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Abstract

Introduction: Polycystic ovary syndrome (PCOS) is a complex metabolic disorder 
associated with ovulatory dysfunction, hyperandrogenism, obesity, and insulin 
resistance, that leads to subfertility. Sam68 is an RNA-binding protein with signaling 
functions that is ubiquitously expressed, including gonads. Sam68 is recruited to leptin 
signaling, mediating different leptin actions.
Objective: We aimed to investigate the role of Sam68 in leptin signaling, mediating the 
effect on aromatase expression in granulosa cells and the posible implication of Sam68 
in the leptin resistance in PCOS.
Materials and methods: Granulosa cells were from healthy donors (n = 25) and women 
with PCOS (n = 25), within the age range of 20 to 40 years, from Valencian Infertility 
Institute (IVI), Seville, Spain. Sam68 expression was inhibited by siRNA method and 
overexpressed by expression vector. Expression level was analysed by qPCR and 
immunoblot. Statistical significance was assessed by ANOVA followed by different post-
hoc tests. A P value of <0.05 was considered statistically significant. 
Results: We have found that leptin stimulation increases phosphorylation and expression 
level of Sam68 and aromatase in granulosa cells from normal donors. Downregulation of 
Sam68 expression resulted in a lower activation of MAPK and PI3K pathways in response 
to leptin, whereas overexpression of Sam68 increased leptin stimulation of signaling, 
enhancing aromatase expression. Granulosa cells from women with PCOS presented 
lower expression of Sam68 and were resistant to the leptin effect on aromatase 
expression.
Conclusions: These results suggest the participation of Sam68 in leptin receptor signaling, 
mediating the leptin effect on aromatase expression in granulosa cells, and point to a new 
target in leptin resistance in PCOS.
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Introduction

Sam68, the Src-associated substrate during mitosis of 
68 kDa, also known as KHDRBS1, is a member of the 
family of RNA binding proteins (1, 2, 3). This protein 
participates as a scaffold protein recruited in various 
signal transduction pathways (4, 5, 6, 7), linking signaling 
pathways and RNA metabolism regulation (3). Both 
Sam68 splicing activity as RNA binding ability and other 
functions are mainly regulated by phosphorylation (8, 9). 
In this sense, the tyrosine phosphorylation of Sam68 has 
been previously implicated in cell proliferation, growth 
as well as in differentiation processes through different 
mechanisms. In fact, Sam68 phosphorylation has been 
reported to be stimulated by mitogenic and trophic 
hormones such as leptin (via PI3K and MAPK pathways 
activation (10, 11)) (Fig. 1), where it has been linked to 
cellular growth and differentiation processes. Moreover, 
numerous physiological roles for this RNA binding 
protein have been reported using Sam68-deficient mice. 
For example, Sam68 protein is highly expressed in the 
gonads, where its ablation causes male infertility, due 
to defects in spermatogenesis (10, 12). Besides, Sam68−/− 
females are severely subfertile, and they show a delay in 
the age of first pregnancy, increased breeding time for 
successful pregnancy and yielded smaller litters (13). 
Thus, a function for Sam68 in reproduction and fertility 
has been suggested (13, 14), and modulation of its activity 
and/or expression levels probably could mediate various 
pathological situations.

Polycystic ovary syndrome (PCOS) is a common 
endocrine disorder that affects 5–10% of women at 
reproductive age (15). It has unknown origin and various 
clinical presentations during the life span. PCOS is 
characterized by the presence of ovulatory dysfunction, 
clinical and/or biochemical hyperandrogenism and 
polycystic ovarian morphology (16). Women with PCOS 
are more likely to require in vitro fertilization (17). 

A pivotal role in the pathophysiology of this syndrome 
is played by visceral adiposity (18, 19), and therefore, 
current research is increasingly focusing on the discovery 
of novel biomarkers to further elucidate the complex 
pathophysiology of PCOS. In this sense, alterations of 
Sam68 metabolic pathways would contribute to reduce 
the oocyte viability, leading to subfertility or infertility 
observed in PCOS, which is why we aim to study the role of 
Sam68 in women with PCOS. More specifically, according 
to the previously described participation of Sam68 in leptin 
signaling (6), we aim to investigate the role of this protein 
in the signal transduction pathways that are activated by 
leptin in granulosa cells from healthy controls. 

Leptin resistance is a common finding in obesity, 
where it has been shown to cause ovulatory dysfunction 
and infertility (frequently associated with PCOS) (20). 
Hyperleptinemia may inhibit the development of the 
mature oocyte directly and affect ovarian and adrenal 
steroidogenesis (21).

On the other hand, a number of in vitro studies have 
reported that leptin may stimulate estrogen expression 
by increasing the expression of the intracellular  

Figure 1
Mechanisms of leptin action in granulosa cells. 
The cartoon shows the signaling pathways that 
mediate the leptin effects on granulosa cells. 
Sam68 contains a domain for the RNA binding 
activity and it may interact with both RNA targets, 
as well as other proteins containing Src homology 
3 (SH3) and SH2 domains through proline-rich 
sequences and tyrosine-phosphorylated residues, 
respectively. Sam68 is a scaffold protein recruited 
in various signal transduction pathways linking 
signaling pathways (PI3K and MAPK pathway) and 
RNA metabolism regulation. Sam68 functions are 
mainly regulated by phosphorylation. This 
tyrosine phosphorylation of Sam68 has been 
implicated in cell proliferation, growth as well as 
in differentiation processes through different 
mechanisms. Finally, Sam68 has been related to 
leptin-dependent PI3K and MAPK pathways 
activation, where it has been shown to be 
associated to Grb2, GAP and PI3K regulatory 
subunit in a different cellular system.
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aromatase enzyme, which catalyzes the rate-limiting step 
in the conversion of C19 androgens (androstenedione 
and testosterone) to C18 estrogenic steroids (estrone and 
estradiol). Thus, conflicting results of high leptin levels 
correlating with decreased aromatase expression (22, 23) 
may be due to leptin resistance. In this sense, diminished 
signaling has been found in GCs from PCOS women even 
though leptin levels are increased in follicular fluid (24). 
Low aromatase activity has also been demonstrated in 
women with PCOS. Therefore, we have hypothesized that 
the lower expression of aromatase in GC from PCOS could 
be caused by leptin resistance and that Sam68 could be an 
underlying factor and thus a novel target in PCOS. 

In the present study, we aimed to investigate the role 
of Sam68 in leptin signaling pathways in GCs, mediating 
the expression of aromatase, as well as to analyze the 
relationship between Sam68 and aromatase expression 
in GCs from patients with PCOS, in comparison with 
healthy controls. 

Materials and methods

The study was approved by the Institutional Ethics 
Committee for human research of the Virgen Macarena 
University Hospital and conducted according to the 
principles expressed in the Declaration of Helsinki. All 
included adult participants provided written informed 
consent before the collection of samples

Subjects

We included women with PCOS from Valencian Infertility 
Institute (IVI), Seville, Spain. All women were evaluated 
through a standardized screening protocol which has 
been previously described in detail elsewhere (25). PCOS 
was diagnosed according to the Rotterdam criteria in the 
presence of two or more of the following criteria: oligo- 
and/or anovulation, clinical and/or biochemical signs of 
hyperandrogenism and polycystic ovarian morphology 
as assessed by transvaginal ultrasound (26). We also 
included healthy donor women without PCOS with 
regular menstrual cycles (21–35 days), as well as women 
undergoing IVF/ICSI treatment in the IVI clinic. Women 
were within the age range of 20 to 40 years, and obese 
subjects, patients with endometriosis and poor ovarian 
response were excluded from the study. No differences 
were found in the mean age (33.3 ± 5.2 PCOS subjects, and 
25.2 ± 4.8 control subjects) or BMI (25.4 ± 0.4 PCOS, and 
24 ± 1.8 control subjects).

Human granulosa cell isolation and culture

Luteinized granulosa cells (GCs) from follicular aspirates 
were isolated using the protocol described in the 
literature by Ferrero et al. (27). GCs from healthy donor 
were seeded in six-well dishes and incubated overnight 
(37°C, 5% CO2) to enable removal of non-adherent cells. 
Subsequently, GCs from each patient were washed and 
cultured for 24 h in Mc Coy’s medium (BioWhittaker®) 
supplemented with 10% fetal calf serum (FCS), 100 U/mL 
penicillin and 100 g/mL streptomycin at 37°C in 5% CO2. 
Next, GCs were treated with or without leptin (10 nM) for 
10 min or 16 h in medium without FCS. The recombinant 
human leptin was provided by Sigma (Sigma Chemical); 
10 nM dose of leptin was used for both the experiments 
of inhibition and sobrexpression of sam68 corresponding 
to our previously described results of optimal dose  
response (28).

The cell lisates were washed with cold PBS and 
solubilized for 30 min at 4°C in lysis buffer containing 
20 mM Tris, pH 8, 1% Nonidet P-40, 137 mM NaCl, 
1 mM MgCl2, 1 mM CaCl2, 10% glycerol, 1 mM 
phenylmethylsulfonyl fluoride and 0.4 mM sodium 
orthovanadate. Total protein levels were determined by 
the bicinchoninic acid method (29) using BSA as standard.

Immunoprecipitation

Soluble cellular lysates (0.5 mg of protein) from GCs were 
precleared with 50 μL of protein A-sepharose (Pharmacia, 
Uppsala, Sweden) for 2 h at 4°C by end-over-end rotation. 

The precleared cellular lysates were incubated with 
anti-Sam68 (C-20) 1:1000 from Santa Cruz Biotechnology 
for 3 h at 4°C (30). Next, 50 μL of protein A-sepharose was 
added to immune complexes and incubation continued for 
2 h. The immunoprecipitates were washed three times with 
lysis buffer. We added 30 μL of SDS-stop buffer containing 
100 mM dithiothreitol (DTT) to the immunoprecipitates, 
followed by boiling for 5 min. Soluble supernatants 
were then resolved by Western blotting by using 7–10% 
SDS–PAGE and electrophoretically transferred onto 
nitrocellulose membranes (11).

Western blotting analysis

Cell lysates and immunoprecipitates were denatured 
with 30 μL of SDS-stop buffer containing 100 mM 
of DTT followed by boiling for 5 min. The soluble 
supernatants were then resolved by 7–10% SDS-PAGE 
and electrophoretically transferred onto nitrocellulose 
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membranes. The membranes were blocked with buffered 
saline – 0.05% Tween 20 (PBST) containing 3% albumin 
for 1 h at 23°C. The blots were then incubated with 
primary antibody for 1 h. Anti-Sam68 (C-20) 1:1000 was 
from Santa Cruz Biotechnology, anti-GAPDH 1:1000 and 
anti phosphotyrosine (4G10) 1:1000 were from Millipore, 
anti-phospho-ERK1/2 (pT202-Y204/ pT185-Y187) 1:1500, 
anti-phospho-AKT (pS473) 1:3000, and anti-phospho-
IRS-2 1:2000 were from Cell Signalling Technology.

After the incubation with primary antibody, the 
membranes were washed in PBST and further incubated 
with the corresponding secondary antibodies using horse 
radish peroxidase-linked anti-rabbit/anti-mouse 1:10,000 
immunoglobulin (GE Healthcare). Bound horseradish 
peroxidase was visualized by a highly sensitive 
chemiluminescence system (SuperSignal from Pierce).

Transfection experiments

GCs from healthy donors were plated onto six-well 
dishes containing 2 mL of Mc Coy’s medium plus 10% 
FCS and incubated overnight (37°C, 5% CO2) to enable 
removal of non-adherent cells. Medium was replaced, 
and transfection of cells was performed. For experiments 
involving gene silencing, cells were transfected  
with 2 μg of siRNA oligonucleotides of Sam68 
(Integrated DNA Technology) using LipofectAMINE 
(Life Technologies) transfection reagent according to the 
manufacturer’s instructions.

Duplex sequences: forward, 5ʹ-CGCAGAACA 
AAGUUACGAAGGCUAC-3ʹ; reverse, 5ʹ-GUAGCC 
UUCGUAACUUUGUUCUGCGUA-3ʹ. Typically, 40 
pmol of the Sam68 siRNA duplexes were transfected 
using 5 µL of LipofectAMINE (Life Technologies). For  
experiments involving overexpression of Sam68, between 
1 and 3 µg of DNA was transfected into GCs. The pcDNA3 
vector was used to equalize the amount of DNA in  
each transfection.

Following transfection, the medium was  
replaced with serum-free medium for another 24 h 
and the cells were stimulated with or without 10 nM 
leptin for 10 min. Transfection analyses were performed 
by duplicate in each of at least three independent 
experiments.

RNA extraction and quantitative real-time-PCR 
(qRT-PCR) assay

Relative abundance of aromatase and Sam68 mRNA was 
determined by qRT-PCR. After treatment with leptin,  

total RNA from GCs cultures was extracted using TRISURE 
reagent (Bioline Co) according to the manufacturer’s 
instructions. Total RNA from both healthy donors and 
PCOS women was extracted. Concentration of the isolated 
RNA were estimated at 260 and 280 nm with purity in 
A260/A280 ratio around 2.0. For cDNA synthesis, 5 µg of 
total RNA was reverse transcribed at 55°C for 1 h using 
the Transcriptor first Strand cDNA synthesis Kit (Roche).  
qRT-PCR was performed using the following primers based 
on the sequences of the National Center for Biotechnology 
Information GenBank database: 

Sam68 (GeneBank accession: NM_006559.3): 
forward, 5ʹ-TTTGTGGGGAAGAT TCTTGG-3ʹ; 
reverse, 5ʹ GGGGGTCCAAAGACTTCAAT-3ʹ. 
cyclophilin (GeneBank accession: NM_000942): 
forward, 5ʹ CTTCCCCGATACTTCA-3ʹ; 
reverse, 5ʹ-TCTTGGTGCTACCTC-3ʹ3ʹ. 
Aromatase (GeneBank accession: M18856): 
forward, 5ʹ CCCTTCTGCGTCGTGTCAT-3ʹ; 
reverse, 5ʹ GATTTTAACCACGATAGCACTTTCG -3ʹ. 
RPS-7 (GeneBank accession: NC_000002.12): 
forward, 5ʹ ACCAAGAACTTTTTGCCCCT-3ʹ; 
reverse, 5ʹ ATGTCCCCCGAGTAATTTCC-3ʹ. 

Quantitative RT-PCR Master Mix Reagent kit was 
obtained from Roche (Fast Start Universal SYBR 
Green), and PCRs were performed on a Chromo 4 
DNA Engine (Bio-Rad). Reaction contained 10 µM of 
forward and reverse primer, 3 µL of cDNA and the final 
reaction volume was 20 µL. The reaction was initiated 
by preheating at 50°C for 2 min, followed by heating 
at 95°C for 10 min. Subsequently, 41 amplification 
cycles were carried out as follows: denaturation 15 s at 
95°C and 1 min annealing and extension at 58°C. The 
threshold cycle (CT) from each well was determined by 
the Opticon Monitor 3 Program. Relative quantification 
was calculated using the 2–ΔΔct method. For the treated 
samples, evaluation of 2–ΔΔct indicates the fold change 
in gene expression, normalized to a housekeeping 
gene (cyclophilin or RPS-7) and relative to the  
untreated control.

Data analysis

Experiments were repeated separately at least three times 
to assure reproducible results. Results are expressed 
as means ± s.d. in arbitrary units. Arbitrary units were 
calculated as normalized band intensity in Western 
blot analysis. Statistical analysis was performed using 
the Graph Pad Prism computer program (GraphPad 
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Software). Statistical significance was assessed by 
ANOVA followed by different post hoc tests, as indicated 
in each figure. A P value of <0.05 was considered  
statistically significant. 

Results

Leptin increased Sam68 phosphorylation and 
mRNA expression in granulosa cells from 
healthy donors

We have previously demonstrated the Tyr-phosphorylation 
of Sam68 in response leptin in different cell systems (11, 
28, 30, 31, 32). Now, to assess whether Sam68 is involved 
in leptin’s action on human GCs from healthy donors, 
we incubated GCs for 10 min in medium with or without 
different leptin concentrations (0.1–10 nM) (Fig. 2). 
Leptin (Fig. 2A) increased the Sam68 phosphorylation 
in a dose-dependent manner, in GCs, as determined by 
Western blot analysis. This effect was dose dependent, 
and the maximal effect was achieved at 10 nM leptin. The 
amount of total protein in every sample was controlled 
using anti-Sam68 antibodies.

In order to further study the effects of leptin on 
Sam68 expression, qRT-PCR analysis was carried out 
using cyclophilin as an internal control. GCs were 
independently incubated in the absence of serum with 
and without leptin (0.1–10 nM) for 16 h. As shown in 
Fig. 2B, expression level of Sam68 gene was increased in 
response to leptin, dose-dependently, and maximal effect 
was achieved at 10 nM leptin.

Sam68 down-regulation prevents leptin activation 
of signaling pathways in granulosa cells from 
healthy donors

Leptin receptor is known to activate phosphatidylinositol-3 
kinase (PI3K) and mitogen-activated protein kinase 
(MAPK). To test the effects of Sam68 down-regulation on 
leptin signaling, human GCs from healthy donors were 
used and immunoblotting was employed to analyze the 
phosphorylation of kinases.

Cells were grown to 60–70% confluence in six-well 
dishes and were first transfected using Sam68 siRNA or 
NC1 negative control siRNA duplexes and incubated in 
the absence or presence of leptin for 10 min as previously 
indicated in Material and Methods. Both anti-Sam68 and 
anti-GAPDH antibodies were used as control of Sam68 
down-regulation and loading control, respectively. 
This approach achieved a decrease in Sam68 expression 
ranging between 60 and 70% of the control value (data 
not shown).

We measured the activation of PI3K pathways by 
employing antibodies that specifically recognize the 
phosphorylated forms of the central kinase PKB. Moreover, 
we also measured the activation of MAPK pathways by 
employing antibodies that specifically recognize the 
phosphorylated forms of ERK1/2. As shown in Fig. 3, 
leptin-mediated PKB and ERK1/2 phosphorylation was 
significantly reduced in GCs where Sam68 was down-
regulated. This effect was almost completely abolished by 
decreasing the expression of Sam68, suggesting the role of 
Sam68 in the leptin signaling pathways in GCs.

Finally, to connect Sam68 expression with the 
mechanistic effect that exerts over the main pathways 
PI3K and MAPK under leptin stimulation, we next focus 
on the effect of siRNA Sam68 down-regulation on the 
phosphorylated forms of insulin receptor substrate-1 
(IRS-1) in human GCs. As it was demonstrated using 
immunoblotting analysis with anti-phospho-IRS-1 
antibodies, down-regulation of Sam68 in GCs significantly 
decreased the phosphorylation of IRS-1 in response to 
leptin (Fig. 3).

Figure 2
Leptin increases Sam68 phosphorylation in human GCs from healthy 
donors. (A) GCs were incubated in the absence or presence of leptin 
(0.1–10 nM) for 10 min, lysed and the soluble clarified cell lysates were 
subjected to immunoprecipitation with anti-Sam68 antibodies. 
Immunoprecipitates were resolved by SDS-PAGE and Western blot with 
anti-phosphotyrosine antibodies. The lysates were analyzed by 
immunoblot using the anti-Sam68 antibodies to control the amount of 
protein in every lane. A representative experiment run in duplicates from 
three different donors is shown. Densitograms with s.d. are shown. 
*P < 0.05 vs control. (B) Total RNA was extracted as described in Materials 
and Methods and Sam68 mRNA was quantified with qRT-PCR in 
independent experiments. Cyclophilin was used as internal standard. 
Results shown are expressed as means ± s.d. from three independent 
experiments, run in triplicates, *P < 0.05 vs control. Statistical analyses 
were performed by ANOVA. Asterisks indicate significant differences from 
the control according to Bonferroni’s multiple comparison post hoc test. 
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Sam68 overexpression increases leptin activation 
of signaling pathways in human GCs from 
healthy donors

To further study the effect of Sam68 in leptin signaling 
pathways, we investigated the up-regulation of Sam68 
by transfecting GCs from healthy donors with a pcDNA3 
expressing Sam68 plasmid and pcDNA3 vector (empty 
vector) as control. Following transfection during 24 h, 
the medium was replaced with serum-free medium for 
another 24 h. Next, GCs were incubated in the absence 
or presence of 10 nM leptin for 10 min. As shown in 
Fig. 4, up-regulation of Sam68 increased the leptin-
dependent activation of PI3K and MAPK pathways in 
GCs. More specifically, up-regulation of Sam68 increased 
the phosphorylation of IRS-1, PKB and ERK1/2. Maximal 
effect was obtained at 10 nM leptin, suggesting again the 
role of Sam68 in the leptin signaling pathways in GCs.

Effect of leptin on aromatase gene expression

Although leptin was found to significantly increase 
aromatase gene expression and protein level (33, 34, 35),  

its effect on aromatase in GCs from PCOS women is 
contradictory and unknown. Therefore, both GCs from 
healthy donors and PCOS women were grown for 24 h 
and treated with 10 nM leptin for 24 h. qRT-PCR analysis 
was carried out as previously indicated in Material and 
Methods, using RPS-7 as an internal control for reaction 
efficiency. The results showed that leptin stimulated 
significantly the expression of aromatase mRNA in GCs 
from healthy donors (Fig. 5A), possibly via activation of 
the canonical signal transduction pathways, MAPK and 
PI3K, as previously shown in other cellular systems (36). 
However, no significant changes in aromatase mRNA was 
detected after of 24-h leptin treatment in GCs from PCOS 
women (Fig. 5B), suggesting that some factors aberrantly 
expressed in PCOS could be inhibiting the leptin signal 
transduction pathways.

Decreased Sam68 and and aromatase expression in 
human GCs from PCOS women compared to GCs 
from healthy donors

Since Sam68 protein is highly expressed in the gonads, we 
aimed also to compare the expression of Sam68 in GCs 

Figure 3
Sam68 siRNA prevents the leptin-dependent activation of PI3K and MAPK 
pathways in human GCs from healthy donors. GCs were transfected with 
Sam68 siRNA or NC1-scrambled negative control siRNA (basal) duplexes 
as described in Materials and Methods and incubated in the absence or 
presence of 10 nM leptin for 10 min. GCs lysates were separated by  
SDS–PAGE and Western blot analysis was performed by using anti-P-IRS-1, 
anti-P-PKB and anti-P-ERK1/2 antibodies to study leptin activation of the 
PI3K and MAPK signaling pathway. Sample protein loading was controlled 
by using anti-GAPDH antibodies. We show the control of the Sam68 
expression inhibition as well as the corresponding densitometric analysis 
of three independent experiments as means ± s.d. Statistical analyses 
were performed by ANOVA. Asterisks indicate significant differences from 
the controls un-treated and ‘ns’ no statistically significant difference 
according to Bonferroni’s multiple comparison post hoc test.

Figure 4
Sam68 overexpression increases the leptin-dependent activation of PI3K 
and MAPK pathways in human GCs from healthy donors. GCs were 
transfected with Sam68 plasmid and pcDNA3 (empty vector) as control 
(basal) as described in Materials and Methods, and incubated in absence 
or presence of leptin 10 nM for 10 min. GCs lysates were separated by 
SDS–PAGE and Western blot analysis was performed by using anti-P-IRS-1, 
anti-P-PKB and anti-P-ERK1/2 antibodies to study leptin activation of the 
PI3K and MAPK signaling pathway. Sample protein loading was controlled 
by using anti-GAPDH antibodies. We show the corresponding 
densitometric analysis of three independent experiments as means ± s.d. 
Statistical analyses were performed by ANOVA. Asterisks indicate 
significant differences from the control and Sam68 plasmid without 
leptin. # indicate significant differences from leptin 10 nM and ‘ns’ no 
statistically significant difference according to Bonferroni’s multiple 
comparison post hoc test.
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from patients diagnosed with PCOS vs those obtained 
from healthy donors, used as controls. We evaluated 
mRNA expression by means of qRT-PCR, using cyclophilin 
as an internal control for reaction efficiency. Moreover, 
immunoblotting analysis of Sam68 was performed as 
previously described in Materials and metods. As show in 
Fig 5C and D, Sam68 expression was lower in GCs from 
PCOS women than in GCs for healthy donors, suggesting 
a role played by Sam68 in these cells, which might allow 
this protein to affect different biological processes, such 
as, the aromatization step promoted by the aromatase 

enzyme. That is why we aimed also to compare the 
expression of aromatase in GCs from patients diagnosed 
with PCOS vs those obtained from healthy donors, used 
as controls. As show in Fig. 5E, aromatase expression was 
lower in GCs from PCOS women than in GCs for healthy 
donors, suggesting a role played by Sam68 in these cells.

Effect of leptin on aromatase mRNA expression in 
overexpressed-Sam68 GCs from healthy donors

Since Sam68 was observed to be downregulated in GCs 
from PCOS women and Sam68 modulates the leptin 
signaling pathways in GCs, as previously demonstrated, 
in order to further study the mechanical effect of leptin 
on aromatase expression, GCs from healthy donors were 
transfected with Sam68 plasmid and pcDNA3 as control. 
GCs were treated with or without (control) 10 nM leptin for 
48 h. As shown in Fig. 6, transfection with Sam68 plasmid 
significantly increased the expression levels of aromatase 
in GCs. Moreover, this effect of the upregulation of Sam68 
on the expression of aromatase were more significantly 
increased when GCs were stimulated with 10 nM leptin for 
48 h, suggesting a function of Sam68 in the aromatization 
step stimulated by leptin in GCs and, therefore, a possible 
role of Sam68 in the complex pathophysiology of PCOS.

Discussion

Reproductive dysfunction and infertility are common 
manifestations in PCOS (37). Understanding PCOS 

Figure 5
Effect of leptin on aromatase mRNA expression and diminished 
expression of Sam68 and aromatase in GCs from PCOS women. GCs 
samples were obtained from 25 healthy donors and 25 PCOS women. 
GCs were cultured in a medium containing 0% FCS for 24 h. (A) GCs from 
healthy donors were treated with or without (control) 10 nM leptin for  
24 h. (B) GCs from PCOS women were treated with or without (control) 
10 nM leptin for 24 h. Aromatase gene expression was analyzed by 
qRT-PCR, normalized against RPS-7 and compared to the control group. 
(C) Representative Western blot analysis of Sam68 protein level in GCs 
from healthy donors and PCOS women. GCs lysates were denatured and 
resolved by SDS-PAGE with anti-Sam68 antibodies. Loading controls were 
performed in the same membranes with anti-GAPDH. We show the 
corresponding densitometric analysis of three independent experiments 
as means ± s.d. Statistical analyses were performed by ANOVA. (D) Relative 
mRNA level of Sam68 in GCs from healthy donors and PCOS women. 
Sam68 mRNA was quantified with qRT-PCR. Cyclophylin was used as 
internal standard. Paired t-test was performed to examine the difference 
in mRNA level of Sam68 and statistical significance was considered when 
P value was < 0.05. (E) Relative mRNA level of aromatase in GCs from 
healthy donors and PCOS women, quantified by qRT-PCR. RNA was 
extracted as described in Materials and Methods. RPS-7 was used as 
internal standard. Paired t-test was performed to examine the difference 
in mRNA level of aromatase, and statistical significance was considered 
when P value was < 0.05. Asterisks indicate significant differences from 
the control according to Mann–Whitney U test.

Figure 6
Effect of leptin on aromatase mRNA expression in control and Sam68-
overexpressed GCs from healthy donors. GCs were transfected with 
Sam68 plasmid and pcDNA3 as control, as described in Materials and 
Methods, and incubated in absence or presence of leptin 10 nM for 48 h. 
Aromatase gene expression was analyzed by qRT-PCR, normalized against 
RPS-7. Data represent the mean ± s.d. value of triplicate samples in three 
independent experiments. Paired t-test was performed to examine the 
difference in mRNA level of aromatase, and statistical significance was 
considered when P value was < 0.05. * indicate significant differences from 
the control pcDNA3; # indicate significant differences from the control 
pcDNA3 with leptin and ^ indicate significant differences from the Sam68 
plasmid, according to Bonferroni’s multiple comparison post hoc test.
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pathophysiology and its association with reproductive 
and metabolic disturbances is essential for addressing 
women’s health and for expanding knowledge on how to 
treat this highly multifaceted syndrome.

Recently, a function for Sam68 in reproduction 
and fertility has been suggested (13, 14). This is a 
scaffold protein that could be recruited in various signal 
transduction pathways (6, 38), including leptin signaling. 
In the present work, we aimed to study the role of Sam68 
in leptin signaling in GCs. More specifically, since Sam68 is 
a protein, whose structural characteristics permit multiple 
types of post-translational modifications, we aimed to 
study whether acute leptin administration affects the 
tyrosine phosphorylation of Sam68 in GCs. Thus, we have 
confirmed the Tyr-phosphorylation of Sam68 upon leptin 
stimulation in GCs. Moreover, this effect of leptin is dose 
dependent, in a similar way to that previously observed in 
other systems. As a result of this tyrosine phosphorylation 
of Sam68 in response to leptin, the RNA binding capacity 
of Sam68 is diminished in GCs (data not shown), being 
consistent with previous reported data demonstrating 
that tyrosine phosphorylation of Sam68 by kinases of the 
Src (39) and Brk (9, 40) family negatively regulates its RNA 
binding function. 

Other receptor systems have been found to positively 
modulate the expression of kinases substrates and other 
molecules recruited to the receptor signaling upon 
stimulation with the specific ligand (41). That is why 
the possible participation of Sam68 in leptin receptor 
signaling and the regulation of Sam68 expression by 
leptin in GCs from healthy donors were also investigated. 
In this context, we also found that leptin stimulation of 
GCs increased the expression of Sam68 in a similar way to 
that previously observed in trophoblastic cells (32). This 
further supports the possible role of Sam68 in the signaling 
of leptin in GCs. Therefore, as previously shown in many 
different cellular systems, leptin activates both MAPK and 
PI3K pathways in GCs. Now, by using both silencing gene 
expression strategy as well as gene overexpression, we 
have demonstrated that Sam68 is mediating leptin action 
in GCs, by the participation in the leptin-dependent 
activation of MAPK and PI3K signaling pathways.

Regarding the mechanism whereby Sam68 may 
mediate the activation of these pathways, it has previously 
been reported that Sam68 is associated with the SH3 
and SH2 domains of proteins (39), suggesting a role of 
Sam68 in the MAPK pathway. Moreover, association of 
Tyr-phosphorylated Sam68 with the regulatory subunit of 
PI3K has been previously demostrated in peripheral blood 
mononuclear cells in response to leptin. This interaction 

may enhance the activation of PI3K pathway, which may 
support a role of Sam68 also in the activation of this 
pathway by leptin. Particularly, IRS-1 is a key protein linking 
PI3K and MAPK signaling pathways (42). Therefore, since 
Sam68 seems to regulate IRS-1 expression, as we observed 
in the Sam68 down-regulation (no significantly) and 
up-regulation experiments, the role of Sam68 stimulating 
PI3K and MAPK signaling pathways may be also mediated 
by IRS-1 in GCs. However, the mechanism whereby 
Sam68 may modulate IRS-1 expression is intriguing and 
remains to be investigated. Thus, Sam68 plays a role in 
the transduction of the leptin signal from the plasma 
membrane to RNA metabolism via a rapid mechanism 
mediated by phosphorylation, and therefore, some of the 
effects of leptin in GCs may be mediated, at least in part, 
by modulation of RNA metabolism.

Leptin is a well-characterized obesity-associated factor 
with biological effects on survival, growth and proliferation 
in different biological systems (43, 44, 45). Moreover, 
leptin has also been shown to be a potent stimulator of 
aromatase expression and activity in isolated adipose 
stromal cells (36, 46) and luteinized granulosa cells (34). 
However, some studies have shown contradictory results. 
In this sense, increased leptin levels in follicular fluid 
from women with PCOS has been found, and it may be 
used as a negative predictive marker in in vitro fertilization 
(47). Nevertheless, the increased leptin levels may be due 
to leptin resistance, as previously suggested (24). Thus, 
the investigation of the leptin action in GCs from women 
with or without PCOS is relevant to further understand 
this problem. Therefore, we also aimed to investigate 
the expression of aromatase by leptin stimulation and 
the different expression of both aromatase and Sam68 
in GCs from healthy donors and women with PCOS. We 
found that leptin increased significantly the aromatase 
gene expression in GCs from healthy donors, possibly, via 
activation of the canonical signal transduction pathways, 
MAPK and PI3K, as previously shown in other cell types 
(34). This finding futher emphasizes the role of leptin 
in aromatase expression in GCs. Moreover, this study 
also confirms a decreased aromatase gene expression 
in response to leptin in GCs from women with PCOS, 
suggesting a significant resistance to leptin action. Since 
we have also found that Sam68 is downregulated in GCs 
from PCOS, the resistance to leptin action on aromatase 
expression in GCs from PCOS women may be partly 
mediated by the lower expression of Sam68. Moreover, 
basal expression of aromatase was also decreased in PCOS. 
This is important since hyperandrogenism is a critical 
factor of the pathophysiologic changes and clinical 
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features (in both lean and obese women) associated with 
PCOS (15). Nevertheless, it should be taken into account 
the limited number of women investigated in the present 
study. Larger studies which include more subjects should 
be carried out. 

In summary, the current study further supports the 
regulation of aromatase by leptin in GCs and provides, 
for the first time, a novel mechanistic insight into the 
mechanism underlying this effect, via Sam68, as well 
as the possible role of this protein in leptin resistance  
in PCOS. 

In conclusion, these results suggest the participation 
of Sam68 in leptin receptor signaling, mediating the 
leptin effect on aromatase expression in GCs, and point 
to a new target in leptin resistance obseved in GCs from 
patients with PCOS.
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