Journal of Endocrinology and Reproduction, Vol 20(2), 76-82, 2016, DOI: 10.18311/jer/2016/16267

ISSN (Print) : 0971-913X
ISSN (Online) : 2455-1244

Membrane Androgen Receptor(s) and their Role in

Prostate Cancer

Julie Pratibha Singh and Gargi Bagchi Bhattacharjee’

Amity Institute of Biotechnology (AIB), Amity University Gurgaon, Manesar - 122413, Haryana, India;

Abstract

gbagchi@ggn.amity.edu

Androgens, the steroid hormones, typically mediates their action by binding to the cytosolic Androgen Receptor(s) (AR), via the
classical or genomic pathway. Androgens can also act through a non-classical or non-genomic pathway interacting with receptors
present on the plasma membrane of cells. Although the identity of the nuclear AR is well established, the identity of the membrane
AR is still not clear. Through independent studies, three proteins have been identified that are present on plasma membranes of

prostate cells and can mediate androgen signalling, viz, GPRC6A, AR8 and ZIP9. Although these proteins can mediate androgen

signalling, the membrane receptor which is used most frequently and specifically for mediating androgen action in prostate cells
is not confirmed. Recent research has shown that the non-genomic androgen signalling plays a key role in progression of prostate
cancer (PCa). In this review, the potential of these three proteins for their ability to act as the membrane AR has been analysed.
The use of membrane AR as a novel target for treatment of PCa has also been discussed.
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1. Introduction

Androgens play a pivotal role in the development of
male reproductive organs”. The effects of androgens
are primarily mediated by binding to the cytosolic AR.
Upon binding of androgen to the AR, the AR dimer
translocates into the nucleus where it binds to androgen
responsive genes and modulates their transcription. This
is the classical or genomic pathway which takes hours
or days to manifest as it involves changes in gene tran-
scription’. Recent research has shown that androgens
also act through a non-classical or non-genomic pathway
which takes place in seconds or minutes. This pathway is
mediated through membrane AR and is not inhibited by
routine inhibitors of androgen signalling’.

Androgens also play an important role in develop-
ment and progression of PCa?’. For last several decades,
androgen removal or castration has been the primary
treatment mechanism for PCa patients. However, it was

*Author for correspondence

noted that eventually the tumor stops responding to
androgens removal and starts growing in mass. Thus,
castration alone is not enough to prevent the growth
of tumor as it transits from the androgen dependent to
independent-stage®. The androgens independent tumors
are resistant to currently available treatments and, there-
fore, intensive studies are required to understand the
mechanisms that lead to transition to castrations resis-
tant growth®. Also, in androgen-independent cell lines
genetic changes occur due to which the AR responds to
a lower concentration of androgens or the mutated AR
responds to non-androgenic signals. It was noted that the
castrations resistant growth is not induced through the
classical mechanism involving nuclear receptor rather
through membrane receptors that lead to activation of
rapid signalling pathways which are non-genomic in
nature®. Well documented non-genomic signalling path-
ways activated by androgens include Mitogen-Activated
Protein Kinase (MAPK) pathway, tyrosine kinase c-Src,
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and Protein Kinase A(PKA)"*. Non-genomic signal-
ling by androgens is often mediated through membrane
receptors rather than the classical AR. In fact, a few mem-
brane proteins namely GPRC6A, AR8 and ZIP9 have
been identified through independent studies that can
mediate androgen signalling in androgen-independent
(castration) conditions”'>?, It is however not clear if any/
all of them are involved in mediating androgen signal-
ling under normal circumstances in prostate cells. For a
better understanding of membrane AR signalling and its
role in PCa additional studies are needed. In this article,
the membrane proteins which would mediate androgen
signalling have been analysed for their suitability as the
membrane AR. The expression and role of these three
proteins in various PCa cell lines are also highlighted.

2. GPRC6A

GPRC6A belongs to class C of the G-Protein Coupled
Receptor (GPCR) family. The class C receptors include
the nutrient receptors derived from amino acids and
nutrient transporters from bacteria>'%2 GPRC6A protein
is made of 926 amino acids and is located on chromo-
some band 6q22.31. It contains a seven transmembrane
(7TM) domain and a long amino terminal domain of 590

amino acids®.

GPRC6A exhibits 45% resemblance to odorant gold-
fish 5.24 receptor which suggests that it is the human
orthologue of the goldfish receptor. It shows greater
expression in peripheral tissues, brain, kidney, testis, skel-
etal muscle and white blood cells?.

Studies by many groups on GPRC6A knockout mice
suggested the role of GPRC6A in metabolism, inflamma-
tion and endocrine regulation’>"’.

Min Pi group, in 2010, examined the role of GPRC6A
in mediating the rapid, non-genomic effects of androgen
in various heterologous models'®. GPRC6A, in response
to testosterone (T), rapidly stimulated ERK activation
(Figure 1). ERK, an intracellular protein kinase, func-
tions in regulation of cell division and activate many
transcription factors like ELK1 and other downstream
protein kinases''. Impermeable T/BSA activates ERK in
cells transfected with GPRC6A but not in un-transfected
control cells'®. The activation of these kinases finally leads
to modulation in the transcription of genes which are
involved in PCa progression (Figure 1). Cells isolated
from GPRC6A null mice failed to show the rapid signal-
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ling responses to androgen. SiIRNA-mediated knockdown
of GPRC6A in prostate cells expressing endogenous
GPRC6A attenuated their non-genomic responses to
androgens. This rapid response was membrane-mediated
and was not dependent on endogenous AR, as the heter-
ologous cell culture models were devoid of nuclear AR.
Also, the T-induced rapid response was not inhibited by
the anti-androgens flutamide and bicalutamide.7« vivo
experiments demonstrated that T treatment at a phar-
macological dose stimulated both ERK activity and Egr-1
expression in bone marrow and testis of wild type mice,
but the response was attenuated in GPRC6A null mice'®.

The expression of GPRC6A is much higher in can-
cer-derived prostate cell lines such as 22RV1, PC-3 and
LNCaP than normal prostate cells such as RWPE-1'.
However, RT-PCR studies with intron spanning prim-
ers for GPRC6A in prostate cell lines such as RWPE-1,
22Rvl, PC-3 and LNCaP resulted in a product of 428 bp
in all prostate cells. The level of GPRC6A expression was
five-fold higher in prostate cell lines viz., 22Rvl, PC-3 and
LNCaP than in normal human prostate cell line RWPE-
1.

Many research groups demonstrated GPRC6A activa-
tion by stimulation with T and osteocalcin in the presence
of extracellular calcium'*'®. Recent research in mice
demonstrated that osteocalcin (OCN) regulates T pro-
duction in males, but not in females'. HEK293 cells were
transfected with GPRC6A and the cells were exposed to
different concentrations of T ranging between 5 and 25
nM, to check for androgen binding. GPRC6A showed
maximum binding to T between the range 1020 nM. To
analyse the specificity of binding of GPRC6A to T, com-
petition receptor binding assay was performed using cold
T Addition of cold T at concentrations 0, 25, 50, 100, 200
nM increasingly inhibited binding to labelled T demon-
strating the specificity of binding's.

Other steroids like dehydroandrosterone, dihy-
17 P-estradiol and progesterone
were analysed for their potential to activate GPRC6A.
Dehydroandrosterone, dihydrotestosterine and 17
(3-estradiol could elicit variable degrees of GPRC6A-
mediated phosphorylation of ERK in HEK-293 cells
(transfected with GPRC6A) at higher concentrations than
T Progesterone did not activate GPRC6A but inhibited
ERK at concentrations upto 80nM'. GPRC6A was also
activated by extracellular calcium, amino acids, osteocal-
cin and androgens'. Despite specific androgen binding

drotestosterone,
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ability these variable sensing properties of GPRC6A make
it a coordinator for nutritional and hormonal anabolic
signals, rather than a sole effector for androgen'c.

3. AR8

ARS8 is a newly identified isoform of AR*. It is a splice
variant of the original full-length nuclear AR and consists
of 573 amino acids?. The protein sequence of ARS8 differs
from that of other AR variants due to a substitution of
all the amino acids after N-Terminal Domain (NTD) of
a conventional AR with a unique C-terminal sequence™.
ARS8 is composed of exons 1,3 and 3b*. Due to usage of
an alternative splice acceptor site in exon 3, this transcript
encodes a protein containing the N-terminal transacti-
vation domain and a 33-amino acid unique sequence at
the C terminus. This C-terminal truncated variant of AR
lacks the DNA Binding Domain (DBD) required for tran-
scriptional activity and is primarily localised in plasma
membrane due to palmitoylation of two cysteine residues
within its unique C-terminal sequence. This membrane
localisation of the protein is confirmed by over-expression
studies in COS-1 or PCa cells (LNCaP and CWR-R1)%,
Studies show that several AR splice variants (AR3,
AR4 and ARS5) lacking the ligand binding domain are
upregulated in a hormone-resistant prostate cancer cell
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line (CWR22RV1) and promote castration-resistant
growth’. The ARS8 protein does not function as an inde-
pendent transcription factor due to lack of DBD and
probably functions through a non-genomic mechanism.
The lack of transcription activity of AR8 was confirmed by
testing a series of reporters driven by androgen response
element-containing promoters.
studies indicated that when AR8 was over-expressed in
COS-1 cells, it mainly localized in the plasma membrane
and only sparsely in some perinuclear compartments®.
Studies show that it co-operates with AR to potenti-
ate androgen and growth factor response in PCa cells
by promoting AR association with EGFR on the plasma
membrane and enhancing AR tyrosine phosphoryla-
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tion*.

The level of ARS8 transcript was two-three folds ele-
vated in castration-resistant LNCaP derivatives such as
C4-2, C4-2B and CWR22 xenograft tumors compared
with its hormone-sensitive counterparts®. The level of
ARS8 transcript relative to nuclear AR appeared to be
increased in CWR-R1 hormone resistant prostate cancer
cells in response to treatment with androgen suggesting
that the relative ratio of ARS8 to AR is higher when cell
proliferation is enhanced®. To examine the role of AR8
in promoting DHT induced AR transcriptional activity,
LNCaP cells were infected with lentivirus encoding ARS.
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Figure 1. Schematic representation of putative membrane androgen receptors and
their mechanism of action in the prostate cells.
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At 16 hrs post-infection the cells were transfected with
ARR2 Luciferase reporter and treated with InM DHT.
Thirty-fold higher ARR2 driven reporter readout was
observed in presence of AR8 indicating that ARS8 potenti-
ates AR transcriptional activity®®. Studies show that AR8
activates SrcKinase (tyrosine kinase) pathway inside the
cells®.

To study the role of ARS8 in PCa cells, biotin-conju-
gated peptides were synthesized (containing the ARS8
C-terminal sequence) and used to identify proteins inter-
acting with AR8 in CWR-R1 cells?®. Mass spectrometric
analysis revealed that multiple proteins (actin and tubu-
lin) are associated with AR8 unique C-terminal sequence
demonstrating that ARS8 is associated with cytoskeletal
proteins in PCa cells®. Binding studies to assess sensi-
tivity and specificity of AR8 to androgens would further
clarify its role in mediating androgen signalling in pros-
tate cells®.

4. ZIP9

ZIP9, a zinc transporter protein, was first identified in
Atlantic croaker as a membrane protein which can bind
androgens®. Its homologs were subsequently identified
in human PCa cells’. In the normal prostate, high zinc
concentration serves to inhibit citrate oxidation thereby
promoting the production and secretion of citrate, a
major constituent of prostatic fluid. Decrease in zinc level
indicates risk of developing PCa as zinc inhibits prostate
cancer cell growth by induction of cell cycle arrest and
apoptosis. These results gave the first indication that a
zinc transporter protein can function as specific steroid
membrane receptor?. By cloning and expression of cDNA
from Atlantic croaker (Micropogonias undulates) ova-
ries, a seven-transmembrane protein of 33-KDa (307-312
amino acids) was obtained which demonstrated binding
and signalling characteristics of a membrane AR? This
protein has 81-93 % amino acid sequence identity with
zinc transporter ZIP9 (SLC39A9) subfamily member
indicating that it is the ZIP9 protein. It has high affinity
(dissociation constant, Kd, 12.7 nM), limited capacity,
single binding site-specific for androgens, characteristic
of steroid receptors?.

ZIP9 protein can increase cAMP levels and activate
G-Protein-Coupled Receptor (GPCR) in response to
treatment with T2. Specific androgen binding to an ovarian
plasma membrane fraction was demonstrated by radio-
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receptor assay protocol which consisted of short-term
incubation with [3H]T Saturation and scatchard analysis
of T binding to an ovarian plasma membrane fraction
indicated the presence of a single, high affinity (Bmax=
2.81=+- 0.31pmol/mg protein) or (.00281 nmol) andro-
gen binding site. Specific androgen binding was readily
displaceable, and the association and dissociation kinetics
were rapid with half time under 5 min. Competitive bind-
ing studies revealed that progesterone showed the same
high relative binding affinity as T

(Figure 1.) whereas bicalutamide, cortisol and estra-
diol-17|3 were ineffective. Androstenedione, mibolerone
and hydroxyflutamide had lower affinities.

ZIP9, a zinc transporter, plays a role in mediating zinc
flux into and out of cells and subcellular organelles®. ZIP9
shows 2-fold greater expression in biopsies of human
malignant prostate tissues than in normal prostate tis-
sues’. Also, ZIP9 shows 12-15 fold greater expression in
androgen sensitive cell lines e.g., LNCaP cells than in
androgen insensitive cell lines e.g., PC-3 and DU-145
cells?.

In the ovaries of the Atlantic croaker, treatment with
DHT caused a 50% reduction in in vitro estradiol pro-
duction compared to controls, which was not changed by
co-incubation with a transcription blocker actinomycin
D at a concentration of 10ug/ml indicating that nuclear
AR was not involved. This is the first evidence of a non-
genomic, rapid, cell surface mediated, specific androgenic
action on in vitro ovarian steroidogenesis'®. Incubation
with DHT-BSA, which is unable to enter the cell causes
an inhibition of estradiol production similar to uncon-
jugated DHT, indicating that androgen can decrease
estradiol production through a nongenomic mechanism
via a binding site located on the cell surface®.

Knockdown studies in LNCaP cells indicate that
this protein mediates androgen-induced apoptosis and
increase in intracellular zinc ion concentration. Treatment
of AR-positive LNCap cells with testosterone causes sig-
nificant increase in intracellular zinc concentrations and
apoptosis in cells transfected with non-target siRNA,
whereas these effects were completely blocked after trans-
fection with ZIP9 siRNA2.

5. Discussion

The three membrane proteins analysed in this review
exhibit different features with respect to androgen
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signalling and binding to androgens>'¢*. Completely dif-
ferent binding kinetics are observed for the three proteins.
GPRC6A gets activated by T in the concentration range
0-25nM'¢ whereas ZIP9 shows maximum T binding at
much lower androgen concentration of 0.00281nM?2.
Although specific binding studies have not been car-
ried out for AR8 yet AR8 promotes AR transcriptional
activity at InM DHT?®. Also, studies suggest that any AR
transcript that does not contain DBD is constitutively
active®. Ligand specificity of each of these proteins is
different. While GPRC6A responds to many ligands like
calcium, amino acids, osteocalcin and androgens'’, ZIP9
shows specific binding towards androgen®. AR8 being
a truncated version of nuclear AR co-operates with the
prototype AR to potentiate androgen and growth factor
response in PCa cells by promoting AR association with
EGFR on the plasma membrane®. Thus, ZIP9 exhibits
highest binding affinity and sensitivity among the three
receptors indicating its suitability as a potential mAR.

The expression of the three membrane proteins var-
ies widely in PCa cell lines and normal prostate cells. In
general expression of all three proteins is higher in PCa
cell lines as compared to normal prostate cells. It is how-
ever noteworthy that while GPRC6A and ARS8 lead to
enhancement of AR activity and cell proliferation ZIP9
expression promotes apoptosis.

Three completely different signalling pathways are
activated by these proteins. GPRC6A activates ERK
pathway'®. When GPRC6A is coupled to Gai and Gagq it
activates intracellular calcium and inhibits cAMP path-
way. The most reliable readout for GPRC6A activation
is ERK and SRE (Steroid Response Element)-Luciferase
promoter-reporter activity. Pi et al used these readouts
and biochemical inhibitors to demonstrate that Gai, P13K,
PKC, Src and Ras/RAF/MEK/ERK pathways are down-
stream effectors of GPRC6A. On the other hand, ARS8
activates Src Kinase (Tyrosine Kinase) pathway. Although
the activated Src Kinase is localized to plasma membrane
and the nuclear AR is present in the cytosol or nucleus,
the membrane-anchored AR8 mediates Src-induced AR
activation. EGF treatment promotes Src association with
EGFR and induced Src-kinase activity which were fur-
ther increased by AR8. AR8 knockdown diminished the
EGF induced Src kinase activation®. ZIP9 causes the Zinc
signalling activation and activates apoptotic pathway?.
ZIP9 is expressed in malignant prostate biopsy samples
which indicates its up-regulation in malignant cells.
Although, other ZIP proteins like ZIP1, ZIP2 and ZIP3
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are DOWN-REGULATED in PCa tissues as decreased
zinc is hallmark for PCa. ZIP9 is the only protein which
is expressed in PCa which suggested that it is related to
an increase in zinc requirement in rapidly dividing cells.
Also, its expression is seen highest in the sites for pro-
liferation in PCa i.e., glandular epithelial cells'®. Thus,
ZIP9 is activated through other compensatory pathways
through which it functions as mAR by mediating zinc
signalling activation and apoptotic pathway. The com-
parison of signalling attributes of these three additional
membrane proteins have not revealed activation of PKA
pathway. Separate studies on non-genomic androgen sig-
nalling have indicated activation of PKA by testosterone
in prostate cells'. Activation of PKA has also been cor-
related with malignancy in PCa cells and neuroendocrine
trans-differentiation (NED) of PCa cells®. Thus, the pres-
ence of membrane proteins/ GPCRs within PCa cells
that may mediate androgen signalling cannot be ruled
out. Additional studies are required to identify the mARs
(membrane Androgen Receptors) which may activate
alternate signalling pathway upon androgen stimulation,
as they may provide new insight into the mechanism of
androgen signalling and development of PCa.

6. Membrane AR and Prostate
Cancer

In this review, three membrane proteins that are totally
different from each other in terms of structure and func-
tion have been analysed for their potential to act as mAR.
GPRC6A which is expressed at low levels in normal
prostate tissues and prostate cell lines showed marked ele-
vation in its expression in PCa cells®. In fact, expression
was 20-fold greater in human PCa cell lines like 22RV1,
LNCaP and PC-3 cells®. Also, GPRC6A is reported to be
upregulated in many primary and metastatic cancers*
and promotes tumor formation and cancer progression®.
GPRC6A is a strong activator of ERK signalling'’, a pos-
sible mechanism by which the receptor directly regulates
PCa growth, since ERK pathway has a central role in PCa
cell proliferation®. Further, GPRC6A indirectly influences
the development and progression of PCa through its
effect on sex steroid metabolism'”.

AR and its membrane localized spliced variant i.e.
ARS8, play important roles in regulating the transcrip-
tion program essential for castration resistance®. ARS8
shows upregulation in castration-resistant PCa cells like
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C4- membrane localized Src Kinase to phosphorylate AR
potentiating AR signalling. Thus, EGFR, Src, AR and ARS8
form a dynamic signalling complex in response to EGF*.
Specific knockdown of AR8 expression in PCa cells leads
to decrease in EGF-induced Src activation and AR phos-
phorylation®. This causes the attenuation of proliferation
and increase in apoptosis in PCa cells cultured in andro-
gen-depleted medium?® depicting the critical role of this
AR splice variant in the progression of PCa.

Over-expression of ZIP9 in PC-3 and LNCaP cells
and knockdown studies with ZIP9 siRNA show that ZIP9
might play a role in PCa development'®. It is predicted
that unlike GPRC6A and ARS8, ZIP9 - transfected LNCaP
and PC-3 cells potentiate cellular apoptosis pathway'.
When LNCaP cells transfected with ZIP9 were treated
with T there was 100-fold increase in relative intensity of
intracellular zinc concentration'. Additional studies are
required for throwing light on the exact roles of each of
these membrane proteins and their roles in AR signal-
ling and PCa. The identification of a suitable mAR could
provide a potential target for PCa diagnostics and thera-
peutics.

7. Acknowledgment

The work was supported by funding from Department
of Biotechnology (DBT) (Biocare Project), New Delhi,
India.

8. Conflict of Interest

None of the contributing authors has any conflict of inter-
est, including specific financial interests or relationships
and affiliations relevant to the subject matter or materials
discussed in the manuscript.

9. References

1. Bagchi G, Wu J, French J, Kim J, Moniri NH, Daaka Y.
Androgens transduce the Gas-mediated activation of pro-
tein kinase a in prostate cells. Cancer Res. 2008; 68(9).
https://doi.org/10.1158/0008-5472.CAN-07-5026

2. Berg AH, Rice CD, Rahman MS, Dong ], Thomas P.
Identification and characterization of membrane andro-
gen receptor in the ZIP9 zinc transporter subfamily:
I Discovery in female Atlantic croaker and evidence
ZIP9 mediates testosterone induced apoptosis of ovar-
ian follicle cells. Endocrinology. 2014; 155(11):4237-49.

10.

11.

12.

13.

14.

- 81 | Vol 20 (2) | December 2016 | http://www.informaticsjournals.com/index.php/jer/index

https://doi.org/10.1210/ en.2014-1198 PMid:25014354
PMCid:PMC4197986

Castoria G, Migliaccio A, Di Domenico M, de Falco A,
Bilancio A, Lombardi M, Barone MV, Ametrano D, Zan-
nini MS, Abbondanza C, Auricchio E Steroid-induced
androgen receptor-oestradiol receptor beta-Src complex
triggers prostate cancer cell proliferation. Embo J]. 2000;
19(20):5406-54. https://doi.org/10.1093/emboj/19.20.5406
PMid:11032808 PMCid:PMC314017

Cheng ], Watkins SC, Walker WH. Testosterone acti-
vates mitogen-activated protein kinase via Src kinase
and the epidermal growth factor receptor in sertoli
cells. Endocrinology. 2007; 148(5):2066-20. https://doi.
org/10.1210/en.2006-1465 PMid:17272394

Conklin BR, Bourne HR. Homeostatic signals. Marriage
of the flytrap and the serpent. Nature. 1994; 367(6458):22
https://doi.org/10.1038/367022a0 PMid:8107768
Denmeade SR, Isaacs JT. A history of prostate cancer treat-
ment. Nat Rev Cancer. 2002; 2(5):389-396. https://doi.
org/10.1038/nrc801 PMid:12044015 PMCid:PMC4124639
Foradori CD, Weiser M], Handa R]. Non-genomic
actions of androgens. Front Neuroendocrinol. 2008 May;
29(2):169-81. hitps://doi.org/10.1016/j.yfrne.2007.10.005
PMid:18093638 PMCid:PMC2386261

Guo G, Luttrell LM, Price DT. Mitogenic signaling in an-
drogen sensitive and insensitive prostate cancer cell lines.
J Urol. 2000 Mar; 163(3):1027-32. https://doi.org/10.1016/
S0022-5347(05)67876-7 PMid:10688043

Guo Z, Yang X, Sun F, Jiang R, Linn DE, Chen H, Chen H,
Kong X, Melamed ], Tepper CG, Kung H-J, Brodie AMH,
Edwards J, Qiu Y. A novel androgen receptor splice variant
is upregulated during prostate cancer progression and pro-
motes androgen-depletion-resistant growth. Cancer Res.
2009 Mar 15; 69(6):2305-13. https://doi.org/10.1158/0008-
5472.CAN-08-3795 PMid:19244107 PMCid:PMC2672822
John C, Lu LM. Abstract 4287: Intracellular trafficking of
androgen receptor splice variant AR8. Mol Cel Biol. 2013;
73(8). https://doi.org/10.1158/1538-7445.am2013-4287
Menachem K, Ido A, Yarden Y. Regulation of MAPKs by
growth factors and receptor tyrosine kinases. Biochim Biophys
Acta. 2007 Aug; 1773(8):1161-76. https://doi.org/10.1016/j.
bbamcr.2007.01.002 PMid:17306385 PM-Cid:PMC2758354
Kuang D, Yao Y, Maclean D, Wang M, Hampson DR,
Chang BS. Ancestral reconstruction of the ligand-binding
pocket of family C G protein-coupled receptors. Proc Natl
Acad Sci USA. 103(38):14050-5. https://doi.org/10.1073/
pnas.0604717103 PMid:16966606 PMCid:PMC1563994
Jun L, Changxue L. Decoding the androgen receptor splice
variants. Transl Androl Urol. 2013 Sep; 2(3):178-86.
Franck O, Grzegorz S, Olga S, Mathieu E, Haixin C, Charles
SE, Louis H. Endocrine regulation of male fertility by the

Journal of Endocrinology and Reproduction


https://doi.org/10.1210/en.2006-
https://doi.org/10.1210/en.2006-
https://doi.org/10.1038/367022a0
https://doi
https://doi.org/10.1016/j.yfrne.2007.10.005
https://doi.org/10.1016/
https://doi.org/10.1158/0008-
https://doi.org/10.1158/1538-
https://doi
https://doi.org/10.1073/

Review Article: Membrane Androgen Receptor(s) and their Role in Prostate Cancer

15.

16.

17.

18.

19.

20.

21.

Vol 20 (2) | December 2016 | http://www.informaticsjournals.com/index.php/jer/index

skeleton. Cell. 2011 Mar 4; 144(5):796-809. https://doi.
org/10.1016/j.cell.2011.02.004 PMid:21333348 PMCid:P-
MC3052787
Pi M, Quarles LD. GPRC6A regulates prostate cancer pro-
gression The Prostate. 2012 Mar; 72(4):399-409. https://
doi.org/10.1002/pros.21442 ~ PMid:21681779 PMCid:P-
MC3183291

Pi M, Parill AL, Quarles LD. GPRC6A mediates the
non-genomic effects of steroids. J Biol Chem. 2010
Dec 17; 285(51):39953-64. https://doi.org/10.1074/jbc.
m110.158063
Pi M, Chen L, Huang ZM, Zhu W, Ringhofer B, Luo J,
Christenson L, Li B, Zhang ], Jackson DP, Faber P, Brund-en
RK, Quarles D. GPRC6A null mice exhibit osteopenia, fem-
inization and metabolic syndrome. PLoS ONE. 2008; 3-12.
https://doi.org/10.1371/journal.pone.0003858
Thomas.P, Pang Y, Dong J, Berg AH. Identification and
characterization of membrane androgen receptor in the
ZIP9 zinc transporter subfamily: II-Role of human ZIP9 in
testosterone induced prostate and breast cancer cell apop-
tosis. Endocrinology. 2014 Nov; 155(11):4250-65. https://
doi.org/10.1210/en.2014-1201 PMid:25014355 PMCid:P-
MC4197988
Loomis AK, Thomas P Effects of estrogens and xen-
oestrogens on androgen production by Atlantic croaker
testes in vitro: evidence for a nongenomic action mediated
by an estrogen membrane receptor. Biol Reprod. 2000
Apr;  62(4):995-1004.  https://doi.org/10.1095/biolre-
prod62.4.995 PMid:10727269
Sarwar M. The Protein Kinase A (PKA) intracellular path-
way and androgen receptor: A novel mechanism underlying
the castration-resistant and metastatic prostate cancer. J
Cancer Sci Ther. 2012.
Li S, Huang S, Peng S-B. Overexpression of G protein-
coupled receptors in cancer cells: Involvement in tumor

22.

23.

24.

25.

26.

27.

28.

progression. Int ] Oncol. 2005 Nov; 27(5):1329-39. https://
doi. org/10.3892/ijo.27.5.1329

Myers SA. Zinc transporters and zinc signaling: new
insights into their role in type 2 diabetes. Int ] Endocrinol.
2015; 167503-16750. PMid:25983752 PMCid:PMC4423030
Thomas B Braun AM. Androgens inhibit estradiol-17 beta
synthesis in Atlantic croaker (Micropogonias undulates)
ovaries by a non-genomic mechanism initiated at the cell
surface. Biol Reprod. 2003 Nov; 69(5):1642-50. https://doi.
org/10.1095/biolreprod.103.015479 PMid:12855603

Perrot V. Neuroendocrine differentiation in the progres-
sion of prostate cancer: an update on recent developments.
Open J Urol. 2012; 2:173-82. https://doi.org/10.4236/
0j1.2012.223032

Whitehead IP, Zohn IE, Der CJ. Rho GTPase-dependent
transformation by G protein-coupled receptors. Onco-
gene. 2001; 20(13):1547-55. https://doi.org/10.1038/
sj.onc.1204188 PMid:11313901

Wellendorph P, Brauner-Osborne H. Molecular cloning,
expression, and sequence analysis of GPRC6A, a novel
family C G-protein-coupled receptor. Gene. 2004 Jun 23;
335:37-46. https://doi.org/10.1016/j.gene.2004.03.003
PMid:15194188

Weber RFA, Smith M, Dohle R. Androgens and male fer-
tility. World J Urol. 2003 Nov; 21(5):341-5. https://doi.
0rg/10.1007/s00345-003-0365-9 PMid:14566423

Yang X, Guo Z, Sun E, Li W, Alfano A, Shimelis H, Chen M,
Brodie AMH, Chen H, Xiao Z, Veenstra TD, Qiu Y. Nov-
el membrane-associated androgen receptor splice variant
potentiates proliferative and survival responses in prostate
cancer cells. J Biol Chem.. 2011 Oct 14; 286(41):36152-60.
https://doi.org/10.1074/jbc.m111.265124

Journal of Endocrinology and Reproduction I 82 -


https://doi
https://
http://doi.org/10.1002/pros.21442
https://doi.org/10.1074/jbc
https://doi.org/10.1371/journal.pone.0003858
https://
http://doi.org/10.1210/en.2014-1201
https://doi.org/10.1095/biolre-
https://doi
https://doi
https://doi
https://doi.org/10.4236/
https://doi.org/10.1038/
https://doi.org/10.1016/j.gene.2004.03.003
https://doi
https://doi.org/10.1074/jbc.m111.265124



