REVIEW

Could Testosterone Have a Therapeutic
Role in Prostate Cancer?
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Purpose: To discuss the role of membrane androgen receptors and to investigate the potential
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role of testosterone-albumin conjugate in the prostate cancer (PCa) treatment.

Materials and Methods: We identified studies published from 1990 onwards by searching the
MEDLINE database of the National Library of Medicine. Initial search terms were “androgen
receptors, cytoplasmic androgen receptor, and membrane androgen receptor” combined with

“testosterone, testosterone-albumin conjugate, and prostate cancer treatment”.

Results: The androgen receptor plays a critical role in both development and progression of
PCa. The latter is associated with changes in the androgen receptor axis and more precisely,
with its conversion from a paracrine dependent signaling pathway for proliferation and sur-
vival of prostatic cells to an independent autocrine process. This malignant conversion is due
to functional changes in which the androgen receptor activates not only normal genomic, but
also novel non-genomic signaling pathways, which are not present in normal prostatic epithe-
lial cells. Thus, treatments for neoadjuvant, adjuvant, and recurrent disease, all center on the
regulation and manipulation of the androgen pathway. Recent discoveries however offer strong
evidence of a direct apoptotic action induced by activation of the membrane androgen receptor
by testosterone-albumin conjugates.
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INTRODUCTION

Steroid Hormone Receptors

he relationship between testosterone, prostate can-

cer (PCa) development, and its progression is con-

troversial and the evidence is conflicting. In fact,
while treatment for metastatic PCa is greatly affected by
testosterone, serum testosterone levels of men treated with
androgen deprivation therapy (ADT) are not associated with
duration of ADT, ADT formulation, or disease status. Fur-
thermore, there is evidence that even hormone-refractory
PCa cells continue to be affected by androgen signaling de-
spite ADT.() This fact indicates that androgen receptors are
the key element in PCa development rather than androgens
themselves.
According to current literature, steroid molecules, such as
testosterone, enter the target cell, eg, of the prostate gland,
by passive transport through the cell membrane by diffusion.
After binding in the cytoplasm with intracellular androgen
receptors (1IAR), they undergo structural modifications re-
sulting in the formation of a DNA binding area. This phe-
nomenon results from the conversion of testosterone into its
active form, dihydrotestosterone. The resulting complex (di-
hydrotestosterone and receptor) migrates to the nucleus and
triggers off the transcription of genes into MRNA to produce
protein molecules, which have strictly defined biological
functions.® The time from initiation until the completion of
the process, which results from the protein expression of this
gene through the mechanism described, is at least 30 to 45
minutes while the time required for the production of signifi-
cant amounts of protein is between 3 and 4 hours.®¥
However, the presence of steroid hormone receptors has also
been demonstrated on the cell wall of the prostate cell, a fact
which explains the high binding capacity of the testosterone-
albumin complex.® It is also worthwhile noting that pros-
tate cells have receptors for sex hormone-binding globulin
(SHBG), a fact which allows the binding of the testosterone-
SHBG complex with the cytoplasm.
It is believed that when the bound testosterone enters the tar-
get cell, passing through the cell membrane with the aid of
transporting proteins, it acts on local cytoplasmic channels
leading to the activation of cyclic AMP. This activity takes

place in a matter of only a few minutes. It is a point of con-
tention whether this rapid corticoid activity is really related
to the cell membrane steroid hormone receptors or whether
it represents an additional function of the classic cytoplasmic
receptors. Indeed, the manifestation of rapid non-genomic
phenomena resulting from steroid hormone signaling may be
mediated by the classic receptors as is the case with oestradiol
and progesterone. However, numerous functions of steroids,
which are inconsistent with the existence of a sole classic
receptor, point towards the existence of non-classic receptors
for steroid hormones possibly located in the cell membrane,
which are responsible for a non-genomic function. In any
case, there are many cellular activities which occur without
any prerequisite action on the genome, such as transcription
and translation, which take place in a short span of time and
are not influenced by inhibitors.

Experimental systems inferring the presence of steroid re-
ceptor molecules, which are not identical with the classic
cytoplasmic receptors of steroid hormones, were the first
indications of their existence.®) Such steroid hormone re-
ceptors, which are additionally related to the production of
rapid non-genomic phenomena, have already been described
in various tissues in the past 25 years. It is noteworthy that
such receptors were also identified in cells lacking in clas-
sic receptors (monocytes, T-lymphocytes).”-") Merely as of a
decade, non-classic steroid receptors have been identified in
the cell membrane of cells carrying classic androgen recep-
tors, such as osteoblasts and cells of the prostatic glandular
epithelium.®!? The exact mechanism that steroid molecules
have through these receptors has not been fully elucidated.
The established mechanisms up to date are kinase regula-
tion, cyclic nucleotide modulation, and intracellular calcium
changes.(!"17

The aforementioned activities are very rapid: progesterone
results in a significant rise in intracellular sperm cell calcium,
which takes place within a matter of a few seconds,® while
aldosterone induces the exchange of sodium and hydrogen
ions in the small bowel cells in a time frame of less than a
minute.("*? Testosterone increases intracellular calcium in
the osteoblasts of male rats within only five seconds®" and
leads to the synthesis of the molecular messengers, such as
inositol trisphosphate (IP3) and diacylglycerol (DAG), with-
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in only ten seconds.?? This activity is dose-related, it is not
affected by external factors, and it takes place rapidly.

The influence of testosterone in normal concentrations (1 to
10 nM) on activated T-lymphocytes and in high concentra-
tions (0.3 to 3 M) on isolated Sertoli cells has been shown to
increase intracellular calcium by influx in a similarly short
span of time.®?3 The influence of 50 to 100 nM of testos-
terone on muscle cells of male rats and of androstenedione
on human porcine ovarian cells resulted in a similar rise in
intracellular calcium and trebling of the levels of 1P3.%42
The rise in intracellular calcium seen in the above-mentioned
studies was dose-related with maximum activity observed
with 1 nM androstenedione in porcine cells and 10 nM in hu-
man cells. Rapid androgen action has also been described in
the cardiac tissue with varying biological results,?®?7) as well
as in the neuronal cells(” and hepatocytes.*®

The fact that the above-mentioned functions have been dem-
onstrated in cells lacking a functional nucleus, such as eryth-
rocytes, platelets, or sperm cells, as well as the fact that they
are not inhibited by nuclear androgen receptor inhibitors (hy-
droxyflutamide and cyproterone) supports the view that these
functions are affected by non-classic steroid receptors.?
This view is further supported by similar findings in experi-
ments with rat macrophages, which show a rapid response to
androgen stimulation despite their lack of classic androgen
receptors (IC-21).%"

MATERIALS AND METHODS

We identified studies published from 1990 onwards by
searching the MEDLINE database of the National Library
of Medicine. Initial search terms were “androgen receptors,
cytoplasmic androgen receptor, and membrane androgen re-
ceptor” combined with “testosterone, testosterone-albumin
conjugate, and prostate cancer treatment”. References in the
selected publications were checked for relevant publications
not included in the MEDLINE or PubMed search.

RESULTS

Androgen Receptors and Prostate Cancer
It is widely known that testosterone is possibly the most im-

portant factor affecting the proliferation and function of the

normal prostate gland. Prostatic glandules and prostatic pores
are covered by epithelium consisting of two cell layers. Basal
cells do not carry classic androgen receptors, but are differen-
tiated through a transitional form, which also does not carry
classic androgen receptors, into secreting and neuroendocrine
cells, which have androgen receptors. The epithelium is sup-
ported by a fibromuscular stroma, the cells of which (smooth
muscle cells and fibroblasts) also carry androgen receptors.
Androgens play an important role in the development and
maintenance of both normal and neoplastic prostate tissue.
The dependence of PCa on androgens is known since the mid-
dle of the previous century since the discovery of androgen
deprivation therapy for PCa by Huggins and Hodges. Andro-
gen blockade in its complete form (elimination of testicular
testosterone and inhibition of the classic androgen receptor)
remains the golden standard management of metastatic PCa
and is also used as adjuvant and neo-adjuvant therapy in ad-
vanced cancer.®” Unfortunately, despite an initial positive
response to androgen deprivation therapy, many cancers pro-
gress to androgen-independent or androgen-resistant forms
and relapse ultimately. Because of this, androgen deprivation
therapy is a helpful, but not definitive treatment irrespective
of how complete the deprivation is.

The androgen receptors themselves are responsible for the
progress of the cancer. Contrary to older views that they are
gradually depleted following gradual depletion of available
androgens, it is today believed that androgen receptors un-
dergo mutations or genetic amplification. Although in the
androgen-resistant state the levels of detectable prostate an-
drogen receptors are reduced, there are strong evidences for
the presence of androgen receptors in androgen-independent
cancers, those under androgen deprivation, and cancers re-
lapsing during androgen deprivation therapy.®"

The fact that the androgen receptor protein is expressed in pa-
tients with androgen-independent PCa suggests the preserva-
tion or re-emergence of the androgen receptor.®!-3% Further-
more, the observation of an intermediate state of hormone
independence between hormone sensitivity and hormone re-
sistance (androgen deprivation syndrome) lends merit to the
above view as it could be interpreted as a phenotypic mani-
festation of a mutation phase of the androgen receptor.>

According to experimental data, cells positive for androgen
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receptors produce a growth factor, which activates in a parac-
rine way the production of androgen receptor-negative cells.
% Although, as already mentioned, in the hormone-resistant
state the levels of detectable prostate androgen receptors are
reduced and the androgen-resistant cells multiply irrespec-
tive of the presence of androgens, they still require the andro-
gen receptors for their survival.®” Indeed, if by intracellular
injection, the expression of androgen receptors of cell lines
coming from androgen-resistant cancers (LNCaP, LAPC-4,
LAPC-9, MDA-PC-2B, V-Cap, DuCap, and LNCaP) is re-
duced beyond a certain point, these cells stop multiplying
and die.®®4% This property characterizes the non-classical
androgen receptors expressed preferentially in human PCa
cells.V

The Role of Androgens and Non-Classic Androgen Re-
ceptors

As opposed to the classic cytoplasmic androgen recep-
tor, membrane androgen receptors have not been studied
adequately. It seems however that they affect a variety of
non-genomic functions, including kinase regulation, cyclic
nucleotide modulation, and intracellular calcium changes.!!-
1) The latter seems to be related to the apoptotic process and
programmed cell death. Studies on both cultured human PCa
cells (LNCaP) as well as on direct processed specimen of
human PCa provided strong evidence of an immediate anti-
neoplasmic activity after the activation of membrane andro-
gen receptors by the testosterone-albumin complex. Specifi-
cally, what has been observed is inhibition of development
of LNCaP cancer cells, induction of apoptosis, release of the
pro-apoptotic protein FaS in LNCaP cells, and a significant
reduction in migration, adhesion, and development of the
androgen-resistant human PCa cells DU145.41-44

The fact that the above-mentioned antineoplastic functions
remain even in the presence of the antiandrogen flutamide
administration both in iAR-negative human cancer cells
(DU145) as well as in processed (with iAR antisense oligo-
nucleotide) positive for cytoplasmic androgen receptors cul-
tured human cancer cells (LNCaP), shows that this function
is expressed independently of cytoplasmic androgen recep-
tors possibly at the level of membrane androgen receptors.

It is merit noting that treatment with the testosterone-bovine

serum albumin (BSA) complex at a dose 4.8 mg/kg body
weight in rats immunized with LNCaP cells for a month led
to a 60% reduction in the size of the tumor, while the result
was not affected by the administration of antiandrogen as al-
ready mentioned.*!-4%

The function of the testosterone-albumin complex in the pro-
static cell has not been fully clarified and it is not known if
it is testosterone, albumin, or both that exhibits this proven
anticancer activity. In fact, albumin inhibits the production
of actin and therefore affects the formation of the cytoskel-
eton contributing thus to the apoptotic remission of human
PCa cells.**%) On the other hand, testosterone and other
androgens display also anticancer properties. For example,
3B-Adiol, a metabolite of dihydrotestosterone (5A-andros-
tane-3B,17B-diol), is known to exert inhibitory activity on
the migration of PCa cells by activation of estrogen receptor
B (ERB) and the resultant signaling.“*®” Another biochemi-
cal pathway possibly involved in the apoptotic process is ac-
tivation of the receptor of tumor necrosis factor (TNF) RSF6
(FAS) by androgens, given that human PCa cells as well as
cancer cell lines LNCaP and DU145 express the FasL gene
and produce its end product.484%

Contemporary studies demonstrated that androgens also ex-
ert anticancer properties in organs other than the prostate.
Activation of membrane androgen receptors by the testoster-
one-albumin complex in the colon cancer cells results in both
in-vitro and in-vivo signaling of Akt/bad and vinculin/actin
pathways exerting thus inhibitory activity on the migration

of cancer cells.®?

Apoptotic Regression of Prostate Cancer Through Acti-
vation of Membrane Androgen Receptors

Among the possible mechanisms by which the activation
of membrane androgen receptors by the testosterone-albu-
min complex affects the apoptotic process is its influence,
through mobilization of intracellular calcium, on cytoskel-
etal actin. The latter is of vital importance for cell survival
as it is a structural element of the cellular substrate and thus
influences numerous cell activities, such as mobility, division
(multiplication), and secretion. The mechanism by which
the non-genomic influence of androgens is exerted on the

cytoskeleton through membrane androgen receptors has not
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been fully elucidated.

At an experimental level, it has been observed that subject-
ing PCa cells (LNCaP) to the testosterone-bovine albumin
(testosterone-BSA) complex results in phosphorylation of a
protein tyrosine kinase known as FAK (focal adhesion ki-
nase), the ligation of which to the signaling molecule phos-
phatidylinositol-3 (PI-3) kinase leads to its activation as well
as the activation of Cdc42/Racl GTPases. The above chain
of events influences cytoskeletal actin and is followed by
changes in its assembly.*?

It is already known that various stimuli, including the in-
tegrins, growth factors, cytokines, neuropeptides, and ster-
oid hormones, such as the androgens, modify the action of
FAK, which in turn activates protein signals responsible for
cytoskeletal reassembly.!”*? However, a key factor in the
control of cellular development, cell survival, malignant
transformation, and invasiveness appears to be PI-3 kinase,
which seems to be activated through different pathways by
FAK (downstream) and the Cdc42/Racl (upstream), leading
to changes in the assembly of the cytoskeleton with different
outcomes depending on the direction.®*3 Activation of PI-3
under the influence of the testosterone-albumin complex on
membrane androgen receptors of human cancer LNCaP cells
significantly increased the phosphorylation of FAK, the liga-
tion of which to the p85 subunit of the PI-3 kinase resulted,
by way of a rapid non-genomic action, in the reassembly of
cytoskeletal actin and the formation of cell membrane evagi-
nations (filopodia, lamellipodia).*> Such cytoskeletal reas-
sembly has been linked to malignant transformation, cellular
migration, and cancer invasiveness.>3

Confirming the above observations, FAK was found signifi-
cantly activated in cancer tissue of patients with metastatic
PCa.®” It is worth noting that the attachment of phospho-
rylated FAK to the p85 subunit in this study was found to
be significantly greater when the membrane androgen recep-
tor was activated by the testosterone-albumin complex than
when activated by dihydrotestosterone. In the same study,
as already was mentioned, the effect of the testosterone-al-
bumin complex results in a quantitative increase in Cdc42/
Racl GTPases possibly through the upstream activation of
PI-3 kinase.

Although small GTPases are considered factors that signifi-

cantly affect the invasive potential of cancer cells (on the one
hand, activation of Cdc42 results in the formation of filopo-
dia, and on the other hand, activation of Racl results in the
formation of wavelike cytoplasmic evaginations and lamel-
lipodia), in fact their role in cellular response differs depend-
ing on cell type. In epithelial cells, such as in the prostate,
activation of Cdc42 and Racl leads to retraction of cancer
cells and inhibits migration and invasion.®® It is therefore
possible that the development or inhibition of development
of the cancer cell depends on the direction of activation of PI-
3. The parallel presence of elements of both the downstream
and the upstream activation in the experimental model (hu-
man cancer LNCaP cells) and the different outcome depend-
ing on the case seem to support the above hypothesis.**

The phenomenon is dose-dependent and time-dependent.
The antineoplastic activity of the complex persists for more
than 48 hours even after the removal of the testosterone-al-
bumin complex and membrane androgen receptors from the
culture medium.“¥ According to recent observations, chron-
ic stimulation of membrane androgen receptors indeed leads
to inhibition of cell development and to apoptosis through
the activation of the actin disassembly mechanism whereas
chronic androgen deprivation seems to increase the resist-
ance of cancer cells to the induction of apoptosis through the
same mechanism.C! Despite the undoubtable observation
that membrane receptors are the mediators of the above ac-
tivity, many other mechanisms associating testosterone with

membrane androgen receptors remain unclear.

CONCLUSION

In conclusion, investigation of the molecular pathways of ap-
optosis through activation of the membrane androgen recep-
tors in the androgen-independent PCa cell is important on the
one hand because future manipulation of this mechanism can
help with understanding and interpreting unknown to date
characteristics of PCa, and on the other hand, can contrib-
ute to the establishment of activators of membrane androgen
receptors. The latter could constitute a novel aspect in the
classic viewing of hormonal therapy if we only take into con-
sideration that testosterone binding areas of the membrane
constitute a constant feature of both positive for androgen

receptors cancer cells as well as negative, regardless of the
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expression of intracellular receptors. In addition, study of the

testosterone-albumin complex can constitute the basis for

future treatments for PCa. In such a case, the testosterone-

BSA

complex could either constitute a separate category of

antineoplastic factors for PCa or could be combined with an-

tiandrogens already in use.

CONFLICT OF INTEREST
None declared.

REFERENCES

10.

Venkateswaran S, Margel D, Yap S, Hersey K, Yip P, Fleshner
NE. Comparison of serum testosterone levels in prostate
cancer patients receiving LHRH agonist therapy with or
without the removal of the prostate. Can Urol Assoc J.
2012;6:183-6.

Beato M, Klug J. Steroid hormone receptors: an update.
Hum Reprod Update. 2000;6:225-36.

Shang Y, Hu X, DiRenzo J, Lazar MA, Brown M. Cofactor
dynamics and sufficiency in estrogen receptor-regulated
transcription. Cell. 2000;103:843-52.

Shang Y, Myers M, Brown M. Formation of the androgen
receptor transcription complex. Mol Cell. 2002;9:601-10.

Lyng FM, Jones GR, Rommerts FF. Rapid androgen actions
on calcium signaling in rat sertoli cells and two human
prostatic cell lines: similar biphasic responses between 1
picomolar and 100 nanomolar concentrations. Biol Reprod.
2000;63:736-47.

Losel RM, Falkenstein E, Feuring M, et al. Nongenomic ster-
oid action: controversies, questions, and answers. Physiol
Rev. 2003;83:965-1016.

Falkenstein E, Tillmann HC, Christ M, Feuring M, Wehling
M. Multiple actions of steroid hormones--a focus on rapid,
nongenomic effects. Pharmacol Rev. 2000;52:513-56.

Benten WP, Lieberherr M, Giese G, et al. Functional testos-
terone receptors in plasma membranes of T cells. FASEB J.
1999;13:123-33.

Benten WP, Lieberherr M, Sekeris CE, Wunderlich F. Testos-
terone induces Ca2+ influx via non-genomic surface recep-
tors in activated T cells. FEBS Lett. 1997;407:211-4.

Armen TA, Gay CV. Simultaneous detection and functional
response of testosterone and estradiol receptors in osteo-
blast plasma membranes. J Cell Biochem. 2000;79:620-7.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Chambiliss KL, Shaul PW. Estrogen modulation of endothe-
lial nitric oxide synthase. Endocr Rev. 2002;23:665-86.

Chambliss KL, Shaul PW. Rapid activation of endothelial NO
synthase by estrogen: evidence for a steroid receptor fast-
action complex (SRFC) in caveolae. Steroids. 2002;67:413-9.

Herve JC. Non-genomic effects of steroid hormones on
membrane channels. Mini Rev Med Chem. 2002;2:411-7.

Levin ER. Cell localization, physiology, and nongenomic ac-
tions of estrogen receptors. J Appl Physiol. 2001;91:1860-7.

Cato AC, Nestl A, Mink S. Rapid actions of steroid receptors
in cellular signaling pathways. Sci STKE. 2002;re9.

Davis PJ, Tillmann HC, Davis FB, Wehling M. Comparison
of the mechanisms of nongenomic actions of thyroid
hormone and steroid hormones. J Endocrinol Invest.
2002;25:377-88.

Koukouritaki SB, Gravanis A, Stournaras C. Tyrosine phos-
phorylation of focal adhesion kinase and paxillin regu-
lates the signaling mechanism of the rapid nongenomic
action of dexamethasone on actin cytoskeleton. Mol Med.
1999;5:731-42.

Blackmore PF, Beebe SJ, Danforth DR, Alexander N.
Progesterone and 17 alpha-hydroxyprogesterone. Novel
stimulators of calcium influx in human sperm. J Biol Chem.
1990;265:1376-80.

Winter DC, Schneider MF, O'Sullivan GC, Harvey BJ, Geibel
JP. Rapid effects of aldosterone on sodium-hydrogen
exchange in isolated colonic crypts. J Membr Biol.
1999;170:17-26.

Wehling M. Specific, nongenomic actions of steroid hor-
mones. Annu Rev Physiol. 1997;59:365-93.

Lieberherr M, Grosse B. Androgens increase intracellular
calcium concentration and inositol 1,4,5-trisphosphate
and diacylglycerol formation via a pertussis toxin-sensitive
G-protein. J Biol Chem. 1994;269:7217-23.

Estrada M, Liberona JL, Miranda M, Jaimovich E. Aldos-
terone- and testosterone-mediated intracellular calcium
response in skeletal muscle cell cultures. Am J Physiol
Endocrinol Metab. 2000;279:E132-9.

Gorczynska E, Handelsman DJ. Androgens rapidly increase
the cytosolic calcium concentration in Sertoli cells. Endocri-
nology. 1995;136:2052-9.

Lieberherr M, Grosse B, Machelon V. Phospholipase C-beta
and ovarian sex steroids in pig granulosa cells. J Cell Bio-
chem. 1999;74:50-60.

752 |

Review



Testosterone and Prostate Cancer | Stamatiou and Pierris

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Machelon V, Nome F, Tesarik J. Nongenomic effects of an-
drostenedione on human granulosa luteinizing cells. J Clin
Endocrinol Metab. 1998;83:263-9.

Chou TM, Sudhir K, Hutchison SJ, et al. Testosterone induc-
es dilation of canine coronary conductance and resistance
arteries in vivo. Circulation. 1996;94:2614-9.

Ceballos G, Figueroa L, Rubio |, et al. Acute and nongenom-
ic effects of testosterone on isolated and perfused rat
heart. J Cardiovasc Pharmacol. 1999;33:691-7.

Diez A, Sancho MJ, Egana M, Trueba M, Marino A, Macarulla
JM. An interaction of testosterone with cell membranes.
Horm Metab Res. 1984;16:475-7.

Benten WP, Lieberherr M, Stamm O, Wrehlke C, Guo Z, Wun-
derlich F. Testosterone signaling through internalizable
surface receptors in androgen receptor-free macrophages.
Mol Biol Cell. 1999;10:3113-23.

Hellerstedt BA, Pienta KJ. The current state of hormonal
therapy for prostate cancer. CA Cancer J Clin. 2002;52:154-
79.

van der Kwast TH, Schalken J, Ruizeveld de Winter JA, et al.
Androgen receptors in endocrine-therapy-resistant human
prostate cancer. Int J Cancer. 1991;48:189-93.

Ruizeveld de Winter JA, Janssen PJ, Sleddens HM, et al. An-
drogen receptor status in localized and locally progressive
hormone refractory human prostate cancer. Am J Pathol.
1994;144:735-46.

Hobisch A, Culig Z, Radmayr C, Bartsch G, Klocker H,
Hittmair A. Distant metastases from prostatic carci-
noma express androgen receptor protein. Cancer Res.
1995;55:3068-72.

Shah RB, Mehra R, Chinnaiyan AM, et al. Androgen-
independent prostate cancer is a heterogeneous group
of diseases: lessons from a rapid autopsy program. Cancer
Res. 2004;64:9209-16.

Kelly WK, Scher HI. Prostate specific antigen decline after
antiandrogen withdrawal: the flutamide withdrawal syn-
drome. J Urol. 1993;149:607-9.

Nonomura N, Nakamura N, Uchida N, et al. Growth-stimula-
tory effect of androgen-induced autocrine growth factor(s)
secreted from Shionogi carcinoma 115 cells on androgen-
unresponsive cancer cells in a paracrine mechanism.
Cancer Res. 1988;48:4904-8.

Litvinov IV, De Marzo AM, Isaacs JT. Is the Achilles' heel for
prostate cancer therapy a gain of function in androgen
receptor signaling? J Clin Endocrinol Metab. 2003;88:2972-
82.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Eder IE, Hoffmann J, Rogatsch H, et al. Inhibition of LNCaP
prostate tumor growth in vivo by an antisense oligonu-
cleotide directed against the human androgen receptor.
Cancer Gene Ther. 2002;9:117-25.

Zegarra-Moro OL, Schmidt LJ, Huang H, Tindall DJ. Disrup-
tion of androgen receptor function inhibits proliferation
of androgen-refractory prostate cancer cells. Cancer Res.
2002;62:1008-13.

Solit DB, Zheng FF, Drobnjak M, et al. 17-Allylamino-
17-demethoxygeldanamycin induces the degradation of
androgen receptor and HER-2/neu and inhibits the growth
of prostate cancer xenografts. Clin Cancer Res. 2002;8:986-
93.

Stathopoulos EN, Dambaki C, Kampa M, et al. Membrane
androgen binding sites are preferentially expressed in hu-
man prostate carcinoma cells. BMC Clin Pathol. 2003;3:1.

Papakonstanti EA, Kampa M, Castanas E, Stournaras C. A
rapid, nongenomic, signaling pathway regulates the actin
reorganization induced by activation of membrane testos-
terone receptors. Mol Endocrinol. 2003;17:870-81.

Hatzoglou A, Kampa M, Kogia C, et al. Membrane androgen
receptor activation induces apoptotic regression of human
prostate cancer cells in vitro and in vivo. J Clin Endocrinol
Metab. 2005;90:893-903.

Kampa M, Papakonstanti EA, Hatzoglou A, Stathopoulos EN,
Stournaras C, Castanas E. The human prostate cancer cell line
LNCaP bears functional membrane testosterone receptors
that increase PSA secretion and modify actin cytoskeleton.
FASEB J. 2002;16:1429-31.

Kampa M, Theodoropoulou K, Mavromati F, et al. Novel
oligomeric proanthocyanidin derivatives interact with
membrane androgen sites and induce regression of
hormone-independent prostate cancer. J Pharmacol Exp
Ther.2011;337:24-32.

GueriniV, Sau D, Scaccianoce E, et al. The androgen deriva-
tive 5alpha-androstane-3beta,17beta-diol inhibits prostate
cancer cell migration through activation of the estrogen
receptor beta subtype. Cancer Res. 2005;65:5445-53.

Miyamoto H, Yeh S, Lardy H, Messing E, Chang C. Delta5-an-
drostenediol is a natural hormone with androgenic activity
in human prostate cancer cells. Proc Natl Acad SciU S A.
1998;95:11083-8.

Costa-Pereira AP, Cotter TG. Camptothecin sensitizes
androgen-independent prostate cancer cells to anti-Fas-
induced apoptosis. Br J Cancer. 1999;80:371-8.

IEOAWOIEITYS  Vol.10 | No.1 | Winter2013 | 753



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Hyer ML, Voelkel-Johnson C, Rubinchik S, Dong J, Norris
JS. Intracellular Fas ligand expression causes Fas-mediated
apoptosis in human prostate cancer cells resistant to
monoclonal antibody-induced apoptosis. Mol Ther.
2000;2:348-58.

Gu S, Papadopoulou N, Nasir O, et al. Activation of
membrane androgen receptors in colon cancer inhibits
the prosurvival signals Akt/bad in vitro and in vivo and
blocks migration via vinculin/actin signaling. Mol Med.
2011;17:48-58.

Hordijk PL, ten Klooster JP, van der Kammen RA, Michiels
F, Oomen LC, Collard JG. Inhibition of invasion of epithelial
cells by Tiam1-Rac signaling. Science. 1997;278:1464-6.

Burridge K, Chrzanowska-Wodnicka M. Focal adhe-
sions, contractility, and signaling. Annu Rev Cell Dev Biol.
1996;12:463-518.

Rodriguez-Fernandez JL. Why do so many stimuli induce
tyrosine phosphorylation of FAK? Bioessays. 1999;21:1069-
75.

Hall A. Rho GTPases and the actin cytoskeleton. Science.
1998;279:509-14.

Krasilnikov MA. Phosphatidylinositol-3 kinase depend-
ent pathways: the role in control of cell growth, survival,
and malignant transformation. Biochemistry (Mosc).
2000;65:59-67.

Jimenez C, Portela RA, Mellado M, et al. Role of the PI3K
regulatory subunit in the control of actin organization and
cell migration. J Cell Biol. 2000;151:249-62.

Adam L, Vadlamudi R, Kondapaka SB, Chernoff J, Mendel-
sohn J, Kumar R. Heregulin regulates cytoskeletal reor-
ganization and cell migration through the p21-activated
kinase-1 via phosphatidylinositol-3 kinase. J Biol Chem.
1998;273:28238-46.

Tremblay L, Hauck W, Aprikian AG, Begin LR, Chapdelaine
A, Chevalier S. Focal adhesion kinase (pp125FAK) expres-
sion, activation and association with paxillin and p50CSK
in human metastatic prostate carcinoma. Int J Cancer.
1996,68:164-71.

754 | Review



