calculated. Each column represents the mean ± SD for three independent 

experiments, each performed in triplicate. (H) Cyclin D1, cyclin E and cyclin A protein levels in 

cells transiently transfected with a shRNA or shGPER for 24 h, then treated for 18 h with vehicle, 

10 nM E2 or 100 nM G-1. (I) Efficacy of GPER silencing. Cyclin D1, cyclin E and cyclin A protein 

levels in cells treated for 18 h with vehicle, 10 nM E2 and 100 nM G-1 alone or in combination 

with 100 nM GPER antagonist G15 (J) and 5 μM CYP1B1 inhibitor TMS (K). β-actin serves as a 

loading control. Results shown are representative of at least two independent experiments. (L) Cell 

proliferation induced by 10 nM E2 or 100 nM G-1 is prevented silencing GPER or CYP1B1 

expression. Cells were transfected every 2 days with shRNA, shGPER or shCYP1B1, treated every 

day with ligands and then counted on day 5. Efficacy of GPER (M) and CYP1B1 (N) silencing. β-

actin serves as a loading control. (O) Cell proliferation induced by 10 nM E2 or 100 nM G-1 is 

prevented by 100 nM GPER antagonist G15 and 1 µM CYP1B1 inhibitor TMS. Proliferation of 

cells treated with vehicle was set as 100% upon which cell growth induced by treatments was 

calculated. Each data point is the mean ± SD of three independent experiments performed in 

triplicate. (■) P < 0.05 for cells receiving treatments versus vehicle. 
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Figure 7. CYP1B1 is involved in the growth of MDA-MB-231 xenografts. (A) Tumor volume from 

MDA-MB-231 xenografts implanted in female athymic nude mice treated for 21 days with vehicle, 

G-1, TMS or both compounds, as indicated. (*) indicates P < 0.05 for animals treated with G-1 

versus animals treated with vehicle. (B) Representative images of explanted tumors at day 21, scale 

bar, 0.3 cm. (C) Cyclin D1, cyclin E, cyclin A protein levels in tumor homogenates from MDA-

MB-231 xenografts treated as reported above. β-actin serves as loading control. Results shown are 

representative of two independent experiments. (D) Ki67, cyclin D1, cyclin E and cyclin A 

immunodetection in paraffin embedded sections of explanted tumors from breast cancer xenografts 

treated with vehicle, G-1 and TMS alone or in combination, as indicated. Scale bar: 25μm. Insert: 

negative control. Histograms represent the percentage (± SD) of immunostained positive cells 

treated with G-1 and TMS alone or in combination versus vehicle treated cells. (*) indicates P < 

0.05. 

Figure 8. Schematic representation of CYP1B1 regulation by GPER-mediated signaling, as 

evidenced in breast cancer cells, CAFs and met-CAFs. 
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The lauric acid-activated signaling prompts apoptosis in
cancer cells
Rosamaria Lappano1, Anna Sebastiani1, Francesca Cirillo1, Damiano Cosimo Rigiracciolo1, Giulia Raffaella Galli1, Rosita Curcio1,
Roberta Malaguarnera2, Antonino Belfiore2, Anna Rita Cappello1 and Marcello Maggiolini1

The saturated medium-chain fatty-acid lauric acid (LA) has been associated to certain health-promoting benefits of coconut oil
intake, including the improvement of the quality of life in breast cancer patients during chemotherapy. As it concerns the potential
to hamper tumor growth, LA was shown to elicit inhibitory effects only in colon cancer cells. Here, we provide novel insights
regarding the molecular mechanisms through which LA triggers antiproliferative and pro-apoptotic effects in both breast and
endometrial cancer cells. In particular, our results demonstrate that LA increases reactive oxygen species levels, stimulates the
phosphorylation of EGFR, ERK and c-Jun and induces the expression of c-fos. In addition, our data evidence that LA via the
Rho-associated kinase-mediated pathway promotes stress fiber formation, which exerts a main role in the morphological changes
associated with apoptotic cell death. Next, we found that the increase of p21Cip1/WAF1 expression, which occurs upon LA exposure in
a p53-independent manner, is involved in the apoptotic effects prompted by LA in both breast and endometrial cancer cells.
Collectively, our findings may pave the way to better understand the anticancer action of LA, although additional studies are
warranted to further corroborate its usefulness in more comprehensive therapeutic approaches.

Cell Death Discovery (2017) 3, 17063; doi:10.1038/cddiscovery.2017.63; published online 18 September 2017

INTRODUCTION
Fatty acids are acyclic carboxylic acids with aliphatic tails of
different lengths. Based on their carbon atom chain length, fatty
acids are classified into the following three groups: short-chain
fatty acids with o6 carbon atoms, medium-chain fatty acids
(MCFA) and long-chain fatty acids that contain 6–12 carbons and
412 carbons, respectively.1 Fatty acids are major components of
triacylglycerols, phospholipids and other complex lipids, therefore
representing main contributors to dietary fat in humans.2 Plant
oils like palm, coconut and olive oils, nuts, seeds and seed oils,
cocoa butter and animal-derived fats as lard, tallow and butter, are
rich of fatty acids that are important components of cell
membranes and essential sources of energy.2 Previous studies
have demonstrated that fatty acids are also involved in diverse
transduction pathways, in gene transcription and relevant
biological events as cell metabolism, inflammation, apoptosis
and production of bioactive lipid mediators, thus contributing to
multiple patho-physiological responses.2–7

Lauric acid (LA), which is a saturated MCFA with 12 carbon
atoms and the primary fatty acid of coconut oil, has been
associated with certain health benefits of coconut oil intake.8–10

LA is also contained in plant oils, fruits, seeds and in breast
milk.11,12 LA has been shown to elicit diverse actions in various
tissues, including a potent antimicrobial property.8 For instance,
LA and the derivative monolaurin were reported to destroy cell
membranes of gram-positive bacteria and lipid-coated viruses, to
interfere with main cellular responses as the activation of
transduction cascades and gene transcription, to stabilize cell
membranes toward the prevention of bacterial resistance.8 In
addition, LA promoted inflammatory processes activating the

nuclear factor-κB transcription factor as well as stimulating the
expression of cyclooxygenase-2 and pro-inflammatory cytokines.13

LA was also associated with beneficial effects on the cardiovas-
cular system due to its ability to increase the high-density
lipoproteins14 and to reduce the blood pressure and heart rate in
both normotensive and hypertensive rats.15 Moreover, LA
prevented the prostatic hyperplasia induced by testosterone in
rats,16 triggered apoptosis in colon cancer cells through oxidative
stress17 and improved the sensitization of the EGFR inhibitor
cetuximab in KRAS/BRAF mutated colorectal cancer cells.18 It is
worth mentioning that the consumption of virgin coconut oil
during chemotherapy improved the global quality of life in
patients with breast cancer.19

Here, we show for the first time that LA elicits antiproliferative
and pro-apoptotic effects in breast and endometrial cancer cells
promoting the generation of reactive oxygen species (ROS), the
activation of transduction pathways and gene expression changes.
In particular, the upregulation of the cyclin-dependent kinase
inhibitor p21Cip1/WAF1 upon LA exposure was found to be required
for its anticancer properties. Our findings shed new light on the
molecular mechanisms through which LA induces antiproliferative
and pro-apoptotic responses in both breast and endometrial
cancer cells toward its usefulness in more comprehensive
therapeutic approaches.

RESULTS
LA inhibits cancer cell viability
On the basis of previous findings showing that MCFAs may elicit
apoptosis in certain cancer cells17,20 and considering that in our
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recent investigation LA exerted antiproliferative activity in diverse
types of tumor cells,21 we began the present study evaluating
whether LA (Figure 1a) and a further MCFA namely capric acid
(CA) (Figure 1b) may affect the viability of SkBr3 breast and
Ishikawa endometrial cancer cells, which were used as model
system. Only LA inhibited the viability of both cancer cell types
(Figures 1c and d) without altering the growth of MCF-10A normal
breast epithelial cells (Figure 1e), thus suggesting its specific
potential to trigger antiproliferative effects in malignant cells.

LA triggers ROS generation and EGFR, ERK and c-Jun
phosphorylation
To evaluate the molecular mechanisms involved in the ability of
LA to lower cancer cell viability, we ascertained that LA triggers
the phosphorylation of EGFR, ERK and c-Jun in both SkBr3 and
Ishikawa cells (Figures 2a and b). These responses were no longer
observed in the presence of the EGFR inhibitor (AG) (Figures 2c
and d), whereas ERK activation by LA was abolished using the MEK
inhibitor (PD) and the Rho-associated kinase (ROCK) inhibitor (Y)
but it still persisted using the JNK inhibitor (SP) (Figures 2c and d).
The phosphorylation of c-Jun by LA was prevented in the
presence of PD or SP, but not using the ROCK inhibitor Y
(Figures 2c and d). Reminiscing previous data on the ability of LA
to induce ROS levels in colon cancer cells,17 we found that LA
triggers ROS generation in our model system, yet this response
was no longer evident using the ROS scavenger N-acetyl-L-
cysteine (NAC, Figure 3a). Thereafter, we established that the
phosphorylation of EGFR, ERK and c-Jun upon LA exposure is
strictly dependent on ROS generation, as ascertained using NAC in
both cell types (Figures 3b and c).

LA induces gene expression changes
Then, we assessed the expression levels of well-known cell cycle
regulators as the member of the AP1 transcription factor complex
namely c-fos, the tumor suppressor p53 and the cyclin-dependent
kinase inhibitor p21Cip1/WAF1. In both SkBr3 and Ishikawa cells, LA
upregulated the mRNA expression of c-fos and p21Cip1/WAF1,
without altering the levels of p53 (Figures 4a and b). In addition,
LA transactivated the AP1-luc responsive collagenase promoter
construct that was transiently transfected in SkBr3 and Ishikawa
cells and stimulated the transcriptional activity of reporter
plasmids containing the c-fos and p21Cip1/WAF1 promoter
sequences (Figures 4c and d). According to the results obtained
in real-time PCR, LA did not modify the p53 protein levels, whereas

it increased c-fos and p21Cip1/WAF1 protein expression in both cell
types (Figures 4e and f). We next ascertained that the ROS
scavenger NAC, the EGFR inhibitor AG, the MEK inhibitor PD and
the ROCK inhibitor Y prevent c-fos induction by LA (Figures 5a and
b). Likewise, these compounds together with the JNK inhibitor SP
repressed the increase of p21Cip1/WAF1 protein levels elicited by LA
(Figures 5a and b). As the upregulation of p21Cip1/WAF1 protein
levels was no longer evident transfecting a dominant-negative
form of c-fos (DN/c-fos) in both SkBr3 and Ishikawa cells
(Figures 5c and d), we ascertained by chromatin immunoprecipi-
tation assay that LA induces the recruitment of c-fos to the AP1
site located within the p21Cip1/WAF1 promoter sequence
(Figure 5e). Overall, these data indicate that c-fos-AP1 transduc-
tion signaling is involved in the upregulation of p21Cip1/WAF1

induced by LA.

LA promotes stress fiber formation and apoptosis in cancer cells
Rho GTPases and their effectors as the Rho-associated protein
kinase (ROCK) are key regulators of the cytoskeleton reorganiza-
tion and the generation of the contractile force required for stress
fiber formation.22 In line with the aforementioned findings
regarding the capability of the ROCK inhibitor to prevent LA-
induced responses, in both SkBr3 and Ishikawa cells LA promoted
the formation of stress fibers in a ROCK-dependent manner as this
effect was abrogated in the presence of its inhibitor (Figures 6a-f)
that alone did not show any effects (data not shown). Then, we
assessed that LA increases the percentage of SkBr3 (Figures 7a–c)
and Ishikawa (Figures 7d-f) TdT-mediated dUTP nick-end-labeling
(TUNEL)-positive cells, however this effect was prevented in the
presence of the ROS scavenger NAC (Figure 7). In addition, the
apoptotic effects induced by LA were blocked in the presence of
the p21Cip1/WAF1 inhibitor UC2288 (Figure 7), suggesting that
p21Cip1/WAF1is involved in the pro-apoptotic activity exerted by LA
in breast and endometrial cancer cells.

DISCUSSION
The present study provides novel evidence regarding the
molecular mechanisms through which LA elicits antiproliferative
and pro-apoptotic effects in breast and endometrial cancer cells.
In particular, we have ascertained that ROS generation induced by
LA triggers the activation of the EGFR/ERK/AP1 transduction
pathway, leading to the upregulation of p21Cip/WAF1 in a p53-
independent manner.

Figure 1. Lauric acid inhibits the proliferation of breast and endometrial cancer cells. (a, b) Chemical structures of lauric acid (LA) and capric
acid (CA). (b–d) MTT growth assays in SkBr3 (c), Ishikawa (d) and MCF-10A (e) cells treated for 48 h with vehicle (− ) or increasing
concentrations of LA and CA, as indicated. Cell viability is expressed as the percentage of cells upon treatments respect to cells treated with
vehicle. Values shown are mean± S.D. of three independent experiments performed in triplicate. (○) indicates Po0.05 for cells receiving
vehicle versus treatments.
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Fatty acids are structural components of cellular membranes
either alone or together with other molecules as phospholipids
and triacylglycerides.23 In addition, fatty-acid oxidation occurring
at the mitochondrial level plays a pivotal role in maintaining
energy homeostasis during catabolic states.24 Nevertheless, fatty
acids are currently no longer considered as mere membrane
structure regulators or energy sources as they also influence

diverse transduction signaling and cellular functions.2–7 For
instance, regulating transcription factors involved in lipid meta-
bolism and inflammation, saturated fatty acids as LA may
influence the biosynthesis of cholesterol and triacylglycerols, the
assembly, secretion and clearance of lipoproteins, various meta-
bolic and inflammatory processes.23 Therefore, an increasing
attention has been paid to the multifaceted role elicited by fatty

Figure 2. Lauric acid triggers rapid responses in breast and endometrial cancer cells. (a, b) Phosphorylation of EGFR, ERK1/2 and c-Jun in SkBr3
(a) and Ishikawa (b) cells treated with vehicle (− ) and 100 μM LA, as indicated. (c, d) EGFR, ERK1/2 and c-Jun activation in SkBr3 (c) and
Ishikawa (d) cells treated for 60 min with vehicle or 100 μM LA alone or in combination with 10 μM EGFR inhibitor AG1478 (AG), 10 μM MEK
inhibitor PD98089 (PD), 1 μM JNK inhibitor SP 600125 (SP) and 10 μM ROCK inhibitor Y-27632 (Y). EGFR, ERK2 and c-Jun were used as loading
controls for pEGFR, pERK1/2 and pc-Jun, respectively. Results shown are representative of at least two independent experiments.

Figure 3. ROS generation by lauric acid is involved in the activation of transduction signaling observed in breast and endometrial cancer cells.
(a) ROS production determined as DCF fluorescence in SkBr3 and Ishikawa cells treated for 60 min with vehicle (− ) or 100 μM LA alone or in
combination with 300 μM free radical scavenger NAC. DCF fluorescence obtained in cells treated with vehicle was set as onefold induction
upon which ROS levels induced by treatments were calculated. Data shown are the mean± S.D. of three independent experiments performed
in triplicate. (○) indicates Po0.05 for cells receiving vehicle versus treatments. EGFR, ERK1/2 and c-Jun activation in SkBr3 (b) and Ishikawa (c)
cells treated for 60 min with vehicle or 100 μM LA alone or in combination with 300 μM NAC. EGFR, ERK2 and c-Jun were used as loading
controls for pEGFR, pERK1/2 and pc-Jun, respectively. Results shown are representative of at least two independent experiments.
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acids on human health given that the amount and type of fatty
acids contained in the diet are involved in the etiopathogenesis of
diabetes, cancer and cardiovascular, immunity, inflammatory,
renal, hepatic diseases.25 In this context, coconut oil that is one
of the richest sources of saturated fatty acids as LA, has attracted
interest for its potential health benefits.26–29 Furthermore, coconut
oil has been shown to counteract the action of stimulatory agents
in colon and mammary tumors in rats30,31 and to improve the
quality of life of breast cancer patients undergoing
chemotherapy.19 As it concerns LA, Fauser and co-workers17 firstly
demonstrated its ability to induce apoptosis in colon cancer cells
through the reduction of glutathione levels and the generation of
oxidative stress. In accordance with these and other observations
showing that fatty acids may induce ROS generation in diverse
types of cells,32–34 we have extended these findings ascertaining
that LA prompts ROS-mediated apoptosis also in breast and
endometrial cancer cells through the subsequent activation of
relevant transduction pathways. In this respect, it is worth
mentioning that the EGFR and ERK signaling are mostly referred
to as regulatory pathways of cell proliferation, migration and
differentiation.35,36 Nevertheless, these two main transduction
mediators can also trigger apoptotic signals especially in the

context of tumor cells.35,36 For instance, EGF through the cognate
receptor induced the expression of the caspase 1 enzyme and
p21WAF1/CIP1 toward apoptosis and growth inhibition.35 In addi-
tion, it has been demonstrated that free radicals generated by
radiation exposure may elicit the activation of the EGFR/ERK
signaling in cancer cells.36 In line with these observations, we
found that LA increases ROS levels that in turn trigger the EGFR/
ERK transduction pathway and gene expression changes, there-
fore culminating in apoptotic responses in cancer cells.
Actin stress fibers have a pivotal role in many cellular functions,

including cell adhesion, mobility, contraction and
morphogenesis.37 Stress fibers are also required for membrane
blebbing, nuclear disintegration and apoptosis.38–41 The small
GTPase Rho and its main effector ROCK are involved in several
cellular processes like the regulation of actin cytoskeleton, cell
polarity, microtubule dynamics, gene transcription, cell cycle
progression, differentiation, apoptosis and the formation of actin
stress fibers.37,42–44 In this vein, ROCK was shown to mediate the
generation of stress fibers that in turn trigger the p21Cip1/WAF1-
dependent apoptosis upon phorbol 12-myristate 13-acetate
exposure in prostate cancer cells.40 Further extending these data,
our findings have determined for the first time that LA promotes

Figure 4. Lauric acid regulates the expression of cell cycle regulatory genes. The mRNA expression of c-fos, p53 and p21Cip1/WAF1 (p21) was
evaluated by real-time PCR in SkBr3 (a) and Ishikawa (b) cells treated with vehicle (− ) or 100 μM LA, as indicated. Data obtained from three
independent experiments performed in triplicate were normalized to 18 S expression and shown as fold changes of mRNA expression
induced by LA respect to cells treated with vehicle. Evaluation of c-fos, AP1 and p21 luciferase reporter genes in SkBr3 (c) and Ishikawa (d) cells
treated for 18 h with vehicle or 100 μM LA. The luciferase activities were normalized to the internal transfection control, and values of cells
receiving vehicle were set as onefold induction upon which the activity induced by treatments was calculated. Data shown are the mean
± S.D. of three independent experiments performed in triplicate. (○) indicates Po0.05 for cells receiving vehicle versus treatments. c-fos, p53
and p21 protein levels in SkBr3 (e) and Ishikawa (f) cells treated with vehicle or 100 μM LA, as indicated. β-actin was used as a loading control.
Results shown are representative of at least two independent experiments.
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in breast and endometrial cancer cells the formation of stress
fibers through the ROCK transduction pathway, thus suggesting
that LA might be included among the activators of the Rho/ROCK
signaling.
The cyclin-dependent kinase inhibitor p21Cip1/WAF1 has an

essential role in the cell cycle arrest, the transcriptional regulation,
the inhibition of DNA replication, the DNA repair, the stress-
induced premature senescence and the modulation of
apoptosis.45–48 Numerous studies have shown that p21Cip1/WAF1

can mediate both pro- and anti-apoptotic functions depending on
the type of stimulation and the cellular context.48 For instance,
p21Cip1/WAF1 can prevent cells from undergoing apoptosis
triggering cell cycle arrest, inactivating cyclin A/Cdk2 complexes,
inhibiting the activity of procaspase 3, caspase 8 and 10, stress-
activated protein kinases and apoptosis signal-regulating kinase
1.47,49 Likewise, several reports have also suggested that p21Cip1/WAF1

exerts a pro-apoptotic function under certain cellular stresses
upregulating the pro-apoptotic protein Bax, activating the tumor
necrosis factor family of death receptors and regulating compo-
nents of the DNA repair machinery.47 It is worth mentioning that
even though p21Cip1/WAF1 may represent a major p53 trans-
criptional target, it can promote apoptosis through both
p53-dependent and independent mechanisms.47 In addition,
p21Cip1/WAF1 can act as a tumor suppressor or an oncogene
depending on the stimulations and the cellular context.45 In
particular, various compounds eliciting an anticancer activity such

as histone deacetylase inhibitors, cisplatin, phorbol 12-myristate
13-acetate and curcumin were shown to induce apoptotic cell
death through the p21Cip1/WAF1 induction.40,50–54 Extending these
findings, our data have ascertained that LA induces apoptosis in
both breast and endometrial cancer cells upregulating the
p21Cip1/WAF1 expression levels via an AP1-mediated pathway.
Overall, the present results provide novel insights into the

potential of LA to activate the EGFR/ERK/AP1/p21Cip1/WAF1

transduction signaling toward antiproliferative and pro-apoptotic
responses in tumor cells. Nevertheless, further experimental
evidence are warranted to better define the action of LA alone
or in the context of coconut oil consumption on tumor
development as claimed by a current newsworthy debate.

MATERIALS AND METHODS
Reagents
LA, CA, NAC, Y-27632 (Y) and 2′,7′-dichlorofluorescin diacetate (DCFDA)
were purchased from Sigma-Aldrich (Milan, Italy). Tyrphostin AG1478 (AG),
PD98059 (PD), SP 600125 (SP) and UC2288 were obtained from
Calbiochem (DBA, Milan, Italy). All compounds were dissolved in dimethyl
sulfoxide except LA, CA, NAC and Y-27632 (Y), which were solubilized
in water.

Cell cultures
SkBr3 breast cancer cells were obtained by ATCC, used o6 months after
resuscitation and maintained in RPMI 1640 without phenol red

Figure 5. c-fos is involved in the upregulation of p21Cip1/WAF1 induced by lauric acid. Immunoblots of c-fos and p21Cip1/WAF1 (p21) in SkBr3
(a) and Ishikawa (b) cells treated for 4 h with vehicle (− ) or 100 μM LA alone or in combination with 300 μM free radical scavenger NAC, 10 μM
EGFR inhibitor AG1478 (AG), 10 μM MEK inhibitor PD98089 (PD), 1 μM JNK inhibitor SP 600125 (SP) and 10 μM ROCK inhibitor Y-27632 (Y). The
expression vector encoding for a dominant-negative form of c-fos (DN/c-fos) blocked the upregulation of p21Cip1/WAF1 protein levels induced
by 100 μM LA in SkBr3 (c) and Ishikawa (d) cells. β-actin was used as a loading control. Results shown are representative of at least two
independent experiments. (e) Recruitment of c-fos induced by 100 μM LA to the AP1 site located within the p21Cip1/WAF1 promoter sequence
in SkBr3 and Ishikawa cells, as indicated. In control samples non-specific IgG was used instead of the primary antibody. Each column
represents the mean± S.D. of three independent experiments. (○) indicates Po0.05 for cells receiving vehicle versus treatments.
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supplemented with 10% FBS and 100 mg/ml penicillin/streptomycin (Life
Technologies, Milan, Italy). Ishikawa endometrial cancer cells were
obtained by D Picard (University of Geneva) and maintained in MEM
supplemented with 10% FBS, 100 μg/ml penicillin/streptomycin, 2 mM
L-glutamine and 1% Non-Essential Amino Acids Solution Cells (Life
Technologies). Cells were switched to medium without serum the day
before immunoblots and reverse transcription-PCR experiments.

Cell viability assay
Cell viability was determined by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay, which is based on the conversion of
MTT to MTT formazan by mitochondrial enzyme. Cells were seeded in
quadruplicate in 96-well plates in regular growth medium and grown until
70–80% confluence. Cells were washed once they had attached and then
treated with increasing concentrations of each compound for 48 h in
regular medium supplemented with 1% FBS. Relative cell viability was
determined by MTT assay according to the manufacturer’s protocol
(Sigma-Aldrich). Mean absorbance of cells receiving vehicle (− ) was set as
onefold induction upon which the mean absorbance of treatments was
calculated.

Plasmids, transfections and gene reporter assays
The luciferase reporter plasmid for c-fos encoding a 2.2-kb 5´ upstream
fragment of human c-fos was a gift from Dr. K Nose (Hatanodai,
Shinagawa-ku, Tokyo). The luciferase reporter plasmid for AP1 responsive
collagen promoter was a kind gift from H Van Dam (Department of
Molecular Cell Biology, Leiden University, Leiden, Netherlands). The human
p21Cip1/WAF1 promoter-luciferase reporter was kindly provided by
Dr T Sakai (Kyoto Prefectural University of Medicine, Kyoto, Japan). The
Renilla luciferase expression vector pRL-TK (Promega, Milan, Italy) was used
as internal transfection control in luciferase assays. Cells (1 ×105) were
plated into 24-well plates with regular growth medium/well the day before
transfection. Cell medium was replaced on the day of transfection with

serum-free medium and transfection was performed using X-tremeGENE 9
DNA Transfection Reagent (Sigma-Aldrich) and a mixture containing 0.5 μg
of each reporter plasmid and 5 ng of pRL-TK. After 6 h, treatments were
added and cells were incubated for 18 h. Luciferase activity was measured
using the Dual Luciferase Kit (Promega) according to the manufacturer’s
recommendations. Firefly luciferase activity was normalized to the internal
transfection control provided by the Renilla luciferase activity. Normalized
relative light unit values obtained from cells treated with vehicle were set
as onefold induction upon which the activity induced by treatments was
calculated.
The plasmid DN/c-fos, which encodes a c-fos mutant that hetero-

dimerizes with c-fos dimerization partners but does not allow DNA
biding,55 was a kind gift from Dr C Vinson (NIH, Bethesda, MD, USA). Cells
were plated onto 10-cm dishes and prior to treatments cells were
transfected for 24 h using X-tremeGENE 9 DNA Transfection Reagent
(Sigma-Aldrich) with a control vector and the plasmid DN/c-fos.

Gene expression studies
Total RNA was extracted and cDNA was synthesized by reverse
transcription as previously described.56 The expression of selected genes
was quantified by real-time PCR using Step One (TM) sequence detection
system (Applied Biosystems Inc, Milan, Italy). Gene-specific primers were
designed using Primer Express version 2.0 software (Applied Biosystems).
For c-fos, p53, p21Cip1/WAF1 (p21) and the ribosomal protein 18S, which was
used as a control gene to obtain normalized values, the primers were:
5′-CGAGCCCTTTGATGACTTCCT-3′ (c-fos forward), 5′-GGAGCGGGCTGTCT
CAGA-3′ (c-fos reverse); 5′-GCTTCATGCCAGCTACTTC-3′ (p53 forward),
5′-GGCATTCTGGGAGCTTCATCT-3′ (p53 reverse); 5′-GCTTCATGCCAGCTA
CTTCC-3′ (p21 forward) and 5′-CTGTGCTCACTTCAGGGTCA-3′ (p21 reverse);
5′-GGCGTCCCCCAACTTCTTA-3′ (18S forward) and 5′-GGGCATCACAGAC
CTGTTATT-3′ (18S reverse), respectively. Assays were performed in
triplicate and the results were normalized for 18S expression and then
calculated as fold induction of RNA expression.

Figure 6. Lauric acid promotes the formation of stress fibers. SkBr3 and Ishikawa cells were treated for 4 h with vehicle (− ) (a, d) or 100 μM LA
alone (b, e) or in combination with 10 μM ROCK inhibitor Y-27632 (Y) (c, f) and subjected to phalloidin staining to visualize F-actin. (g, h)
Enlarged details of stress fibers shown in b and e, respectively. White arrows indicate stress fibers. Images shown are representative of 30
random fields obtained in three independent experiments. Scale bar: 12.5 μM.
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Figure 7. Lauric acid induces apoptotic cell death. (a, d) TdT-mediated dUTP nick-end-labeling (TUNEL) staining (green) in SkBr3 (a) and
Ishikawa (d) cells treated for 18 h with vehicle (− ) or 100 μM LA alone or in combination with 300 μM free radical scavenger NAC and 10 μM
p21Cip1/WAF1 inhibitor UC2288, as indicated. Nuclei were stained by propidium iodide (PI, red). Magnification is indicated by bars (100 μm).
Each experiment shown is representative of 20 random fields observed. (b, e) Bar graphs represent the percentage of TUNEL-positive cells
upon treatments versus vehicle. Values are the mean of three independent experiments. (○) indicates Po0.05 for cells receiving vehicle versus
treatments. (c, f) Efficacy of p21Cip1/WAF1 downregulation by UC2288. β-actin was used as a loading control. Results shown are representative
of at least two independent experiments.

Lauric acid triggers apoptosis in cancer cells
R Lappano et al

7

Official journal of the Cell Death Differentiation Association Cell Death Discovery (2017) 17063



Chromatin immunoprecipitation assay
Cells were grown in 10-cm dishes to 70–80% confluence, shifted to serum-
free medium for 24 h and then treated with vehicle (− ) or 100 μM LA for
4 h. Thereafter, cells were cross-linked with 1% formaldehyde and
sonicated. Supernatants were immunocleared with salmon DNA/protein
A-agarose (Upstate Biotechnology, Inc., Lake Placid, NY, USA) and
immunoprecipitated with anti c-fos (H-125) antibody or non-specific IgG
(Santa Cruz Biotechnology, DBA, Milan, Italy). Pellets were washed, eluted
with a buffer consisting of 1% SDS and 0.1 mol/l NaHCO3, and digested
with proteinase K. DNA was obtained by phenol/chloroform extraction and
precipitated with ethanol. A 4 μl volume of each sample was used as
template to amplify an AP1-containing region located in the p21Cip1/WAF1

promoter by real-time PCR. The primers used were 5′-TCAGCTGCAT
TGGGTAAATCCT-3′ (forward) and 5′-CTGGACACATTTCCCCACGAA-3′ (reverse).
Data were normalized to the input for the immunoprecipitation.

Western blot analysis
Cells were grown in 10-cm dishes, exposed to ligands, and then lysed as
previously described.57 Equal amounts of whole-protein extract were
resolved on a 10% SDS-polyacrylamide gel and transferred to a
nitrocellulose membrane (Amersham Biosciences, Sigma-Adrich, Milan,
Italy), which were probed with primary antibodies against pEGFR Tyr 1173,
EGFR (1005), phosphorylated ERK1/2 (E-4), ERK2 (C-14), p-c-Jun S73, c-Jun
(N), c-fos (E8), p53 (DO-1), p21 (H164) and β-actin (C2) (Santa Cruz
Biotechnology) and then revealed using the chemiluminescent substrate
for western blotting Westar Nova 2.0 (Cyanagen, Biogenerica, Catania,
Italy).

ROS production
The non-fluorescent DCFDA probe, which becomes highly fluorescent on
reaction with ROS, was used to evaluate intracellular ROS production. In
brief, cells (2 ×105) were incubated with 10 μM DCFDA (Sigma-Aldrich) at
37 °C for 30 min, washed with PBS and then exposed to treatments, as
indicated. Cells were washed with PBS and the fluorescent intensity of DCF
was measured (excitation at 485 nm and emission at 530 nm).

Phalloidin staining
Cells were washed twice with PBS, fixed in 4% paraformaldehyde in PBS for
10 min, washed briefly with PBS, then incubated with Phalloidin-
Fluorescent Conjugate (Santa Cruz Biotechnology) and visualized with
the Olympus BX41 microscope and the images were taken with CSV1.14
software using a CAM XC-30 for images acquisition (Olympus Europa,
Hamburg, Germany).

TUNEL assay
Cell apoptosis was determined by TUNEL assay, conducted using DeadEnd
Fluorometric TUNEL System (Promega) and performed according to the
manufacturer’s instructions. In brief, cells were treated for 18 h, as
indicated, then were fixed in freshly prepared 4% paraformaldehyde
solution in PBS (pH 7.4) for 25 min at 4 °C. After fixation, cells were
permeabilized in 0.2% Triton X-100 solution in PBS for 5 min. After washing
twice with washing buffer for 5 min, the cells were covered with
equilibration buffer at room temperature for 5–10 min. The labeling
reaction was performed using terminal deoxynucleotidyl transferase end-
labeling TdT and fluorescein-dUTP cocktail for each sample and incubated
for 1 h at 37 °C where TdT catalyses the binding of fluorescein-dUTP to free
3’OH ends in the nicked DNA. After rinsing, cells were washed with 2 × SSC
solution buffer and subsequently incubated with propidium iodide (Sigma-
Aldrich) to stain nuclei and analyzed using the Cytation 3 Cell Imaging
Multimode Reader (BioTek, Winooski, VT, USA).

Statistical analysis
Statistical analysis was done using ANOVA followed by Newman–Keuls’
testing to determine differences in means. Po0.05 was considered as
statistically significant.
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Protective Role of GPER Agonist
G-1 on Cardiotoxicity Induced by
Doxorubicin
ERNESTINA M. DE FRANCESCO,1 CARMINE ROCCA,2 FRANCESCO SCAVELLO,2
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The use ofDoxorubicin (Dox), a frontline drug formany cancers, is often complicated by dose-limiting cardiotoxicity in approximately 20%of
patients. TheG-protein estrogen receptorGPER/GPR30mediatesestrogen action as the cardioprotection under certain stressful conditions.
For instance, GPER activation by the selective agonist G-1 reduced myocardial inflammation, improved immunosuppression, triggered pro-
survival signaling cascades, improved myocardial mechanical performance, and reduced infarct size after ischemia/reperfusion (I/R) injury.
Hence, we evaluated whether ligand-activated GPER may exert cardioprotection in male rats chronically treated with Dox. 1 week of G-1
(50mg/kg/day) intraperitoneal administration mitigated Dox (3mg/kg/day) adverse effects, as revealed by reduced TNF-a, IL-1b, LDH, and
ROS levels. Western blotting analysis of cardiac homogenates indicated that G-1 prevents the increase in p-c-jun, BAX, CTGF, iNOS, and
COX2 expression induced by Dox. Moreover, the activation of GPER rescued the inhibitory action elicited by Dox on the expression of
BCL2, pERK, and pAKT. TUNEL assay indicated that GPER activation may also attenuate the cardiomyocyte apoptosis upon Dox exposure.
Using ex vivo Langendorff perfused heart technique,we also found an increased systolic recovery and a reduction of both infarct size and LDH
levels in rats treatedwithG-1 in combinationwithDox respect to animals treatedwithDox alone. Accordingly, the beneficial effects induced
byG-1were abrogated in the presence of theGPER selective antagonistG15. These data suggest thatGPER activationmitigatesDox-induced
cardiotoxicity, thus proposing GPER as a novel pharmacological target to limit the detrimental cardiac effects of Dox treatment.

J. Cell. Physiol. 232: 1640–1649, 2017. � 2016 Wiley Periodicals, Inc.

Doxorubicin (Dox)-based treatments represent a highly
effective therapeutic strategy in a large number of malignant
diseases, including leukemias, lymphomas, sarcomas, and
breast cancer (Young et al., 1981). However, Dox generates
reactive oxygen species (ROS) that may trigger cardiotoxicity
leading to cardiomyopathy and heart failure (Carvalho et al.,
2014). This response to Dox has limited its clinical use,
therefore, great attention has been addressed to the
identification of novel pharmacological strategies able to
mitigate the negative cardiovascular effects exerted by Dox.

The G-protein estrogen receptor GPER, also known as
GPR30, has been largely implicated in the biological action of
estrogens in diverse tissues, including the cardiovascular
system (Maggiolini and Picard, 2010; Lindsey and Chappell,
2011; De Francesco et al., 2013a, 2014; Meyer et al., 2014,
Zimmerman et al., 2016). In this regard, our and other previous
studies have demonstrated that GPER is expressed in the rat
and human heart and mediates a variety of beneficial
cardiovascular effects (Filice et al., 2009; Patel et al., 2010).
In addition, previous investigations have shown the
cardioprotective actions mediated by GPER, particularly under
stressful conditions characterized by increased ROS levels
(Filice et al., 2009; Patel et al., 2010; Recchia et al., 2011; De
Francesco et al., 2013a, 2014; Meyer et al., 2014). For instance,
in a hypertensive rat heart model, the administration of the
selective GPER ligand G-1 triggered beneficial negative
inotropic and lusitropic effects, which were prevented in the
presence of the selective GPER antagonist G15 (De Francesco
et al., 2013a). These observations suggest that GPER may be

Abbreviations: GPER, G protein estrogen receptor; Dox,
doxorubicin; ROS, reactive oxygen species; I/R, ischemia/
reperfusion; IS, infarct size; LDH, lactate dehydrogenase; CTGF,
connective tissue growth factor; TNF-a, tumor necrosis factor-a;
COX2, cyclooxygenase 2; iNOS, inducible nitric oxide synthases;
IL-1b, interleukin 1-b.
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considered as a valuable target in cardiovascular diseases
characterized by increased oxidative stress. In this context,
GPER activation by G-1 was shown to reduce infarct size and
contractile dysfunctions after ischemia/reperfusion (I/R) injury
through the involvement of PI3K kinase/AKT signaling pathway
(Deschamps and Murphy, 2009). In addition, G-1 induced anti-
inflammatory and pro-survival effects after I/R by reducing the
production of TNF-alpha, interleukin (IL)-1beta, and IL-6, as
well as inhibiting mitochondria permeability transition pore
opening (Bopassa et al., 2010; Weil et al., 2010). Consequently,
GPER has emerged as a mediator of cardioprotection and a
novel therapeutic target in cardiac diseases characterized by
impaired oxidative balance.

In the present study, we demonstrate that GPER activation
by G-1 inhibits the adverse effects of Dox, as revealed by
reduced TNF-a, IL-1b, ROS, LDH plasma, and tissue levels. In
rat heart homogenates, we found that G-1 also prevents the
increase in p-c-jun, BAX, CTGF, iNOS, and COX2 expression
upon Dox treatment. In addition, the activation of GPER
prevented the inhibitory action elicited by Dox on BCL2,
pERK, pAKT expression and attenuated the apoptotic actions
exerted by Dox exposure. Likewise, GPER activation mitigated
the adverse effects of Dox after I/R as evidenced by the
increased systolic recovery and both reduced infarct size and
LDH levels. Accordingly, the beneficial effects induced by G-1
were prevented in the presence of the GPER antagonist G15.
These data suggest that GPER activation may mitigate Dox-
induced cardiotoxicity, thus proposing GPER as a novel
therapeutic target in cancer patients treated with Dox.

Methods
Animals

Male Wistar rats (�300 g body weight) (Harlan Laboratories,
Udine, Italy), identically housed under controlled lighting and
temperature conditions, fed a standard diet, and water ad
libitum. All protocols were conducted in accordance with the
Declaration of Helsinki, the Italian law (D.L. 26/2014), the
Guide for the Care, and Use of Laboratory Animals published
by theUSNational Institutes of Health (2011) and theDirective
2010/63/EU of the European Parliament on the protection of
animals used for scientific. The project was approved by the
ItalianMinistry of Health, Rome and by the ethics review board.

Drugs

Dox was from Sigma–Aldrich (Milan, Italy). 1-[4-(-6-
Bromobenzol[1,3]diodo-5-yl)-3a,4,5,9-btetrahydro-3H-
cyclopenta[c-]quinolin8yl]ethanone (G-1) and (3aS,4R,9bR)-4-
(6-bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-3H-cyclopenta[c]
quinolone (G15) were from Tocris Bioscience, distributed by
Space (Milan, Italy). G-1 and G15 were dissolved in DMSO.
Preliminary experiments showed that the presence of
equivalent amounts of DMSO in KHs solution do not modify
basal cardiac performance.

Experimental protocols

In vivo treatment. To evaluate whether G-1 counteracts
Dox-induced cardiotoxicity, animals were divided in five
groups:

Group I (control): normal saline was i.p. administered each
day throughout 1 week at a dose of 3ml/kg/day.

Group II (Doxorubicin: Dox): Dox was i.p. administered
each day throughout 1 week at a dose of 3mg/kg/day, resulting
in a cumulative dose of 21mg/kg (Saad et al., 2004).

Group III (G-1: G-1): G-1 was i.p. administered each day at a
dose of 50mg/kg/day (Filice et al., 2009; De Francesco et al.,
2013b).

Group IV (DoxorubicinþG-1: DoxþG-1): Dox (3mg/kg/
day) in combination with G-1 (50mg/kg/day) was i.p
administered throughout 1 week.

Group V (DoxorubicinþG–1þG15: DoxþG–1þG15):
Dox (3mg/kg/day) in combination with G-1 (50mg/kg/day) and
G15 (160mg/kg/day) was i.p. administered throughout 1 week
(Filice et al., 2009; De Francesco et al., 2013b).

Animals were sacrificed after 7 days in order to allow heart
performance evaluation by Langendorff perfusion technique,
plasma collection, as well as protein expression analysis on tissue
homogenates. G-1 and G15 doses were chosen on the basis of
preliminary dose-response curves (data not shown) and literature
data (Filice et al., 2009; De Francesco et al., 2013a). Dox dosewas
chosen on the basis of literature data (Saad et al., 2004).

Plasma collection

Blood samples were collected from the abdominal aorta with
heparinized syringe. Plasma was then separated by
centrifugation at 3000g (15min, 4°C) and stored at�80°C until
assays. Blood samples were used to measure plasma levels of
ROS, TNF-a, IL-1b, and LDH, as described below.

Enzyme-linked immunosorbent assay (ELISA)

TNF-a and IL-1b determinations were performed by using
ELISA system according to manufacturer’s instructions
(Thermo Scientific, Rockford, IL). To determine tissue levels of
TNF-a and IL-1b, left ventricle of hearts of each group was
homogenized using Ultra-Turrax

1

. Plasma samples and cardiac
tissue homogenates were incubated with antibodies against
TNF-a or IL-1b that were pre-coated to wells of microplates.
After discarding samples, biotinylated antibodies were added
and the incubation was continued. Biotinylated antibody
solution was discarded and further incubation with
streptavidin-HRP was continued. Finally, TMB (3,30,5,50-
tetramethylbenzidine) solution was added and the absorbance
was measured at 450 nm immediately after stopping the
reaction by adding 2M H2SO4.

Lactate dehydrogenase (LDH) determinations

LDH was measured on both blood samples and samples of
coronary effluent from isolated Langendorff heart
perfusion. Samples of coronary effluent, during
reperfusion, were withdrawn with a catheter inserted into
the right ventricle via the pulmonary artery. Data (IU/L)
were expressed as cumulative values for the entire
reperfusion period. LDH released was determined by
spectrophotometric analysis at 340 nM, using a classic
procedure (Penna et al., 2006).

ROS production

ROS production was evaluated using the ELISA system,
according to the manufacturer (Sunred Biological Technology,
Shanghai, China). Briefly, blood samples from rats belonging to
all experimental groups were collected from the abdominal
aorta with heparinized syringe and centrifuged at 3000g for
15min (4°C) to obtain plasma. Fourty microliters of plasma
samples were then incubated in the presence of ROS-antibody
labeled with Biotin and Streptavidin-HRP for 60min at 37°C.
After chromogen addition, absorbance at 450 nM was
immediately measured.

Gene expression studies

After chronic treatments, rat hearts (n¼ 6) were dissected,
homogenized, and processed for mRNA extraction, to
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evaluate the expression of GPER by real-time PCR using the
Step OneTM sequence detection system (Applied Biosystems
Inc., Milan, Italy), as previously described (De Francesco et al.,
2013b). Gene-specific primers were designed using Primer
Express version 2.0 software (Applied Biosystems Inc.) and are
as follows: GPER Fwd: 50-TCTACCTACCCTCCCGTGTGG-
30 and Rev:50-AGGCAGGAGAGGAAGAGAGC-30; 18S Fwd:
50-TTTGTTGGTTTTCGGAACTGA �30 and Rev: 50-CGTT
TATGGTCGGAACTACGA �30. 18S expression was used as
a control.

Immunoblotting analysis

After chronic treatments, rat hearts (n¼ 6) were dissected,
homogenized, and processed for protein extraction, to
evaluate protein expression by immunoblotting, as previously
described (De Francesco et al., 2013b). After loading and
transfer, membranes were blocked and incubated with primary
polyclonal IgG antibody for GPER (N-15) phosphorylated
ERK1/2 (E-4), phosphorylated AKT1/2/3 Ser 473-R,
phosphorylated-c-Jun Ser 73, ERK2 (C-14), AKT/1/2/3
(H-136), c-Jun (N), iNOS (C11), COX2 (N-20), CTGF
(L-20), BAX (6D150), BCL2 (C2), b-tubulin (H-235-2), and
appropriate secondary HRP-conjugated antibodies, all
purchased from Santa Cruz Biotechnology (DBA, Milan, Italy).
Proteins and phosphoproteins levels were detected with
horseradish peroxidase-linked secondary antibodies and
revealed by using the Enhanced Chemiluminescence system
(GE Healthcare, Milan, Italy).

Histological analysis

After chronic treatments and sacrifice, ventricular sections ( three
hearts for eachgroup), placedontoSuperfrostPlus slides (Menzel–
Glaser, Braunschwerg–Germany), were deparaffined, rehydrated,
and TUNEL staining (in situ Cell Death Detection Kit, POD from
Roche Diagnostics-Germany) was performed, as previously
described (Amelio et al., 2013). Briefly, sections incubated with
proteinase K (20mg/ml; 37°C; 20-min) were washed, rinsed, and
incubated with TUNEL (37°C, 60-min); reaction was blocked by
3% BSA in PBS at room temperature. Horseradish peroxidase-
conjugated antibodies were added and incubated at 37°C.
Terminal deoxynucleotidyl transferase (TdT) enzymewasomitted
for negative control. Nuclei were counterstained with hema-
toxylin. Apoptotic Index (AI) was calculated as 100� (number of
myocytes TUNEL-positive cell nuclei per field/total number of cell
nuclei per field). For each condition, four randomly selected fields
were evaluated and averaged.

Ex vivo studies

Perfusion method. In order to evaluate the cardiac
parameters, at the end of the treatments rats were
anesthetized with ethyl carbamate (2 g/kg body weight, i.p) and
sacrificed. Then, hearts were rapidly excised, immediately
placed in ice-cold perfusion buffer, cannulated via the aorta and
perfused in the Langendorff apparatus at a constant flow-rate of
12ml/min (37°C), as previously described (De Francesco et al.,
2013a). To evaluate inotropism, the developed left ventricular
pressure (dLVP; mmHg, index of contractile activity calculated
from LVP-LVEDP) and the left ventricular end diastolic
pressure (LVEDP; mmHg, index of contracture) were
measured during the experiment by using PowerLab data
acquisition system. Parameters were analyzed by using Chart
software (ADInstruments, Oxford-UK), as previously
reported (De Francesco et al., 2013a). Hearts were perfused
with Krebs–Henseleit solution (KHs) (pH 7.4; gassed with 95%
O2 and 5% CO2) containing (inmmol/l): 113.0mM NaCl;
4.7mM KCl; 1.2mM MgSO4; 25.0mM NaHCO3; 1.2mM

KH2PO4; 1.8mM CaCl2; 11,0mM glucose; 1.1mM mannitol;
5mM Na-pyruvate (Cerra et al., 2006).

I/R protocols. After chronic treatment, rats from each
group were subjected to I/R protocol. Baseline parameters
were recorded during the first 40min of stabilization, then
hearts were subjected to 30-min of global, no-flow ischemia
followed by 120-min of reperfusion (I/R). The protocol of
treatments for each group was as follows:

Group I (Saline): rats were treated each day throughout
1 week with saline solution; n¼ 6 hearts were stabilized and
subjected to I/R protocol.

Group II (Dox): rats were treated each day throughout
1 week with a single dose i.p. of Dox, n¼ 6 hearts were
stabilized and subjected to I/R protocol.

Group III (G-1): rats were treated once a day (a single i.p.
dose) for 1 week with G-1, n¼ 6 hearts were stabilized and
subjected to I/R protocol.

GroupVI (DoxþG-1): ratswere treated each day throughout
1 week with a single dose i.p. of G-1 in combination with Dox,
n¼ 6 hearts were stabilized and subjected to I/R protocol.

Group V (DoxþG-1þ G15): rats were treated each day
throughout 1 week with a single dose i.p. of G-1 in combination
with Dox and G15, n¼ 6 hearts were stabilized and subjected
to I/R protocol.

At the end of treatments, cardiac parameters were analyzed
by Langendorff technique. Administration of G15 alone, at the
concentration used, did not influence I/R damages (data not
shown). Cardiac performance before and after ischemia was
evaluated by analyzing LVP recovery, as an index of contractile
activity, and LVEDP as an index of contracture, defined as an
increase in LVEDP of 4mmHg above the baseline level (Cerra
et al., 2006; Penna et al., 2006).

Infarct size (IS). Hearts were rapidly removed from the
perfusion apparatus at the end of reperfusion. The left ventricle
was dissected into 2–3-mm circumferential slices. After 20-min
of incubation at 37°C in 0.1% solution of nitro blue tetrazolium
in phosphate buffer, unstained necrotic tissue was carefully
separated from stained viable tissue by an independent
observer who was not aware of the nature of the intervention.
Theweights of the necrotic and non-necrotic tissues were then
determined, and the necrotic mass was expressed as a
percentage of total left ventricular mass, including septum
(Penna et al., 2012).

A comprehensive diagram showing the experimental
protocol for both in-vivo and ex-vivo studies is detailed below:

Statistics. All data were expressed as means� SEM. One-
way ANOVA, non-parametric Mann–Whitney-U test and
Newman–Keuls Multiple Comparation Test (for post-
ANOVA comparisons) were used when appropriate
(Graphpad Prism5). A P-value< 0.05 was considered
statistically significant.

Results
GPER activation attenuates the increase of inflammatory
and oxidative stress markers induced by Dox

We started our study by evaluating whether GPER mediates
the reduction in inflammatory and oxidative stress markers in
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Fig. 1. Evaluation of IL-1b and TNFa plasma (A–B) and cardiac tissue (C–D) levels in saline, Dox, G-1, DoxþG-1, DoxþG–1þG15 groups.
Values are expressed as means�SEM with respect to saline group. Significance of differences from control value and comparison between
groups by one-way ANOVA followed by Newman–Keuls Multiple Comparation Test. (§), ($), (�), (#), (^), (�), (*), (&), (&) P< 0.05.
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rats treated with Dox alone and in combination with the GPER
selective agonist G-1 as well as the GPER selective antagonist
G15. Following the experimental protocol described in
Material and Methods section, at the end of all treatments,
heart (n¼ 6 for each group) weights were: saline group:
1.49� 0.03 g; Dox group: 2.09� 0.14 g�; G-1 group:
1.43� 0.07 g; Dox in combination with G-1: 1.52� 0.05 g; Dox
in combination with G-1 and G15: 1.96� 0.1 g� (�P< 0.05 vs.
saline).

IL-1b, TNF-a, and LDH plasma levels were significantly
increased in Dox-treated animals with respect to animals
treated with saline (Figs. 1A and B and 2A). G-1 alone did not
induce significant changes in IL-1b, TNF-a, and LDH plasma
levels with respect to the saline group (Figs. 1A and B and 2A).
However, G-1 lowered the IL-1b, TNF-a, and LDH plasma
values observed upon Dox exposure, an effect no longer
evident in the presence of the GPER antagonist G15 (Figs.
1A and B and 2A). In addition, G-1 counteracted the Dox-
induced plasma levels of ROS, while G15 prevented the
response triggered by G-1 (Fig. 2B). The levels of IL-1b were
increased in the heart of rats treated with Dox alone and Dox
in combination with G-1 and G15 with respect to animals
treated with saline, G-1 and G-1 in combination with Dox
(Fig. 1C). Similarly, TNF-a values were detected higher in
animal groups treated with Dox alone and Dox in combination
with G-1 and G15 respect to values detected in animals treated
with saline, G-1 and G-1 in combination with Dox (Fig. 1D).

Ligand-activated GPER reverses certain biological
responses triggered by doxorubicin

On the basis of the above findings suggesting that GPER
activation mitigates the detrimental cardiac effects of Dox, we
analyzed whether GPER may reverse certain Dox-induced
responses in cardiomyocytes. First, we assessed that in cardiac
homogenates of all animal groups the chronic exposure to
treatments do not determine any variation in GPER
expression, as evaluated by real-time PCR and western blotting
(Fig. 3A–C). Then, we evaluated main transduction signaling
involved in cardiomyocytes survival as ERK1/2 and AKT (de
Jonge et al., 2006). G-1 prevented the inhibition of ERK1/2 and
AKT phosphorylation induced by Dox (Fig. 3D and E), while
this effect was no longer evident in the presence of the GPER
antagonist G15 (Fig. 3D and E). In addition, the phosphorylation
of c-jun triggered by Dox was prevented by G-1 and rescued in
the presence of G15 (Fig. 3D and E). Noteworthy, G-1 inhibited
the up-regulation of BAX observed upon Dox treatment;
however, this effect of G-1 was abolished in the presence of
G15 (Fig. 3F and G). Conversely, the down-regulation of the
antiapoptotic factor BCL2 observed upon Dox treatment was
prevented using G-1, while this action of G-1 was rescued using
G15 (Fig. 3F and G). In addition, the up-regulation of iNOS,
COX2, and CTGF triggered by Dox was abrogated in the
presence of G-1 and rescued in the presence of G15
(Fig. 3H and I). Next, we evaluated whether G-1 may inhibit
cardiomyocyte apoptosis upon Dox exposure. As shown in
Figure 4, vehicle-treated hearts exhibited limited TUNEL-
positive nuclei, while Dox treatment substantially increased the
positivity (Fig. 4B). Furthermore, G-1 used in combination with
Dox significantly reduced the number of apoptotic myocytes
(Fig. 4C andD); however, the action of G-1 was abolished using
G15 (data not shown). Taken together, these data suggest that
the activation of GPER may counteract certain biological
responses involved in the cardiotoxicity induced by Dox
(Octavia et al., 2012; Mantawy et al., 2014; Tocchetti et al.,
2014; Vejpongsa and Yeh, 2014).

GPER activation improves post-ischemic cardiac function

The possibility that G-1 treatment elicits cardioprotection was
investigated in hearts from each group exposed to I/R
manoeuvres by analyzing both systolic and diastolic function.
For ex-vivo experiments, the following basal cardiac
parameters were obtained after 40min equilibration:
LVP¼ 74.13� 2.13, LVEDP¼ 5–8mmHg. The endurance and
stability of the preparations, analyzed by measuring the
performance variables every 10min, showed that each heart
was stable up to 180min. Systolic function was represented by
the level of developed left ventricular pressure (i.e., dLVP
recovery). Results showed that the post ischemic performance
of the heart from the saline group was characterized by a
limited LVP recovery. In particular, at the end of reperfusion,
dLVP was 39.9� 8.2mmHg (about 50% of the basal value). The
post ischemic performance was lower (dLVP: about 38%) in
hearts from the group treated with Dox alone, while it resulted
similar to the basal value when Dox was administered in
combination with G-1 that lost its protective action using the
selective GPER antagonist G15 (Fig. 5). Diastolic function is
expressed by contracture development (i.e., LVEDP 4mmHg
or more above baseline level) (Pagliaro et al., 2003). In the
saline group, I/R markedly increased LVEDP which resulted
38� 10mmHg at the end of reperfusion with respect to
6.8� 0.8mmHg in the baseline. In the Dox group, LVEDP was
higher (33� 7mmHg) respect to the baseline value
(8.3� 1.4mmHg) (Fig. 5). In heart of rats exposed to Dox in
combinationwithG-1 and in those exposed toG-1 alone, at the
end of the reperfusion, LVEDP was not significantly modified,

Fig. 2. Evaluation of LDH (A) and ROS (B) plasma levels in saline,
Dox, G-1, DoxþG-1, DoxþG–1þG15 groups. Values are expressed
as means�SEM in respect to saline group. Significance of
differences from control value and comparison between groups by
one-way ANOVA followed by Newman–Keuls Multiple
Comparation Test. (§), (^), (#), (�), (*), (&), (&) P< 0.05.
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Fig. 3. GPER mRNA (A) and protein (B and C) expression in heart homogenates from rats treated with vehicle (�), Dox, G-1 alone and in
combination with Dox or G-1 in the presence of Dox and G15, as evaluated by real-time PCR and immunoblotting, respectively. In RNA
experiments, PCR amplification in absence of cDNA was used as a control (�) and each data point represents the mean�SD of three
independent experiments performed in triplicate. In immunoblotting experiments, protein levels were quantified by densitometry and
normalized to the expression of b-tubulin. Percentage changes were evaluated as the mean�SD of six experiments for each group. (D,E)
ERK, AKT, and c-jun phosphorylation in heart homogenates from rats treated with vehicle (�), Dox, G-1 alone and in combination with Dox
or G-1 in the presence of both Dox and G15. The protein expression of pERK, pAKT, and p-c-jun was quantified by densitometry and
normalized to total ERK, AKT, and c-jun, respectively. Changes were evaluated and expressed as the mean�SD of six experiments for each
group. (�), (*), (&) P< 0.05. (F and G) BAX and BCL2 expression in heart homogenates from rats treated with vehicle (�), Dox, G-1 alone
and in combination with Dox or G-1 in the presence of both Dox and G15. The protein levels were quantified by densitometry and normalized
to the expression of b-tubulin. Percentage changes were evaluated as the mean�SD of six experiments for each group. (�), (*) P< 0.05. (H
and I) iNOS, COX2, and CTGF expression in heart homogenates from rats treated with vehicle (�), Dox, G-1 alone and in combination with
Dox or G-1 in the presence of Dox and G15. The protein levels were quantified by densitometry and normalized to the expression of
b-tubulin. Percentage changes were evaluated as the mean�SEM of six experiments for each group. (�), (*), (&) P< 0.05. Significance of
difference from control value and comparison between groups (one-way ANOVA followed by Newman–Keuls Multiple Comparation Test).
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being 5.6� 0.3 and 6.7� 1mmHg, respectively (Fig. 5). During
reperfusion, G15 abolished the G-1 associated protection on
contracture, as LVEDP at the end of reperfusion was
29.9� 3.8mmHg (Fig. 5). Total infarct size (IS) was expressed
as a percentage of left ventricular (LV) mass (Fig. 6). IS was
68.6� 3.4% in saline group, 78.2� 4.8% in Dox group,
76.3� 5% in the animal group treated with G-1 in combination
withDox andG15. The simultaneous administration of G-1 and
Dox determined an IS of 44.5� 2%, which was similar to that
observed in hearts exposed to G-1 alone (52.6� 2.6%) (Fig. 6),
evidencing that G-1 is able to reduce the IS area induced by
Dox. Next, a slight decrease in IS and a small increase in dLVP
functional recovery were observed in animals treatedwithDox
and G-1 respect to the group treated with G-1 alone (Figs. 5
and 6). Interestingly, in Dox group the cumulative LDH release
during reperfusion was significantly increased with respect to
the saline group, while in the group of animals treated with G-1
in combination with Dox the release of LDH was significantly
reduced. As expected, the levels of LDH increased in the group
of animals treated with Dox in combination with G-1 and G15
(data not shown).

Discussion

Cardiotoxicity is one of the most important undesired
complications of Dox treatment, which triggers the
development of several dysfunctions and congestive heart
failure (Octavia et al., 2012; Carvalho et al., 2014). Therefore,
many approaches are currently investigated in order to mini-
mize the severe side effects of Dox and improve its clinical
effectiveness (Vejpongsa and Yeh, 2014). In the present study,
we demonstrated that ligand-activated GPER prevents the
increase of TNF-a, IL-1b, ROS, and LDH plasma and tissue
levels induced by Dox. Moreover, we showed that in rat heart
homogenates GPER activation abolishes the increase in p-c-jun,

BAX, CTGF, iNOS, and COX2 expression triggered by Dox
treatment. We also determined that the activation of GPER
rescues the inhibitory action elicited by Dox on BCL2, pERK,
pAKT expression, and attenuates apoptosis induced by Dox.
Next, GPER activation mitigated the adverse effects of Dox
after I/R insult, as evidenced by the ability of G-1 to increase
systolic recovery, to reduce diastolic dysfunction and to
decrease infarct size and plasma LDH levels. Further
supporting the aforementioned data, the beneficial effects of
G-1 on Dox-induced cardiotoxicity were prevented in the
presence of the GPER antagonist G15, which has been largely
acknowledged as specific inhibitor of GPER-mediated
responses in diverse experimental models (Dennis et al., 2009).
It should be noted that the experimental design was performed
using male WKY rats that represent a unique model due to
their minimal exposure to estrogens, which have been largely
involved in GPER-mediated actions. Nonetheless, further
studies are needed toward a better understanding of the
potential of GPER to prevent the detrimental effects induced by
Dox in the presence of different hormone exposures.

GPERmediates estrogenic signaling in diverse tissues like the
cardiovascular system (Maggiolini and Picard, 2010; Meyer
et al., 2011; Prossnitz and Barton, 2011; De Francesco et al.,
2013a; Rigiracciolo et al., 2015a,b; Tropea et al., 2015; Lappano
et al., 2016). In this regard, it has been demonstrated that GPER
knockout mice exhibit both systolic and diastolic dysfunctions
together with myocyte hypertrophy (Delbeck et al., 2011),
suggesting that GPER may contribute to maintain cardiac
mechanical performance. In addition, we have previously
ascertained that GPER mediates a decreased contractility in
Langendorff-perfused rat heart together with an increased
phosphorylation of both ERK1/2 and eNOS (Filice et al., 2009),
thus corroborating the cardiac beneficial effects mediated by
GPER. Likewise, GPER has been involved in cell adaptation
to stressful conditions like hypoxia and hypertension

Fig. 4. (A–C) Representative images of Tunel-positive cardiomyocyte on rat hearts sections. Nuclei are indicated by red arrows. A (vehicle),
B (Dox), C (DoxþG-1). (D) Apoptotic index of the cardiac muscle. Data shown are representative of three experiments for each group.
Differences were evaluated by non-parametric Mann–Whitney-U test. (§) P< 0.05.
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(Recchia et al., 2011; De Francesco et al., 2013a). Accordingly,
GPER activation contributed to the negative inotropic and
lusitropic effects in male spontaneously hypertensive rat hearts
(De Francesco et al., 2013a). Further extending the ability of
GPER in mediating beneficial cardiac effects in a stressful
environment, it has been shown that in isolated mice and rat
hearts exposed to I/R, G-1 pre-treatment reduces IS and
preserves the cardiac function through AKT and ERK1/2
activation and the reduction of inflammation (Deschamps and
Murphy, 2009;Weil et al., 2010). These data are in line with our
findings showing that GPER activation may improve cardiac

function and decrease IS, hence attenuating the negative effects
of Dox on cardiac performance, myocytes viability, and
inflammation after I/R injury. Compelling evidence has involved
in cardiomyocytes integrity after ischemic damage the AKT and
ERK transduction signaling, also referred to as Reperfusion
Injury Salvage Kinase (RISK) pathways, (de Jonge et al., 2006). In
this regard, the downregulation of AKT and ERK transduction
cascades has been shown to contribute to cardiomyocytes
damage and apoptosis induced by Dox both in vitro and in vivo
(Lou et al., 2005; Su et al., 2006). In accordance with these
observations, our results suggest that GPER activation may

Fig. 5. Evaluation of LVP and LVEDP in saline, Dox, G-1, DoxþG-1, DoxþG–1þG15 groups. Values are expressed as means�SD in respect
to saline group from the stabilization to the end of the 150min of reperfusion with respect to the baseline values for each group. Vertical lines
indicate ischemic administration. Significance of differences from control value and comparison between groups by one-way ANOVA followed
by Newman–Keuls Multiple Comparation Test: (†), (‡), (^), (&), (&), (�), (*) P< 0.05.
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trigger AKT and ERK1/2 transduction signaling as downstream
mediators toward cell survival during I/R.

It has been shown that the response of innate immunity and
acute inflammationmediated by iNOS are activated after cardiac
injury (Abe et al., 2001). Notably, in the present study, Dox-
increased iNOS expression was prevented by G-1 treatment. In
addition, G-1 reduced myocardial inflammation as evidenced by
its ability to abolish the increaseofCOX2andLDHcardiac levels
upon Dox exposure. Moreover, G-1 administration
counteracted the ability ofDox to increase theplasma and tissue
levels of several inflammatory and damage markers like TNF-a,
IL-1b, and LDH, hence suggesting that GPER activation may
attenuate these detrimental effects elicited by Dox. According
to these data, genetic ablation of GPER in mice was associated
with a pro-inflammatory state while the treatmentwithG-1was
effective in reducing inflammation (Meyer et al., 2014; Barton
and Prossnitz, 2015). Our data indicated also that GPER
activation may prevent the fibrotic response to Dox treatment,
thus corroborating the acknowledged role of GPER as anti-
fibrotic mediator in rat heart (De Francesco et al., 2013a). As it
concerns the pro-survival and anti-apoptotic actions induced by
G-1 treatment in combination with Dox, we provided evidence
thatGPER activation prevents the harmful action ofDox on pro-
survival signaling cascades like ERK1/2 and AKT. Indeed, the
ability ofG-1 to reduce the apoptotic response triggered byDox
nicely fits with previous investigations showing that GPER may
mediate pro-survival effects in several model systems including
keratinocytes, breast cancer cells, myocardial cells, and heart
after I/R damage (Kanda andWatanabe, 2003; Weil et al., 2010;
Delbeck et al., 2011; Barton and Prossnitz, 2015; Kabir et al.,
2015).

Our findings pave the way for future investigations on the
multifaceted mechanisms and mediators involved in GPER
cardioprotection upon Dox exposure. In this regard, it has been
demonstrated that Dox contributes to cardiac damage by
inhibiting angiogenesis on human cardiac microvascular
endothelial cells by reducing myocardial capillary density. This
microvascular deficiency, described in cardiomyopathies such as
diabetic and idiopathic dilated cardiomyopathies, promotes the
progression of cardiac disease (Sun et al., 2016). On the contrary,
GPERactivationhas been shown tocontribute to the formationof
new blood vessels particularly under stressful conditions (De
Francesco et al., 2013b, Rigiracciolo et al., 2015a). Additionally,
Doxorubicin-dependent cardiomyopathy is associated with

impaired Ca2þ handling in the sarcoplasmic reticulum, which
resulted markedly decreased in Dox-treated hearts, leading to a
reduced cardiac function (Arai et al., 2000). At the same time,
Kooptiwut et al. (2014) demonstrated in INS-1 cells that estrogen
increases SERCA-2 expression. This suggests that the protective
effect of G1 against Dox-dependent cardiotoxicity can be
mediated by the increase of SERCA-2 expression.

Collectively, our results contribute to extend the current
knowledge on the potential of GPER to exert beneficial cardiac
effects in stressful conditions.AsGPERactivationmaymitigate the
cardiotoxicity exerted byDox, our data suggest that combination
therapies targeting GPER can represent a novel strategy in order
to strengthen the usefulness of this anti-cancer drug.
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ABSTRACT
Aldosterone induces relevant effects binding to the mineralcorticoid receptor 

(MR), which acts as a ligand-gated transcription factor. Alternate mechanisms 
can mediate the action of aldosterone such as the activation of epidermal growth 
factor receptor (EGFR), MAPK/ERK, transcription factors and ion channels. The 
G-protein estrogen receptor (GPER) has been involved in the stimulatory effects 
of estrogenic signalling in breast cancer. GPER has been also shown to contribute 
to certain responses to aldosterone, however the role played by GPER and the 
molecular mechanisms implicated remain to be fully understood. Here, we evaluated 
the involvement of GPER in the stimulatory action exerted by aldosterone in breast 
cancer cells and breast tumor derived endothelial cells (B-TEC). Competition assays, 
gene expression and silencing studies, immunoblotting and immunofluorescence 
experiments, cell proliferation and migration were performed in order to provide 
novel insights into the role of GPER in the aldosterone-activated signalling. Our results 
demonstrate that aldosterone triggers the EGFR/ERK transduction pathway in a MR- 
and GPER-dependent manner. Aldosterone does not bind to GPER, it however induces 
the direct interaction between MR and GPER as well as between GPER and EGFR. Next, 
we ascertain that the up-regulation of the Na+/H+ exchanger-1 (NHE-1) induced by 
aldosterone involves MR and GPER. Biologically, both MR and GPER contribute to the 
proliferation and migration of breast and endothelial cancer cells mediated by NHE-1 
upon aldosterone exposure. Our data further extend the current knowledge on the 
molecular mechanisms through which GPER may contribute to the stimulatory action 
elicited by aldosterone in breast cancer.

INTRODUCTION

Aldosterone elicits multiple biological effects 
binding to the mineralcorticoid receptor (MR), which acts 
as a ligand-gated transcription factor [1]. In addition, rapid 
aldosterone signalling involves alternate mechanisms 
that include the activation of transduction pathways like 
tyrosine kinase c-Src, epidermal growth factor receptor 
(EGFR) and MAPK/ERK cascade [2-4]. Aldosterone is 
a key component of the renin-angiotensin-aldosterone 
system (RAAS), which is mainly implicated in maintaining 

salt and water balance toward the regulation of systemic 
blood pressure [5]. In addition, aldosterone activates ionic 
membrane transporters as the Na+/H+ exchanger (NHE-
1) and Na+/HCO3

- cotransporter (NBC), which regulate 
the cellular pH and volume [6-7]. Aldosterone has been 
also involved in diverse cardio-metabolic diseases as 
it triggers inflammatory and fibrotic responses in both 
heart and vessels [8-11]. Recent studies have suggested 
that aldosterone/MR signalling may contribute to the 
progression of certain types of tumor [12-13]. For 
instance, it has been shown that aldosterone stimulates 
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the survival and proliferation of renal carcinoma cells by 
upregulating K-RAS and the activation of the Akt and Raf 
pathways [12]. Moreover, an aldosterone blocker inhibited 
the growth of hepatocellular carcinoma and angiogenesis 
both in vitro and in vivo [13]. 

The G-protein estrogen receptor namely GPER 
mediates several pathophysiological functions in the 
cardiovascular, immune and central nervous systems, 
glucose and fat metabolism [14]. In addition, our and 
other previous studies have largely demonstrated that 
estrogenic GPER signalling elicits stimulatory effects in 
cancer cells and tumor microenvironment toward cancer 
progression [14-19]. In this regard, it has been reported 
that GPER activation triggers diverse transduction 
pathways involved in the proliferation, invasion and 
migration of tumor cells, including the epidermal growth 
factor receptor (EGFR), the MAPK/ERK and PI3K/
AKT transduction cascades, Ca2+ mobilization and cAMP 
production [20-27]. Numerous endogenous, environmental 
and newly synthesized molecules have been shown to 
trigger relevant GPER-mediated responses in different cell 
contexts [28-36]. Aldosterone has been recently suggested 
to act through GPER in diverse models, including the 
cardiovascular and renal systems [6, 37-40]. For instance, 
it was demonstrated that GPER is involved in important 
effects exerted by aldosterone on vascular endothelial 
cells, cardiac vagal tone and connecting tubule glomerular 
feedback [37-40]. These observations have pointed out 
the potential of GPER to contribute to the aldosterone 
action, however the effective role played by GPER and 
the molecular mechanisms implicated are controversial 
as pharmacologic criteria for considering GPER as an 
aldosterone receptor have been not adequately fulfilled 
[41-43]. 

In the framework of the aforementioned 
observations, the current study provides novel insights into 
the role of GPER in mediating the action of aldosterone 
in breast tumor. In particular, our data show that a 
functional cross-talk between MR and GPER may occur 
upon aldosterone treatment leading to stimulatory effects 
in both breast cancer cells and endothelial cells obtained 
from breast malignancies.

RESULTS

Aldosterone activates the EGFR/ERK 
transduction pathway and induces the interaction 
between MR and GPER

We began our study evaluating whether aldosterone 
could be able to activate the EGFR/ERK transduction 
signalling in SkBr3 breast cancer cells and B-TEC breast 
tumor-derived endothelial cells, which were used as model 
systems. Both cell types express MR and GPER but not 

ERα (Supplementary Figure 1). Of note, pM aldosterone 
concentrations induced the phosphorylation of EGFR and 
ERK1/2 in both SkBr3 cells and B-TEC (Figure 1A-1D), 
though these effects were no longer evident silencing the 
expression of MR (Figure 1E-1J). Recently, it has been 
reported that GPER contributes to aldosterone action 
although the mechanisms involved remain to be fully 
understood [6, 38-44]. In this vein, we therefore performed 
saturation curves and scatchard plot analyses using as 
radiotracers the GPER ligand [3H]E2 [28, 31-32, 34-36] 
and the MR ligand [3H]aldosterone. [3H]E2 showed an 
estimated Bmax corresponding to 6799 ± 707.8 cpm/1 × 
105 SkBr3 cells and an estimated Kd corresponding to 8.16 
± 1.70 nM (Figure 2A), whereas [3H]aldosterone showed 
an estimated Bmax corresponding to 2159 ± 229.2 cpm/1 
× 105 SkBr3 cells and an estimated Kd corresponding to 
0.42 ± 0.08 nM (Figure 2B). In competition assays, E2 
but not aldosterone displaced [3H]E2 (Figure 2C), while 
aldosterone but not E2 displaced [3H]Aldosterone (Figure 
2D). Collectively, these findings argue that in SkBr3 cells 
aldosterone is not able to displace [3H]E2, which was used 
as a GPER radioligand.

In order to gain further insights into the role of 
GPER in certain biological responses to aldosterone, we 
then evaluated the possible interaction of GPER and MR 
and EGFR. Our immunoprecipitation data indicated that 
aldosterone triggers a direct interaction between GPER 
and MR as well as GPER and EGFR (Figure 2E-2L). 
Immunofluorescence experiments performed in SkBr3 
cells further corroborated the aforementioned results as 
an increased merged (orange) signal of MR and GPER 
was observed upon a short (15 min) aldosterone treatment 
(Figure 2M-2O). Altogether, these data suggest that 
GPER may contribute to aldosterone/MR-activated EGFR 
signalling.

GPER is involved in the aldosterone-mediated 
signalling

On the basis of the abovementioned observations, 
we performed gene silencing experiments in order to 
assess whether GPER is involved in the rapid signalling 
induced by aldosterone. Interestingly, the activation of 
both EGFR and ERK1/2 by aldosterone was no longer 
evident silencing GPER in both SkBr3 cells and B-TEC 
(Figure 3A-3F). In accordance with these findings, 
the GPER antagonist G15 prevented the EGFR/ERK 
phosphorylation upon aldosterone exposure (Figure 3G-
3I). Next, the EGFR tyrosine kinase inhibitor AG1478 
(AG) but not the MEK inhibitor PD98059 (PD) blocked 
EGFR phosphorylation by aldosterone (Figure 3G-3I), 
while ERK1/2 activation was prevented in the presence 
of both AG and PD. Hence, the MEK/ERK transduction 
pathway is activated afterward the engagement of 
EGFR upon aldosterone treatment in our model system. 
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Figure 1: EGFR and ERK1/2 phosphorylation in SkBr3 cells. A., B. and B-TEC C., D. treated with Aldosterone (Aldo) for 15 
min. EGFR and ERK1/2 phosphorylation in SkBr3 cells E., F. and B-TEC H., I. transfected for 24 h with siRNA or siMR and then treated 
with 10 pM Aldo for 15 min. G., J. Efficacy of MR silencing. The blots were normalized to EGFR or ERK2 and each data point represents 
the mean ± SD of three independent experiments. (○) and (●) indicate p < 0.05 for cells receiving vehicle (-) versus Aldo treatment.
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Figure 2: Representative saturation curve and Scatchard plot of [3H]17β-estradiol (E2) binding. A. and [3H]Aldosterone 
(Aldo) binding B. in SkBr3 cells. Each value represents the mean ± SEM of three determinations. Ligand binding assay in SkBr3 cells 
incubated with [3H]E2 and exposed to increasing concentrations of E2 and Aldo for 2 hours C.. Ligand binding assay in SkBr3 cells 
incubated with [3H]Aldo and exposed to increasing concentrations of E2 and Aldo for 2 hours D.. Competition curves are expressed as a 
percentage of maximum specific [3H]E2 or [3H]Aldo binding. Each data point represents the mean ± SEM of three independent experiments 
performed in triplicate. The co-immunoprecipitation of MR with GPER increases upon treatment with 10 pM Aldo for 15 min in SkBr3 
cells E.-H. The blots were normalized to GPER or MR, respectively. The interaction between GPER and EGFR increases upon treatment 
with 10 pM Aldo for 15 min in SkBr3 cells I.-L. The blots were normalized to GPER or EGFR, respectively. In control samples, nonspecific 
IgG was used instead of the primary antibody, as indicated. Each data point represents the mean ± SD of three independent experiments. 
(○) indicates p < 0.05 for cells receiving vehicle (-) versus Aldo treatment. Localization of MR M. and GPER N. alone or in combination 
O., as evaluated by immunofluorescence in SkBr3 cells treated with 10 pM Aldo for 15 min. Green signal: MR; Red signal: GPER; Blue 
signal: Nuclei. Images shown are representative of ten random fields from three independent experiments.
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Figure 3: EGFR and ERK1/2 phosphorylation in SkBr3 cells. A., B. and B-TEC D., E. transfected for 24 h with shRNA or 
shGPER and then treated with 10 pM Aldo for 15 min. C., F. Efficacy of GPER silencing. EGFR and ERK1/2 activation in SkBr3 cells G., 
H. and B-TEC I., J. treated for 15 min with 10 pM Aldo alone and in combination with 10 µM EGFR inhibitor AG1478 (AG), 10 µM MEK 
inhibitor PD98059 (PD) and 100 nM GPER antagonist G15. The blots were normalized to EGFR or ERK2 and each data point represents 
the mean ± SD of three independent experiments. (○) and (●) indicate p < 0.05 for cells receiving vehicle (-) versus Aldo treatment.
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Aldosterone/MR signalling stimulates the activity and 
expression of NHE-1, which has been involved in tumor 
cell migration, invasion and metastasis particularly in 
breast cancer [6-7, 45]. In this regard, we assessed that 
aldosterone prompts NHE-1 activity in both SkBr3 
cells and B-TEC as evaluated by a fluorescent indicator 
of cytoplasmic pH changes (Figure 4A). In addition, 
aldosterone up-regulated NHE-1 at both the mRNA and 
protein levels as determined by real time PCR (Figure 4B) 
and immunofluorescence studies performed in SkBr3 cells 
and B-TEC (Figure 4C-4F). Next, the stimulatory effects 
induced by aldosterone on NHE-1 protein expression 
were abolished silencing MR (Figure 5) as well as GPER 
(Figure 6). Collectively, these findings suggest that NHE-1 
regulation by aldosterone requires MR along with GPER.

Aldosterone induces biological responses through 
both MR and GPER

Functionally, we studied the role of MR and GPER 
in the proliferative effects of aldosterone in breast tumor 
cells as well as in the migration of tumor endothelial 
cells. Indeed, aldosterone triggered growth effects in 
SkBr3 cells, as assessed by cell counting (Figure 7A) and 
evidenced by time-lapse video microscopy (Videos 1-2). 
Cell proliferation stimulated by 10pM aldosterone was no 
longer evident silencing MR (Figure 7B-7C) or knocking-
down GPER expression (Figure 7D-7E) and using the 
NHE-1 inhibitor cariporide (Figure 7F). Similar results 
were obtained using aldosterone concentrations up to 10 
nM (data not shown). Furthermore, aldosterone promoted 
the migration of B-TEC as evidenced by time-lapse video 
microscopy (Videos 3-4) and scratch assay (Figure 8). 
The observed aldosterone-induced motility was abrogated 
silencing MR (Figure 8A, 8B, 8F) or GPER (Figure 
8C-8D, 8G) and in the presence of cariporide (Figure 
8E). Overall, these results indicate that the functional 
interaction between MR and GPER is involved in the 
aforementioned stimulatory action of aldosterone in both 
SkBr3 cells and B-TEC. 

DISCUSSION

In the present study we provide novel evidence 
regarding the molecular mechanisms by which GPER 
may contribute to the biological responses induced by 
aldosterone in breast cancer cells and breast tumor-derived 
endothelial cells. In particular, we have demonstrated 
that aldosterone activates the EGFR/ERK transduction 
signalling through the classic MR and the involvement 
of GPER, as evidenced by gene silencing experiments 
and pharmacological inhibitors. In addition, we have 
shown that both MR and GPER mediate the aldosterone-
induced up-regulation of Na+/H+ exchanger-1 (NHE-1), 
a well-known MR target involved in cancer progression 

[7, 45]. We have also evidenced that aldosterone does not 
bind to GPER in accordance with previous studies [44], 
however it triggers the direct interaction between MR 
and GPER as well as GPER and EGFR. Interestingly, we 
have determined that both MR and GPER are required for 
the proliferation and migration of breast cancer cells and 
B-TEC mediated by NHE-1 upon aldosterone exposure. 

Aldosterone elicits important biological effects 
in several physio-pathological conditions, spanning 
from electrolyte and fluid homeostasis to the regulation 
of fibrotic, inflammatory, proliferative and angiogenic 
responses in cardiovascular, metabolic diseases and 
cancer [12-13, 46-49]. As it concerns the breast tissue, 
it has been demonstrated that aldosterone potentiates 
prolactin stimulation of casein synthesis in pregnant 
rabbit mammary gland and contributes to mammary gland 
development and differentiation [50]. 

The actions exerted by aldosterone mainly 
occur through the binding to MR, a ligand-inducible 
transcription factor that belongs to the nuclear receptor 
superfamily [1]. The enzyme 11β-hydroxysteroid 
dehydrogenase type II (11βHSD2), which catalyzes the 
conversion of 11β-hydroxycorticosteroids like cortisol 
and corticosterone to the respective 11-keto metabolites 
namely cortisone and 11-dehydrocorticosterone, does 
allow the aldosterone binding to MR [51]. 11βHSD2 
is mainly expressed in mineralcorticoid target tissues 
like kidney, colon, salivary glands and placenta [51]. In 
addition, immunohistochemical studies have detected 
in normal and malignant breast tissues high levels of 
11β-HSD2 that co-localize with MR [52]. Previous 
studies have also evaluated the 11β-HSD2 activity in 
breast cancer cells, suggesting that this enzyme may 
play a regulatory role of aldosterone action in breast 
malignancy [53]. According to the classical model of 
MR signalling, the interaction between aldosterone and 
un-liganded receptor promotes the dissociation of the 
heat shock proteins from MR, which translocates into the 
nucleus [1]. Then, the aldosterone/MR complex binds to 
specific response elements located within the regulatory 
region of target genes, hence resulting in gene expression 
changes [1]. In addition, aldosterone induces rapid effects 
through alternate mechanisms including the activation of 
the EGFR/ERK transduction pathway, as demonstrated 
in different animal and cell models [3-4]. The existence 
of aldosterone receptors structurally unrelated to the 
classic MR paved also the way for analyzing the role of 
further mediators of the multifaceted action elicited by 
aldosterone [49]. 

GPER has been largely demonstrated to mediate 
estrogenic signalling in a wide number of physio-
pathological conditions, including cancer [54-64]. 
GPER has been also involved in functional responses 
to aldosterone in various experimental contexts [37-
40]. For instance, the ability of aldosterone in activating 
ERK1/2 in vascular smooth muscle cells and sensitizing 
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Figure 4: Na+/H+ Exchanger 1 (NHE-1) activity in SkBr3 cells and B-TEC treated with 10 pM Aldo, as evaluated 
by fluorescence intensity measurement. A. Each data point represents the mean ± SD of three independent experiments. mRNA 
expression of NHE-1 in SkBr3 cells and B-TEC treated with 10 pM Aldo, as evaluated by real-time PCR B.. Values are normalized to 
the 18S expression and shown as fold changes of the mRNA expression induced by Aldo respect to cells treated with vehicle (-). NHE-1 
expression as evaluated by immunofluorescence in SkBr3 cells C. and B-TEC E. treated with ethanol as vehicle or 10 pM Aldo for 8 hours. 
NHE-1 accumulation is shown by the red signal, nuclei were stained by DAPI (blue signal). Images shown are representative of three 
independent experiments. D., F. Fluorescence intensities for the red channel were quantified in 10 random fields for each condition and 
results are expressed as fold change of relative fluorescence units (RFU) over the vehicle-treated cells. (○) and (●) indicate p < 0.05 for cells 
receiving vehicle (-) versus Aldo treatment. 
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Figure 5: Na+/H+ Exchanger 1 (NHE-1) expression as evaluated by immunofluorescence in SkBr3 cells. A. and B-TEC D. 
transfected for 24 hours with siRNA (panels 1-6) or siMR (panels 7-12) and then treated with ethanol as vehicle or 10 pM Aldosterone (Aldo) 
for 8 hours. NHE-1 accumulation is shown by the red signal, nuclei were stained by DAPI (blue signal). Images shown are representative 
of three independent experiments. B., E. Fluorescence intensities for the red channel were quantified in 10 random fields for each condition 
and results are expressed as fold change of relative fluorescence units (RFU) over the vehicle-treated cells. C., F. Efficacy of MR silencing. 
(○) indicates p < 0.05 for cells receiving vehicle versus Aldo treatment. 
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Figure 6: Na+/H+ Exchanger 1 (NHE-1) expression as evaluated by immunofluorescence in SkBr3 cells. A. and B-TEC D. 
transfected for 24 hours with shRNA (panels 1-6) or shGPER (panels 7-12) and then treated with ethanol as vehicle or 10 pM aldosterone 
(Aldo) for 8 hours. NHE-1 accumulation is shown by the red signal, nuclei were stained by DAPI (blue signal). Images shown are 
representative of three independent experiments. B., E. Fluorescence intensities for the red channel were quantified in 10 random fields for 
each condition and results are expressed as fold change of relative fluorescence units (RFU) over the vehicle-treated cells. C., F. Efficacy 
of GPER silencing. (○) indicates p < 0.05 for cells receiving vehicle (-) versus Aldo treatment. 
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the connecting tubule glomerular feedback in afferent 
arterioles was prevented using both MR and GPER 
blockers [38-40]. Other studies evidenced that the increase 
of cardiac vagal tone observed upon aldosterone treatment 
is abolished in the presence of the GPER antagonist G36 
but not using the MR antagonists spironolactone and 
eplerenone [39]. In rat aortic endothelial cells devoid 
of MR, the biological effects triggered by aldosterone 
were mimicked by the GPER agonist G-1 and prevented 
using pharmacological inhibitors of GPER as well as 
knocking down its expression [38]. The aforementioned 

observations suggest that GPER is involved in the effects 
exerted by aldosterone either through MR or acting as 
an alternate aldosterone receptor. However, it should be 
pointed out that diverse controversies argue against the 
last conclusion, as pharmacologic criteria for GPER to be 
considered as an aldosterone-responsive receptor are not 
still adequately fulfilled [41-43]. Indeed, binding studies 
performed in HEK cells overexpressing GPER (HEK-
GPER-1) showed that aldosterone and the MR antagonists, 
spironolactone and eplerenone, do not compete for specific 
[3H]E2 binding to membrane of HEK-GPER-1 cells [44]. 

Figure 7: A. SkBr3 cell proliferation upon treatment for 5 days with increasing concentrations of Aldosterone (Aldo). Proliferation of 
SkBr3 cells transfected with siMR B., C. and shGPER D., E. and treated for 5 days with 10 pM Aldo. SkBr3 cell proliferation stimulated 
by 10 pM Aldo in the presence of 50 µM Na+/H+ Exchanger 1 (NHE-1) inhibitor named cariporide F.. Values shown are mean ± SD of three 
independent experiments performed in triplicate. (○) indicates p < 0.05 for cells receiving vehicle (-) versus Aldo treatment. 
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In accordance with these findings, in the present study 
aldosterone failed to bind to GPER in competition assays 
based on experimental approaches used in previous 
investigations in order to characterize the binding 
properties of GPER ligands [28, 31-32, 34-36]. Worthy, we 
found that aldosterone stimulates the interaction of GPER 
with MR and EGFR, thus suggesting a further mechanism 
through which ligand-activated MR triggers EGFR 
signalling [49, 65-67]. Nicely supporting the functional 
cross-talk between MR and GPER, we ascertained that 
both receptors are required for the aldosterone-induced 
expression of NHE-1 which is considered as a molecular 

sensor of MR activation [45]. In this respect, our data are 
reminiscing of previous findings showing that EGFR and 
GPER cooperate toward the regulation of NHE-1 function 
upon aldosterone treatment [40, 66]. Importantly, we 
found that the stimulatory effects elicited by aldosterone 
on the proliferation and migration of breast cancer cells 
and breast tumor-derived endothelial cells are mediated 
by NHE-1 and involve both GPER and MR. Hence, the 
current results further extend the well-known action 
played by NHE-1 toward negative biological features, in 
particular in breast cancer [7, 68]. In this regard, it is worth 
mentioning that in tumor metabolic microenvironment 

Figure 8: Cell migration in B-TEC transfected for 24 h with siRNA. A., siMR B., shRNA C. or shGPER D. and then treated 
for 48 hours with ethanol as vehicle or 10 pM Aldosterone (Aldo). E. Cell migration stimulated by 10 pM Aldo in B-TEC in the presence 
of 50 µM Na+/H+ Exchanger 1 (NHE-1) inhibitor cariporide. F., G. Efficacy of MR and GPER silencing. Data are representative of three 
independent experiments performed in triplicate.
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characterized by hypoxic-acidic milieu [69], the 
dysregulation of pH homeostasis mediated by NHE-1 
may actually contribute to key steps in tumor progression 
like increased cell proliferation, loss of cell-cell contact 
and detachment from the extracellular matrix [68]. In 
breast cancer cells and breast cancer associated fibroblasts 
exposed to hypoxia, we have previously assessed that 
GPER cooperates with hypoxia inducible factor-1 (HIF-
1) toward the regulation of vascular endothelial growth 
factor (VEGF) and tumor angiogenesis [70-73]. Hence, 
the present findings suggest further mechanisms through 
which GPER may play a role in the complex adaptive 
responses to hypoxic-acidic tumor microenvironment. 
Additionally, our results indicate that GPER contributes 
to the effects mediated by aldosterone/MR signalling, as 
evidenced by other ligand-activated steroid receptors [74-
75]. 

Collectively, our findings provide novel insights 
into the controversial mechanisms through which GPER 
contributes to aldosterone-mediated signalling. On the 
basis of our data showing that the functional interaction 
between MR and GPER triggers certain stimulatory 
effects exerted by aldosterone, GPER may be considered 
as a further target within the intricate transduction network 
activated by aldosterone in particular in breast cancer.

MATERIALS AND METHODS

Reagents

Aldosterone (Aldo), 17β-estradiol (E2) and 
Cariporide were purchased from Sigma Aldrich (Milan, 
Italy). G15 ((3aS,4R,9bR)-4-(6-bromo-1,3-benzodioxol-
5-yl)-3a,4,5,9b-3H-cyclopenta[c]quinolone) was 
obtained from Tocris Bioscience (distributed by Space, 
Milan, Italy). Tyrphostin AG1478 (AG) was purchased 
from DBA (Milan, Itay). PD98059 (PD) was obtained 
from Calbiochem (DBA, Milan, Italy). All compounds 
were dissolved in dimethyl sulfoxide (DMSO) except 
Aldosterone and E2 which were solubilized in ethanol.

Cell cultures

SkBr3 breast cancer cells were maintained in 
RPMI-1640 without phenol red, supplemented with 
10% fetal bovine serum (FBS) and 100 μg/ml penicillin/
streptomycin (Life Technologies, Milan, Italy). Breast 
tumor-derived endothelial cells (B-TEC) were obtained 
from human breast carcinomas and characterized as 
previously described [76]. B-TEC showed constant 
expression of endothelial markers and increased 
angiogenic properties, migration and drug resistance 
in respect to normal microendothelial cells [76-78]. 
Briefly, specimens were finely minced with scissors and 

then digested by incubation for 1 h at 37˚C in DMEM 
containing collagenase IV (Sigma Aldrich, Milan, 
Italy). After washings in medium plus 10% FCS (Life 
Technologies, Milan, Italy), the cell suspension was 
forced through a graded series of meshes to separate the 
cell components from stroma and aggregates. Endothelial 
cells were isolated from cells suspension using anti-
CD105 Ab coupled to magnetic beads, by magnetic 
cell-sorting using the MACS system (Miltenyi Biotech, 
Auburn, CA). B-TEC were seeded on collagen-coated 
flasks (Sigma-Aldrich Srl, Milan, Italy) and cultured in 
Endothelial Growth Medium (EGM) (Lonza, Milan, 
Italy), supplemented with 5% FBS (Lonza, Milan, Italy). 
MCF-7 breast cancer cells were maintained in DMEM 
F12 supplemented with 10% FBS and 100 µg/mL 
penicillin/streptomycin (Life Technologies, Milan, Italy). 
All cell lines were grown in a 37° C HeraCell incubator 
(ThermoScientific-Heraeus, Milan, Italy) with 5% CO2. 
Cells were switched to medium without serum the day 
before experiments.

Saturation curve and scatchard plot analysis

SkBr3 cells were grown in 10-cm cell culture dishes 
and incubated with increasing concentrations of [2, 4, 6, 
7-3H] E2 (89 Ci/mmol; GE Healthcare) or [1, 2, 6, 7-3H] 
Aldosterone (85 Ci/mmol; Perkinelmer). Cells were then 
washed with ice-cold phosphate-buffered saline (PBS); 
after 100% ethanol extraction of cells, radioactivity was 
measured by liquid scintillation counting. The plot of the 
bound radioactivity (cpm) versus the concentration of the 
radiotracer (nM) was fitted to the saturation binding curve 
using Prism GraphPad program (GraphPad Software, 
San Diego, CA), which was used to calculate the binding 
dissociation constant (Kd) and binding capacity (Bmax). 

Ligand binding assay

SkBr3 cells were grown in 10-cm cell culture 
dishes and incubated with 4 nM [2, 4, 6, 7-3H] E2 (89 
Ci/mmol; GE Healthcare) or 100 pM [1, 2, 6, 7-3H] 
Aldosterone (85 Ci/mmol; Perkinelmer) in the presence 
or absence of increasing concentrations of nonlabeled 
E2 or aldosterone for 2 hours at 37°C. Cells were then 
washed with ice-cold PBS; after 100% ethanol extraction 
of cells, radioactivity was measured by liquid scintillation 
counting. The displacement of [3H]E2 or [3H]Aldo binding 
by the competitors was expressed as a percentage of the 
maximum specific binding of E2 or Aldo.

Na+/H+ Exchanger 1 (NHE-1) activity assay

 SkBr3 cells and B-TEC were grown in 10-cm 
cell culture dishes and then shifted for 24h to medium 
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lacking serum. Then, 4x107 cells/ml were suspended in 
HEPES buffer solution 1M (Sigma Aldrich, Milan, Italy) 
and incubated with a membrane-permeable fluorescent 
indicator for the measurement of cytoplasmic pH 
namely SPIRO(ISOBENZOFURAN-1(3H),9’-(9H)
XANTHENE)-2’,7’-DIPROPANOIC ACID (BCECF-
AM) (0,3μM) (Santa Cruz Biotechnology, Milan, Italy) 
for 30 min at 37°C. Then, cells were washed with HEPES 
buffer saline and a cell suspension of 3x106 cells/ml was 
prepared. Fluorescence ratio from the dye was measured 
using an FLX-800 micro plate fluorimeter (Bio-Tek 
Instruments, Inc., Winooski, VT, USA). 

Gene expression studies

Total RNA was extracted from cell cultures using 
the TRIzol commercial kit (Life Technologies, Milan, 
Italy) according to the manufacturer’s protocol. RNA 
was quantified spectrophotometrically and quality 
was checked by electrophoresis through agarose gels 
stained with ethidium bromide. Only samples that were 
not degraded and showed clear 18 S and 28 S bands 
under UV light were used for RT-PCR. Total cDNA 
was synthesized from the RNA by reverse transcription 
using the murine leukemia virus reverse transcriptase 
(Life Technologies, Milan, Italy), following the protocol 
provided by the manufacturer. The expression of selected 
genes was quantified by real-time PCR using Step One 
(TM) sequence detection system (Applied Biosystems 
Inc, Milan, Italy), following the manufacturer’s 
instructions. Gene-specific primers were designed 
using Primer Express version 2.0 software (Applied 
Biosystems. Inc., Milan, Italy) and are as follows: 
GPER Fwd: 5’-ACACACCTGGGTGGACACAA-3’ 
and Rev: 5’-GGAGCCAGAAGCCACATCTG-3’; 
MR Fwd: 5’-GCTTTGATGGTAACTGTGAAGG-3’ 
and Rev: 5’- TGTGTTGCCCTTCCACTGCT-3’; ERα 
Fwd: 5’-AGAGGGCATGGTGGAGATCTT-3’ and 
Rev: 5’-CAAACTCCTCTCCCTGCAGATT-3’; NHE-
1 Fwd: 5’:- AAGGACCAGTTCATCATCGC-3’ and 
Rev:5’- TTCTTCACAGCCAACAGGTC-3’; 18S 
Fwd: 5’-GGCGTCCCCCAACTTCTTA-3 and Rev: 
5’-GGGCATCACAGACCTGTTATT-3’. Assays were 
performed in triplicate and the RNA expression values 
were normalized using 18S expression and then calculated 
as fold induction.

Gene silencing experiments

For the silencing of GPER expression, cells were 
plated onto 10-cm dishes and transfected using X-treme 
GENE 9 DNA Transfection Reagent (Roche Diagnostics, 
Milan, Italy) for 24 hours with two shRNA and two 
different shGPER. The silencing of GPER expression 
was obtained by using constructs which we have 

previously described and used [79]. For knocking down 
MR expression, cells were seeded in six-well multidishes 
and transiently transfected the consecutive day at 50% 
confluence. For transfection, X-treme GENE 9 DNA 
Transfection Reagent (Roche Diagnostics, Milan, Italy) 
was mixed with two small interfering RNAs (siRNA) 
specific for silencing MR or two siRNA controls (Origene, 
distributed by Tema Ricerca, Milan, Italy) for 24 hours, 
prior to treatments.

Western blot analysis

SkBr3 cells and B-TEC were processed according 
to a previously described protocol [80-81] to obtain 
protein lysate that was electrophoresed through a reducing 
SDS/10% (w/v) polyacrylamide gel, electroblotted onto 
a nitrocellulose membrane and probed with primary 
antibodies against MR (PA1594) (Boster Immunoleader, 
distributed by Tema Ricerca, Milan, Italy), phosphorylated 
ERK 1/2 (E-4), ERK2 (C-14), EGFR (1005), pEGFRTyr 

1173 (sc-12351-R), GPER (N15), ERα (F10) and β-actin 
(C2), all purchased from DBA (Milan, Italy). Proteins 
were detected by horseradish peroxidase-linked secondary 
antibodies (DBA, Milan, Italy) and revealed using the 
ECL System (GE Healthcare). Precision Plus Protein™ 
Dual Color Standard (Bio-Rad Laboratories, Milan, Italy) 
was used to estimate molecular weights and then antigen 
specificity. 

Coimmunoprecipitation

After stimulation with 10 pM Aldo, SkBr3 breast 
cancer cells were washed with PBS and lysed using 500 
µl RIPA buffer with a mixture of protease inhibitors 
containing 1.7 mg/ml aprotinin, 1mg/ml leupeptin, 200 
mmol/liter phenylmethylsulfonyl fluoride, 200 mmol/
liter sodium orthovanadate, and 100 mmol/liter sodium 
fluoride. Samples were then centrifuged at 13,000 rpm for 
10 min, and protein concentrations were determined using 
Bradford reagent. Protein (250 µg) was then incubated for 
2 hours with 900 µl of immunoprecipitation buffer with 
inhibitors, 2 µg of GPER, MR or EGFR antibody and 20 
µl of Protein A/G agarose immunoprecipitation reagent 
(DBA, Milan, Italy). Samples were then centrifuged at 
13,000 rpm for 5 min at 4° C to pellet beads. Pellets were 
washed four times with 500 µl of PBS and centrifuged at 
13,000 rpm for 5 min at 4° C. Supernatants were collected, 
resuspended in 20 µl RIPA buffer with protease inhibitors, 
2X SDS sample buffer (40 mM Tris-HCl; 4% glycerol; 
2% SDS) and β-mercaptoethanol and heated to 95° C 
for 5 min. Samples were then run on 10% SDS-PAGE, 
transferred to nitrocellulose, and probed with rabbit anti-
GPER, rabbit anti-MR or rabbit anti-EGFR antibody. 
Western blot analysis and ECL detection were performed 
as described above. 
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Immunofluorescence and colocalization studies

50 % confluent cultured SkBr3 cells and B-TEC 
grown on coverslips were serum deprived and then treated 
for 8 hours with 10 pM Aldo, as indicated. Where required, 
cells previously transfected for 24 hours with shGPER or 
siMR and respective control (as described above) and 
then treated for 8 hours with 10 pM Aldo. Then cells were 
fixed in 4% paraformaldehyde, permeabilized with 0.2% 
Triton X-100, washed three times with PBS and incubated 
overnight with a goat primary antibody against NHE-1 
(C20) (DBA, Milan, Italy). After incubation, the slides 
were extensively washed with PBS and incubated with 
4′,6-diamidino-2-phenylindole dihydrochloride (DAPI), 
(1:1000), (Sigma-Aldrich, Milan, Italy) and donkey 
anti-goat IgG-Rhodamine (1:100; purchased from DBA, 
Milan, Italy). The slides were imaged on the Cytation 3 
Cell Imaging Multimode reader (BioTek, Winooski, VT) 
and analysed using the software Gen5 (BioTek, Winooski, 
VT). 

For colocalization studies SkBr3 cells seeded on 
chamber slides were serum deprived for 24 hours and 
then treated for 15 min with 10 pM Aldo. Next, cells were 
fixed, permeabilized and incubated overnight with anti-
rabbit GPER (N15) and anti-mouse MR (H10E4C9F) 
antibodies (DBA, Milan, Italy) alone and in combination. 
Slides were then incubated with secondary antibodies 
(donkey anti-rabbit IgG-Rhodamine, DBA, Milan, Italy) 
and donkey anti-mouse IgG-Fitch (Alexa Fluor, Life 
Technologies, Milan, Italy), stained by DAPI and then 
imaged on the Cytation 3 Cell Imaging Multimode reader 
(BioTek, Winooski, VT).

Proliferation assay

For quantitative proliferation assay, SkBr3 cells (1 
× 105) were seeded in 24-well plates in regular growth 
medium. Cells were washed once they had attached and 
then incubated in medium containing 2.5% charcoal-
stripped FBS, transfected for 24 hours, and then treated, 
as indicated, with transfection and treatments renewed 
every 2 days. Cells were counted on day 5 using the 
Countess Automated Cell Counter, as recommended by 
the manufacturer’s protocol (Life Technologies, Milan, 
Italy).

Migration assay

Twelve-well plates were coated with 500 μL 
fibronectin for 2 hours at 37°C (Sigma Aldrich, Milan, 
Italy). B-TEC were allowed to grow in regular growth 
medium until they reached a 70% to 80% confluence. 
Next, cells were incubated in medium containing 2.5% 
charcoal-stripped FBS and transfected for 24 hours, as 

indicated. To create a scratch of the cell monolayer, a p200 
pipette tip was used. Cells were then washed twice with 
PBS and treated. The migration assay was evaluated after 
48 hours of treatment.

Time-lapse microscopy

SkBr3 cells and B-TEC (1 × 105) were seeded 
in 24-well plates in regular growth medium until they 
reached a 70% to 80% confluence. The culture wells were 
then incubated in medium containing 2.5% charcoal-
stripped FBS, treated and transferred into a time-lapse 
microscopy platform, equipped with a heated stage 
chamber (Cytation™3 Cell Imaging Multi-Mode Reader, 
Biotek, Winooski, VT). Cells were maintained at routine 
incubation settings (37 °C, 5% CO2) using temperature 
and gas controllers. To evaluate cell proliferation and 
motility, the images were recorded using Cytation 3 
Cell Imaging Multimode Reader and the software Gen5 
(BioTek, Winooski, VT) in 10 min intervals for 24 hours 
(cell proliferation) and 10 hours (cell motility). Then, the 
images were processed as a movie using the software 
Adobe Creative Cloud Premier Pro CC. Frames collected 
every 10 minutes are displayed at a rate of 10 frames s-1. 

Statistical analysis

Statistical analysis was performed using ANOVA 
followed by Newman-Keuls’ testing to determine 
differences in means. p < 0.05 was considered as 
statistically significant.
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GPER, IGF-IR, and EGFR Transduction Signaling Are
Involved in Stimulatory Effects of Zinc in Breast Cancer
Cells and Cancer-Associated Fibroblasts
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Zinc (Zn) is an essential trace mineral that contributes to the regulation of several cellular functions; however, it may be
also implicated in the progression of breast cancer through different mechanisms. It has been largely reported that the
classical estrogen receptor (ER), as well as the G protein estrogen receptor (GPER, previously known as GPR30) can exert a
main role in the development of breast tumors. In the present study, we demonstrate that zinc chloride (ZnCl2) involves
GPER in the activation of insulin-like growth factor receptor I (IGF-IR)/epidermal growth factor receptor (EGFR)-mediated
signaling, which in turn triggers downstream pathways like ERK and AKT in breast cancer cells, and main components of
the tumor microenvironment namely cancer-associated fibroblasts (CAFs). Further corroborating these findings, ZnCl2
stimulates a functional crosstalk of GPER with IGF-IR and EGFR toward the transcription of diverse GPER target genes.
Then, we show that GPER contributes to the stimulatory effects induced by ZnCl2 on cell-cycle progression, proliferation,
and migration of breast cancer cells as well as migration of CAFs. Together, our data provide novel insights into the
molecular mechanisms through which zinc may exert stimulatory effects in breast cancer cells and CAFs toward tumor
progression. © 2016 Wiley Periodicals, Inc.

Key words: zinc; breast cancer cells; cancer-associated fibroblasts; EGFR; GPER; IGF-IR

INTRODUCTION

Zinc (Zn) is the second most abundant heavy
metal in human tissues and contributes to the
regulation of crucial cellular functions [1]. As an
essential mineral, Zn is required for protein, nucleic
acid, carbohydrate, and lipid metabolism and is
involved in gene transcription, growth, develop-
ment, and differentiation [1]. Zn is normally found
in air, water, and soil; however, Zn concentrations
may be boosted by several industrial activities
including mining, coal, and waste combustion
and steel processing [2]. For instance, soils located
in areas where Zn is mined, refined, or used as
fertilizer, are heavily contaminated with the
metal [2]. The Recommended Daily Allowance of
Zn in adults is 8–11mg/day, with a tolerable upper
intake level of 40mg/day [3–5]. The adverse effects
associated with a high Zn intake include acute
gastrointestinal effects and headache, impaired
immune function, changes in lipoprotein and
cholesterol levels, reduced copper levels, and
zinc–iron interactions as well as various other
disorders [6–8]. In addition, Zn has been involved
in the development of several types of tumors
including breast cancer [9,10]. In this regard,
previous studies have reported an association

between dysregulated Zn homeostasis and breast
cancer progression together with higher Zn levels
in breast tumor specimens as compared to normal
mammary tissues [11,12]. Compelling evidence has
also linked an aberrant expression of Zn transporter
proteins with the proliferation and migration of

Abbreviations: CAFs, cancer associated fibroblasts; CTGF, connec-
tive tissue growth factor; EGFR, epidermal growth factor receptor;
EGR-1, early related gene; ERK, extracellular signal-regulated kinase;
GPER, G protein estrogen receptor; IGF-IR, insulin-like growth factor I;
PI3 K, phosphatidylinositol 3-kinase; ROS, reactive oxygen species;
ZnCl2, zinc chloride.
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breast cancer cells [13–15]. A recent study has also
suggested that specific dysregulations of Zn trans-
porters may characterize grade, invasiveness, meta-
static potential, and response to therapy in breast
cancer [16]. Of note, zinc regulated transporters
(ZIP) that control Zn influx into the cytosol, were
found to be up-regulated by estrogens [17], and
increased ZIP levels in breast tumors resulted to be
associated with a poor prognosis [15]. Noteworthy,
Zn may activate tyrosine kinase receptors as EGFR,
IGF-IR, and the insulin receptor, which then trigger
the mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3-K)/AKT signal-
ing [18–20]. These transduction pathways have
been largely implicated in cancer growth and
invasion together with other important signal
molecules like the G protein-coupled receptors
(GPCRs) [21]. Notably, both EGF and IGF-I medi-
ated signaling were shown to functionally interact
with the G protein estrogen receptor (GPER,
previously known as GPR30) transduction pathway
in breast cancer cells [22,23]. In this regard, it has
been reported that GPER activation induces impor-
tant responses like proliferation and migration in
several types of cancer cells, and stromal cells that
contribute to the malignant progression like can-
cer-associated fibroblasts (CAFs) [24].
In the present study, we therefore, aimed to

evaluate whether Zn might trigger the transduction
signaling mediated by GPER through a crosstalk
with IGF-IR, and EGFR in breast cancer cells and
CAFs. Our results provide novel mechanistic in-
sights regarding a multifaceted network through
which Zn may lead to stimulatory effects in breast
tumor cells and CAFs derived from breast cancer
patients.

METHODS

Reagents

We purchased zinc chloride (ZnCl2), zinc sulfate
(ZnSO4), wortmannin (WM), N,N,N0,N0-tetrakis
(2-pyridylmethyl)ethane-1,2-diamine (TPEN), N-
acetyl-L-cysteine (NAC), and 20,70-dichlorofluorescin
diacetate (DCFDA) from Sigma–Aldrich (Milan, Italy);
tyrphostin AG1478 from Biomol Research Laboratories
(Milan, Italy); PD98059 (PD), and 3-bromo-5-t-butyl-
4-hydroxybenzylidenemalonitrile (AG1024) from Cal-
biochem (Milan, Italy); (3aS,4R,9bR)-4-(6-Bromo-1,
3-benzodioxol-5-yl)-3a,4,5,9b-3H-cyclopenta[c]quino-
lone (G15) from Tocris Bioscience (Bristol, UK); human
Connective TissueGrowth Factor (CTGF) Recombinant
Protein from MBL International (Eppendorf, Milan,
Italy). All compounds were solubilized in DMSO except
ZnCl2, ZnSO4, NAC, and human CTGF recombinant
protein,whichweredissolved inwater.Treatmentswith
the inhibitors AG1478, AG1024, G15, NAC, PD, TPEN,
and WM were performed concomitantly with ZnCl2
exposure, as indicated.

Cell Cultures

SkBr3 breast cancer cells were obtained by ATCC,
used less than 6 months after resuscitation and
maintained in RPMI 1640 without phenol red
supplemented with 10% FBS, and 100mg/ml penicil-
lin/streptomycin (Life Technologies, Milan, Italy).
CAFs were extracted as previously described in
Ref. [25]. Briefly, breast cancer specimens were
collected from primary tumors of patients who had
undergone surgery. Signed informed consent was
obtained from all the patients and from the institu-
tional review board(s) of the Regional Hospital of
Cosenza. Tissues from tumors were placed in diges-
tion solution (400 IU collagenase, 100 IU hyaluroni-
dase, and 10% serum, containing antibiotics and
antimycotic) and incubated overnight at 378C. Cells
were separated by differential centrifugation at 90g for
2min. Supernatant containing fibroblasts was centri-
fuged at 485g for 8min, pellet obtained was sus-
pended in fibroblasts growth medium (Medium 199
and Ham’s F12 mixed 1:1, supplemented with 10%
FBS, and antibiotics), and cultured at 378C in 5%CO2.
The characterization of primary cells cultures of breast
fibroblasts was assessed as described previously in
Ref. [26]. Cells were switched to medium without
serum the day before immunoblots and reverse
transcription-PCR experiments.

Plasmids and Luciferase Assays

The luciferase reporter plasmid for c-fos encoding a
2.2-kb 50 upstream fragment of human c-fos was a gift
from Dr. K. Nose (Hatanodai, Shinagawa-ku, Tokyo).
EGR1-luc plasmid, containing the �600 to þ12 50-
flanking sequence from the human EGR1 gene, was
kindly provided by Dr. Safe (Texas A&M University).
The Renilla luciferase expression vector pRL-TK
(Promega, Milan, Italy) was used as internal transfec-
tion control. Cells (1�105) were plated into 24-well
plates with 500ml of regular growth medium/well the
day before transfection. Cell mediumwas replaced on
the day of transfection with serum-free medium and
transfection was performed using X-tremeGENE 9
DNA Transfection Reagent (Sigma–Aldrich), and a
mixture containing 0.5mg of each reporter plasmid
and 5ng of pRL-TK. After 6h, treatments were added
and cells were incubated for 18h. Luciferase activity
wasmeasured using the Dual Luciferase Kit (Promega,
Milan, Italy) according to the manufacturer’s recom-
mendations. Firefly luciferase activity was normalized
to the internal transfection control provided by the
Renilla luciferase activity. Normalized relative light
unit values obtained from cells treated with vehicle
were set as onefold induction uponwhich the activity
induced by treatments was calculated.

Gene Silencing Experiments

SkBr3 cells and CAFs were plated in 10-cm dishes
and transiently transfected by X-treme GENE 9 DNA
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Transfection Reagent for 24h before treatments with
a control vector, a specific shRNA sequence for each
target gene. The short hairpin (sh)RNA constructs to
knock down the expression of GPER and CTGF, and
the unrelated shRNA control constructs have been
described previously in Ref. [27]. Short hairpin (sh)
RNA constructs against human GPER were bought
from Open Biosystems (www.Biocat.de) with catalog
no. RHS4533-M001505. The targeting strands gener-
ated from the shRNA vectors sh1, 2, 3, 4, and
unrelated control are complementary to the follow-
ing sequences, respectively: CGAGTTAAAGAGGA-
GAAGGAA, CTCCCTCATTGAGGTGTTCAA,
CGCTCCCTGCAAGCAGTCTTT, GCAGTACGT-
GATCGGCCTGTT, and CGACATGAAACCGTC-
CATGTT. Considering that sh3 showed the highest
efficacy, after the first use it has been referred to as
shGPER. The shRNA construct for CTGF was obtained
from the same supplier (Open Biosystems; www.
Biocat.de). It has clone ID TRCN0000061950 and is
based on the same lentiviral expression vector pLKO.1
as the other shRNA constructs. The targeting strand
generated from the CTGF shRNA construct is
TAGTACAGCGATTCAAAGATG.

Gene Expression Studies

Total RNAwas extracted and cDNAwas synthesized
by reverse transcription as previously described in
Ref. [28]. The expression of selected genes was
quantified by real-time PCR using Step One (TM)
sequence detection system (Applied Biosystems Inc,
Milan, Italy). Gene-specific primers were designed
using Primer Express version 2.0 software (Applied
Biosystems Inc). For c-fos, CTGF, Cyr61, EGR1,MT1X,
MT2A, cyclin D1, cyclin A, GPER, and the ribosomal
protein 18S, which was used as a control gene to
obtain normalized values, the primers were: 50-
CGAGCCCTTTGATGACTTCCT-30 (c-fos forward),
50-GGAGCGGGCTGTCTCAGA-30 (c-fos reverse); 50-
ACCTGTGGGATGGGCATCT-30 (CTGF forward), 50-
CAGGCGGCTCTGCTTCTCTA-30 (CTGF reverse); 50-
GAGTGGGTCTGTGACGAGGAT-30 (Cyr61 forward)
and 50-GGTTGTATAGGATGCGAGGCT-30 (Cyr61 rev-
erse); 50-GCCTGCGACATCTGTGGAA-30 (EGR1 for-
ward), 50-CGCAAGTGGATCTTGGTATGC-30 (EGR1
reverse); 50-TGTCCCGCTGCGTGTTT-30 (MT1X for-
ward) and 50-TTCGAGGCAAGGAGAAGCA-30 (MT1X
reverse); 50-CCCGCTCCCAGATGTAAAGA-30 (MT2A
forward) and 50-GGTCACGGTCAGGGTTGTACATA-
30 (MT2A reverse); 50-GTCTGTGCATTTCTGGTTGCA-
30 (cyclin D1 forward) and 50-GCTGGAAA-
CATGCCGGTTA-30 (cyclin D1 reverse); 50-GCATGT-
CACCGTTCCTCCTTG -30 (cyclin A forward) and 50-
GGGCATCTTCACGCTCTATTTT -30 (cyclin A rev-
erse); 50-CCTGGACGAGCAGTATTACGATATC-30

(GPER forward) and 50-TGCTGTACATGTTGATCTG-
30 (GPER reverse) and 50- GGCGTCCCCCAACTTCTTA
-30 (18S forward) and 50- GGGCATCACAGACCTGT-
TATT -30 (18S reverse), respectively. Assays were

performed in triplicate and the results were normal-
ized for 18S expression, and then calculated as fold
induction of RNA expression.

Western Blot Analysis

Cells were grown in 10cmdishes, exposed to ligands,
and then lysedaspreviouslydescribed inRef. [29]. Equal
amounts of whole protein extract were resolved on a
10% SDS-polyacrylamide gel and transferred to a
nitrocellulose membrane (Amersham Biosciences, GE
Healthcare, Milan, Italy), which were probed with
primary antibodies against antiphosphotyrosine anti-
body (4G10) (MerckMillipore, Milan, Italy), pEGFR Tyr
1173 (sc-12351), EGFR (1005), phosphorylated ERK1/2
(E-4), ERK2 (C-14), p-AKT1/2/3 (Ser 473)-R, AKT/1/2/3
(H-136), IGF-1R (7G11), GPER (N-15), c-fos (H-125),
EGR1 (C-19), CTGF (L-20), cyclin D1 (M-20), cyclin A
(H-432), and b-actin (C2) (Santa Cruz Biotechnology,
DBA, Milan, Italy) and then revealed using the ECL
system from GE Healthcare (Milan, Italy).

Immunoprecipitation Assays

Cells were lysed using 200ml RIPA buffer with a
mixture of protease inhibitors containing 1.7mg/ml
aprotinin, 1mg/ml leupeptin, 200mmol/L phenyl-
methylsulfonyl fluoride, 200mmol/L sodium ortho-
vanadate, and 100mmol/L sodium fluoride. A total of
100mg proteinswere incubated for 2hwith 2mg of the
appropriate antibody (GPER, N-15; IGF-1R, 7G11) and
20ml of protein A/G agarose immunopreciptation
reagent (Santa Cruz Biotechnology). Samples were
centrifuged at 13000 rpm for 5min at 48C to pellet
beads. After four washes in PBS, samples were
resuspended in RIPA buffer with protease inhibitors
and SDS sample buffer. Western Blot analysis was
performed as described above.

ROS Production

The non-fluorescent 20,70-dichlorofluorescin diac-
etate (DCFDA) probe, which becomes highly fluores-
cent on reaction with ROS, was used to evaluate
intracellular ROS production. Briefly, cells (2�105)
were incubated with 10mM DCFDA (Sigma–Aldrich)
at 378C for 30min, washed with PBS, and then
exposed to treatments, as indicated. Cells were
washed with PBS and the fluorescent intensity of
DCF was measured (excitation at 485nm and emis-
sion at 530nm).

Cell Cycle Analysis

Cells synchronized for 24h in serum-free medium
were transfected, treated, and subjected to fluores-
cence-activated cell sorting (FACS) analysis. Adherent
and floating cells were centrifuged, and resuspended
in PBS containing 20mg/ml propidium iodide plus
40mg/ml ribonuclease (Sigma–Aldrich) for 1h. Cells
were then subjected to FACS analysis (FACS Jazz, BD,
Milan, Italy) and results were expressed in terms of
percentage.
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Proliferation Assay

Cells were seeded in 24-well plates in regular growth
medium. After cells attached, they were incubated in
medium containing 2.5% charcoal-stripped FBS, trans-
fected for 24h, and treated as indicated, with transfec-
tion and treatments renewed every 2 d. Cells were
counted using an automated cell counter (Life Technol-
ogies) following themanufacturer’s recommendations.

Migration Assays

Migration assays were performed using Boyden
chambers (Costar Transwell, 8mm polycarbonate
membrane, Sigma–Aldrich). Cells were transfected in
in regular growth medium. After 24h, cells were
trypsinized and seeded in the upper chambers. Treat-
ments were added to themediumwithout serum in the
bottomwells where applicable, cells on the bottom side

Figure 1. ZnCl2 triggers rapid responses and stimulates the co-
immunoprecipitation of EGFR and IGF-IR with GPER in breast cancer
cells. (A and B) Phosphorylation of EGFR (A), IGF-IR (A), ERK1/2 (B) and
AKT (B) in SkBr3 cells treated for 15min with vehicle (�) and increasing
concentrations of ZnCl2, as indicated. Side panels show densitometric
analysis of the blots normalized to EGFR, IGFIR, ERK2, and AKT that
served as loading controls, respectively for pEGFR, pIGF-IR, pERK1/2,
and pAKT. (C) Co-immunoprecipitation assays performed in SkBr3 cells

treated with 10mM ZnCl2 for 15min using the antibody against GPER
followed by immunoblotting for EGFR or IGF-IR, as indicated. In control
samples, nonspecific IgG was used instead of the primary antibody. IP,
Immunoprecipitation. Input represents the blots probed with the
antibody against GPER. Side panels show densitometric analysis of the
blots normalized to b-actin. Data shown are the mean� SD of three
independent experiments. (*) indicates P< 0.05 for cells treated with
vehicle (�) versus treatments.
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of the membrane were fixed and counted 6h after
seeding. Wound-healing assays were also performed in
order to further assess cell migration. Cells were seeded
into 12-well plates in regular growthmedium.When at

70–80% confluence, cells were transfected in medium
without serum. After 24h, medium was replaced with
2.5% charcoal-stripped FBS and cells were treated. We
then used a p200 pipette tip to scratch the cell

Figure 2. GPER is involved in the rapid action of ZnCl2 in breast
cancer cells. (A–D) Phosphorylation of EGFR (A), IGF-IR (A), ERK1/2 (C)
and AKT (C) in SkBr3 cells after silencing GPER expression. Cells were
transfected with control shRNA or shGPER, and treated for 15min with
vehicle (�) and 10mM ZnCl2. (B and D) Efficacy of GPER silencing. (E)
ERK1/2 andAKT activation in SkBr3 cells treated for 15minwith vehicle
(�) or 10mMZnCl2 alone or in combination with 10mMEGFR inhibitor
AG1478, 10mM IGF-IR inhibitor tyrphostin AG1024, 100 nM GPER
antagonist G15, 20mM zinc chelator TPEN, and 300mM free radical
scavenger NAC. Side panels show densitometric analysis of the blots

normalized to EGFR, IGFIR, ERK2, and AKT that served as loading
controls, respectively for pEGFR, pIGF-IR, pERK1/2, and pAKT. (F) ROS
production determined as DCF fluorescence in SkBr3 cells treated for
1 h with vehicle (�) or 10mM ZnCl2 alone and in combination with
20mM zinc chelator TPEN, and 300mM free radical scavenger NAC.
DCF fluorescence obtained in cells treated with vehicle (�) was set as
onefold induction upon which ROS levels induced by treatments was
calculated. Data shown are the mean� SD of three independent
experiments. (*) indicates P< 0.05 for cells treated with vehicle (�)
versus treatments.
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Figure 3. ZnCl2 regulates the expression of GPER target genes in
breast cancer cells. (A) The mRNA expression of c-fos, CTGF, Cyr61,
EGR1,MT1X, MT2A and GPERwas evaluated by real-time PCR in SkBr3
cells treated with vehicle (�) and 10mM ZnCl2, as indicated. (B)
Evaluationof c-fos andEGR1mRNAexpression in SkBr3cells transfected
with shRNA or shGPER, and treated for 2 h with vehicle (�) and 10mM
ZnCl2. (C) Efficacy of GPER silencing. Results obtained from experi-
ments performed in triplicate were normalized for 18 S expression and
shown as fold change of RNA expression compared to cells treatedwith
vehicle. (D) Evaluation of c-fos and EGR1 luciferase reporter genes in
SkBr3 cells transfected with shRNA or shGPER, and treated for 18h

with vehicle (�) and 10mM ZnCl2. (E) Efficacy of GPER silencing. (F and
G) Evaluation of c-fos and EGR1 luciferase reporter genes in SkBr3
cells treated for 18h with vehicle (�) or 10mM ZnCl2 alone or in
combination with 10mM EGFR inhibitor AG1478, 10mM IGF-IR
inhibitor tyrphostin AG1024, 100nM GPER antagonist G15, 10mM
MEK inhibitor PD98089 (PD), 1mM PI3K inhibitor wortmannin (WM),
20mM Zn chelator TPEN, and 300mM free radical scavenger NAC.
Luciferase activity was normalized to the internal transfection control;
values are presented as fold change (mean� SD) of vehicle control and
represent three independent experiments, each performed in triplicate.
(*) indicates P< 0.05 for cells receiving vehicle (�) versus treatments.
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monolayer. Cells were allowed to migrate for 24h, the
gap area was then photographed and migration
distances were measured.

Statistical Analysis

Statistical analysis was done using ANOVA followed
byNewman–Keuls’ testing to determine differences in
means. P<0.05 was considered as statistically
significant.

RESULTS

GPER Is Involved in the Activation of EGFR and IGF-IR by
Zn in Breast Cancer Cells

As a dysregulated Znhomeostasismay contribute to
breast carcinogenesis through different mecha-
nisms [12], including the activation of growth factors
transduction pathways [18–20], we began our study
by ascertaining that Zn chloride (ZnCl2) triggers the
rapid phosphorylation of EGFR and IGF-IR
(Figure 1A), as well as the activation of downstream
kinases such as ERK and AKT (Figure 1B) in a dose-
dependent manner. Similar results were obtained
using Zn sulfate (ZnSO4) (data not shown). On the
basis of these findings, and considering that Zn serum
concentration is approximately 15mM [30], in subse-
quent assays 10mM ZnCl2 were used. As our previous
studies have shown that, in cancer cells, both EGFR

and IGF-IR transduction signaling are involved in
GPER regulation [29,31–34], we evaluated whether
the activation of EGFR and IGF-IR by ZnCl2 may
involve GPER. By co-immunoprecipitation studies
performed in SkBr3 cells, we ascertained that ZnCl2
increases a direct interaction of GPER with EGFR and
IGF-IR, while the Zn chelator TPEN prevented this
response (Figure 1C). On the basis of these findings,
we asked whether the ZnCl2-dependent phosphory-
lation of EGFR and IGF-IR as well as ERK and AKTmay
involve GPER. Of note, the silencing of GPER
expression by a specific shRNA abrogated the activa-
tion of both EGFR and IGF-IR, and their downstream
signaling molecules ERK and AKT induced by ZnCl2
treatment (Figure 2A–D). Next, we investigated the
mechanisms through which ZnCl2 may induce the
activation of ERK and AKT in breast cancer cells. As
shown in Figure 2E, the treatment with the EGFR
inhibitor AG1478, the IGF-IR inhibitor AG1024, and
the GPER antagonist G15 prevented the phosphory-
lation of both kinases upon exposure to ZnCl2.
Likewise, the activation of ERK and AKT triggered
by ZnCl2 was no longer evident in the presence of the
Zn chelator TPEN, and the scavenger of reactive
oxygen species (ROS) NAC (Figure 2E). Taken tog-
ether, these data suggest that EGFR, IGF-IR, and GPER
are involved in ERK and AKT activation induced by
ZnCl2. Moreover, the inhibitory effects elicited by

Figure 4. GPER is involved in c-fos and EGR1 protein increase
induced by ZnCl2 in breast cancer cells. (A and B) Protein levels of c-fos
and EGR1 in SkBr3 cells transfectedwith shRNA or shGPER, and treated
with vehicle (�) or 10mM ZnCl2 for 4 h. (B) Efficacy of GPER silencing.
(C) Immunoblots showing c-fos and EGR1 protein expression in SkBr3
cells treated for 4 h with vehicle (�), and 10mM ZnCl2 alone or in
combination with 10mM EGFR inhibitor AG1478, 10mM IGF-IR

inhibitor tyrphostin AG1024, 100 nM GPER antagonist G15, 10mM
MEK inhibitor PD98089 (PD), 1mM PI3K inhibitor wortmannin (WM),
20mMZn chelator TPEN, and 300mM free radical scavenger NAC. Side
panels show densitometric analysis of the blots normalized to b-actin.
Values represent the mean� SD of three independent experiments.
(*) indicates P< 0.05 for cells treated with vehicle (�) versus
treatments.
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TPEN and NAC indicate that the aforementioned
responses triggered by ZnCl2 are strictly dependent on
the metal and occur through the ROS generation. On
the basis of these data and previous results showing
that Zn is able to increase ROS levels [19,20], we first

confirmed this finding in our experimental model,
and thereafter, established that TPEN and NAC
inhibit ROS generation triggered by ZnCl2
(Figure 2F). Hence, the production of ROS observed
in SkBr3 cells is involved in the rapid activation of

Figure 5. GPER is involved in the up-regulation of cyclins by ZnCl2 in
breast cancer cells. (A) The mRNA expression of cyclin D1 and cyclin A
was evaluated by real-time PCR in SkBr3 cells treatedwith vehicle (�) or
10mM ZnCl2, as indicated. Results obtained from experiments
performed in triplicate were normalized for 18 S expression and
shown as fold change of RNAexpression compared to cells treatedwith
vehicle. (B) Cyclin D1 and cyclin A protein levels in SkBr3 cells
transfected with shRNA or shGPER. and treated with vehicle (�) and
10mM ZnCl2 for 12 h. (C) Efficacy of GPER silencing. (D) Cyclin D1 and

cyclin A immunoblots in SkBr3 cells treated for 12 h with vehicle (�),
and 10mM ZnCl2 alone or in combination with 10mM EGFR inhibitor
AG1478, 10mM IGF-IR inhibitor tyrphostin AG1024, 100 nM GPER
antagonist G15, 10mM MEK inhibitor PD98089 (PD), 1mM PI3K
inhibitor wortmannin (WM), 20mM zinc chelator TPEN, and 300mM
free radical scavenger NAC. Side panels show densitometric analysis of
the blots normalized to b-actin. Values represent the mean� SD of
three independent experiments. (*) indicates P< 0.05 for cells treated
with vehicle (�) versus treatments.
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GPER/EGFR/IGF-IR transduction signaling upon
ZnCl2 exposure. Collectively, these observations
indicate that ZnCl2 activates a complex transduction
signaling that may involve GPER together with EGFR
and IGF-IR, and downstream effectors like ERK and
AKT, hence, leading to important biological out-
comes (see below).

GPER Contributes to Gene Expression Changes Induced
by Zn in Breast Cancer Cells

Considering that GPER triggers a specific gene
signature [27], we then assessed that ZnCl2 up-
regulates in SkBr3 cells themRNAexpressionof certain
GPER target genes like c-fos, CTGF, Cyr61, EGR1,
MT1X, and MT2A, without changing GPER levels in
our experimental conditions (Figure 3A). Of note,
GPER silencing prevented themRNA induction of two
main GPER target genes as c-fos and EGR1

(Figure3BandC) [27].Accordingly, thetransactivation
of c-fos and EGR1 promoter constructs observed upon
ZnCl2 exposure was no longer evident knocking down
GPER expression (Figure 3D and E). Moreover, the
EGFR inhibitor AG1478, the IGF-IR inhibitor AG1024,
the GPER antagonist G15, the MEK inhibitor PD, the
PI3K inhibitor WM, the zinc chelator TPEN, and the
ROS scavengerNAC abolished the luciferase activity of
c-fos and EGR1 reporter plasmids induced by ZnCl2
(Figure 3F and G). Next, we sought to determine
whether ZnCl2 could regulate c-fos and EGR1 at
protein level as well as the transduction pathways
involved in this response. According to the results
obtained in real-time PCR and luciferase experiments,
c-fos and EGR-1 protein expression triggered by ZnCl2
was prevented by GPER silencing (Figure 4A and B) as
well as in the presence of the EGFR inhibitor AG1478,
the IGF-IR inhibitor AG1024, the GPER antagonist

Figure 6. GPER contributes to ZnCl2 induced cell-cycle progres-
sion and proliferation of breast cancer cells. (A) Cell-cycle analysis
performed in SkBr3 cells transfected with shRNA or shGPER, and
treated with vehicle (�) and 10mM ZnCl2 for 18 h. (B) The
histograms show the percentages of cells in G1/G0, S, and G2/M
phases of the cell cycle, as determined by flow cytometry analysis.
(D) The proliferation of SkBr3 cells upon treatment with 10mM
ZnCl2 is prevented knocking down GPER expression. Cells were
transfected with shRNA or shGPER and treated every 2 dwith vehicle

(�) or ZnCl2 as indicated, and then counted on day 6. Proliferation of
cells treated with vehicle was set as 100% upon which cell growth
induced by treatments was calculated. (F) The migration of SkBr3
cells upon 6 h treatment with 10mM ZnCl2 is abrogated knocking
down GPER expression, as evaluated by Boyden Chamber assay.
(C, E, and G) Efficacy of GPER silencing. Each data point is the
mean� SD of three independent experiments performed in
triplicate. (*) indicates P< 0.05 for cells treated with vehicle (�)
versus treatments.
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G15, theMEKinhibitorPD, thePI3K inhibitorWM, the
zinc chelator TPEN, and the ROS scavenger NAC
(Figure 4C). Altogether, these data indicate novel
transduction mechanisms and gene responses trig-
gered by Zn in breast cancer cells.

GPER Is Involved in the Biological Responses to Zn in
Breast Cancer Cells

As cyclinD1 and cyclinAhave been implicated in the
development of several tumors including breast can-
cer [35], we next evaluated the potential of ZnCl2 to
induce these cell cycle regulators. We found that ZnCl2
stimulates the expression of both cyclins
(Figure 5A andB); however, this responsewas abrogated
silencing GPER (Figure 5B and C) as well as in the
presence of AG1478, AG1024, G15, PD, WM, TPEN
(Figure 5D). As it concerns NAC, its inhibitory action
was mainly exerted on cyclin D1 protein increase by
ZnCl2whereas, the up-regulation of cyclin AuponNAC
treatment was blunted but still evident (Figure 5D).
Indeed, although the chelator TPEN does not act in a
selective manner, its ability to prevent the aforemen-
tionedresponses toZnmayfurther confirmourfindings
onthebiologicalpropertiesof thismetal.Onthebasis of

the results obtained, it could be therefore, argued that
GPER is involved in Zn-dependent gene expression that
occurs through both EGFR and IGF-IR transduction
pathways. As cyclins are mainly involved in cell cycle
progression, we assessed that ZnCl2 increases the
percentage of SkBr3 cells in the S phase of the cell cycle
(Figure 6A–C). Moreover, we determined that this
response to ZnCl2 is abrogated by GPER silencing
(Figure 6A–C). In accordance with these findings, the
proliferative effects observed in SkBr3 cells treated with
ZnCl2 were no longer evident knocking down the
expressionofGPER (Figure6DandE). Inaddition, SkBr3
cell migration induced by ZnCl2 was prevented silenc-
ing GPER (Figure 6F and G). Taken together, these data
further extend the current knowledge regarding the
stimulatory effects exerted by Zn in breast cancer cells.

GPER Contributes to Zn Action in CAFs

In order to further ascertain whether GPER may
contribute to theactionofZn,weusedCAFs thatplayan
active role toward the growth, expansion, and dissemi-
nation of breast cancer cells [36,37]. Remarkably, ZnCl2
increased themRNA levels of diverse GPER target genes
like c-fos, CTGF, Cyr61, EGR1, MT1X, and MT2A in

Figure 7. GPER is involved in gene expression changes induced
by ZnCl2 in CAFs. (A) The mRNA expression of c-fos, CTGF, Cyr61,
EGR1, MT1X, and MT2A was evaluated by real-time PCR in CAFs
treated with vehicle (�) and 10 mM ZnCl2, as indicated. Results
obtained from experiments performed in triplicate were normal-
ized for 18 S expression and shown as fold change of RNA
expression compared to cells treated with vehicle. (B)

Immunoblots showing CTGF protein expression in CAFs trans-
fected with shRNA or shGPER, and treated for 4 h with vehicle (�)
and 10 mM ZnCl2. Side panel shows densitometric analysis of the
blot normalized to b-actin. (C) Efficacy of GPER silencing. Values
represent the mean� SD of three independent experiments. (*)
indicates P< 0.05 for cells treated with vehicle (�) versus
treatments.
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CAFsobtained frombreastcancer specimens (Figure7A).
Gene expression profile displayed responses to ZnCl2
similar to those observed in SkBr3 cells (Figure 3A), as
the induction of c-fos, CTGF, Cyr61, and EGR1 was
rapid (2–4h) but declined thereafter, whereas, the
expression of MT1X and MT2A was still evident up to

24h. Then,we observed that the up-regulation ofCTGF
protein levels upon ZnCl2 treatment is prevented
knocking down GPER expression in CAFs
(Figure 7B and C). As CTGF exerts an acknowledged
role in migratory properties of different cell
types [27,38], we evaluated whether GPER signaling

Figure 8. GPER and its target gene CTGF contribute to the
migration of CAFs induced by ZnCl2. (A–C) The migration of CAFs
upon treatment with 10mM ZnCl2 for 24 h is prevented knocking
down GPER and CTGF expression, as assessed by wound-healing
assay. Cell migration is rescued in CAFs transfected with shGPER (B)
or shCTGF (C) exposed to 10mM ZnCl2 for 24 h and treated with
100 ng/ml CTGF. Images shown are representative of three
independent experiments. (F) The migration of CAFs induced by

a 6 h treatment with 10mM ZnCl2 is prevented knocking down
GPER and CTGF expression, as evaluated by Boyden Chamber
assay. Cell migration is rescued in CAFs transfected with shGPER
and shCTGF, exposed to 10mM ZnCl2 for 6 h and treated with
100 ng/ml CTGF. Efficacy of GPER (D and G) and CTGF (E and H)
silencing. Values represent the mean� SD of three independent
experiments. (*) indicates P< 0.05 for cells treated with vehicle
(�) versus treatments.
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through CTGF may trigger the migration of CAFs.
Scratch experiments and Boyden chamber assays
revealed that ZnCl2-stimulated migration of CAFs is
abolished silencingGPERor CTGF expression, whereas,
adding CTGF the migratory response was rescued
(Figure 8). Collectively, the aforementioned results
indicate that Zn-activated GPER signaling mediates a
similar gene expression profile as well as important
biological responses in both breast cancer cells and
CAFs. On the basis of these findings, it could be argued
thatZnmaytrigger throughGPERafunctional interplay
between cancer cells and CAFs toward breast tumor
progression.

DISCUSSION

Several human activities as well as natural events
can lead to heavy metals pollution and therefore,
increased incidence of various tumors [39–41]. In the
present study, we have demonstrated that one
important pollutant such as Zn may trigger a
functional interplay of GPER with EGFR and IGF-IR,
which leads to the activation of main transduction
pathways, gene expression changes, and important
biological responses like proliferation and migration
in breast cancer cells and CAFs (Figure 9).
Breast cancers have been reported to show an

increased Zn uptake and tissue concentration as
compared to the normal breast tissue [10,42], while
patients with advanced breast tumors show decreased
serum Zn levels; hence, the determination of serum
Zn levels has been proposed as a prognostic marker in
breast cancer patients [9,43,44]. Of note, tamoxifen-
resistant breast cancer cells that display an aggressive
and invasive phenotype, show increased levels of Zn
and its transporter ZIP7, which are involved in the
activation of EGFR and IGF-IR transduction signaling
toward cell proliferation, and invasion [15]. In

accordance with these findings, the growth factors-
mediated effects of Zn promoted the activation of
kinases, gene expression changes, and growth
responses [19,20].

Numerous studies have shown that GPER contrib-
utes to the progression of certain tumors including
breast cancer [45–50]. In addition, clinical studieshave
indicated that GPER may be a predictor of aggressive
cancer behavior as its expression has been associated
with negative clinical outcomes in several cancer
histotypes [51–55]. The activation of GPER has been
shown to trigger EGFR transactivation, subsequent
transduction events such as the activation of MAPK
and PI3K cascades, gene expression changes, and
relevant biological responses such as proliferation,
migration, and angiogenesis in diverse cancer cell
types and CAFs [56,57]. In this context, it should be
mentioned that themetal cadmiummay induce cAMP
increase, ERK1/2 activation, and proliferation of breast
cancer cells in a GPER-dependent manner [58]. Rece-
ntly, we also demonstrated that copper activates the
HIF-1a/GPER/VEGF signaling in cancer cells leading to
angiogenesis and tumor progression [57]. Further
extending these findings, in the present study we
have demonstrated that in breast cancer cells exposed
to Zn the activation of GPER leads to rapid signaling
events such as the phosphorylation of EGFR and
IGF-IR, and their downstream effectors ERK and AKT,
the up-regulation of c-fos and EGR1, two main GPER
target genes largely involved in growth responses. It is
worth noting that Zn induced also GPER targets
namely metallothioneins MT1X and MT2A, whose
overexpression correlates with chemoresistance and
poor prognosis in breast tumors [59,60]. Moreover, in
line with the known capability of GPER to trigger the
transcription of genes associatedwith cell growth [27],
we assessed the potential of Zn to regulate the

Figure 9. Schematic representation of the functional cooperation of GPER with IGF-IR and EGFR upon zinc
exposure.
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expression of two members of the cyclin family as
cyclin D1 and A. According to their regulatory role of
cell-cycle progression, proliferation, andnotablymigr-
ation [61], we detected also that Zn through GPER
significantly increases the percentage of SkBr3 cells in
the S phase of the cell cycle as well as stimulates cell
proliferation and migration.

Several studies have suggested the active role
exerted by the cancer microenvironment on the
growth and spread of neoplastic cells [62]. For
instance, CAFs contribute to breast cancer aggres-
siveness through the production of secreted factors
that promote migration, invasion, and angiogene-
sis [62]. Further extending these findings, we have
ascertained that Zn promotes the migration of CAFs
through GPER and the induction of its target gene
CTGF, which has been widely involved in cancer cells
dissemination and metastasis [27,38]. Moreover, we
have assessed that Zn may influence analogous
transcriptional and functional responses in both
breast cancer cells, and main components of the
reactive stroma like CAFs toward more aggressive
tumor features.

Altogether, the present data provide novel insights
into themolecularmechanisms throughwhich Znmay
elicit stimulatory effects inbreast cancer cells and tumor
microenvironment components such as CAFs. In
particular, our findings indicates that GPER may be
included together with EGFR and IGF-IR among the
transductionmediators of relevant biological responses
toZn inbreast cancer cells, and the surrounding stroma.
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Abstract
Insulin-like growth factor-I (IGF-I)/IGF-I receptor (IGF-IR) system has been 

largely involved in the pathogenesis and development of various tumors. We have 
previously demonstrated that IGF-IR cooperates with the G-protein estrogen receptor 
(GPER) and the collagen receptor discoidin domain 1 (DDR1) that are implicated 
in cancer progression. Here, we provide novel evidence regarding the molecular 
mechanisms through which IGF-I/IGF-IR signaling triggers a functional cross-talk 
with GPER and DDR1 in both mesothelioma and lung cancer cells. In particular, we 
show that IGF-I activates the transduction network mediated by IGF-IR leading 
to the up-regulation of GPER and its main target genes CTGF and EGR1 as well as 
the induction of DDR1 target genes like MATN-2, FBN-1, NOTCH 1 and HES-1. Of 
note, certain DDR1-mediated effects upon IGF-I stimulation required both IGF-IR 
and GPER as determined knocking-down the expression of these receptors. The 
aforementioned findings were nicely recapitulated in important biological outcomes 
like IGF-I promoted chemotaxis and migration of both mesothelioma and lung 
cancer cells. Overall, our data suggest that IGF-I/IGF-IR system triggers stimulatory 
actions through both GPER and DDR1 in aggressive tumors as mesothelioma and lung 
tumors. Hence, this novel signaling pathway may represent a further target in setting 
innovative anticancer strategies.

INTRODUCTION

Lung cancer is the most frequent cause of cancer 
incidence and mortality worldwide at least in part due 
to the increasing number of risk factors in diverse 
developing countries [1-2]. To date, smoking has been 
considered the main etiologic factor for lung cancer [3-
4], however, several environmental contaminants like 
asbestos, arsenic, cadmium, nickel and silica, play an 
important role toward the development of this neoplasia 
[5]. Among the aforementioned environmental pollutants, 
asbestos has been particularly acknowledged as prompting 

factor in malignant mesothelioma (MM), which is an 
aggressive cancer that arises from mesothelial cells lining 
lung, pleura or peritoneum [6-7]. Chronic inflammatory 
processes caused by the deposition of asbestos fibers and 
the subsequent release of cytokines and growth factors by 
macrophages and mesothelial cells have been shown to 
play an active role toward the development of both pleural 
MM and lung cancer [7-8]. 

In this vein, the IGF system, the complex system 
involving the insulin-like growth factors (IGFs) and 
related receptors as well as IGF-binding proteins, has been 
established as an important regulator of tumor initiation 
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and progression in several malignancies, including pleural 
MM and lung cancer [9-13]. In particular, the IGF-I 
receptor (IGF-IR), which is often overexpressed in diverse 
cancer cell types, affects tumor development, progression 
and resistance to therapies [11, 14-16]. Moreover, a 
dysregulated IGF system has been shown to be implicated 
in various chronic diseases, such as pulmonary fibrosis 
[17-18]. 

An increasing body of data has demonstrated that 
the biological responses mediated by IGF-I involve 
functional interactions of IGF-IR with diverse signal 
molecules belonging to other members of the receptor 
tyrosine kinase (RTK) family [19-20]. In this context, we 
recently discovered a novel functional cross-talk between 
IGF-IR and the collagen receptor discoidin domain 
receptor 1 (DDR1), a molecule also overexpressed in 
diverse malignancies, including lung carcinomas, and 
implicated in cancer progression [21]. Interestingly, this 
cross-talk occurs also independently of the collagen 
binding actions of DDR1 and, in human breast cancer 
cells, amplifies the stimulatory biological effects of IGF-I 
toward proliferation, migration and colony formation. 
Moreover, through a signaling pathway involving Akt/
miR-199a-5p, IGF-I is able to upregulate DDR1 [12, 22]. 

In addition to RTKs, IGF-IR interacts with other 
important signaling molecules like G protein-coupled 
receptors (GPCRs) [19, 23]. These functional interactions 
have also important implications in the development 
and progression of diverse types of tumors [23-24]. In 
particular, we found that IGF-IR activation engages the 
G protein estrogen receptor (GPER/GPR30)-mediated 
signaling toward the stimulation of proliferation 
and migration of different cancer cell types [25-26]. 
Interestingly, high expression levels of GPER were 
detected in lung cancer cells and involved in growth 
stimulatory effects [24, 27-28]. To date, other signaling 
molecules have been implicated in the development of 
MM including the estrogen receptor (ER)β that may act 
as a tumor suppressor [29-30]. Therefore, the multifaceted 
mechanisms and the transduction network of factors 
involved in the progression of the aforementioned 
malignancies remain to be fully understood. 

In this study, we found that mesothelioma and 
lung cancer cells show a new complex functional cross-
talk involving IGF-IR, GPER and DDR1, which affects 
gene expression and biological effects in response to 
IGF-I. Our data, therefore, further extend the molecular 
mechanisms by which IGF-I may affect tumor progression 
in mesothelioma and lung cancer, hence providing novel 
targets in the aforementioned aggressive malignancies.

RESULTS

IGF-I stimulates GPER expression through IGF-
IR/ERK/p-38 transduction signaling

On the basis of previous studies showing that IGF-I 
triggers stimulatory effects in malignant mesothelioma as 
well as in lung cancer cells [31-32], we began our study 
evaluating the transduction signaling activated by IGF-I 
in IST-MES1 mesothelioma and A549 lung cancer cells, 
which were used as model system. First, we determined 
that in both cell types IGF-I induces the phosphorylation 
of IGF-IR (Figure 1A) and both ERK (Figure 1B) and 
p-38 (Figure 1C). As expected, these responses were 
no longer observed after IGF-IR silencing (Figure 1 
A-1E). The activation of ERK triggered by IGF-I was 
abolished in the presence of the IGF-IR inhibitor AG 
and the MEK inhibitor PD, but it still persisted using 
the p-38 inhibitor SB (Figure 1F). The phosphorylation 
of p-38 was prevented by AG and SB, but not in the 
presence of PD (Figure 1G). In addition, we assessed 
that the phosphorylation of IGF-IR induced by IGF-I is 
inhibited exclusively by AG, but not in the presence of 
PD and SB (data not shown), then suggesting that the 
activation of both ERK and p-38 relies directly on IGF-IR 
phosphorylation upon IGF-I exposure. On the basis of our 
previous data showing that IGF-I signaling cooperates with 
several GPCR family members, including GPER, toward 
cancer progression [19, 25], we evaluated whether IGF-I 
regulates GPER expression in IST-MES1 and A549 cells. 
In this regard, time-course experiments demonstrated that 
IGF-I up-regulates GPER at both mRNA (Figure 2A) and 
protein levels (Figure 2B). Moreover, we ascertained that 
these responses to IGF-I occurred through IGF-IR, as the 
induction of GPER mRNA (data not shown) and protein 
levels (Figure 2C-2E) was abolished by knocking-down 
IGF-IR expression. Recapitulating the aforementioned 
findings, the transactivation of the GPER promoter by 
IGF-I was prevented by IGF-IR silencing (Figure 2F), 
and the IGF-I induced GPER protein up-regulation was 
abrogated in the presence of AG, PD and SB (Figure 2G). 
Taken together, these results indicate that the IGF-I/IGF-
IR transduction pathway stimulates GPER expression 
through ERK and p-38 signaling. In order to further 
investigate this functional cross-talk between IGF-IR and 
GPER, we performed co-immunoprecipitation studies 
determining that IGF-I triggers also a direct interaction 
between these receptors in both IST-MES1 and A549 cells 
upon either 1 h (data not shown) or 8 h treatment with 
IGF-I (Figure 2H-2I), thus suggesting that the interaction 
between IGF-IR and GPER may occur without a newly 
protein expression of GPER.
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Figure 1: Rapid activation of transduction signaling by IGF-I in IST-MES 1 and A549 cells. IGF-IR A., ERK B. and p-38 C. 
phosphorylation in cells transfected for 24 h with shRNA or shIGF-IR treated with vehicle (-) or 100 ng/ml IGF-I for 15 min. D.-E. Efficacy 
of IGF-IR silencing. ERK F. and p-38 G. activation in cells treated for 15 min with vehicle (-) or 100 ng/ml IGF-I alone and in combination 
with either 1 μM IGF-IR inhibitor tyrphostin AG1024 (AG), or 1 μM MEK inhibitor PD98059 (PD) or 1 μM p38 inhibitor SB202190 (SB). 
Side panels show densitometric analysis of the blots normalized to β-actin, ERK2 and p38 that served as loading controls respectively for 
pIGF-IR, pERK and p-p38. Data shown are the mean ± SD of three independent experiments. (■) p < 0.05 for cells receiving vehicle (-) 
versus treatments.
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Figure 2: IGF-I up-regulates GPER expression in IST-MES 1 and A549 cells. A. mRNA expression of GPER in cells treated 
with either vehicle (-) or 100 ng/ml IGF-I, as evaluated by real-time PCR. Results obtained from experiments performed in triplicate were 
normalized for 18S expression and shown as fold change of RNA expression compared to cells treated with vehicle. B. GPER protein levels 
were evaluated by immunoblotting in cells treated with either vehicle (-) or 100 ng/ml IGF-I, as indicated. C. GPER protein expression 
in cells transfected for 24 h with either shRNA or shIGF-IR and then treated for 8 h with vehicle (-) or 100 ng/ml IGF-I. D.-E. Efficacy 
of IGF-IR silencing. F. Cells were transfected for 24 h with shRNA or shIGF-IR together with the GPER promoter construct. Then, cells 
were treated for 18 h with vehicle (-) or 100 ng/ml IGF-I. The luciferase activities were normalized to the internal transfection control, and 
values of cells receiving vehicle (-) were set as one fold induction upon which the activity induced by treatments was calculated. G. GPER 
protein levels in cells treated for 8 h with vehicle (-) or 100 ng/ml IGF-I alone or in combination with 1 μM IGF-IR inhibitor tyrphostin 
AG1024 (AG), 1 μM MEK inhibitor PD98059 (PD) and 1 μM p38 inhibitor SB202190 (SB). Side panels show densitometric analysis of 
the blots normalized to β-actin. H.-I. Co-immunoprecipitation studies performed in cells treated for 8 h with vehicle (-) or 100 ng/ml IGF-I, 
as indicated. In control samples, non-specific IgG was used instead of the primary antibody. H. Side panel show densitometric analysis of 
the blot normalized to IGF-IR. I. Side panel show densitometric analysis of the blot normalized to GPER. Data shown are the mean ± SD 
of three independent experiments. (■) p < 0.05 for cells receiving vehicle (-) versus treatments.
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IGF-I triggers the expression of GPER target 
genes

In our previous study [33] we established that GPER 
mediates a specific gene signature, therefore, we evaluated 

whether, in IST-MES1 and A549 cells, IGF-I is able to 
affect the expression of certain GPER target genes like 
CTGF and EGR1, which have been involved in fibrotic 
responses in mesothelioma and lung cancer cells [34-
36]. Indeed, in time-course experiments we found that 

Figure 3: IGF-I up-regulates CTGF and EGR1 expression in IST-MES 1 and A549 cells. (A-B) mRNA expression of CTGF 
and EGR1 in cells treated with either vehicle (-) or 100 ng/ml IGF-I, as evaluated by real-time PCR. Results obtained from experiments 
performed in triplicate were normalized for 18S expression and shown as fold change of RNA expression compared to cells treated with 
vehicle. CTGF C. and EGR1 D. protein levels were evaluated by immunoblotting in cells treated with vehicle (-) or 100 ng/ml IGF-I, as 
indicated. Side panels show densitometric analysis of the blots normalized to β-actin and each data point represents the mean ± SD of three 
independent experiments. (■) p < 0.05 for cells receiving vehicle (-) versus treatments.
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IGF-I increases the mRNA (Figure 3A-3B) and protein 
levels (Figure 3C-3D) of both CTGF and EGR1. Next, 
we determined that this action of IGF-I involves not 
only the IGF-IR but also GPER, as the silencing of each 
of these receptors prevented gene changes (Figure 4A-
4H). In accordance with these observations, the IGF-I 
transactivation of CTGF (Figure 4I) and EGR1 (Figure 
4J) promoters required both IGF-IR and GPER, as 
demonstrated by knocking down the expression of these 
receptors. As c-fos plays a main role in the up-regulation 
of GPER target genes [33, 37], we next determined that 
the promoter transactivation of both CTGF and EGR1 
is abrogated by co-transfecting a dominant-negative 
form of c-fos (DN/c-fos) in IST-MES1 and A549 cells 
(Figure 4K). Collectively, these findings provide novel 
mechanisms through which IGF-I/IGF-IR transduction 
signaling regulates GPER target genes like CTGF and 
EGR1 in mesothelioma and lung cancer cells. 

IGF-IR and GPER are both involved in IGF-I 
regulation of DDR1 target genes

Considering that in diverse model systems IGF-I 
stimulates the synthesis of collagen [38-40], we next 
established that IGF-I regulates in both IST-MES1 and 
A549 cells the mRNA expression of COL1A1 (Figure 5A) 
that encodes the major component of type I collagen [41]. 
We previously reported that IGF-IR functionally interacts 
with DDR1, which is activated by various collagen types 
including type I collagen. Therefore, we first ascertained 
that, in both IST-MES1 and A549 cells, several DDR1 
target genes such as matrilin-2 (MATN-2), fibrillin-1 
(FBN-1), NOTCH 1 and HES-1, are induced by the DDR1 
agonist COL1 (Figure 5B-5C) and abrogated by the DDR1 
inhibitor (DDR1 IN) (Figure 5D-5E). Then, we assessed 
that these DDR1 target genes are also stimulated by IGF-I 
(Figure 6A-6B) and that this response was inhibited by 
DDR1 IN (Figure 6C-6D) as well as by silencing IGF-IR 
(Figure 6E-6F) or GPER (Figure 6G-6H). In accordance 
with these findings, we determined that the NOTCH 1 
protein induction by COL1 and IGF-I is prevented in the 
presence of the DDR1 IN in IST-MES1 and A549 cells 
(Figure 7). Accordingly, IGF-I was not able to trigger 
NOTCH 1 protein expression when IGF-IR (Figure 8A-
8C) or GPER (Figure 8D-8F) were silenced. Altogether, 
these results indicate that, in both mesothelioma and lung 
cancer cells, IGF-I may up-regulate DDR1 target genes, 
and this action involves not only IGF-IR but also a cross-
talk with GPER.

DDR1, IGF-IR and GPER contribute to the 
chemotaxis and migration of mesothelioma and 
lung cancer cells

Previous studies have reported that IGF-I stimulates 
chemotactic and chemokinetic motility in mesothelioma 
cells [32]. Moreover, DDR1 also plays an important role 
in promoting cell-cell interactions and cell migration in 
various cell contexts [42-45]. Further extending these 
data, in IST-MES1 cells, we found that both IGF-I and 
COL1 induce chemotactic motility, which requires 
DDR1, as these responses were abolished by DDR1 
IN (Videos 1-6). Moreover, we ascertained that the 
chemotactic motility induced by IGF-I requires also IGF-
IR and GPER as the aforementioned effect was prevented 
silencing the expression of these receptors (Videos 7-12). 
Similar findings occurred in A549 cells (data not shown). 
Likewise, we determined that IST-MES1 and A549 cell 
migration induced by both IGF-I and COL1 is abolished 
using DDR1 IN (Figure 9A), whereas the silencing of 
IGF-IR or GPER abolished cell migration triggered by 
IGF-I, as determined by Boyden chamber assay (Figure 
9B). Collectively, our data indicate novel cross-talk and 
biological functions exerted by IGF-I toward tumor 
progression.

DISCUSSION

In the present study we provide novel evidence 
regarding the molecular mechanisms by which IGF-I 
triggers biological responses in mesothelioma and lung 
cancer cells. In particular, we show a complex functional 
cooperation involving IGF-IR, GPER and DDR1 through 
which IGF-I up-regulates first the expression of COL1A1 
and certain DDR1 target genes, thereafter stimulating 
cancer cell motility and chemotactic response (Figure 10). 

Lung cancer is a highly heterogeneous tumor that 
can arise in different sites of the bronchial tree [1-2]. 
The incidence of lung cancer depends on toxic effects 
of inhaled substances such as tobacco, asbestos, arsenic, 
cadmium, nickel and silica [46]. The environmental 
pollutant asbestos is also considered the main cause of the 
insurgence of malignant mesothelioma (MM), which is a 
rare and aggressive tumor that springs from mesothelial 
cells lining lung, pleura or peritoneum [5-7, 47-48]. The 
deposition of asbestos fibers has been also related to 
chronic inflammatory processes as well as to pulmonary 
fibrosis, which in turn may create a favorable environment 
for the development of lung and pleura malignancies [6, 
49]. As it concerns the multifaceted mechanisms and 
factors involved in pulmonary fibrosis and neoplasia, an 
increased expression and activation of DDR1 have been 
reported [50-53]. To date, DDR1 has been shown to play 
an important role in cancer progression by regulating 
the interactions of tumor cells with the surrounding 
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Figure 4: IGF-IR and GPER mediate CTGF and EGR1 stimulation by IGF-I in IST-MES 1 and A549 cells. A.-F. CTGF 
and EGR1 protein levels in cells transfected for 24 h with shRNA, shIGF-IR or shGPER and then treated for 8 h with either vehicle (-) or 
100 ng/ml IGF-I. Efficacy of IGF-IR C.-D. and GPER G.-H. silencing. Side panels show densitometric analysis of the blots normalized 
to β-actin. I.-J. Cells were transfected for 24 h with shRNA, shIGF-IR or shGPER together with the CTGF or EGR1 promoter construct. 
Then, cells were treated for 18 h with vehicle (-) or 100 ng/ml IGF-I. K. Cells were transfected for 24 h with a dominant negative form of 
c-fos (DN/c-fos) together with the CTGF or EGR1 promoter construct. Then, cells were treated for 18 h with vehicle (-) or 100 ng/ml IGF-I. 
The luciferase activities were normalized to the internal transfection control, and values of cells receiving vehicle (-) were set as one fold 
induction upon which the activity induced by treatments was calculated. Data shown are the mean ± SD of three independent experiments. 
(■) p < 0.05 for cells receiving vehicle (-) versus treatments. 
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Figure 5: A. mRNA expression of COL1A1 in IST-MES 1 and A549 cells treated with vehicle (-) or 100 ng/ml IGF-I, as evaluated 
by real-time PCR. mRNA expression of MATN-2, FBN-1, NOTCH 1 and HES-1 in IST-MES 1 B., D. and A549 C., E. cells treated 
with vehicle (-) or 10 μg/ml COL1 alone or in combination with 1 μM DDR1 inhibitor (DDR1 IN), as indicated. Results obtained from 
experiments performed in triplicate were normalized for 18S expression and shown as fold change of RNA expression compared to cells 
treated with vehicle. (■) p < 0.05 for cells receiving vehicle (-) versus treatments.
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Figure 6: IGF-IR and GPER mediate the IGF-I induced up-regulation of COL1A1/DDR1 target genes in IST-MES 1 
and A549 cells. A.-D. mRNA expression of MATN-2, FBN-1, NOTCH 1 and HES-1 in cells treated with vehicle (-) or 100 ng/ml IGF-I 
alone or in combination with 1 μM DDR1 inhibitor (DDR1 IN), as indicated. E.-H. mRNA expression of MATN-2, FBN-1, NOTCH 1 and 
HES-1 in cells transfected for 24 h with shRNA, shIGF-IR or shGPER and then treated for 8 h with vehicle (-) or 100 ng/ml IGF-I. Results 
obtained from experiments performed in triplicate were normalized for 18S expression and shown as fold change of RNA expression 
compared to cells treated with vehicle. (■) p < 0.05 for cells receiving vehicle (-) versus treatments.
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collagen matrix, therefore leading to pro-migratory and 
pro-invasive responses [21]. Furthermore, collagen 
activated DDR1 triggers diverse pro-survival pathways 
toward anti-apoptotic, proliferative and aggressive 
features in cancer cells [21]. In this regard, it should be 
noted that several types of collagen are able to bind to 
and activate DDR1, which then regulates cell and tissue 
homeostasis acting as a collagen sensor [21, 54]. Of note, 
an abnormal expression and deposition of collagen has 
been associated with cancer development [55-56]. As it 
concerns the synthesis and extracellular accumulation of 
diverse types of collagen, cytokines and growth factors 
like IGF-I, the epidermal growth factor (EGF) and the 
transforming growth factor-βl have been reported to 
promote these effects [38-40, 57]. Notably, we previously 
showed that, in breast cancer cells, IGF-I may upregulate 
DDR1 expression through a signaling pathway involving 
the DDR1 regulatory miR-199a-5p [12]. Moreover, the 
activation of one of the main IGF-I transduction signaling, 
the IGF-IR/PI3K/Akt cascade, inhibits miR-199a-5p 
expression, thus relieving its inhibition upon DDR1 
gene and allowing DDR1 upregulation. In turn, DDR1 
increases IGF-IR expression through post-transcriptional 
mechanisms and amplifies IGF-I downstream signaling 
and biological effects, such as proliferation, migration 
and colony formation [12]. Indeed, we previously showed 
that DDR1 directly interacts with IGF-IR, and that this 
interaction is enhanced by IGF-I stimulation, which 
promotes rapid DDR1 tyrosine-phosphorylation and co-
internalization of the DDR1 - IGF-IR complex [22]. This 
interaction was shown to occur in a panel of human breast 
cancer cells as well as in mouse fibroblasts (R- cells) co-
transfected with the human IGF-IR and DDR1, indicating 
that it is not cell-specific. Notably, the formation of this 
DDR1 - IGF-IR complex did not require the presence 
of collagen, the canonical DDR1 ligand. In addition, the 
critical role of IGF-IR in DDR1 activation and biological 
actions is supported by the finding that collagen-dependent 
DDR1 phosphorylation was impaired in the absence of 
IGF-IR [22].

Extending these previous studies, we now show 
that IGF-I through the cognate receptor IGF-IR is able 
to induce COL1A1 expression [54]. Moreover, a panel 
of DDR1 target genes could be also induced by IGF-I 
through the previously described functional cross-
talk involving IGF-IR and DDR1. Taken together, 
these findings show that DDR1, besides enhancing the 
activation of typical IGF-IR downstream cascades, the 
PI3K/Akt and the ERK1/2 cascades, following cell 
exposure to IGF-I, modifies significantly these IGF-I 
effects by allowing the induction of typical DDR1 target 
genes. These effects confirm the relevance of DDR1 in 
the amplification and diversification of IGF-I signaling 
pathways in cancer. We have previously demonstrated 
that IGF-IR may also functionally interact with the non-
canonical estrogen receptor GPER. Indeed, through the 

IGF-IR/PKCδ/ERK/c-fos/AP1 transduction pathway, 
IGF-I up-regulates GPER, which plays an important role 
in sustaining proliferation and migration in response to 
IGF-I in breast and endometrial human cancer cells [25]. 
In close accordance with these findings, we now show that 
the functional cooperation between IGF-IR and DDR1 
also requires GPER, and that both DDR1 and GPER are 
critical to the chemotactic motility stimulated by IGF-I 
in mesothelioma and lung cancer cells. Notably, we now 
show that GPER and IGF-IR co-immunoprecipitate in 
lung and mesothelioma cells (Figure 2), indicating that 
GPER and IGF-IR also interact. Taken together all these 
data strongly suggest the possible formation of a ternary 
functional complex involving IGF-IR - DDR1 - GPER. 
However, further studies are needed to fully elucidate 
this aspect. These data may be of a particular interest 
as GPER expression has been associated with negative 
clinical features and poor survival rates in diverse types of 
malignancies [58-61]. In the last years, extensive studies 
were therefore performed in order to better characterize 
the role of GPER in cancer development, including the 
mechanisms and factors involved in its expression. For 
instance, we determined that EGF and IGF-I, insulin and 
further tumorigenic factors like hypoxia and endothelin-1 
up-regulate GPER expression in diverse cancer cell 
contexts [25, 62-68]. 

Our present findings provide significant new insights 
on the well-established role played by the IGF axis in 
cancer [9-11, 14-16, 20, 23, 69-71] that involves also the 
interaction of IGF-IR with other RTKs and GPCRs in 
diverse tumor histotypes [19, 23, 72-73]. In particular, our 
findings might be relevant in devising new therapeutical 
strategies in cancers with a dysregulated IGF system. In 
the last decade, much effort has been made in targeting 
the IGF-IR in these malignancies [74]. In particular, both 
small-molecule IGF-IR tyrosine kinase inhibitors, and 
humanized monoclonal antibodies with blocking activity 
to the IGF-IR, have been investigated in Phase III trials of 
advanced non-small cell lung cancers [13]. Unfortunately, 
in spite of very promising preclinical studies, clinical 
trials have clearly indicated that only a small minority of 
malignancies do respond to target therapies when IGF-IR 
is the sole target [75], because the frequent occurrence of 
resistance mechanisms arising by the complex signaling 
network involving the IGF-IR [76]. 

Overall, on the basis of our data the multifaceted 
signaling network between IGF-IR, GPER and DDR1 
could be taken into account in setting innovative combined 
strategies targeting these pathways in mesothelioma and 
lung cancers.
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Figure 7: COL1 and IGF-I stimulate NOTCH 1 expression through DDR1 in IST-MES 1 and A549 cells. A. NOTCH 1 
protein levels in cells treated with vehicle (-) or 10 μg/ml COL1, as indicated. B. NOTCH 1 protein levels in cells treated for 8 h with vehicle 
(-) or 10 μg/ml COL1 alone and in combination with 1 μM DDR1 inhibitor (DDR1 IN). C. NOTCH 1 protein levels in cells treated with 
vehicle (-) or 100 ng/ml IGF-I, as indicated. D. NOTCH 1 protein levels in cells treated for 8 h with vehicle (-) or 100 ng/ml IGF-I alone 
and in combination with 1 μM DDR1 inhibitor (DDR1 IN). Side panels show densitometric analysis of the blots normalized to β-actin and 
each data point represents the mean ± SD of three independent experiments. (■) p < 0.05 for cells receiving vehicle (-) versus treatments.
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Figure 8: IGF-IR and GPER mediate the IGF-I induced up-regulation of NOTCH 1 in IST-MES 1 and A549 cells. 
NOTCH 1 protein levels in cells transfected for 24 h with shIGF-IR A. or shGPER D. and then treated for 8 h with vehicle (-) or 100 ng/
ml IGF-I. Efficacy of IGF-IR B.-C. and GPER E.-F. silencing. Side panels show densitometric analysis of the blots normalized to β-actin. 
(■) p < 0.05 for cells receiving vehicle (-) versus treatments.
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Figure 9: COL1 and IGF-I stimulate IST-MES 1 and A549 cell migration through DDR1, IGF-IR and GPER. A. The 
migration of IST-MES 1 and A549 cells upon 8 h treatment with vehicle (-), 10 μg/ml COL1 or 100 ng/ml IGF-I alone and in combination 
with 1 μM DDR1 inhibitor (DDR1 IN), as evaluated by Boyden Chamber assay. B. The migration of IST-MES 1 and A549 cells induced by 
8 h treatment with 100 ng/ml IGF-I was prevented knocking down IGF-IR and GPER expression, as evaluated by Boyden Chamber assay. 
Efficacy of IGF-IR C.-D. and GPER E.-F. silencing. Values represent the mean ± SD of three independent experiments. (●) indicates p < 
0.05 for cells treated with vehicle (-) versus treatments.

Figure 10: Schematic representation of the signaling network between IGF-IR, GPER and DDR1 activated by IGF-I. 
IGF-I stimulates the expression of GPER and its target genes, then IGF-IR and GPER trigger the IGF-I regulation of DDR1 target genes. 
The functional cross-talk of IGF-IR, GPER and DDR1 contributes to the chemotaxis and migration observed in cancer cells.
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MATERIALS AND METHODS

Reagents

IGF-I, SB202190 (SB) and collagen I from rat 
tail were obtained from Sigma-Aldrich Inc. (Milan, 
Italy). PD98059 (PD) and 3-bromo-5-t-butyl-4-
hydroxybenzylidenemalonitrile (AG1024) were purchased 
from Calbiochem (DBA, Milan, Italy). All compounds 
were solubilized in dimethylsulfoxide, except PD and 
IGF-I, which were dissolved in ethanol and in water, 
respectively. DDR1IN1 dihydrochloride (DDR-1 in) was 
purchased from Tocris Bioscience (Space, Milan, Italy).

Cell cultures

IST-MES1 malignant mesothelioma cells were 
kindly provided by Dr. Orengo (Istituto Nazionale per la 
Ricerca sul Cancro, Genova, Italy). Cells were previously 
characterized [77] and were grown in Nutrient Mixture 
F-10 Ham (Ham’s F-10) medium supplemented with 
10% fetal bovine serum (FBS) and 100 μg/ml penicillin/
streptomycin. A549 lung cancer cells were obtained by 
ATCC, used < 6 months after resuscitation and maintained 
in DMEM/F12 (Dulbecco’s modified Eagle’s medium) 
supplemented with phenol red 10% FBS and 100 μg/ml 
penicillin/streptomycin. All cell lines were cultured at 
37°C in 5% CO2 and switched to medium without serum 
the day before immunoblots and reverse transcription-
PCR experiments.

Plasmids and luciferase assays

The GPER luciferase expression vector 
(promGPER) was previously described [65]. The CTGF 
luciferase reporter plasmid (promCTGF) (-1999/+ 36)-
luc was a gift from Dr. Chaqour. EGR1-luc plasmid, 
containing the -600 to +12 5’-flanking sequence from 
the human EGR1 gene, was kindly provided by Dr. Safe 
(Texas A&M University). The plasmid DN/cfos, which 
encodes a c-fos mutant that heterodimerizes with c-fos 
dimerization partners but does not allow DNA biding 
[78], was a kind gift from Dr C Vinson (NIH, Bethesda, 
MD, USA). The Renilla luciferase expression vector 
pRL-TK (Promega, Milan, Italy) was used as internal 
transfection control. Cells (1x105) were plated into 24-
well dishes with 500 μl/well culture medium containing 
10% FBS. Transfection were performed using X-treme 
GENE 9 DNA transfection reagent as recommended by 
the manufacturer (Roche Diagnostics, Milan, Italy), with a 
mixture containing 0.5 μg of reporter plasmid and 10 ng of 
pRL-TK. After 24 h, treatments were added and cells were 
incubated for 18 h. Luciferase activity was measured using 

the Dual Luciferase Kit (Promega, Milan, Italy) according 
to the manufacturer’s recommendations. Firefly luciferase 
activity was normalized to the internal transfection control 
provided by the Renilla luciferase activity. Normalized 
relative light unit values obtained from cells treated 
with vehicle were set as 1-fold induction upon which the 
activity induced by treatments was calculated. 

Gene silencing experiments

Cells were plated onto 10-cm dishes and transfected 
by X-treme GENE 9 DNA Transfection Reagent for 
24 h before treatments with a control vector, a specific 
shRNA sequence for each target gene. The shIGF-IR and 
the respective control plasmids (shRNA) were purchased 
from SA Bioscience Corp. (Frederick, MD, USA) and 
used according to the manufacturer’s recommendations. 
The short hairpin (sh)RNA constructs to knock down the 
expression of GPER and the unrelated shRNA control 
construct have been described previously [64]. 

Gene expression studies

Total RNA was extracted and cDNA was synthesized 
by reverse transcription as previously described [79-80]. 
The expression of selected genes was quantified by real-
time PCR using Step One sequence detection system 
(Applied Biosystems, Milan, Italy). Gene-specific primers 
were designed using Primer Express version 2.0 software 
(Applied Biosystems Inc. Milan, Italy) and are as follows: 
GPER Fwd 5′- ACACACCTGGGTGGACACAA-3′ 
and Rev 5′-GGAGCCAGAAGCCACATCTG-3’; HES-
1 Fwd 5′-TCAACACGACACCGGATAAA-3′ and 
Rev 5′-CCGCGAGCTATCTTTCTTCA-3′; NOTCH 
1 Fwd 5′-AATGGCGGGAAGTGTGAAGC-3′ and 
Rev 5′-GCATAGTCTGCCACGCCTCT-3′; MTN-
2 Fwd 5′-CTCCGAGTGGGCCAGTAAAG-3′ and 
Rev 5′- CTGGCTCAGATTCTGTTGGCT-3′; FBN-
1 Fwd 5′-GCCGCATATCTCCTGACCTC-3′ and 
Rev 5′-GTCGATACACGCGGAGATGT-3′; 18S 
Fwd 5′- GGCGTCCCCCAACTTCTTA-3′ and Rev 
5′-GGGCATCACAGACCTGTTATT-3′. Assays were 
performed in triplicate and the results were normalized 
for 18S expression and then calculated as fold induction 
of RNA expression. 

Western blot analysis

Cells were processed according to a previously 
described protocol [81] to obtain protein lysate that was 
electrophoresed through a reducing SDS/10% (w/v) 
polyacrylamide gel, electroblotted onto a nitrocellulose 
membrane and probed with primary antibodies against 
antiphosphotyrosine antibody (4G10) (Merck Millipore, 
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Milan, Italy), IGF-IR (7G11), GPER (N-15), CTGF 
(L-20), phosphorylated ERK1/2 (E-4), ERK2 (C-14), 
NOTCH 1 (C-20), EGR1 (588), phosphorylated p-38 (D-
8), p-38 (A-12), β-actin (C2), (Santa Cruz Biotechnology, 
DBA, Milan, Italy). Proteins were detected by horseradish 
peroxidase-linked secondary antibodies (DBA, Milan, 
Italy) and revealed using the ECL System (GE Healthcare).

Co-immunoprecipitation

Cells were lysed using 200 µl RIPA buffer 
with a mixture of protease inhibitors containing 
1.7mg/ml aprotinin, 1mg/ml leupeptin, 200mmol/L 
phenylmethylsulfonyl fluoride, 200mmol/L sodium 
orthovanadate, and 100mmol/L sodium fluoride. A total 
of 100 μg proteins were incubated for 2 h with 2 μg of 
the appropriate antibody (GPER, N-15; IGF-1R, 7G11) 
and 20 μl of protein A/G agarose immunopreciptation 
reagent (Santa Cruz Biotechnology, DBA, Milan, Italy). 
Samples were centrifuged at 13,000 rpm for 5 min at 4°C 
to pellet beads. After four washes in PBS, samples were 
resuspended in RIPA buffer with protease inhibitors and 
SDS sample buffer. Western Blot analysis was performed 
as described above.

Migration assay

Migration assays were performed using Boyden 
chambers (Costar Transwell, 8 mm polycarbonate 
membrane, Sigma Aldrich, Milan, Italy). Cells were 
transfected in regular growth medium. After 8 h, cells were 
trypsinized and seeded in the upper chambers. Treatments 
were added to the medium without serum in the bottom 
wells where applicable, cells on the bottom side of the 
membrane were fixed and counted 8 hours after seeding.

Time-lapse microscopy

Cells (1 × 105) were seeded in 6-well plates and 
maintained in regular growth medium for 24 h. For 
knockdown experiments, cells were transfected for 
24 h with shRNA constructs directed against IGF-
IR or GPER and with an unrelated shRNA construct. 
Thereafter, cells were treated and transferred into a time-
lapse microscopy platform, equipped with a heated stage 
chamber (Cytation™3 Cell Imaging Multi-Mode Reader, 
Biotek, Winooski, VT). Cells were maintained at routine 
incubation settings (37 °C, 5% CO2) using temperature 
and gas controllers. To evaluate chemotaxis the images 
were recorded using Cytation 3 Cell Imaging Multimode 
Reader and the software Gen5 (BioTek, Winooski, VT) 
in 10 min intervals for 8 hours. Then, the images were 
processed as a movie using the software Adobe Creative 
Cloud Premier Pro CC. Frames collected every 10 minutes 

are displayed at a rate of 10 frames s-1.

Statistical analysis

Statistical analysis was performed using ANOVA 
followed by Newman-Keuls’ testing to determine 
differences in means. P < 0.05 was considered as 
statistically significant.
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Abstract. G protein-coupled receptors (GPCRs) are cell surface proteins mainly involved in signal
transmission; however, they play a role also in several pathophysiological conditions. Chemically
heterogeneous molecules like peptides, hormones, lipids, and neurotransmitters activate second
messengers and induce several biological responses by binding to these seven transmembrane receptors,
which are coupled to heterotrimeric G proteins. Recently, additional molecular mechanisms have been
involved in GPCR-mediated signaling, leading to an intricate network of transduction pathways. In this
regard, it should be mentioned that diverse GPCR family members contribute to the adaptive cell
responses to low oxygen tension, which is a distinguishing feature of several illnesses like neoplastic and
cardiovascular diseases. For instance, the G protein estrogen receptor, namely G protein estrogen
receptor (GPER)/GPR30, has been shown to contribute to relevant biological effects induced by hypoxia
via the hypoxia-inducible factor (HIF)-1α in diverse cell contexts, including cancer. Likewise, GPER has
been found to modulate the biological outcome of hypoxic/ischemic stress in both cardiovascular and
central nervous systems. Here, we describe the role exerted by GPCR-mediated signaling in low oxygen
conditions, discussing, in particular, the involvement of GPER by a hypoxic microenvironment.

KEYWORDS: angiogenesis; GPCRs; GPER; hypoxia; signal transduction.

INTRODUCTION

G protein-coupled receptors (GPCRs) are seven
transmembrane-spanning receptors that regulate many cellu-
lar functions upon ligand activation (1). The biological
responses mediated by GPCRs involve the recruitment of
proteins prompting the receptor internalization and desensi-
tization, like arrestins and GPCR kinases (GRKs) as well as
membrane-bound partners, namely heterotrimeric G proteins
(1,2). In the inactive state, G proteins consist of a Gβγ
monomer which maintains a high affinity for a guanine
diphosphate (GDP)-bound Gα subunit (1,2). On the basis of
the sequence identity, four subtypes of Gα subunit (Gαs, Gαi,
Gαq, and Gα12) have been extensively characterized (1,2).
Ligand binding promotes conformational modifications that
result in the exchange of GDP for GTP on the Gα subunit,
leading to a decreased affinity of Gα for the Gβγ subunit.
The dissociation of the heterotrimer allows that both GTP-

bound Gα and free Gβγ activate numerous transduction
pathways like mitogen-activated protein kinase (MAPK),
phosphatidylinositol 3-kinase (PI3-K), small GTP-binding
proteins (Ras and Rho GTPases), and other mediators that
contribute to various physiopathological responses (1,2). For
instance, an aberrant expression of GPCRs and/or their
activation have been associated to several types of tumors
(3,4). Consequently, the pharmacological manipulation of
certain GPCR-mediated signaling may represent a promising
anti-cancer strategy (3,4). As demonstrated for many GPCRs
(3,4), the G protein estrogen receptor (GPER, also known as
GPR30) may trigger oncogenic signaling (5,6). GPER binds
to estrogens, phyto- and xenoestrogens, and also estrogen
receptor (ER) antagonists that may act as GPER agonists
(7–12). GPER mediates the activation of a network of
transduction pathways; however, the actual role elicited by
GPER in tumorigenesis is still controversial. Previous studies
have shown that GPER may induce cell cycle arrest and
inhibition of cancer cell growth (13–16). Nevertheless, other
in vitro and in vivo studies have revealed that GPER triggers
cancer cell migration and proliferation (5,17). In addition,
GPER expression was associated to inflammatory breast
tumor (18), was found reduced during breast cancer tumor-
igenesis (19), and was related to a poor relapse-free survival
in breast cancer patients treated with tamoxifen (20). The
lack of GPER in the plasma membrane was linked to a
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favorable prognosis in breast cancer (21), whereas its
expression was associated with aggressive features of breast,
endometrial, and ovarian tumors (22–24). In this context, we
have demonstrated that GPER is upregulated by EGF,
insulin-like growth factor (IGF)-I, insulin, and a main factor
contributing to tumor aggressiveness like hypoxia (25–31). A
low oxygen tension characterizes the growth of solid tumors,
where it promotes adaptive responses like anaerobic glycol-
ysis, reduction of macromolecule synthesis, and angiogenesis
(32). In addition, hypoxia is critical for the pathogenesis of
heart disease and stroke, the major causes of human mortality
(33). The effects of hypoxia are mainly mediated by hypoxia-
inducible factor (HIF) family members, which orchestrate the
complex responses to low oxygen tension (34). In particular,
HIF-1α regulates the expression of several pro-angiogenic
factors involved in tumor angiogenesis progression (34,35).
Many signaling cascades are engaged by hypoxia toward HIF-
1α activation such as receptor tyrosine kinases (RTKs) and
GPCRs (30,31,36). Here, we discuss the involvement of
certain GPCRs, including GPER, in hypoxia-mediated sig-
naling toward cancer development and cardiovascular
diseases.

GPCR INVOLVEMENT IN HYPOXIA-MEDIATED
SIGNALING

A low oxygen tension characterizes relevant pathophys-
iological conditions like cancer and cardiovascular diseases
(32–34). Multiple mechanisms for oxygen sensing have been
developed and conserved in both prokaryotic and eukaryotic
organisms (32–34). In particular, HIF-1 acts as a master
regulator of the adaptive cell response to limited oxygen
availability mainly by activating the transcription of genes
that regulate physiological processes as glycolysis, survival,
and angiogenesis (34–37). HIF-1 is a heterodimer of two
helix-loop-helix-PAS proteins, namely HIF-1α and HIF-1β or
ARNT (38). Upon hypoxia, HIF-1α and HIF-1β dimerize
and bind to the hypoxia-responsive elements (HREs) located
within the promoter region of target genes (38). Several
factors contribute to HIF-1α-mediated action in hypoxic
conditions, including diverse GPCRs (30,39). For instance,
GPR41 was shown to be a hypoxia-induced receptor that
drives p53-dependent apoptosis in rat cardiomyocytes sub-
jected to ischemia and reoxygenation injury (40) whereas
GPR22 was involved in cardioprotection as its ablation
increased the susceptibility to functional decompensation
following hemodynamic stress (41). The adrenergic signaling
axis, consisting of catecholamines and their adrenergic
receptors, has been included among GPCRs that play a
primary role in oxygen-related diseases like hypertension,
cardiac hypertrophy, and heart failure (42). Moreover, the
adrenoreceptors have been shown to functionally interact
with opioid receptors (43), which elicit protective actions in
response to pre- and post-conditioning stimuli upon cardiac
and cerebral damages (44,45). It is worth noting that certain
ligand-activated GPCRs induce HIF-1 expression and func-
tion (46–48), thus mimicking hypoxic conditions. For instance,
the recruitment of transcription factors to the promoter
sequence of HIF-1 as well as the stabilization of HIF-1
protein levels may occur upon activation of GPCRs by

endothelin-1 (ET-1), β-adrenoceptor agonists, and
lysophosphatidic acid (46–48).

GPCR INVOLVEMENT IN TUMOR ANGIOGENESIS
UPON HYPOXIA

Tumor microenvironment is often characterized by
hypoxia, which is a distinguishing feature of an aggressive
cancer phenotype and disease recurrence (32). The metabolic
changes occurring in rapidly growing cells, the increasing
diffusion distances between the blood vessels and certain
tumor areas, and the compressive action elicited by the
expanding mass on local blood vessels may cumulatively
account for low intra-tumor oxygenation (32). The effects of
hypoxia on the malignant progression are mediated by
complex mechanisms that allow tumor cells to survive and/
or escape their oxygen-deficient environment (32,34). More-
over, the adaptive responses to hypoxic stress in the tumor
microenvironment trigger the formation of new blood vessels
stimulated by pro-angiogenic factors (35,37). Along with the
activation of endothelial cells (ECs) and the subsequent
degradation of the basement membrane, the angiogenic
response leads to the migration and proliferation of ECs,
which then form tubes generating new blood vessels (49).
Moreover, tumor angiogenesis prompts cancer cells to grow,
evade the host surveillance, form the pre-metastatic niche,
and invade distant sites (49); hence, the molecular players
driving this complex process are intensively investigated
toward effective anti-tumor strategies (49). To date, the major
growth factors involved in the formation of blood vessels are
members of the vascular endothelial growth factor (VEGF)
family (50). It includes placental growth factor (PlGF),
VEGF-AVEGF-B, VEGF-C, VEGF-D, and VEGF-E, which
bind to the tyrosine kinase receptors, namely VEGF receptor
(VEGFR)-1, VEGFR-2, and VEGFR-3 (50). VEGF-A
mainly mediates new blood vessel formation within the tumor
mass as its binding to VEGFR-2 promotes EC proliferation,
migration, and vascular permeability (50). Hormones, cyto-
kines, and growth factors have been shown to boost VEGF-
dependent tumor angiogenesis; however, hypoxia represents
the primary stimulus for VEGF production and release in the
tumor microenvironment (50). Diverse members of the
GPCR family are involved in the angiogenic action induced
by thrombin, prostaglandins, lysophosphatidic acid,
chemokines, and sphingosine 1-phosphate in different patho-
physiological conditions, suggesting that certain GPCRs
contribute to the development of blood vessels (51–54). In
addition, the heterotrimeric G proteins Gαq and Gα11 may
contribute to angiogenic responses by interacting with
VEGFR-2 (55) and the G protein-coupled receptor kinase 2
(GRK2) has recently emerged as an integrative node toward
the development of cancer-associated vascularization (56). In
the tumor microenvironment, chemokines and their receptors
elicit relevant paracrine actions, as suggested by the ability of
CCL2, CCL5, and CXCL8/IL-8 to recruit within the tumor
mass leukocytes and macrophages, which release VEGF and
other angiogenic factors (57). Furthermore, cytokines may
stimulate the production of prostaglandin E2 (PGE2), which
increases the secretion of VEGF, CXCL8, and CXCL5 by
tumor and stromal cells (57). Overall, these data suggest that
GPCR-mediated signaling may modulate the angiogenic

306 Lappano et al.



process together with the VEGF/VEGFR axis. Further
corroborating these observations, the anti-tumor activity
exhibited by several GPCR antagonists has been correlated
with their anti-angiogenic properties and anti-proliferative
effects (58). Among the GPCRs contributing to the formation
of new blood vessels in hypoxic conditions, the chemokine
receptor CXCR4 that binds to the stromal cell-derived factor-
1 (SDF-1)/CXCL12 has been shown to stimulate tumor
outgrowth and metastasis as well as angiogenesis upon
hypoxia (59). The angiogenic factor named adrenomedullin
(ADM) signals through the calcitonin receptor-like receptor
(CRLR), which is a GPCR expressed in several tumors like
the high-vascular clear renal cell carcinoma (RCC) (60,61). A
functional consensus HRE was identified within the promoter
region of the human CRLR gene, thus corroborating the role
of CRLR in the formation of new blood vessels upon hypoxic
conditions (60,61). Among the vasoactive pro-angiogenic
molecules, ET-1 and the cognate receptors (ETRs) are
aberrantly activated in diverse malignancies and regulated
by low oxygen tension through HIF-1α (62). In this
regard, HIF-1α/VEGF signaling has been considered as a
downstream transduction pathway activated by the ET-1
axis (62). For instance, in human chondrosarcoma cells,
ET-1 promoted the expression of VEGF, angiogenesis,
and cell migration by activating integrin-linked kinase
(ILK), Akt, and HIF-1α-mediated signaling cascades
(63). In ovarian carcinoma, in both normoxic and hypoxic
conditions, ET-1 induced the transcription and accumula-
tion of HIF-1α and the upregulation of VEGF, suggesting
that ET-1 action may be linked to hypoxia and HIF-1α-
dependent angiogenesis (64). In our recent study (65), we
also found that ET-1 may trigger GPER expression and
function leading to angiogenic responses. Recently, the
adrenergic system has been shown to boost tumor
angiogenesis and aggressive features through the upregu-
lation of diverse angiogenic factors like VEGF, IL-6, IL-8,
matrix metalloproteinase (MMP)-2, and MMP-9 (66,67).
The involvement of HIF-1α in the aforementioned bio-
logical responses to catecholamine-mediated stress was
also evidenced in other studies showing that the β2-
adrenergic receptor (AR)/HIF-1α axis regulates angiogen-
esis and stress-induced pancreatic tumor growth in mouse
models (68). In hypoxic melanoma cells, β3-ARs have
been found to be upregulated and involved in the increase
of VEGF, as evidenced by using two β3-AR blockers
(69). Additionally, in ovarian cancer cells, the α1-AR
blocker doxazosin prevented VEGF-mediated cell migra-
tion, proliferation, and capillary-like structure tube forma-
tion (70). These effects were dependent on the activation
of VEGFR-2 and downstream signaling including HIF-1α
(70). Altogether, these observations may suggest that the
adrenergic system plays a role in tumor angiogenesis and
progression, in particular through HIF-1α-mediated re-
sponses and VEGF expression in hypoxic conditions.
Virally encoded GPCRs may also contribute to cancer
angiogenesis and progression as evidenced by the human
herpesvirus-8 (HHV-8 or Kaposi’s sarcoma-associated
herpesvirus (KSHV))-encoded G protein-coupled receptor
(vGPCR) (71). In this regard, it has been demonstrated
that KSHV stimulates the expression of the angiogenic
factor angiopoietin-like 4 (71) as well as the production of

VEGF through HIF-1α (72). Accordingly, the expression
of vGPCR in human umbilical vein endothelial cells
(HUVECs) triggered cell immortalization together with a
constitutive expression and activation of VEGFR-2, thus
proposing a role for vGPCRs in the acquisition of the KS-
angiogenic phenotype in the model system used (73).

GPER IS INVOLVED IN HYPOXIA-MEDIATED
SIGNALING

GPER has been recently characterized toward its ability
to mediate estrogen action in reproductive, immune, skeletal,
cardiovascular, and central nervous systems (5). In addition,
our and other studies have largely demonstrated the involve-
ment of GPER in the stimulatory effects elicited by estrogens
in cancer cells and tumor microenvironment (6,9–11). Signif-
icantly, several studies performed in different cell and animal
models have ascertained the role exerted by GPER in certain
pathological conditions characterized by oxygen deficiency
(30,31,74–78). In this regard, it has been demonstrated that
GPER activation may decrease myocardial damage and
increase functional recovery after ischemia-reperfusion (I/R)
injury, which often induces dangerous complications like
arrhythmia in patients with myocardial infarction (74–78).
Likewise, in rat hearts of both sexes exposed to I/R injury, the
activation of GPER reduced myocardial inflammation and
infarct size as well as improved immunosuppression and
myocardial mechanical performance (79–81). Interestingly,
the expression levels of both GPER and HIF-1α were found
to be increased in spontaneously hypertensive rat hearts
compared to normotensive controls, suggesting that HIF-1α/
GPER signaling may represent a transduction mediator in
certain conditions characterized by elevated blood pressure
(74), which is tightly linked to hypoxia (82). Of note, the
selective GPER agonist G-1 markedly lowered blood pres-
sure in normotensive and hypertensive rats (83,84), thus
supporting the hypothesis that GPER may be a valuable
pharmacological target for the prevention/treatment of cer-
tain cardiovascular diseases. Further supporting the role
elicited by GPER in hypoxic conditions, previous studies
have reported that its activation may attenuate the detrimen-
tal effects induced by oxygen deficiency in some areas of the
central nervous system like the hypothalamic-pituitary axis,
hippocampal formation, brainstem autonomic nuclei, and
spinal cord (85,86). For instance, GPER activation promoted
neuronal survival after global ischemia through the activation
of pro-survival and anti-apoptotic signaling cascades (86). An
improvement in cerebral microvascular function upon
hypoxia/reoxygenation injury was also observed upon GPER
activation in male and female rats (87), although sex-
dependent protective effects mediated by GPER have been
also shown to influence the outcome of ischemic stroke (88).
In this regard, it has been demonstrated that GPER
expression increases after stroke in the brain of male but
not female mice, thus suggesting that a gender-specific
regulation of GPER may occur and influence the recovery
from cerebral I/R (88). The regulation of GPER expression
following hypoxia has been evaluated in breast cancer cells as
well as in cancer-associated fibroblasts (CAFs) obtained from
breast malignancies (30,31). In these cells, hypoxia-stimulated
HIF-1α was found recruited to the HRE sequences located
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within the promoter region of the human GPER gene (30,31).
Accordingly, HIF-1α was required for both the
transactivation of a GPER promoter reporter gene as well
as for the upregulation of GPER expression upon hypoxia
(30,31). These observations were further corroborated by the
involvement of HIF-1α/GPER signaling in VEGF expression
toward tumor angiogenesis and progression (31,89). In
addition, HIF-1α/GPER/VEGF transduction pathway was
triggered in cancer cells upon exposure to copper, which
showed the ability to mimic the hypoxia-mediated signaling
(90). Interestingly, the copper-chelating agent TEPA exerted
an inhibitory action on the activation of the aforementioned
pathway (90), in accordance with previous studies demon-
strating that copper-chelating agents can exert anti-tumor
effects (91). Altogether, these results indicate that diverse
stimuli including hypoxia may trigger relevant biological
responses through GPER, which was recently shown to be
also involved in the stimulatory effects exerted by aldosterone
in breast cancer cells and breast tumor-derived endothelial
cells (92) as well as in pregnancy-induced vasodilation of rat
uterine arteries (93).

GPCRS AND HYPOXIA: IMPLICATIONS FOR DRUG
DISCOVERY

The multifaceted mechanisms of oxygen sensing mainly
orchestrated by HIF-1 represent an essential response to cope
with hypoxic stress, which often occurs in cancer, heart
disease, and stroke (32,33). As many members of the GPCR
family elicit a role in the intricate cell adaptation to oxygen
deficiency, a cross talk between HIF-1 and GPCR-mediated
pathways may be involved in the biological responses to
hypoxia in the aforementioned pathological conditions. In
recent years, the discovery and development of several
different strategies to block HIF-1 action directly or indirectly
has been suggested as a promising tool to overcome the
resistance to conventional chemotherapeutic agents in hyp-
oxic microenvironment (34,94). In this vein, HIF-1 inhibitors
may be regarded as golden candidates in combination
treatment targeting the molecular mediators activated by
hypoxia. For instance, a further approach toward new
therapeutic strategies may combine the pharmacological
manipulation of both HIF-1- and GPCR-mediated signaling.
In addition to the therapeutic purposes, GPCRs along with
HIF-1 may be regarded as further hallmarks of hypoxia
signature in different pathophysiological conditions. As it
concerns GPER, on the basis of its involvement in biological
responses to low oxygen tension, new GPER-targeted
therapies might pioneer for innovative drug discovery strat-
egies aimed to improve the efficacy of HIF blockers and
conventional angiogenic inhibitors.

CONCLUSIONS

A significant progress has been made in the past few
years toward the characterization of the molecular mecha-
nisms involved in GPCR action. In particular, many members
of the GPCR family have been shown to contribute to the
adaptive cell responses to low oxygen tension, which is a
distinguishing feature of tumor development and certain
cardiovascular diseases. In this regard, GPER may be

included among the HIF-1α target genes that drive cancer
cell survival and malignant progression. In addition, HIF-1α/
GPER signaling may play a relevant role toward VEGF
stimulation, angiogenesis, and cancer development. Further-
more, the role elicited by GPER in heart failure, stroke, and
hypertension has been largely elucidated, paving the way for
novel therapeutic approaches in these relevant illnesses that
are characterized by hypoxia and ischemia.
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WHAT THIS PAPER ADDS

The present study may help physicians to better understand the underlying pathophysiology of chronic venous
disease by focusing on the role of estrogen receptors, in order to improve the knowledge and treatment of its
clinical manifestations.
Objective/Background: Chronic venous disease (CVD) is a common and relevant problem affecting Western
people. The role of estrogens and their receptors in the venous wall seems to support the major prevalence of
CVD in women. The effects of the estrogens are mediated by three estrogen receptors (ERs): ERa, ERb, and G
protein-coupled ER (GPER). The expression of ERs in the vessel walls of varicose veins is evaluated.
Methods: In this prospective study, patients of both sexes, with CVD and varicose veins undergoing open venous
surgery procedures, were enrolled in order to obtain vein samples. To obtain control samples of healthy veins,
patients of both sexes without CVD undergoing coronary artery bypass grafting with autologous saphenous vein
were recruited (control group). Samples were processed in order to evaluate gene expression.
Results: Forty patients with CVD (10 men [25%], 30 women [75%], mean age 54.3 years [median 52 years, range
33e74 years]) were enrolled. Five patients without CVD (three men, two women [aged 61e73 years]) were
enrolled as the control group. A significant increase of tissue expression of ERa, ERb and GPER in patients with
CVD was recorded (p < .01), which was also related to the severity of venous disease.
Conclusion: ERs seem to play a role in CVD; in this study, the expression of ERs correlated with the severity of the
disease, and their expression was correlated with the clinical stage.
� 2016 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
Article history: Received 7 December 2015, Accepted 20 April 2016, Available online 21 May 2016
Keywords: Chronic venous disease, ERa, ERb, Estrogen receptors, GPER, Varicose veins
INTRODUCTION

Chronic venous disease (CVD) is a very common problem
affecting the Western adult population with a prevalence of
up to 57% and 77% in men and women respectively. It may
also be associated with other clinical manifestations.1e4 The
spectrum of CVD ranges from varicose veins to leg edema and
serious skin changes such as hyper-pigmentation, eczema,
lipodermatosclerosis, and venous ulceration.5 To date, several
factors have been implicated in the pathophysiology of CVD,
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such as alteration of extracellular matrix (ECM) or matrix
metalloproteinases (MMPs), or endothelial dysfunction,6e9

even if none of these can properly explain its genesis.
Recently, a higher prevalence of CVD in patients with breast
cancer compared with the general population has been
shown, especially in patients that were positive for estrogen
receptor (ER) expression.10 Mashiah et al. documented
increased concentrations of ERs in varicose veins.11 Endoge-
nous estrogens, which are important regulators of vascular
homeostasis, mainly act through ERa and ERb, which are
ligand-gated transcription factors.12 Recently, it has been
shown that the G protein-coupled ER (GPER) mediates es-
trogen signaling in several types of cells, including those of the
cardiovascular system.13e15 However, the molecular mecha-
nisms related to the development of CVD remain to be
elucidated. Therefore, in this study, the expression of the
different types of ER in vessel walls of varicose veins, through
the entire clinical spectrum of CVD, was evaluated.
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Table 1. Reproducibility of the assay.

Intra-assay CV (%)
ERa ERb GPER

C2 1.32 0.75 1.29
C3 2.01 0.36 1.42
C4 1.98 1.73 0.33
C5 0.77 2.29 0.58
C6 1.54 2.18 1.14
Controls 0.63 1.13 2.33

Inter-assay CV (%)
ERa ERb GPER

C2 2.23 1.20 1.01
C3 2.18 2.44 0.75
C4 1.32 2.12 0.82
C5 1.45 0.89 1.13
C6 0.55 1.99 2.43
Controls 1.72 2.03 2.12

Note. CV ¼ coefficient of variation; ER ¼ estrogen receptor;
GPER ¼ G protein-coupled ER.

Estrogen Receptors and Chronic Venous Disease 115
MATERIALS AND METHODS

Study design

A single center open label study was performed between 1
January and 3 August 2015. The study involved surgeons of
the Department of Medical and Surgical Sciences, University
“Magna Graecia”, Catanzaro, Italy. The study was approved
by two independent ethics committees: (a) the investiga-
tional review board (IRB) of the Interuniversity Center of
Phlebolymphology (CIFL) International Research and
Educational Program in Clinical and Experimental Biotech-
nology (CIFL IRB, independent ethics committee approval
number: ER.ALL.2013.31.A); and (b) the ethics committee of
the University Hospital “Mater Domini”, University Magna
Graecia, Catanzaro, Italy (approval number: Prot. N. 30/CE)
in accordance with the Declaration of Helsinki and the
Guideline for Good Clinical Practice. Before starting the
study, all participants provided written informed consent.
The protocol was properly registered in a public trials reg-
istry (www.clinicaltrials.gov; trial identifier NCT02558426).
Study population

Inclusion criteria. Patients of both sexes with CVD who
were > 18 years of age, with C2eC6 varicose veins, ac-
cording to CEAP classification,5 and who were eligible to
receive open venous surgery procedures in order to obtain
vein samples after stab avulsion of varicosities were
included.

Patients with concomitant peripheral artery disease
(PAD), previous venous thromboembolism (VTE), pregnant
or breast feeding women, and women receiving estrogen
therapy were excluded.

A further group of patients with coronary artery disease
(CAD), and without clinical or laboratory evidence of CVD,
PAD, or VTE, undergoing coronary artery bypass grafting
(CABG) with autologous saphenous veins, were recruited to
collect healthy samples of vein segments (control group).
Experimental protocol

Venous sample collection, tissue homogenate preparation,
and gene expression studies. Samples obtained from pa-
tients undergoing surgical removal of varicose veins were
collected and immediately preserved at �80 �C. Briefly,
venous tissues were excised, homogenized with a motor
driven homogenizer, and total RNA was isolated using Trizol
reagent (Invitrogen, Milan, Italy), according to the manufac-
turer’s instructions. RNA was quantified spectrophotometri-
cally and quality was checked by electrophoresis via agarose
gels stained with ethidium bromide. Only samples that were
not degraded and showed clear 18 S and 28 S bands under
ultraviolet light were used for reverse transcription poly-
merase chain reaction (PCR).Total cDNAwas synthesized from
the RNA by reverse transcription using the murine leukemia
virus reverse transcriptase (Life Technologies, Milan, Italy)
following the protocol provided by the manufacturer. The
expression of ERa, ERb, and GPER was quantified by real time
PCR using the Step One sequence detection system (Applied
Biosystems, Milan, Italy), following the manufacturer’s in-
structions. Specific primers for b-actin, which was used as
internal control, ERa, ERb, and GPER were designed using
Primer Express version 2.0 software (Applied Biosystems).The
sequences were as follows: b-actin forward 50-AAGCCACCC-
CACTTCTCTCTAA-30, reverse 50-CACCTCCCCTGTGTGGACTT-30;
ERa forward 50-AGAGGGCATGGTGGAGATCTT-30, reverse 50-
CAAACTCCTCTCCCTGCAGATT-30; ERb forward 50-GACCA-
CAAGCCCAAATGTGTT-30, reverse 50-ACTGGCGATGGACCAC-
TAAA-30; GPER forward 50-CCTGGACGAGCAGTATTACGATATC-
30, reverse 50-TGCTGTACATGTTGATCTG-30.

To quantify the expression of ERa, ERb, and GPER in
venous tissues, standard curves were generated using
serially diluted solutions of cDNA from a mixture of all
samples. cDNA (5 mL) of each sample was mixed to obtain
the solution of the standard stock (tube 1, first dilution
point), which was used to prepare the other four dilution
points. Each dilution point (in triplicate) was added into well
plates containing the Master Mix solution and, according to
the protocol of the real time software, the concentration of
each solution (ng/mL) was recorded. The absolute quanti-
fication of unknown values was obtained by interpolating
the PCR signals into the standard curve provided by the
serially diluted solutions. The content of ERa, ERb, and
GPER transcript was normalized to the b-actin content. To
evaluate the sensitivity of the assay, serial dilutions of ERa,
ERb, and GPER plasmid DNA ranging from 4 to 640 (4, 40,
80, 160, 320 and 640) pg/mL were tested in 20 replicates.
Following 40 amplification cycles, the lowest product of
amplification, which was consistently differentiated from
the negative controls (H2O), was set as the lowest limit and
used to evaluate the sensitivity of the assay. The lowest
concentration for ERa was 2.5 pg/mL. The lowest concen-
tration for ERb was 3.2 pg/mL. The lowest concentration of
GPER cDNA was 6.5 pg/mL. The specificity of the assay was
determined using MCF-7 human breast cancer cells and
LnCAP human prostate cancer cells as positive controls. In
particular, MCF-7 served as a positive control for both ERa
and GPER, while LnCAP served as a positive control for ERb.

http://www.clinicaltrials.gov
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Absence of amplification for ERa, ERb, and GPER was
detected in HEK293 cells. In order to determine the
reproducibility of the assay, the intra- and inter-assay co-
efficients of variation of ERa, ERb, and GPER cDNA (Ct
values) were calculated, as reported in Table 1.
Statistical analysis

PCR amplification was carried out in triplicate for each
sample and the results are expressed as mean � SD. A
student t test was performed in order to analyze the dif-
ference between each group with their control. The ANOVA
test was used to evaluate the difference between the
groups. Differences identified by ANOVA were pinpointed
by an unpaired Student t test. The ANCOVA test was used to
evaluate the correlation between the age of the patients
and the tissue expression of ERs and GPER.

Multiple linear regression analyses were performed to
evaluate the associations between body mass index (BMI),
smoking, diabetes, lipid disorders, and cardiovascular dis-
eases with the tissue expression of ERs and GPER.

The threshold of statistical significance was set at
p < .05. SPSS (IBM, Armonk, NY, USA) was used for the
statistical analyses.

As this was a pilot study, it was not possible to do power
calculations.
RESULTS

Forty patients with CVD were enrolled (group 1; 10 men
[25%], 30 women [75%], mean age 54.3 years [median age
52.0 years; range 33.0e74.0 years]); 20 patients (50%) with
C2, 10 patients (25%) with C3, six patients (15%) with C4,
two patients (5%) with C5, and two patients (5%) with C6
varicose veins. Full patient demographics are given in
Table 2.

Five patients (three men, two women, aged 61e73 years)
with CAD undergoing CABG with autologous saphenous
vein were recruited and represented the control group
(group 2).

A significant increase (p < .01) in tissue expression of
ERa, ERb, and GPER, which was related to the severity of
venous disease (Table 3), was recorded. Tissue expression of
Table 2. Demographic data and risk factors of enrolled patients with v

Group 1 (n ¼ 40)
Total C2 C3

Men 10 (25) 2 (10) 3 (30)
Women 30 (75) 18 (90) 7 (70)
Mean age (y) 54.3 53.0 53.1
Median age (y) 52.0 54.3 50.0
Age range (y) 33e74 33e73 43e66
Mean BMI 26.95 25.97 27.74
Smoke 10 (25) 2 (10) 5 (50)
Diabetes 5 (13) 1 (5) 1 (1)
Lipid disorders 5 (13) 1 (5) 1 (1)
Cardiovascular disease 10 (25) 4 (20) 3 (30)
Total 40 (100) 20 (50) 10 (25)

Note. Data are n (%) unless otherwise indicated. BMI ¼ body mass in
ERa, ERb, and GPER in patients without CVD was signifi-
cantly lower than in patients with CVD (p < .01).
Correlation

Using the ANCOVA test, no significant correlation between
age and expression of ERa, ERb, and GPER was documented
(p ¼ .080, p ¼ .805, and p ¼ .066, respectively; R2 ¼ .284;
R2 correct ¼ .125).

Using multiple regression analysis, no correlation be-
tween BMI, smoking, lipid disorders, cardiovascular disease
and ERs or GPER expression in patients with a C2 CVD was
recorded (Table 4). In contrast, a significant correlation was
documented between smoking and ERb expression in pa-
tients with C3 CVD, and between BMI and cardiovascular
diseases and the expression of GEPR receptors in patients
with C3 and C4 CVD, respectively (Table 4). Owing to the
small numbers with C5 and C6 CVD, statistical analysis was
not possible for these patients.

Student t test analysis did not show any correlation be-
tween mild and moderate stages of venous disease (C2eC4)
and the expression of ERa, ERb, and GPER, while a signifi-
cant correlation at the most severe stages of venous disease
(C5 and C6) was recorded (Table 5).
DISCUSSION

In the present study, information on ER and GPER content in
varicose veins of patients with CVD has been provided.
Thereafter, the expression of the different types of ER with
clinical stage was correlated.

In this study, an association between patient age and
expression of ERa, ERb, and GPER has been documented,
suggesting that age plays a role in ER expression.

Moreover, a linear correlation between the expression of
the ERs and the severity of CVD was also found, with a
maximum ER expression reached in the ulceration stage
(CEAP classification C6).

Asbeutah et al., in studying the changes in the leg veins
during the menstrual cycle in university students, showed a
significant increase in vein diameter and valve closure time
(VCT) of five venous segments, including the common
femoral vein, femoral vein, popliteal vein, and great and
aricose veins (CEAP C2eC6).

Group 2
(controls) (n ¼ 5)C4 C5 C6

3 (50) 1 (50) 1 (50) 3 (60)
3 (50) 1 (50) 1 (50) 2 (40)
54.5 62.0 57.5 67.4
54.5 62.0 57.5 68.0
39e70 51e73 41e74 61e73
27.35 31.08 23.38 26.60
1 (17) 1 (50) 1 (50) 3 (60)
1 (17) 1 (50) 1 (50) 2 (40)
1 (17) 1 (50) 1 (50) 4 (80)
1 (17) 1 (50) 1 (50) 5 (100)
6 (15) 2 (5) 2 (5) 5 (100)

dex.



Table 3. Expression of estrogen receptor (ER)a, ERb, and G protein-coupled ER (GPER) in venous tissues of enrolled patients with or
without (controls) varicose veins (CEAP C2eC6).

C2 C3 C4 C5 C6 Controls
ERa 26.95 � 13.24 29.50 � 20.84 47.33 � 1.03 72.52 � 3.98 102.50 � 4.94 20.00 � 12.84
ERb 47.00 � 23.08 146.30 � 82.32 185.83 � 56.07 275.50 � 18.67 1310.00 � 14.14 31.00 � 17.39
GPER 17.00 � 14.38 28.00 � 11.4 57.33 � 11.09 93.40 � 1.13 1960.79 � 197.28 15.40 � 10.50

Note. Data are mean � SD.

Table 5. Student t test correlation between venous disease class
and tissue expression of estrogen receptors (ERs) and G protein-
coupled ER (GPER) in enrolled patients with chronic venous
disease.

CEAP vascular disease classification ERa ERb GPER
C2 .591 .457 e.085
C3 .425 e.699 .096
C4 e.516 e.296 .222
C5 1.000* 1.000* �1.000*
C6 1.000* 1.000* �1.000*

Note. Data are expressed with respect to control patients.
*p < .01.
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small saphenous veins.16 In a subsequent study, the same
authors demonstrated that first pregnancy is associated with
changes in diameter and VCT in the lower limbs veins.17

These changes also seemed to cause the development of
varicose veins in some patients as pregnancy progressed.

In a study performed in women with breast cancer, a
strong correlation between breast cancer and CVD, influ-
enced by hormonal receptor expression in tumor tissue,
was shown.10 ER-positive status was associated with a se-
vere manifestation of CVD.

An experimental in vitro study performed on the inferior
vena cava of both male and female Sprague-Dawley rats,
suggested that ERs were involved in sex related differences
of venous contraction and relaxation and therefore in the
genesis of varicose veins.18

A previous study documented that estrogens, including
their physiologically most important form, 17b-estradiol,
affect vascular function through ERa, ERb, and GPER.19

GPER is widely distributed in peripheral tissues and plays
a pivotal role in vasculature and is expressed in human
mammary artery and saphenous vein cells.19,20 GPER may
also function in conjunction with ERs to assemble a complex
for rapid and synergic estrogen signaling.19 In endothelial
cells and vascular smooth muscle cells, estrogens activating
ERs and GPER may also cause relaxation of endothelium
denuded vessels.21,22
Table 4. Multiple regression analysis evaluated the correlation betwee
coupled ER (GPER) tissue expression in enrolled patients with chronic

Demographic data C2
Student t p

ERa Age .664 .517
BMI .634 .536
Smoking .142 .889
Diabetes .850 .407
Lipid disorders .653 .524
Cardiovascular disease e.660 .520

ERb Age �1.910 .075
BMI .436 .669
Smoking �1.440 .170
Diabetes e.389 .702
Lipid disorders e.037 .971
Cardiovascular disease �1.637 .119

GEPR Age �1.002 .332
BMI 1.232 .237
Smoking e.766 .455
Diabetes .842 .411
Lipid disorders .638 .533
Cardiovascular disease .174 .864

Note. BMI ¼ body mass index.
*p < .05.
Robertson et al. evaluated 120 patients with varicose
veins, and documented that smoking, obesity, and
restricted ankle movement increase the risk of severe dis-
ease and ulceration.23

In the present study, it has been shown that the
expression of both ERs and GPER is not related to other
factors such as age, BMI, lipid disorders, diabetes, smoking,
or cardiovascular disease in patients with a low grade of
disease, suggesting that estrogens may elicit a primary ac-
tion in the modulation of venous disease. In contrast, in C3
and C4 patients, these risk factors are related to the
expression of the receptors.
n demographic values and estrogen receptors (ERs) and G protein-
venous disease.

C3 C4
Student t p Student t p
e.374 .728 �1.007 .388
.028 .979 e.306 .779
.496 .646 1.732 .333
1.020 .365 e.577 .667
e.678 .535 e.577 .667
3.380 .010 �1.732 .333
.489 .651 .361 .742

�2.277 .085 �1.159 .330
4.021 .016* �4.041 .154

�2.222 .090 �2.021 .293
e.358 .738 e.289 .821
1.065 .318 �1.299 .418
e.735 .503 .357 .745

�3.114 .036* .220 .840
2.042 .111 �19.053 .033*
.574 .597 1.732 .333

e.151 .887 1.732 .333
.171 .868 21.362 .030
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In particular, the present data suggest that smoking is
related to the expression of ERb in patients with C3 CVD,
while BMI and cardiovascular disease are related to the
expression of GEPR receptor in patients with C3 and C4 CVD
patients, respectively, suggesting that inflammation is able
to modulate the expression of either ERb and GPER b re-
ceptors but not that of ERa receptor.

Taken together, these data suggest a disease related in-
crease of ERs and GPER expression, and these receptors
may play a mechanistic role in the development of the
venous disease, suggesting a causative association between
ER expression and grade of disease.

The development of CVD may be related to several
mechanisms, such as vascular remodeling, ECM alterations,
and endothelial dysfunction, that could be related to MMP
activation.1,2,5,8e10 Furthermore, the vascular effects of es-
trogens may reflect, at least in part, their concentration
dependent effects on MMPs. For instance, low doses of
estrogens could inhibit MMPs and attenuate collagen
deposition, whereas at high doses they may activate MMPs
and promote vascular lesions.22

MMP expression was not evaluated in the current study;
thus, a correlation between ER expression and MMP acti-
vation could not be shown, which represents a limitation of
the study. Another limitation is related to the small number
of patients enrolled. Therefore, further studies are required
to clarify the transduction mechanisms and mediators
involved in the pathophysiology of CVD.

In conclusion, ERs seem to play a role in CVD; in this
study, their expression was correlated with disease severity.
Moreover, expression of the different types of ER was
correlated with each clinical class.
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ABSTRACT
Copper promotes tumor angiogenesis, nevertheless the mechanisms involved 

remain to be fully understood. We have recently demonstrated that the G-protein 
estrogen receptor (GPER) cooperates with hypoxia inducible factor-1α (HIF-1α) 
toward the regulation of the pro-angiogenic factor VEGF. Here, we show that copper 
sulfate (CuSO4) induces the expression of HIF-1α as well as GPER and VEGF in breast 
and hepatic cancer cells through the activation of the EGFR/ERK/c-fos transduction 
pathway. Worthy, the copper chelating agent TEPA and the ROS scavenger NAC 
prevented the aforementioned stimulatory effects. We also ascertained that HIF-1α 
and GPER are required for the transcriptional activation of VEGF induced by CuSO4. 
In addition, in human endothelial cells, the conditioned medium from breast cancer 
cells treated with CuSO4 promoted cell migration and tube formation through HIF-1α 
and GPER. 

The present results provide novel insights into the molecular mechanisms involved 
by copper in triggering angiogenesis and tumor progression. Our data broaden the 
therapeutic potential of copper chelating agents against tumor angiogenesis and 
progression.

INTRODUCTION

Copper, which is an essential trace element naturally 
occurring in soil, water and air, acts as a catalytic and/or 
structural cofactor in a wide array of important biological 
processes like embryogenesis, growth, homeostasis and 
angiogenesis [1, 2]. An elevated exposure to copper 
may be mainly consequent to environmental pollution 
from the manufacture of wire, sheet metal, pipe and 
other metal products [2]. In addition, mining, waste 
dumps, combustion of fossil fuels, wood production and 
phosphate fertilizers release copper in the environment, 
thus contributing to the actual exposure in humans [2-4]. 
To date, mismanaged or high copper levels have been 
involved in the generation of oxidative stress [5] which 
plays an important role in cancer development [6]. In 
this regard, it should be mentioned that physiological 
concentrations of copper range approximately from 

18 to 31 µM [7], while serum copper levels have been 
found in cancer patients from 50 µM to 205 µM or even 
at mM concentrations [8-10]. Of note, elevated copper 
concentrations were correlated with cancer stage and/or 
progression in diverse types of tumors, thus suggesting 
that copper may be a useful prognostic factor and a marker 
of responsiveness to therapy [reviewed in 8]. On the 
basis of these findings, a number of studies investigated 
the stimulatory action of copper on VEGF production 
and tumor angiogenesis [11-13] and the repressive 
effects exerted by copper-chelating on HIF-1α mediated 
expression of VEGF [14, 15]. 

Numerous G-protein coupled receptors (GPCRs) 
contribute to the angiogenic switch through mechanisms 
that include their functional interaction with HIF-1α 
toward VEGF expression [16]. In this regard, our recent 
study has shown that the G protein estrogen receptor 
(GPER) cooperates with HIF-1α in order to modulate 
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VEGF in hypoxic breast tumor microenvironment [17]. 
In addition, we have demonstrated that estrogenic GPER 
signalling activates HIF-1α/VEGF transduction pathway 
leading to angiogenesis and tumor growth [18]. 

Here, we provide novel evidence on the mechanisms 
by which copper triggers the EGFR/ERK/c-fos signalling 
cascade along with GPER and HIF-1α toward VEGF 
expression and function in cancer cells. We also show 
that GPER may be considered as an additional target of 
copper chelating agents, hence broadening the therapeutic 
potential of these chemicals against tumor angiogenesis 
and progression.

RESULTS

CuSO4 induces the expression of the pro-
angiogenic factor VEGF

Considering that copper and its chelating agents 
have been involved in tumor angiogenesis [5], we 
asked whether copper sulfate (CuSO4) may induce the 
expression of the pro-angiogenic factor VEGF and its 
transcriptional regulator HIF-1α in SkBr3 breast cancer 
cells and HepG2 hepatocellular carcinoma cells. Of note, 
CuSO4 induced the mRNA expression of both HIF-1α 
(Figure 1A) and VEGF (Figure 1B) in a dose dependent 
manner, starting from 25 µM and reaching the strongest 
stimulation upon concentrations ranging from 100 to 200 
µM. Taking into account these results and considering 
that in previous studies relevant biological responses to 
copper exposure were observed up to 500 µM [19-21], in 
the subsequent assays of the current study 200 µM CuSO4 
were used. First, we determined that CuSO4 up-regulates 
in a time-dependent manner the mRNA expression of 
HIF-1α (Figure 1C) and VEGF (Figure 1D) in SkBr3 
and HepG2 cells. Thereafter, we ascertained that the 
well-acknowledged copper chelating agent TEPA [14, 
22] as well as the extensively used ROS scavenger NAC 
[reviewed in 23] prevent the mRNA induction of HIF-1α 
(Figure 1E) and VEGF (Figure 1F) and the transactivation 
of a VEGF promoter construct (Figure 1G) upon treatment 
with CuSO4. As copper has been previously involved in 
HIF-1α responses to low oxygen conditions [14, 15], 
we then assessed the effect of TEPA on the action of the 
hypoxia-mimetic agent CoCl2. As expected, CoCl2 induced 
the mRNA expression of HIF-1α (Figure 2A) and VEGF 
(Figure 2B) as well as the transactivation of a VEGF 
promoter construct (Figure 2C) in SkBr3 and HepG2 cells. 
Interestingly, these effects were abolished in the presence 
of TEPA and rescued adding CuSO4 to SkBr3 and HepG2 
cells (Figure 2). Results similar to those observed using 
CoCl2 were obtained culturing SkBr3 and HepG2 cells in 
a low oxygen tension (2% O2) (Supplementary Figure 1A-
1C). 

Collectively, these findings suggest that CuSO4 
may be involved in the activation of HIF-1α/VEGF 
transduction signalling in cancer cells. On the basis of 
our recent findings suggesting that a functional cross-
talk between HIF-1α and GPER may occur toward the 
VEGF expression in hypoxic conditions [24, 17-18], we 
next determined that the up-regulation of GPER mRNA 
expression induced by CuSO4 in SkBr3 and HepG2 cells 
(Figure 3A, 3B) is abolished in the presence of both TEPA 
and NAC (Figure 3C). Moreover, the transactivation of 
a GPER promoter construct triggered by CuSO4 was 
prevented using TEPA and NAC (Figure 3D). Notably, 
the GPER mRNA induction and the GPER promoter 
transactivation induced by CoCl2 were prevented in the 
presence of TEPA and rescued adding CuSO4 (Figure 
3E, 3F). Results comparable to those observed upon 
CoCl2 treatment were obtained culturing cells in a low 
oxygen tension (2 % O2) (Supplementary Figure 1D-1E). 
Cumulatively, these data recall previous studies showing 
that the inhibitory effects of TEPA on hypoxia-induced 
responses are rescued by CuSO4 in a dose-dependent 
manner [14].

Altogether, these data indicate that GPER may be 
included among the transduction mediators triggered by 
copper, in particular in stressful conditions characterized 
by a low oxygen tension in cancer cells. 

Molecular mechanisms involved in the stimulatory 
actions elicited by CuSO4

As c-fos expression is a molecular sensor of 
both GPER and HIF-1α signalling [18, 25-26], we also 
demonstrated that c-fos mRNA increase upon CuSO4 
stimulation (Figure 3G, 3H) is abrogated in the presence 
of TEPA and NAC (Figure 3I). Nicely fitting with these 
results, the transactivation of a c-fos luciferase construct 
and AP1-luc promoter sequence induced by CuSO4 was 
repressed in the presence of TEPA and NAC (Figure 3J). 
Recapitulating the aforementioned findings, the protein 
induction of c-fos, HIF-1α and GPER observed upon 
CuSO4 treatment was abrogated in the presence of TEPA 
and NAC in SkBr3 and HepG2 cells (Figure 4A-4D). 
Given that the activation of EGFR/ERK signalling triggers 
transduction mechanisms leading to gene expression 
changes as mentioned above [17-18, 25, 27-28], we 
ascertained that the EGFR and ERK1/2 phosphorylation 
induced by CuSO4 in both SkBr3 and HepG2 cells (Figure 
5A, 5B) is blocked in the presence of the EGFR tyrosine 
kinase inhibitor AG1478 (AG) and the MEK inhibitor 
PD98059 (PD) (Figure 5C, 5D) as well as using TEPA 
and NAC (Figure 5E, 5F). Further corroborating these 
data, the up-regulation of c-fos, HIF-1α, GPER and 
VEGF mRNA expression (Figure 6A-6D) as well as the 
transactivation of fos-luc, AP1-luc, GPER-luc and VEGF-
luc reporter constructs (Figure 6E, 6F) induced by CuSO4 



Oncotarget34160www.impactjournals.com/oncotarget

Figure 1: CuSO4 induces the mRNA expression of HIF-1α and VEGF. mRNA expression of HIF-1α A. and VEGF B. in SkBr3 
and HepG2 cells treated with increasing concentrations of CuSO4 for 8 hours, as evaluated by real-time PCR. CuSO4 (200 µM) induces the 
mRNA expression of HIF-1α C. and VEGF D. in a time-dependent manner. In SkBr3 and HepG2 cells treated with 200 µM CuSO4 for 8 
hours, the mRNA induction of HIF-1α E. and VEGF F. is abrogated in the presence of the copper chelating agent TEPA (50 µM) and the 
ROS scavenger NAC (300 µM). Values are normalized to the 18S expression and shown as fold changes of the mRNA expression induced 
by CuSO4 compared to cells treated with vehicle (-). G. The transactivation of a VEGF promoter plasmid (pVEGF) observed in SkBr3 and 
HepG2 cells treated with 200 µM CuSO4 for 12 hours is prevented by TEPA (50 µM) and NAC (300 µM). The luciferase activities were 
normalized to the internal transfection control and values of cells receiving vehicle (-) were set as 1-fold induction upon which the activities 
induced by CuSO4 treatment were calculated. Each data point represents the mean ± SD of three independent experiments performed in 
triplicate. (○), (●) p < 0.05 for cells receiving vehicle (-) versus CuSO4 treatment. 
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were abolished in the presence of AG and PD. Analogous 
findings were obtained evaluating the regulation of c-fos, 
HIF-1α and GPER protein expression in SkBr3 and 
HepG2 cells (Figure 6G, 6H). 

Immunofluorescence experiments performed 
in SkBr3 cells showed that TEPA, NAC, AG and PD 
prevent also the increase of VEGF protein expression 
upon CuSO4 treatment (Figure 7). In addition, the HIF-
1α protein increase triggered by CuSO4 was no longer 
evident transfecting SkBr3 and HepG2 cells with a 
plasmid encoding a dominant/negative c-fos mutant 
(DN/c-fos) (Figure 8A, 8B). In accordance with the 
aforementioned results, the up-regulation of GPER 
(Figure 8A, 8B) and VEGF (Figure 8C, 8D) protein levels 

upon CuSO4 treatment was prevented by DN/c-fos, as 
evaluated by immunoblotting and immunofluorescence 
assays, respectively. As demonstrated in our previous 
investigations, in hypoxic tumor microenvironment HIF-
1α mediates the expression of GPER that contributes to 
the regulation and function of VEGF [17, 24]. Likewise, 
we found that the GPER protein up-regulation induced 
by CuSO4 as well as the transactivation of the GPER 
promoter were abolished knocking down HIF-1α 
expression (Figure 9A-9F). In addition, the silencing of 
HIF-1α prevented the CuSO4-induced activation of the 
VEGF promoter construct (Figure 9G, 9H) as well as the 
up-regulation of VEGF protein expression (Figure 9I-9K). 
Of note, GPER was required for VEGF protein induction 

Figure 2: CuSO4 rescues the inhibitory effects of TEPA on CoCl2-induced transcription of HIF-1α and VEGF. In SkBr3 
and HepG2 cells, the up-regulation of HIF-1α A. and VEGF B. mRNA expression induced upon CoCl2 treatment (100 µM for 8 hours) is 
no longer evident in the presence of TEPA (50 µM) but rescued using CoCl2 (100 µM for 8 hours) in combination with 200 µM CuSO4, as 
determined by real-time PCR. Values are normalized to the 18S expression and shown as fold changes of mRNA expression induced by 
treatments respect to cells treated with vehicle (-). C. The transactivation of a VEGF promoter plasmid (pVEGF) observed in SkBr3 and 
HepG2 cells treated with 100 µM CoCl2 for 12 hours is prevented by TEPA (50 µM) and rescued using CoCl2 (100 µM for 12 hours) in 
combination with 200 µM CuSO4. The luciferase activities were normalized to the internal transfection control and values of cells receiving 
vehicle (-) were set as 1-fold induction upon which the activities induced by CoCl2 treatment were calculated. Each data point represents 
the mean ± SD of three independent experiments performed in triplicate. (○), (●) p < 0.05 for cells receiving vehicle (-) versus treatments. 
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Figure 3: CuSO4 induces the mRNA expression of GPER. mRNA expression of GPER in SkBr3 and HepG2 cells treated with 
increasing concentrations of CuSO4 for 8 hours, as evaluated by real-time PCR A. CuSO4 (200 µM) induces the mRNA expression of 
GPER in a time-dependent manner B. The increase in GPER mRNA observed treating SkBr3 and HepG2 cells for 8 hours with 200 µM 
CuSO4 is abrogated in the presence of TEPA (50 µM) and NAC (300 µM) C. The transactivation of a GPER promoter plasmid (pGPER) 
observed in SkBr3 and HepG2 cells treated with 200 µM CuSO4 for 12 hours is prevented by TEPA (50 µM) and NAC (300 µM) D. The 
mRNA induction of GPER observed in SkBr3 and HepG2 cells treated with 100 µM CoCl2 for 8 hours is abrogated in the presence of 
TEPA (50 µM) and rescued using CoCl2 (100 µM for 8 hours) in combination with 200 µM CuSO4, as determined by real-time PCR E. 
The transactivation of a GPER promoter plasmid (pGPER) observed in SkBr3 and HepG2 cells treated with 100 µM CoCl2 for 12 hours 
is prevented by TEPA (50 µM) and rescued using CoCl2 (100 µM for 12 hours) in combination with 200 µM CuSO4 F. Dose-response 
increase of c-fos mRNA expression in SkBr3 and HepG2 cells treated with CuSO4 for 8 hours, as evaluated by real-time PCR G. CuSO4 
(200 µM) induces the mRNA expression of c-fos in a time-dependent manner H. The mRNA increase of c-fos observed treating SkBr3 
and HepG2 cells for 8 hours with 200 µM CuSO4 is abrogated in the presence of TEPA (50 µM) and NAC (300 µM) I. The transactivation 
of c-fos (fos-luc) and AP-1 (AP-1luc) reporter plasmids observed in SkBr3 cells treated with 200 µM CuSO4 for 12 hours is prevented by 
TEPA (50 µM) and NAC (300 µM) J. In transfection assays, the luciferase activities were normalized to the internal transfection control and 
values of cells receiving vehicle (-) were set as 1-fold induction upon which the activities induced by treatments were calculated. In RNA 
experiments, values are normalized to the 18S expression and shown as fold changes of mRNA expression induced by treatments compared 
to cells treated with vehicle (-). Each data point represents the mean ± SD of three independent experiments performed in triplicate. (○), (●) 
p < 0.05 for cells receiving vehicle (-) versus treatments.



Oncotarget34163www.impactjournals.com/oncotarget

and the transactivation of a VEGF promoter construct by 
CuSO4, as demonstrated by silencing experiments (Figure 
10A-10E). Overall, these data highlight the transduction 
mechanisms involved by copper toward the stimulation of 
VEGF in cancer cells. 

HIF-1α and GPER are required for VEGF-
induced endothelial tube formation, cell migration 
and proliferation induced by CuSO4

Having established that HIF-1α and GPER 
cooperate in triggering the up-regulation of VEGF by 

Figure 4: CuSO4 induces the protein expression of c-fos, HIF-1α and GPER. Up-regulation of c-fos, HIF-1α and GPER 
protein expression in SkBr3 and HepG2 cells treated with 200 µM CuSO4 for 8 hours A., B. The induction of c-fos, HIF-1α and GPER 
protein expression observed upon treatment with 200 µM CuSO4 for 8 hours is abolished in the presence of TEPA (50 µM) and NAC 
(300 µM) C., D. Results shown are representative of three independent experiments. Side panels show densitometric analysis of the blots 
normalized to β-actin. ( ), (●), (○), p < 0.05 for cells receiving vehicle (-) versus CuSO4 treatment.



Oncotarget34164www.impactjournals.com/oncotarget

CuSO4, we assessed in HUVECs the involvement of HIF-
1α and GPER in the formation of tubule-like structures 
that represent a useful experimental model of angiogenic 
process [29]. Interestingly, a ramified network of tubules 
was generated in HUVECs cultured in conditioned 
medium from CuSO4-treated SkBr3 cells (Figure 11A). 
However this effect was prevented by knocking down 
the expression of HIF-1α or GPER (Figure 11B-11H). 
The addition of VEGF to the medium collected from 
CuSO4-treated and GPER-silenced SkBr3 cells rescued 
the generation of tubule structures in HUVECs (Figure 
11C). Figure 11 (panels D-F) recapitulates these results, 
suggesting that VEGF may be considered as a target of 
copper-activated HIF-1α/GPER signalling toward new 
blood vessels formation. As in previous studies VEGF 
boosted endothelial cells migration [30-31] we then 
evaluated whether HIF-1α and GPER are involved in the 
migration of HUVECs. Conditioned medium from SkBr3 
cells exposed to CuSO4 induced the migration of HUVECs 
(Figure 12A), however this response was abrogated 
silencing HIF-1α and GPER expression (Figure 12B-12E). 
Indeed, the addition of VEGF rescued cell migration 

culturing HUVECs in medium collected from SkBr3 
cells which were GPER-silenced and treated with CuSO4 
(Figure 12C). Next, we determined that HIF-1α and 
GPER are required for SkBr3 cell proliferation induced 
by CuSO4, as this response was prevented knocking-down 
their expression (Supplementary Figure S2A-C). Likewise, 
the growth effects elicited by CuSO4 was abolished in 
the presence of TEPA (Supplementary Figure S2D). 
Altogether, these findings suggest that copper may trigger 
relevant biological actions through HIF-1α/GPER/VEGF 
transduction signalling in both cancer and endothelial cells 
toward angiogenesis and tumor progression. 

DISCUSSION

The present study provides novel evidence regarding 
the molecular mechanisms by which copper may trigger 
the expression and function of VEGF toward angiogenesis 
and tumor progression. In particular, we have shown 
that copper activates the EGFR/ERK/c-fos transduction 
pathway leading to the expression of HIF-1α, GPER and 
VEGF in breast and hepatic cancer cells. In this regard, 

Figure 5: CuSO4 induces EGFR and ERK activation. The exposure to 200 µM CuSO4 induces EGFR (Tyr 1173) and ERK1/2 
phosphorylation in SkBr3 and HepG2 cells A., B. The activation of EGFR and ERK1/2 observed in SkBr3 and HepG2 cells treated with 
200 µM CuSO4 for 30 min is abrogated in the presence of the EGFR inhibitor AG1478 (AG, 10 µM) and the MEK inhibitor PD98059 
(PD, 10 µM) C., D. as well as TEPA (50 µM) and NAC (300 µM) E., F. Side panels show densitometric analysis of the blots normalized to 
EGFR or ERK2. Each data point represents the mean ± SD of three independent experiments. (○), (●) p < 0.05 for cells receiving vehicle 
(-) versus CuSO4 treatment.
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Figure 6: The EGFR/ERK transduction pathway is involved in the stimulatory responses induced by CuSO4. The 
mRNA increase of c-fos A., HIF-1α B., GPER C. and VEGF D. observed in SkBr3 and HepG2 cells upon treatment with 200 µM CuSO4 
for 8 hours is prevented by AG (10 μM) and PD (10 μM), as evaluated by real-time PCR. Values are normalized to the 18S expression and 
shown as fold changes of mRNA expression induced by CuSO4 compared to cells treated with vehicle (-). The transactivation of c-fos, 
AP-1, GPER and VEGF reporter plasmids induced in SkBr3 cells upon treatment with 200 µM CuSO4 for 12 hours is abolished using AG 
(10 μM) and PD (10 μM) E., F. The luciferase activities were normalized to the internal transfection control and values of cells receiving 
vehicle (-) were set as 1-fold induction upon which the activities induced by CuSO4 treatment were calculated. Each data point represents 
the mean ± SD of three independent experiments performed in triplicate. The up-regulation of c-fos, HIF-1α and GPER protein expression 
observed in SkBr3 G. and HepG2 H. cells treated with 200 µM CuSO4 for 8 hours is abolished in the presence of AG (10 μM) and PD 
(10 μM) G., H. Results shown are representative of three independent experiments. Side panels show densitometric analysis of the blots 
normalized to β-actin. ( ),(●) (○), p < 0.05 for cells receiving vehicle (-) versus CuSO4 treatment.
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Figure 7: CuSO4 induces VEGF protein expression as evaluated by immunofluorescence assay. SkBr3 cells were treated 
for 12 hours with vehicle (panels 1-3), 200 µM CuSO4 alone (panels 4-6) or in combination with TEPA (50 µM) (panels 7-9), NAC (300 
µM) (panels 10-12), AG (10 µM) (panels 13-15) and PD (10 µM) (panels 16-18). VEGF accumulation is shown by the green signal, nuclei 
were stained by DAPI (blue signal). The slides were imaged on the Cytation 3 Cell Imaging Multimode Reader (BioTek, Winooski, VT). 
Images shown are representative of three independent experiments. Fluorescence intensities for the green channel were quantified in 10 
random fields for each condition and results are expressed as fold change of relative fluorescence units (RFU) over the vehicle-treated cells 
(as indicated in the lower panel). Values are mean ± SD of three independent experiments. (○) p < 0.05 for cells receiving vehicle (-) versus 
CuSO4 treatment.



Oncotarget34167www.impactjournals.com/oncotarget

Figure 8: c-fos is involved in the up-regulation of HIF-1α, GPER and VEGF induced by CuSO4. Evaluation of HIF-1α 
and GPER protein expression in SkBr3 and HepG2 cells transfected for 24 hours with a vector or a plasmid encoding for a dominant 
negative form of c-fos (DN/c-fos) and then treated with 200 µM CuSO4 for 8 hours (A., B.). Side panels show densitometric analysis of 
the blots normalized to β-actin. Each data point represents the mean ± SD of three independent experiments. Evaluation of VEGF protein 
expression by immunofluorescence assay in SkBr3 cells transfected for 24 hours with a vector (panels 1-6) or a plasmid encoding for a 
dominant negative form of c-fos (DN/c-fos) (panels 7-12) and then treated with vehicle or 200 µM CuSO4 for 12 hours, as indicated. VEGF 
accumulation is shown by the green signal, nuclei were stained by DAPI (blue signal). The slides were imaged on the Cytation 3 Cell 
Imaging Multimode Reader (BioTek, Winooski, VT). Images shown are representative of three independent experiments C. Fluorescence 
intensities for the green channel were quantified in 10 random fields for each condition and results are expressed as fold change of relative 
fluorescence units (RFU) over the vehicle-treated cells D. Values are mean ± SD of three independent experiments. (○), (●) p < 0.05 for 
cells receiving vehicle (-) versus CuSO4 treatment.
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Figure 9: HIF-1α is involved in the up-regulation of GPER and VEGF induced by CuSO4. Evaluation of GPER protein 
expression in SkBr3 and HepG2 cells transfected with shRNA or shHIF-1α for 24 hours and then treated with 200 µM CuSO4 for 8 hours 
A., C. Side panels show densitometric analysis of the blots normalized to β-actin. Efficacy of HIF-1α silencing in SkBr3 and HepG2. 
Each data point represents the mean ± SD of three independent experiments B., D. E.-H. The transactivation of the GPER (pGPER) E. 
and VEGF (pVEGF) G. promoter plasmids observed in SkBr3 cells treated with 200 µM CuSO4 for 12 hours is abrogated silencing the 
expression of HIF-1α. (F, H) Efficacy of HIF-1α silencing. The luciferase activities were normalized to the internal transfection control 
and values of cells receiving vehicle were set as 1-fold induction, upon which the activities induced by treatments were calculated. Each 
data point represents the mean ± SD of three independent experiments performed in triplicate. I. Evaluation of VEGF protein expression 
by immunofluorescence assay in SkBr3 cells transfected for 24 hours with shRNA (panels 1-6) or shHIF-1α (panels 7-12) and treated with 
200 µM CuSO4 for 12 hours, as indicated. VEGF accumulation is shown by the green signal, nuclei were stained by DAPI (blue signal). 
The slides were imaged on the Cytation 3 Cell Imaging Multimode Reader (BioTek, Winooski, VT). Images shown are representative of 
three independent experiments. J. Fluorescence intensities for the green channel were quantified in 10 random fields for each condition 
and results are expressed as fold change of relative fluorescence units (RFU) over the vehicle-treated cells. Values are mean ± SD of three 
independent experiments. K. Efficacy of HIF-1α silencing. (○) p < 0.05 for cells receiving vehicle versus CuSO4 treatment. 
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we demonstrated that a functional cooperation between 
HIF-1α and GPER contributes to VEGF regulation in 
cancer cells exposed to copper. Recalling previous studies 
on the capability of copper chelating agents to elicit anti-

tumor effects [5, 32], we have also evidenced that these 
chemicals exert an inhibitory action on HIF-1α/GPER/
VEGF transduction pathway. Next, we have found that 
HIF-1α and GPER are required for endothelial tube 

Figure 10: GPER is involved in VEGF protein increase induced by CuSO4. Evaluation of VEGF protein expression by 
immunofluorescence assay in SkBr3 cells transfected for 24 hours with shRNA (panels 1-6) or shGPER (panels 7-12) and treated with 200 
µM CuSO4 for 12 hours, as indicated. VEGF accumulation is evidenced by the green signal, nuclei were stained by DAPI (blue signal). 
The slides were imaged on the Cytation 3 Cell Imaging Multimode Reader (BioTek, Winooski, VT). Images shown are representative of 
three independent experiments A. Fluorescence intensities for the green channel were quantified in 10 random fields for each condition and 
results are expressed as fold change of relative fluorescence units (RFU) over the vehicle-treated cells B. Values are mean ± SD of three 
independent experiments. Efficacy of GPER silencing C. The transactivation of the VEGF (pVEGF) promoter plasmid observed in SkBr3 
cells treated with 200 µM CuSO4 for 12 hours is abrogated silencing the expression of GPER D. The luciferase activities were normalized 
to the internal transfection control and values of cells receiving vehicle were set as 1-fold induction, upon which the activities induced by 
treatments were calculated. Efficacy of GPER silencing E. Each data point represents the mean ± SD of three independent experiments 
performed in triplicate. (○) p < 0.05 for cells receiving vehicle (-) versus CuSO4 treatment.
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formation and cell migration stimulated by VEGF as well 
as for copper-induced proliferation of breast cancer cells. 

The role of copper in tumor initiation and 
progression has been extensively investigated both in 

vitro and in vivo [8, 33]. In this context, high copper 
levels ranging from 50 to 200µM have been correlated 
with incidence and recurrence in cancer patients [8, 9]. 
In accordance with these findings, we have ascertained 

Figure 11: HIF-1α and GPER contribute to the endothelial tube formation triggered by CuSO4. Tube formation in 
HUVECs cultured for 2 hours in medium collected from SkBr3 cells which were transfected for 24 hours with shRNA A., shHIF-1α B. or 
shGPER C. and then treated for 18 hours with vehicle or 200 µM CuSO4, as indicated. C. In HUVECs cultured in conditioned medium from 
SkBr3 cells that were transfected with shGPER and treated with 200 µM CuSO4, tube formation is rescued adding 10 ng/mL VEGF for 2 
hours. Data are representative of three independent experiments performed in triplicate. Quantification of the number of tubes D., total tube 
length E. and number of branching points F. observed in HUVECs, as indicated. Data are representative of three independent experiments 
performed in triplicate. (○) p < 0.05 for cells receiving medium from SkBr3 cells treated with vehicle versus cells receiving medium from 
SkBr3 cells treated with CuSO4. Efficacy of HIF-1α G. and GPER H. silencing in SkBr3 cells. 
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that copper exerts stimulatory effects on gene expression 
starting from a concentration of 25 µM, even though the 
maximal responses were observed using a concentration 
of 200 µM. Hence, the last amount was used in all assays 
to better evaluate the potential of copper to activate the 
aforementioned biological activity. Previous studies have 
disclosed that certain effects elicited by copper in cancer 
cells rely on the generation of reactive oxygen species 
(ROS), which act as second messenger in triggering 
stimulatory signals [8]. In this regard, it has been shown 
the transduction mechanisms involved, that include the 
activation of the EGFR/ERK pathway and the expression 
of genes mediating growth responses like c-fos [reviewed 
in 5]. On the basis of these observations, it could be argued 
that copper may mimic some biological features which 
characterize the hypoxic tumor environment.

HIF-1 acts as a survival factor upon low oxygen 
conditions regulating the expression of genes involved 

in cell metabolism, migration, invasion and angiogenesis 
[34-35]. In this vein, it is worth mentioning that copper 
was shown to increase HIF-1α stabilization and 
accumulation [19]. Further extending these findings, our 
current results indicate that copper is also able to induce 
HIF-1α expression, thus providing a new mechanism 
through which this chemical may be involved in cancer 
progression. Previous studies have determined that GPER 
contributes together with HIF-1α to the adaptive responses 
to hypoxic tumor microenvironment [17, 24]. Nicely fitting 
with these observations, the present data reveal that copper 
induces the expression of GPER through HIF-1α, leading 
to the regulation of VEGF in breast cancer cells and cancer 
associated fibroblasts (CAFs) [17]. The stimulatory role 
of copper in cancer development has been also proved 
by copper chelating agents as a reduction in tumor 
volume, vascular permeability, tumor’s microvascular 
supply and micrometastasis generation has been reported 

Figure 12: HIF-1α and GPER contribute to the endothelial cell migration induced by CuSO4. Cell migration in HUVECs 
cultured for 24 hours in medium collected from SkBr3 cells which were transfected for 24 hours with control shRNA A., shHIF-1α B. or 
shGPER C. and then treated for 18 hours with vehicle or 200 µM CuSO4, as indicated. C. In HUVECs cultured in medium from SkBr3 
cells which were transfected with shGPER and treated with 200 µM CuSO4, cell migration is rescued adding 10 ng/mL VEGF for 36 
hours. Data are representative of three independent experiments performed in triplicate. Efficacy of HIF-1α D. and GPER E. silencing in 
SkBr3 cells.
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lowering copper levels in diverse experimental models 
[5]. Extending the current knowledge on the action of 
anti-copper drugs like TEPA, our data indicate that these 
chemicals may also target HIF-1α/GPER signalling among 
the multifaceted responses triggered in cancer cells.

To date, the expression of GPER has been associated 
with negative clinical features and poor survival rates 
in a variety of tumors [36-38]. Consequently, huge 
efforts are currently underway to better understand the 
mechanisms involved in the regulation of GPER [28, 39-
58] which belongs to the GPCRs family widely involved 
in cancer progression [59, 60]. Of note, several studies 
have demonstrated that estrogenic GPER signalling 
mediates relevant biological effects like proliferation and 
migration in cancer cells and CAFs [61-63] that are largely 
acknowledged to contribute to tumor cell metabolism and 
disease progression [64-66]. In this regard, additional 
investigations are needed to determine whether copper 
could be also able to activate GPER signalling in a direct 
manner, as previously demonstrated using other metals 
[67]. 

Here, we have provided novel evidence regarding 
the action elicited by copper toward tumor angiogenesis 
and progression. On the basis of the present findings 
GPER may be included together with HIF-1α and VEGF 
among the molecular targets of copper chelating agents 
in combination therapies. Nevertheless, further studies 
are needed to better define the role of copper on the 
functional interaction between GPER, HIF-1α and VEGF 
in malignant cells and tumor microenvironment. 

MATERIALS AND METHODS

Materials

Copper sulfate (CuSO4), cobalt chloride (CoCl2), 
tetraethylenepentamine (TEPA) and ROS scavenger 
N-acetyl-L-cysteine (NAC) were purchased from Sigma-
Aldrich Srl (Milan, Italy). Tyrphostin AG1478 (AG) 
was purchased from Biomol Research Laboratories, 
Inc (Milan, Italy). PD98059 (PD) was obtained from 
Calbiochem (Milan, Italy). Human VEGF was purchased 
from Peprotech (Rocky Hill, New Jersey, USA). All 
compounds were dissolved in DMSO, except VEGF, 
CuSO4 and NAC which were solubilized in water. 

Cell cultures

We used SkBr3 breast cancer cells and HepG2 
hepatocarcinoma cells that represent a valuable tool for 
the evaluation of the transduction pathways activated by 
copper in cancer cells. As both cell lines express GPER, 
which has been involved with the angiogenic process 
within the tumor microenvironment [17-18], this model 

system is suitable to ascertain the contribution of GPER 
to copper action toward tumor angiogenesis. 

The SkBr3 breast cancer cells were maintained in 
RPMI-1640 (Life Technologies, Milan, Italy) without 
phenol red, supplemented with 10% fetal bovine 
serum (FBS) and 100 μg/ml penicillin/streptomycin. 
The hepatocarcinoma cells HepG2 were cultured in 
DMEM (Dulbecco’s modified Eagle’s medium) (Life 
Technologies, Milan, Italy) with phenol red, supplemented 
with 10% FBS and 100 µg/ml penicillin/streptomycin. 
Human umbilical vein endothelial cells (HUVECs) were 
seeded on collagen-coated flasks (Sigma-Aldrich Srl, 
Milan, Italy) and cultured in Endothelial Growth Medium 
(EGM) (Lonza, Milan, Italy), supplemented with 5% FBS 
(Lonza, Milan, Italy). All cell lines were grown in a 37° 
C HeraCell incubator (ThermoScientific-Heraeus, Milan, 
Italy) with 5% CO2. For hypoxic stimulation, cells were 
treated with CoCl2 (100 µM) or cultured in the presence 
of a low oxygen tension (2% O2) in a multi-gas HeraCell 
incubator (ThermoScientific-Heraeus, Milan, Italy). Cells 
were switched to medium without serum the day before 
experiments.

Gene reporter assays

The 2.6 kb VEGF promoter-luciferase construct 
containing full-length VEGF promoter sequence (22,361 
to +298 bp relative to the transcription start site) used 
in luciferase assays was a kind gift from dr. P. Soumitro 
(Harvard Medical School, Boston, Massachusetts). The 
GPER promoter-luciferase construct (pGPER 2.9 kb) was 
obtained as previously described [24].

The luciferase reporter plasmid for AP-1 
responsive collagen promoter was a kind gift from 
H. Van Dam (Department of Molecular Cell Biology, 
Leiden University, Leiden, Netherlands). The luciferase 
reporter plasmid for c-fos, encoding a -2.2 kb 5’ upstream 
fragment of human c-fos, kindly provided by K. Nose 
(Department of Microbiology, Showa University School 
of Pharmaceutical Sciences, Hatanodai, Shinagawa-ku, 
Tokyo, Japan). SkBr3 and HepG2 cells (1 x 105) were 
plated into 24-well dishes with 500µL/well culture 
medium containing 10% FBS. Transfections were 
performed using X-treme GENE 9 DNA transfection 
reagent as recommended by the manufacturer (Roche 
Diagnostics, Milan, Italy), with a mixture containing 
0.5µg of reporter plasmid and 10 ng of pRL-TK. After 24 
h, cells were treated with CuSO4, alone and in combination 
with TEPA, NAC, AG1478 and PD98059, as indicated. 
For co-transfection experiments, cells were previously 
transfected with control shRNA, shHIF-1α or shGPER 
using X-treme GENE 9 DNA transfection reagent (Roche 
Diagnostics, Milan, Italy). A mixture containing 0.5 
µg of reporter plasmid and 10 ng of pRL-TK was then 
transfected by using X-treme GENE 9 DNA Transfection. 
After 8 hours, cells were treated for 18 hours with CuSO4 
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in serum free medium. Luciferase activity was measured 
with the Dual Luciferase Kit (Promega, Milan, Italy) 
normalized to the internal transfection control provided 
by Renilla luciferase activity. The normalized relative light 
unit values obtained from cells treated with vehicle were 
set as 1-fold induction, upon which the activity induced by 
treatments was calculated.

Gene expression studies

Total RNA was extracted from cell cultures using 
the TRIzol commercial kit (Life Technologies, Milan, 
Italy) according to the manufacturer’s protocol. RNA 
was quantified spectrophotometrically and quality was 
checked by electrophoresis through agarose gels stained 
with ethidium bromide. Only samples that were not 
degraded and showed clear 18 and 28 S bands under 
UV light were used for RT-PCR. Total cDNA was 
synthesized from the RNA by reverse transcription as 
previously described [17]. The expression of selected 
genes was quantified by real-time PCR using Step One 
(TM) sequence detection system (Applied Biosystems Inc, 
Milan, Italy), following the manufacturer’s instructions. 
Gene-specific primers were designed using Primer 
Express version 2.0 software (Applied Biosystems. 
Inc., Milan, Italy) and are as follows: : HIF-1α Fwd: 
5’-TGCATCTCCATCTTCTACCCAAGT-3’ and Rev: 
5’-CCGACTGTGAGTGCCACTGT-3’; VEGF Fwd: 
5’- TGCAGATTATGCGGATCAAACC-3’ and Rev: 
5’- TGCATTCACATTTGTTGTGCTGTAG-3’; GPER 
Fwd: 5′-CCTGGACGAGCAGTATTACGATATC-3′ 
and Rev 5′-TGCTGTACATGTTGATCTG-3′; c-FOS 
Fwd: 5’-GAGCCCTTTGATGACTTCCT-3’ and 
Rev: 5’-GAGCGGGCTGTCTCAGA-3’; 18S Fwd: 
5’- GGCGTCCCCCAACTTCTTA -3’ and Rev: 5’- 
GGGCATCACAGACCTGTTATT -3’. Assays were 
performed in triplicate and the results were normalized 
for 18S expression and then calculated as fold induction 
of RNA expression. 

Western blot analysis

SkBr3 and HepG2 cells were processed according 
to the previously described protocol [17] to obtain protein 
lysate that was electrophoresed through a reducing 
SDS/10% (w/v) polyacrylamide gel, electroblotted onto 
a nitrocellulose membrane and probed with primary 
antibodies against HIF-1α (R&D Systems, Inc. Celbio, 
Milan, Italy), GPER (N-15), c-fos (H-125), phosphorylated 
ERK 1/2 (E-4), ERK2 (C-14), EGFR (1005), pEGFR Tyr 
1173 (sc-12351-R) and β-actin (C2), all purchased from 
Santa Cruz Biotechnology, (DBA, Milan, Italy). Proteins 
were detected by horseradish peroxidase-linked secondary 
antibodies (Santa Cruz Biotecnology, DBA) and revealed 
using the ECL System (GE Healthcare). 

Gene silencing experiments

Cells were plated onto 10-cm dishes and prior 
to treatments cells were transfected for 24 hours using 
X-treme GENE 9 DNA Transfection Reagent (Roche 
Diagnostics, Milan, Italy) with a control shRNA, shHIF-
1α, shGPER, a control vector and the plasmid DN/c-fos, 
encoding a c-fos mutant that heterodimerizes with c-fos 
dimerization partners but not allowing DNA binding 
(kindly obtained from Dr. C. Vinson, NIH, Bethesda, MD, 
USA). The HIF-1α shRNA and the respective control 
plasmid were purchased from SABioscience Corporation 
(Frederick, MD, USA). The silencing of GPER expression 
was obtained by the construct which we have previously 
described and used [68]. 

Immunofluorescence assay

Fifty percent confluent cultured SkBr3 cells grown 
on coverslips were serum deprived and then treated for 
12 hours with CuSO4 alone and in combination with 
TEPA, NAC, AG1478 and PD98059, as indicated. Where 
required, cells previously transfected for 24 h with shHIF-
1α or shGPER and respective negative control plasmids 
(as described above) and then treated for 18 hours with 
CuSO4, Then cells were fixed in 4% paraformaldehyde, 
permeabilized with 0.2% Triton X-100, washed three 
times with PBS and incubated overnight with a mouse 
primary antibody against VEGF (C-1) (Santa Cruz 
Biotechnology, DBA, Milan, Italy). After incubation, the 
slides were extensively washed with PBS and incubated 
with 4′,6-diamidino-2-phenylindole dihydrochloride 
(DAPI), (1:1000), (Sigma-Aldrich, Milan, Italy) and 
donkey anti-mouse IgG-FITC (1:300; purchased from 
Alexa Fluor, Life Technologies, Milan, Italy). The slides 
were imaged on the Cytation 3 Cell Imaging Multimode 
reader (BioTek, Winooski, VT) and analysed using the 
software Gen5 (BioTek, Winooski, VT). 

Conditioned medium

SkBr3 cells were cultured in regular growth 
medium, then cells were washed twice with PBS and 
transfected for 24 hours in serum-free RPMI-1640 with 
shHIF-1α, shGPER or control shRNA using X-treme 
GENE 9 DNA Transfection Reagent (Roche Diagnostics, 
Milan, Italy). Cells were treated for 18 hours with CuSO4, 
culture medium was then replaced for additional 18 hours 
with medium without serum. Thereafter, the supernatants 
were collected, centrifuged at 3,500 rpm for 5 minutes to 
remove cell debris and used as conditioned medium in 
HUVECs.
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Tube formation assay

The day before the experiment, confluent HUVECs 
were starved overnight at 37 °C in serum free medium 
(EBM, Lonza, Milan, Italy). Growth factor-reduced 
Matrigel® (Cultrex, Trevigen Inc, USA) was thawed 
overnight at 4 °C on ice, plated on the bottom of prechilled 
96well-plates and left at 37°C for 1 h for gelification. 
Starved HUVECs were collected by enzymatic detachment 
(0.25% trypsin-EDTA solution, Life Technologies, Milan, 
Italy), counted and resuspended in conditioned medium 
from CAFs. Then, 10,000 cells/well were seeded on 
Matrigel and incubated at 37 °C. Tube formation was 
observed starting from 2 h after cell seeding and quantified 
by using the software NIH ImageJ (National Institutes of 
Health (NIH), Rockville Pike, Bethesda, Maryland, USA) 
.

Migration assay

Twelve-well plates were coated with 500 μL 
fibronectin for 2 hours at 37°C (Sigma Aldrich, Milan, 
Italy). HUVECs were allowed to grow in regular growth 
medium until they reached a 70% to 80% confluence. 
Next, to create a scratch of the cell monolayer, a p200 
pipette tip was used. Cells were washed twice with PBS 
and then incubated in medium collected from SkBr3 
cells as previously described. The migration assay was 
evaluated after 24 hours of treatment.

MTT growth assay

For quantitative proliferation assay, cells (1 x 
105) were seeded in 24-well plates in regular growth 
medium. Cells were washed once they had attached and 
then incubated in medium containing 2.5% charcoal-
stripped FBS with the indicated treatments; medium 
was renewed every day (with treatments) before 
dimethylthiazoldiphenyltetrazoliumbromide (MTT, 
Sigma-Aldrich, Milan, Italy) assay which was performed 
according to the manufacturer’s protocol. A concentration 
of 250ng/L of the control shRNA, shHIF-1α or shGPER 
plasmids was transfected using X-treme GENE 9 DNA 
Transfection Reagent the day before treatments. The 
absorbance was measured using a FLX-800 microplate 
fluorimeter (Bio-Tek Instruments, Inc., Winooski, VT, 
USA) at a test wavelength of 570 nm. Each experiment 
was performed at in triplicate.

Statistical analysis

Statistical analysis was performed using ANOVA 
followed by Newman-Keuls’ testing to determine 
differences in means. p < 0.05 was considered statistically 

significant.
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Abstract

Background

The regulation of vascular tone in the uterine circulation is a key determinant of appropriate

uteroplacental blood perfusion and successful pregnancy outcome. Estrogens, which

increase in the maternal circulation throughout pregnancy, can exert acute vasodilatory

actions. Recently a third estrogen receptor named GPER (G protein-coupled estrogen

receptor) was identified and, although several studies have shown vasodilatory effects in

several vascular beds, nothing is known about its role in the uterine vasculature.

Aim

The aim of this study was to determine the function of GPER in uterine arteries mainly dur-

ing pregnancy. Uterine arteries were isolated from nonpregnant and pregnant rats.

Methods

Vessels were contracted with phenylephrine and then incubated with incremental doses

(10−12–10−5 M) of the selective GPER agonist G1.

Results

G1 induced a dose-dependent vasodilation which was: 1) significantly increased in preg-

nancy, 2) endothelium-dependent, 3) primarily mediated by NO/cGMP pathway and 4) unaf-

fected by BKca channel inhibition.
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Conclusion

This is the first study to show the potential importance of GPER signaling in reducing uterine

vascular tone during pregnancy. GPER may therefore play a previously unrecognized role

in the regulation of uteroplacental blood flow and normal fetus growth.

Introduction
During pregnancy, uteroplacental blood flow increases significantly to allow the normal growth
of the fetus. Reduced blood flow to the uteroplacental unit is observed in gestational diseases
such as fetal growth restriction and preeclampsia, with serious consequences for pregnancy
outcome. Estrogens may modulate uteroplacental vascular function since its plasma concentra-
tions increase significantly during pregnancy, and an effect on vascular tone has been docu-
mented in many experimental and clinical contexts [1]. Estrogens act on the vasculature via
three different receptors: the two classical nuclear estrogen receptors, ERα and ERβ, function
traditionally as ligand-activated nuclear transcription factors [2], while a third membrane
estrogen receptor termed G-protein coupled estrogen receptor (GPER, formerly GPR30) was
recently identified as an orphan 7-transmembrane G protein-coupled receptor [3–7]. In the
last decade, several studies have shown that GPER [8,9] mediates the action of estrogens and
estrogen-like compounds in diverse pathophysiological conditions [10–15]. In addition, using
the specific GPER agonists and antagonists namely G1 [16] and G15 [17], respectively, several
studies have shown that GPER plays a role in the nervous, immune, reproductive and vascular
systems [18]. The potential vascular relevance of GPER function was first observed in human
vascular endothelial cells, in which flow (shear stress) induced its expression [7]. GPER is also
expressed in both endothelial and smooth muscle cells throughout the cardiovascular system
[19–21]. Although several vessel types have been assessed [22–24], GPER has not been investi-
gated in the uterine vasculature, which supplies blood flow to the uterus and placenta and plays
a crucial role in providing sufficient blood for normal placental exchange [25].

In this study we ascertained that GPER is expressed in the uterine circulation, its activation
triggers a vasoactive effect primarily through the NO-cGMP signaling system in uterine arter-
ies and that its effects may be altered during pregnancy.

Material and Methods

Animals
All experiments were conducted in accordance with the European Guidelines for the care and
use of laboratory animals (Directive 2010/63/EU) and were approved by the local ethical com-
mittee of the University of Calabria. Surgery was performed under anesthesia to minimize pain
and suffering. Female Sprague-Dawley rats were purchased from Harlan Laboratories (Italy).
All animals were housed under controlled conditions on a 12-hour light/dark cycle and pro-
vided commercial chow and tap water ad libitum. Experiments were performed on age-
matched pregnant and non-pregnant animals at 12–15 weeks of age. Pregnant animals were
obtained by placing a female in proestrus with a fertile male overnight; detection of spermato-
zoa using a vaginal smear on the following morning was used to confirm day 1 of pregnancy.
Animals were euthanized with inhalation of Diethyl ether followed by decapitation, the uterus
was removed and uterine arteries were dissected free from connective and adipose tissue for
subsequent experimentation.
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Pressure myography
Radial uterine arteries were obtained from non pregnant (NP) and pregnant animals (P) at 14
days of gestational age, i.e. approximately one week before term. Arterial segments (1–2 mm
long) were transferred to the chamber of a small-vessel arteriograph. One end of the vessel was
tied onto a glass cannula and flushed of any luminal contents by increasing the pressure before
securing the distal end onto a second cannula using a servo-null pressure system (Living Sys-
tems Instrumentation). All vessels were continuously superfused with HEPES-physiological
saline solution (HEPES-PSS) at 37°C, pressurized to 50 mmHg, and equilibrated for 45 min
before beginning experimentation. Lumen diameter was measured by trans-illuminating each
vessel segment and using a video dimension analyzer (Living Systems Instrumentation) in con-
junction with data-acquisition software (Ionoptix) to continuously record lumen diameter.

Following equilibration, all vessels were pre-constricted with phenylephrine (0.1–1μM) to
produce a 40–50% reduction in baseline diameter [26]. Once constriction was achieved and
stable for about 10 minutes, the specific agonist of GPER, 1-(4-(-6-Bromobenzol(1,3)diodo-
5-yl)3a,4,5,9b-tetrahidro-3Hcyclopenta(c-)quinolin-8yl)ethanone (G-1), dissolved in DMSO
to prepare a stock solution of 1 mg/ml was added at a concentration of 10−12 �10−6 M. In
some arteries the endothelium was removed (denuded artery) mechanically by hair and air per-
fusion, and the effectiveness of denudation confirmed by the lack of dilation to acetylcholine
(10−5 M). Additional pharmacological experiments were carried out using the following inhibi-
tors: 1) (3aS�,4R�,9bR�)-4-(6-Bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-3H-cyclopenta[c]quino-
line (G-15, 10-5M) a specific antagonist of GPER; 2) N-nitro-L-arginine (L-NNA, 10-4M)
+ Nω-nitro-L-arginine methyl ester (L-NAME, 10-4M) for NOS and 3) ODQ (10-5M) for gua-
nylate cyclase and 4) Paxilline (10−5 M) for BKCa channels. Vessels were pre-incubated with
inhibitors for 20 minutes before pre-constriction with phenylephrine and addition of G1.

Western blotting
Frozen uterine arteries from non pregnant and pregnant rats were powdered with a mortar
and homogenized in 50 mMHepes solution, pH 7.4, containing 1% (v/v) Triton X-100, 4 mM
EDTA, 1 mM sodium fluoride, 0.1 mM sodium orthovanadate, 2 mM PMSF, 10 mg/ml leupep-
tin and 10 mg/ml aprotinin. In order to increase the amount of tissue for accurate measure-
ments, uterine arteries from two rats were pooled. Homogenates were centrifuged at 13,000
rpm for 10 min and protein concentrations in the supernatant were determined according to
the Bradford assay. Tissue lysates (40 μg of protein) were electrophoresed through a reducing
SDS/10% (w/v) polyacrylamide gel and electroblotted onto a nitrocellulose membrane. After
the transfer, the membranes were stained with Red Poinceau to confirm equal loading and
transfer. Membranes were blocked and incubated with primary polyclonal IgG antibody GPER
(N-15), β-tubulin (H-235-2) and appropriate secondary HRP-conjugated antibodies, all pur-
chased from Santa Cruz Biotechnology (DBA, Milan, Italy). The levels of proteins were
detected with horseradish peroxidase-linked secondary antibodies, and revealed using the
Enhanced Chemiluminescence system (GE Healthcare, Milan, Italy).

Drugs and Solutions
The HEPES-PSS contained the following (in mmol/L): sodium chloride 141.8, potassium chlo-
ride 4.7, magnesium sulfate 1.7, calcium chloride 2.8, potassium phosphate 1.2, HEPES 10.0,
EDTA 0.5, and dextrose 5.0. All drugs tested were administered from stock solutions prepared
daily, except for G1 and G15 where the stock solutions were frozen in small aliquots. G1 and
G-15 were purchased from TOCRIS, distributed by R&D Systems (Milano, Italy), all the other
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chemicals were purchased from Sigma-Aldrich, Fisher Scientific, Cayman Chemical Co. unless
otherwise specified.

Statistical analysis
Vasodilation to G1was expressed as percent of maximally-relaxed diameter which was deter-
mined at the end of each experiment by the addition of a relaxing HEPES-PSS solution contin-
ing diltiazem (10 μM) + papaverine (100 μM). Data are expressed as means ± SEM, where n is
the number of arterial segments studied. The n values refer to both number of vessels and num-
ber of animals. A normal distribution for all datasets was confirmed by Kolmogorov_Smirnov
test, and differences in responses between groups were determined with two-way ANOVA for
repeated measures analysis. Differences were considered significant at P� 0.05.

Results
Phenylephrine is a potent vasoconstrictor of radial uterine arteries from NP and P rats as show-
ing in the traces A and C respectively in Fig 1. Phenylephrine hold stable the constriction of the
vessels for enough time necessary to observe clearly the action of the G1 showed in traces B
and D respectively for NP and P. Several experiments were done and the data were summarized
in Fig 1E that suggested G1, tested in the range (10-12–10-6M), induced vasodilation in a con-
centration-dependent manner in preconstricted radial uterine arteries from both NP and P
rats. The vasodilation was significantly greater in vessels from P vs NP rats with a maximal effi-
cacy of 97,8 ± 2,5% in P vs 66,5 ± 3,7% in NP; p<0.001 (Fig 1). Also GPER protein expression
was significant higher in uterine artery from P rat vs NP with a p< 0.05 (Fig 2). The vasodila-
tory effect of G1 was almost entirely abolished in presence of the specific GPER antagonist,
G15, as evidenced by an approximately 80% of reduction from 90,7 ± 2.6% (G1) to 18,2 ± 2.4%
(G1 + G15), p<0.001(Fig 3). To understand the mechanism underlying the G1-induced vaso-
dilation in radial uterine artery, several pharmacological experiments were carried out and the
results shown that G1 vasodilation (90,7± 2.6%) was abolished by the inhibition of nitric oxide
production (2,5±2,5%; p< 0.001) and also in denuded artery (6,6 ± 2,2%; p<0.001), Fig 4. Fur-
ther, a significant reduction was observed by the inhibition of cGMP (23,1± 2,1%; p<0.001),
while the inhibitor of BK channels (paxilline) did not affect the G1-induced vasodilation
(Fig 5).

Discussion
There were four principal findings in this study: 1) GPER activation with G1 induced signifi-
cant vasodilation of rat uterine radial arteries; 2) G1 vasodilation was significantly augmented
in pregnancy, 3) as was the expression of its protein in the arterial wall; 4) GPER vasodilation,
which was effectively antagonized by the G15 inhibitor, was also endothelium-dependent and
mediated by the NO-cGMP pathway without BKCa channel involvement.

During pregnancy, the maternal uterine circulation both vasodilates and undergoes a pro-
cess of three-dimensional expansive remodeling [27]. Together, these processes result in a
many-fold increase in uteroplacental blood flow that is requisite for normal fetal growth and
myometrial function during parturition. Estrogen, whose concentrations increase progressively
in the maternal circulation throughout pregnancy, has been reported to play a role in both pro-
cesses of vasodilation [1,28] and remodeling [29]. In addition to ERα and ERβ, the classic
nuclear estrogen receptors, a membrane G protein-coupled estrogen receptor termed GPER
has recently been identified. There is increasing evidence that GPER is expressed in the cardio-
vascular system and may mediate some vascular estrogenic effects [30], although there have
not been any studies to date on the uterine vasculature. The aim of this study was to evaluate
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the effects of GPER activation on uterine artery vascular tone, and to probe the underlying
mechanisms by using the high affinity GPER-selective agonist (G1) and antagonist (G15). Nei-
ther compound shows any detectable activity towards the classical estrogen receptors [16,17].
Our study shows a potent vasodilator effect of G1-induced GPER activation in uterine resis-
tance (radial) arteries. A similar vasorelaxant effect has been observed in several different types
of arteries (cerebral, aorta, mesenteric, coronary, internal mammary), and in different species:

Fig 1. Concentration-response curves to G1 vasodilation in pressurized uterine radial arteries from non-pregnant (NP) vs. pregnant (P) rats.
Uterine arteries were constricted with phenylephrine and then treated with the GPER agonist G1 at different concentration. An example of experimental
records are showed in trace A and B for NP rat and in traces C and D for P rat. The Vasodilation of G1 was summarized in E and is expressed as a
percentage of maximal relaxation (max) obtained in presence of papaverine and diltiazem. Data are reported as mean ± SEM; n indicates number of
experiments. ***p <0.001.

doi:10.1371/journal.pone.0141997.g001
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rat, swine, human [22–24,31]. In human uterine arteries, there is one report of suggesting a
lack of vasodilatory effect [32] but this may have to do with the use of U46619, a thromboxane
receptor agonist, to contract the vessels since stimulus-specific effects have been reported pre-
viously; for example GPER agonists attenuated contractions to endothelin-1 but not serotonin
[33]. Notably, we used Phe as the agonist in view of the rich adrenergic innervation of the uter-
ine vasculature, and the fact that uterine vessels are more sensitive to catecholeamines than any
other regional vascular bed [34]. We also found that GPER protein expression was increased
significantly in uterine arteries from pregnant vs. non pregnant rats, an observation that may
explain the greater magnitude of vasodilation.

G1-induced uterine artery vasodilation was endothelium dependent, and that this effect was
mediated by NO since pharmacological inhibition of nitric oxide synthase virtually abolished
the G1 vasodilation. Species differences may exist in this regard, however, since vessels from
eNOS knockout mice were somewhat less reactive to G1 than wild type controls (data not

Fig 2. GPER expression in uterine radial arteries from nonpregnant and pregnant rats. Western blot
showing.GPER protein expression in uterine arteries homogenates from non-pregnant (NP) and pregnant
(P) rats. Side panel shows densitometric analysis of the blot normalized to β-tubulin. Percentage changes
were evaluated as mean ± SEM of 3 experiments for each group. °p < 0.05 for the expression in P vs NP.

doi:10.1371/journal.pone.0141997.g002

Fig 3. Effect of the specific GPER antagonist, G15, on G1 vasodilation in uterine radial arteries from
pregnant rats. Inhibition of G1 (10-7M; n = 8) induced vasodilation of uterine arteries from pregnant rats by
the GPER-specific antagonist G15 (10-5M, G1 ±G15, n = 5). Vasodilation is expressed as a percentage of
maximal relaxation (%max) measured in a relaxing solution containing papaverine and diltiazem. Data are
reported as mean ± SEM. ***p<0.001.

doi:10.1371/journal.pone.0141997.g003
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shown), but a significant degree of relaxation nevertheless remained. This may reflect the exis-
tence of compensatory mechanism secondary to the loss of eNOS, e.g. upregulation of prosta-
noids or another endothelial vasodialtor. We also found that, while NO acted via the canonical
cGMP pathway (based on the effectiveness of ODQ in blocking dilation), this effect did not
involve BKCa channel activation. Activation of the NO-cGMP pathway following GPER stimu-
lation was reported in several different types of arteries, e.g. mesenteric [24], cerebral [23], cor-
onary [33] and carotid [20]. In denuded porcine coronary arteries, G1 did activate BKCa

channels with consequent vasodilation that was not affected by the inhibition of nitric oxide

Fig 4. Effects of NOS inhibition and endothelial denudation on G1 vasodilation in uterine radial
arteries from pregnant rats.G1 (10−7 M) was tested on intact radial uterine arteries in absence (Control,
n = 8) vs. the presence of the nitric oxide synthase inhibition using a combination of L-NNA+L-NAME (n = 5).
G1 was also tested on radial uterine arteries without endothelium (Denuded, n = 5). Vasodilation is expressed
as a percentage of maximal relaxation (max) in papaverine and diltiazem. Data are reported as mean ± SEM.
***p<0.001.

doi:10.1371/journal.pone.0141997.g004

Fig 5. Effects of guanylate cyclase and BKCa channel inhibition on G1 vasodilation of rat uterine radial
arteries.G1 (10−7 M) was tested on radial uterine arteries in absence (Control, n = 8) vs. presence of
guanylate cyclase (ODQ, 10-5M, n = 5) or BKCa channel (paxilline 10-5M, n = 5) inhibition. Vasodilation is
expressed as a percentage of maximal response (max) obtained in papaverine and diltiazem. Data are
reported as mean ± SEM. ***p<0.001.

doi:10.1371/journal.pone.0141997.g005
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synthase [35]. Thus, there may be both regional and species variations in post-receptor GPER
coupling in endothelial and vascular smooth muscle cells.

In conclusion, this study is the first to show a GPER vasodilation in the uterine vasculature
that is augmented in pregnancy,most likely secondary to upregulation of receptor expression,
and involves endothelial NO release. Additional studies are warranted to determine whether
GPER activation may offer a novel therapeutic mechanism for regulating uterine vascular tone
and hemodynamics in gestational diseases associated with a reduction in uteroplacental blood
flow such as preeclampsia and intrauterine growth restriction (IUGR).
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SIRT1 is involved in oncogenic signaling mediated by
GPER in breast cancer

MF Santolla1, S Avino1, M Pellegrino1, EM De Francesco1, P De Marco1, R Lappano1, A Vivacqua1, F Cirillo1, DC Rigiracciolo1,
A Scarpelli1, S Abonante2 and M Maggiolini*,1

A number of tumors exhibit an altered expression of sirtuins, including NAD+-dependent histone deacetylase silent information
regulator 1 (SIRT1) that may act as a tumor suppressor or tumor promoter mainly depending on the tumor types. For instance, in
breast cancer cells SIRT1 was shown to exert an essential role toward the oncogenic signaling mediated by the estrogen receptor-
α (ERα). In accordance with these findings, the suppression of SIRT1 led to the inhibition of the transduction pathway triggered by
ERα. As the regulation of SIRT1 has not been investigated in cancer cells lacking ER, in the present study we ascertained the
expression and function of SIRT1 by estrogens in ER-negative breast cancer cells and cancer-associated fibroblasts obtained from
breast cancer patients. Our results show that 17β-estradiol (E2) and the selective ligand of GPER, namely G-1, induce the
expression of SIRT1 through GPER and the subsequent activation of the EGFR/ERK/c-fos/AP-1 transduction pathway. Moreover,
we demonstrate that SIRT1 is involved in the pro-survival effects elicited by E2 through GPER, like the prevention of cell cycle
arrest and cell death induced by the DNA damaging agent etoposide. Interestingly, the aforementioned actions of estrogens were
abolished silencing GPER or SIRT1, as well as using the SIRT1 inhibitor Sirtinol. In addition, we provide evidence regarding the
involvement of SIRT1 in tumor growth stimulated by GPER ligands in breast cancer cells and xenograft models. Altogether, our
data suggest that SIRT1 may be included in the transduction network activated by estrogens through GPER toward the breast
cancer progression.
Cell Death and Disease (2015) 6, e1834; doi:10.1038/cddis.2015.201; published online 30 July 2015

Estrogens are involved in multiple patho-physiological pro-
cesses, including the development of diverse types of
tumors.1,2 For instance, in breast cancer cells 17β-estradiol
(E2) triggers stimulatory effects binding to the estrogen
receptor-α (ERα) and ERβ that regulate the expression of
genes which contribute to cell proliferation, migration and
survival.3,4 In the last few years, increasing evidence have
demonstrated that the G-protein ER (GPER, formerly known
as GPR30), can mediate the action of estrogens and certain
antiestrogens in both normal and malignant cells.5–9 The
ligand binding to GPER induces the release of the membrane-
tethered heparin-bound epidermal growth factor, which binds
to and activate the epidermal growth factor receptor
(EGFR).10,11 Then, the transactivation of EGFR stimulates a
transduction network which includes calcium mobilization,
MAPK and PI3-K activation in cancer cells and
cancer-associated fibroblasts (CAFs), suggesting that
GPER may trigger a functional interaction between tumor
cells and important components of the tumor micro-
environment.10,11–13 As ascertained by microarray
analysis,10 GPER regulates a peculiar gene signature
involved in the stimulation of estrogen-sensitive
malignancies.7,10,14,15 In accordance with these findings,
GPER has been associated with negative clinical features
and poor survival rates in patientswith breast, endometrial and
ovarian carcinomas.5

Recent studies have linked an altered expression of sirtuins
family members with several diseases, including different
types of tumors.16 In particular, the NAD+-dependent histone
deacetylase silent information regulator 1 (SIRT1) deacety-
lates several histone and non-histone proteins, leading to the
inactivation of tumor-suppressor genes and further target
proteins.16 SIRT1 influences many hallmarks of longevity,
gene silencing, cell cycle progression, differentiation and
apoptosis and was found upregulated in a variety of
malignancies.17,18 The role of SIRT1 in cancer has been
extensively evaluated, however, its potential to act as tumor
promoter or suppressor remains controversial.19–21 For
instance, SIRT1-mediated deacetylation repressed the func-
tions of several tumor suppressors like p53, p73 and HIC1,
suggesting that SIRT1 may be involved in tumor
progression.22,23 In contrast, SIRT1 exerted anti-proliferative
effects through the inhibition of NF-κB,24,25 a transcription
factor having a central role in the regulation of the immune
response and carcinogenesis.26 As it concerns breast cancer,
tumor samples displayed elevated levels of SIRT1with respect
to non-transformed counterparts and the expression of SIRT1
was upregulated by estrogens through ERα.17,18 In addition, it
was demonstrated that ERα physically interacts and function-
ally cooperates with SIRT1 toward the stimulation of breast
tumor cells.18 In accordance with these findings, the inhibition
of SIRT1 led to the inhibition of ER-mediated signaling, thus
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indicating that SIRT1may act as a co-activator of ERα.27 In the
present study, using the GPER-positive and ER-negative
SkBr3 breast cancer cells and CAFs obtained from breast
cancer patients, we demonstrate that estrogens upregulate
SIRT1 expression through the GPER/EGFR/ERK/c-fos/AP-1
transduction pathway. Moreover, we disclose that GPER and
SIRT1 have an important role in the pro-survival effects
prompted by E2 and the selective GPER ligand G-1 in cancer
cells and CAFs treated with etoposide. Noteworthy, SIRT1
contributes to tumor growth elicited by ligand-activated GPER
as assessed both in vitro aswell as in breast tumor xenografts.
Collectively, our data provide novel insights into the multi-
faceted action triggered by estrogenic GPER signaling, which
engages also SIRT1, toward breast cancer progression.

Results

E2 and G-1 induce SIRT1 expression in ER-negative
SkBr3 cells and CAFs. Previous studies have reported that
SIRT1 expression is upregulated by estrogens through ERα
in breast cancer cells.10,18 Hence, we aimed to evaluate
whether estrogens may regulate SIRT1 levels also in
ER-negative cancer cells. To this end, we used as a model
system the SkBr3 breast cancer cells and CAFs, that are both
ER-negative and GPER-positive (Supplementary Figure 1).
In time course experiments, E2 and G-1 upregulated SIRT1

expression at both mRNA and protein levels, as determined
by real-time PCR (Figures 1a and b) and confirmed by a
semi-quantitative PCR evaluation (data not shown).28 In line
with these results, immunoblotting studies revealed that
SIRT1 protein levels are also induced by E2 and G-1 in
SkBr3 cells (Figures 1c and d) and CAFs (Figures 1e and f).

SIRT1 expression is regulated by estrogens through
GPER along with the EGFR/ERK/c-fos/AP-1 transduction
pathway. These findings prompted us to evaluate the
molecular mechanisms involved in the upregulation of SIRT1
elicited by estrogens in our experimental models. Silencing
GPER through a specific short-hairpin GPER construct
(shGPER) in SkBr3 cells and CAFs, E2 and G-1 lost the
ability to increase SIRT1 expression (Figures 2a and d),
suggesting that GPER mediates this effect in both cell types.
Next, we found that the upregulation of SIRT1 upon E2 and
G-1 treatments is abrogated in the presence of the EGFR
inhibitor AG1478 (AG) or the MEK inhibitor PD98059 (PD),
whereas the PKA and PI3-K inhibitors, namely H89 and
LY294002 (LY), respectively, had no effect (Figures 2e and h).
In accordance with these data, E2 and G-1 induced a rapid
activation of both EGFR and ERK in SkBr3 cells and CAFs
(Figures 2i and j). As the GPER/EGFR/ERK transduction
signaling triggers c-fos expression,6,13,15 we determined the
occurrence of this response to E2 and G-1 in both SkBr3 cells

Figure 1 E2 and G-1 induce SIRT1 expression. In SkBr3 cells and CAFs, 100 nM E2 and 1 μM G-1 upregulate the mRNA (a and b) and protein levels (c–f) of SIRT1, as
evaluated respectively by real-time PCR and immunoblotting. In RNA experiments, gene expression was normalized to 18 S expression and results are shown as fold changes of
mRNA expression compared with the cells treated with vehicle (− ). Side panels show densitometric analyses of the blots normalized to β-actin. Each data point represents the
mean± S.D. of three independent experiments. � indicates Po0.05 for cells receiving vehicle (− ) versus treatments
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and CAFs (Figures 3a and b), then establishing that both
ligands prompt the recruitment of c-fos to the AP-1 site
located within the promoter sequence of SIRT1 (Figures 3c
and d). Further supporting these results, the transactivation
of the SIRT1 promoter construct by E2 and G-1 was
abolished co-transfecting a dominant negative form of c-fos
(DN/c-fos; Figures 3e and f). Taken together, the aforemen-
tioned findings suggest that GPER along with the
EGFR/ERK/c-fos/AP-1 transduction pathway mediate SIRT1
expression induced by E2 and G-1.

SIRT1 is involved in the pro-survival effects elicited by
estrogens through GPER. Previous studies have reported
that E2 through ERα protects breast cancer cells from
oxidative stress and DNA injury.29 DNA damage triggers
p53 protein acetylation which leads to cell cycle arrest.30 This
process is mediated by many mechanisms and factors,
including the increased expression of the cell cycle inhibitor
p21, which facilitates cell accumulation in G0/G-1 phase in
order to allow the repair of the damaged DNA.31 As p21
expression is controlled by p53 which is regulated by SIRT1,
for instance through deacetylation at Lys382 residue,23 we
investigated the role of SIRT1 in the pro-survival effects
elicited by E2 and G-1 via GPER. In this regard, we
performed western blot analysis to examine the p53 acetyla-
tion at residue Lys382 and the expression levels of p21 in
SkBr3 cells and CAFs upon treatment with the DNA

damaging agent etoposide (ETO), which was also used in
combination with E2 and G-1. As shown in Figures 4a–d, the
treatment with E2 and G-1 prevented the activation of p53
and the increase of p21 protein levels triggered by ETO. Of
note, this effect was abrogated in both cell types silencing
GPER expression by a shGPER construct (Figures 4a and d
and Supplementary Figure 2) or treating cells with the SIRT1
inhibitor namely Sirtinol (Figures 4e and h). Next, we
performed cell cycle analysis determining that E2 prevents
cell cycle arrest induced by ETO in SkBr3 cells and CAFs,
however, this effect was no longer evident silencing GPER or
in the presence of Sirtinol (Figures 5a and d). Then, we
analyzed by TUNEL assay the involvement of GPER and
SIRT1 in the pro-survival effects elicited by E2 in ETO-
induced apoptosis. The DNA fragmentation induced by ETO
was prevented treating with E2 both SkBr3 cells (Figure 6)
and CAFs (Supplementary Figure 3), however the effect of
E2 was abrogated silencing GPER, using the SIRT1 inhibitor
Sirtinol or silencing SIRT1 expression with shSIRT1
(Supplementary Figure 4). Collectively, these findings sug-
gest that GPER and SIRT1 contribute to the protective effects
of estrogens upon exposure to the DNA damaging
agent ETO.

GPER and SIRT1 promote tumor growth both in vitro and
in vivo. In order to evaluate the potential of GPER along with
SIRT1 to stimulate growth effects, we first assessed that in

Figure 2 The upregulation of SIRT1 protein levels by E2 and G-1 is mediated by the GPER/EGFR/ERK transduction pathway. SIRT1 protein expression induced by 100 nM
E2 and 1 μMG-1 is abolished in SkBr3 cells (a) and CAFs (c) by silencing GPER with a shGPER construct (b and d). SIRT1 protein expression in SkBr3 cells (e and f) and CAFs
(g and h) treated for 8 h with vehicle (− ), 100 nM E2 and 1 μM G-1 alone and in combination with 10 μM EGFR inhibitor AG1478 (AG), 10 μM MEK inhibitor PD98089 (PD),
10 μM PKA inhibitor H89, 10 μM PI3-K inhibitor LY294002 (LY), as indicated. ERK1/2 activation and EGFRTyr1173 phosphorylation in SkBr3 cells (i) and CAFs (j) treated with
vehicle (− ), 100 nM E2 and 1 μM G-1 for 15 min. Side panels show densitometric analyses of the blots normalized to β-actin for SIRT1 expression, ERK2 for p-ERK1/2, EGFR
for p-EGFR. Each data point represents the mean± S.D. of three independent experiments. �, ○ indicate Po0.05 for cells receiving vehicle (− ) versus treatments
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SkBr3 cells the induction of Cyclin D1 by E2 and G-1 is
abolished silencing GPER expression, as well as in the
presence of the DN/c-fos construct or Sirtinol (Figures 7a and e).
In agreement with these results, the proliferation of SkBr3
cells upon exposure to E2 and G-1 was no longer evident of
knocking down GPER expression (Figure 7f), in the presence
of the DN/c-fos construct (Figure 7g) or Sirtinol (Figure 7h),
as well as silencing SIRT1 expression (Figure 7i). Afterward,
we evaluated the influence of SIRT1 on tumor growth in vivo
in 45-day-old female nude mice bearing into the intrascapular
region the SkBr3 cells. Tumor xenografts were treated with
vehicle, G-1 at 0.5 mg/kg/day alone and in combination with
Sirtinol at 10mg/kg/day.32–34 These administrations were well
tolerated as no change in body weight or in food and water

consumption was observed together with no evidence of
reduced motor function. No significant difference in the mean
weights or histologic features of the major organs (liver, lung,
spleen and kidney) was also detected after killing among
vehicle and ligand-treated mice, thus indicating a lack of
toxic effects. After 40 days of treatment, histologic examina-
tion of SkBr3 xenografts revealed that tumors explanted were
primarily composed of human epithelial cells (Supplementary
Figure 5). Moreover, we assessed that tumor growth induced
by G-1 is prevented by Sirtinol (Figures 8a and b). Of note,
increased Cyclin D1, Ki-67 and SIRT1 protein levels were
found in tumor homogenates obtained from G-1 stimulated
mice with respect to mice treated with vehicle, however, these
stimulatory effects were prevented in the group of animals

Figure 3 E2 and G-1 induce the expression of c-fos which is recruited to the AP-1 site located within the SIRT1 promoter sequence. In SkBr3 cells (a) and CAFs (b), the
treatment with 100 nM E2 and 1 μMG-1 for 2 h upregulate c-fos, which is recruited to the AP-1 site located within the SIRT1 promoter sequence (c and d), as ascertained by ChiP
assay. The transactivation of the SIRT1 promoter construct induced by an 18 h treatment with 100 nM E2 and 1 μM G-1 is prevented transfecting cells with a construct encoding
for a dominant negative form of c-fos (DN/c-fos) (e and f). In immunoblotting, side panels show densitometric analyses of the blots normalized to β-actin. Each data point
represents the mean±S.D. of three independent experiments. � indicates Po0.05 for cells receiving vehicle (− ) versus treatments. Each transfection experiment was
performed in triplicate, the luciferase activities from three independent experiments were normalized to the internal transfection control and values for cells receiving vehicle were
set as 1 fold induction upon which the activities induced by treatments were calculated
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receiving G-1 in combination with Sirtinol (Figure 8c). Taken
together, these results indicate that SIRT1 is also involved in
tumor growth prompted by G-1 in vivo.

Discussion

In the present study, we provide novel insights into the
regulation and function of SIRT1 by estrogens in ER-negative
breast cancer cells and CAFs. In particular, we demonstrate
that E2 and the selective GPER agonist G-1 induce SIRT1
expression through the rapid activation of the EGFR/ERK1/2
signaling and the stimulation of c-fos expression which is
recruited to the AP-1 site located within the SIRT1 promoter
sequence. Noteworthy, GPER mediates the upregulation of
SIRT1 by E2 and G-1, as ascertained by silencing experi-
ments. Using the DNA damaging agent ETO, we also disclose
that GPER along with SIRT1 are involved in the pro-survival
effects elicited by these ligands, as demonstrated knocking

down GPER expression and using the SIRT1 inhibitor Sirtinol.
Biologically, we show that GPER and SIRT1 contribute to the
growth effects triggered by E2 and G-1 in vitro, as well as in
breast tumor xenografts. In accordance with these findings,
Sirtinol abrogated the increase of both Cyclin D1 and the
proliferative index Ki-67 upon G-1 treatment, as assessed in
tumor homogenates. Collectively, our data reveal that SIRT1
may be engaged by GPER signaling toward tumor progres-
sion and pro-survival effects elicited by estrogens in cancer
cells and main components of the tumor microenvironment
like CAFs.
Sirtuins have drawn increasing attention due to their action

in various patho-physiological processes as lifespan exten-
sion, aging, neurodegeneration, obesity, heart disease,
inflammation and cancer.16 In mammals, the sirtuins family
includes seven members (SIRT1-7) that show distinct
structure, distribution and functions.35 SIRT1 is the mamma-
lian homolog of the yeast silent information regulator 2 (sir2)

Figure 4 p53 acetylation and p21 upregulation induced by etoposide (ETO) are prevented by E2 and G-1 through GPER and SIRT1. SkBr3 cells (a and b) and CAFs (c and d)
were transfected with shRNA or shGPER and then treated for 6 h with vehicle (− ), 20 μM ETO alone and in combination with 100 nM E2 and 1 μM G-1. Immunoblots showing
p53 acetylation at residue Lys382 and p21 protein expression in SkBr3 cells (e and f) and CAFs (g and h) treated for 6 h with vehicle (− ), 20 μM ETO alone and in combination
with 100 nM E2, 1 μM G-1 and 25 μM Sirtinol. Side panels show densitometric analysis of the blots normalized to β-actin. Each data point represents the mean±S.D. of three
independent experiments. �, ○ indicate Po0.05 for cells receiving vehicle (− ) versus treatments
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and the most extensively studied sirtuins member.16 SIRT1
deacetylates several histone and non-histone proteins
involved in the regulation of numerous cellular and metabolic
processes including gene silencing, cell cycle progression,
differentiation, apoptosis and aging.17,36,37 For instance,
SIRT1 inactivates the tumor suppressor p53 deacetylating
the Lys382 residue.38,39 Inactive p53 then leads to a defective
apoptotic response to DNA damage, suggesting that SIRT1
may contribute to cancer initiation and progression.40 Other
SIRT1 downstream targets include NF-κB, PPAR-γ, p63, p73,
FOXO, Ku70 and the androgen receptor.22,39,41–43 To date, the
function of SIRT1 remains controversial as previous data
suggest that SIRT1 can act as a tumor promoter or a tumor
suppressor likely depending on cell type, its distribution and
biological targets.19–21 SIRT1-deficient mice developed
tumors in many tissues44 and the overexpression of SIRT1
prevented intestinal tumorigenesis in transgenic mice,45

nevertheless SIRT1 activity was suggested to have a role in
breast and prostate cancer cell growth.46,47 In addition, SIRT1
was involved in oncogenic signaling in mammary epithelial
cancer cells48 and SIRT1 knockout mice exhibited p53
hyperacetylation and increased apoptosis upon radiation
exposure.49 SIRT1 was also shown to suppress senescence
and apoptosis indicating that its inhibition may be beneficial in
diverse types of cancer.50,51 Consequently, a number of SIRT1
inhibitors have been identified in order to interfere with cell
proliferation in various types of tumors.19,52–55

Estrogens exert diverse patho-physiological functions,
including the development and maintenance of female
reproductive system and the progression of breast cancer.56

The action of estrogens is mainly mediated by the classical
ER, however, these steroids act also through GPER in both
normal and malignant cell contexts, like breast cancer cells
and CAFs that are main factors of the tumor
microenvironment.5,8,10,11,56,57 In particular, the stromal con-
tribution to the development of a wide variety of tumors has
been extensively assessed using both in vitro and in vivo
model systems.58–60 For instance, it has been shown that
malignant cells may recruit into the tumor mass diverse
components of the microenvironment like CAFs, inflammatory
and vascular cells that actively cooperate toward cancer
progression.58 Increasing evidence has suggested that CAFs
contribute to cancer aggressiveness through the production of
secreted factors, which target numerous stromal components
and cancer cell types.59,61 In breast carcinoma ~80% of
stromal fibroblasts exhibit the activated features of CAFs that
stimulate the proliferation of cancer cells also at the metastatic
sites.62 CAFs may also promote the local production of
estrogens, which largely contribute to the development of
breast carcinomas through an intricate cross-talk with many
transduction pathways activated by growth factors.63 In
addition, the ER antagonist tamoxifen was shown to upregu-
late the aromatase expression through GPER in both breast
cancer cells and CAFs, suggesting that GPER may be

involved in the tamoxifen resistance in breast cancer.64 In this
context, our current results provide evidence regarding a novel
mechanism by which estrogens through GPER engages
SIRT1 toward the stimulation of breast cancer cells, CAFs and
breast tumor xenografts. Previous studies have demonstrated
that ERα is involved in cell survival and oncogenic transforma-
tion triggered by E2 via activation of anti-oxidative enzymes,
MAPK, PI3-K and p53 inhibition.18,29 In addition, it has been
shown that ERα and SIRT1 actively cooperate inmediating the
protection elicited by E2 against DNA damaging agents.18

Further extending these mechanisms of estrogen action, the
current results indicate that E2 through GPER protect
ER-negative breast cancer cells and CAFs from the DNA
damage occurring upon ETO treatment. For instance, we have
found that GPER and SIRT1 are involved in the prevention of
cell cycle arrest and apoptosis prompted by ETO. Hence,
GPER targets SIRT1 as ERα toward cell survival and tumor
growth, suggesting that appropriate combination therapies
could offer more effective interventions according to the ER
expression pattern in breast cancer.

Materials and Methods
Materials. Tyrphostin AG1478 (AG) was purchased from Biomol Research
Laboratories (Milan, Italy). PD98059 (PD) and Sirtinol were obtained from
Calbiochem (Milan, Italy). 1-[4-(-6-Bromobenzol1,3diodo-5-yl)-3a,4,5,9btetrahydro-
3H-cyclopenta[c− ] quinolin8yl] ethanone (G-1) was purchased from Tocris
Bioscience (Bristol, UK). E2, H89, LY294002 (LY) and ETO were purchased from
Sigma-Aldrich Srl (Milan, Italy). All compounds were solubilized in dimethyl sulfoxide
(DMSO), except E2 and PD which were dissolved in ethanol.

Cell culture. SkBr3 and MCF-7 breast cancer cells and LNCaP prostate cancer
cells were obtained by ATCC (Manassas, VA, USA) and used o6 months after
resuscitation. SkBr3 and LNCaP were maintained in RPMI-1640 without phenol red,
MCF-7 was maintained in DMEM medium, with a supplement of 10% fetal bovine
serum (FBS; Sigma-Aldrich Srl) and 100 μg/ml of penicillin/streptomycin
(Life Technologies, Milan, Italy). CAFs obtained from breast cancer patients, were
characterized and maintained as we previously described.57,65 Signed informed
consent from all the patients was obtained and all samples were collected, identified
and used in accordance with approval by the Institutional Ethical Committee Board
(Regional Hospital, Cosenza, Italy). All cell lines were grown in a 37 °C incubator
with 5% CO2. Cells were switched to medium without serum 24 h before
experiments.

Gene silencing experiments and plasmids. Cells were plated onto
10-cm dishes and transfected by X-treme GENE 9 DNA transfection reagent
(Roche Molecular Biochemicals, Milan, Italy) for 24 h before treatments with a
control vector, a specific shRNA sequence for each target gene, the DN/c-fos
construct which encodes for c-fos mutant that heterodimerizes with c-fos
dimerization partners but not allowing DNA binding (kindly obtained from Dr C
Vinson, NIH, Bethesda, MD, USA). The silencing of GPER expression was obtained
by a construct (shGPER) previously described,66 whereas the silencing of SIRT1
expression was obtained by a construct (shSIRT1) kindly provided by Dr H Cha,
(Sogang University, Seoul, Korea).

Gene expression studies. Total RNA was extracted and cDNA was
synthesized by reverse transcription as previously described.13 The expression of
selected genes was quantified by real-time PCR using Step One sequence
detection system (Applied Biosystems, Milan, Italy). Gene-specific primers were

Figure 5 The cell cycle arrest induced by etoposide (ETO) is blunted by E2 via GPER and SIRT1. Cell-cycle analysis performed in SkBr3 cells (a) and CAFs (b) transfected
with shRNA or shGPER for 24 h and then treated for 12 h with 20 μM ETO alone and in combination with 100 nM E2 and 25 μM Sirtinol. (c and d) histograms show the
percentages of cells in subG1, G0/G-1, S and G2/M phases of the cell cycle, as determined by flow cytometry analysis. Values represent the mean±S.D. of three independent
experiments
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Figure 6 Apoptosis induced by etoposide (ETO) is prevented by E2 via GPER and SIRT1. In SkBr3 cells transfected with shRNA (a) or shGPER (b), apoptotic changes were
detected using Tunel (green) and DAPI (blue) staining after 24 h of treatment with 20 μM ETO alone and in combination with 100 nM E2 and 25 μM Sirtinol. Each experiment
shown is representative of 20 random fields. Data are representative of three independent experiments
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designed using Primer Express version 2.0 software (Applied Biosystems).
For SIRT1, Cyclin D1 and the ribosomal protein 18 S, which was used as a control
gene to obtain normalized values, the primers were: 5′-CTCTAGTGACTGGACTCC
AAGG-3′ (SIRT1 forward), 5′-AAGATCTGGGAAGTCTACAGCA-3′ (SIRT1 reverse),
5′-GTCTGTGCATTTCTGGTTGCA-3′ (Cyclin D1 forward), 5′-GCTGGAAAC
ATGCCGGTTA-3′ (Cyclin D1 reverse), 5′-GGCGTCCCCCAACTTCTTA-3′
(18 S forward) and 5′-GGGCATCACAGACCTGTTATT-3′ (18 S reverse). Assays
were performed in triplicate and the results were normalized for 18 S expression
and then calculated as fold induction of RNA expression.

Western blot analysis. SkBr3 cells, CAFs and tumor homogenates obtained
from nude mice were processed according to the previously described protocol.67–69

Protein lysates were electrophoresed through a reducing SDS/10% (w/v)
polyacrylamide gel, electroblotted onto a nitrocellulose membrane probed with
primary antibodies against SIRT1 (D739) and acetyl-p53 (Lys382) purchased from
Cell Signaling Technology, Euroclone (Milan, Italy), c-fos (H-125), phosphorylated
ERK1/2 (E-4), ERK2 (C-14), EGFR (1005), p-EGFRTyr1173 (sc-12351), p21 (H164),
GPER (N-15), Cyclin D1 (M-20), Ki-67 (H-300) and β-actin (C2) purchased from
Santa Cruz Biotechnology (DBA, Milan, Italy). The levels of proteins and
phosphoproteins were detected, after incubation with the horseradish peroxidase-
linked secondary antibodies (Santa Cruz Biotechnology), by the ECL System
(GE Healthcare, Milan, Italy).

Chromatin immunoprecipitation (ChIP) assay. Cells grown in 10-cm
plates were shifted for 24 h to medium lacking serum and then treated with vehicle,
100 nM E2 and 1 μM G-1. Chip assay was performed as previously described.70

In brief, the immune-cleared chromatin was immunoprecipitated with anti-c-fos
(H-125) or nonspecific IgG (Santa Cruz Biotecnology). A 4-μl volume of each
immunoprecipitated DNA sample was used as template to amplify, by real-time

PCR, a region containing an AP-1 site located into the SIRT1 promoter region. The
primers used to amplify this fragment were: 5′-GCTCACGCTAGAAAGGAAGG-3′
(forward) and 5′-GGAAGACCTTTGACGTGGAG-3′ (reverse). The data were
normalized with respect to unprocessed lysates (input DNA). Inputs DNA
quantification was performed by using 4 μl of the template DNA. The relative
antibody-bound fractions were normalized to a calibrator that was chosen to be the
basal, untreated sample. Final results were expressed as percent differences with
respect to the relative input.

Gene reporter assays. The 2.2 kb SIRT1 promoter-luciferase construct
containing full-length SIRT1 promoter sequence used in luciferase assays was a
kind gift from Dr M Thangaraju, (Georgia Health Sciences University, Augusta, GA,
USA). SkBr3 cells and CAFs (1 × 105) were plated into 24-well dishes with 500 μl/
well culture medium containing 10% FBS and transfected for 24 h with control
vector and DN/c-fos construct. A mixture containing 0.5 μg of reporter plasmid and
10 ng of pRL-TK was then transfected by using X-treme GENE 9 DNA transfection
reagent, as recommended by the manufacturer (Roche Diagnostics). After 8 h, cells
were treated for 18 h with E2 and G-1 in serum-free medium. Luciferase activity was
measured with Dual Luciferase Kit (Promega, Milan, Italy) and normalized to the
internal transfection control provided by Renilla luciferase. The normalized relative
light unit values obtained from cells treated with vehicle were set as onefold
induction, upon which the activity induced by treatments was calculated.

FACS analysis. Around 1 × 105 cells per well were seeded into 12-well plates
and maintained in medium for 24 h. For knockdown experiments, cells were
transfected for 48 h with shRNA constructs directed against GPER and with an
unrelated shRNA construct (3 μg DNA/well transfected with X-treme GENE 9 DNA
transfection reagent in medium without serum). Cells were then treated with 20 μM
ETO alone and in combination with 100 nM E2, as well as in presence of 25 μM

Figure 7 SIRT1 mediates the proliferative effects induced by E2 and G-1 in SkBr3 cells. (a) Evaluation of Cyclin D1 mRNA expression upon exposure to 100 nM E2 and 1 μM
G-1 alone and in combination with 25 μM Sirtinol. The upregulation of Cyclin D1 protein levels by 100 nM E2 and 1 μM G-1 was abolished transfecting cells with shGPER (b and c),
with the DN/c-fos construct (d) or treating cells also with 25 μM Sirtinol (e). Cell proliferation induced by 100 nM E2 and 100 nMG-1 was abrogated transfecting cells with shGPER (f),
with the DN/c-fos construct (g), treating cells with 25 μM Sirtinol (h) or transfecting cells with shSIRT1 (i). In RNA experiments, gene expression was normalized to 18 S
expression and results are shown as fold changes of mRNA expression induced by treatments with respect to cells treated with vehicle (− ). In immunoblots experiments side
panels show densitometric analyses of the blots normalized to β-actin. Each data point represents the mean± S.D. of three independent experiments. �, ○ indicate Po0.05 for
cells receiving vehicle (− ) versus treatments
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Sirtinol. After 8 h, cells were pelleted, washed once with phosphate buffered saline
(PBS) and resuspended in 0.5 ml of a 50 μg/ml propidium iodide in 1 × PBS (PI)
solution containing 20 U/ml RNAse-A and 0.1% triton and incubated for 1 h (Sigma-
Aldrich). Cells were analyzed for DNA content by FACS (BD, FACS JAZZ). Cell
phases were estimated as a percentage of a total of 10 000 events.

Tunel assay. SkBr3 cells and CAFs were seeded into coverslips and
maintained in medium for 24 h. Next, cells were serum-deprived, transfected and
treated as indicated. Therefore, cells were fixed in 4% buffered paraformaldehyde
for 15 min. Slides were rinsed twice in PBS, pH 7.4. For the detection of DNA
fragmentation at the cellular level, cells were stained using DeadEnd Fluorometric
Tunel System (Promega) following the manufacturer's instructions. Nuclei of cells
were stained with 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI; 1 : 1000;
Sigma-Aldrich). The Leica AF6000 Advanced Fluorescence Imaging System
supported by quantification and image processing software Leica Application Suite

Advanced Fluorescence (Leica Microsystems CMS, GmbH Mannheim, Germany)
was used for the microscopy evaluation.

Proliferation assay. For quantitative proliferation assay, SkBr3 cells (1 × 105)
were seeded in 24-well plates in regular growth medium. Cells were washed once
they had attached and then incubated in medium containing 2.5% charcoal-stripped
FBS with the indicated treatments; medium was renewed every 2 days (with
treatments) and cells were counted using the Countess Automated Cell Counter, as
recommended by the manufacturer's protocol (Life Technologies).

In vivo studies. Female 45-day-old athymic nude mice (nu/nu Swiss; Harlan
Laboratories, Milan, Italy) were maintained in a sterile environment. At day 0,
exponentially growing SkBr3 cells (8.0 × 106 per mouse) were inoculated into the
intrascapular region in 0.1 ml of Matrigel (Cultrex, Trevigen, Gaithersburg, MD,
USA). When the tumors reached average ~ 0.15 cm3 (i.e., in about 1 week after
implantation), mice were randomized and divided into four groups, according to

Figure 8 SIRT1 is involved in the growth of SkBr3 xenografts. (a) Tumor volume from SkBr3 xenografts implanted in female athymic nude mice treated for 40 days with
vehicle, G-1 (0.50 mg/kg/die), Sirtinol (10 mg/kg/die) or a combination of these agents, as indicated. * indicates Po0.05 for animals treated with G-1 versus animals treated with
vehicle. (b) Representative images of mice and relative explanted tumors at day 40, scale bar, 0.3 cm. (c) Cyclin D1, Ki-67 and SIRT1 protein levels in tumor homogenates from
SkBr3 xenografts treated as reported above. Side panels show densitometric analysis of the blots normalized to β-actin. � indicates Po0.05 for G-1-treated animals versus
vehicle-treated animals
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treatments administered by intramuscular injection for 40 days. The first group of
mice (n= 7) was treated daily with vehicle (0.9% NaCl with 0.1% albumin and 0.1%
Tween-20), (Sigma-Aldrich), the second group of mice (n= 7) was treated daily with
G-1 (0.5 mg/kg/die), the third group of mice (n= 7) was treated daily Sirtinol
(10 mg/kg/die) and the fourth group of mice (n= 7) was treated daily with G-1 in
combination with Sirtinol (at the concentrations described above). G-1 and Sirtinol
were dissolved in DMSO at 1 mg/ml. SkBr3 xenograft tumor growth was monitored
twice a week by caliper measurements, along two orthogonal axes: length (L)
and width (W). Tumor volumes (in cubic centimeters) were estimated by the
following formula: TV= L × (W2)/2. At 40 days of treatment, the animals were
killed following the standard protocols and tumors were dissected from the
neighboring connective tissue. Specimens of tumors were frozen in nitrogen and
stored at –80 °C; the remaining tumor tissues of each sample were fixed in
4% paraformaldehyde and embedded in paraffin for the histologic analyses. Animal
care, death and experiments were done in accordance with the US
National Institutes of Health Guide for the Care and Use of Laboratory Animals
(NIH Publication No 85–23, revised 1996) and in accordance with the Italian law
(DL 116, 27 January 1992).

Histologic analysis. Morphologic analyses were carried out on formalin-fixed,
paraffin-embedded sections of tumor xenografts were cut at 5 μm and allowed to air
dry. Deparaffinized, rehydrated sections were stained with hematoxylin and eosin
(Bio-Optica, Milan, Italy) or immunolabeled with human cytocheratin 18 (Santa Cruz
Biotechnology) to verify that the tumors explanted will be primarily composed of
human epithelial cells. Sections were then dehydrated, cleared with xylene, and
mounted with resinous mounting medium.

Statistical analysis. Statistical analysis was performed using ANOVA followed
by Newman-Keuls’ testing to determine differences in means. Statistical
comparisons for in vivo studies were made using the Wilcoxon–Mann–Whitney
test. Po0.05 was considered statistically significant.
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