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Abstract  

Polycystic ovarian syndrome (PCOS) is associated with anovulatory infertility.  Luteinizing 

hormone/chorionic gonadotropin receptor (LHCGR), which is critical for ovulation, has been 

suggested to be expressed prematurely in the ovarian follicles of women with PCOS.  The 

objective of this study was to analyse the expression and activity of LHCGR in ovarian 

granulosa cells from PCOS patients and the involvement of ARF6 small GTPase in LHCGR 

internalisation.  Granulosa cells (GCs) isolated from follicular fluid collected during oocyte 

retrieval from normal women (n=19) and women with PCOS (n=17) were used to study 

differences in LHCGR protein expression and activity between normal and PCOS patients.  

LHCGR expression is up-regulated in GCs from PCOS women.  LHCGR in PCOS GCs is 

functionally active as evidenced by increased cAMP production upon human gonadotrophin 

(HCG)-stimulation.  Moreover, ARF6 is highly expressed in GCs from PCOS patients and 

HCG-stimulation increases the levels of active ARF6.  The inhibition of ARF6 activation 

attenuates HCG-induced LHCGR internalisation in both normal and PCOS GCs, indicating 

that there are no alterations in LHCGR internalisation in GCs from PCOS. In conclusion, the 

expression and activation of LHCGR and ARF6 are up-regulated in GCs from PCOS women 

but the mechanism of agonist-induced LHCGR internalisation is unaltered.  
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Introduction 

PCOS is one of the commonest disorders of ovulation affecting 5–10% women of 

reproductive age (The Rotterdam ESHRE/ASRM-sponsored PCOS consensus workshop 

group, 2004).  It is characterised by ovulation failure, polycystic ovaries and excessive 

androgen production, which lead to infertility (The Rotterdam ESHRE/ASRM-sponsored 

PCOS consensus workshop group, 2004).  PCOS is a complex syndrome having endocrine 

and metabolic abnormalities.  One of the characteristic endocrine defects is the inappropriate 

exposure of granulosa cells (GCs) of immature follicles to raised levels of luteinizing 

hormone (LH).  The elevated LH may prevent follicular maturation and contribute to failure 

to ovulate (Yong et al., 1992).  LH and chorionic gonadotrophin (CG) share the same 

receptor (LHCGR) to activate the Gαs subunit of the G-protein/adenylyl cyclase (AC)/cAMP 

pathway (Choi and Smitz, 2014).  Additional coupling of LHCGR through Gq proteins 

activates phospholipase C, protein kinase B and ERK1/2 pathways (Choi and Smitz, 2014).  

LHCGR is overexpressed in PCOS GCs, which tend to be hyper-sensitive to LH stimuli with 

excessive androgen production (Ehrmann et al., 1995).  Moreover, previous studies have 

suggested that LHCGR, which is critical for ovulation, may be induced prematurely in 

women with PCOS (Jakimiuk et al., 2001, Willis et al., 1998).  Despite a plethora of studies 

on clinical, metabolic, genetic and evolutionary factors in PCOS (Gorry et al., 2006, Ben-

Shlomo and Younis, 2014, Corbett and Morin-Papunen, 2013, Williams et al., 2013), only 

few studies have advanced our understanding of the physiopathology of this disorder.  A 

specific clinical risk in PCOS is the development of ovarian hyperstimulation syndrome 

(OHSS) due to excessive and unpredictable response to gonadotrophin stimulation (Swanton 

et al., 2010), hence studies on the regulation of LHCGR response are needed to increase our 

understanding of PCOS and to identify biological mechanisms that might explain the severity 

of OHSS in women at risk. 



After agonist stimulation, LHCGR internalises through ARF6 small GTPase mediated 

β-arrestin-clathrin-dynamin pathway (Kanamarlapudi et al., 2012b, Hunzicker-Dunn et al., 

2002).  LHCGR internalisation and recycling regulate the density of cell surface receptors 

and thereby the sensitivity of the cells to LH (Bhaskaran and Ascoli, 2005).  ARF6 is a 

member of the ARF family of small GTPases, which regulates membrane trafficking by 

cycling between the active GTP- and inactive GDP-bound states (Donaldson and Jackson, 

2011).  ARFs are activated by guanine nucleotide exchange factors (GEFs) and inactivated by 

GTPase activating proteins (GAPs).  Among the six known mammalian ARF isoforms 

(ARFs1-6), ARF1 and ARF6 are the best characterised.  ARF1 localises to and acts at the 

Golgi whereas ARF6 localises to and acts at the cell periphery. ARF6 mediates cell surface 

receptor internalisation and the actin cytoskeleton reorganisation beneath the plasma 

membrane (Donaldson and Jackson, 2011).  The activation of ARFs1-5, but not ARF6, is 

inhibited by the fungal toxin brefeldinA (BFA).  However, ARF6 activation by the cytohesin 

family of ARF GEFs is inhibited by a chemical inhibitor secinH3 (Hafner et al., 2006). 

In this manuscript, we have focused on functional mechanisms of gonadotrophin 

response in PCOS GCs to complement previous studies on clinical and genetic factors.  Our 

findings in this manuscript are relevant both to the physiology of GC function and to the 

pathophysiology PCOS.  The aim this study was to analyse the expression and activity of 

LHCGR and ARF6, and measured ARF6-mediated LHCGR internalisation in GCs from 

normal and PCOS women.  This would help in understanding the relationship between OHSS 

and PCOS.  This analysis revealed that LHCGR and ARF6 expression and activity are 

increased in PCOS GCs but there is no change in agonist-induced LHCGR internalisation.  

 

Materials and Methods 

 



GCs isolation and culture 

GCs were obtained from follicular fluid collected during oocyte retrieval from women 

undergoing in vitro fertilisation (IVF)/intracytoplasmic sperm injection (ICSI) at the Bristol 

centre for Reproductive Medicine. Follicular fluid aspirated is an excellent source of 

granulosa-lutein cells that retain functional Gs-adenylyl cyclase and Gq-phospholipase C 

coupling (Asboth et al., 2001, Carrasco et al., 1997).  To obtain a sufficient number of GCs 

for some experiments, follicular fluid from several individual follicles were combined.  The 

normal group included 19 women (age range 25-43, mean 34.2 years) undergoing IVF/ICSI 

with regular menses, unexplained infertility, tubal factor or male factor infertility and normal 

ovarian morphology on ultrasound.  The PCOS group comprised 17 women (age range 24-

41, mean 35.6 years) with irregular periods, infertility, hyperandrogenism and morphological 

appearance of polycystic ovaries; the diagnosis was made according to the established 

guidelines (The Rotterdam ESHRE/ASRM-sponsored PCOS consensus workshop group, 

2004).  The body mass index (BMI; kg/m2) in the normal (22.5±7) and PCOS (23.3±3.5) 

groups was similar.  The duration of infertility at 48 months (range 36-72) was significantly 

longer in the PCOS group than in the normal group (36, range 24-48 months; p = 0.006). 

Serum FSH (IU/L) levels were similar in the two groups: 6.5±1.6 versus 6±1.3 for normal 

and PCOS, respectively.  The study was conducted with local research ethics committee 

approval and written informed consents were obtained from all participants. 

Both groups of women received gonadotrophin releasing hormone analogue nasal spray 

(Suprefact, Aventis Pharma, Kent, UK) for pituitary desensitization.  Serum oestradiol was 

measured to confirm pituitary  suppression. Following this, follicle-stimulating hormone 

(human menopausal gonadotrophinMenopur, Ferring, UK) was used to induce follicular 

maturation, which was monitored with vaginal ultrasound scans.  The total dose of FSH (IU) 

used was 2428 ± 978 for the normal group and 2536 ± 1189 for the PCOS group; the 



difference was not statistically significant.  When at least three follicles reached the size of 

≥17mm, 6500IU recombinant HCG (Ovitrelle, Merck Serono, Feltham, UK) was 

administered to complete follicular/oocyte maturation.  Transvaginal ultrasound oocyte 

retrieval was undertaken 36h after HCG administration.  The clinical pregnancy rates were 

similar in both normal and PCOS groups (39% in women under 35 years of age and 24% in 

women over 39 years old.  

GCs isolated from the pooled follicular fluid and washed twice with PBS containing 

0.5% bovine serum albumin (PBS-BSA) by centrifugation at 400g for 10 min.  The GCs 

resuspended in 10ml Dulbecco’s modified Eagle’s medium (DMEM) and over layered onto 

12.5ml sterile 35% Percoll in PBS-BSA and centrifuged for 30min at 400g to obtain GCs as 

the layer at the interface of medium and percoll (Asboth et al., 2001).  GCs were then washed 

three times with PBS-BSA and re-suspended in DMEM containing 2mM glutamine, 100U/ml 

penicillin, 0.1mg/ml streptomycin and 10% fetal calf serum (complete medium) and 

determined cell number and viability by trypan blue (0.4%) staining.  We routinely obtain 

1.5-3x106 cells with 75-85% viability per sample by this method.  GCs were plated in 24-well 

(8x104 cells per well) or 30mm plates (4x105 cells) in complete medium and cultured 4 days 

in a humidified incubator at 37oC/5% CO2 (Yong et al., 1992, Schipper et al., 1993). 

 

Cyclic AMP assay  

GCs cultured in 24-well plates were used for cAMP estimation as described (Kanamarlapudi 

et al., 2012b). Briefly, GCs were serum starved for 2h and incubated with 0.25mM of 

phosphodiesterase inhibitor Ro201724 at 37°C for 15min.  The cells were then stimulated 

with HCG 10-1000IU/ml for 30min or 10IU/ml for 0-60min at 37°C.  Where indicated, cells 

were incubated with the inhibitors for indicated time at 37°C prior to stimulation with HCG.  

The reaction was terminated by adding 4% (w/v) ice-cold trichloroacetic acid and the cAMP 



content of the samples was analysed by a cAMP binding protein assay as described 

previously (Lawrence et al., 2005). 

 

Preparation of the cell lysates 

GCs cultured in 30mm plates were lysed using 0.2ml of ice-cold modified RIPA lysis buffer 

(50mM Tris-HCl, pH 7.5, 150mM NaCl, 1% Triton x-100, 0.5% (w/v) sodium deoxycholate, 

0.1% (w/v) SDS, 10mM MgCl2) with 1% mammalian protease inhibitor mix (Sigma-Aldrich, 

Dorset, UK).  The protein content of cell lysates was estimated using the bicinchoninic acid 

(BCA) assay (Sigma-Aldrich, Dorset, UK) and BSA as a protein standard (Thompson and 

Kanamarlapudi, 2014).  

 

Active ARF6 pull down assay  

ARF6 activation was assessed by using the GST-GGA3 protein binding domain (PBD; amino 

acids 1–316) pulldown assay (Kanamarlapudi, 2014).  The GST-GGA3 PBD fusion protein 

purified and coupled to glutathione beads as previously described (Venkateswarlu et al., 

1998). GCs isolated from PCOS and normal women were serum starved for 2h and 

stimulated without or with HCG 10IU/ml for 30min at 37oC.  The cells were then lysed using 

ice-cold modified RIPA lysis buffer with 1% mammalian protease inhibitors mix.  The cell 

lysates were incubated with glutathione-Sepharose beads coupled to 50µg of purified GST-

GGA3 PBD fusion protein at 4°C for 2h.  The beads were washed three times with the wash 

buffer (50mM Tris-HCl, pH 7.5, 10mM MgCl2, 150mM NaCl and 1% Triton X-100).  The 

lysates that not incubated with the beads were used as input controls.  The active ARF6 

bound to the beads and total ARF6 in the inputs were determined by immunoblotting using 

an anti-ARF6 antibody.  Immunoblots were scanned and the active GTP-bound ARF6 



precipitated with GST-GGA3 PBD beads was normalised to total ARF6 levels in the lysates 

to compare ARF6-GTP levels in GCs from normal and PCOS women. 

 

Immunoblotting 

This was carried out as described previously (Kanamarlapudi et al., 2012a). Briefly, proteins 

separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) were transferred onto 

polyvinylidene fluoride membrane.  Membranes were blocked with TBS-T (TBS with 0.1% 

tween-20) containing 5% skimmed milk (blocking buffer) for 1h at room temperature.  

Membranes were immunoblotted with primary antibody diluted in blocking buffer (an anti-

LHCGR [1:1000 dilution] or an anti-ARF6 mouse monoclonal [1:200 dilution] or an anti-

ARF1 rabbit polyclonal [1:2500 dilution] or an anti-α tubulin mouse monoclonal [1: 10000 

dilution]) for 1h at room temperature.  Membranes were washed three times with TBS-T and 

then incubated with the HRP-conjugated anti-mouse or anti-rabbit secondary antibody 

(diluted 1:2500 in blocking buffer) for 1h at room temperature.  Membranes were washed 

three times with TBS-T and then incubated in ECL select substrate (GE Healthcare, 

Hertfordshire, UK), and bands visualised using the ChemiDocTM XRS system (Bio-Rad, 

Herts, UK) (Thompson and Kanamarlapudi, 2015a). 

 

Data Analysis 

Image-J program was used for densitometric analysis.  Data were analysed by using the 

GraphPAD Prism program.  Results are expressed as the mean + standard error of the mean 

(SEM) of three to five experiments.  Statistical significance between multiple groups was 

determined by the Bonferroni’s post hoc test after one-way or two-way analysis of variance 

(ANOVA), where p <0.05 was considered as statistically significant (Thompson and 

Kanamarlapudi, 2015b). 

 



Results  

LHCGR protein expression in GCs from normal and PCOS women was analysed by 

immunoblotting.  The LHCGR protein was detected as an 85kDa band in both normal and 

PCOS GCs (Figure 1A).  The PCOS group showed a more intense band than the normal 

group, indicating over-expression of LHCGR protein in PCOS GCs.  LHCGR protein 

expression in GCs from PCOS women is ~150% higher than in normal GCs (Figure 1B).  

We next determined whether LHCGR over-expressed in PCOS GCs is functionally active.  

Since agonist-stimulated LHCGR signals through cAMP to cause steroidogenesis in GCs, we 

measured cAMP production in response to HCG-stimulation.  The HCG-induced cAMP 

accumulation was measured in GCs from PCOS and compared to that in the normal group.  

There was a dose- and time-dependent increase in cAMP production in both groups, and the 

cAMP accumulation in GCs from PCOS group was significantly higher than in GCs from 

normal individuals (Figure 2).  Moreover, basal cAMP production in GCs from PCOS was 

higher than that in normal responders.  The increase in both basal and HCG-stimulated cAMP 

levels observed in GCs from PCOS compared to that in normal GCs indicated that LHCGR 

over-expressed in PCOS ovaries is functionally active.  . 

ARF6 small GTPase plays a crucial role in agonist-induced LHCGR internalisation 

whereas ARF1 is important for protein trafficking at the Golgi (Hunzicker-Dunn et al., 2002, 

Kanamarlapudi et al., 2012b, Donaldson and Jackson, 2011).  To determine whether the 

expression of ARF1 and/or ARF6 is altered in PCOS, the expression of ARF1 and ARF6 

proteins in GCs from normal and PCOS women was analysed by immunoblotting.  ARF1 and 

ARF6 expression was detected in both normal and PCOS GCs. The PCOS group showed a 

more intense band of ARF6 than the normal group, indicating overexpression of ARF6 in 

PCOS GCs (Figure 3A).  However, ARF1 expression in GCs from PCOS is similar to that in 

normal GCs, indicating no change in ARF1 expression in PCOS GCs.    ARF6 activation by 



LHCGR stimulation in GCs of PCOS and normal groups was investigated by precipitating 

ARF6-GTP from the lysates of GCs of both groups using GST-GGA3 PBD coupled 

glutathione beads.  The basal ARF6-GTP levels in GCs of PCOS group were higher than that 

in the normal group GCs (Figure 3B).  The agonist-stimulated GCs showed a significant but 

similar increase in ARF6-GTP levels (~3 fold over basal) in both the groups.   

Since ARF6 plays an important role in LHCGR internalisation, we determined the 

effect of ARF6 inhibitory peptide (Myr-ARF6p) on cAMP accumulation, which is readout 

for the LHCGR internalisation, in GCs from both the groups.  GCs from PCOS and normal 

responders pre-incubated with inhibitory membrane permeable (through penetratin-coupling) 

Myr-ARF6p or Myr-ARF1p or control penetratin peptide were stimulated with agonist and 

cAMP accumulation was measured.  Myr-ARF6p, but not Myr-ARF1p, treatment increased 

cAMP accumulation over basal to a similar level in both groups, suggesting that there is no 

alteration in LHCGR internalisation in GCs from PCOS (Figure 4A).  ARF6 function 

depends on its activation by GEFs such as cytohesins (Davies et al., 2014a, Davies et al., 

2014b).  We and others have shown the involvement of cytohesin2, through ARF6 activation, 

in agonist-induced internalisation of LHCGR (Hunzicker-Dunn et al., 2002, Kanamarlapudi 

et al., 2012b).  We investigated here whether the chemical inhibitor of cytohesin family of 

ARF GEFs, secinH3 (Hafner et al., 2006), inhibits LHCGR internalisation and thereby 

increases cAMP production in GCs (Figure 4B).  SecinH3, but not BFA (which inhibits the 

activation of ARFs1-5 but not ARF6), caused significant increase in HCG-induced cAMP 

levels in both groups, suggesting that there are no alterations in LHCGR internalisation in 

PCOS GCs.  

  



Discussion 

In women, PCOS is the major cause of infertility and other consequences ranging 

from hirsutism and acne first appearing during adolescence to long-term health risks, in 

particular a significant increase in the risk of developing type II diabetes in later life (Gorry et 

al., 2006, Wang et al., 2010). Although the clinical and biochemical features of PCOS are 

well described, our paper provides novel and unique insight into the regulation of LHCGR 

receptor in granulosa cells of normal and PCOS women.  Women with PCOS are at greater 

risk of developing OHSS after controlled ovarian hyperstimulation using gonadotropins for 

IVF (Schmidt et al., 2014).  We provide evidence here that overexpression of functional 

LHCGR in GCs of PCOS is likely to be part of the mechanism of OHSS.  Moreover, 

previous studies suggested that LHCGR may be expressed prematurely in women with PCOS 

(Jakimiuk et al., 2001, Willis et al., 1998).  Interestingly, a number of genes involved in 

gonadotrophic response, steroidogenesis and water permeability e.g. growth factors (BMP6), 

amphiregulin (AREG) and aquaporins (AQP3) are upregulated in PCOS follicles (Schmidt et 

al., 2014) but the functional significance of these changes remains to be investigated.  

We showed in this study that LHCGR protein is overexpressed in GCs from PCOS 

women.  This is consistent with a previous observation (Jakimiuk et al., 2001).  The factors 

regulating LHCGR expression in granulosa cells are not well known.  It has been observed 

that insulin increases FSH and LH action along with increased steroidogenesis (progesterone) 

in PCOS GCs compared to normal GCs in vitro (Willis et al., 1996).  Moreover 

polymorphisms in the insulin receptor gene have been described in women with anovulatory 

PCOS (Cui et al., 2015).  The increase in insulin levels has also been shown to up-regulate 

FSH induced LHCGR expression in murine GCs (Eppig et al., 1998).  However, although 

hyperinsulinaemia tends to be present in PCOS women with hirsutism and obesity (Moran 

and Teede, 2009), the majority of women with PCOS have normal insulin levels (Li et al., 



2014).  Further research is necessary into the endocrine and paracrine regulation of LHCGR 

expression in women, including the role of growth factors and steroid hormones. 

Further we have shown here that LHCGR over-expressed in GCs from PCOS patients 

is functionally active.  This is consistent with a previous report that GCs from PCOS patients 

are more responsive to LH in terms of oestradiol and progesterone production than GCs from 

normal women (Willis et al., 1998). Increased LHCGR activity may also be responsible for 

the overexpression of aquaporins in PCOS, given that excessive fluid permeability is one of 

the features of severe OHSS (Schmidt et al., 2014). 

It has been shown previously that ARF6 small GTPase activated by LHCGR through 

cytohesin family ARF GEFs mediates the receptor internalisation and signalling 

(Kanamarlapudi et al., 2012b).  Since LHCGR is overexpressed in PCOS group, we also 

analysed, in this study, whether LHCGR overexpression has any effect on ARF6 small 

GTPase expression and activity in PCOS GCs.  Our analysis revealed that ARF6 expression 

and its basal activity are higher in PCOS group.  However, HCG-stimulated ARF6 activation 

is similar in both normal and PCOS groups.  Consistent with this result, the ARF6 specific 

GEF, cytohesin2, overexpression in mature pre-ovulatory follicles has been reported 

(Mukherjee et al., 2001).  Therefore it is possible that cytohesin 2 mediates ARF6 activation 

downstream of LHCGR.  LHCGR internalises following its activation, which regulates the 

biological responsiveness of the receptor (Bhaskaran and Ascoli, 2005).  The inhibition of 

LHCGR internalisation increases the density of cell surface receptors and thereby AC 

activation with consequent increase in cAMP accumulation.  Therefore alterations in LHCGR 

internalisation could result in ovarian hyper-stimulation.  However, we have shown in this 

study that LHCGR internalisation is unaltered in the PCOS group. 

Our study has limitations in that we used granulosa cells following gonadotropin 

stimulation for IVF.  We did not have access to granulosa cells from very small follicles and 



the important paracrine interactions between granulosa and theca cells could not be studied.  

It will be important in future research to establish the role of ARF6 in LHCGR function in the 

early stages of follicular selection and development, which can be altered in women with 

PCOS.  Another important area for future research is the interaction between ARF6/ 

cytohesins and the vascular endothelial growth factor (VEGF), given the perceived 

involvement of VEGF in the vascular permeability alterations in women with OHSS 

(Mannell et al., 2012, Peitsidis and Agrawal, 2010).  

In summary, we provide for the first time evidence that LHCGR overexpressed in 

women with PCOS is functionally active and that ARF6 small GTPase expression is 

increased in ovaries from women with PCOS.  Furthermore, HCG-stimulation increased 

ARF6 activation in GCs from PCOS ovaries.  The inhibition of ARF6 activation reduced 

HCG-induced LHCGR internalisation in both normal GCs and PCOS GCs, suggesting that 

there are no changes in LHCGR internalisation in women with PCOS. This study highlights 

the cellular pathways involved in causing the hyper-response to gonadotropins in women 

with PCOS.  

 

Acknowledgements 

We are grateful to Dr Keya Saha for laboratory help and Prof. Sylvain Bourgoin (Laval 

University, Quebec, Canada) for providing ARF1 antibody.  We also thank members of the 

VK and ALB laboratories for critically reviewing the manuscript and helping by providing 

various reagents necessary for the study.  This work was supported by funding from BBSRC 

UK (BB/C515455/2) and MRC UK (G0401232). 

 

Declaration: The authors report no financial or commercial conflicts of interest. 

  



References  

 

ASBOTH, G., PRICE, S. A., BELLINGER, J., LEDGER, W., BARLOW, D. H. & 

BERNAL, A. L. 2001. Characterization of adenylyl cyclases in cultured human 

granulosa cells. Reproduction, 121, 217-28. 

BEN-SHLOMO, I. & YOUNIS, J. S. 2014. Basic research in PCOS: are we reaching new 

frontiers? Reprod Biomed Online, 28, 669-83. 

BHASKARAN, R. S. & ASCOLI, M. 2005. The post-endocytotic fate of the gonadotropin 

receptors is an important determinant of the desensitization of gonadotropin 

responses. J Mol Endocrinol, 34, 447-57. 

CARRASCO, M. P., ASBOTH, G., PHANEUF, S. & LOPEZ BERNAL, A. 1997. Activation 

of the prostaglandin FP receptor in human granulosa cells. J Reprod Fertil, 111, 309-

17. 

CHOI, J. & SMITZ, J. 2014. Luteinizing hormone and human chorionic gonadotropin: 

origins of difference. Mol Cell Endocrinol, 383, 203-13. 

CORBETT, S. & MORIN-PAPUNEN, L. 2013. The Polycystic Ovary Syndrome and recent 

human evolution. Mol Cell Endocrinol, 373, 39-50. 

CUI, L., LI, G., ZHONG, W., BIAN, Y., SU, S., SHENG, Y., SHI, Y., WEI, D., ZHANG, 

W., ZHAO, H. & CHEN, Z. J. 2015. Polycystic ovary syndrome susceptibility single 

nucleotide polymorphisms in women with a single PCOS clinical feature. Hum 

Reprod, 30, 732-6. 

DAVIES, J. C., BAIN, S. C. & KANAMARLAPUDI, V. 2014a. ADP-ribosylation factor 6 

regulates endothelin-1-induced lipolysis in adipocytes. Biochem Pharmacol, 90, 406-

13. 

DAVIES, J. C., TAMADDON-JAHROMI, S., JANNOO, R. & KANAMARLAPUDI, V. 

2014b. Cytohesin 2/ARF6 regulates preadipocyte migration through the activation of 

ERK1/2. Biochem Pharmacol, 92, 651-60. 

DONALDSON, J. G. & JACKSON, C. L. 2011. ARF family G proteins and their regulators: 

roles in membrane transport, development and disease. Nat Rev Mol Cell Biol, 12, 

362-75. 

EHRMANN, D. A., BARNES, R. B. & ROSENFIELD, R. L. 1995. Polycystic ovary 

syndrome as a form of functional ovarian hyperandrogenism due to dysregulation of 

androgen secretion. Endocr Rev, 16, 322-53. 

EPPIG, J. J., O'BRIEN, M. J., PENDOLA, F. L. & WATANABE, S. 1998. Factors affecting 

the developmental competence of mouse oocytes grown in vitro: follicle-stimulating 

hormone and insulin. Biol Reprod, 59, 1445-53. 

GORRY, A., WHITE, D. M. & FRANKS, S. 2006. Infertility in polycystic ovary syndrome: 

focus on low-dose gonadotropin treatment. Endocrine, 30, 27-33. 

HAFNER, M., SCHMITZ, A., GRUNE, I., SRIVATSAN, S. G., PAUL, B., KOLANUS, W., 

QUAST, T., KREMMER, E., BAUER, I. & FAMULOK, M. 2006. Inhibition of 

cytohesins by SecinH3 leads to hepatic insulin resistance. Nature, 444, 941-4. 

HUNZICKER-DUNN, M., GUREVICH, V. V., CASANOVA, J. E. & MUKHERJEE, S. 

2002. ARF6: a newly appreciated player in G protein-coupled receptor 

desensitization. FEBS Lett, 521, 3-8. 

JAKIMIUK, A. J., WEITSMAN, S. R., NAVAB, A. & MAGOFFIN, D. A. 2001. 

Luteinizing hormone receptor, steroidogenesis acute regulatory protein, and 

steroidogenic enzyme messenger ribonucleic acids are overexpressed in thecal and 

granulosa cells from polycystic ovaries. J Clin Endocrinol Metab, 86, 1318-23. 



KANAMARLAPUDI, V. 2014. Exchange Factor EFA6R Requires C-terminal Targeting to 

the Plasma Membrane to Promote Cytoskeletal Rearrangement through the Activation 

of ADP-ribosylation Factor 6 (ARF6). J Biol Chem, 289, 33378-90. 

KANAMARLAPUDI, V., OWENS, S. E., LARTEY, J. & LOPEZ BERNAL, A. 2012a. 

ADP-ribosylation factor 6 expression and activation are reduced in myometrium in 

complicated pregnancies. PLoS One, 7, e37954. 

KANAMARLAPUDI, V., THOMPSON, A., KELLY, E. & LOPEZ BERNAL, A. 2012b. 

ARF6 activated by the LHCG receptor through the cytohesin family of guanine 

nucleotide exchange factors mediates the receptor internalization and signaling. J Biol 

Chem, 287, 20443-55. 

LAWRENCE, J., MUNDELL, S. J., YUN, H., KELLY, E. & VENKATESWARLU, K. 

2005. Centaurin-alpha 1, an ADP-ribosylation factor 6 GTPase activating protein, 

inhibits beta 2-adrenoceptor internalization. Mol Pharmacol, 67, 1822-8. 

LI, R., YU, G., YANG, D., LI, S., LU, S., WU, X., WEI, Z., SONG, X., WANG, X., FU, S. 

& QIAO, J. 2014. Prevalence and predictors of metabolic abnormalities in Chinese 

women with PCOS: a cross- sectional study. BMC Endocr Disord, 14, 76. 

MANNELL, H. K., PIRCHER, J., CHAUDHRY, D. I., ALIG, S. K., KOCH, E. G., 

METTLER, R., POHL, U. & KROTZ, F. 2012. ARNO regulates VEGF-dependent 

tissue responses by stabilizing endothelial VEGFR-2 surface expression. Cardiovasc 

Res, 93, 111-9. 

MORAN, L. & TEEDE, H. 2009. Metabolic features of the reproductive phenotypes of 

polycystic ovary syndrome. Hum Reprod Update, 15, 477-88. 

MUKHERJEE, S., CASANOVA, J. E. & HUNZICKER-DUNN, M. 2001. Desensitization of 

the luteinizing hormone/choriogonadotropin receptor in ovarian follicular membranes 

is inhibited by catalytically inactive ARNO(+). J Biol Chem, 276, 6524-8. 

PEITSIDIS, P. & AGRAWAL, R. 2010. Role of vascular endothelial growth factor in women 

with PCO and PCOS: a systematic review. Reprod Biomed Online, 20, 444-52. 

SCHIPPER, I., FAUSER, B. C., VAN GAVER, E. B., ZARUTSKIE, P. W. & DAHL, K. D. 

1993. Development of a human granulosa cell culture model with follicle stimulating 

hormone responsiveness. Hum Reprod, 8, 1380-6. 

SCHMIDT, J., WEIJDEGARD, B., MIKKELSEN, A. L., LINDENBERG, S., NILSSON, L. 

& BRANNSTROM, M. 2014. Differential expression of inflammation-related genes 

in the ovarian stroma and granulosa cells of PCOS women. Mol Hum Reprod, 20, 49-

58. 

SWANTON, A., STOREY, L., MCVEIGH, E. & CHILD, T. 2010. IVF outcome in women 

with PCOS, PCO and normal ovarian morphology. Eur J Obstet Gynecol Reprod 

Biol, 149, 68-71. 

THE ROTTERDAM ESHRE/ASRM-SPONSORED PCOS CONSENSUS WORKSHOP 

GROUP 2004. Revised 2003 consensus on diagnostic criteria and long-term health 

risks related to polycystic ovary syndrome (PCOS). Hum. Reprod., 19, 41-47. 

THOMPSON, A. & KANAMARLAPUDI, V. 2014. The regions within the N-terminus 

critical for human glucagon like peptide-1 receptor (hGLP-1R) cell surface 

expression. Sci Rep, 4, 7410. 

THOMPSON, A. & KANAMARLAPUDI, V. 2015a. Agonist-induced internalisation of the 

glucagon-like peptide-1 receptor is mediated by the Galphaq pathway. Biochem 

Pharmacol, 93, 72-84. 

THOMPSON, A. & KANAMARLAPUDI, V. 2015b. Distinct regions in the C-Terminus 

required for GLP-1R cell surface expression, activity and internalisation. Mol Cell 

Endocrinol, 413, 66-77. 



VENKATESWARLU, K., GUNN-MOORE, F., OATEY, P. B., TAVARE, J. M. & 

CULLEN, P. J. 1998. Nerve growth factor- and epidermal growth factor-stimulated 

translocation of the ADP-ribosylation factor-exchange factor GRP1 to the plasma 

membrane of PC12 cells requires activation of phosphatidylinositol 3-kinase and the 

GRP1 pleckstrin homology domain. Biochem J, 335 ( Pt 1), 139-46. 

WANG, Y., QU, J., WU, X., HOU, L., ERKKOLA, R. & WANG, Y. 2010. Different 

phenotypes of polycystic ovary syndrome by Rotterdam criteria are differently 

steroidogenic but similarly insulin resistant. Fertil Steril, 93, 1362-5. 

WILLIAMS, R. M., ONG, K. K. & DUNGER, D. B. 2013. Polycystic ovarian syndrome 

during puberty and adolescence. Mol Cell Endocrinol, 373, 61-7. 

WILLIS, D., MASON, H., GILLING-SMITH, C. & FRANKS, S. 1996. Modulation by 

insulin of follicle-stimulating hormone and luteinizing hormone actions in human 

granulosa cells of normal and polycystic ovaries. J Clin Endocrinol Metab, 81, 302-9. 

WILLIS, D. S., WATSON, H., MASON, H. D., GALEA, R., BRINCAT, M. & FRANKS, S. 

1998. Premature response to luteinizing hormone of granulosa cells from anovulatory 

women with polycystic ovary syndrome: relevance to mechanism of anovulation. J 

Clin Endocrinol Metab, 83, 3984-91. 

YONG, E. L., BAIRD, D. T., YATES, R., REICHERT, L. E., JR. & HILLIER, S. G. 1992. 

Hormonal regulation of the growth and steroidogenic function of human granulosa 

cells. J Clin Endocrinol Metab, 74, 842-9. 

 



FIGURE LEGENDS 

Figure 1. The expression of LHCGR in GCs from normal and PCOS ovaries.  A. 

Immunoblot analysis of LHCGR expression in GCs isolated from normal and PCOS ovaries.  

GCs were cultured in vitro for 4 days, lysed and the lysates were immunoblotted using a 

rabbit polyclonal LHCGR antibody (α-tubulin was used as loading control).  B. 

Corresponding quantitative data for A. The intensity of the bands in A was quantified and 

normalised to the expression of loading control (α-tubulin).  Values are mean ± SEM from 

five individual experiments (***, P <0.001). 

Figure 2.  The activity of LHCGR in normal and PCOS GCs.  Dose- (A) and time-

dependent (B) accumulation of cAMP in normal (∆) and PCOS (▲) GCs.  GCs cultured in a 

24-well plate were serum starved for 2h and stimulated with 1-1000 IU/ml of HCG for 30min 

or 10 IU/ml for 0-60min and cAMP levels were measured in the cultured media. Values are 

mean ± SEM from five individual experiments (*, P <0.05; **, P <0.01; ***, P <0.001). 

 

Figure 3.  The expression and activity of ARF6 in GCs from normal and PCOS.  A. 

Immunoblot analysis of ARF1 and ARF6 protein expression in GCs isolated from normal and 

PCOS women.  The intensity of the bands was quantified, normalised to the expression of 

loading control (α-tubulin) and shown below the respective blots.  B. The basal and HCG-

induced ARF6 activation (ARF6-GTP) in PCOS and normal GCs.  GCs isolated from PCOS 

and normal women were serum starved for 2h and stimulated without or with HCG 10 IU/ml 

for 30min at 37oC.  The cell lysates were incubated with GST-GGA3 PBD resin and the 

protein bound to the resin was analysed by immunoblotting using an anti-ARF6 antibody.  

Values are mean ± SEM from three individual experiments (*, P <0.05; ***, P <0.001). 

 



Figure 4.  The effect of ARF6 activation inhibitors on cAMP accumulation in normal 

and PCOS GCs.  The Myr-ARF6 inhibitory peptide (A) and SecinH3 (B) effect on cAMP 

accumulation in HCG-stimulated GCs from PCOS women was assessed.  The GCs from 

normal and PCOS women cultured in a 24-well plate were incubated in triplicate with 

indicated inhibitor in DMEM for 2h at 37oC and stimulated with HCG 10 IU/ml for 30min.  

The cAMP levels were then measured in the culture media.  Values are mean ± SEM from 

three individual experiments (*, P <0.05; **, P <0.01; ***, P <0.001). 

 


