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Introduction 

Carcinoma of the breast is the most common cancer among women in industrialized 

countries, and results in substantial morbidity and mortality. In 2012, an estimated 1,67 

million new cases of invasive breast cancer were diagnosed among women and 

approximately 522,000 patients were expected to die from breast cancer world-wide 

(Ferlay J. et al., 2015). The leading cause of breast cancer death is mainly due to its 

higher incidence, poor early diagnosis, inefficient therapeutic approach and aggressive 

metastasis (Tazhibi et al., 2014). Once diagnosed, breast cancer is usually treated with a 

combination of surgery, radiotherapy, endocrine therapy or chemotherapy. The choice 

of the treatments depends on the stage of the disease and hormone receptor status. 

Notably, significantly better outcomes and performance of therapeutic agents have been 

reported for smaller tumors detected at an earlier stage. Unfortunately, concurrent 

metastasis has been observed in 20-30% of the breast cancer patients even at stage 0. It 

is estimated that up to 30% of node-negative breast cancer patients and an even larger 

fraction of patients with node-positive disease will develop metastatic disease despite 

receiving standard treatment (Kennecke H. et al., 2010). In addition, some cancer 

patients either do not respond to initial therapy or experience relapse after an initial 

response and ultimately die from progressive metastatic disease (Holohan C. et al., 

2013). Indeed, distant metastases rather than the primary tumor are the most life-

threatening event in breast cancer patients.  

Studies of cancer molecular and cellular biology have shown that various genetic and 

epigenetic changes, acting together, may lead to the activation of signaling pathways, 

which ultimately result in increased cell proliferation and carcinogenesis. Thus, the 

identification of single or multiple genes that tumor cells essentially require for the 

genesis and maintenance of their malignant phenotype is critical. This approach 

contrasts with the conventional cytotoxic chemotherapeutics that have been used in 

major cancer therapy in past decades and are usually accompanied by severe side effects 

and acquired drug resistance. In the search for tumor targeted therapy, a promising 

approach is the modulation of the intracellular cyclic guanosine monophosphate (cGMP) 

signaling by the activity of specific phosphodiesterases (PDEs). Indeed, dysregulation 

of cGMP homeostasis was observed in various (patho)physiological conditions, 
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including cancers, and recently it has been reported that the expression of PDE type 5 is 

increased in several cancers compared to normal or surrounding non-neoplastic tissues 

(Piazza G.A. et al., 2000; Piazza G.A. et al., 2001; Pusztai L. et al, 2003; Whitehead 

C.M. et al., 2003). Concomitantly, a significant number of studies have indicated that 

PDE5 inhibitors can inhibit cancer progression and enhance cancer cell sensitivity to 

standard chemotherapeutic drugs (Savai R. et al., 2010; Kloner R.A. et al., 2011). 

  

cGMP signaling in (patho)physiological processes. 

For more than four decades, the cyclic nucleotides cGMP e cAMP have been 

recognized as important intracellular signal transduction molecules, acting as ubiquitous 

second messengers between an extracellular signal, such as a cytokine or hormone, and 

the elicited intracellular response (Fajardo A.M. et al., 2014). Although the specific 

function of a given signal differs according to the cell type, its environment, the 

activation stimulus and the cyclic nucleotide involved, an extracellular signal will 

generally activate a selective cyclase enzyme, which catalyzes the formation of the 

cyclic nucleotide from its nucleotide triphosphate precursor. In particular, cGMP is 

generated by cytoplasmic soluble guanylate cyclases (sGCs), which are activated by 

nitric oxide (NO), and by receptor guanylate cyclases (rGCs), which are activated by 

natriuretic peptides [atrial natriuretic peptide(ANP) or B- and C-type natriuretic 

peptides (BNP and CNP)]. cGMP can lead to activation of cGMP-dependent protein 

kinase G (PKG), cyclic nucleotide–gated (CNG) ion channels or certain cGMP-binding 

phosphodiesterases (PDEs), resulting in protein phosphorylation, ion fluxes, or cyclic 

nucleotide hydrolysis to affect gene expression or other aspects of cellular activity 

(Lugnier C., 2006; Rehmann H. et al., 2007;  Levy I. et al., 2011). Modulation of CNG 

channel activity is an important step for mediating cGMP effects on 

phosphotransduction, natriuresis and intestinal fluid and electrolyte secretion (Lincoln 

T.M. et al., 1993).  A central mediator of cGMP signaling is PKG, which 

phosphorylates downstream substrates (Francis S.H. et al., 1999). PKG is a 

serine/threonine protein kinase which is highly versatile and plays a diverse role in 

regulating multiple cellular processes (i.e., vasodilation, cell differentiation, cell 

proliferation and apoptosis). Two major forms of PKG have been identified in 

mammalian cells: PKG I and PKG II. In addition, there are two splice variants of PKG I, 
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which are designated as Iα and Iβ (Ruth P., 1999). Both PKG Iα and PKG Iβ are 

cytosolic enzymes that differ only in their amino-terminal sequence. Both isoforms are 

widely distributed, but vary in their tissue expression. PKGIα is found mainly in the 

lung, heart, platelets and cerebellum, while PKGIβ and PKGIα are highly expressed in 

the smooth muscles of the uterus, intestine and trachea (Das A. et al., 2008). PKGII  is a 

membrane-bound enzyme and is more restricted in its expression to the brain, intestine 

and kidney (Ruth P., 1999; Browning D.D., 2008). The downstream substrates regulated 

by PKG include those involved in calcium homeostasis, platelet activation and adhesion, 

smooth muscle contraction, cardiac function, and gene expression (Francis S.H. et al., 

2010). In addition, altered cyclic nucleotide signaling has been observed in a number of 

pathophysiological conditions, such as cancer (Fajardo A.M. et al., 2014) cGMP 

signaling, through activation of downstream effectors and/or crosstalk with cAMP 

pathways, appears to play an important role in promoting apoptosis and inhibiting 

proliferation of certain cancer epithelial cells, acting as a tumor suppressor pathway 

(Pitari G.M. et al., 2001; Lugnier C. et al., 2006; Fallahian F. et al., 2011). For instance, 

one of the downstream signaling events mediated by PKG is the regulation of β-catenin 

protein levels. Studies indicate that upon cGMP increase, PKG is activated and directly 

phosphorylates β-catenin leading to increased proteasomal degradation and inhibition of 

growth-related target genes in cancer cells (Liu L. et al., 2001; Kwon I.K. et al., 2008; 

Tinsley H.N. et al., 2011). In addition, cGMP activates c-Jun NH2-terminal kinase 

(JNK), inhibits extracellular-signal regulated kinases 1/2 (ERK1/2) and down-regulates 

cyclin D1 expression (Li H. et al., 2002; Rice P.L. et al., 2004). cGMP signaling has  

also been shown to be implicated in extracellular remodeling, a crucial step in tumor 

invasion and metastasis (Lubbe W.J. et al., 2006). Alternatively, cGMP signaling has 

only a minimal role on cell differentiation, growth and survival of hematopoietic 

malignancies (Lerner A. et al., 2006), suggesting that cGMP role in tumorigenesis may 

be related to tissue context.  

Both the amplitude and duration of cGMP signaling is dependent on the expression and 

activity of cyclic nucleotide PDE enzymes, which catalyze the hydrolytic breakdown of 

cGMP into the biologically inactive 5′ derivative. 
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Phosphodiesterases. 

PDEs represent a large family of ubiquitously expressed hydrolases that are categorized 

into different families based on structural similarity such as sequence homology, protein 

domains, and enzymatic properties, including substrate specificity, kinetic properties, 

and sensitivity to specific inhibitors and modulators. PDEs superfamily contains 11 

PDE gene families (PDE1 to PDE11, Figure 1), comprising 21 genes that generate 

approximately 100 (or more) proteins via alternative splicing of mRNA or multiple 

promoters and transcription start sites (Azevedo M.F. et al., 2014).  

 

Adopted from Maurice DH et al., Nat Rev Drug Discov. 2014. 

Figure 1: Structure and domain organization of the 11 mammalian PDE families. UCR, upstream 

conserved region. 

 

The 11 PDE families can be grouped into three classes based on their substrate affinity. 

PDE4, PDE7, and PDE8 specifically hydrolyze cAMP; PDE5, PDE6, and PDE9 

hydrolyze cGMP, while PDE1, PDE2, PDE3, PDE10, and PDE11 possess dual 

specificity, acting on both cAMP and cGMP with varying affinities, depending on the 

isoform (Azevedo M.F. et al., 2014). PDEs exhibit a common structural organization, 

with divergent amino-terminal regulatory regions and a conserved carboxy-terminal 

catalytic core (Figure 2). 
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Adopted from Azevedo MF et al., Endocr Rev. 2014. 

Figure 2: General structure of PDE enzyme molecules. HD, hydrophobic domains. 

 

The catalytic domains of PDEs share a similar topography, composed of ~350 amino 

acids folded into 16 helices. In addition to conserved elements that are responsible for 

binding to cyclic nucleotides and inhibitors, the catalytic core contains variable 

determinants that regulate PDE family specific substrate and inhibitor affinities and 

selectivities (Manallack D.T. et al., 2005; Bender A.T. et al., 2006; Keravis T. et al., 

2012). The N-terminal regulatory regions of PDEs contain structural determinants that 

target individual PDEs to different sub-cellular locations and signalosomes (Houslay 

M.D. et al., 2007; Kritzer M.D. et al., 2012; Lee L.C.Y. et al., 2013) and also allow 

individual PDEs to specifically respond to different post-translational modifications, 

regulatory molecules and signals. These structural elements include dimerization 

domains, autoinhibitory modules, binding sites for ligands and allosteric effectors, 

phosphorylation sites and other covalent modification sites. Approximately half of PDE 

gene families (PDE2, PDE5, PDE6, PDE10, and PDE11) have a protein domain termed 

GAF. The known functions of GAF domains are cGMP binding-mediated allosteric 

regulation and dimerization of GAF-PDEs. Among PDEs, PDE5A has 2 GAF domains 

(GAF A and GAF B) in the N-terminal half. The modulation of PDE activity is unique 

to cGMP signaling and has multiple roles within the cells, such as functioning as 

negative feedback for cGMP signaling by activating the cGMP-specific PDE5 or as 

crosstalk between cyclic nucleotide pathways by influencing the activity of non-

selective PDE isoenzymes (e.g. PDE2 or PDE3) (Omori K. et al., 2007). Other PDEs 
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(PDE1, PDE3, PDE4, and PDE7–9) have no GAF domain. PDE1 contains a 

Ca
2+

/calmodulin (CaM)-binding site, PDE3 has a transmembrane domain, PDE4 has 

upstream conserved regions (UCRs), and PDE8 has a response regulator receiver (REC) 

domain. PDE7 and PDE9 have no specific protein domain in addition to the PDE 

catalytic domain (Omori K. et al., 2007).  

As expected from their complex genomic organization, multiple PDE isoforms are 

expressed in almost every cell (Bender A.T. et al., 2006;  Francis S.H. et al., 2011). 

Some cells are relatively enriched in specific PDEs (eg, photoreceptor PDE6, which is 

virtually exclusively expresses in retina rods and cones and in the pineal gland). Recent 

studies have shown that many PDEs, that are tightly connected to different cellular 

functions, are also involved in various pathological conditions (Keravis T. et al., 2010). 

For instance, PDE4B abnormalities have been linked to schizophrenia (Millar J.K. et al., 

2005), whereas defects in PDE6 subunits cause hereditary eye diseases (Gal A. et al., 

1994; Huang S.H. et al., 1995). Recently, genetic alterations in PDE genes were 

described to be associated with tumor development. Polymorphisms in the genes 

encoding PDE8A and PDE11A have been associated with a predisposition to 

developing certain adrenocortical tumors (Horvath A. et al., 2008), testicular (Horvath 

A. et al., 2009) and prostatic cancers (Faucz F.R. et al., 2011). More importantly, PDE5 

overexpression has been reported in several types of cancers (Anant J.S. et al., 1992; 

Baillie G.S.  et al., 2000; Ke H. et al., 2007). 

 

PDE5 structure, regulation, distribution and function. 

PDE5 specifically hydrolyzes cGMP (Hamet P. et al., 1978; Coquil J.F. et al., 1980; 

Francis S.H. et al.,1980) and is encoded by a single PDE5A gene (chromosome 4q27), 

which gives rise to three N-terminal variants (PDE5A1, PDE5A2, and PDE5A3) in 

humans. PDE5 transcripts are relatively highly expressed in certain human tissues, 

especially in smooth muscle, including the vascular tissues of the penis, and also in 

platelets (Hamet P. et al., 1978; Loughney K. et al., 1998; Yanaka N. et al., 1998; 

Kotera J. et al., 1999; Lin C.S. et al., 2000). PDE5A1 and PDE5A2 are widely 

expressed, whereas specific expression of PDE5A3 in smooth and/or cardiac muscle has 

been suggested (Lin C.S. et al., 2000). The activity of the PDE5 enzyme is tightly 

controlled by cGMP signaling itself. PDE5A contains two GAF domains: GAF-A and 
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GAF-B (Figure 3). GAF-A is responsible for allosteric binding of cGMP, which 

promotes PDE5 phosphorylation, increasing both catalytic activity and cGMP-binding 

affinity (Turko I.V. et al., 1998; Zoraghi R. et al., 2005). Moreover, a PKA-dependent 

phosphorylation site in the N-terminal region regulates the activation of PDE5A enzyme 

(Corbin J.D. et al., 2000).  

 

 

 

Adapted from Azevedo MF et al., Endocr Rev. 2014. 

Figure 3. Schematic representation of PDE5. 

 

The principal function of PDE5A is the regulation of vascular smooth muscle 

contraction through modulation of cGMP and calcium levels, especially in the lung and 

penis (Bender A.T. et al., 2006). Indeed, cGMP regulates intracellular free calcium 

concentrations by several mechanisms, including inhibition of inositol 1,4,5-

trisphosphate (IP3)-mediated calcium release from intracellular stores, calcium removal 

and sequestration through specific pump mechanisms, and inhibition of the influx of 

extracellular calcium through voltage-gated calcium channels (Lincoln T.M. et al., 2006; 

Tsai E.J. et al., 2009). In addition, cGMP-PKG signaling within the vascular 

endothelium stimulates cell proliferation and increases permeability (Hood J. et al., 

1998; Smolenski A. et al., 2000; Kook H. et al., 2003); while in cardiac myocardium, it 

negatively modulates hypertrophy and contractility (Takimoto E. et al., 2005; 

Nagendran J. et al., 2007). PDE5 has been also implicated in regulating platelet 

aggregation (Dunkern T.R. et al., 2005) and is also thought to be important in enhancing 

learning and memory (Prickaerts J. et al., 2004). Recently, a role for PDE5 has been 

suggested in tumorogenesis, due to its capability to act as a negative regulator of cGMP 

tumor suppressor signaling (Savai R. et al., 2010). Indeed, increased PDE5 expression 
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occurs in various human carcinomas, including urinary bladder cancers (Piazza G.A. et 

al., 2001), metastatic breast cancers (Pusztai L. et al., 2003) and non-small cell lung 

cancers (Whitehead C.M. et al., 2003). Increased PDE5 expression has been also 

associated with the development of human oropharyngeal squamous cell carcinoma 

(Spoto G. et al., 2003). An increase in the expression of PDE5 has been confirmed in 

various cell lines originating from breast cancer (MCF-7, HTB-26, MDA-MB-468), 

prostate cancer (LNCAP, PC3), colonic adenocarcinomas (HT29, HCT-116, SW480, 

T84), bladder cancer (HTB-76, HT1376) and some chronic lymphocytic leukemia cells 

(CLL) (Zhu B. et al., 2007). 

 

PDE5 inhibitors  

Overview.  

PDE family-specific inhibitors allow insight into the functional role of PDEs and may 

be useful for predicting the potential therapeutic effects of targeting specific PDEs.  

Methilxantine was the first inhibitor to be described in the literature in 1962 (Butcher 

R.W. et al., 1962). This agent and other nonselective PDE inhibitors, including 

papaverine, have been used therapeutically for over 70 years to treat a range of diseases. 

However, it was only in the last 10 years that potent PDE-selective drugs began to make 

an impact on disease treatments. New studies have yielded crucial information on the 

active sites of PDE (Wang H. et al., 2007; Ke H. et al., 2007) and have allowed rational 

drug design, resulting in improved inhibitor potency and selectivity. All known PDE 

inhibitors contain one or more rings that mimic the purine ring in the cyclic nucleotide 

substrates of PDEs and directly compete with cyclic nucleotides for the access to the 

catalytic site. Selective PDE inhibitors are currently being investigated for the treatment 

of a wide range of disease. PDE2 inhibitors may be of therapeutic interest in sepsis and 

acute respiratory distress syndrome (Seybold J. et al., 2005). Milrinone is the most 

studied and the most extensively used PDE3 inhibitor and is currently used in the acute 

treatment of heart failure to diminish long-term risks (Cruickshank J.M., 1993). Another 

highly PDE3 selective inhibitor, cilostazol, is used therapeutically in the USA and Japan 

for treating intermittent heart failure and claudication (Reilly M.P. et al., 2001; 

Kambayashi J. et al., 2003; Dobesh P.P. et al., 2009) PDE4 inhibitors have been 

developed to treat asthma (van Schalkwyk E. et al., 2005), chronic obstructive 
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pulmonary disease (Calverley P.M. et al., 2007), allergic rhinitis (Schmidt B.M. et al., 

2001), psoriasis (Gottlieb A.B. et al., 2008) and depression (Zeller E. et al., 1984). In 

clinical practice, PDE5 inhibitors are used to treat erectile dysfunction (ED) and 

pulmonary artery hypertension (PAH), due to their ability to induce vasodilation and a 

consequent increase in blood flow by hampering cGMP breakdown. Indeed, PDE5 

inhibitors induce relaxation of smooth muscle in the corpus cavernosum of the penis 

through cGMP-mediated augmentation of NO, and thereby stimulate penile erection 

(Corbin J.D., 2004). Similarly, in the lung, PDE5 inhibition opposes smooth muscle 

vasoconstriction, decreases proliferation and increases apoptosis of pulmonary artery 

smooth muscle cells (Archer S.L. et al., 2009). In addition, PDE5 inhibition can directly 

protect the heart against ischemia/reperfusion injury (Kukreja R.C. et al., 2004; Kumar 

P. et al., 2009). In particular, PDE5 inhibitors, sildenafil (Viagra and Revatio, Pfizer), 

and tadalafil (Cialis, Eli Lilly; Adcirca, United Therapeutics) are currently used for the 

treatment of ED and PAH; whereas vardenafil (Levitra; Bayer) and Avanafil (Stendra; 

Vivus) are used only for ED. However, because of their safety and high tolerability 

profiles (Nehra A., 2009; Palit V. et al., 2010), a wide range of research is investigating 

the potential use of PDE5 inhibitors in other pathophysiological conditions, for which 

therapeutic choices are restricted and in which they may act through mechanisms other 

than the known vasodilatory effects. These comprise different urological disorders 

beyond ED (i.e. benign prostatic hyperplasia and lower urinary tract symptoms), 

cutaneous ulcerations, tissue and organ protection, transplant and reconstructive surgery, 

female sexual dysfunction, neurological conditions, diabetes, and importantly cancer 

(Savai R. et al., 2010; Kloner R.A. et al., 2011). Today, close to 500 clinical trials with 

these drugs have been completed or are ongoing (htpp://www.clinicaltrials.gov), 

showing mainly their potential cardiovascular benefits. 

 

PDE5 inhibitors in cancer: “in vitro” and clinical studies. 

The increased expression of PDE5 in various human malignancies and the lack of such 

expression in normal cells, coupled with the safety and high tolerability of PDE5 

inhibitors in different deseases, have led to an increased interest in investigating their 

possible roles in the management of cancer. Thus, PDE5 inhibitors have shown: 1) 
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direct anticancer effects on tumor cell lines; 2) the ability to sensitize cancer cells to 

chemotherapeutic agents and 3) cancer chemopreventive actions (Figure 4). 

 

PDE5 inhibitors as promising anticancer agents. 

Accumulating evidences indicate that PDE5 inhibitors could have anticancer activities, 

through a regulation of cGMP levels and thereby of its regulated downstream pathways, 

in multiple carcinomas and cancer cell lines. Both vardenafil and sildenafil exert a pro-

apoptotic activity against cancer cells. Indeed, Sarfati et al. demonstrated that treatment 

with sildenafil and vardenafil resulted in suppression of tumor cell growth along with 

induction of caspase-dependent apoptosis in B-cell chronic lymphatic leukemia. Instead, 

normal B lymphocytes isolated from control donors were completely resistant to the 

PDE5 inhibitor-induced apoptosis (Sarfati M. et al., 2003). Sildenafil has also shown 

promising anticancer activity against Waldenstrom’s Macroglobulinemia, an incurable 

B-cell malignancy (Treon S.P. et al., 2004). Another study by Zhu et al. confirmed the 

importance of PDE5 as a therapeutic target for treatment of cancer through a genetic 

approach (Zhu B. et al., 2005). They reported that transfection of human colonic 

carcinoma (HT29) cells with PDE5 anti-sense constructs results in suppression of PDE5 

gene expression, sustained increase in intracellular cGMP concentrations, growth 

inhibition and apoptosis. Exisulind (sulindac sulfone), a derivative of the oral anti-

inflammatory drug sulindac, and its higher affinity analogues selectively exerted pro-

apoptotic and antiproliferative effects in various human prostate, colon, and breast 

cancer cells with minimal effects on normal epithelial cells. This is a consequence of 

PDE5 inhibition, since they did not affect prostaglandin levels, or cyclooxygenase 

inducing actions (Thompson, et al., 2000; Piazza, et al., 2001; Whitehead, et al., 2003; 

Zhu B. et al., 2005; Tinsley, et al., 2009; Tinsley et al., 2010; Tinsley, et al., 2011; 

Whitt et al., 2012). Its antiproliferative effects on cell growth were associated with 

inhibition of β-catenin-mediated transcriptional activity and consequent suppression of 

the synthesis of target genes, such as cyclin D1 and survivin (Tinsley H.N. et al., 2010; 

Tinsley H.N. et al., 2011). This drug has also been shown to directly inhibit growth of 

human prostate cancers (Goluboff E.T. et al., 1999) and lung tumors (Whitehead C.M. 

et al., 2003) in murine models by enhancing apoptosis. Similarly, stable downregulation 

of PDE5 in the aggressive human breast cancer cell line MDA-MB-231T resulted in 
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reduced in vitro motility as well as fewer lung metastasis in an experimental metastasis 

assay in vivo (Marino N. et al., 2014). Furthermore, vardenafil has been shown to 

synergize with the major constituent of green tea (epigallocatechin-3-O-gallate) to 

induce cancer cell death (Kumazoe M. et al., 2013).  

Recently, it has been reported that PDE5 inhibitors may block tumor progression 

through the modulation of host immune response. Indeed, PDE5 is expressed in 

different immune cells, such as macrophage, dendritic and T cells (Essayan D.M., 2001). 

Importantly, PDE5 expression was also detected in tumor-derived myeloid-derived 

suppressor cells (MDSC), known to play a critical role in suppressing immune function 

through several mechanisms (i.e. secretion of cytokines, release of reactive oxygen 

species, upregulation of NO synthase and arginase) (Wesolowski R. et al., 2013). 

Treatment of mice with PDE5 inhibitors leads to delay of tumor outgrowth and 

progression by decreasing MDSC numbers and increasing intratumoral CD8
+
 T 

infiltration, activation and tumoricidal activity (Serafini P. et al., 2006). The inhibition 

of MDSCs by PDE5 inhibitors has also been reported in patients with multiple myeloma 

and head and neck cancers (Serafini P. et al., 2006; Noonan K.A. et al., 2014). These 

data strongly propose the potential of PDE5 inhibitors to alter the tumor 

microenvironment by maximally enhancing antitumor immunity. 

 

PDE5 inhibitors as sensitizers of cancer cells to chemotherapeutic agents.  

One of the major obstacles in the successful treatment of cancer is the phenomenon of 

multidrug resistance (MDR). The mainly cause of MDR, both in vitro and in vivo, is 

overexpression of the adenosine-triphosphate-binding cassette (ABC) transporters, such 

as ABC sub-family B member 1 ABCB1 (P-glycoprotein/MDR1), the most important 

mediator of MDR, multidrug resistance proteins (ABCCs/MRPs) and breast cancer 

resistant protein (ABCG2/BCRP) (Szakács G. et al., 2006). When such transporters are 

overexpressed in cancer cells, they actively pump out of cells a variety of structurally 

and mechanistically unrelated chemotherapeutic drugs, thereby lowering their 

intracellular accumulation along with their chemotherapeutic effect. This mechanism 

was shown to be responsible for chemotherapeutic drug resistance to various anticancer 

agents, including anthracyclines, vinca alkaloids, epipodophyllotoxins and taxanes. 

Interestingly, Jedlitschky et al. discovered a link between cGMP elimination and ABC 
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transporters (Jedlitschky G. et al., 2000). They showed that the multidrug resistance 

protein isoform MRP5 (ABCC5) mediates cellular export of cGMP and that sildenafil 

enhances intracellular cGMP concentrations by a dual action involving inhibition of its 

degradation by PDE5 and its export by ABCC5. In this regard, Shi et al. recently 

reported that sildenafil significantly decreased the efflux activity of the ABC 

transporters ABCB1 and ABCG2, but had no significant effects on ABCC1 (Shi Z. et 

al., 2011). They also reported that vardenafil significantly sensitized ABCB1 over-

expressing cells to the ABCB1 substrates vinblastine and paclitaxel. Furthermore, Chen 

et al. recently showed that sildenafil and vardenafil enhanced the sensitivity of 

multidrug resistance protein 7 (MRP7; ATP-binding cassette C10)-transfected HEK293 

cells to paclitaxel, docetaxel and vinblastine, and reversed MRP7-mediated MDR 

through inhibition of the drug efflux function of MRP7 (Chen J.J. et al., 2012). In 

addition, Black et al. reported that sildenafil and vardenafil increased the transport of 

doxorubicin across blood-brain tumor barrier in 9L gliosarcoma (Black K.L. et al., 

2008). Vardenafil also potentiated the efficacy of doxorubicin in the 9L gliosarcoma-

bearing rats. These effects appeared to be mediated by a selective increase in tumor 

cGMP levels and increased vesicular transport through tumor capillaries, although the 

involvement of ABC transporters in such effects was not reported in this study. 

Vardenafil treatment also led to a 2-fold increase in tumor permeability to the 

monoclonal antibody Herceptin in HER2-positive intracranial lung and breast tumors 

(Hu J. et al., 2010). These data suggest that PDE5 inhibitors by modulating BTB 

permeability may enhance delivery and therapeutic efficacy of drugs in hard-to-treat 

primary brain tumors and metastasis. Moreover, it has been recently reported that co-

treatment with sildenafil enhanced the antitumor efficacy of doxorubicin in both 

prostate cancer cells, in vitro, and in mice bearing prostate tumor xenografts, while 

simultaneously ameliorating doxorubicin-induced cardiac dysfunction (Das A. et al., 

2010). The increased apoptosis by sildenafil and DOX was associated with enhanced 

expression of proapoptotic proteins caspase-3, caspase-9, Bad and Bax and suppression 

of the anti-apoptotic protein Bcl-xL. Furthermore, in a clinical study, sildenafil (50 mg) 

has aided radiotherapy for the treatment of Kaposi’s sarcoma of the penis, resulting in 

complete resolution of such lesions (Ekmekci T.R. et al., 2005). Another PDE5 inhibitor, 

exisulind, has been utilized in several pre-clinical, as well as clinical studies to augment 
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the chemotherapeutic efficacy of well-known anticancer agents. Exisulind in 

combination with docetaxel has been shown to prolong survival, inhibit tumor growth 

and metastases and increase apoptosis in athymic nude rats with orthotopic lung tumors 

(Chan D.C. et al., 2002). These results have been corroborated by Whitehead et al. who 

have shown that exisulind-induced apoptosis significantly enhanced docetaxel 

anticancer effects in non-small cell lung cancer orthotopic lung tumor (Whitehead C.M. 

et al., 2003).  However, Lin et al. have reported that sildenafil, at a supraclinical dose 

(50mg/kg), did not improve the brain penetration of docetaxel and topotecan, although 

it increased the plasma concentrations of the two drugs (Lin F. et al., 2013). They have 

also shown that sildenafil did not improve the efficacy of doxorubicin against 

subcutaneous CT26 colon tumors in mice. Therefore, results on the augmentation of the 

efficacy of antineoplastic drugs induced by PDE5 inhibitors still need to be 

corroborated. 

 

PDE5 inhibitors as cancer chemopreventive agents. 

The high expression of PDE5 in cancerous cells, coupled with the high safety profile of 

PDE5 inhibitors, has encouraged researchers to investigate cancer chemopreventive 

activity of such drugs. One of the earliest studies in this regard was that reported by 

Thompson and colleagues (Thompson H.J et al., 1997). They showed that sulindac 

sulfone (exisulind) dose-dependently inhibited 1-methyl-1-nitrosourea (MNU)-induced 

mammary carcinogenesis in rats, and at concentrations that were well tolerated by the 

animals. In addition, Piazza et al. reported that sulindac sulfone dose-dependently 

suppressed azoxymethane-induced colon carcinogenesis in rats without reducing 

prostaglandin levels (Piazza G.A. et al., 1997). Moreover, exisulind has been shown to 

inhibit N-butyl-N-(4-hydroxybutyl) nitrosamine-induced rat urinary bladder 

tumorigenesis, at least in part by cGMP-mediated apoptosis induction (Piazza G.A. et 

al., 1997). Exisulind inhibited UVB-induced skin tumor development in a murine model 

(Singh T. et al., 2012) by blocking proliferation, inducing apoptosis and reducing 

epithelial-mesenchymal transition (EMT) markers in tumor keratinocytes. In clinical 

studies, exisulind has shown modest chemopreventive activity in patients with familial 

adenomatous polyposis (FAP), as suggested by regression of small polyps and 

stimulation of mucus differentiation and apoptosis in glandular epithelium (Stoner G.D. 
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et al., 1999; van Stolk R. et al., 2000). In addition, exisulind has been shown to 

significantly prevent the increase in prostate specific antigen (PSA) and prolonged PSA 

doubling time in men with increasing PSA after radical prostatectomy compared with 

placebo (Goluboff E.T. et al., 2001). Remarkably, PDE5 inhibitors reduced proliferation 

and myofibroblast transdifferentiation of prostate fibroblasts, suggesting a potential 

value of PDE5 inhibitors in preventing and treating benign prostatic hyperplasia 

(Zenzmaier C. et al., 2010). 

 

Adopted from Barone I et al., Curr Pathobiol Rep. 2015. 

Figure 4: Schematic illustration of the anticancer activities of PDE5 inhibitors. PDE5 inhibitors may 

inhibit cancer progression by increasing cGMP levels via PDE5 activity inhibition and activating 

downstream signaling pathways, mainly PKG-mediated ones, which induce apoptosis, suppression of 

growth, of angiogenesis and of myofibroblast transdifferentiation and proliferation as well as increase 

intratumoral T-cell infiltration and tumoricidal activity; and blocking the substrate efflux activity of ABC 

multidrug-resistant transporters. PDE phosphodiesterase, cGMP cyclic guanosine monophosphate, PKG 

cGMP-dependent protein kinase, ABC-transporter ATP-binding cassette transporter, CNG (=cyclic 

nucleotide-gated) ion channels. Proposed mechanisms for the anticancer role of PDE5 inhibitors 
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Aim of the study 

In the last ten years, overexpression of PDE5 has been described in multiple carcinomas, 

including breast cancers (Piazza G.A. et al., 2001; Pusztai L. et al., 2003; Whitehead 

C.M. et al., 2003; Karami-Tehrani F. et al., 2012). Several “in vitro” observations have 

shown anti-proliferative and pro-apoptotic effects of PDE5 inhibitors in breast cancer 

cell lines (Savai R. et al., 2010). However, despite these studies, neither the expression 

of PDE5 in breast cancer cell lines and tissues nor the underlying regulatory molecular 

mechanisms by which PDE5 expression may contribute to breast cancer progression 

have been deeply studied. Being PDE5 a well-characterized druggable target, in this 

study we propose to examine PDE5’s impact on breast cancer phenotype “in vitro”, as 

well as to assess its clinical relevance in breast cancer patients. 
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Materials and methods 

Reagents, antibodies and plasmids. 

The following reagents and antibodies were used: Sildenafil and Y-27632 from Sigma; 

PDE5A, p-c-Myc
Thr58/Ser62

, c-Myc, p-IκB-α
Ser32/36

, IκB-α, NF-Kb p65, Lamin b and 

GAPDH antibodies from Santa Cruz Biotechnology; RhoA-C, Cdc42 and Rac1-3 

antibodies from Life Technologies. Cofilin activation and myosin light chain 2 antibody 

sampler kits were obtained from Cell Signaling. pEGFP-C1 vector and the fusion 

protein expression vector pEGFP-PDE5A were kindly provided by Dr F. Barbagallo 

(Sapienza University, Rome, Italy). Scrambled and 4 unique 29mer PDE5A shRNA 

constructs in pGFP-CshLenti vector were obtained from Origene. 

 

Cell culture. 

MCF-7, T47D, ZR-75, SKBR3 and BT-20 breast cancer cell lines were acquired from 

American Type Culture Collection. MDA-MB-468 and MDA-MB-435 breast cancer 

cell lines were acquired from Interlab Cell Line Collection. MCF-7 cells were cultured 

in DMEM:F12 medium containing 5% Newborn Calf Serum (NCS, Life Technologies); 

MDA-MB-435 and MDA-MB-468 cells in DMEM supplemented with 10% Fetal 

Bovine Serum (FBS, Life Technologies); ZR-75 cells in DMEM:F12 medium with 5% 

FBS; T47D cells in RPMI medium with 10% FBS and 0,2 U/ml insulin; BT-20 in 

Minimum Essential Medium (MEM; Life Technologies) with 10% FBS. All cell lines 

were maintained in 1% L-glutamine and 1 mg/ml penicillin-streptomycin at 37 °C with 

5% CO2 air. All cell lines were used within six-months after frozen aliquot 

resuscitations and regularly tested for Mycoplasma-negativity (MycoAlert, Lonza). To 

generate PDE5A-overexpressing MCF-7 cells, cells were transfected with pEGFP-

PDE5A vector (5μg/10cm dishes) using Fugene 6 reagent, following manufacturer’s 

protocol (Promega). Stable clones were selected with G418 antibiotic (1mg/ml, Life 

Technologies), and positive clones were identified using fluorescence microscopy and 

immunoblot analysis. 
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Transient transfection. 

For overexpression studies, T47D cells were transfected with pEGFP-C1 or pEGFP-

PDE5A vectors (3μg/6cm dishes) using Fugene 6 reagent. For gene silencing, MDA-

MB-468 cells were transfected with scrambled or PDE5A shRNA constructs (3μg/6cm 

dishes) using Fugene 6 reagent. After 48h, cells were harvested and used in the different 

experimental procedures. 

 

 RT-PCR assays. 

Total RNA was extracted from cells using TRIzol reagent and the evaluation of PDE5 

and 36B4 gene expression was performed by the reverse transcription-PCR method 

using a RETROscript kit. Primers used for the amplification included: forward 5’-

ACTTGCATTGCTGATTGCTG-3’ and reverse 5’-TTGAATAGGCCAGGGTTTTG-3’ 

(PDE5A); forward 5’-CAAATCCCATATCCTCGTCC-3’ and reverse 5’-

CTCAACATCTCCCCCTTCTC-3’ (36B4, housekeeping gene).  

 

Immunoblot analysis. 

Cell extracts were resolved by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel 

electrophoresis), as previously described (Gu G. et al., 2012). Immunoblots show a 

single representative of at least two or three separate experiments.  

 

Fluorescence microscopy. 

Cells were fixed with 4% paraformaldehyde and permeabilized with PBS + 0.2% Triton 

X-100. 4’,6-Diamidino-2-phenylindole (DAPI, Sigma) staining was used for nuclei 

detection. Fluorescence was photographed with OLYMPUS-BX51 microscope, 100X 

magnification. 

 

MTT cell proliferation assays. 

Three days after seeding, cell proliferation was assessed using 3-[4,5-Dimethylthiazol-

2-yl]-2,5-diphenyltetrazolium bromide reagent/MTT (Sigma) and expressed as fold 

change relative to empty vector-transfected cells. Data represent three-independent 

experiments, performed in triplicate.  
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Wound-healing assays. 

Cell monolayers were scraped and subjected to the various experimental conditions. 

Wound closure was monitored over 24h, cells were fixed and stained with Comassie 

Brillant Blue. Pictures represent one of three independent experiments (10X 

magnification, phase contrast microscopy). 

 

Transmigration assays. 

Cells under the various experimental conditions were placed in upper compartments of 

Boyden chambers (8μm-membranes, Corning). Bottom well contained regular growth 

media. After 24h, migrated cells were fixed and stained with DAPI. Migration was 

quantified by viewing five separate fields/membrane (OLYMPUS-BX51 microscope, 

10X magnification) and expressed as mean numbers of migrated cells. Data represent 

three independent experiments, assayed in triplicate. 

 

Invasion assays. 

Matrigel-based invasion assay was performed in chambers (8μm-membranes) coated 

with Matrigel (BD Bioscences, 0.4μg/ml), as described (Barone I. et al., 2012). Cells 

under the various experimental conditions were seeded into top transwell-chambers, 

regular growth medium was used in lower chambers. After 24h, invaded cells were 

quantified as reported for transmigration assays. Data represent three independent 

experiments, assayed in triplicate. 

 

RNA library preparation and sequencing. 

Total RNA was extracted from vector- and PDE5-stable MCF-7 clones, as previously 

described (Gu G. et al., 2012). RNA concentration was determined with NanoDrop-

1000 spectrophotometer and quality assessed with Agilent-2100-Bioanalyzer and 

Agilent-RNA-6000 nanocartridges (Agilent Technologies). High quality RNA from 

three-independent purifications for each experimental point was used for library 

preparation. Indexed libraries were prepared from 1μg/ea. of purified RNA with 

TruSeq-RNASample- Prep-Kit (Illumina) following suppliers. Libraries quality controls 

were performed using Agilent-2100-Bioanalyzer and Agilent DNA-1000 cartridges and 

concentrations were determined with Qubit-2.0 Fluorometer (Life Technologies). 
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Libraries were sequenced (paired-end, 2×100 cycles) at a concentration of 8pmol/L per 

lane on HiSeq2500 platform (Illumina) as described (Dago D.N. et al., 2015). RNA 

sequencing data have been deposited in the EBI ArrayExpress database (http://www.ebi. 

ac.uk/arrayexpress) with Accession Number E-MTAB-3801. 

 

Rho GTPase activation assays. 

Rho GTPases activation was determined by active Rho and Cdc42 pull-down and 

detection kits, following manufacturers (Life Technologies). Briefly, cells were washed 

with Tris-buffered-saline (25 mM TrisHCl pH 7.5, 150 mM NaCl) and lysed in 

Lysis/Binding/Wash Buffer with protease inhibitors (10 mg/mL leupeptin, 10 mg/mL 

aprotinin, and 1 mM sodium orthovanadate). For Rho and Cdc42/Rac GTPase 

activation, 1 mg of cellular proteins were incubated with 400 μg GST/Rhotekin/Rho-

Binding-Domain or 20 μg of GST/PAK1/p21-Binding-Domain (4°C, 90 min), 

respectively. Pulled-down activated proteins were detected by immunoblotting. 

 

Phalloidin staining.  

Polymerized actin stress fibers were stained with Alexa Fluor 568-conjugated phalloidin, 

following manufacturers (Life Technologies). Cell nuclei were counterstained with 

DAPI. OLYMPUS-BX51 microscope (100X magnification) was used for imaging. 

 

Patients and tissue specimens. 

A total of 35 primary breast carcinomas and three nonneoplastic breast tissues were 

analyzed in this study. These carcinomas were obtained from patients who had 

undergone initial surgery and signed informed consent between 2012-2014 at 

Annunziata Hospital (Cosenza, Italy). The patients' age at diagnosis varied from 33 to 

85 years (mean, 60.6 years; median, 57 years). Characteristics of the patient cohort are 

reported in Table 1. Fresh tissues were formalin-fixed/paraffin-embedded after surgical 

removal. Sections were stained with H&E to select samples consisting of at least 50% 

tumor cells and to establish the histologic type and grade (Table 1). The clinical 

investigation conformed the Declaration of Helsinki of 1975 and was approved by 

ethics and institutional human subjects committees at Annunziata Hospital. 

http://www.ebi/
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Table 1. Characteristic of breast cancer cohort. Thirty-five patient-derived breast cancer samples were 

used in this study. Abbreviation: POS positive, NEG negative, ER Estrogen Receptor, PR Progesterone 

Receptor, HER2, epidermal growth factor receptor 2. 

 

SAMPLE  AGE Histology GRADE ER PR HER2 

1 85 Invasive Ductal 2 POS POS NEG 

2 88 Invasive Ductal 2 POS POS NEG 

3 74 Invasive Ductal 2 POS POS NEG 

4 82 Invasive Ductal 2 POS POS NEG 

5 49 Invasive Ductal 2 POS POS NEG 

6 67 In situ Ductal 2 POS POS NEG 

7 75 Invasive Ductal 2 POS POS NEG 

8 46 Invasive Ductal 2 POS POS NEG 

9 57 Invasive Ductal 2 POS POS NEG 

10 54 Invasive Ductal 2 POS POS NEG 

11 76 Invasive Ductal 2 POS POS NEG 

12 67 Invasive Ductal 2 POS POS NEG 

13 64 Invasive Ductal 2 POS POS NEG 

14 74 Invasive Ductal 2 POS POS NEG 

15 68 Invasive Ductal 2 POS POS NEG 

16 55 Invasive Ductal 3 POS POS NEG 

17 52 Invasive Ductal 3 POS POS NEG 

18 33 Invasive Ductal 3 POS POS NEG 

19 51 Invasive Ductal 3 POS POS NEG 

20 57 Invasive Ductal 3 POS POS NEG 

21 56 Invasive Ductal 3 NEG NEG POS 

22 52 Invasive Ductal 3 NEG NEG POS 

23 45 Invasive Ductal 3 NEG NEG POS 

24 56 Invasive Ductal 3 NEG NEG POS 

25 50 Invasive Ductal 2 NEG NEG POS 

26 57 In situ Ductal 2 NEG NEG POS 

27 72 Invasive Ductal 2 NEG NEG POS 

28 75 Invasive Ductal 3 NEG NEG NEG 

29 83 Invasive Ductal 3 NEG NEG NEG 

30 45 Invasive Ductal 3 NEG NEG NEG 

31 61 Invasive Ductal 3 NEG NEG NEG 

32 75 In situ Ductal 3 NEG NEG NEG 

33 64 Mucinous 3 NEG NEG NEG 

34 53 Invasive Ductal 3 NEG NEG NEG 

35 60 In situ Ductal 3 NEG NEG NEG 
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Classification of molecular subtypes. 

In breast cancer, utilization of immunohistochemistry as a surrogate for molecular 

classification by gene expression profiling has been used in large population-based 

studies and has been shown to provide an acceptable level of accuracy for determining 

molecular phenotypes (Carey L.A. et al., 2006; Yang X.R. et al., 2007; Collins L.C. et 

al., 2012). Using histologic tumor-grade obtained by central pathology review and 

biomarkers (estrogen and progesterone receptors (ER/PR) and HER2 status) extracted 

from pathology reports, cases were classified as one of four molecular subtypes. Cases 

that were ER-positive and/or PR-positive, HER2-negative and either histologic grade 1 

or 2 were classified as Luminal A; cases that were ERpositive and/or PR-positive and 

HER2-positive, or ER-positive and/or PR-positive, HER2-negative and histologic grade 

3 as Luminal B; ER/PR-negative, HER2-positive cases were classified as HER2-type 

and ER/PR/HER2-negative cases as triple negative. HER2 was considered positive if 

immunohistochemical stains were 3+ and/or if HER2 FISH showed gene amplification. 

 

Immunohistochemical analysis. 

PDE5A protein was detected using anti-PDE5A antibody diluted 1:100 in real-

antibody-diluent (DAKO). Deparaffinization, rehydration, and antigen unmasking were 

obtained by incubation in tris-phosphate buffer (Envision-Flex-target-retrieval-solution) 

in a Pre-Treatment Module for Tissue Specimens (PTLINK), following suppliers 

(DAKO). The staining was performed in a Dako Autostainer-Link48-immunostainer, 

using a linked streptavidin-biotin technique (Envision Flex kit High pH, DAKO). 

Sections were counterstained in hematoxylin and coverslipped using DPX mounting 

medium (Sigma). PDE5 expression/localization were evaluated microscopically by two 

pathologist independently in a blind fashion. Pictures of representative fields were taken 

at 20X magnification using ViewFinder™ Software, through Olympus camera-system 

dp50. Negative controls showed no staining. 

 

Database setup for retrospective study. 

The entire database contains 1988 patients (average overall survival: 8.07 years, ER-

positive patients: 76%, lymphnode-positive patients: 47.3%). Illumina gene-chips 

published by the Metabric-consortia were downloaded from the EGA repository (Curtis 



Materials and Methods 

26 
 

C. et al., 2012). The raw gene-chip data were imported into R and summarized using 

beadarray package (Dunning M.J. et al., 2007). Quantile normalization was performed 

using preprocess Core package (Bolstad B.M. et al., 2003). 

 

Statistical analysis. 

Data were analyzed for statistical significance using two-tailed student’s Test, 

GraphPad-Prism4. Standard deviations/S.D. are shown. For RNA sequencing 

bioinformatics analysis, sequencing reads (50-60 million reads/sample on average) were 

trimmed, quality filtered and aligned, including junction-spanning reads back, to the 

human genome hg19 (Homo sapiens Ensembl GRCh37) using Tophat v.2.0.10 (Kim D. 

et al., 2013). HTSeq (Anders S. et al., 2015) was used to compute read counts across 

each gene, which in turn were used as input to R package DESeq2 (Love M.I. et al., 

2014). DESeq2 was used to normalize the read counts for library size and dispersion 

followed by tests for differential gene expression. The significant differentially 

expressed genes were determined using false discovery rate (FDR) cutoff ≤ 0.05 and at 

least 1.5 fold change between conditions. Functional analyses were performed with the 

Ingenuity Pathway Analysis suit (Ingenuity Systems). For immunohistochemistry, the 

correlations between PDE5 and grading/ER/PR/HER2 status were examined with 

Mann-Whitney-U test, between PDE5 and breast cancer subtypes by Kruskal-Wallis 

test (GraphPad-Prism4). Kaplan-Meier survival plot, hazard ratio with 95% confidence 

intervals and logrank P value were calculated and plotted in R as described (Mihaly Z. 

et al., 2013). In addition, Cox proportional hazard regression was computed to compare 

the association between gene expression, clinical variables including 

ER/HER2/lymphnode status and survival in multivariate analysis using WinSTAT 2014 

for Microsoft Excel (Robert K. Fitch Software). Statistical significance was set at 

p<0.05.
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Results 

PDE5 expression varies among different breast cancer cell subtypes. 

On the basis of gene expression signatures in breast cancer patients, researchers have 

currently identified at least four major molecular and clinically distinct subtypes of 

neoplasm: luminal A (ER-positive) and B (ER-positive/HER2-enriched), HER2-

positive and basal-like (Perou C.M. et al., 2000; Sørlie T. et al., 2001). Thus, we first 

aimed to evaluate mRNA and protein expression levels of PDE5 in breast cancer cell 

lines of different molecular subtypes (n=7) (Neve R.M. et al., 2006; Holliday D.L. et al., 

2011) by RT-PCR and immunoblot analyses. As shown in Fig. 1A and B, PDE5 

expression was detected at very low levels in luminal A-type breast cancer cells (MCF-

7 and T47D cells). Luminal B-like cells (ZR-75cells) exhibited a modest induction in 

PDE5 expression in respect with luminal A-like cells. Notably, higher PDE5 levels 

were observed in HER2-overexpressing (SKBR3 cells) and basal-like (BT-20, MDA-

MB-468 and MDA-MB-435 cells) breast cancer cells. These results may suggest that 

high PDE5 expression may be associated with more aggressive breast cancer 

phenotypes. 

 

 

  

Figure 1. Expression levels of PDE5 in breast cancer cell lines of different molecular subtypes. A, 

RT-PCR analysis for PDE5 and 36B4 (internal standard) mRNA levels in Luminal A-type (MCF-

7/T47D), Luminal B-like (ZR-75), HER2-overexpressing (SKBR3) and basal-like (BT-20/MDA-MB-

468/MDA-MB-435) breast cancer cells. B, Immunoblotting for PDE5 expression in indicated cells. 

GAPDH, control for equal loading and transfer. 
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PDE5 overexpression affects motility and invasion of MCF-7 breast cancer cells.  

In order to explore PDE5’s role in breast cancer growth and progression, a breast tumor 

cell line that expresses the lowest levels of this enzyme, MCF-7, was chosen to generate 

breast cancer in vitro models exhibiting forced PDE5 overexpression. For direct 

visualization of PDE5 cellular location, the corresponding cDNA was cloned in frame 

with enhanced-green-fluorescent-protein (EGFP) in the mammalian expression vector 

pEGFP-C1 and stable clones were screened using fluorescence microscopy (Fig. 2A). 

Parental MCF-7 breast cancer cells are shown along with one clone stable expressing 

EGFP (MCF-7 e.v.) and three clones expressing cytoplasmic EGFP-PDE5 (PDE5 1/2/3). 

This was further evaluated by immunoblotting detection, showing the presence of an 

exogenous PDE5 band (EGFP-tagged, ~125 kDa) in protein extracts from PDE5-

overexpressing stable clones (Fig. 2B).  We used these experimental models to first 

investigate whether PDE5 overexpression may cause any changes in cellular phenotypes, 

including proliferation, migration, and invasion. Anchorage-dependent growth assays 

revealed a slight, but significant increase in cell proliferation in all three PDE5 clones 

compared to vector-expressing cells (Fig. 2C). We then evaluated the ability of PDE5 

overexpression to influence cell migration in wound-healing scratch assays and found 

that PDE5-expressing cells moved the farthest in either direction to close the gap 

compared with vector-expressing cells (Fig. 2D). Given the evident enhancement of 

motility in PDE5-overexpressing cells, the capacity of cells to migrate across uncoated 

membrane in transmigration assays or invade an artificial basement membrane Matrigel 

in invasion assays was also tested. Although vector-expressing cells exhibited little 

motile and no invasive behavior in vitro, our data clearly showed that PDE5 

overexpression significantly increased both motility and invasion of MCF-7 cells (Fig. 

2E and F respectively).  
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Figure 2. Impact of PDE5 overexpression on MCF-7 breast cancer cell proliferation, motility and 

invasion. A, Fluorescence-microscopic analysis to visualize EGFP-fluorescence in MCF-7 cells stably 

transfected with pEGFP-C1 (e.v.) or fusion protein expression pEGFP-PDE5A vectors (PDE5 1/2/3). 

MCF-7 cells, negative control. Insets: DAPI, nuclear staining. B, Immunoblotting showing EGFP-PDE5 

expression in e.v. and PDE5 1/2/3 MCF-7 cells. GAPDH, control for equal loading and transfer. MTT 

growth (C), wound-healing (D, insets: time 0), transmigration (E) and invasion (F) assays in cells under 

basal nonstimulated conditions. *p<0.05, **p<0.005. 

 

To evaluate the effects of PDE5 inhibition on breast tumor cell migratory and invasive 

properties, cells were treated with the specific PDE5 inhibitor sildenafil (Fig. 3 A-C). 

We found that sildenafil treatment was able to completely restore in PDE5 1, 2 and 3 

clones the less motile and weak invasive behavior similar to that of control MCF-7 e.v. 

cells. Interestingly, although at less extent, sildenafil caused a significant decrease in 

motility and invasion of vector-expressing cells (Fig. 3 A-C). This may suggest that 
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PDE5 activity is required for controlling migration and invasion processes also of 

malignant breast epithelial cells expressing low levels of the enzyme.  

 

 

 

Figure 3. Effects of sildenafil on motility and invasion of PDE5-overexpressing MCF-7 breast 

cancer cells. Wound-healing (A, insets: time 0), transmigration (B) and invasion (C) assays in cells 

treated with vehicle (-) or sildenafil (Sild, 10µM). *p<0.05, **p<0.005, ***p<0.0005. 

 

Role of PDE5 in motility and invasion of T47D and MDA-MB-468 breast cancer 

cells.  

To extend the results obtained, we transfected vector and PDE5-expression plasmids in 

T47D luminal A-like breast cancer cells (Fig. 4A). As previously shown for MCF-7 

cells, we found a significant increase in both migratory and invasive cell potential when 

PDE5 was overexpressed and treatment with the selective PDE5 inhibitor sildenafil 

completely abrogated these effects (Fig. 4B and C). Again, PDE5 inhibition was 

associated with a significant reduction of motility and invasion also in vector-expressing 

cells (Fig. 4B and C). In addition, as a third confirmatory model we silenced PDE5 

expression in MDA-MB-468 breast cancer cells, that express high levels of PDE5 
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compared to MCF-7 and T47D cells (Fig. 4D). Motility and invasion were significantly 

reduced in PDE5sh-transfected cells compared to control shRNA-transfected cells (Fig. 

4E and F). Thus, PDE5 may be an important determinant of breast tumor cell motility 

and invasion. 

 

 

 

Figure 4. Influence of PDE5 on T47D and MDA-MB-468 breast cancer cell motility and invasion. A, 

RT-PCR (upper panel) and immunoblot (lower panel) analyses for PDE5 expression in vector (e.v.) and 

PDE5-expressing T47D cells. 36B4, internal standard. GAPDH, control for equal loading and transfer. 

Transmigration (B) and invasion (C) assays in cells treated with vehicle (-) or sildenafil (Sild, 10µM). D, 

RT-PCR (upper panel) and immunoblot (lower panel) analyses for PDE5 expression in MDA-MB-468 

cells transfected with control scrambled-shRNA (CTRLsh) and PDE5 shRNA (PDE5sh) constructs. 36B4, 

internal standard. GAPDH, control for equal loading and transfer. Transmigration (E) and invasion (F) 

assays in CTRLsh and PDE5sh transfected MDA-MB-468 cells. **p<0.005. 
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PDE5-overexpressing cells exhibit increased Rho GTPase activation. 

To gain insights into the biological properties of the highly migratory and invasive 

PDE5-expressing breast cancer cells, quantitative transcriptome profiling of vector- and 

PDE5-overexpressing MCF-7 cells was carried out by RNA-sequencing analysis. 

Comparison of the whole transcriptome of the two cell models revealed 4425 

differentially expressed genes (FDR<0.05), of which 611 were up-regulated and 468 

were down-regulated in response to PDE5 overexpression (fold change≥1.5). These 

genes were next subjected to Ingenuity Pathway Analysis (IPA) to rank enriched 

biological processes (Fig. 5A), and to calculate the activation z-score of molecular and 

cellular functions and pathways (Fig. 5B and C). In line with our previous experiments, 

cellular movement was the most significantly overrepresented biological process in 

PDE5-expressing cells. In addition, many differentially expressed genes were involved 

in cell death and survival, cell-to-cell signaling and interaction, cell growth and 

proliferation, cellular development, thus concurring to identify the five top enriched 

functional categories in PDE5 clones (Fig. 5A). Interestingly, analyzing the functions 

involving differentially expressed genes, migration of cells and cell movement resulted 

to be highly activated by PDE5 overexpression (Fig. 5B). Then, considering the most 

affected pathways by PDE5 overexpression, we found marked changes in the activity of 

Rho GTPase family, with RhoA, Cdc42 and Rac signalings showing activation z-score 

of 1.9, 1.342, and 0.302, respectively (Fig. 5C).  
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Figure 5. Biological processes, functions and pathways identified from RNA sequencing data in 

PDE5-overexpressing MCF-7 cells. Ingenuity Pathway Analysis (IPA) used to identify biological 

processes significantly associated with differentially expressed genes (A) and to calculate activation z-

score of biological functions (B) and pathways (C). 

 

The predicted activation of these canonical pathways was confirmed using molecule 

activity predictor analysis of IPA (Fig. 6). An enriched Rho GTPases signaling profile is 

consistent with the enhanced migration and invasion capabilities of PDE5-expressing 

cells, as these proteins are known to govern cell cytoskeleton organization, migration, 

and metastasis dissemination (Schmitz A.A. et al., 2000).  
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Figure 6. Molecule activity predictor analysis of Ingenuity Pathway Analysis. Predicted activation of 

RhoA signaling (A), Cdc42 signaling (B) and Rac signaling (D) pathways by molecule activity predictor 

analysis of IPA in PDE5-overexpressing versus vector-transfected MCF-7 cells. 
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To validate the gene expression profile identified by RNA sequencing, we compared 

expression and activation of Rho family of GTPases in vector and PDE5 clones. 

Increased protein levels of Rho A-C, Cdc42 and Rac 1-3 (Fig. 7A, input panel) along 

with increased levels of activated forms (Fig. 7A, GTP-bound panel) were detected in 

PDE5-overexpressing cells. In the GTP-bound form, these proteins are able to interact 

with effector molecules (i.e. mainly the Rho kinase ROCK and the p21-activated kinase 

PAK1) to induce phosphorylation of LIM Kinase (LIMK), which is able to inhibit (by 

phosphorylation) Cofillin, leading to stabilization of filamentous actin structures 

(Bishop A.L. et al., 2000). ROCK has also been shown to phosphorylate the regulatory 

Myosin Light Chain (MLC), which enhances its binding to F-actin (Riento K. et al., 

2003). Consistent with increased Rho GTPase activation, the levels of phosphorylated 

LIMK, Cofillin and MLC are greatly increased in PDE5 clones compared to e.v. cells 

(Fig. 7B and C). Among other downstream targets of Rho signaling, c-Myc and NF-κB 

are important for cell motility and invasion (Bishop A.L. et al., 2000; Helbig G. et al., 

2003; Liu S. et al., 2009). In PDE5-overespressing cells, we detected elevated levels of 

the activated form of c-Myc (phospho c-Myc) (Fig. 7D), whereas we did not observe 

NF-κB activation, as evidenced by no changes in phosphorylation of the inhibitor of 

NF-κB (IκB protein) as well as in NF-κB nuclear translocation (Fig. 7E and F). To 

further investigate the role of Rho GTPases activation on cytoskeletal organization in 

our model systems, we evaluated the formation of stress fibers, since they provide the 

contractile force required for motility (Fig. 7G). In vector-expressing cells actin 

filament remained diffusely distributed in the cytoplasm, while overexpression of PDE5 

resulted in visible stress fiber formation.  
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Figure 7. Rho GTPase activation in PDE5-overexpressing MCF-7 cells. A, Input panel, 

immunoblotting for Rho A-C, Cdc42 and Rac 1-3 expression. GTP-bound panel, activation assays of Rho 

A-C, Cdc42 and Rac 1-3. Immunoblotting showing phosphorylated LIM Kinase 

(pLIMK1
Thr508

/pLIMK2
Thr505

), Cofilin (p-Cofilin
Ser3

) (B), Myosin Light Chain (pMLC
Thr18/Ser19

) (C) and 

total proteins from whole-cell lysates. GAPDH, control for equal loading and transfer. D, Immunoblotting 

analysis showing phosphorylated (p) c-Myc
Thr58/Ser62

 and total c-Myc proteins from nuclear extracts from 

vector (e.v.) and PDE5-expressing MCF-7 cells. Lamin b was used as a control for equal loading and 

transfer. E, Immunoblotting analysis showing phosphorylated nuclear factor of kappa light polypeptide 

gene enhancer in B-cells inhibitor (pIκB-α
Ser32/36

) and total IkB-α proteins from whole-cell lysates from 

vector- and PDE5-expressing MCF-7 cells. GAPDH was used as a control for equal loading and transfer. 

F, Activation of NF-κB induced by its translocation to the nucleus was evaluated by immunoblot analysis 

of cytosolic (Cyt) and nuclear (Nucl) extracts from e.v. and PDE5-expressing cells. GAPDH and Lamin b 

were used as loading controls for cytosolic and nuclear extracts, respectively. Blots show a single 

representative of three independent experiments. G, Phalloidin staining of F-actin (stress fibers, red). 

DAPI, nuclear staining.  Insets: Stress fibers with higher resolution. 
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According to all these results, treatment with the selective ROCK inhibitor Y-27632 

was able to significantly reduce both migration and invasion of PDE5 clones (Fig. 8A 

and B). Collectively, our data strongly suggest that the molecular and cellular functions 

identified with IPA are biologically relevant and PDE5 may regulate motility and 

invasion through activation of the Rho family of GTPases. 

 

 

Figure 8. Effects of ROCK inhibitor on PDE5 MCF-7 clones. Transmigration (A) and invasion (B) 

assays in cells treated with vehicle (-) or the ROCK inhibitor Y-27632 (10 µM). *p<0.05, **p<0.005, 

***p<0.0005. 

 

PDE5 expression in human breast cancers. 

To evaluate the clinical significance of PDE5 in human breast tumors, we analyzed its 

expression levels in patient-derived tissues (n=35) by immunohistochemistry analysis. 

We found that ~85% of cases showed cytoplasmic staining for PDE5 in cancer cells. 

Interestingly, ER/PR-positive tumors exhibited weak (n=5) or intermediate (n=15) 

PDE5 staining, while the strongest staining intensity was observed among HER2-

positive or triple negative (TN) samples (n=15). In contrast, in non-neoplastic (NN) 

breast tissues (n=3), a weak to missing PDE5 expression was detected in the cytoplasm. 

Representative images of PDE5 staining patterns are shown in Figure 9A. Accordingly, 

PDE5 expression had a significant inverse correlation with ER and PR status (Fig. 9B 

and C) and a significant positive correlation with HER2 status (Fig. 9D). Of note, as the 

staining intensity of PDE5 increases, grading of cancer cells also tended to increase (p = 
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0.001), indicating that the higher expression of PDE5 might be related with a higher 

malignancy phenotype. We then correlated PDE5 expression with the different subtypes 

of breast carcinoma and found that its cytoplasmic expression was significantly 

different among the four molecular subtypes (Fig. 9E). In particular, in HER-2 and 

triple-negative subtypes, PDE5 expression was the highest, followed by the luminal B-

type and the luminal A-type, that showed the lowest percentage of cells with PDE5 

expression. Since HER2- and TN-types are correlated with a generally more aggressive 

tumor phenotype and poorer prognosis (Yang X.R. et al., 2007), these results suggest 

that PDE5 overexpression may be correlated with poor prognosis. 

 

Figure 9. PDE5 expression in different subtypes of breast carcinomas. A, Immunohistochemical 

detection of PDE5 expression in non-neoplastic breast tissues (NN), ER/PR-positive (+), HER2-

overexpressing (HER2) and triple–negative (TN) breast cancer tissues. Representative fields were 

photographed at 20X magnification (Insets: details of PDE5 subcellular localization). PDE5 

immunohistochemical expression was correlated to ER (B), PR (C), HER2 (D) status or molecular 

subtypes (E) of breast cancer patients. 
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High levels of PDE5 are associated with shorter survival in breast cancer patients. 

To strengthen the results obtained in human breast tumor tissues, we conducted 

retrospective analyses of the correlation between PDE5 expression and survival in 

patients with breast cancer. In the univariate analysis, the Kaplan-Meier overall survival 

(OS) curve obtained from a cohort of 1988 patients indicated that increased expression 

levels of PDE5 are associated with a statistically significant shorter OS when compared 

to those tumors expressing low levels of PDE5 (p=0.014, HR=1.2, Fig. 10A). 

Interestingly, significant difference could also be observed between OS for ER-positive 

patients having high or low PDE5 levels (p=7.4E-04, HR=1.4, Fig. 10B), suggesting a 

role for PDE5 in predicting disease progression in ER-positive tumors that according to 

immunohistochemistry may have lower levels of the enzyme compared to ER-negative 

ones. In addition, PDE5 retained its significance when performing a multivariate 

analysis including PDE5 expression, ER, HER2 and lymphnode status in the entire 

database (PDE5: p=6.6E-03, HR=1.24, ER status: p=6.6E-05, HR=0.69, HER2 status: 

p=1E-05, HR=1.6, lymph node status: p=1.1E-06, HR=2.24). Therefore, high levels of 

PDE5 expression may independently predict poor outcome among breast cancer 

patients.   

 

 

 

 

Figure 10. Role of PDE5 in breast cancer patients. Kaplan-Meier survival analysis relating PDE5 

levels and overall survival in all patients (A) or in patients with ER-positive breast cancers (B). 
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Discussion 

Despite vast improvement in the overall survival rate of breast cancer patients, 

advanced metastatic disease remains a life-threatening stage of cancer. One of the major 

challenges in mammary cancer research is to identify key proteins that are directly 

involved in pathways promoting tumorigenesis and tissue invasion. These proteins can 

then be explored as early markers for invasive tumors as well as potential targets for the 

development of therapeutic strategies aimed at controlling and curing malignant disease. 

In this report, we show that phosphodiesterase type 5 (PDE5) is differentially expressed 

in human breast cancer subtypes, with a significant positive correlation with tumor 

grading. Importantly, high PDE5 levels predict a worse prognosis for patients at 8-year 

median follow-up. In experimental breast cancer models, PDE5 overexpression 

increased motile and invasive properties of cells through activation of the Rho family of 

GTPases, highlighting the potential benefit of therapeutic targeting PDE5.  

Breast cancer is a complex and highly heterogeneous disease due to its diverse 

morphological features, variable clinical outcomes and disparate therapeutic responses. 

By using hierarchical clustering analysis of gene expression profiling, Perou et al. were 

able to identify molecularly-defined and clinically-distinct classes of breast cancer 

(Luminal, HER2-enriched, basal-like and normal-like) (Perou C.M. et al., 2000; Sørlie 

T. et al., 2001). Due to the prognostic and predictive values of this molecular 

classification in clinical setting, attempts have been made to identify surrogate markers 

that would allow subtype identification using the more familiar immunohistochemical 

approach. Accordingly, the combined evaluation of histopathological grade and 

immunohistochemical parameters (ER/PR/HER2) would approximate the molecular 

classification of Luminal A, Luminal B, HER2-enriched and triple-negative breast 

cancers (Carey L.A. et al., 2006; Yang X.R. et al., 2007; Collins L.C. et al., 2012). 

Despite the lack of complete overlapping, the panelists of the last St. Gallen Consensus 

have endorsed the use of the immunohistochemical assays to identify breast cancer 

subtypes and allow the physicians to tailor properly the systemic interventions 

(Goldhirsch A. et al., 2011). Here, we found a significant increase in PDE5 expression 

in breast tumors when compared to non-neoplastic breast tissues. Although ~85% of the 

tumor entities examined showed cytoplasmic staining for PDE5, our results clearly 
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indicate that PDE5 is differentially expressed between each molecular breast cancer 

subset. In particular, the lowest expression of this enzyme is detected in the more 

favorable Luminal A subtypes of breast tumors, whereas its overexpression is closely 

related to breast cancers of high histological grade including triple-negative and HER2-

positive molecular subtypes. Accordingly, PDE5 levels have a negative correlation with 

hormone receptor status, and a positive one with HER2 status and tumor grading. The 

clinical significance of PDE5 overexpression is strongly supported by its significant 

association with a shorter overall survival time in retrospective studies. This association 

is also significant in patients with ER-positive diseases, advocating the utility of PDE5 

as a predictor of breast cancer prognosis in ER-positive tumors that 

immunohistochemically may have lower PDE5 levels compared to ER-negative ones. In 

line with findings on patients, PDE5 expression also varies among different breast 

cancer cell line models. Taken together, our results suggest that the differential 

expression of PDE5 may contribute to breast cancer heterogeneity and, being PDE5 a 

known druggable target, it could help to integrate subsets of aggressive breast cancer 

into clinically meaningful subtypes.  

At the present time, the selective PDE5 inhibitors sildenafil (Viagra and Revatio-Pfizer) 

and tadalafil (Cialis-Eli Lilly; Adcirca-United Therapeutics) have Food and Drug 

Administration approval for the treatment of erectile dysfunction (ED) as well as 

pulmonary artery hypertension; whereas vardenafil (Levitra and Vivanza-Bayer) and 

avanafil (Stendra-Vivus) are approved only for ED. However, due to their favorable 

toxicity profile (Nehra A., 2009), these agents are being investigated in a wide range of 

other potential medical and surgical applications, including neurological and 

cardiovascular disorders, transplant and reconstructive surgery, and several clinical 

trials are currently in progress (Kloner R.A. et al., 2011) (htpp://www.clinicaltrials.gov). 

In the last ten years, various PDE5 inhibitors have been also reported to inhibit growth 

and induce apoptosis in many cancer cell lines, without affecting normal epithelial cells 

(Piazza G.A. et al., 2001; Sarfati M. et al., 2003; Whitehead C.M. et al., 2003; Tinsley 

H.N. et al., 2009; Savai R. et al., 2010; Li N. et al., 2013). Recently, two reports have 

suggested a role for PDE5 inhibition in influencing cancer cell motility (Marino N. et al., 

2014; Sponziello M. et al., 2015).  Indeed, tadalafil and sildenafil reduced the capacity 

of thyroid cancer cells to migrate at lower doses than those used to block proliferation 
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(Sponziello M. et al., 2015). Similarly, down-regulation of PDE5 in the aggressive 

human breast cancer cell line MDA-MB-231T resulted in no difference in cell 

proliferation and reduced motility in vitro and in vivo (Marino N. et al., 2014). Here, we 

show that genetic and pharmacological inhibition of PDE5 significantly decreases 

migration and invasion of different human breast cancer cell lines. In contrast, 

overexpression of PDE5 strongly increases motility and invasion of MCF-7 cells and 

sildenafil treatment completely restores in PDE5 stable clones the less motile and weak 

invasive behavior similar to that of control cells. Interestingly, although at less extent, a 

reduction of migration and invasion was observed after treatment with sildenafil also in 

vector cells, expressing lower levels of the enzyme, further highlighting a role for PDE5 

in controlling migration and invasion processes of malignant breast epithelial cells. 

Increased formation of actin stress fibers and enhanced contractility are common 

features of motile cells in 2D culture conditions (Ridley A.J. et al., 2003). Indeed, 

immunofluorescent staining of polymerized actin (F-actin) reveals an induced formation 

of stress fibers in cells bearing PDE5 overexpression. Accordingly, ingenuity pathway 

analysis on PDE5 modulated genes by RNA-sequencing highlights cellular movement 

as the most significantly represented biological process. Moreover, most of the genes 

differentially regulated by PDE5 overexpression are significantly involved in migration 

of cells. Taken together, these results indicate that PDE5 may be important for 

sustaining malignant motile and invasive behavior of breast cancers. The acquisition of 

a remodeled cytoskeleton and a motile phenotype are important steps in tissue invasion 

and metastasis establishment, and the Rho family of GTP-binding proteins have been 

reported to mediate these processes. Although at least 20 Rho family proteins have been 

identified in humans, the most widely characterized molecules for their effects on cell 

migration are Rho A-C, which regulate stress fibers and focal adhesion formation, and 

Rac 1-3 and Cdc42, which control membrane ruffling, and filopodium formation 

(Schmitz A.A. et al., 2000). In the GTP-bound form, these proteins are able to interact 

with effector molecules to regulate actin cytoskeleton assembly and organization 

through phosphorylation of specific substrates, such as Cofilin or Myosin Light Chain, 

as well as to modulate a variety of other biochemical signalings involved in cell 

transformation and metastasis, including the c-Myc pathway (Bishop A.L. et al., 2000; 

Riento K. et al., 2003; Liu S. et al., 2009). In breast tumors, Rho expression and/or 
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activity are frequently increased (Vega F.M. et al., 2008). On the other hand, a complex 

signaling interplay between cGMP and Rho GTPase pathways has been described. For 

instance, cGMP-PKG cascade inhibits RhoA in various cell types (Sawada N. et al., 

2001; Sauzeau V. et al., 2003). Similarly, vardenafil prevents RhoA membrane 

translocation/activation, and decreases activity of its downstream effector ROCK in 

human bladder smooth muscle cells, inhibiting endothelin-1-induced migration (Morelli 

A. et al., 2009). On the molecular level, increased levels of total and activated Rho A-C, 

Cdc42 and Rac 1-3 are detected in PDE5-overexpressing cells compared with vector 

cells. Phosphorylation levels of Rho GTPase downstream targets, including LIM Kinase, 

Cofillin, Myosin Light Chain and c-Myc, are also greatly increased in PDE5 clones 

compared to vector cells. Moreover, transcriptome analysis identifies an enriched Rho 

GTPase signaling profile in PDE5-overexpressing cells. Consistent with these findings, 

a selective ROCK inhibitor significantly reduces both migration and invasion of PDE5 

clones.  

In conclusion, results of this study highlight a novel role for PDE5 in controlling 

malignant breast epithelial cell behavior and provide the first indications for the clinical 

relevance of this enzyme in human breast cancers. Since PDE5 overexpression greatly 

enhances the invasive potential of breast cancer cells and reduces survival in patients, it 

is tempting to speculate that this enzyme may represent a novel prognostic biomarker 

candidate. In addition, having already addressed the delivery, stability and toxicity 

issues of PDE5 inhibitors in other diseases, our findings may offer promising insights 

into future cancer treatments by providing the rationale to implement safer and more 

efficacious drugs in the adjuvant therapy for improving clinical care and reducing 

mortality from breast cancer. This may assume particular significance in triple-negative 

breast cancers in which PDE5 may be an attractive target. Based on these observations, 

it is evident that the impact of PDE5 in the prediction of the risk, and the treatment of 

breast cancer patients deserves further attention.  
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Translational Relevance 

Although early detection and conventional therapies have changed the natural history of 

breast cancer, many patients die from progressive advanced disease. Dissection of the 

mechanisms underlying breast cancer progression may identify early markers for 

invasive tumors as well as specific targeted therapeutics, providing further improvement 

in the clinical outcomes of patients. This study recognizes a novel function for 

phosphodiesterase (PDE) type 5 in controlling malignant breast epithelial cell behavior, 

and provides important clinical implications that can impact the prediction of the risk, 

and the treatment of breast cancer patients. First, since enhanced PDE5 expression 

promotes the invasive potential of breast cancer cells and predicts a worse survival in 

patients, this enzyme may represent a valuable molecular candidate with prognostic 

significance. In addition, being PDE5 a known druggable target, our findings may be 

promising for antitumor therapy with reduced adverse effects. Certainly, future studies 

could clarify the role of PDE5 in breast cancer. 
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Translational Relevance 

Although early detection and conventional therapies have changed the natural history of breast 

cancer, many patients die from progressive advanced disease. Dissection of the mechanisms 

underlying breast cancer progression may identify early markers for invasive tumors as well as 

specific targeted therapeutics, providing further improvement in the clinical outcomes of patients. 

This study recognizes a novel function for phosphodiesterase (PDE) type 5 in controlling malignant 

breast epithelial cell behavior, and provides important clinical implications that can impact the 

prediction of the risk, and the treatment of breast cancer patients. First, since enhanced PDE5 

expression promotes the invasive potential of breast cancer cells and predicts a worse survival in 

patients, this enzyme may represent a valuable molecular candidate with prognostic significance. In 

addition, being PDE5 a known druggable target, our findings may be promising for antitumor 

therapy with reduced adverse effects. Certainly, future studies could clarify the role of PDE5 in 

breast cancer. 
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Abstract 

Purpose: By catalyzing cGMP hydrolysis, phosphodiesterase (PDE) 5 is a critical regulator of its 

concentration and effects in different (patho)physiological processes, including cancers. Being 

PDE5 a known druggable target, we investigated the clinical significance of its expression in breast 

cancers and the underlying mechanisms by which it may contribute to tumor progression. 

Experimental Design: PDE5 expression was evaluated in seven breast cancer cells by RT-PCR 

and immunoblotting. To examine PDE5’s impact on cancer phenotype, MCF-7 cells, expressing 

lower levels of the enzyme, were engineered to stably overexpress PDE5. Proliferation was 

evaluated by MTT assays, motility and invasion by wound-healing/transmigration/invasion assays; 

transcriptome-profiling by RNA-sequencing; Rho GTPase signaling activation by GST-pulldown 

assays and immunoblotting. Clinical relevance was investigated by immunohistochemistry on 

tissues and retrospective studies from Metabric-cohort. 

Results: PDE5 is differentially expressed in each molecular subtypes of both breast cancer cell 

lines and tissues, with higher levels representing a startling feature of HER2-positive and triple-

negative breast cancers. A positive correlation was established between elevated PDE5 levels and 

cancers of high-histological grade. Higher PDE5 expression correlated with shorter patient survival 

in retrospective analyses. On molecular level, stable PDE5 overexpression in Luminal-A-like MCF-

7 cells resulted in enhanced motility and invasion through Rho GTPase signaling activation. 

Treatment of PDE5-stable clones with selective ROCK or PDE5 inhibitors completely restored the 

less motile and weak invasive behavior of control-vector cells.  

Conclusion:  PDE5 expression enhances breast cancer cell invasive potential, highlighting this 

enzyme as a novel prognostic candidate and an attractive target for future therapy in breast cancers.  
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Introduction 

In 2012, an estimated 1,67 million new cases of invasive breast cancer were diagnosed among 

women and approximately 522,000 patients were expected to die from breast cancer world-wide 

(1). Despite advances in surgery, radiation and therapy, metastatic disease represents the most 

important contributor to breast cancer-related mortality (2). Thus, novel marker and therapeutic 

target exploration is critical to the early detection, metastasis prevention, and effective treatment of 

human breast cancers.  

Phosphodiesterases (PDEs) are metallo-hydrolases which catalyze the breakdown of cyclic 

adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) into their 

biologically inactive 5′-derivatives, thus modulating the amplitude and duration of their intracellular 

signalings. In most tissues, PDE5 is the predominant isoform responsible for cGMP hydrolysis and 

its activity is tightly controlled by cGMP itself (3). cGMP regulates a myriad of biological 

processes, including cell growth and adhesion, energy homeostasis, neuronal signaling, and muscle 

relaxation (4, 5). In addition, dysregulation of cGMP homeostasis was observed in various 

(patho)physiological conditions, including cancers. Indeed, cGMP signaling, through activation of 

downstream effectors (i.e., cGMP-dependent protein kinase G-PKG, cyclic-nucleotide-gated ion 

channels) and/or crosstalk with cAMP pathways, appears to play an important role in promoting 

apoptosis and inhibiting proliferation of certain epithelial cells (6, 7). Interestingly, PKG expression 

or cGMP levels are reduced in cancer cells and tissues compared to their normal counterparts (8, 9). 

In the last ten years, overexpression of PDE5 has been described in multiple human carcinomas, 

including bladder, lung and breast cancers (10-13). The increased expression of PDE5 in human 

malignancies coupled with the efficacy and high tolerability profiles of PDE5 inhibitors (i.e. 

sildenafil and vardenafil) in the treatment of erectile dysfunction and pulmonary hypertension have 

led to an increased interest in investigating PDE5-targeted drugs in cancer management (14, 15). 

Indeed, several in vitro observations have shown anti-proliferative and pro-apoptotic effects of 
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PDE5 inhibitors in cancer cell lines, as those of the breast (13, 14, 16, 17). Another PDE5 inhibitor, 

the nonsteroidal anti-inflammatory drug exisulinid inhibited growth and induced apoptosis in 

human tumor cells through cGMP elevation and PKG activation (12, 18, 19). PDE5 inhibitors also 

increased the efficacy of chemotherapy agents in cancer models (20). Recently, it has been reported 

that modulation of host immune response represents an additional mechanism by which PDE5 

inhibitors may block tumor progression (21). However, despite these studies, neither the expression 

of PDE5 in breast cancer cell lines and tissues nor the underlying regulatory molecular mechanisms 

by which PDE5 expression may contribute to breast cancer progression have been deeply studied. 

Being PDE5 a well-characterized druggable target, in this study we propose to examine PDE5’s 

impact on breast cancer phenotype in vitro, as well as to assess its clinical relevance in breast cancer 

patients.  

 

Materials and Methods 

Reagents, antibodies and plasmids  

Sildenafil and Y-27632 were from Sigma; PDE5A/p-c-MycThr58/Ser62/c-Myc/p-IκB-αSer32/36/IκB-

α/NF-kBp65/Laminb/GAPDH antibodies from Santa Cruz Biotechnology; RhoA-C/Cdc42/Rac1-3 

from Life Technologies; Cofilin activation and Myosin Light Chain 2 antibody sampler kits from 

Cell Signaling. pEGFP-C1 vector and the fusion protein expression vector pEGFP-PDE5A were 

kindly provided by Dr F. Barbagallo (Sapienza University, Rome-Italy). Scrambled and 4 unique 

29mer PDE5A shRNA constructs in pGFP-C-shLenti vector were from Origene.  

 

Cell culture 

MCF-7/T47D/ZR-75/SKBR3/BT-20 and MDA-MB-468/MDA-MB-435 breast cancer cell lines 

were from American-Type-Culture-Collection and Interlab-Cell-Line-Collection, respectively. All 

cell lines, stored and authenticated following suppliers, were used within six-months after frozen-
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aliquot resuscitations and regularly tested for Mycoplasma-negativity (MycoAlert, Lonza). To 

generate PDE5A-overexpressing MCF-7 cells, cells were transfected with pEGFP-PDE5A vector 

using Fugene6 reagent (Promega). Stable clones were selected with G418 antibiotic (1mg/ml, Life 

Technologies), and positive clones were identified using fluorescence microscopy and immunoblot 

analysis. 

 

Transient transfection 

For overexpression studies, T47D cells were transfected with pEGFP-C1 or pEGFP-PDE5A 

vectors and for gene silencing, MDA-MB-468 cells with scrambled or PDE5A shRNA constructs 

using Fugene6. After 48h, cells were harvested and used in different experimental procedures. 

 

RT-PCR assays 

PDE5 and 36B4 gene expression were evaluated by reverse transcription (RT)-PCR method as 

described (22). Primers: forward 5’-ACTTGCATTGCTGATTGCTG-3’ and reverse 5’-

TTGAATAGGCCAGGGTTTTG-3’ (PDE5A); forward 5’-CAAATCCCATATCCTCGTCC-3’ and 

reverse 5’-CTCAACATCTCCCCCTTCTC-3’ (36B4). 

 

Immunoblot analysis 

Cell extracts were resolved by SDS-PAGE, as described (22). Immunoblots show a single 

representative of three-separate experiments. 

 

Fluorescence microscopy 

Cells were fixed with 4% paraformaldehyde and permeabilized with PBS+0.2% Triton X-100. 

4’,6-Diamidino-2-phenylindole (DAPI, Sigma) was used for nuclei detection. Fluorescence was 

photographed with OLYMPUS-BX51 microscope, 100X-magnification. 
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MTT cell proliferation assays  

Three days after seeding, cell proliferation was assessed using 3-[4,5-Dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide reagent/MTT (Sigma) and expressed as fold change relative to empty 

vector-transfected cells. Data represent three-independent experiments, performed in triplicate. 

 

Wound-healing assays 

Cell monolayers were scraped and subjected to various experimental conditions. Wound closure 

was monitored over 24h, cells were fixed and stained with Comassie-Brillant-Blue. Pictures 

represent one of three-independent experiments (10X-magnification, phase-contrast microscopy). 

 

Transmigration assays 

Cells under the various experimental conditions were placed in upper compartments of Boyden-

chambers (8µm-membranes, Corning). Bottom well contained regular-growth media. After 24h, 

migrated cells were fixed and stained with DAPI. Migration was quantified by viewing five-

separate fields/membrane (OLYMPUS-BX51 microscope, 10X-magnification) and expressed as 

mean numbers of migrated cells. Data represent three-independent experiments, assayed in 

triplicate. 

 

Invasion assays 

Matrigel-based invasion assay was performed in Boyden-chambers (8µm-membranes) coated 

with Matrigel (BD Bioscences, 0.4µg/ml), as described (23). After 24h, invaded cells were 

quantified as reported for transmigration assays.  

 

RNA library preparation and sequencing 

Total RNA was extracted from vector- and PDE5-expressing cells and libraries were prepared 

and sequenced as described in supplementary information. 
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Rho GTPase activation assays 

Rho GTPases activation was determined by active Rho and Cdc42 pull-down and detection kits, 

following manufacturers (Life Technologies).  

 

Phalloidin staining  

Polymerized actin stress fibers were stained with Alexa Fluor 568-conjugated phalloidin, 

following manufacturers (Life Technologies). Cell nuclei were counterstained with DAPI. 

OLYMPUS-BX51 microscope (100X-magnification) was used for imaging. 

 

Patients and tissue specimens 

A total of 35 primary breast carcinomas and three non-neoplastic breast tissues were analyzed in 

this study. These carcinomas were obtained from patients who had undergone initial surgery and 

signed informed consent between 2012-2014 at Annunziata Hospital (Cosenza, Italy). The patients' 

age at diagnosis varied from 33 to 85 years (mean, 60.6 years; median, 57 years). Characteristics of 

the patient cohort are reported in Supplementary Table 1. Fresh tissues were formalin-

fixed/paraffin-embedded after surgical removal. Sections were stained with H&E to select samples 

consisting of at least 50% tumor cells and to establish the histologic type and grade (Supplementary 

Table 1). The clinical investigation conformed the Declaration of Helsinki of 1975 and was 

approved by ethics and institutional human subjects committees at Annunziata Hospital. 

 

Classification of molecular subtypes 

In breast cancer, immunohistochemistry has been used as a surrogate for molecular classification by 

gene expression profiling in large population-based studies, showing an acceptable level of 

accuracy for determining molecular phenotypes (24-26). Breast subtype classification is described 

in supplementary information. 
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Immunohistochemical analysis 

PDE5A expression in non-neoplastic and neoplastic breast tissues was detected as described in 

supplementary information. 

 

Database setup for retrospective study 

The entire database contains 1988 patients (average overall survival: 8.07 years, ER-positive 

patients: 76%, lymphnode-positive patients: 47.3%). Illumina gene-chips published by the 

Metabric-consortia were downloaded from the EGA repository (27). The raw gene-chip data were 

imported into R and summarized using beadarray package (28). Quantile normalization was 

performed using preprocessCore package (29).  

 

Statistical analysis  

Data were analyzed for statistical significance using two-tailed student’s Test, GraphPad-Prism4. 

Standard deviations/S.D. are shown. For RNA sequencing bioinformatics analysis, sequencing 

reads (50-60 million reads/sample on average) were trimmed, quality filtered and aligned, including 

junction-spanning reads back, to the human genome hg19 (Homo sapiens Ensembl GRCh37) using 

Tophat v.2.0.10 (30).  HTSeq (31) was used to compute read counts across each gene, which were 

then used as input to R package DESeq2 (32). DESeq2 was used to normalize read counts for 

library size and dispersion followed by tests for differential gene expression. Significant 

differentially expressed genes were determined using false discovery rate (FDR) cutoff ≤ 0.05 and 

at least 1.5-fold change between conditions. Functional analyses were performed with Ingenuity 

Pathway Analysis suit (Ingenuity Systems). For immunohistochemistry, the correlations between 

PDE5 and grading/ER/PR/HER2 status were examined with Mann-Whitney-U test, between PDE5 

and breast cancer subtypes by Kruskal-Wallis test (GraphPad-Prism4). Kaplan-Meier survival plot, 

hazard ratio with 95% confidence intervals and logrank P value were calculated and plotted in R as 
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described (33). Cox proportional hazard regression was computed to compare the association 

between gene expression, clinical variables including ER/HER2/lymphnode status and survival in 

multivariate analysis using WinSTAT 2014 for Microsoft Excel (Robert Fitch Software). Statistical 

significance was set at p<0.05. 

 

Results  

PDE5 expression varies among different breast cancer cell subtypes. 

On the basis of gene expression signatures in breast cancer patients, researchers have currently 

identified at least four major molecular and clinically distinct subtypes of neoplasm: Luminal A 

(ER-positive) and B (ER-positive/HER2-enriched), HER2-positive and basal-like (34, 35). Thus, 

we first aimed to evaluate mRNA and protein expression levels of PDE5 in breast cancer cell lines 

of different molecular subtypes (n=7) (36, 37) by RT-PCR and immunoblot analyses. As shown in 

Fig. 1A and B, PDE5 expression was detected at very low levels in luminal A-type (MCF-7/T47D) 

breast cancer cells. Luminal B-like (ZR-75) cells exhibited a modest induction in PDE5 expression 

in respect with Luminal A-like cells. Notably, higher PDE5 levels were observed in HER2-

overexpressing (SKBR3) and basal-like (BT-20/MDA-MB-468/MDA-MB-435) breast cancer cells. 

These results may suggest that high PDE5 expression may be associated with more aggressive 

breast cancer phenotypes. 

 

PDE5 overexpression affects motility and invasion of MCF-7 breast cancer cells.  

In order to explore PDE5’s role in breast cancer growth and progression, a breast tumor cell line 

that expresses the lowest levels of this enzyme, MCF-7, was chosen to generate breast cancer in 

vitro models exhibiting forced PDE5 overexpression. For direct visualization of PDE5 cellular 

location, the corresponding cDNA was cloned in frame with enhanced-green-fluorescent-protein 

(EGFP) in the mammalian expression vector pEGFP-C1 and stable clones were screened using 
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fluorescence microscopy (Fig. 1C). Parental MCF-7 breast cancer cells are shown along with one 

clone stably expressing EGFP (MCF-7 e.v.) and three clones expressing cytoplasmic EGFP-PDE5 

(PDE5 1/2/3). This was further evaluated by immunoblotting detection, showing the presence of an 

exogenous PDE5 band (EGFP-tagged, ~125 kDa) in protein extracts from PDE5-overexpressing 

cells (Fig. 1D).  We used these experimental models to first investigate whether PDE5 

overexpression may cause any changes in cellular phenotypes, including proliferation, migration, 

and invasion. Anchorage-dependent growth assays revealed a slight, but significant increase in cell 

proliferation in all three PDE5 clones compared to vector-expressing cells (Fig. 1E). We then 

evaluated the ability of PDE5 overexpression to influence cell migration in wound-healing scratch 

assays and found that PDE5-expressing cells moved the farthest in either direction to close the gap 

compared with vector-expressing cells (Fig. 1F). Given the evident enhancement of motility in 

PDE5-overexpressing cells, the capacity of cells to migrate across uncoated membrane in 

transmigration assays or invade an artificial basement membrane Matrigel in invasion assays was 

tested. Although vector-expressing cells exhibited little motile and no invasive behavior in vitro, 

our data clearly showed that PDE5 overexpression significantly increased both motility and 

invasion of MCF-7 cells (Fig. 1G and H).  

To evaluate the effects of PDE5 inhibition on breast tumor cell migratory and invasive 

properties, cells were treated with the specific PDE5 inhibitor sildenafil (Fig. 2A-C). We found that 

sildenafil treatment was able to completely restore in PDE5 1/2/3 clones the less motile and weak 

invasive behavior similar to that of control MCF-7 e.v. cells. Interestingly, although at less extent, 

sildenafil caused a significant decrease in motility and invasion of vector-expressing cells (by 73% 

and 65%, respectively). This may suggest that PDE5 activity is required for controlling migration 

and invasion processes also of malignant breast epithelial cells expressing low levels of the enzyme.  

 

Role of PDE5 in motility and invasion of T47D and MDA-MD-468 breast cancer cells.  
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To extend the results obtained, we transfected vector and PDE5-expression plasmids in T47D 

luminal A-like breast cancer cells (Fig. 3A). As previously shown for MCF-7 cells, we found a 

significant increase in both migratory and invasive cell potential when PDE5 was overexpressed 

and treatment with the selective PDE5 inhibitor sildenafil completely abrogated these effects (Fig. 

3B and C). Again, PDE5 inhibition was associated with a significant reduction of motility and 

invasion also in vector-expressing cells (Fig. 3B and C). In addition, as a third confirmatory model 

we silenced PDE5 expression in MDA-MB-468 breast cancer cells, that express high levels of 

PDE5 compared to MCF-7 and T47D cells (Fig. 3D). Motility and invasion were significantly 

reduced in PDE5sh-transfected cells compared to control shRNA-transfected cells (Fig. 3E and F). 

Thus, PDE5 may be an important determinant of breast tumor cell motility and invasion. 

 

PDE5-overexpressing cells exhibit increased Rho GTPase activation. 

To gain insights into the biological properties of the highly migratory and invasive PDE5-

expressing breast cancer cells, quantitative transcriptome profiling of vector- and PDE5-

overexpressing MCF-7 cells was carried out by RNA-sequencing analysis. Comparison of the 

whole transcriptome of the two cell models revealed 4425 differentially expressed genes 

(FDR<0.05), of which 611 were up-regulated and 468 were down-regulated in response to PDE5 

overexpression (fold change≥1.5, Supplementary Table 2). These genes were next subjected to 

Ingenuity Pathway Analysis (IPA) to rank enriched biological processes (Fig. 4A), and to calculate 

the activation z-score of molecular and cellular functions and pathways (Fig. 4B and C). In line with 

our previous experiments, cellular movement was the most significantly overrepresented biological 

process in PDE5-expressing cells. In addition, many differentially-expressed genes were involved 

in cell death and survival, cell-to-cell signaling and interaction, cell growth and proliferation, 

cellular development, thus concurring to identify the five top enriched functional categories in 

PDE5 clones (Fig. 4A). Interestingly, analyzing the functions involving differentially-expressed 

genes, migration of cells and cell movement resulted to be highly activated by PDE5 
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overexpression (Fig. 4B). Then, considering the most affected pathways by PDE5 overexpression, 

we found marked changes in the activity of Rho GTPase family, with RhoA, Cdc42 and Rac 

signalings showing activation z-score of 1.9, 1.342, and 0.302, respectively (Fig. 4C). The predicted 

activation of these canonical pathways was confirmed using molecule activity predictor analysis of 

IPA (Fig. 4D and Supplementary Fig. 1). An enriched Rho GTPases signaling profile is consistent 

with the enhanced migration and invasion capabilities of PDE5-expressing cells, as these proteins 

are known to govern cell cytoskeleton organization, migration, and metastasis dissemination (38). 

To validate the gene expression profile identified by RNA sequencing, we compared expression and 

activation of Rho family of GTPases in vector and PDE5 clones. Increased protein levels of Rho A-

C, Cdc42 and Rac 1-3 (Fig. 5A, input panel) along with increased levels of activated forms (Fig. 

5A, GTP-bound panel) were detected in PDE5-overexpressing cells. In the GTP-bound form, these 

proteins are able to interact with effector molecules (i.e. mainly the Rho kinase ROCK and the p21-

activated kinase PAK1) to induce phosphorylation of LIM Kinase (LIMK), which is able to inhibit 

(by phosphorylation) Cofilin, leading to stabilization of filamentous actin structures (39). ROCK 

has also been shown to phosphorylate the regulatory Myosin Light Chain (MLC), which enhances 

its binding to F-actin (40). Consistent with increased Rho GTPase activation, the levels of 

phosphorylated LIMK, Cofilin and MLC are greatly increased in PDE5 clones compared to e.v. 

cells (Fig. 5B and C). Among other downstream targets of Rho signaling, c-Myc and NF-κB are 

important for cell motility and invasion (39, 41, 42). In PDE5-overespressing cells, we detected 

elevated levels of the activated form of c-Myc (phospho c-Myc), whereas we did not observe NF-

κB activation, as evidenced by no changes in phosphorylation of the inhibitor of NF-κB IκBα as 

well as in NF-κB nuclear translocation (Supplementary Fig. 2). To further investigate the role of 

Rho GTPases activation on cytoskeletal organization in our model systems, we evaluated the 

formation of stress fibers, since they provide the contractile force required for motility (Fig. 5D). In 

vector-expressing cells, actin filament remained diffusely distributed in the cytoplasm; while 

overexpression of PDE5 resulted in visible stress fibers. According to these results, treatment with 
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the selective ROCK inhibitor Y-27632 was able to significantly reduce both migration and invasion 

of PDE5 clones (Fig. 5E and F). Collectively, our data strongly suggest that the molecular and 

cellular functions identified with IPA are biologically relevant and PDE5 may regulate motility and 

invasion through activation of the Rho family of GTPases. 

 

PDE5 expression in human breast cancers. 

To evaluate the clinical significance of PDE5 in human breast tumors, we analyzed its 

expression levels in patient-derived tissues (n=35) by immunohistochemistry analysis. The 

characteristics of all patients are listed in Supplementary Table 1. We found that ~85% of cases 

showed cytoplasmic staining for PDE5 in cancer cells. Interestingly, ER/PR-positive tumors 

exhibited weak (n=5) or intermediate (n=15) PDE5 staining, while the strongest staining intensity 

was observed among HER2-positive or triple negative (TN) samples (n=15). In contrast, in non-

neoplastic (NN) breast tissues (n=3), a weak to missing PDE5 expression was detected in the 

cytoplasm. Representative images of PDE5 staining patterns are shown in Figure 6A. Accordingly, 

PDE5 expression had a significant inverse correlation with ER and PR status (Fig. 6B and C) and a 

significant positive correlation with HER2 status (Fig. 6D). Of note, as the staining intensity of 

PDE5 increases, grading of cancer cells also tended to increase (p = 0.001), indicating that the 

higher expression of PDE5 might be related with a higher malignancy phenotype.  

We then correlated PDE5 expression with the different subtypes of breast carcinoma and found 

that its cytoplasmic expression was significantly different among the four molecular subtypes (Fig. 

6E). In particular, in HER2 and triple-negative subtypes, PDE5 expression was the highest, 

followed by the luminal B-type and the luminal A-type, that showed the lowest percentage of cells 

with PDE5 expression. Since HER2 and TN types are correlated with a generally more aggressive 

tumor phenotype and poorer prognosis (26), these results suggest that PDE5 overexpression may be 

correlated with poor prognosis. 
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High levels of PDE5 are associated with shorter survival in breast cancer patients. 

To strengthen the results obtained in human breast tumor tissues, we conducted retrospective 

analyses of the correlation between PDE5 expression and survival in patients with breast cancer. In 

the univariate analysis, the Kaplan-Meier overall survival (OS) curve obtained from a cohort of 

1988 patients indicated that increased expression levels of PDE5 are associated with a statistically 

significant shorter OS when compared to those tumors expressing low levels of PDE5 (p=0.014, 

HR=1.2, Fig. 6F). Interestingly, significant difference could also be observed between OS for ER-

positive patients having high or low PDE5 levels (p=7.4E-04, HR=1.4, Fig. 6G), suggesting a role 

for PDE5 in predicting disease progression in ER-positive tumors that according to 

immunohistochemistry may have lower levels of the enzyme compared to ER-negative ones. In 

addition, PDE5 retained its significance when performing a multivariate analysis including PDE5 

expression, ER, HER2 and lymphnode status in the entire database (PDE5: p=6.6E-03, HR=1.24, 

ER status: p=6.6E-05, HR=0.69, HER2 status: p=1E-05, HR=1.6, lymph node status: p=1.1E-06, 

HR=2.24). Therefore, high levels of PDE5 expression may independently predict poor outcome 

among breast cancer patients.   

 

Discussion 

Despite vast improvement in the overall survival rate of breast cancer patients, advanced 

metastatic disease remains a life-threatening stage of cancer. One of the major challenges in 

mammary cancer research is to identify key proteins that are directly involved in pathways 

promoting tumorigenesis and tissue invasion. These proteins can then be explored as early markers 

for invasive tumors as well as potential targets for the development of therapeutic strategies aimed 

at controlling and curing malignant disease. In this report, we show that phosphodiesterase type 5 

(PDE5) is differentially expressed in human breast cancer subtypes, with a significant positive 

correlation with tumor grading. Importantly, high PDE5 levels predict a worse prognosis for 
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patients at 8-year median follow-up. In experimental breast cancer models, PDE5 overexpression 

increased motile and invasive properties of cells through activation of the Rho family of GTPases, 

highlighting the potential benefit of therapeutic targeting PDE5.  

Breast cancer is a complex and highly heterogeneous disease due to its diverse morphological 

features, variable clinical outcomes and disparate therapeutic responses. By using hierarchical 

clustering analysis of gene expression profiling, Perou et al. were able to identify molecularly-

defined and clinically-distinct classes of breast cancer (Luminal, HER2-enriched, basal-like and 

normal-like) (34, 35). Due to the prognostic and predictive values of this molecular classification in 

clinical setting, attempts have been made to identify surrogate markers that would allow subtype 

identification using the more familiar immunohistochemical approach. Accordingly, the combined 

evaluation of histopathological grade and immunohistochemical parameters (ER/PR/HER2) would 

approximate the molecular classification of Luminal A, Luminal B, HER2-enriched and triple-

negative breast cancers (24-26). Despite the lack of complete overlapping, the panelists of the last 

St. Gallen Consensus have endorsed the use of the immunohistochemical assays to identify breast 

cancer subtypes and allow the physicians to tailor properly the systemic interventions (43). Here, 

we found a significant increase in PDE5 expression in breast tumors when compared to non-

neoplastic breast tissues. Although ~85% of the tumor entities examined showed cytoplasmic 

staining for PDE5, our results clearly indicate that PDE5 is differentially expressed between each 

molecular breast cancer subset. In particular, the lowest expression of this enzyme is detected in the 

more favorable Luminal A subtypes of breast tumors, whereas its overexpression is closely related 

to breast cancers of high histological grade including triple-negative and HER2-positive molecular 

subtypes. Accordingly, PDE5 levels have a negative correlation with hormone receptor status, and a 

positive one with HER2 status and tumor grading. The clinical significance of PDE5 overexpression 

is strongly supported by its significant association with a shorter overall survival time in 

retrospective studies. This association is also significant in patients with ER-positive diseases, 

advocating the utility of PDE5 as a predictor of breast cancer prognosis in ER-positive tumors that 
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immunohistochemically may have lower PDE5 levels compared to ER-negative ones. In line with 

findings on patients, PDE5 expression also varies among different breast cancer cell line models. 

Taken together, our results suggest that the differential expression of PDE5 may contribute to breast 

cancer heterogeneity and, being PDE5 a known druggable target, it could help to integrate subsets 

of aggressive breast cancer into clinically meaningful subtypes.  

At the present time, the selective PDE5 inhibitors sildenafil (Viagra and Revatio-Pfizer) and 

tadalafil (Cialis-Eli Lilly; Adcirca-United Therapeutics) have Food and Drug Administration 

approval for the treatment of erectile dysfunction (ED) as well as pulmonary artery hypertension; 

whereas vardenafil (Levitra and Vivanza-Bayer) and avanafil (Stendra-Vivus) are approved only for 

ED. However, due to their favorable toxicity profile (44), these agents are being investigated in a 

wide range of other potential medical and surgical applications, including neurological and 

cardiovascular disorders, transplant and reconstructive surgery, and several clinical trials are 

currently in progress (15) (htpp://www.clinicaltrials.gov). In the last ten years, various PDE5 

inhibitors have been also reported to inhibit growth and induce apoptosis in many cancer cell lines, 

without affecting normal epithelial cells (12-14, 16, 18, 19). Recently, two reports have suggested a 

role for PDE5 inhibition in influencing cancer cell motility (17, 45).  Indeed, tadalafil and sildenafil 

reduced the capacity of thyroid cancer cells to migrate at lower doses than those used to block 

proliferation (17). Similarly, down-regulation of PDE5 in the aggressive human breast cancer cell 

line MDA-MB-231T resulted in no difference in cell proliferation and reduced motility in vitro and 

in vivo (45). Here, we show that genetic and pharmacological inhibition of PDE5 significantly 

decreases migration and invasion of different human breast cancer cell lines. In contrast, 

overexpression of PDE5 strongly increases motility and invasion of MCF-7 cells and sildenafil 

treatment completely restores in PDE5 stable clones the less motile and weak invasive behavior 

similar to that of control cells. Interestingly, although at less extent, a reduction of migration and 

invasion was observed after treatment with sildenafil also in vector cells, expressing lower levels of 

the enzyme, further highlighting a role for PDE5 in controlling migration and invasion processes of 
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malignant breast epithelial cells. Increased formation of actin stress fibers and enhanced 

contractility are common features of motile cells in 2D culture conditions (46). Indeed, 

immunofluorescent staining of polymerized actin (F-actin) reveals an induced formation of stress 

fibers in cells bearing PDE5 overexpression. Accordingly, ingenuity pathway analysis on PDE5 

modulated genes by RNA-sequencing highlights cellular movement as the most significantly 

represented biological process. Moreover, most of the genes differentially regulated by PDE5 

overexpression are significantly involved in migration of cells. Taken together, these results 

indicate that PDE5 may be important for sustaining malignant motile and invasive behavior of 

breast cancers.   

The acquisition of a remodeled cytoskeleton and a motile phenotype are important steps in tissue 

invasion and metastasis establishment, and the Rho family of GTP-binding proteins have been 

reported to mediate these processes . Although at least 20 Rho family proteins have been identified 

in humans, the most widely characterized molecules for their effects on cell migration are Rho A-C, 

which regulate stress fibers and focal adhesion formation, and Rac 1-3 and Cdc42, which control 

membrane ruffling, and filopodium formation (38). In the GTP-bound form, these proteins are able 

to interact with effector molecules to regulate actin cytoskeleton assembly and organization through 

phosphorylation of specific substrates, such as Cofilin or Myosin Light Chain, as well as to 

modulate a variety of other biochemical signalings involved in cell transformation and metastasis, 

including the c-Myc pathway (39-41). In breast tumors, Rho expression and/or activity are 

frequently increased (47). On the other hand, a complex signaling interplay between cGMP and Rho 

GTPase pathways has been described. For instance, cGMP-PKG cascade inhibits RhoA in various 

cell types (48, 49). Similarly, vardenafil prevents RhoA membrane translocation/activation, and 

decreases activity of its downstream effector ROCK in human bladder smooth muscle cells, 

inhibiting endothelin-1-induced migration (50). On the molecular level, increased levels of total and 

activated Rho A-C, Cdc42 and Rac 1-3 are detected in PDE5-overexpressing cells compared with 

vector cells. Phosphorylation levels of Rho GTPase downstream targets, including LIM Kinase, 



19 
 

Cofillin, Myosin Light Chain and c-Myc, are also greatly increased in PDE5 clones compared to 

vector cells. Moreover, transcriptome analysis identifies an enriched Rho GTPase signaling profile 

in PDE5-overexpressing cells. Consistent with these findings, a selective ROCK inhibitor 

significantly reduces both migration and invasion of PDE5 clones.  

In conclusion, results of this study highlight a novel role for PDE5 in controlling malignant 

breast epithelial cell behavior and provide the first indications for the clinical relevance of this 

enzyme in human breast cancers. Since PDE5 overexpression greatly enhances the invasive 

potential of breast cancer cells and reduces survival in patients, it is tempting to speculate that this 

enzyme may represent a novel prognostic biomarker candidate. In addition, having already 

addressed the delivery, stability and toxicity issues of PDE5 inhibitors in other diseases, our 

findings may offer promising insights into future cancer treatments by providing the rationale to 

implement safer and more efficacious drugs in the adjuvant therapy for improving clinical care and 

reducing mortality from breast cancer. This may assume particular significance in triple-negative 

breast cancers in which PDE5 may be an attractive target. Based on these observations, it is evident 

that the impact of PDE5 in the prediction of the risk, and the treatment of breast cancer patients 

deserves further attention.  
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Figures Legends 

  

Figure 1. Impact of PDE5 overexpression on breast cancer cell proliferation, motility and 

invasion. A, RT-PCR analysis for PDE5 and 36B4 (internal standard) mRNA levels in Luminal A-

type (MCF-7/T47D), Luminal B-like (ZR-75), HER2-overexpressing (SKBR3) and basal-like (BT-

20/MDA-MB-468/MDA-MB-435) breast cancer cells. B, Immunoblotting for PDE5 expression in 

indicated cells. GAPDH, control for loading. C, Fluorescence-microscopic analysis to visualize 

EGFP-fluorescence in MCF-7 cells stably transfected with pEGFP-C1 (e.v.) or fusion protein 

expression pEGFP-PDE5A vectors (PDE5 1/2/3). MCF-7 cells, negative control. Insets: DAPI, 

nuclear staining. D, Immunoblotting showing EGFP-PDE5 expression in e.v. and PDE5 1/2/3 

MCF-7 cells. GAPDH, control for loading. MTT growth (E), wound-healing (F, insets: time 0), 

transmigration (G) and invasion (H) assays in cells under basal nonstimulated conditions. *P<0.05, 

**P<0.005. 

 

Figure 2. Effects of sildenafil on motility and invasion of PDE5-overexpressing MCF-7 breast 

cancer cells. Wound-healing (A, insets: time 0), transmigration (B) and invasion (C) assays in cells 

treated with vehicle (-) or sildenafil (Sild, 10µM). *P<0.05, **P<0.005, ***P<0.0005. 

 

Figure 3. Influence of PDE5 on motility and invasion of T47D and MDA-MB-468 breast 

cancer cells. A, RT-PCR (upper panel) and immunoblot (lower panel) analyses for PDE5 

expression in vector (e.v.) and PDE5-expressing T47D cells. 36B4, internal standard. GAPDH, 

control for loading. Transmigration (B) and invasion (C) assays in cells treated with vehicle (-) or 

sildenafil (Sild, 10µM). D, RT-PCR (upper panel) and immunoblot (lower panel) analyses for 

PDE5 expression in MDA-MB-468 cells transfected with control scrambled-shRNA (CTRLsh) and 

PDE5 shRNA (PDE5sh) constructs. 36B4, internal standard. GAPDH, control for loading. 
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Transmigration (E) and invasion (F) assays in CTRLsh and PDE5sh transfected MDA-MB-468 

cells. **P<0.005. 

 

Figure 4. Biological processes, functions and pathways identified from RNA sequencing data in 

PDE5-overexpressing MCF-7 cells. Ingenuity Pathway Analysis (IPA) used to identify biological 

processes significantly associated with differentially-expressed genes (A) and to calculate activation 

z-score of biological functions (B) and pathways (C). D, Predicted activation of RhoA signaling 

pathway by molecule activity predictor analysis of IPA in PDE5-overexpressing versus vector-

transfected MCF-7 cells.  

 

Figure 5. Rho GTPase activation in PDE5-overexpressing cells. A, Input panel, 

immunoblotting for Rho A-C, Cdc42 and Rac 1-3 expression. GTP-bound panel, activation assays 

of Rho A-C, Cdc42 and Rac 1-3. Immunoblotting showing phosphorylated LIM Kinase 

(pLIMK1Thr508/pLIMK2Thr505), Cofilin (p-CofilinSer3) (B), Myosin Light Chain (pMLCThr18/Ser19) (C) 

and total proteins from whole-cell lysates. GAPDH, control for loading. D, Phalloidin staining of F-

actin (stress fibers, red). DAPI, nuclear staining.  Insets: Stress fibers with higher resolution. 

Transmigration (E) and invasion (F) assays in cells treated with vehicle (-) or ROCK inhibitor (Y-

27632, 10µM). *P<0.05, **P<0.005, ***P<0.0005. 

 

Figure 6. Role of PDE5 in breast cancer patients. A, Immunohistochemical detection of PDE5 

expression in nonneoplastic breast tissues (NN), ER/PR-positive (+), HER2-overexpressing (HER2) 

and triple–negative (TN) breast cancer tissues. Representative fields were photographed at 20X-

magnification (insets: details of PDE5 subcellular localization). PDE5 immunohistochemical 

expression was correlated to ER (B), PR (C), HER2 (D) status or molecular subtypes (E) of breast 

cancer patients. Kaplan-Meier survival analysis relating PDE5 levels and overall survival in all 

patients (F) or in patients with ER-positive breast cancers (G). 
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ABSTRACT
Breast cancer stem cells (BCSCs) play crucial roles in tumor initiation, metastasis 

and therapeutic resistance. A strict dependency between BCSCs and stromal cell 
components of tumor microenvironment exists. Thus, novel therapeutic strategies 
aimed to target the crosstalk between activated microenvironment and BCSCs have 
the potential to improve clinical outcome. Here, we investigated how leptin, as a 
mediator of tumor-stromal interactions, may affect BCSC activity using patient-
derived samples (n = 16) and breast cancer cell lines, and determined the potential 
benefit of targeting leptin signaling in these model systems. Conditioned media (CM) 
from cancer-associated fibroblasts and breast adipocytes significantly increased 
mammosphere formation in breast cancer cells and depletion of leptin from CM 
completely abrogated this effect. Mammosphere cultures exhibited increased leptin 
receptor (OBR) expression and leptin exposure enhanced mammosphere formation. 
Microarray analyses revealed a similar expression profile of genes involved in stem 
cell biology among mammospheres treated with CM and leptin. Interestingly, leptin 
increased mammosphere formation in metastatic breast cancers and expression of 
OBR as well as HSP90, a target of leptin signaling, were directly correlated with 
mammosphere formation in metastatic samples (r = 0.68/p = 0.05; r = 0.71/p = 
0.036, respectively). Kaplan–Meier survival curves indicated that OBR and HSP90 
expression were associated with reduced overall survival in breast cancer patients 
(HR = 1.9/p = 0.022; HR = 2.2/p = 0.00017, respectively). Furthermore, blocking 
leptin signaling by using a full leptin receptor antagonist significantly reduced 
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mammosphere formation in breast cancer cell lines and patient-derived samples. 
Our results suggest that leptin/leptin receptor signaling may represent a potential 
therapeutic target that can block the stromal-tumor interactions driving BCSC-
mediated disease progression.

INTRODUCTION

Carcinoma of the breast is the most common 
malignancy and the leading cause of cancer-related 
death in women worldwide [1]. Despite improvements in 
diagnosis and treatment, metastatic or recurrent disease 
and resistance to therapy remain the principal causes of 
death for breast cancer patients.

In the last years, multiple reports have shown that 
a subpopulation of cancer cells displaying stem cell 
properties and named as cancer stem cells (CSCs) plays 
a crucial role in sustaining tumor growth and progression. 
These cells are characterized by their ability to undergo 
self-renewal, a process that drives tumorigenesis, and 
to differentiate into the non-self-renewing cells forming 
the tumor bulk [2, 3]. From a clinical point of view, the 
main concern with CSCs is related to their resistance to 
conventional treatments (e.g. endocrine-, chemo- and 
radio-therapy), a feature that might be the underlying 
cause of tumor recurrence and metastases [4–6]. Similar 
to embryonic and somatic stem cells, the self-renewal 
and differentiation of CSCs are regulated by both 
intrinsic and extrinsic pathways whose dysregulation 
may be a key event initiating carcinogenesis. Among 
the intrinsic pathways, an important role is displayed by 
developmental signals such as Wnt, Hedgehog, Janus 
kinase 2-signal transducer and activator of transcription 
3 (JAK2-STAT3) and Notch pathways that are frequently 
deranged in cancers [7]. Extrinsic signals that regulate 
stem cell behaviour originate in the surrounding stem 
cell microenvironment, termed as cancer stem niche. 
This niche contains a number of cell types, including 
mesenchymal stem cells (MSCs), cancer-associated 
fibroblasts (CAFs), adipocytes, endothelial and immune 
cells, all of which, through networks of cytokines and 
growth factors, have been shown to influence tumor 
growth and metastasis [8]. Thus, strategies aimed to 
specifically target the interaction between CSCs and their 
microenvironment may represent an important approach to 
improve patient outcome.

Adipocytes and CAFs are the major components 
in breast cancer microenvironment, and along with their 
secreted factors represent key players in stroma-epithelial 
cell interactions. As an important paracrine mediator, the 
adipocyte-derived cytokine leptin, that we have recently 
demonstrated to be also secreted by CAFs [9], has been 
correlated with breast cancer occurrence. Leptin exerts its 
biologic function through binding to its receptor (OBR) 
which activates multiple downstream signaling pathways 
such as those involving JAK2-STAT3, mitogen-activated 
protein kinase (MAPK), and phosphatidylinositol 3-kinase/

protein kinase B (PI3K/AKT) [10]. Leptin and both short 
and long OBR isoforms are overexpressed in breast cancer, 
especially in higher grade tumors and are associated 
with distant metastases [11, 12]. It has been extensively 
demonstrated that this cytokine, acting in an autocrine, 
endocrine and paracrine manner, may modulate many 
aspects of breast tumorigenesis from initiation and primary 
tumor growth to metastatic progression [13–15]. Besides, 
crosstalk with other different signaling molecules such 
as estrogens, growth factors and inflammatory cytokines 
further increases leptin impact on breast tumor progression 
[16–21]. Moreover, leptin is able to shape the tumor 
microenvironment within the mammary gland by inducing 
multiple concurrent events such as migration of endothelial 
cells, angiogenesis and recruitment of macrophages and 
monocytes [13–15, 22]. Interestingly, recent studies have 
also reported that leptin signaling may be involved in the 
promotion of CSC phenotype [23–25] and that inhibition of 
STAT3 suppresses leptin-induced CSC activity and cancer 
progression in diet-induced obese rats [26].

The aim of the current study was to evaluate the role 
of leptin, as a mediator of the tumor-stroma interaction, 
in regulating breast CSC activity using breast cancer cell 
lines and patient-derived breast cancer cells isolated from 
metastatic ascites and pleural effusions. Particularly, we 
investigated: i) the impact of CAFs and adipocytes isolated 
from stromal breast tissues on mammosphere formation 
and self-renewal in breast cancer cells; ii) the specific 
role of leptin and its receptor in influencing breast CSC 
phenotype in the context of the tumor microenvironment; 
iii) the effect of inhibiting leptin signaling as potential 
therapeutic target to reduce breast CSC activity in in vitro 
and ex vivo models.

RESULTS

CAFs and adipocytes induce mammosphere 
formation in breast cancer cells through leptin 
secretion

To assess the ability of stromal cells to affect CSC 
activity in breast cancer cells we performed co-culture 
experiments. As experimental models for breast CSCs 
(BCSCs), we used estrogen receptor (ER)-α-positive 
MCF-7 cells grown as mammospheres. This culture 
system has been used to characterize, enrich and propagate 
breast cancer cells with stem-like phenotype, relying on 
the feature of stem cells to escape anoikis and grow as 
spheroids in anchorage-independent conditions [27]. 
MCF-7 mammosphere cells were characterized by flow 



Oncotarget3www.impactjournals.com/oncotarget

cytometric analysis that revealed an enrichment of CD44+/
CD24− subpopulation compared to MCF-7 monolayer 
cells (Supplementary Figure S1A). In addition, real-time 
PCR further revealed that genes associated with stem 
cell phenotype, including OCT4, N-CAD, BMI1, SOX4, 
were expressed in mammosphere cells at higher levels 
than in monolayer cells (Supplementary Figure S1B). 
Moreover, MCF-7 mammosphere cells were also analyzed 
for the expression of ERα (Supplementary Figure S1C 
and 1D). As stromal cells, we used either CAFs isolated 
from biopsies of primary breast tumors or human breast 
adipocytes obtained after preadipocyte differentiation. 
CAFs possessed the basic fibroblast characteristics 
with long and spindle-shaped morphology and highly 
expressed alpha-smooth muscle actin (α-SMA), vimentin, 
and fibroblast activation protein (FAP) (Supplementary 
Figure 2A and 2B). Adipocytes displayed a classical 
morphological phenotype characterized by accumulation 
of lipid droplets associated with the expression of specific 

markers as PPARγ and leptin (OB) (Supplementary 
Figure S2C). Using co-culture experiments, we examined 
mammosphere formation from MCF-7 cells in the 
presence or absence of conditioned media (CM) harvested 
from CAFs and adipocytes. Compared to the cells 
cultured alone, MCF-7 cells co-cultured with CAF- or 
adipocyte-derived CM showed a significant enhancement 
in mammosphere forming efficiency (MFE) (Figure 1A). 
Stem cells are maintained in the primary mammospheres 
through self-renewal, and are able to give rise to secondary 
mammospheres when cells from the primary spheres are 
dissociated and allowed to grow in anchorage-independent 
conditions. Therefore, we carried out secondary 
mammosphere cultures to examine the effects of CM 
on BCSC self-renewal. Our experiments demonstrated 
an increased self-renewal in MCF-7 cells treated with 
CAF- and adipocyte-derived CM in the first generation 
compared with the untreated spheres (Figure 1B and 1C). 
These data suggest that BCSC activity is influenced by 

Figure 1: Leptin mediates the effects of stromal cell-CM on breast cancer cell mammosphere formation. Mammosphere 
Forming Efficiency (MFE) evaluated in MCF-7-M1 (A) and MCF-7-M2 (B) in the presence or absence (−) of CAF- and Adipocyte-derived 
Conditioned Media (CAF-CM and Adipo-CM, respectively). MFE was calculated by dividing the number of mammospheres (colonies > 
50 μm) formed by the number of the cells plated and expressed as fold change compared to untreated cells (−). (C) Representative phase-
contrast images of mammospheres treated as in panel (B) are shown. MFE evaluated in MCF-7-M1 (D) and MCF-7-M2 (E) in the presence 
or absence (−) of leptin-immunodepleted CAF-CM and Adipo-CM (-Lep). IgG: CM immunodepleted with nonspecific antibody. The 
values represent the means ± s.d. of three different experiments each performed in triplicate. *p < 0.05.
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soluble factors secreted from stromal cells. Thus, given 
the role of leptin as an important cytokine secreted by both 
CAFs and adipocytes, we assessed the impact of leptin 
in the context of the heterotypic signaling working in 
BCSC–stromal interactions. First, ELISA measurement in 
CM from stromal cells showed that leptin levels were 2,4 
± 0,12 ng/mg protein and 20,32 ± 2 ng/mg protein in CAF- 
and adipocyte-derived CM, respectively. Leptin was then 
immunodepleted from CAF- and adipocyte-derived CM 
using a specific leptin antibody, and resulting media were 
tested for the ability to induce mammosphere formation in 
breast cancer cells. AS shown in Figure 1D and 1E, leptin 
depletion significantly decreased the MFE/self-renewal 
promoted by stromal cell-derived CM.

Targeting leptin signaling reduces stem cell 
activity mediated by stromal cells

Our previous experiments indicate that leptin may 
represent an important paracrine molecule that mediates 
the interaction between stromal cells and BCSCs. To 
support this observation, we tested the effect of a full leptin 
receptor antagonist, peptide LDFI, on BCSC activity. We 

have previously shown that this peptide inhibits leptin-
induced breast cancer growth in vitro and exhibits anti-
neoplastic activities in vivo [28]. Our data demonstrated 
that treatment with peptide LDFI significantly reduced 
MFE/self-renewal promoted by stromal cell-derived CM 
in MCF-7 cells (Figure 2A). To extend the results obtained, 
we have grown the ERα-negative MDA-MB-231 breast 
cancer cells as mammospheres and evaluated the effects 
of CAF- or adipocyte-CM in the presence or absence of 
peptide LDFI. Treatment of MDA-MB-231 mammosphere 
cultures with CAF- or adipocyte-derived CM significantly 
increased MFE/self-renewal and the addition of the OBR 
antagonist LDFI strongly reduced these effects (Figure 
2B), confirming that leptin/leptin receptor may play a 
crucial role in maintaining the BCSC traits mediated by 
stromal cells in different cellular backgrounds.

Leptin signaling regulates mammosphere 
formation/self-renewal activity of breast cancer 
cells

Having shown that stromal cells regulate BCSC 
activity through secretion of leptin, we next investigated 

Figure 2: Effects of a selective leptin receptor antagonist on breast cancer stem cell activity. MFE evaluated in MCF-7-M1 
and MCF-7-M2 (A) and in MDA-MB-231-M1 and MDA-MB-231-M2 (B) treated with CAF-CM and Adipo-CM with/without peptide 
LDFI (1 μg/ml). The values represent the means ± s.d. of three different experiments each performed in triplicate. *p < 0.05.
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the direct involvement of this cytokine in the regulation 
of mammosphere formation/self-renewal in MCF-7 
cells. In agreement with previous data demonstrating 
that leptin receptor plays a crucial role in maintaining 
cancers in a stem cell-like state [23–26], we found that 
MCF-7 mammosphere cultures exhibited increased 
OBR mRNA expression and in a greater extent the long 
isoform, compared to monolayer cells (Figure 3A). 
Accordingly, leptin treatment of mammosphere cultures 
resulted in a significant increase in MFE/self-renewal and 
in an enhanced percentage of CD44+/CD24− population 
compared with untreated cells (Figure 3B, 3C and 3D). 
Accordingly, in MDA-MB-231 mammosphere cultures, 
we observed a significant increase in the long isoform 
of OBR mRNA expression compared to monolayer cells, 
and an enhanced MFE/self-renewal after leptin exposure 
(Supplementary Figure S3), demonstrating that this 
cytokine can directly regulate BCSC activity.

Since BCSCs display increased cell motility and 
invasion, we tested the effects of leptin on the migratory 
potential of MCF-7 mammospheres. Our data clearly showed 
that leptin exposure increased the number of migrated cells 
suggesting that this cytokine can facilitate the invasive 
behavior of BCSCs (Figure 3E). Next, OBR expression 
was stably knocked-down using lentiviral delivered short 
hairpin RNA (OBR sh) in MCF-7 cells (Figure 3F-left 
panel). Suppression of OBR expression led to a significant 
inhibition of MFE (Figure 3F-right panel), implying that this 
gene is necessary for maintaining cancer stem-like properties 
in breast cancer cells. In addition, we observed that leptin 
treatment induced the phosphorylation of specific OBR 
downstream signaling molecules such as STAT3, Akt and 
p42/44 MAPK (Figure 3G). As expected, the increase in 
MFE induced by leptin was reversed by the JAK2-STAT3 
inhibitor AG490, the MEK1 inhibitor PD98059 and the 
PI3K/AKT inhibitor LY294002 (Figure 3H), suggesting 

Figure 3: Leptin induces MFE in breast cancer cells. A. Leptin receptor long (OBRL) and short (OBRS) isoform mRNA levels, 
evaluated by real time RT-PCR, in MCF-7, MCF-7-M1 and MCF-7-M2 cells. Each sample was normalized to its GAPDH mRNA content. 
B. MFE in MCF-7-M1 and MCF-7-M2 in the presence or absence (−) of leptin 500 ng/ml (Lep). C. Representative phase-contrast 
images of mammospheres treated as in panel (B) are shown. D. CD44+/CD24− population in MCF-7-M2 cells treated or not (−) with Lep. 
E. Transmigration assays in MCF-7-M1 and MCF-7-M2-derived cells treated or not (−) with Lep. F. MCF-7 cells were stably transfected 
with either a scrambled shRNA (control-sh) or OBR shRNA (OBR-sh). OBRL mRNA content was evaluated by real time RT-PCR  
(left panel). Each sample was normalized to its GAPDH mRNA content. MFE in MCF-7-M1 derived from either control-sh or OBR-sh 
clones (right panel). G. Immunoblotting of phosphorylated (p), STAT3 (Tyr705), Akt (Ser473), and MAPK (Thr202/Tyr204) at the indicated 
residues measured in cellular extracts from MCF-7-M1 cells treated or not (−) with Lep. GAPDH, loading control. H. MFE in MCF-7-M1 
treated with Lep and AG490 (AG-20 μmol/L), PD98059 (PD-10 μmol/L) or LY294002 (LY-10 μmol/L). The values represent the means ± 
s.d. of three different experiments each performed in triplicate. *p < 0.05.
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that leptin promotes stem cell properties via activation of 
classical leptin signaling pathways. In agreement with 
these observations, we also found an up-regulation of 
well-known leptin target genes as OBR and the heat shock 
protein 90 (HSP90) [20] in MCF-7 cells treated with leptin 
(Supplementary Figure S4A and 4B)

Gene expression profiling in leptin or stromal 
CM-treated mammosphere-derived cells

To determine whether leptin, CAF- and adipocyte-
CM may similarly affect gene expression profile in 
mammosphere-derived cells, we performed gene 
expression profiling analysis on total RNA extracted 
from the second generation spheres. Microarray results 
highlighted several RNAs differentially expressed in 
treated vs untreated MCF-7 mammospheres. Venn diagram 
analysis was used to compare the gene lists and to identify 

those genes that are unique and in common among the 
three treatments (Figure 4A). A total of 2270 transcripts 
were commonly regulated in all treated samples (808 
up- and 1462 down-regulated transcripts, respectively). 
It should be noted that the global overlap among genes 
expressed in treated samples includes a number of genes 
known to play a role in stem cell biology such as BMI1, 
SUZ12, YES1, SOX4 (Figure 4B, left panel, Supplementary 
Table S2). Similar trends were also observed for the 
expression of other genes involved in cell cycle control 
(Figure 4B, middle panel, Supplementary Table S3). 
Moreover, treated samples displayed up-regulation 
of some transcripts related to the heat shock protein 
family, that recently have been suggested to be crucial 
in sustaining proliferation and self-renewal of stem cells 
[29] (Figure 4B, right panel, Supplementary Table S4). 
To validate our microarray study MCF-7 mammospheres 
treated with leptin were evaluated for the expression of a 

Figure 4: Gene expression profiling in mammosphere cultures treated with stromal cell-CM or leptin. A. Venn diagram 
of up-(left panel) and down-(right panel) regulated transcript identified by microarray analysis in MCF-7-M2 cells treated with CAF-CM, 
Adipo-CM or Lep compared to untreated samples. B. Heat-maps of stemness related-genes, cell cycle related-genes and HSP family genes 
from microarray data. Gene expression changes were calculated in treated cells with respect to the untreated controls. Transcript showing a 
DiffScore ≤ − 30 and ≥ 30, corresponding to a p-value of 0.001, and significant fold change in treated vs untreated ≥ 1.5 were considered. 
C. Real-time RT-PCR validation of a subset of genes in MCF-7-M2 cells treated or not (−) with Lep. Each sample was normalized to its 
GAPDH mRNA content. The values represent the means ± s.d. of three different experiments each performed in triplicate. *p < 0.05 vs 
untreated (−) sample.
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panel of genes by using real-time PCR (Figure 4C). Taken 
together, gene expression profile analyses strongly support 
the role of leptin as a crucial paracrine molecule able to 
mediate the microenvironment effects on BCSC activity.

Leptin increases patient-derived mammosphere 
formation/self-renewal activity

The role of leptin in the regulation of BCSC 
activity was then evaluated by using patient-derived 
breast cancer cells isolated from metastatic ascites or 
pleural effusions. Tumor histology, grade, hormone 
receptors and HER2 status of the primary tumors were 
reported in Table 1. Mammosphere cultures treated with 
leptin resulted in a significant increase in MFE compared 
to untreated samples (n = 10, Figure 5A). Secondary 
mammosphere formation was observed only in four 
samples and treatment with leptin significantly increased 
self-renewal in three of them (Figure 5B). Besides, four 
human metastatic samples taken from patients with 
breast cancer were also treated with peptide LDFI. MFE 
induced by leptin was significantly decreased with the 
addition of LDFI (Figure 5C). Interestingly, treatment 
with peptide LDFI alone reduced the mammosphere 
formation, underlying how this peptide negatively 
interferes with leptin autocrine loop (Figure 5C). 

Then, to investigate the direct involvement of OBR 
in the regulation of mammosphere formation, OBR 
gene expression was analyzed in cells from metastatic 
ascites and pleural effusion fluids using microarray data. 
There was a significant direct correlation between the 
expression of OBR mRNA in cells from the metastatic 
fluids and MFE (r = 0.68; p = 0.05, Figure 5D). In 
agreement with the microarray data obtained in MCF-
7 mammospheres, a significant correlation between 
MFE and HSP90 gene expression in the same metastatic 
patient-derived samples (r = 0.71; p = 0.036) was also 
observed (Figure 5E). These data suggest that patients 
with higher levels of OBR and HSP90 mRNAs in cells of 
metastatic fluids have greater ex vivo CSC activity.

OBR expression correlates with reduced overall 
survival in breast carcinomas

To investigate the clinical significance of OBR gene 
expression in human breast cancers the relationship between 
OBR levels and overall survival (OS) of breast cancer 
patients (n = 781) was estimated by Kaplan–Meier analysis. 
Survival curves indicated that women with high OBR 
expression exhibited a lower rate of OS than those with 
low OBR expression (HR = 1.9, p = 0.022) (Figure 6A). 
Similarly, breast carcinoma patients with high HSP90 

Table 1: Summary of metastatic patients-derived cancers
SAMPLE ID AGE SOURCE Histology GRADE ER PR HER2
BB3RC29 70 ASC UN UN POS POS NEG
BB3RC46 68 ASC ILC 2 POS POS NEG
BB3RC50 46 ASC IDC 2 POS POS NEG
BB3RC591 69 ASC ILC 2 POS POS NEG
BB3RC60 66 ASC ILC 2 POS POS NEG
BB3RC652 62 ASC ILC 2 POS POS NEG
BB3RC661 69 ASC ILC 2 POS POS NEG
BB3RC702 62 ASC ILC 2 POS POS NEG
BB3RC71 48 PE UN 3 POS POS POS
BB3RC79 UN PE IDC 3 NEG NEG NEG
BB3RC81 55 ASC IDC 2 POS POS NEG
BB3RC84 UN PE UN 3 NEG NEG NEG
BB3RC90 66 PE IDC/ILC 2 P0S POS NEG
BB3RC92 61 ASC IDC 1 POS POS NEG
BB3RC93 UN ASC UN UN POS POS NEG
BB3RC94 41 ASC UN UN POS POS NEG

1, 2These samples were obtained at different time points from the same patients
Sixteen patient-derived breast cancer samples were used in this study. Tumor histology and grade for metastatic samples 
(ASC and PE) relates to the primary cancer. Abbreviation: UN unknown, PE pleural effusion, ASC ascites sample, ILC 
invasive lobular carcinoma , IDC invasive ductal carcinoma, POS positive, NEG negative, ER Estrogen Receptor, PR 
Progesterone Receptor, HER2, epidermal growth factor receptor 2.
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expression had decreased OS compared with those with low 
HSP90 expression (HR = 2.2, p = 0.00017) (Figure 6B).

Basal-like breast cancer is an aggressive tumor 
subtype, composed by primitive undifferentiated cells. 
Indeed, basal-like breast tumors, which are enriched for 
CD44+/CD24− cells, exhibit epithelial–mesenchymal 
transition features and express high levels of stem cell-
regulatory genes [30–34]. In agreement with these 
observations, the results of the Kaplan-Meier analysis 
indicated a more relevant discrimination in terms of 
overall survival between high and low expression of OBR 
and HSP90 in basal breast cancer patients (n = 143) (HR = 
4.4, p = 0.011; HR = 5.2, p = 0.013 respectively) (Figure 
6C and 6D).

DISCUSSION

The heterotypic signals arising in the tumor-
associated stroma have been shown to be important in 
inducing and maintaining a stem-like state in the tumor 

cells through either the secretion of soluble molecules or 
cell–cell communication [35, 36]. Particularly, in the case 
of breast carcinoma, it has been reported that various types 
of stromal cells via growth factors and cytokines may 
enhance the proliferation and survival of BCSCs, induce 
angiogenesis, and recruit tumor-associated macrophages 
and other immune cells, which in turn secrete additional 
factors promoting tumor cell invasion and metastasis [8].

Here we demonstrated, for the first time, that leptin 
and its receptor play a crucial role in mediating the 
interaction between stromal cells (CAFs and adipocytes) 
and BCSCs. The initial conditioned media experiments 
indicated that the entire complement of secretory proteins 
released by CAFs and adipocytes significantly increase 
MFE/self-renewal in breast cancer cells. An important 
role is played by leptin as a fundamental environmental 
regulator of CSCs in the cancer stem niche. Indeed, 
either leptin immunodepletion from CAF- and adipocyte-
derived CM or inhibition of leptin signaling by using 
peptide LDFI, a small-molecule that acts as a full leptin 

Figure 5: Leptin enhances mammospheres formation/self-renewal activity in patient-derived metastatic cells. 10 metastatic 
fluid samples obtained from breast cancer patients (BB3RC59/BB3RC66/BB3RC71–94) undergoing palliative drainage of symptomatic 
ascites or pleural effusions were used (Table 1). MFE in metastatic patient-derived cells grown as primary (Metastatic samples M1) (A) or 
secondary (Metastatic samples M2) (B) mammospheres in the presence or absence (−) of Lep. (C) MFE in 4 Metastatic sample M1 untreated 
(−) or treated with Lep, peptide LDFI (1 μg/ml), and Lep+LDFI. The values represent the means ± s.d. of three different experiments each 
performed in triplicate. *p < 0.05. n.s.:nonsignificant. Correlation between OBR (D) or HSP90 mRNA expression (E) in cells of the metastatic 
fluids and MFE (8 patients/BB3RC29–70) (Pearson correlation coefficient, r = 0.68, p = 0.05; r = 0.71, p = 0.036, respectively).
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receptor antagonist [28], reduced the effects of CM on 
mammosphere formation. Gene expression profiling 
revealed a significant overlap of regulated genes in 
mammosphere cells following treatment with CAF-, 
adipocyte-derived CM or leptin. Of particular interest 
was the observation that genes commonly expressed in 
all treated-samples include several of those involved 
in stemness. Among these, the polycomb gene BMI1, 
which has been reported to play an important role in 
self-renewal of stem cells and has a positive correlation 
with clinical grade/stage and poor prognosis [37], was 
one of the most highly induced in all treated cells. One 
of the features of CSCs is the uncontrolled proliferation, 
perhaps due to a reduced responsiveness to negative 
growth regulators or to the loss of contact inhibition 

and gap junction intercellular communication [38]. Our 
results clearly evidenced that a number of genes involved 
in cell cycle control showed a similar expression profile 
upon treatment with stromal-CM and leptin. Another 
family of genes, crucial in sustaining self-renewal of 
stem cells [29], is the heat shock protein family. We 
have previously demonstrated that the HSP90, a main 
functional component of this chaperone complex, is a 
target of leptin in breast cancer cells [20]. Our microarray 
data showed that some transcripts of the HSP family were 
upregulated in stromal-CM and leptin-treated samples. 
Thus, since the expression pattern of genes regulated by 
leptin and involved in stem cell biology closely mirrors 
those modulated by stromal cells, it is reasonable to 
speculate that leptin may represent a critical paracrine 

Figure 6: Correlation between OBR and HSP90 mRNA levels and overall survival in breast cancer. Kaplan–Meier 
survival analysis in breast carcinoma patients (n = 781) with high and low OBR (A) or HSP90 (B) expression analyzed as described in 
Materials and Methods. Kaplan–Meier survival analysis in basal breast cancer patients (n = 143) with high and low OBR (C) or HSP90 
(D) expression. Kaplan-Meier survival graph, and hazard ratio (HR) with 95% confidence intervals and logrank P value.
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molecule in mediating the microenvironment effects on 
BCSC activity.

The expression of the leptin receptor is a 
characteristic feature of CSCs and of a broad array of 
embryonic and induced pluripotent stem cells, which 
exhibit an increased response to leptin including 
phosphorylation and activation of STAT3 and induction 
of stem cell markers, as OCT4 and SOX2 [23]. 
Leptin receptor has also been reported as a marker 
for identification and in vivo fate of bone marrow 
mesenchymal stem cells (MSCs) [39] and leptin signaling 
represents an essential step for the enhanced survival, 
chemotaxis and therapeutic properties of MSCs induced 
by hypoxia [40, 41]. Moreover, it has been reported that 
leptin is able to regulate and activate several signaling 
pathways and oncogenes which are critically implicated 
in BCSCs [42–46] and leptin deficiency in MMTV-Wnt-1 
transgenic mice results in functional depletion of BCSCs 
leading to less tumor outgrowth [24]. More recently, it 
has also been demonstrated that OBR is necessary for 
maintaining a CSC-like state in TNBC cells [25] and high 
OBR expression induced by the adiposity-leptin enriched 
environment generates a population with enhanced CSC 
properties and tumorigenic capacity [26]. Our studies 
extended these previous findings by demonstrating a 
direct involvement of leptin in sustaining breast cancer 
stem cell behavior using both breast cancer cell lines 
and metastatic breast cancer patient-derived cells. We 
found that MCF-7 mammospheres exhibited increased 
OBR mRNA expression, while OBR silencing caused a 
significant reduction in the sphere-forming efficiency. 
Treatment with leptin induced an increase in MFE, self-
renewal and an enhanced percentage of CD44+/CD24− 
cell population, through the activation of the classical 
signaling pathways. Importantly, we also showed that 
leptin is able to increase the mammosphere formation 
and self-renewal activity in metastatic breast cancer cells 
isolated from patients. Moreover, OBR mRNA expression, 
analyzed in cells from metastatic fluids, was directly 
correlated with mammosphere formation activity ex vivo. 
In agreement with our data of gene expression profile, a 
significant positive correlation between MFE and HSP90 
mRNA expression in the same metastatic patient-derived 
samples was observed.

It has been previously reported that high-grade 
tumors associated with poor prognosis display an 
enrichment of BCSCs [47, 48]. Here, using Kaplan-Meier 
analysis we found that OBR expression, which is crucial 
in maintaining stem cell phenotype, was associated with 
reduced overall survival in breast carcinomas suggesting 
its potential role as a prognostic factor. Interestingly, 
in basal-like breast cancer patients, a more relevant 
discrimination in terms of overall survival between high 
and low OBR expression could be observed. Finally, we 
demonstrated that blocking leptin signaling by using 
the peptide LDFI significantly reduced mammosphere 

formation in metastatic breast cancer patient-derived 
cells, suggesting that strategies aimed at inhibiting leptin 
signaling represent a rationale therapeutic approach to 
target cancer stem cells.

In conclusion, our findings identify, for the first 
time, leptin as an important paracrine molecule that 
mediates the interaction between stromal cells and BCSCs, 
providing novel insights into understanding how BCSCs 
are influenced by the tumor microenvironment. As clinical 
implications, these data suggest that targeting leptin/leptin 
receptor signaling generated in the microenvironment 
may be useful for BCSC eradication and eventually to 
prevent recurrence and metastasis in patients with breast 
carcinoma.

MATERIALS AND METHODS

Cell culture

Human MCF-7 and MDA-MB-231 breast 
cancer epithelial cells were acquired in 2010 and 2015 
respectively, from American Type Culture Collection 
where they were authenticated, stored according to 
supplier’s instructions, and used within 4 months after 
frozen aliquots recovery. Breast subcutaneous human 
female preadipocytes (Lot.#:BR071812B; BR070810) 
were from Zen-Bio. Adipocytes, obtained following 
differentiation procedure, were routinely maintained 
in Adipocyte maintenance medium (Zen-Bio). Every 4 
months, cells were authenticated by single tandem repeat 
analysis at our Sequencing Core; morphology, doubling 
times, estrogen sensitivity, and mycoplasma negativity 
were tested (MycoAlert, Lonza).

Cancer associated fibroblast (CAF) isolation

Human breast cancer specimens were collected 
in 2013 from primary tumors of patients who signed 
informed consent following the procedures previously 
described [9]. Briefly, small pieces of fresh tumor 
excision were digested (500 IU collagenase in 
Hank’s balanced salt solution; Sigma; 37°C for 2 h). 
After differential centrifugation (90 g for 2 min), the 
supernatant containing CAFs was centrifuged (500 g 
for 8 min), resuspended, and cultured in RPMI-1640 
medium supplemented with 15% FBS and antibiotics. 
The fibroblastic nature of the isolated cells was confirmed 
by microscopic determination of morphology, and 
characterization by αSMA, vimentin, pan-Cytokeratin 
and fibroblast activation protein (FAP) expression. CAFs 
between 4 and 10 passages were used.

Immunofluorescence

Immunofluorescence assay was performed as 
described [9] using anti-α-SMA or ERα antibodies and 
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fluorescein isothiocyanate-conjugated secondary antibody 
(Santa Cruz Biothecnology).

Conditioned medium (CM) and Leptin-
immunodepleted CM

CM from CAFs and adipocytes and leptin-
immunodepleted CM were obtained as described [9]. 
Leptin levels were measured by ELISA (LDN).

Metastatic breast cancer patient-derived cells

Pleural effusion and ascites samples were 
obtained from patients with metastatic breast cancer 
undergoing palliative drainage at The Christie Hospital 
NHS Foundation Trust Manchester (UK). Metastatic 
breast sample details in Table 1. Ascites and pleural 
effusions were centrifuged at 1000 g for 10 min at 4°C 
and suspended in PBS. Erythrocytes and leucocytes were 
removed by centrifugation through Lymphoprep solution 
(Axis Shield), followed by removal of CD45-positive cells 
using anti-CD45 magnetic beads (Miltenyi Biotec). Single 
cell suspension of breast cancer epithelial cells was then 
used to perform mammosphere assay.

Mammosphere culture

MCF-7 and MDA-MB-231 monolayer cells 
were enzymatically and manually disaggregated to 
obtain single-cell suspension. Single cells were plated 
in ultralow attachment plates (Corning) at a density 
of 500 cells/cm2 in a serum-free Human mammary 
epithelial cell growth medium (HUMEC), supplemented 
with B27, 20 ng/mL human epidermal growth factor 
(EGF), 4 μg/mL heparin, 5 μg/ml insulin, 1 ng/ml 
hydrocortisone, 1 mg/ml penicillin-streptomycin and 
0,25 μg/ml amphotericin B (Life Technologies). Growth 
factors and treatments (leptin, Life Technologies; AG490 
Sigma; PD98059/LY294002 Calbiochem) were added 
to the mammosphere cultures every 3 days. After 7 days 
mammospheres > 50 μm (primary mammospheres-M1) 
were counted using a microscope (x40 magnification), 
collected, enzymatically dissociated, plated at the same 
seeding density used in the primary generation to obtain 
secondary mammospheres-M2. Mammosphere cultures 
from metastatic breast patient-derived cells was assessed 
as described [49]. Mammospheres forming efficiency 
(MFE) was calculated as number of mammospheres per 
well/number of cells seeded per well and reported as fold 
versus control.

Flow cytometry

Mammospheres were dispersed to obtain single-cell 
suspension. Cells were washed in PBS with 2,5% BSA and 
stained with FITC anti-human CD44 and PE anti-human 
CD24 (BD Biosciences), according to the supplier’s 

protocol. Flow cytometric analysis was performed on 
a FACScan and acquisition was performed with WinDI 
software (Becton Dickinson).

Reverse transcription and real-time reverse 
transcriptase PCR assays

PPARγ/OB/FAP/36B4 mRNA expression was 
evaluated by the RT–PCR method as described [50]. Real-
time RT-PCR was assessed using SYBR Green Universal 
PCR Master Mix (Biorad). Each sample was normalized 
on its GAPDH mRNA content. Relative gene expression 
levels were calculated as previously described [50]. 
Primers in Supplementary Table S1.

Immunoblot analysis

Protein extracts were subjected to SDS-PAGE as 
described [50]. Immunoblots show a single representative 
of 3 separate experiments.

Transmigration assays

Mammosphere derived MCF-7 cells were placed 
in the upper compartments of Boyden chamber (8-μm 
membranes/Corning Costar) and transmigration assay was 
performed as described [9].

Lentiviral transfection

We established stable OBR sh MCF-7 cell line using 
the lentiviral expression system (GeneCopoeia; lentiviral 
plasmid sh-clone #HSH010584). 48 h after transfection 
with packaging plasmids and pLentiviral plasmids of 
target gene in HEK293 cells, supernatants containing 
lentiviral particles were filtered (0.45 μm PES), mixed 
with polybrene (8 μg/ml) and used to infect MCF-7 cells. 
24 h after infection, cells were selected with 2 μg/mL 
puromycin overtime to eliminate un-infected cells. OBR 
mRNA expression in stable MCF-7 clones was evaluated 
by real-time RT-PCR.

Microarray and data analysis

Microarray analyses were carried out on total RNA 
from MCF-7-M2 mammosphere-derived cells treated 
with CAF-CM, Adipocyte-CM or Leptin by pooling 
equal amounts of nucleic acids extracted from three 
independent cell cultures. Gene expression profiling was 
performed in triplicate using 500ng of each RNA pool as 
described [51], cRNAs were hybridized for 18 h at 55°C 
on Illumina HumanHT-12 v4.0 BeadChips (Illumina Inc.) 
and scanned with an Illumina iSCAN. Data analyses were 
performed with GenomeStudio software version 2011.1 
(Illumina Inc.). Data were normalized with the quantile 
algorithm and genes were considered if the detection p-
value was < 0.01. Statistical significance was calculated 
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with the Illumina DiffScore, a proprietary algorithm 
that uses the bead standard deviation to build an error 
model. Transcripts showing a DiffScore ≤− 30 and ≥ 30, 
corresponding to a p-value of 0.001 and significant fold 
change in treated vs untreated ≥ 1.5 were considered. 
Venn diagram was generated using Venny 2.0 software. 
Heat-maps were generated with the Multiexperiment 
Viewer 4.9 software after performing one way hierarchical 
clustering of transcripts with the average linkage method 
and Euclidian distance.

Raw microarray data have been deposited, in a 
format complying with the Minimum Information About 
a Microarray Gene Experiment (MIAME) guidelines of 
the Microarray Gene Expression Data Society (MGED), 
in the EBI ArrayExpress database (http://www.ebi.ac.uk/ 
arrayexpress) with Accession Number: E-MTAB-3641.

Total RNA from 8 different metastatic breast 
cancer samples was extracted using the RNeasy Plus 
Mini Kit (QIAGEN). The Exon Gene Array ST1 platform 
(Affimetrix) was used to assess gene expression. Data 
obtained were analysed using Bioconductor R Software. 
The mean of log2 gene expression values was calculated 
across all 8 patient derived samples for each individual 
gene.

Construction of RNA-seq database

RNA-seq data was obtained from the TCGA 
depository. We transferred the pre-processed level 3 data 
generated by the Illumina HiSeq 2000 RNA Sequencing 
Version 2 platform. Expression levels for these samples 
were computed using a combination of MapSplice and 
RSEM. Individual patient files were merged into a single 
database using the plyr R package [52].

Statistical analyses

Each datum point represents the mean ± s.d. of three 
different experiments. Data were analyzed by Student’s  
t test using the GraphPad Prism 4 software. P < 0.05 was 
considered as statistically significant. Pearson correlation 
coefficient (r) was used to measure the correlation 
between OBR or Heat Shock Protein 90 (HSP90) 
gene expression of 8 metastatic breast cancer samples 
and mean MFE; a 2-tailed p ≤ 0.05 was considered 
statistically significant.

Kaplan-Meier analysis was performed as described 
[53]. Kaplan-Meier survival graph, and hazard ratio 
with 95% confidence intervals and logrank P value 
were calculated and plotted in R using Bioconductor 
packages.
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Androgens inhibit aromatase expression through
DAX-1: insights into the molecular link between
hormone balance and Leydig cancer development
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Leydig cell tumors (LCTs) of the testis are steroid-secreting tumors associated with various steroid
biosynthetic abnormalities and endocrine dysfunctions. Despite their overall rarity, LCTs are still of
substantial interest owing to the paucity of information regarding their exact nature and malig-
nant potential. In the present study we disclose the ability of androgens to inhibit Leydig tumor
cell proliferation by opposing to self-sufficient in situ estrogen production. In rat Leydig tumor
cells, R2C, androgen treatment significantly decreases the expression and the enzymatic activity of
P450 aromatase, responsible for the local conversion of androgens into estrogens. This inhibitory
effect relies on androgen receptor activation and involves negative regulation of the CYP19 gene
transcriptional activity through the nuclear orphan receptor DAX-1. Ligand-activated androgen
receptor up-regulates the expression of DAX-1 and promotes its increased recruitment within the
SF-1-containing region of the PII-aromatase proximal promoter in association with the corepressor
N-CoR. The biological relevance in LCTs of the newly highlighted functional interplay between
androgen receptor, DAX-1 and aromatase is underlined by our in vivo observations revealing a
marked down-regulation of AR and DAX-1 expression and a strong increase in aromatase levels in
testes tissues from old Fisher rats with spontaneously developed Leydig cell neoplasia, compared
to normal testes tissues from younger animals.

In elucidating a mechanism by which androgens modulate the growth of Leydig tumor cells, our
finding support the hypothesis that maintaining the adequate balance between androgen and
estrogens may represent the key for blocking estrogen-secreting Leydigioma development, open-
ing new prospects for therapeutic intervention.

Testicular Leydig cell tumors (LCTs) are the most com-
mon neoplasms of male gonadal interstitium (1) and

account for about 3% of all testicular cancers. Most fre-
quently diagnosed in 5–10 years old prepubertal boys and
30–60 aged adult men (2, 3), LCTs are commonly benign,
but about 10% of them reveal a malignant phenotype in
adult patients (4). Metastatic Leydig cell tumors are re-
sistant to irradiation and to most of the chemotherapic
agents (5, 6), rendering it necessary to individuate as many

new therapeutic target as possible, in the perspective of a
multifaceted treatment.

As LCTs are steroid-secreting tumors, they are often
associated with endocrine disturbance (7–10). It is now
apparent that the adequate balance in the androgen/es-
trogen ratio is necessary for normal testicular develop-
ment and function (11) and may potentially represent a
clinical central factor in LCTs growth and progression.
Androgens, which are mainly produced in testicular Ley-
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dig cells, drive the expression of the male phenotype, in-
cluding male sexual differentiation, development of sec-
ondary sex characteristics and manteinance of
spermatogenesis (12). Androgen action is mediated by the
androgen receptor (AR) that acts as a ligand-inducible
transcription factor (13). In testicular cell-specific AR
knockout mice, the lack of the receptor in Leydig cell com-
partment mainly affects steroidogenic functions (12). Mu-
tations in the AR gene are responsible for the onset of
varying levels of androgen insensitivity syndrome (AIS)
(14, 15) that, as result of the hormonal imbalance, is as-
sociated to a higher risk of developing testicular tumors
(16). Immuno-histochemical findings in the testes of AIS
patients suggest the high expression of the cytochrome
P450 aromatase as one of the molecular changes respon-
sible for the increased risk of LTCs (17). The P450 aro-
matase enzyme is crucially involved in the maintenance of
the androgen/estrogen essential balance since it governs
estrogen biosynthesis within the testis by catalyzing the
irreversible conversion of C19 androgenic substrates, tes-
tosterone (T) and androstenedione, into the C18 estrogens,
estradiol (E2) and estrone (18). Several observations sug-
gest that estrogens can elicit proliferative effects in human
and rodents tumor Leydig cells through an autocrine
mechanism (19). Findings in transgenic mice show that
increased estradiol/testosterone ratio, including excessive
estrogen exposure, disturbs Leydig cell function and might
cause hyperplasia, hypertrophy and development of Ley-
dig cell adenomas (20–22). In humans, elevated P450 aro-
matase expression, with consequent high plasma estradiol
levels has been described in patients with testicular LCTs,
further substantiating the role played by P450 aromatase
on the pathogenesis of leydigiomas (23–26). All these ex-
perimental and clinical observations strongly support that
abnormalities of the male gonadal functions may be as-
sociated with the decreased ratio of androgen/estrogen
levels. So far, it has been demonstrated that androgens are
able to suppress the expression of a number of steroido-
genic enzyme genes eventually resulting in decreased tes-
ticular steroidogenesis (27, 28). However, information re-
garding the precise function of AR in Leydig tumor cells is
still lacking.

Here, we investigated the effect of androgens on the
expression of the P450 aromatase in rat Leydig tumor cells
R2C, a well-documented experimental model for leydi-
gioma (19, 29–31). We demonstrated the existence of a
novel mechanism through which androgens are able to
down-regulate the in situ estrogen production and Leydig
tumor cell proliferation by inhibiting the expression of the
P450 aromatase gene. This occurs through a functional
cross-talk between the AR, the orphan nuclear receptor
DAX-1 and the P450 aromatase.

Materials and Methods

Reagents and antibodies
Mibolerone (Mb) from Perkin Elmer (Waltham, MA, USA);

Bicalutammide (Casodex) from Astra-Zeneca; hydroxyflut-
amide (OH-Fl) and 4�,6-Diamidino-2-phenylindole (DAPI)
from Sigma-Aldrich (Milano, Italy); bovine serum albumin
(BSA) and AR (C-19), DAX-1 (K-17), N-CoR (H-303), �-Actin
(AC-15), GAPDH (FL-335), cyclin D1(M-20), p21 (H-164),
Ki-67 (M-19) antibodies from Santa Cruz Biotechnology (Dal-
las, TX, USA); cytochrome P450 aromatase antibody from Se-
rotec (Oxford, UK).

Cell cultures
Authenticated Rat Leydig tumor cells R2C were acquired

from American Type Culture Collection - ATCC (LGC Stan-
dards, Teddington, Middlesex UK), stored according to suppli-
er’s instructions and used within 4 months after frozen aliquots
resuscitations. Cells were cultured in Ham/F-10 (Sigma) medium
supplemented with 15% horse serum (HS), 2.5% fetal bovine
serum (FBS), and antibiotics (Invitrogen, S.r.l., San Giuliano Mil-
anese, Italy).

Before each experiment, cells were synchronized in phenol
red-free serum free media (PRF-SFM) for 24h. All the experi-
ments were performed in PRF-media containing 2.5% charcoal-
treated Horse Serum (PRF–CT).

Animal studies
Male Fischer 344 rats (gift of �-Tau), 6-month old Fisher rats

(FRNT, n � 3) and 24-month old Fisher rats (FRTT, n � 4) were
used for in vivo studies. Twenty-four-month-old animals pre-
sented spontaneously developed Leydig cell tumors, which were
absent in younger animals. Testes of all animals were surgically
removed by qualified, specialized animal care staff in accordance
with the recommendation of the Guidelines for the Care and Use
of Laboratory Animals (NIH) and with the Animal Care Com-
mittee of University of Calabria.

Cell viability and proliferation assays
Cell viability was evaluated by 3-[4,5-Dimethylthiaoly]-2,5-

diphenyltetrazolium bromide (MTT) and cell counting assays, as
previously described (32). Briefly, for MTT (MTT, Sigma, Mi-
lan, Italy) assay, a total of 5 � 104 cells were seeded onto 24-well
plates and treated for 6 days with increasing concentrations of
Mibolerone (Mb). The MTT assay was performed as the fol-
lowing: 100 ml MTT stock solution in PBS (2 mg/ml) was added
into each well and incubated at 37°C for 2h followed by media
removal and solubilization in 500 ml dimethyl sulfoxide
(DMSO). After shaking the plates for 15 minutes, the absorbance
in each well, including the blanks, was measured at 570 nm in
Beckman Coulter.

For cell counting, R2C cells were seeded on six-well plates
(2 � 105cells/well) in 2.5% PRF–CT. After 24h, cells were ex-
posed for 6 days to 10-8M Mb or vehicle treated. The effects of
Mb on cell proliferation were measured 0, 3 and 6 days following
initial exposure to treatments by counting R2C cells using a
Burker’s chamber, with cell viability determined by Trypan blue
dye exclusion.
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Anchorage-independent Soft Agar Growth Assays
R2C cells (104/well) were plated in 4 ml of Ham’s F-10 with

0.5% agarose and 5% charcoal-stripped FBS, in 0.7% agarose
base in six-well plates. After two days, media containing vehicle
or treatments were added to the top layer and replaced every 2
days. Anchorage-independent growth was assessed as previously
described (31).

Immunocytochemical staining
Immunocytochemical staining of R2C was performed as pre-

viously described (33). Cells were fixed for 30 minutes in freshly
prepared para-formaldehyde (2%) and incubated for further 30
minutes with 10% normal rabbit serum to block the nonspecific
binding sites. Immunocytochemical staining was performed us-
ing an affinity purified goat anti-KI67 antibody (Santa Cruz,
CA). The cells were then incubated with the secondary antibody
biotinylated rabbit-antigoat IgG (Vector Laboratories, Burlin-
game, CA) for 1 hour at room temperature followed by incuba-
tion with avidin/biotin/horseradish peroxidase complex ( ABC
Complex-HRP, Vector Laboratories). The peroxidase reaction
was developed using Stable DAB (Sigma Chemical, Italy) for 3
minutes.

RNA extraction, reverse transcription (RT)-PCR and
real time PCR

Cells were maintained overnight in serum-free medium and
then treated for 24h or 48h in 2,5% PRF-CT medium. RNA
extraction and reverse transcription were performed as previ-
ously described (33) with minor modifications. For RT-PCR,
primers were: DAX-1; (forward), 5�-CAGGCCATGGCGTTC-
CTGTA-3�, (reverse), 5�-TCCTGCCGCCTGGTGGTGAG-3�;
CYP19; (forward), 5�-CAGCTATACTGAAGGAAATCC-3�,
(reverse), 5�-AATCGTTTCAAAAGTGTAACCA-3�.

Quantitative PCR was performed using SYBR Green univer-
sal PCR master mix (Bio-Rad Laboratories, Hercules, CA). Prim-
ers used were: CYP19: (forward), 5�-GAGAAACTGGAA-
GACTGTATGGATTTT-3�, (reverse), 5�-
ACTGATTCACGTTCTCCTTTGTCA-3�; DAX-1: (forward),
5�-CTGGGTGGGGAGGGA CTGC-3�, (reverse), 5�-CCTG-
GCGCGGGTGGTTCTC-3�. PCR reactions were performed in
the iCycler iQ Detection System (Bio-Rad), using 0.1 �M of each
primer in a total volume of 30 �l of reaction mixture following
the manufacturer’s recommendations. Each sample was normal-
ized on the basis of its 18S ribosomal RNA content. The 18S
quantification was performed using a TaqMan Ribosomal RNA
Reagent kit (Applied Biosystems, Applera Italia, Monza, Italy)
following the method provided in the TaqMan Ribosomal RNA
Control Reagent Kit. The relative gene expression levels were
normalized to a calibrator that was chosen to be the basal, un-
treated sample. Final results were expressed as n-fold differences
in gene expression relative to 18S ribosomal RNA and calibrator,
calculated following the ��Ct method, as published previously
(19).

Immunoblotting analysis
R2C cells or total tissue of FRNT and FRTT were lysed for

protein extraction (31). Total and cytosolic/nuclear extracts
were prepared and subjected to SDS-PAGE as described (34).
The intensity of bands representing relevant proteins was mea-
sured by Scion Image laser densitometry scanning program.

Immunofluorescence
Immunofluorescence analysis was performed as previously

described, with minor modifications (35). Briefly, cells were
fixed with 4% paraformaldehyde, permeabilized with PBS�
0.2% Triton X-100, followed by blocking with BSA (3%,
30min), and incubated with anti –P450 Aromatase or –DAX-1
antibodies (4°C, overnight) and with fluorescein-conjugated sec-
ondary antibody (30 minutes, room temperature). IgG primary
antibody was used as negative control. 4�,6-Diamidino-2-phe-
nylindole (DAPI, Sigma) staining was used for nuclei detection.
Protein cellular localization was observed under a fluorescence
microscope (Olympus BX51 fluorescence microscope, Olympus
Italia srl). Cells were photographed at 100� magnification using
ViewFinder™ Software, through an Olympus camera system
dp50 and the optical densities of stained proteins were analyzed
by ImageJ software (NIH).

P450 Aromatase activity assay
The P450 aromatase activity in subconfluent R2C cells cul-

ture medium was measured by the tritiated water release assay
using 0.5 �M [1�3H]androst-4-ene-3,17-dione as substrate (36).
The incubations were performed at 37°C for 2h under an air/
CO2 (5%) atmosphere. The results, obtained as picomoles per
hours and normalized to milligrams of protein (pmol/h/mg of
protein), were expressed as fold change over control.

Radio Immuno Assay
R2C cells were seeded on six-well plates (2 � 105cells/well) in

2.5% PRF–CT. After 24h, cells were exposed for 72 hours to
vehicle or 10-8M Mb and/or 10-6M OH-Fl. The estradiol content
of medium recovered from each well was determined against
standards prepared in low-serum medium using a RIA kit (DSL
43 100; Diagnostic System Laboratories).

Plasmids, transfections and luciferase reporter
assays

The plasmids containing different segments of the rat P450
aromatase PII sequence ligated to a luciferase reporter gene were
kindly provided by Dr M.J. McPhaul and were –1037/�94 (p-
1037), –688/�94 (p-688) and –688/�94 mut (5�CREm,
3�CREm, XCREm and SF-1m) containing mutations of 5�CRE,
3�CRE, XCRE and SF-1 respectively (29). Firefly luciferase re-
porter plasmid XETL is a construct containing an estrogen-re-
sponsive element from the Xenopus vitellogenin promoter (37).
Cells were transfected using Fugene HD Transfection Reagent
(Promega) according to manufacturer’s instructions. Renilla
reniformis luciferase expression vector pRL-Tk (Promega) was
used for transfection efficiency. Empty pGL2-basic vector was
used as a control to measure basal activity. Luciferase activity
was measured using Dual Luciferase Assay System (Promega).

Chromatin Immunoprecipitation (ChIP)
ChIP assay was performed as described (38) using anti

DAX-1 and N-CoR antibodies. Normal rabbit or mouse IgGs
were used as negative controls. A 3�l volume of each sample and
DNA input were used for PCR using the primers flanking SF-1
sequence in the rat P450 aromatase promoter region: (forward),
5�-ATGCACGTCACTCTACCCACTCAA-3�; (reverse),5�-
TAGCACGCAAAGCAGTAGTTTGGC-3�. The amplification
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products were analyzed in a 2% agarose gel and visualized by
ethidium bromide staining.

Statistical analysis
All data were expressed as the mean � standard deviation

(S.D.) of three independent experiments. Statistical significances
were analyzed using Student’s t test or One way ANOVA, where
appropriate. *P � .05 was considered as statistically significant.

Results

Androgens reduce cell proliferation rate in
estrogen-dependent R2C Leydig tumor cells

To investigate whether androgens might play a role in
the modulation of estrogen-dependent Leydig tumor cell
growth we used the rat Leydig tumor cell line R2C, a
well-documented experimental model for Leydigioma
(19, 29–31). In the present study, experiments were car-
ried out using the synthetic AR agonist Mibolerone (Mb)
to minimize the metabolic conversion of androgen to es-
trogenic compounds by cultured cells. The effect of in-

creasing concentrations of Mb on
R2C Leydig tumor cell viability was
evaluated by MTT assay. As shown
in Figure 1A, Mb treatment signifi-
cantly decreased R2C cell viability.
The inhibitory effect of 10-8M Mb
was further confirmed by trypan
blue exclusion test, showing that it
began 2 days after androgen admin-
istration and persisted thereafter.
The inhibitory effect exerted by
10-8M Mb was abrogated by the ad-
dition of the androgen receptor an-
tagonist Hydroxiflutamide (OH-Fl)
(Figure 1B). In addition, Mb treat-
ment was also able to decrease the
number of colonies present in soft
agar (Figure 1C). Reduction of cell
proliferation following Mb adminis-
tration was further proved by evalu-
ating the expression levels of the pro-
liferation marker Ki-67 (Figure 1D),
the cyclin-dependent kinase inhibi-
tor p21 which is also a well-known
androgen-dependent gene (39) and
cyclin D1 (Figure 1E), which repre-
sents a key factor in the estradiol-in-
duced proliferative effects in estro-
gen-responsive tissues (40).
According to the reduced cell num-
ber, Mb-treated R2C cells exhibited
a decreased expression of Ki-67 and
cyclin D1 but increased levels of p21.

Similar results on cell prolifera-
tion (eg, R2C cell number and Ki-67
expression) were obtained by treat-
ing R2C cell with the androgen re-
ceptor natural ligand dihydrotestos-
terone (DHT) (Supplemental Figure
1A and B).

Figure 1. Mibolerone treatment reduces proliferation in R2C cells. A, MTT assays
in R2C cells treated with vehicle (-) or different Mibolerone (Mb) concentrations (M) as indicated
for 6 days. (B) Cells were treated with vehicle (C) or 10-8M Mb and/or 10-6M hydroxyflutamide
(OH-Fl). Drug effects on cell proliferation were measured at day 0, 3 and 6 following initial
exposure to treatments by cell counting using a Burker’s Chamber, with cell viability determined
by trypan blue dye exclusion. (C) R2C cells were seeded (1 � 104/well) in 0.5% agarose and
treated as described above. Cells were allowed to grow for 14 days and then the number of
colonies 	 50 �m were quantified and the results graphed. The results represent the mean �
S.D. of three different experiments each performed with triplicate samples. Data from (A), (B)
and (C) represent the mean � S.D. of three separate experiments, each performed in triplicate.
*P � .05 vs vehicle; �P � .05 vs Mb- treated. (D) Immunocytochemical staining of proliferation
marker Ki-67 in R2C cells treated with vehicle (C) or 10-8M Mibolerone (Mb) for 72h. No
immunoreactivity was detected when R2C cells were incubated without the primary antibody
(negative control, NC) Scale bar � 12,5 �m. (E) Immunoblotting of p21 and cyclin D1 in R2C
cells treated with vehicle (C) or 10-8M Mibolerone (Mb) for 72h. GAPDH, loading control. Data
from from (D) and (E) are representative of three separate experiments.
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Androgen administration decreases P450
aromatase expression and activity in R2C cells

Local estrogen production by highly expressed P450
aromatase represents a major feature involved in the pos-

itive control of R2C cell proliferation (19, 23). Thus, we
explored the possibility that androgen treatment might
impact on P450 aromatase gene expression in R2C cells.
Mb administration was able to reduce the cellular content

of the enzyme at both mRNA and
protein levels, as detected by Real
Time-PCR, (Figure 2A) and immu-
noblotting (Figure 2B) assays, re-
spectively. Similar findings were ob-
tained following DHT
administration (Supplemental Fig-
ure 1C and D). These results were
further confirmed by immunofluo-
rescence analysis detecting a reduced
P450 aromatase immunoreactivity
in the cytoplasm of R2C cells as well
as in the perinuclear region, when
cells were treated with Mb. No reac-
tion was noticed in the nuclei and in
the cells processed without primary
antibody (NC) (Figure 2C). Notably,
the reduction of P450 aromatase
protein levels upon Mb treatment
was also reflected by a change in its
enzymatic activity, as measured by
the tritiated water release assay (Fig-
ure 2D) and a reduction in estradiol
(E2) production (E2 production in
vehicle-treated samples was 3138 �
140 pg/ml) (Figure 2E). The inhibi-
tory effect exerted by androgen
treatment on P450 aromatase ex-
pression and activity was abrogated
by the contemporary addition of AR
antagonists, Hydroxyflutamide
(OH-Fl) or Bicalutammide (Bic), in-
dicating that it was mediated by AR
activation (Figure 2). Having dem-
onstrated the ability of Mb to down-
regulate aromatase expression and
activity in R2C cells, we investigated
whether it was able to affect estradi-
ol/estrogen receptor signaling in
R2C cells. To this aim we performed
a transient transfection experiment
using the XETL plasmid, which car-
ries firefly luciferase sequences under
control of an estrogen response ele-
ment upstream of the thymidine ki-
nase promoter. As shown in Figure 2
F we observed that R2C cell expo-
sure to Mb significantly reduced

Figure 2. Effects of Mibolerone on P450 aromatase expression and activity in
R2C cells. A, P450 aromatase mRNA content evaluated by real-time RT-PCR in cells treated for
24h with vehicle (-), or 10-8M Mb and/or 10-6M hydroxyflutamide (OH-Fl) or 10-6M Bicalutamide
(Bic) as indicated. Each sample was normalized to its 18S rRNA content. The values represent the
means � S.D. of three different experiments each performed in triplicate. (B) Total protein
extracts from R2C cells treated with vehicle (-), 10-8M Mb and/or 10-6M OH-Fl or 10-6M Bic as
indicated for 48h were used for immunoblotting analysis of P450 aromatase expression. GAPDH,
loading control. Histograms represent the mean�S.D. of three separate experiments in which
band intensities were evaluated in terms of optical density arbitrary units and expressed as fold
change over basal which was assumed to be 1. (C) Immunofluorescence of P450 aromatase (a-d)
in cells treated for 48h with vehicle (-), 10-8M Mb and/or 10-6M OH-Fl. 4�,6-Diamidino-2-
phenylindole (DAPI) staining was used to visualize the cell nucleus (e-h). Scale bar � 15 �m. NC,
negative control (i,l). Histograms represent the mean�S.D. of four separate experiments in which
stained P450 aromatase protein was evaluated in terms of optical density arbitrary units by
ImageJ software (NIH). (D) P450 Aromatase activity and (E) estradiol production in cells treated
for 72 hours with vehicle (-), 10-8M Mb and/or 10-6M OH-Fl. (F) R2C cells were transiently
cotransfected with XETL (0.5 �g/well) and treated for 48 hours with vehicle (-), 10-8M Mb and/or
10-6M OH-Fl. Activation of reporter gene expression XETL in vehicle-treated cells is arbitrarily set
at 100%. Data represent the mean � S.D. of three different experiments each performed in
triplicate. *P � .05 vs vehicle; �P � .05 vs Mb-treated.
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XETL activation. As expected, addition of Hydroxyflut-
amide completely reversed this effect.

Ligand-activated AR down-regulates the
transcriptional activity of P450 aromatase PII-
proximal promoter

Next, we investigated if the down-regulatory effect of
Mb on P450 aromatase expression could be due to a neg-
ative influence on P450 aromatase gene transcriptional
activity. In human fetal and adult testes, R2C and H540
rat Leydig tumor cells and in purified preparation of rat
Leydig, Sertoli and germ cells, P450 aromatase expression
is regulated by a promoter proximal to the translational
starting site named promoter II (PII) (41–43).

Thus, R2C cells were transiently transfected with a lu-
ciferase reporter plasmid containing the PII P450 aroma-
tase promoter (PII-Arom) sequence (-1037/�94). As
shown in Figure 3A, a significant reduction in PII-Arom
activity could be observed upon Mb administration. This
effect was no longer detectable following the addition of
the AR antagonist OH-Fl, further confirming the involve-
ment of AR activation. In addition no inhibitory effects
were observed in Mb-treated cells transfected with the
empty-luciferase reporter plasmid (data not shown). PII-
regulated P450 aromatase expression is driven by specific
response elements: a nuclear receptor half site binding SF-
1/LRH-1 (44) and CRE-like sequences binding CREB/
ATF protein family members (29). Therefore, to charac-
terize PII-Arom regions that are functionally important for
transcriptional regulation by androgens, transient trans-

fection experiments were performed by using different
sized or mutated PII P450 aromatase promoter fragments
fused to the luciferase reporter gene (29), as schematically
exemplified in Figure 3B, left panel.

Similarly to what observed for the PII-Arom (-1037/
�94), the transcriptional activity of the PII-Arom con-
struct (-688/�94) which still includes the 5�CRE, 3�CRE,
XCRE and SF-1 binding sites, was decreased in response
to Mb stimulation, thus confirming the importance of
these sites for PII-driven regulation of P450 aromatase
expression (Figure 3B, right panel). Mutations of the
5�CRE (5�CRE m), the 3�CRE (3�CRE m) or the XCRE
(XCREm) did not influence the response to androgens,
since PII-Arom transcriptional activity was still reduced
following Mb administration, mirroring wild type PII-
Arom activity. On the contrary, we evidenced the loss of
the inhibitory effect exerted by Mb in the presence of the
construct bearing a SF-1/LRH-1 mutated binding site (SF-
1m), demonstrating that P450 aromatase regulation by
androgens requires the integrity of the SF-1 motif.

Mibolerone induces DAX-1 expression and its
recruitment within the P450 aromatase gene
promoter in R2C cells

One of the major repressors of SF-1-mediated transac-
tivation of target genes in steroidogenic tissues is the nu-
clear orphan receptor DAX-1 (28, 45–47). Moreover,
previous findings demonstrated that P450 aromatase is a
physiologic target gene of the nuclear orphan receptor
DAX-1 that, acting as an adaptor molecule, represses

Figure 3. Effects of Mibolerone on P450 aromatase promoter activity in R2C cells. A, R2C cells were transiently transfected with
a luciferase reporter plasmid containing the PII P450 aromatase promoter (PII-Arom; –1037/�94) and treated for 24h with vehicle (-), 10-8M Mb
and/or 10-6M OH-Fl. Activation of reporter plasmids in vehicle treated samples is arbitrarily set at 1. (B) Schematic representation of the PII P450
aromatase proximal promoter constructs used in this study (left panel). All of the promoter constructs contain the same 3� boundary (�94). The 5�
boundaries of the promoter fragments varied from –1037 to –688. Three putative CRE motifs (5�-CRE at –335; 3�-CRE at –231; XCRE at –169) are
indicated as circles. The SF-1 motif at –90 is indicated as a square. A mutated 5�CRE, 3�CRE, XCRE and SF-1-binding site is present respectively in
5�CREm, 3�CREm, XCREm and SF-1m constructs. PII P450 aromatase transcriptional activity in R2C cells, transfected with the above described
promoter constructs and treated with vehicle (C) or 10-8M Mb for 24h, is shown (right panel). Activation of reporter plasmids in vehicle treated
samples is arbitrarily set at 1. Results represent the mean � S.D. of three different experiments each performed in triplicate. *P � .05 vs vehicle;
�P � .05 vs Mb-treated.
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P450 aromatase transactivation through a variety of
mechanisms (48–50). Thus, we investigated, in our ex-
perimental system, whether DAX-1 may represent a mo-
lecular link between androgens and P450 aromatase.

First, we evaluated, in R2C cells, the effects of Mb admin-
istration on DAX-1 levels.

By using quantitative Real Time PCR we performed a
time-course study to evaluate DAX1
mRNA levels in R2C cells. As shown
in Figure 4A, a Mibolerone-depen-
dent induction of DAX-1 mRNA
levels could be already observed fol-
lowing a 12 hrs treatment and per-
sisted thereafter. The enhanced
DAX-1 mRNA levels was concomi-
tant with a decreased
P450aromatase mRNA content
(Figure 4B). Induction of DAX-1 ex-
pression by Mb (Figure 4C) or DHT
(Supplemental Figure 1E and F) was
confirmed by western blotting anal-
ysis also revealing that DAX-1 pro-
tein localizes prevalently into the nu-
cleus wherein it was further
enhanced upon Mb administration.
Immunofluorescence analysis con-
firmed these observations (Figure
4D). DAX-1 regulation involves AR
activation since addition of the an-
drogen receptor antagonists OH-Fl
reduced the Mb-dependent up-regu-
lation of DAX-1 (Figure 4C).

To provide evidence of the partic-
ipation of DAX-1 in the androgen-
dependent modulation of P450 aro-
matase expression we assessed, by
ChIP assay, the ability of DAX-1 to
associate to the SF-1/LRH-1 con-
taining region of the PII P450 aro-
matase proximal promoter upon an-
drogen treatment. According with
previous findings, both DAX-1 and
N-CoR were recruited at the SF-1/
LRH-1 motif containing region of
the PII P450 aromatase gene pro-
moter (Figure 4E). Interestingly,
DAX-1 occupancy of the SF-1/
LRH-1 site containing sequence of
the PII promoter was induced in a
ligand-dependent manner, since
DAX-1 recruitment was enhanced
by Mb administration. Concomi-
tantly, recruitment of the steroid re-
ceptor corepressor N-CoR within
the same promoter region was also

Figure 4. Mibolerone up-regulates DAX-1 expression in R2C cells. A, Time-course
analysis of DAX-1 mRNA content evaluated by real-time RT-PCR in cells treated with vehicle (-),
or 10-8M Mb, as indicated. Each sample was normalized to its 18S rRNA content. Values
represent the means � S.D. of three different experiments each performed in triplicate. (B) RT-
PCR for DAX-1 and P450 aromatase mRNA expression in R2C cells treated with vehicle (-) or 10-

8M Mb for 48h. 18S, internal standard; NC, negative control. (C) Immunoblotting for DAX-1
expression in cytosolic or nuclear extracts from cells treated for 48h with vehicle (-), 10-8M Mb
and/or 10-6M OH-Fl. GAPDH and Lamin B were assessed as control of protein loading and purity
of lysate fractions. Histograms represent the mean�SD of three separate experiments in which
band intensities were evaluated in terms of optical density arbitrary units. (D)
Immunofluorescence of DAX-1 (a,b) in cells treated for 48h with vehicle (C) or 10-8M Mb. 4�,6-
Diamidino-2-phenylindole (DAPI) staining was used to visualize the cell nucleus (d,e). Scale bar �
15 �m. NC, negative control (c,f). Histograms represent the mean�S.D. of four separate
experiments in which stained proteins were evaluated in terms of optical density arbitrary units
by ImageJ software (NIH). (E) Sheared chromatin from R2C cells treated with vehicle (-) or 10-8M
Mb for 2h was precipitated using anti-DAX-1 or anti-N-CoR antibodies. The 5�-flanking sequence
of the PII P450 aromatase proximal promoter containing the SF-1 site was detected by PCR with
specific primers listed in the ‘Materials and Methods’ section. Inputs DNA were amplified as
loading controls. IgG, control samples. *P � .05 vs vehicle; �P � .05 vs Mb-treated.
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significantly increased by Mb treatment (Figure 4E).
These results demonstrate, for the first time, how

DAX-1 enhancement by androgens may negatively affect
the modulation of the P450 aromatase gene in Leydig tu-
mor cells.

AR/DAX-1/ P450 Aromatase expression pattern in
male Fisher rats

As a final step of the current study, we evaluated the
expression pattern of DAX-1, P450 aromatase and AR in
testis tissues from younger (Fisher Rats Normal Testes:
FRNT) and older (Fisher Rats Tumor Testes: FRTT)
Fisher rats. Aged animals presented spontaneous Leydig
cell tumors, a phenomenon not observed in younger ani-
mals (51, 52), allowing us to use them as a good in vivo
model useful to corroborate our in vitro observations. As
shown in Figure 5, DAX-1 protein was expressed in FRNT
but scarcely detectable in FRTT. A similar expression pat-
tern was displayed by AR. On the contrary, a strongly
increased P450 aromatase immunoreactivity could be ob-
served in FRTT compared to FRNT. The AR/DAX-1/
P450 Aromatase protein expression pattern in normal
(FRTT) and tumoral (FRNT) testis tissues, was mirrored
by the corresponding mRNA content, as detected by RT-
PCR analysis (data not shown). Thus, our in vivo results
indicate that the occurrence of Leydigioma is associated to
a significant decrease in AR and DAX-1 levels and to a
remarkable enhancement of P450 aromatase expression,
confirming results obtained in R2C cell line.

Discussion

In the present study we highlighted, in Leydig tumor cells,
the existence of a novel functional interplay between the
androgen receptor (AR), the orphan nuclear receptor
DAX-1 and the P450 aromatase enzyme, that could play
a role in leydigiomas’ development and progression.

Testicular sex steroid synthesis is an elaborated dy-
namic process that, in addition to the negative feedback
throughout the hypothalamic-pituitary-gonadal axis, is
also finely regulated by various autocrine/paracrine fac-
tors (53, 54). In this scenario the maintenance of a delicate
balance between androgens and estrogens appears to have
a fundamental role for male gonadal integrity and func-
tion (55). This balance is governed by cytochrome P450
aromatase, encoded by the CYP19 gene, that catalyzes the
local conversion of androgens to estrogens and whose ex-
pression has been detected in Leydig cells and some pop-
ulation of germ cells (56). Interestingly, the expression of
AR at the same site of P450 aromatase and estrogen re-
ceptor (ER) in the testis (23, 57–59), suggests a possible
cross-regulation between the two steroid-induced signal-
ing pathways.

It is now generally accepted that locally secreted estro-
gens may act as autocrine factors exerting proliferative
effects on human and rodents Leydig cells (10, 19). In-
creased estradiol/testosterone ratio disrupts Leydig cell
function and might cause hyperplasia, hypertrophy and
Leydig cell adenomas (20, 21). Indeed, in mice, chronic
estrogen treatment induces Leydig cell tumors (LCTs) (60)
eventually regressing following estrogen withdrawal with
cellular alterations suggestive of apoptosis (61). On the
other hand, in male occult LCTs patients, gynecomastia,
the more frequent clinical sign observed, is accompanied
by increased estradiol and decreased testosterone levels,
strongly suggesting the presence of an estrogen-secreting
tumor (7, 8, 10, 62). However less is known regarding the
role of AR in the modulation of the complex testis para-
crine/autocrine signaling especially concerning the molec-
ular mechanism for androgen/AR regulation of Sertoli
cell, Leydig cell and peritubular myoid cell proliferation
and/or differentiation (12). Here we demonstrate that pro-
longed administration of the synthetic androgen receptor
agonist Mibolerone is able to reduce proliferation rate in
a well-documented in vitro model for Leydig cell neo-
plasms, such as rat Leydig tumor cells R2C (63). Our study
indicates that androgen-dependent reduction of cell
growth is consequent to the decrease of the self-sufficient
in situ estrogen production which represents a major fea-
ture of R2C cells (19, 23). Indeed, in this cell type, andro-
gen treatment negatively impacts on P450 aromatase by
down-regulating its expressionatbothmRNAandprotein

Figure 5. DAX-1, P450 aromatase and androgen receptor
expression in Fisher rat testes. Immunoblotting of DAX-1, P450
aromatase and androgen receptor (AR) in tissues from normal (FRNT)
and tumor (FRTT) Fisher rat testes. �-actin, loading control.
Immunoblots show a single representative result. Histograms represent
the mean�S.D. of three separate experiments in which band
intensities were evaluated in terms of optical density arbitrary units.
*P � .05 vs FRNT.
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levels and determining a decrease of its enzymatic activity.
It has been shown that androgens are able to affect the
expression of steroidogenic enzymes via an AR-mediated
(64) or a local feed-back mechanism (65, 66). Our results
indicate that the inhibitory effects induced by androgen
administration on P450 aromatase expression involve an-
drogen receptor activation since they disappear in the
presence of the AR antagonist hydroxyflutamide or bica-
lutamide. These data confirm previous in vitro and in vivo
findings that AR signaling in Leydig cells displays auto-
crine regulation and that lacking functional AR in Leydig
cells has a major influence on Leydig cell steroidogenic
function (12, 27). The observed AR-mediated inhibition
of P450 aromatase cellular levels involves regulation of
CYP19 gene transcriptional activity. Distinctive tissue-
specific CYP19 promoters are employed to direct the ex-
pression of P450 aromatase mRNA (67). The main regu-
lator of normal testicular cell aromatization is the CYP19
proximal promoter II (PII), located immediately upstream
of the transcriptional initiation site. PII is also been re-
ported as the main active promoter in LCTs and in R2C
cells (24, 25, 31, 42, 43). Different response elements have
been identified in PII: three motifs resembling CRE and an
SF-1 binding site (29, 68), but no androgen response ele-
ment have been defined. By functional studies, using con-
structs containing wild-type or different 5�-deleted regions
of rat PII P450 aromatase promoter, we demonstrated the
ability of androgens to decrease PII transcriptional activ-
ity. This inhibitory effect was abrogated when a promoter
fusion containing a mutated SF-1 element was employed,
suggesting that the integrity of the SF-1 sequence is a pre-
requisite for the down-regulatory effects of the AR ligands
on P450 aromatase promoter activity. The above de-
scribed observations are consistent with recent studies
showing that AR inhibits the transactivation of SF-1 in
Leydig cells (27) as in gonadotrope-derived cells (69). The
importance of the androgen-induced inhibition of SF-1-
dependent P450 aromatase gene transactivation in Leydig
tumor cells is highlighted by a recent case-report of a 29-
year-old male diagnosed with an estrogen-producing
LCT, severe gynecomastia and elevated plasma estradiol
levels. In fact, in this report, authors demonstrate elevated
estrogen synthesis in LCT to be consequent to enhanced
PII-driven CYP19 transcription, most likely caused by el-
evated levels of the transcription factor SF-1 (26). Thus,
our findings are suggestive of the possibility that androgen
action on testicular estrogen production might be accom-
plished by cross-talk between androgen signaling and ma-
jor transcription factors responsible for P450 aromatase
gene expression.

In the aim of getting insights into this issue we investi-
gated the involvement of the nuclear orphan receptor

DAX-1 that has key roles in the development and the
maintenance of reproductive function as it is a crucial reg-
ulator of steroidogenesis in mammals. Indeed, DAX-1 has
a restricted expression pattern to tissues directly involved
in steroid hormone production (70). Within these tissues,
DAX-1 colocalize with SF-1 (45) and acts as a global an-
tisteroidogenic factor likely by suppressing SF-1-mediated
transcription through a variety of mechanisms (28, 46, 47,
49, 50, 71). For instance, DAX-1 is a repressor of several
steroidogenic enzymes (28, 70, 72), blocking steroid pro-
duction at multiple levels and decreasing the formation of
steroids that are precursors of estrogens. In Y-1 adreno-
cortical cells, DAX-1 blocks the rate-limiting step in ste-
roid biosynthesis by repressing StAR protein expression
(46) as well as by inhibiting both P450scc (CYP11A) and
3-�-hydroxysteroid dehydrogenase cellular levels (50).
Moreover, it has also been shown that in insulin-treated
MA-10 Leydig cells, triggering of the insulin receptor sig-
naling pathway decreases cAMP-induced StAR, P450scc
and 3-�-hydroxysteroid dehydrogenase via induction of
DAX-1, without any change in serum LH or FSH levels
(73). Worthily the aromatase coding gene, CYP19 repre-
sents a physiological target for DAX-1 in Leydig cells. A
very elegant study examining the consequences of DAX-1
deficiency on Leydig steroidogenesis in vivo, demon-
strated that there was no alteration in the expression of the
five steroidogenic genes required for testosterone biosyn-
thesis, while P450 aromatase mRNA, protein and enzy-
matic activity was increased significantly in DAX-1-defi-
cient Leydig cells. Enhanced P450 aromatase expression
was accompanied by a 40-fold increase in intra-testicular
estradiol (48). Consistently, in a patient with adrenal in-
sufficiency and hypogonadotropic hypogonadisms, dele-
tion of the exon 2 of DAX-1 gene, dramatically affecting
its function (74), has been associated with disturbed bio-
logical function of testis, especially hyperplasia of Leydig
cells (75). Our findings indicate that, in rat Leydig tumor
cells R2C, DAX-1 expression is regulated by androgens. In
our experimental system, androgen-dependent up-regula-
tion of nuclear DAX-1 is associated to a significant in-
crease of its recruitment within the SF-1 site containing
region of the PII P450 aromatase proximal promoter. Ac-
cording to previous observations (49), DAX-1 occupancy
of the PII promoter is concomitant with the enhanced re-
cruitment of the steroid receptor corepressor N-CoR.
Therefore, the mechanism we described might contribute
to explain the negative influence of androgens on rat Ley-
dig tumor cell proliferation, and well correlates with ob-
servations in endometrial carcinoma, where loss or de-
creased DAX-1 expression results in increased
intratumoral steroid production and enhanced estrogen-
dependent proliferation of cancer cells (76).
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Thus, in Leydig tumor cells, the induction of DAX-1
expression and the consequent modulation of P450 aro-
matase expression and activity exerted by androgens, may
represent an in situ defensive mechanism for modulating
unopposed estrogenic effects. Thus, the maintenance of a
proper ratio between androgen and estrogen testicular lev-
els appears to be fundamental. As shown in the present
study, long term administration (3 and 6 days) of low
doses of androgens (in the nanomolar range) decrease
R2C cell number by binding the AR and reducing the effect
of locally produced estradiol. On the contrary, high doses
(in the micromolar range) of aromatisable and nonaro-
matisable anabolic androgenic steroids induce, following
a 24 hours treatment, proliferation of R2C cells as a con-
sequence of the binding to the estrogen receptor (32).
While reinforcing the concept that the finely tuned balance
between androgens and estrogens is critical in the devel-
opment of proliferative diseases, these observations make
it appealing to speculate whether such a mechanism can
also exist in other endocrine-related cancers. In fact, the
aberrant expression of P450 aromatase is believed to con-
tribute to the development and progression of breast can-
cer (18, 36, 77–79). To this regard, we recently demon-
strated that ligand-activated AR negatively regulates in
situ estrogen production by activating DAX-1 gene tran-
scription in estrogen-related MCF-7 breast cancer cells,
providing new clues for the inhibitory role exerted by an-
drogens on estrogen-dependent cancer cell proliferation
(79). More surprisingly, emerging evidences indicate the
prostate as a target for locally produced estrogens (80, 81).
Specifically, P450 aromatase is expressed in nonmalignant
prostatic stroma but not in normal epithelial cells. In con-
trast, the onset and/or progression of malignancy is ac-
companied by the appearance and increase of P450 aro-
matase expression and activity within the prostate
epithelium together with potential alteration of P450 aro-
matase promoter usage, similarly to that occurred in
breast cancer (82, 83). Besides, prostate epithelium phe-
notypic changes are also associated to dysregulation of
DAX-1 whose expression is considerably reduced in be-
nign prostate hyperplasia compared to normal prostate
tissue (84, 85), thus leaving the issue opened for future
challenges. Direct confirmation of the biological relevance
of our findings comes from results obtained in normal
(FRNT) and tumoral (FRTT) testes tissues from younger
and older, respectively, Fisher rats which are characterized
by exceptionally high incidence of spontaneous Leydig cell
neoplasm associated with aging (51, 52). It appears ex-
tremely interesting to observe that tumor development is
concomitant with a marked down-regulation of AR and
DAX-1 expression and a strong increase in P450 aroma-
tase levels, as it emerges comparing young normal rat tes-

tes with the older ones showing the presence of the neo-
plasia. Specifically, FRNT are characterized by high
expression levels of DAX-1 and very low levels of P450
aromatase enzyme. On the contrary, Leydig tumor devel-
opment in FRTT is associated with an opposite expression
pattern showing a barely detectable DAX-1 content and a
strongly increased P450 aromatase expression. Impor-
tantly, DAX-1 expression pattern is mirrored by AR
expression.

Collectively, our study, for the first time, identifies the
existence of a functional AR/DAX-1/ P450 aromatase in-
terplay involved in the inhibition of the estrogen-depen-
dent testicular cancer cell proliferation. In elucidating a
mechanism by which androgens modulate the growth of
Leydig tumor cells, these findings reinforce the hypothesis
that restoring the correct balance between androgen and
estrogen levels, may open new opportunities for therapeu-
tic intervention in this type of endocrine-related cancer.
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a Department of Pharmacy, Health and Nutritional Sciences, University of Calabria, Arcavacata di Rende, CS, Italy
b Breast Center, Baylor College of Medicine, Houston, TX, USA

c Centro Sanitario, University of Calabria, Arcavacata di Rende CS, Italy
d Department of Medical Oncology, University of Messina, Messina, Italy

Received: June 16, 2014; Accepted: November 7, 2014

Abstract

The role of the obesity cytokine leptin in breast cancer progression has raised interest in interfering with leptin’s actions as a valuable therapeu-
tic strategy. Leptin interacts with its receptor through three different binding sites: I–III. Site I is crucial for the formation of an active leptin–lep-
tin receptor complex and in its subsequent activation. Amino acids 39-42 (Leu-Asp-Phe-Ile- LDFI) were shown to contribute to leptin binding
site I and their mutations in alanine resulted in muteins acting as typical antagonists. We synthesized a small peptide based on the wild-type
sequence of leptin binding site I (LDFI) and evaluated its efficacy in antagonizing leptin actions in breast cancer using in vitro and in vivo experi-
mental models. The peptide LDFI abolished the leptin-induced anchorage-dependent and -independent growth as well as the migration of ERa-
positive (MCF-7) and -negative (SKBR3) breast cancer cells. These results were well correlated with a reduction in the phosphorylation levels of
leptin downstream effectors, as JAK2/STAT3/AKT/MAPK. Importantly, the peptide LDFI reversed the leptin-mediated up-regulation of its gene
expression, as an additional mechanism able to enhance the peptide antagonistic activity. The described effects were specific for leptin signal-
ling, since the developed peptide was not able to antagonize the other growth factors’ actions on signalling activation, proliferation and migra-
tion. Finally, we showed that the LDFI pegylated peptide markedly reduced breast tumour growth in xenograft models. The unmodified peptide
LDFI acting as a full leptin antagonist could become an attractive option for breast cancer treatment, especially in obese women.

Keywords: leptin� leptin receptor� leptin receptor modulators� breast cancer� peptides

Introduction

Carcinoma of the breast is the most common cancer among women
in industrialized countries, and results in substantial morbidity and
mortality. Breast carcinogenesis is thought to involve genetic predis-
position, but modifiable factors such as overweight (body mass
index, BMI 25–30 kg/m2) or obesity (BMI >30 kg/m2) conditions
have also been reported to play an important role [1, 2]. Indeed, a
number of epidemiological studies have suggested that obesity and

high adipose tissue mass are associated with an increased risk of
breast cancer development, as well as with an aggressive tumour
phenotype and a poor survival [3–5]. Among obesity-related factors
that are known to impact breast cancer development and progression,
the adipose-derived adipokine leptin, whose synthesis and plasma
levels increase proportionally to total adipose tissue mass [6, 7] has
been extensively examined in this regard.

Leptin, a 16 kD polypeptide hormone encoded by the obese (Ob)
gene, is a pleiotropic molecule that regulates food intake, hematopoi-
esis, inflammation, cell differentiation and proliferation, but it is also
required for mammary gland development and tumourigenesis [8].
Both leptin and its receptor (ObR) are overexpressed in breast cancer,
especially in higher grade tumours and are associated with distant
metastasis [9, 10]. Genetically obese leptin-deficient Lepob/ob and lep-
tin receptor-deficient Leprdb/db mice do not develop mammary
tumours which provide evidence that leptin and its receptor are
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involved in breast tumourigenesis [11, 12]. In line with these observa-
tions, a growing body of evidence have shown that leptin is able to
induce a variety of responses, such as mitogenesis, survival, transfor-
mation, migration and invasion in breast cancer cells [13–20] through
the activation of several signalling pathways, such as those involving
Janus kinase 2–signal transducer and activator of transcription 3
(JAK2-STAT3), mitogen-activated protein kinase (MAPK), and phos-
phatidylinositol 3-kinase-protein kinase B (PI3K-AKT) [21]. In addition
to its direct action, we and other authors have demonstrated that lep-
tin can exert its tumourigenic activities also interacting with different
signalling molecules. Indeed, leptin signalling in human breast cancer
cells enhances aromatase gene expression promoting in situ oestro-
gen production [22] and directly transactivates oestrogen receptor
alpha (ERa) [17, 23]. It has also been reported an interplay between
leptin signalling and the transmembrane tyrosine kinase receptor
HER2, a member of epidermal growth factor receptor (EGFR) family
[24–26]. Saxena et al. have demonstrated the existence of a bidirec-
tional crosstalk between leptin and insulin-like growth factor I (IGF-I)
signalling, mediated by synergistic transactivation of EGFR, which
influences breast cancer cell invasion and migration [27]. Of note, we
have demonstrated that leptin acting as a mediator of tumour /stroma
interaction within tumour microenvironment may promote mammary
carcinogenesis [8, 17].

Several potential therapeutic approaches able to inhibit leptin
activity, especially in obese cancer patients, have been proposed.
Antagonists to the leptin receptor are being developed both as
mutants of the full protein and peptide fragments representing single
receptor-binding site [20, 28–30]. In this regard, it has been previ-
ously demonstrated that inhibition of leptin signalling by a pegylated
leptin peptide receptor antagonist (PEG-LPrA2), a short peptide corre-
sponding to amino acids 70-95 of human leptin, resulted in decreased
growth of mammary tumours derived from mice and humans [31–
33]. Similar data were reported by another group using a different
leptin antagonist, a 9 residue peptidomimetic named as Allo-aca. This
peptide inhibits leptin-mediated proliferation and signalling in vitro
and exhibits anti-neoplastic activities in vivo [34, 35].

In this study, we have generated a novel peptide, LDFI, corre-
sponding to amino acid residues 39-42 from one of the putative sites
of interaction of leptin with its receptor. Our results have shown that
LDFI inhibits leptin-induced proliferation and motility as well as leptin
signalling activation in both ERa-positive and ERa-negative human
breast cancer cells. Furthermore, the peptide markedly reduces breast
tumour growth in xenograft models.

Materials and methods

Reagents and antibodies

DMEM, McCoy’s 5A Medium, L-Glutamine, penicillin, streptomycin,

bovine serum albumin (BSA), phosphate-buffered saline, TRIzol, 100 bp
DNA ladder were purchased from Invitrogen (Carlsbad, CA, USA). Ta-

qDNA polymerase was provided by Promega (Madison, WI, USA). The

RETROscript kit and DNase I were purchased from Ambion (Austin, TX,

USA). Aprotinin, leupeptin, phenylmethylsulfonyl fluoride, sodium ortho-
vanadate, formaldehyde, NP-40, MTT, dimethyl sulphoxide, proteinase K,

leptin and epidermal growth factor (EGF) by Sigma-Aldrich (Milan, Italy).

Cyclin D1, GAPDH, total Akt and phosphorylated pAkt (Ser437), Ki-67

antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Total ERK1,2/MAPK, JAK2, STAT3 and phosphorylated p42/44 ERK1,2/

MAPK (Thr202/Tyr204), JAK2 (Tyr1007/1008), STAT3 (Tyr705) were from

Cell Signaling Technology (Beverly, MA, USA).

Peptide synthesis

The peptides were synthesized by solid phase methods using reagent
systems and methodologies of standard Fmoc-chemistry [36, 37].

Fmoc-L-Asp-(OtBu)-OH, Wang resin, diisopropylethylamine (DIPEA), tri-

fluoroacetic acid (TFA) and triisopropylsilane (TIS) were purchased from

Sigma-Aldrich. All other Fmoc-protected amino acids (Fmoc-L-AA-OH)
were prepared from the corresponding a-amino acids and 9-fluorenylm-

ethyloxycarbonyl chloride [38]. O-Benzotriazole-N,N,N0,N0-tetramethyl-

uronium-hexafluoro-phosphate (HBTU) was purchased from Matrix
Innovation.

For the synthesis of polyethylene glycol (PEG)-attached peptide was

used TentaGel� PAP Resin (Rapp Polymere GmbH, Tuebingen, Germany),

a polystyrene/DVB matrix with amine terminated polyethylene oxide
attached via a cleavable linkage with TFA. Dichloromethane (DCM), N,N-

dimethylformamide (DMF), N-methylpyrrolidone (NMP), diethyl ether, for-

mic acid (FA), HPLC grade water and acetonitrile were obtained by VWR.

The peptides were characterized by NMR spectroscopy and LC/MS
analysis. Electrospray ionization source-quadrupole time of flight (ESI-

QTOF) mass spectra and 1H NMR and 13C NMR spectra identified cor-

rect and pure samples (more details in Data S1).

ESI-QTOF mass spectra were recorded on a
Agilent 6540 Q-TOF mass spectrometer

1H NMR and 13C NMR spectra were recorded on a Bruker Avance 300

spectrometer using DMSO-d6 as solvent. Chemical shifts (d) are

reported in units of parts per million (ppm) and all coupling constants
(J) are reported in hertz (Hz). LC-MS analysis was carried out using a

UHPLC instrument coupled to a QTOF mass spectrometer fitted with a

ESI operating in positive ion mode. Chromatographic separation was
achieved using a C18 RP analytical column (Eclipse Plus C18,

50 9 2.1 mm, 1.8 lm) at 50°C with a elution gradient from 5% to

50% of B over 15 min., A being H2O (0.1% FA) and B CH3CN (0.1%

FA). Flow rate was 0.5 ml/min.
Standard microwave synthesis protocol: the peptide chain assembly

was made on a CEM-Liberty microwave-assisted automated synthesizer.

The resin was swollen in DMF for 30 min. before use. Coupling reactions

were performed in DMF with fivefold excess of Fmoc-AA-OH in the pres-
ence of HBTU (5.0 equivalents) and DIPEA (10 equivalents) for 5 min. at

75°C. The Fmoc protecting group was removed by treatment of the resin

with a 20% solution of piperidine in DMF (v/v) (7 ml). Deprotection was
performed in two stages with an initial deprotection of 30 sec. followed

by 3 min. at 75°C. Between each step the resin was washed thoroughly

with DMF. The completed peptide was washed with DMF and DCM. The

peptide was cleaved from the resin using a mixture of TFA, water, and TIS
(9.5/0.25/0.25 by volume) for 30 min. at 38 °C. Following cleavage the

peptide was precipitated and washed with diethyl ether.
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LDFI peptide
ESI-QTOF-MS: 507.2814 (M+H)+, 529.2636 (M+Na)+, 545.2367 (M+K)+.

ESI-QTOF-MS: calcd for C25H39N4O7
+ 507.2813, found 507.2814.

Scramble peptide LLLA
ESI-QTOF-MS: 429.3078 (M+H)+, 451.2899 (M+Na)+, 467.2576 (M+K)+.

ESI-QTOF-MS: calcd for C21H41N4O5
+ 429.3071, found 429.3078.

LDFI-PEG peptide
LDFI-PEG peptide was characterized by LC-ESI-QTOF-MS analysis which
shows that the peptide LDFI is linked to PEG. The chromatogram shows

a peak eluting at 3.21 min. that comprises a mass of 626.3514 with

z = 2. The MS/MS spectrum of the peak at 3.21 min. (m/z 626.3514,

z = 2) confirmed the structure of an adduct between LDFI and PEG.
ESI-QTOF MS/MS: (626.3514; z = 2): 376.1824 (b3- H2O), 229.1173

(b2), 86.0963 (L,I).

Cell cultures

The human breast cancer cell lines MCF-7 and SKBR3 were acquired

from American Type Culture Collection (Manassas, VA, USA) where they
were authenticated, stored according to supplier’s instructions, and

used within a month after frozen aliquots resuscitations. MCF-7 cells

were cultured in DMEM medium supplemented with 10% foetal bovine

serum (FBS; Invitrogen), 2 mmol/l L-glutamine, and 50 units/ml penicil-
lin/streptomycin. SKBR3 cells were cultured in McCoy’s 5A Medium

modified containing 10% FBS, 1% L-glutamine, 1% Eagle’s nonessential

amino acids, and 1 mg/ml penicillin-streptomycin. Before each experi-

ment, cells were grown in phenol red-free medium, containing 5% char-
coal-stripped FBS for 2 days and treated as described.

Cell proliferation assays

MTT anchorage-dependent growth assays
Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium (MTT) assay as described previously [39]. Results
are representative of at least three independent experiments and

expressed as the absorbance readings at 570 nm.

Soft agar anchorage-independent growth assays
Cells (104/well) were plated in 4 ml of 0.35% agarose with 5% charcoal

stripped-FBS in phenol red-free media, with a 0.7% agarose base in six

well plates. Two days after plating, media containing vehicle or treat-
ments, as indicated, were added to the top layer and replaced every

2 days. After 14 days, colonies were counted as described [40]. Data

shown are the mean colony numbers of three independent experiments

each performed in triplicate.

Wound-healing migration assays
Motility was assessed as described previously [17]. Briefly, cell mono-
layers were scraped and cells were treated as indicated. Closure of the

wound was monitored over 24 hrs, cells were then fixed and stained

with Comassie Brillant Blue. Pictures were taken at 109 magnifications
using phase-contrast microscopy and are representative of three inde-

pendent experiments.

Transmigration assays
Cells treated as indicated were placed in the upper compartments of

Boyden chamber (8-lm membranes; Corning Costar, NY, USA). Bottom

well contained regular full media. After 24 hrs, migrated cells were fixed
and stained with Coomassie brilliant blue. Migration was quantified by

viewing 5 separate fields per membrane at 209 magnification and

expressed as the mean number of migrated cells. Data represent 3

independent experiments assayed in triplicate.

Reverse transcription-PCR and real-time RT-PCR assays
The gene expression of Ob (leptin) and 36B4 was evaluated by reverse
transcription PCR (RT-PCR) method as previously described [41], using

the following primers: 50-GAGACCTCCTCCATGTGCTG-30 (Ob forward)

and 50-TGAGCTCAGATATCGGGCTGAAC-30 (Ob reverse), 50-CTCAA-
CATCTCCCCCTTCTC-30 (36B4 forward) and 50-CAAATCCCATATCCTCGT-
30 (36B4 reverse). Negative control contained water instead of first

strand cDNA was used.

The gene expression of the long and short leptin receptor isoforms

(ObRL/ObRsh), VEGF receptor (VEGFR) was assessed by real-time RT-
PCR, using SYBR Green Universal PCR Master Mix (Bio-Rad, Hercules,

CA, USA). Each sample was normalized on GAPDH mRNA content.

Primers used for the amplification were: forward 50-ATTGTGCCAGTA-
ATTATT TCCTCTTCC-30 and reverse 50-CCACCATATGTTAAC TCTCA-
GAAGTTCAA-30 (ObRl), forward 50-GATAGA GGCCCAGGCATTTTTTA-30

and reverse 50-ACACCACTCTCTCTCTTTTTGATTGA-30 (ObRs), forward

50-CTTCGAAGCATCAGCATAAGAAACT-30 and reverse 50-TGGTCAGCC
CACTGGAT-30 (VEGFR), forward 50-CCCACTCCTCCACCTTTGAC-30 and

reverse 50-TGTTGCTGTAGCCAA ATTCGT T-30 (GADPDH). The relative

gene expression levels were normalized to a calibrator that was chosen

to be the basal, vehicle-treated sample. Final results were expressed as
n-fold differences in gene expression relative to GAPDH rRNA and

calibrator, calculated using the DDCt method as follows: n-

fold = 2�(DCtsample�DCtcalibrator), whereDCt values of the sample and calibra-

tor were determined by subtracting the average Ct value of the GAPDH rRNA
reference gene from the average Ct value of the different genes analyzed.

Immunoblotting analysis

Whole-cell lysates were prepared as previously described [42]. Protein

extracts from tumour tissues were prepared as previously described

[43]. Equal amounts of total protein were resolved on 11% SDS-PAGE
as indicated [44]. Blots shown are representative of at least three inde-

pendent experiments.

Tumour xenografts

In vivo studies were conducted in 45-day-old female nude mice (nu/nu

Swiss). Mice were inoculated with exponentially growing SKBR3 cells
(5.0 9 106 per mouse) in 0.1 ml of matrigel (BD Biosciences, Bedford,

MA, USA) into the intrascapular region. Once tumours reached an

approximate volume of 100 mm3 5 mice/group were randomly allocated
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into three groups. The mice were then treated with LDFI-PEG (1 and
10 mg/kg/day) diluted in saline 0.3% BSA or saline 0.3% BSA only

(control) by i.p. injection. The treatment was done for 5 days a week

until the 4th week. All animals were maintained and handled in accor-

dance with the recommendation of the Guidelines for the Care and Use
of Laboratory Animals and were approved by the Animal Care Commit-

tee of University of Calabria. Tumour development was followed twice a

week by caliper measurements along two orthogonal axes: length (L)
and width (W). The volume (V) of tumours was estimated by the follow-

ing formula: V = L (W2)/2. Relative tumour volume (RTV) was calcu-

lated from the following formula: RTV = (Vx/V1), where Vx is the

tumour volume on day X and V1 is the tumour volume at initiation of
the treatment. Growth curve was obtained by plotting the mean volume

of RTV on Y axis against time (X axis expressed as days after starting

of treatment). Antitumour activity was evaluated according to tumour

growth inhibition, calculated from the following formulae: percent
GI = 100 � (RTVt/RTVc) 9 100, where RTVt is the medium RTV of

treated mice and RTVc is the median RTV of controls, both at a given

time-point when the antitumour effect was optimal. At the time of kill-
ing, tumours were dissected out from the neighboring connective tis-

sue, frozen and stored in nitrogen for further analysis.

Histopathological analysis

Tumours, livers, lungs, spleens, and kidneys were fixed in 4% formalin,

sectioned at 5 lm, and stained with hematoxylin and eosin Y, as sug-

gested by the manufacturer (Bio-Optica, Milan, Italy).

Immunohistochemical analysis

Paraffin embedded sections, 5 lm thick, were mounted on slides precoat-

ed with poly-lysine, and then they were deparaffinised and dehydrated (7–
8 serial sections). Immunohistochemical experiments were performed

with rabbit polyclonal Ki-67 primary antibody at 4°C overnight. Then, a
biotinylated goat-anti-rabbit IgG was applied for 1 hr at room temperature,

followed by the avidin biotin-horseradish peroxidase complex (ABC/HRP;

Vector Laboratories, CA, USA). Immunoreactivity was visualized using the

diaminobenzidine chromogen (DAB) (Sigma-Aldrich). Counterstaining was
carried out with methylene-blue (Sigma-Aldrich). The primary antibody

was replaced by normal rabbit serum in negative control sections.

Statistical analysis

Data were analyzed for statistical significance (P < 0.05) using a two-

tailed student’s Test, performed by Graph Pad Prism 4. Standard devia-
tions (SD) are shown.

Results

Design and synthesis of Peptide LDFI

Leptin, whose structure consists of 4 a helices (A-D helices), binds
its receptor through three binding sites (I, ll and III) [45]. The amino

acid sequence 39-42, located in the loop that connects helices A and
B, is essential for activation of the leptin receptor and represents the
main target region that can be modified for obtaining ObR antago-
nists. Mutations of some or all of these amino acids to Ala in human
and ovine leptin do not change their binding properties, but they abol-
ish their biological activity and converts the muteins into potent
antagonists [46, 47]. In this context and considering that the subse-
quence 39-42 represents a key residue in the activation of leptin-
receptor complex, we designed and synthesized the small peptide
derived from the wild-type sequence 39-42 of leptin Leu-Asp-Phe-Ile
(LDFI). The tetrapeptide designed mimics the sequence of leptin bind-
ing site I, involved in the interaction with CRH2 (cytokine receptor
homology domain) from the ObR and therefore in its activation. The
tetrapeptide was synthesized by solid phase peptide synthesis, using
Fmoc-chemistry. A ‘scramble’ tetrapeptide consisting of a random
sequence of amino acids was also synthesized. Specifically the tetra-
peptide Leu-Leu-Leu-Ala was prepared and its biological activity was
tested by performing the same biological tests carried out for the tet-
rapeptide LDFI. The tetrapeptide was also synthesized in the pegylat-
ed form (LDFI-PEG). For this purpose the PEG was introduced
through an amidic bond on the C-terminal amino acid, using a PEG
with an amine linker.

Peptide LDFI inhibits leptin-induced cell growth
and motility in breast cancer cells

First, we tested the biological activity of the peptide LDFI on
anchorage-dependent cell proliferation using as experimental mod-
els ObR-positive and leptin-sensitive MCF-7 (ERa-positive) and
SKBR3 (ERa-negative) breast cancer cells. Both MCF-7 and SKBR3
cells were treated with the peptide at increasing concentrations
(10 nM, 100 nM, 1 lM and 10 lM) for 96 hrs. The peptide did
not interfere with cell proliferation in the absence of leptin and did
not produce any significant cytotoxic effects at all the doses tested
(Fig. 1A).

Next, we explored the ability of peptide LDFI to interfere with lep-
tin-induced cell proliferation (Fig. 1B). As expected, in both cell lines
treatment with leptin (500 ng/ml) increased cell proliferation. The
peptide LDFI at 10 nM–1 lM concentrations significantly reversed
the leptin-induced cell growth in a dose-dependent manner. The abil-
ity of peptide LDFI to inhibit leptin-mediated cell growth was also
evaluated using anchorage-independent growth assays, which better
reflect in vivo three-dimensional tumour growth (Fig. 1C). The pep-
tide significantly reduced the increase in colony numbers induced by
leptin in MCF-7 and SKBR3 cell lines. In contrast, a scramble peptide
(S), consisting of a random sequence of amino acids, used as a nega-
tive control, showed no leptin antagonistic properties. Data from
growth assays were well correlated with a reduction in leptin-induced
expression of Cyclin D1, a well known marker for cell proliferation, in
cells treated with the peptide (Fig. 1D).

Moreover, we assessed, in MCF-7 and SKBR3 cells, the ability
of the peptide to inhibit cell motility induced by leptin in wound-
healing scratch assays. As shown in Figure 2A, both cell lines
moved the farthest in eitheir directions to close the ‘gap’ following
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leptin treatment compared to vehicle control conditions. Pretreat-
ment with peptide LDFI counteracted leptin effects on cell motility.
Then, the capacity of cells to migrate across uncoated membrane
in transmigration assays was tested in the presence of leptin and
peptide LDFI (Fig. 2B). Leptin increased the number of migrated
cells in both cell lines and again pretreatment with peptide LDFI
resulted in a clear reduction in leptin-induced cell motility. In both
wound-healing scratch and transmigration assays the exposure to
the scramble peptide (S) did not influence leptin-induced effects
on MCF-7 and SKBR3 cells (Fig. 2A and B).

Peptide LDFI blocks leptin signalling pathways

Leptin exerts its biologic function through binding to its receptor
which mediates a downstream signal by activating multiple signalling
pathways. Thus, we conducted time-course studies to examine the
effects of peptide LDFI on phosphorylation of the major leptin signal-
ling molecules, that are known to mediate proliferation and motility in
breast cancer cells, using immunoblot analysis (Fig. 3A). As
expected, in MCF-7 and SKBR3 cells, leptin treatment induced phos-
phorylation of JAK2/STAT3, AKT and MAPK, whereas pretreatment

A

B

C

D

Fig. 1 Effects of peptide LDFI on leptin-

induced breast cancer cell proliferation.
(A) MTT growth assays in MCF-7 and

SKBR3 breast cancer cells treated with

vehicle (-) or increasing doses of peptide
LDFI (10 nM, 100 nM, 1 lM, 10 lM) for

96 hrs. (B) MTT growth assays in MCF-7

and SKBR3 cells treated with vehicle (-),

leptin (Lep, 500 ng/ml), with or without
peptide LDFI (10 nM, 100 nM, 1 lM) for

96 hrs. A scramble peptide (S, 1 lM) was

used as negative control. (C) Soft agar

anchorage-independent growth assays in
MCF-7 and SKBR3 cells treated with vehi-

cle (-), leptin (Lep, 500 ng/ml), alone or

in combination with peptide LDFI (1 lM)
or a scramble peptide (S, 1 lM). n.s.

non-significant; *P < 0.05, **P < 0.01.

(D) Immunoblotting for Cyclin D1 expres-

sion in MCF-7 and SKBR3 cells treated for
24 hrs with vehicle (-), leptin (500 ng/ml)

with or without peptide LDFI (1 lM).

GAPDH was used as control of equal load-

ing and transfer. Numbers below the blots
represent the average fold change in Cy-

clin D1/GAPDH ratio relative to vehicle-

treated cells.
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with peptide LDFI completely abrogated the leptin activation of these
signalling pathways.

Since we have previously demonstrated that leptin was able to up-
regulate its own gene expression [48], we investigated whether LDFI

could also counteract this effect. RT-PCR analysis showed that the
levels of the Ob gene increased by leptin were strongly reduced in the
presence of the peptide in both breast cancer cells (Fig. 3B). More-
over, we examined by real time PCR the expression of OBRL, OBRsh

A

B

Fig. 2 Peptide LDFI inhibits leptin-induced
cell motility. (A) MCF-7 and SKBR3 breast

cancer cells were subjected to wound-

healing migration assays with images cap-
tured at 0 and 24 hrs after incubation with

vehicle (-), leptin (Lep, 500 ng/ml) alone

or in combination with peptide LDFI

(1 lM) or a scramble peptide (S, 1 lM)
using phase-contrast microscopy. Small

squares, time 0. (B) Transmigration

assays in MCF-7 and SKBR3 cells treated

as in A. n.s. non-significant; *P < 0.05,
**P < 0.005.

A

B

Fig. 3 Peptide LDFI antagonizes leptin sig-

nalling activation. (A) Immunoblotting of

phosphorylated (p) JAK2, STAT3, AKT,

MAPK and total proteins from cells treated
with vehicle (-), leptin (Lep, 500 ng/ml for

5, 15 and 30 min.) with or without pep-

tide LDFI (1 lM). GAPDH was used as

control of equal loading and transfer.
Numbers below the blots represent the

average fold change in phospho-proteins/

total proteins/GAPDH ratio relative to vehi-
cle-treated cells. (B) RT-PCR for leptin

(Ob) and 36B4 (internal standard) mRNA

expression in cells treated for 24 hrs with

vehicle (-), leptin (Lep, 500 ng/ml) with or
without peptide LDFI (1 lM). Numbers

represent the average fold change in Ob/

36B4 levels relative to vehicle-treated

cells. NC, negative control.
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and VEGFR that are well-known leptin-induced genes. As expected,
treatment with peptide LDFI was able to reverse the stimulatory
effects induced by leptin on these genes (Fig. S1).

Specifity of peptide LDFI in antagonizing leptin
effects

To test if LDFI action was specific for leptin effects, cell biological
assays were performed in cells treated with a molecule able to elicit
cellular responses through a different mechanism from leptin, such
as EGF. Thus, we investigated, in MCF-7 and SKBR3 cell lines pre-
treated with LDFI, the effect of short-term stimulation with EGF
(100 ng/ml) on phosphorylation levels of AKT and MAPK, the main
downstream effectors of the growth factor signalling. The enhanced
AKT and MAPK phoshorylation observed after treatment with EGF
was not affected by the peptide (Fig. 4A). In addition, data obtained
from MTT growth assays (Fig. 4B) and wound-healing scratch assays

(Fig. 4C) revealed that LDFI treatment did not reverse EGF-induced
cell growth and motility.

Efficacy of LDFI-PEG treatment in breast cancer
xenograft models

As a final step of this study, we assessed the therapeutic potential of
the novel ObR antagonist LDFI by evaluating the efficacy of the pep-
tide in mouse xenograft models. To this aim, we developed a pegylat-
ed leptin receptor antagonist (LDFI-PEG) to increase the peptide
bioavailability. Pegylation may result in improved in vivo potency
related to a better stability, greater protection against proteolytic deg-
radation and lower clearance. After verifying the structure and the
purity of LDFI-PEG, we tested its effects on cell growth and motility in
MCF-7 and SKBR3 cells (Fig. S2A and B). The LDFI-PEG peptide
showed comparable biological activity with native LDFI in inhibiting
leptin-induced cell proliferation and migration in both cell lines.

A

B

C

Fig. 4 LDFI effects are specific for leptin

signalling. (A) Immunoblotting of phos-
phorylated (p) AKT, MAPK and total pro-

teins from cells treated with vehicle (-),

EGF (100 ng/ml, for 5 min.) with or with-

out peptide LDFI (1 lM). GAPDH was
used as control of equal loading and

transfer. Numbers below the blots repre-

sent the average fold change in phospho-

proteins/total proteins/GAPDH ratio rela-
tive to vehicle-treated cells. (B) MTT

growth assays in MCF-7 and SKBR3 cells

treated with vehicle (-), EGF (100 ng/ml)
alone or in combination with peptide LDFI

(1 lM) for 96 hrs. ns, non-significant,

*P < 0.05. (C) Cells were subjected to

wound-healing migration assays with
images captured at 0 and 24 hrs after

incubation with vehicle (-), EGF (100

ng/ml) with or without peptide (LDFI,

1 lM) using phase-contrast microscopy.
Small squares, time 0.
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Therefore, we then used the SKBR3 orthotopic xenograft model to
examine the effects of peptide LDFI-PEG on tumour growth in vivo.
We injected SKBR3 breast cancer cells into the intrascapular region
of female nude mice and followed tumour growth after administration
of LDFI-PEG at 1 and 10 mg/kg/day. As SKBR3 cells can produce
endogenous leptin, exogenous leptin was not inoculated into the
mice. LDFI-PEG was not toxic and did not affect the energy balance
since no change in body weight or in food and water consumption
was observed. In addition, no significant differences in the mean
weights or histological features of the major organs (liver, lung,
spleen and kidney) after sacrifice were observed between vehicle-
treated mice and those that received treatment.

Tumour volume was measured from the first day of treatment and
the RTV was calculated as described in details in Materials and Meth-
ods. As shown in Figure 5A, after LDFI-PEG treatment tumour vol-
umes continued to reduce over control for the duration of
experiment. Particularly, at the end of treatment (28 days) we
observed that both dosages of PEG-LDFI induced a significant tumour
growth inhibition (44% and 74.7% respectively) compared to vehicle-
treated mice, although to a higher extent after treatment with 10
mg/kg/day. To determine whether the reduction in breast tumour
growth induced by treatment with PEG-LDFI was associated with any
changes in the mitotic index, we evaluated in tumours the expression
of Ki-67 as a marker of proliferation. Sections of tumours from
PEG-LDFI-treated mice exhibited a dose-dependent reduction in the
expression of Ki-67 compared with that in tumours from vehicle-trea-

ted mice (Fig. 5B). In addition, immunoblot analysis revealed that the
phosphorylation levels of STAT3, MAPK and AKT were significantly
lower in SKBR3 xenograft tumours from mice treated with LDFI-PEG
than in tumours from vehicle-treated controls (Fig. 5C).

Discussion

The critical role played by leptin in mammary tumourigenesis has
generated a great interest in the design and development of several
leptin signalling modulators that could interfere with the action of
leptin and thereby prevent or delay breast cancer development and
progression. The most important issue in modulating leptin pathways
is to achieve target specificity since this adipokine does not only
influence cancer tissues, but it is implicated in a wide spectrum of
physiological processes in peripheral organs as well as in the central
nervous system.

Biological actions of leptin are mediated through binding to the
extracellular domain of specific leptin receptor (ObR) present in a
variety of tissues and localized to the cell membranes. It has been
reported that the structure of leptin resembles four alpha-helix bundle
cytokines and ObR is a member of the class I cytokine receptor
family. The ObR, encoded by db gene, includes six isoform (ObRa-f),
resulting from alternative splicing: the long isoform with full
intracellular signalling capabilities and shorter isoforms with less bio-
logical activities. The large extracellular domain of ObR (816 amino

A

B C

Fig. 5 Impact of LDFI-PEG treatment on

tumour growth of SKBR3 xenografts. (A)
SKBR3 cells were inoculated into the in-
trascapular region of female nude mice

(15 mice) and then treated 5 days a week

with vehicle (-) or peptide PEG-LDFI (1

and 10 mg/kg/day) by intraperitoneal
injection for 28 days (5 mice each group).

Relative tumour volume (RTV) was calcu-

lated from the following formula: RTV=
(Vx/V1), where Vx is the tumour volume
on day X and V1 is the tumour volume at

initation of the treatment (day 1).

***P < 0.0001. (B) Haematoxylin and

eosin, Ki-67 staining of tumour sections
from vehicle (-) and LDFI-PEG treated

mice. Small squares, negative control. (C)
Immunoblotting of phosphorylated (p)
STAT3, AKT, MAPK and total proteins

from tumours excised from vehicle (-)

and LDFI-PEG treated mice (10

mg/kg/day). b-actin was used as control
of equal loading and transfer. Numbers

below the blots represent the average fold

change in phospho-proteins/total proteins/

b-actin ratio relative to vehicle-treated
mice.
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acids) is common to all ObR isoforms, and the variable length cyto-
plasmic tail (300 amino acids residues) distinguished the several iso-
forms [21, 49]. Leptin interacts with its receptor through three
potential binding sites. Binding site I is located around leptin residue
40, the bivalent site II consists of a leptin domain around the N-termi-
nus (aa 3–21) and another in the middle (aa 70–93), and site III is
positioned at the leptin’s C terminus (aa 110–142) [45]. Even though
the three-dimensional structure of leptin was elucidated a few years
after its discovery [50], the crystallographic structure of leptin-leptin
receptor complex has not been reported yet. Until today, all data avail-
able are based on theoretical models [45, 51] from which it is clear
that the amino acid sequence 39-42, located in the loop that connects
helices A and B, constitutes a key sequence in the leptin-receptor-
binding site. Several groups have developed short leptin fragments
containing specific ObR interacting domains that demonstrated anti-
neoplastic activity both in vitro and in vivo cancer models [31–35].

Here, we generated a four amino acids peptide corresponding to
leptin wild-type sequence 39-42 that plays a crucial role in the activa-
tion of ObR. Our results showed that the novel ObR antagonist pep-
tide LDFI inhibits the leptin-induced anchorage-dependent and -
independent growth as well as migration in both ERa-positive and -
negative breast cancer cells without exhibiting any partial agonistic
activity in the absence of leptin. The anti-tumour action of LDFI was
associated with the inhibition of several leptin-induced pathways such
as JAK2, STAT3, AKT and MAPK and a reduction in Cyclin D1 expres-
sion. Interestingly, we demonstrated the ability of the peptide LDFI to
reverse the leptin-mediated up-regulation of its own gene expression
underlying how this peptide negatively interferes in the short auto-
crine loop maintained by leptin on Ob gene in breast cancer cells. The
described effects were specific for leptin signalling since the devel-
oped peptide was not able to antagonize the other growth factor’s
actions on signalling activation, proliferation and migration.

To assess the clinical utility of our leptin antagonist against
human breast cancer progression, we tested LDFI effects in SKBR3
xenografts implanted in female nude mice. Because the peptide nor-
mally would have a relatively short biological half-life, we pegylated it
to increase its bioavailability and potentiate its effects. Indeed, cova-
lent modification with high molecular weight PEG chains is a very effi-
cient method for improving the pharmacokinetics of biomolecules
[52] and has been shown to increase the half-life of wild-type leptin
[53–55]. Several PEG-conjugated medications have proven to be

superior to their unmodified parent molecules and they are now
widely used in clinical practice [56, 57]. A significant growth reduc-
tion in SKBR3 xenografts was found after LDFI-PEG treatment. More-
over, we observed in tumour sections from LDFI-treated mice a
marked decrease in the expression of the nuclear proliferation antigen
Ki-67 as well as in the phosphorylation levels of leptin downstream ef-
fectors. Importantly, in mice, LDFI produced no signs of systemic
toxicity and did not affect the energy balance. Indeed, no significant
effects on body weight were found between vehicle-treated and LDFI-
PEG-treated mice.

Overall, our data demonstrate that LDFI may represent a novel
leptin receptor antagonist able to reduce breast cancer progression
both in vitro and in vivo, suggesting its potential use in the treatment
of breast cancer, especially in obese women.
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