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1. Introduction
Prostate cancer is the most frequently diagnosed non-cutaneous tumor of men in western
countries. National Cancer Institute estimated that more than 217,000 people were
diagnosed and 32,000 people died of prostate cancer in the United States in 2010. Currently,
primary therapies for prostate cancer include radical prostatectomy, radiation therapy, highintensity focused ultrasound, chemotherapy, cryosurgery, hormonal therapy, and
combination of different treatments. Approximately 20-40% of patients treated with radical
prostatectomy will have tumor recurrence and elevation of serum prostate-specific antigen
(PSA) (Sadar 2011). More than 80% of patients who died from prostate cancer developed
bone metastases, primary metastatic sites include bones and lymph nodes (Bubendorf et al
2000, Ibrahim et al 2010, Keller et al 2001).
In 1941, Huggins and Hodges reported that androgen ablation therapy caused regression of
primary and metastatic prostate cancer (Huggins C 1941). Since then, androgen ablation
therapy, using luteinizing hormone-releasing hormone agonists (LH-RH) or bilateral
orchiectomy, has become one of the primary treatment for prostate cancer (Seruga and
Tannock 2008). More than 80% of men with these advanced prostate cancers respond to
androgen ablation therapy, resulting in tumors shrinkage and reduction of serum PSA
(Seruga and Tannock 2008). Anti-androgens are frequently used in conjunction with
androgen ablation therapy as a combined androgen blockade to improve therapeutic
outcome (Klotz et al 2004). However, 80-90% of the patients who receive androgen ablation
therapy ultimately develop recurrent tumors in 12-33 months. The median overall survival
of patients after tumor relapse is 1-2 years (Fowler et al 1998, Hellerstedt and Pienta 2002).
In addition, androgen deprivation therapy is associated with several undesired side-effects,
including sexual dysfunction, osteoporosis, hot flashes, fatigue, gynecomastia, anemia,
depression, cognitive dysfunction, increased risk of diabetes, and cardiovascular diseases
(Keating et al 2006, Keating et al 2010, Saigal et al 2007, Seruga and Tannock 2008).
Androgen deprivation therapy using LH-RH agonists was reported to increase risk of
incident diabetes, incident coronary heart disease, myocardial infarction, sudden cardiac
death, and stroke (Keating et al 2006, Keating et al 2010, Saigal et al 2007). Combined
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androgen blockade was associated with increased risk of incident coronary heart disease
(Keating et al 2010). Orchiectomy was associated with coronary heart disease and
myocardial infarction (Keating et al 2010). Therefore, shortening the period of androgen
ablation therapy may protect the patients.
Liver X receptors (LXRs) are ligand-activated transcriptional factors that belong to the
nuclear receptor superfamily. LXRs are important regulators of cholesterol, fatty acid, and
glucose homeostasis (Chuu et al 2007). There are two LXR isoforms. LXR expression is
most abundant in liver, kidney, intestine, fat tissue, macrophages, lung, and spleen, while
LXR is ubiquitously expressed (Chuu et al 2007, Edwards et al 2002, Willy et al 1995). A
specific group of oxysterols are natural ligands for LXRs (Chuu et al 2007, Forman et al 1997,
Janowski et al 1996). LXR agonists are effective for treatment of murine models of
atherosclerosis, diabetes, and Alzheimer's disease (Alberti et al 2001, Blaschke et al 2004, Cao
et al 2003, Chuu et al 2007, Edwards et al 2002, Efanov et al 2004, Joseph et al 2002, Joseph et
al 2003, Koldamova et al 2005, Peet et al 1998, Song et al 2001, Song and Liao 2001). Our and
other groups’ previous studies suggested that androgen and LXR agonists may suppress
tumor growth of hormone-refractory prostate cancer cells (Chuu et al 2006, Chuu et al 2007,
Chuu and Lin 2010, Fukuchi et al 2004b). We thus discuss the possibility of manipulating
androgen/androgen receptor (AR) signaling and LXR signaling as a treatment for advanced
prostate cancers.

2. Androgens and androgen receptor in prostate cancer
Androgens include testosterone, dehydroepiandrosterone, androstenedione, androstenediol,
androsterone, and dihydrotestosterone (DHT). Androgens are mainly produced by testes,
while the rest amount of androgens are produced from the adrenal glands. Androgens are
important for growth and survival of the prostate cells. Testosterone is the main circulating
androgen in human body, while DHT is the more potent androgen (Anderson and Liao
1968, Kokontis and Liao 1999, Liang and Liao 1992). 90% of the free testosterone enters
prostate cells is converted to dihydrotestosterone (DHT) by the enzyme 5-reductase (Liang
and Liao 1992). The average serum testosterone level declines with age from approximately
620-670 ng/dl at age 25-44 to 470-520 ng/dl at age 65-84 (Vermeulen 1996). Low serum
testosterone level was associated with an increased risk of prostate cancer (Morgentaler and
Rhoden 2006), and prostate tumors arising in a low testosterone environment appeared to
be more aggressive (Hoffman et al 2000, Lane et al 2008), suggesting a potential therapeutic
role for androgen in advanced prostate cancer treatment.
Androgen receptor (AR) is an androgen-activated transcription factor and belongs to the
steroid nuclear receptor family. AR is composed of an N-terminal domain, a central DNAbinding domain, and a C-terminal ligand-binding domain (Chang et al 1988a, Chang et al
1988b, Feldman and Feldman 2001). After binding ligand DHT, AR dissociates from heatshock proteins, phosphorylates, dimerizes, transocates into the nucleus, and binds to
androgen-response elements (ARE) in the promoter regions of its target genes under the
regulation of co-activators and co-repressors (Feldman and Feldman 2001). Target genes of
AR regulate growth, survival, and the production of prostate-specific antigen (PSA) in
prostate cells.
Gene microarray study of seven different human prostate cancer xenograft models
demonstrated that increase of AR mRNA is the only change consistently associated with the
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development of androgen-independency phenotype following androgen ablation therapy,
and elevation of AR mRNA and protein are both necessary and sufficient progression of
prostate cancer towards androgen-independency (Culig et al 1999, Joly-Pharaboz et al 1995).
Elevated AR expression in androgen-independent prostate cancer cells or recurrent
hormone-refractory tumors has been observed in our progression model (Chuu et al 2005,
Chuu et al 2006, Kokontis et al 1994, Kokontis et al 1998, Kokontis et al 2005, Umekita et al
1996) and several other groups (Chen et al 2004a, de Vere White et al 1997, Edwards et al
2003, Ford et al 2003, Gregory et al 2001, Hara et al 2003, Holzbeierlein et al 2004, Kim et al
2002, Linja et al 2001, Shi et al 2004, Singh et al 2004, Visakorpi et al 1995, Wang et al 2001,
Zhang et al 2003). Mechanisms contribute to the progression towards androgenindependency including AR gene amplification, AR mutation, bypass of androgenic
activation of AR, or bypass AR signaling for cell survival and proliferation (Feldman and
Feldman 2001).

3. Androgenic suppression of advanced prostate cancer cells
3.1 Androgenic suppression in vitro
LNCaP is one of the most commonly used cell line for prostate cancer research, which was
derived from a human lymph node metastatic lesion of prostate adenocarcinoma (Chuu et al
2007, Horoszewicz et al 1980). LNCaP expressed AR and inducible PSA. Previously, we
cultured androgen-sensitive LNCaP 104-S cells in androgen-depleted conditions in vitro to
establish relapsed hormone-refractory prostate cancer cells mimic clinical situation in which
prostate cancer recurs during androgen deprivation (Kokontis et al 1994a, Kokontis et al
1998b). After 3 months in medium depleted with androgens, most LNCaP 104-S cells
underwent G1 cell cycle arrest and apoptosis. A few colonies of cells, named 104-I cells,
evolved that proliferated very slowly in the absence of androgen (Kokontis et al 1994). After
approximately 11 months, cells called 104-R1 cells emerged that grew much more rapidly in
the absence of androgen. After 20 months, 104-R2 cells evolved which proliferated in the
absence of androgen at a rate comparable to the proliferation rate of 104-S cells grown in
androgen (Kokontis et al 1994, Kokontis et al 1998).
During the transition of 104-S cells to 104-R1 and 104-R2 cells, AR mRNA and protein level
elevated several folds (Chuu et al 2005, Chuu et al 2006, Kokontis et al 1994, Kokontis et al
1998). Proliferation of 104-R1 and 104-R2 cells is androgen-independent but is unexpectedly
suppressed by physiological concentrations of androgen both in vitro and in vivo (Chuu et al
2005, Chuu et al 2006, Kokontis et al 1994, Kokontis et al 1998b, Kokontis et al 2005, Umekita
et al 1996). When 104-R1 cells were incubated for several weeks in a high concentration of
synthetic androgen R1881 (20 nM), cells named R1Ad adapted after a period of growth
arrest (Kokontis et al 1998). Growth of R1Ad cells is slow and not dependent on androgen
but is stimulated by 10 nM R1881.
To further mimic the clinical situation of combined androgen deprivation and anti-androgen
therapy, LNCaP 104-S cells were incubated with 5 M Casodex (biculatimide) in androgendeprived medium. After four weeks, Casodex-resistant colonies appeared at low frequency
(1 in 1.4x105) as most of the cells appeared to undergo senescent cell death. The relapsed
cells, called CDXR, had increased AR expression and were repressed by androgen (Kokontis
et al 2005). Unlike 104-R1 cells, most CDXR cells grown in 10 nM R1881 underwent
apoptosis 6 to 8 days after R1881 exposure. However, 1 in 1.9x103 cells relapsed as
androgen-insensitive that were not repressed by R1881 or Casodex. These sublines,
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designated IS, showed greatly reduced AR expression (Kokontis et al 2005). Growth of IS
cells was not stimulated by R1881 or suppressed by Casodex. 104-R2 cells, like CDXR cells,
gave rise to androgen-insensitive cells after androgen treatment (unpublished data).
Therefore, during progression from 104-R1 to 104-R2 stages, the cells appear to pass a point
where cells can no longer recover responsiveness to androgen, but instead progress to
androgen insensitivity (Liao et al 2005). Direct progression of 104-S cells to the CDXR stage
by selection in androgen-depleted medium containing anti-androgen seems to bypass this
intermediate 104-R1 stage. Androgen-suppressive phenotype and elevated AR of hormonerefractory LNCaP cells was observed by several other groups (Culig et al 1999, JolyPharaboz et al 1995, Joly-Pharaboz et al 2000, Shi et al 2004, Soto et al 1995). The progression
model of LNCaP is shown in Figure 1.

Fig. 1. The LNCaP cell line progression model. (A) AR expression level increases during the
progression from androgen-dependent LNCaP 104-S cells to androgen-independent 104-R1,
104-R2, and CDXR cells. Proliferation of LNCaP 104-R1, 104-R2, CDXR cells are suppressed
by androgen, but these cells can adapt to androgenic suppression and evolve as R1Ad,
R2Ad, and IS cells. R1Ad, R2Ad, and IS cells express very little AR. (B) Effect of 96 h
treatment of synthetic androgen (0, 0.1, 1, 10 nM) R1881 on 104-S, 104-R1, 104-R2, CDXR,
R1Ad, R2Ad, IS cells was assayed by 96-well proliferation assay.
LNCaP cells express a mutant AR (T877A) that displays relaxed ligand binding specificity
(Kokontis et al 1991, Veldscholte et al 1990), however, androgenic suppression is not limited
to LNCaP cells. ARCaP is an AR-positive, tumorigenic, and highly metastatic cell line
derived from the ascites fluid of a patient with advanced metastatic disease. Proliferation of
ARCaP cells is suppressed by androgen (Zhau et al 1996). MDA PCa 2b-hr was generated in
vitro from bone metastasis-derived, androgen-dependent MDA PCa 2b human PC cells with
higher AR proteins. Proliferation of MDA PCa 2b-hr was inhibited by testosterone
concentration higher than 3.5 nM or Casodex (Hara et al 2003). PC-3 is a commonly used
human prostate cancer cell lines established from bone-derived metastases with no AR
expression (Chuu et al 2007). Physiological concentration of DHT caused growth inhibition,
G1 cell cycle arrest, and apoptosis in PC-3 cells over-expressing full length wild-type AR
(Heisler et al 1997, Litvinov et al 2004, Yuan et al 1993).
3.2 Androgenic suppression in vivo
Castration causes regression of 104-S xenografts but tumor relapsed after 8 weeks as
androgen-independent relapsed tumors 104-Rrel with elevated mRNA and protein
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expression of AR (Chuu et al 2006). Low serum level of testosterone (130  60 ng/dl), stop
tumor growth of 104-Rrel tumors but tumor growth resumed in 4 weeks. High serum level
of testosterone (2970  495 ng/dl), which is approximately 5-fold higher than normal level,
caused regression of 104-Rrel tumors growth. However, all 104-Rrel cells adapted to
androgen and relapsed after 4 weeks as androgen-stimulated 104-Radp tumors (Chuu et al
2006) (Figure 2). Growth of the LNCaP 104-R1 tumors was also suppressed by androgen, but
all tumors adapted to androgenic suppression and relapsed as androgen-stimulated R1Ad
tumors in 5-6 weeks (Chuu et al 2005). Growth of R1Ad tumors was stimulated by
testosterone and removal of testosterone totally stopped the tumor growth (Chuu et al 2005,
Chuu et al 2006). Both 104-Radp and R1Ad tumors express very little AR and PSA mRNA
and protein or serum PSA level (Figure 2), similar to R1Ad cells observed in cell culture
(Chuu et al 2005, Chuu et al 2006, Kokontis et al 1998).

Fig. 2. Progression of androgen-dependent LNCaP 104-S tumors to androgen-independent
104-Rrel tumors, and androgenic growth suppression of 104-Rrel tumors. (A) Mice were
injected subcutaneously with androgen-dependent 104-S cells. After allowing tumors to
grow for 7 weeks, mice were separated into control (filled circles, 14 mice with 19 tumors)
and castration groups (open circles, 24 mice with 36 tumors) and the time was designated as
week 1 (Chuu et al 2006). (B) Mice in the castrated group in (A) at the 14th week were
separated into 3 groups including a control group (open circles, 6 mice with 9 tumors), a low
dosage testosterone treatment group that received a subcutaneous implant of a 20 mg
TP/cholesterol (1:9) pellet (filled squares, 9 mice with 12 tumors), and a high-dosage
testosterone treatment group that received a subcutaneous implant of a 20 mg pure TP pellet
(filled circles, 10 mice with 12 tumors) (Chuu et al 2006). Tumor volumes are expressed as
the mean + standard error. (C) PSA, AR, and actin protein levels in 104-S tumor (in intact
mice), 104-Rrel-T tumors, 104-Radp-1+T tumors, and 104Radp-T were assayed by Western
blot (Chuu et al 2005). (D) Serum PSA level of mice with 104-S tumors (in intact mice), 104Rrel-T tumors, 104-Rrel+T tumors, Radp+T tumors, Radp-T tumors was determined by Elisa
kit (Chuu et al 2005).
Both early and late treatment of androgen caused regression of CDXR3 tumors. 70% of
tumors regress completely and the rest of tumors relapse after 60-90 days of treatment
(Kokontis et al 2005) (Figure 3). The relapsed tumors show diminished expression of AR and
no longer require androgen for growth, essentially identical to the behavior of IS3 cells that
emerged after androgen exposure in vitro (Kokontis et al 2005). It is worthwhile to notice
that 100% of 104-R1 tumor being treated with testosterone relapsed in 4-5 weeks, while only
30% of CDXR tumors relapsed after 9-13 weeks after testosterone treatment (Chuu et al
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2005, Kokontis et al 2005). This is probably due to the apoptosis induced in CDXR cells but
not in 104-R1 cells by androgen (Kokontis et al 1998, Kokontis et al 2005). Regression and
relapse after androgen treatment of LNCaP xenograft was also observed by other group
(Joly-Pharaboz et al 2000) and ARCaP xenograft (Zhau et al 1996).

Fig. 3. Regression and relapse of LNCaP CDXR-3 tumor xenografts in nude mice treated
with testosterone (A) LNCaP CDXR-3 tumor xenografts in castrated male nude mice were
allowed to grow until they reached an average volume of 400 mm3 on the 38th day. All mice
carrying tumors received a subcutaneous implant of a 20mg testosterone. The mice in the
control group were implanted with a 20 mg testosterone pellet either at early stage (50 days
after inoculation) or late stage (92 days after inoculation). Open triangle represent tumors
relapsed, while open squares represent tumors disappeared after androgen treatment.
Tumor volumes are expressed as the mean  standard error.
3.3 Molecular mechanism of androgenic suppression
Antiandrogen Casodex (bicalutamide) does not affect proliferation of 104-R1 and 104-R2
cells but blocked androgenic repression of growth as well as androgenic induction of PSA
(Kokontis et al 1998). Knockdown of AR expression in CDXR3 cells by shRNA relieved
androgenic repression of growth (Kokontis et al 2005). Retroviral overexpression of AR in IS
cells restored the androgen-repressed phenotype in these cells (Kokontis et al 2005). These
observations confirmed that androgen cause growth inhibition via AR.
Synthetic androgen R1881 increases S phase population in androgen-dependent LNCaP 104S cells but induces G1 arrest in androgen-independent LNCaP cells (such as 104-R1m 104R2, CDXR, etc.) within 24 hours of treatment (Joly-Pharaboz et al 2000, Kokontis et al 1994,
Kokontis et al 1998, Kokontis et al 2005, Soto et al 1995) (Figure 4). Cell cycle inhibitors
p21waf1/cip1 and p27Kip1 were induced by androgen in 104-R1 and 104-R2 cells (Kokontis et al
1998a) (Figure 4). In contrast, expression of p21waf1/cip1 and p27Kip1 was repressed by
androgen in 104-S cells. Androgen down-regulates F-box protein S phase kinase-associated
protein 2 (Skp2), a protein mediating the ubiquitination and degradation of p27Kip1.
Androgen also decreases c-Myc at the protein and mRNA level in hours in 104-R1 cells
(Figure 5). Enforced retroviral overexpression of c-Myc blocks androgenic repression of 104-
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R1 growth (Kokontis et al 1994). Therefore, androgen regulate cell cycle and proliferation of
LNCaP cells via AR, Skp2, c-Myc, and p27Kip1.

Fig. 4. Effect of androgen on cell proliferation, cell cycle, and cell cycle-related proteins in
androgen-dependent 104-S and androgen-independent 104-R1 cells. (A) LNCaP 104-S and
104-R2 cells were treated with increasing concentration of synthetic androgen R1881 for 96
hours. Relative cell number was determined by 96-well proliferation assay and was
normalized to cell number of 104-S cells at 0.1 nM R1881. (B) Percentage of 104-S and 104-R1
cells in S phase determined by flow cytometry. LNCaP 104-S and 104-R2 cells were treated
with increasing concentration of synthetic androgen R1881 for 96 hours. Values represent
the mean +/- Standard Error derived from 5 independent experiments. (C) Protein
expression of androgen receptor (AR), prostate specific antigen (PSA), p21cip, p27Kip,
retinoblastoma protein (Rb), c-myc, S phase kinase-associated protein 2 (Skp2) were
determined by Western bloting assay in 104-S and 104-R1 cells treated 96 hrs with different
concentration of R1881. -actin was used as loading control.

4. Androgen treatment of advanced prostate cancer in clinical
Clinical and basic studies showed that in comparison with continuous androgen ablation
(CAB) therapy, intermittent androgen suppression (IAS) therapy substantially prolongs the
time to development of castration-resistant prostate cancer (Akakura et al 1993, Mathew
2008, Sato et al 1996, Szmulewitz et al 2009). Intermittent androgen ablation therapy is a
strategy to periodically perform and terminate the androgen ablation therapy, allowing the
endogenous testosterone level to elevate during the period between ablation therapies. IAS
therapy delayed the androgen-independent progression of Shionogi mammary carcinoma
(Akakura et al 1993) and LNCaP xenograft (Sato et al 1996). Pether et al. reported in a
clinical trial of 102 patients that there is a trend toward extended times to progression and
death compared to CAB treatment, and growth of advanced prostate tumors was delayed in
~50% patients treated with IAS (Pether et al 2003). Bruchovsky et al. showed that IAS
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therapy cause repeated differentiation of tumor with recovery of apoptotic potential,
inhibition of tumor growth by rapid restoration of serum testosterone, and restraint of
tumor growth by subnormal levels of serum testosterone (Bruchovsky et al 2000). They
concluded that IAS is a viable treatment option for men with prostate cancer which affords
an improved quality of life as well as reduced toxicity and costs (Bruchovsky et al 2000,
Morris et al 2009, Pether et al 2003).
A few studies have shown that androgen is safe and potentially effective for treatment of
advanced prostate cancer. Mathew reported that the testosterone level in a prostate cancer
patient undergone radical prostatectomy and LH-RH therapy remained at castrated levels
and serum PSA was undetectable for 15 years. PSA levels then began to rise and the patient
was given testosterone replacement therapy to attain a normal range of serum testosterone.
After an initial flare, PSA levels gradually declined over 18 months. After 27 months, PSA
level started to increase. When testosterone replacement therapy was discontinued, PSA
levels dropped (Mathew 2008). The observation was similar to the transition from 104-R1 to
R1Ad phenotype under androgen treatment in our LNCaP progression model (Chuu et al
2005, Kokontis et al 1998). Szmulewitz et al. reported that 15 prostate cancer patients with
progressive disease following androgen ablation, anti-androgen therapy, and withdrawal
without minimal metastatic disease were randomized to treatment with three doses of
transdermal testosterone of 2.5, 5.0, or 7.5 mg/day, resulting in increase of serum
testosterone concentrations to 305 ng/dl, 308 ng/dl, and 297 ng/dl, respectively. The
conclusion of this study is that testosterone is a feasible and reasonably well-tolerated
therapy for men with early hormone-refractory prostate cancer (Szmulewitz et al 2009).
Morris et el. performed a phase 1 clinical trial to determine the safety of high-dose
exogenous testosterone in patients with castration-resistant metastatic prostate cancer.
Cohorts of 3-6 patients with progressive castration-resistant prostate cancer who had been
castrated for at least 1 yr received testosterone by skin patch or topical gel for 1 week, 1
month, or until disease progression. No adverse effect was reported. The serum testosterone
ranged from 330-870 ng/dl (Morris et al 2009). This study suggested that patients with
advanced prostate cancer can be safely treated with exogenous testosterone. Researchers
suggested that maximizing testosterone serum levels in selected patients with androgen
receptor over-expression may improve the treatment outcome.

5. Liver X receptor (LXR) signaling
5.1 LXR and LXR
Liver X receptors are ligand-activated transcriptional factors that belong to the nuclear
receptor superfamily. There are two LXR isoforms, LXR and LXR (Chuu et al 2007).
Although LXR and LXR share high similarity in their DNA- and ligand-binding domains,
expression of these proteins in various tissues differs. LXR expression is restricted to liver,
kidney, intestine, fat tissue, macrophages, lung, and spleen (Edwards et al 2002, Willy et al
1995). LXR is ubiquitously expressed (Song et al 1994). LXR and LXR form heterodimers
with the obligate partner 9-cis retinoic acid receptor (RXR) (Chuu et al 2007, Song et al 1994,
Willy et al 1995). The LXR/RXR heterodimer can be activated with either an LXR agonist
(oxysterols) or a RXR agonist (cis-retinoic acid). Oxysterols are oxygenated derivatives of
cholesterol. Oxysterols, such as 22(R)-hydroxycholesterol, 24(S)-hydroxycholesterol, and
cholestenoic acid, are natural ligands for LXR (Chuu et al 2007, Forman et al 1997, Janowski
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et al 1996). A few synthetic LXR agonists have been developed, including non-steroidal LXR
agonists T0901317 (Schultz et al 2000) and GW3965 (Collins et al 2002), and steroidal LXR
agonists hypocholamide (Song and Liao 2001) and YT-32 (Kaneko et al 2003)].
5.2 Role of LXR signaling in metabolism
LXRs are important regulators of cholesterol, fatty acid, and glucose homeostasis (Chuu et al
2007). Oral administration of an LXR agonist has an overall hypolipidemic effect in
hypercholesterolemic rats, mice, and hamsters (Song and Liao 2001). LXR-/- mice are
healthy when fed with a low-cholesterol diet. However, LXR-/- mice develop enlarged
fatty livers, hepatocellular degeneration, high hepatic cholesterol levels, and impaired liver
function when fed a high-cholesterol diet (Alberti et al 2001, Edwards et al 2002, Peet et al
1998). LXRβ-/- mice are unaffected by a high-cholesterol diet, suggesting that LXR and
LXR have separate roles. LXR and LXR regulate cholesterol transport. LXRs induces
expression of the cholesterol transporters ATP-binding cassette transporter A1 and G1
(ABCA1 and ABCG1) (Edwards et al 2002, Nakamura et al 2004, Venkateswaran et al 2000)
as well as cholesterol acceptor apolipoprotein E (ApoE) (Chawla et al 2001). Treatment with
LXR agonists (hypocholamide, T0901317, or GW3965) lowers the cholesterol level in serum
and liver and inhibits the development of atherosclerosis in murine disease models
(Blaschke et al 2004, Joseph et al 2002, Song et al 2001, Song and Liao 2001).
LXRs regulate fatty acid synthesis by modulating the expression of sterol regulatory
element-binding protein-1c (SREBP-1c) (Repa et al 2000, Yoshikawa et al 2001) and
downstream lipogenic genes, including acetyl CoA carboxylase and FAS (Liang et al 2002).
LXRs also regulate insulin signaling in liver (Chen et al 2004b, Tobin et al 2002). LXR-/LXR-/- double knockout mice lack insulin-mediated induction of an entire class of
enzymes involved in both fatty acid and cholesterol metabolism (Tobin et al 2002).
Treatment with T0901317 stimulates insulin secretion in pancreatic beta cells, reduces
plasma glucose, and improves glucose tolerance and insulin resistance in murine and rat
obesity models (Cao et al 2003, Efanov et al 2004, Joseph et al 2003).
LXR signaling is important for brain function as well. LXRs regulate lipid homeostasis in the
brain. LXR-/- LXR-/- mice develop neurodegenerative changes in brain tissue (Wang et
al 2002). Knockout of LXR, but not LXR, results in adult-onset motor neuron degeneration
in male mice (Andersson et al 2005), suggesting a different role of LXR from LXR.
Treatment with T0901317 decreases amyloidal beta production in an Alzheimer's disease
mouse model (Koldamova et al 2005).

6. Anti-cancer effect of LXR agonists
6.1 Anti-proliferative effect of LXR agonists in cancer cells
Based on our recent observations using several prostate cancer cell lines, we discovered that
LXR agonists suppress proliferation of human prostate cancer cell lines. Treatment of PC-3,
DU-145, and LNCaP sublines (104-S, 104-R1, 104-R2, CDXR, R1Ad, IS) cells with LXR
agonists (22(R)-hydroxycholesterol, 24(S)-hydroxycholesterol, or T0901317) suppresses the
proliferation of these cells (Chuu and Lin 2010, Fukuchi et al 2004b, Vigushin et al 2004).
LXR agonists treatment causes growth inhibition in prostate cancer cells via induction of G1
cell cycle arrest (Chuu and Lin 2010, Fukuchi et al 2004b). T0901317 decreases the percentage
of cells in S-phase and increases the percentage of cells in G1-phase. T0901317 suppresses
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the expression of Skp2 and causes the accumulation of p27Kip1. Overexpression of Skp2 in
PC-3 cells or knockdown of p27Kip1 in LNCaP cells increases the resistance of cells to
T0901317 treatment (Chuu and Lin 2010, Fukuchi et al 2004b). Daily oral administration of
T0901317 (10 mg/kg) suppresses growth of androgen-dependent LNCaP 104-S prostate
tumors in athymic mice, resulting in a 2-fold difference in mean tumor volume between the
control and the T0901317 treatment group (Fukuchi et al 2004b) (Figure 5).

Fig. 5. Inhibition of proliferation and progression of prostate cancer by the LXR agonists
T0901317. (A) Mice carrying 104-S tumors were administered 10 mg/kg T0901317 (filled circle,
10 mice with 13 tumors) or vehicle alone (open circle, 10 mice with 15 tumors) by gavage once
a day during the experiment period, resulting in a more than 2-fold difference in mean tumor
volume between vehicle and T0901317-treated tumors after 4 weeks. Relative tumor volumes
were expressed as mean  SE. (Fukuchi et al 2004b). (B) After castration, mice carrying 104-S
tumors were administered 10 mg/kg T0901317 (filled circle, 9 mice with 15 tumors) or vehicle
alone (open circles, 9 mice with 13 tumors) by gavage five times a week during the experiment
period, resulting in a 4-week delay in time required for development of androgenindependent relapsed tumors between vehicle and T0901317-treated group. Relative tumor
volumes were expressed as mean  SE. See reference 8 for details.
T0901317 and 22(R)-hydroxycholesterol also suppresses the proliferation of several
commonly used human cancer cell lines, including breast cancer MCF-7 cells, hepatoma
HepG2 cells, non-small lung cancer H1299 cells, cervical cancer HeLa cells, epidermoid
carcinoma A431 cells, osteosarcoma saos-2 cells, melanoma MDA-MB-435 cells, squamous
carcinoma SCC13 cells, CAOV3 and SKOV3 ovarian cancer cells, as well as T and B cells of
chronic lymphoblastic leukemia (CLL) (Chuu and Lin 2010, Fukuchi et al 2004b, Geyeregger
et al 2009, Scoles et al 2010, Vedin et al 2009). Expression of LXR mRNA in these cancer
cells correlates with the cancer cells’ sensitivity to 22(R)-hydroxycholesterol treatment
(Chuu and Lin 2010), suggesting that G1 cell cycle arrest induced by LXR agonists in cancer
cells is partially mediated through LXR gene regulation (Fukuchi et al 2004b).
The EC50 for 22(R)-hydroxycholesterol in suppressing the proliferation of cancer cells (Chuu
and Lin 2010) is comparable to the concentration required for 22(R)-hydroxycholesterol to
activate LXR (1.5 M) (Janowski et al 1996), this may explain why the level of LXR
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correlates with the sensitivity of different cancer cells to 22(R)-hydroxycholesterol treatment.
The effective concentrations for 22(R)-hydroxycholesterol to suppress cancer cell growth is
within its known physiological range and is much lower than the concentrations to activate
other nuclear receptors (Janowski et al 1996). LXR-ABCG1 signaling was reported to
regulate sterol metabolism (Bensinger et al 2008). Activation of LXR inhibited the
proliferation of T-cells but had no effect on cell viability (Bensinger et al 2008). Since
T0901317 did not inhibit the proliferation of CAOV3 ovarian cancer cells treated with siRNA
against LXR or LXR (Scoles et al 2010), it is possible that 22(R)-hydroxycholesterol
inhibited cell proliferation mainly through activation of LXR, while inhibition of T0901317
may be caused by both LXR and LXR activation. We did not observe T0901317 to cause
cancer cell growth inhibition at 300 nM (data not shown). It is unclear why the concentration
needed for T0901317 to suppress the proliferation of human cancer cells is 15-fold higher
than the effective concentration for T0901317 to activate LXR (20 nM) (Schultz et al 2000).
The concentration of T0901317 observed to cause growth inhibition of ovarian cancer cell
lines by Scoles et al. was 10-50 nM when the researchers used 0.1% FBS (Scoles et al 2010).
We used 10% FBS in our study, it is possible that some proteins or growth factors in serum
may hinder the suppressive effect of T0901317.
6.2 Inhibition of prostate cancer progression by LXR agonists
In our progression model, expression of LXR and its target gene ABCA1 is higher in
androgen-dependent LNCaP 104-S cells than in androgen-independent LNCaP 104-R1 and
104-R2 cells (Fukuchi et al 2004a). Expression of the LXR, ABCA1, and sterol 27hydroxylase (CYP27) genes, all target genes of LXR, decreases during prostate cancer
progression towards androgen-independency in athymic mice (Chuu et al 2006). The change
in expression of genes involved in LXR signaling suggests a potential role of LXR signaling
during prostate cancer progression. LXR agonists treatment on LNCaP sublines suggested
that androgen-dependency and expression of AR level did not affect the growth inhibition
caused by LXR agonists, thus LXR agonists may inhibit different progression stages of
prostate tumors in patients (Chuu and Lin 2010).
We found that suppression of ABCA1 expression by androgen coincided with increased
proliferation of androgen-dependent LNCaP 104-S cells (Fukuchi et al 2004a). Thus, under
androgen-depleted conditions, ABCA1 levels are high and proliferation of 104-S cells is
inhibited. During progression, the surviving androgen-independent relapsed tumor cells
appear to escape ABCA1 suppression by down-regulating expression of LXR target genes.
T0901317 induces expression of the ABCA1 gene in 104-S tumors in athymic mice (Fukuchi
et al 2004b). Compared to the control group, T0901317 treatment delays the development of
androgen-independent relapsed tumors for 4 weeks in athymic mice bearing 104-S tumors
after castration (Chuu et al 2006) (Figure 5). This result indicates that treatment with an LXR
agonist may retard development of androgen-independent prostate cancer.

7. Conclusion
Our LNCaP progression model may provide the molecular explanation for IAS treatment.
As most relapsed prostate tumors after androgen ablation therapy express AR and
expression of mRNA and protein level of AR are frequently elevated (de Vere White et al
1997, Ford et al 2003, Linja et al 2001), restoration of endogenous testosterone level by IAS
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treatment or treatment with exogenous testosterone will suppress the proliferation of the
AR-rich relapsed prostate cancer cell according, similar to the observations in LNCaP 104R1, 104-R2, CDXR, and in other relapsed prostate cancer cell models. Patients showed no
response to IAS treatment might have tumors with very low or no AR expression. At the
beginning of IAS or testosterone treatment, serum PSA level will increase dramatically
(Mathew 2008), similar to the stimulated PSA expression in 104-R1, 104-R2, and CDXR cells.
The AR-rich relapsed prostate cancer cells will then undergo G1 cell cycle arrest and/or
apoptosis, causing the regression of tumor and decrease of serum PSA level. The regression
of tumors can continue for weeks or months before the prostate cancer cells adapt to the
androgenic suppression, possibly by down-regulating AR. The adapted cells are probably
similar to R1Ad cells in patients receiving androgen ablation therapy (LH-RH agonists) or
similar to IS cells in patients receiving combined treatment of LH-RH agonists and antiandrogens. The PSA secretion stimulated by androgen in R1Ad or IS cells is very low, so the
serum PSA level will remain low until the adapted tumors start to grow, either stimulated
by testosterone like R1Ad cells or by androgen-insensitive growth like IS cells. IAS will
delay the growth of R1Ad-like but not IS-like tumors, therefore, only the subgroup of
patients carrying R1Ad-like tumors will respond to the subsequent cycles of IAS treatment.
As 104-R1 cells will progress to 104-R2 cells in androgen-depleted medium and 104-R2 cells,
like CDXR cells, will generate IS-like cells following androgen treatment, patients receiving
a few cycle of IAS treatment will ultimately develop IS-like tumors which don’t respond to
further IAS treatment. Alternative therapies, such as green tea catechin epigallocatechin 3gallate (EGCG) or liver X receptor agonists might be able to suppress growth of these
androgen-insensitive prostate tumors.
Patients develop relapsed androgen-independent prostate tumors after androgen ablation
therapy should be biopsied for expression level of AR protein in tumors. IAS and/or
administration of androgen at a concentration 5-fold higher than the physiologic
concentration will benefit patients with AR-rich relapsed tumors by suppressing tumor
growth, improving quality of life, and reducing risks for cardiovascular diseases and
diabetes. Combined treatment of androgen ablation therapy with anti-androgen may
cause a more rapid and irreversible selection of CDXR-like advanced prostate cancer cells,
although androgen treatment may cause regression and disappearance of these tumors
(Kokontis et al 2005). Androgen deprivation therapy alone, on the other hand, may
promote a slow adaptation to androgen-independence. LXR agonists suppress the
proliferation of multiple human prostate cancer cell lines via reduction of Skp2 and
induction of p27Kip, thus cause G1 cell cycle arrest. LXR agonist T0901317 treatment also
delays the progression of androgen-dependent LNCaP xenograft towards androgenindependency in castrated nude mice. It is therefore possible to modulate LXR signaling
as an adjuvant therapy for treatment of all stages of prostate cancer. In conclusion,
manipulating androgen/AR might be a potential therapy for AR-positive advanced
prostate cancer, and LXR agonists might be an adjuvant therapy for treatment of
advanced prostate cancer.

8. Acknowledgements
This work is supported by CS-100-PP-12 (NHRI), DOH100-TD-C-111-014 (DOH), and NSC
99-2320-B-400-015-MY3 (NSC) in Taiwan for C.-P.Chuu.

www.intechopen.com

Inhibition of Advanced Prostate Cancer by Androgens and Liver X Receptor Agonists

219

9. References
Akakura K, Bruchovsky N, Goldenberg SL, Rennie PS, Buckley AR &Sullivan LD (1993)
Effects of intermittent androgen suppression on androgen-dependent tumors.
Apoptosis and serum prostate-specific antigen. Cancer, Vol.71, No.9, (May 1993),
pp.2782-2790, ISSN 0008-543X
Alberti S, Schuster G, Parini P, Feltkamp D, Diczfalusy U, Rudling M, Angelin B, Bjorkhem
I, Pettersson S &Gustafsson JA (2001) Hepatic cholesterol metabolism and
resistance to dietary cholesterol in LXRbeta-deficient mice. J Clin Invest, Vol.107,
No.5, (Mar 2001), pp.565-573, ISSN 0021-9738
Anderson KM &Liao S (1968) Selective retention of dihydrotestosterone by prostatic nuclei.
Nature, Vol.219, No.5151, (Jul 1968), pp.277-279, ISSN 0028-0836
Andersson S, Gustafsson N, Warner M &Gustafsson JA (2005) Inactivation of liver X
receptor beta leads to adult-onset motor neuron degeneration in male mice. Proc
Natl Acad Sci U S A, Vol.102, No.10, (Mar 2005), pp.3857-3862, ISSN 0027-8424
Bensinger SJ, Bradley MN, Joseph SB, Zelcer N, Janssen EM, Hausner MA, Shih R, Parks JS,
Edwards PA, Jamieson BD &Tontonoz P (2008) LXR signaling couples sterol
metabolism to proliferation in the acquired immune response. Cell, Vol.134, No.1,
(Jul 2008), pp.97-111, ISSN 1097-4172
Blaschke F, Leppanen O, Takata Y, Caglayan E, Liu J, Fishbein MC, Kappert K, Nakayama
KI, Collins AR, Fleck E, Hsueh WA, Law RE &Bruemmer D (2004) Liver X receptor
agonists suppress vascular smooth muscle cell proliferation and inhibit neointima
formation in balloon-injured rat carotid arteries. Circ Res, Vol.95, No.12, (Dec
10,2004), pp.e110-123, ISSN 1524-4571
Bruchovsky N, Klotz LH, Sadar M, Crook JM, Hoffart D, Godwin L, Warkentin M, Gleave
ME &Goldenberg SL (2000) Intermittent androgen suppression for prostate cancer:
Canadian Prospective Trial and related observations. Mol Urol, Vol.4, No.3, (Fall
2000), pp.191-199;discussion 201, ISSN 1091-5362
Bubendorf L, Schopfer A, Wagner U, Sauter G, Moch H, Willi N, Gasser TC &Mihatsch MJ
(2000) Metastatic patterns of prostate cancer: an autopsy study of 1,589 patients.
Hum Pathol, Vol.31, No.5, (May 2000), pp.578-583, ISSN 0046-8177
Cao G, Liang Y, Broderick CL, Oldham BA, Beyer TP, Schmidt RJ, Zhang Y, Stayrook KR,
Suen C, Otto KA, Miller AR, Dai J, Foxworthy P, Gao H, Ryan TP, Jiang XC, Burris
TP, Eacho PI &Etgen GJ (2003) Antidiabetic action of a liver x receptor agonist
mediated by inhibition of hepatic gluconeogenesis. J Biol Chem, Vol.278, No.2, (Jan
2003), pp.1131-1136, ISSN 0021-9258
Chang CS, Kokontis J &Liao ST (1988a) Molecular cloning of human and rat complementary
DNA encoding androgen receptors. Science, Vol.240, No.4850, (Apr 1988), pp.324326, ISSN 0036-8075
Chang CS, Kokontis J &Liao ST (1988b) Structural analysis of complementary DNA and
amino acid sequences of human and rat androgen receptors. Proc Natl Acad Sci U S
A, Vol.85, No.19, (Oct 1988), pp.7211-7215, ISSN 0027-8424
Chawla A, Boisvert WA, Lee CH, Laffitte BA, Barak Y, Joseph SB, Liao D, Nagy L, Edwards
PA, Curtiss LK, Evans RM &Tontonoz P (2001) A PPAR gamma-LXR-ABCA1
pathway in macrophages is involved in cholesterol efflux and atherogenesis. Mol
Cell, Vol.7, No.1, (Jan 2001), pp.161-171, ISSN 1097-2765

www.intechopen.com

220

Prostate Cancer – Original Scientific Reports and Case Studies

Chen CD, Welsbie DS, Tran C, Baek SH, Chen R, Vessella R, Rosenfeld MG &Sawyers CL
(2004a) Molecular determinants of resistance to antiandrogen therapy. Nat Med,
Vol.10, No.1, (Jan 2004), pp.33-39, ISSN 1078-8956
Chen G, Liang G, Ou J, Goldstein JL &Brown MS (2004b) Central role for liver X receptor in
insulin-mediated activation of Srebp-1c transcription and stimulation of fatty acid
synthesis in liver. Proc Natl Acad Sci U S A, Vol.101, No.31, (Aug 2004), pp.1124511250, ISSN 0027-8424
Chuu CP, Hiipakka RA, Fukuchi J, Kokontis JM &Liao S (2005) Androgen causes growth
suppression and reversion of androgen-independent prostate cancer xenografts to
an androgen-stimulated phenotype in athymic mice. Cancer Res, Vol.65, No.6, (Mar
2005), pp.2082-2084, ISSN 0008-5472
Chuu CP, Hiipakka RA, Kokontis JM, Fukuchi J, Chen RY &Liao S (2006) Inhibition of
tumor growth and progression of LNCaP prostate cancer cells in athymic mice by
androgen and liver X receptor agonist. Cancer Res, Vol.66, No.13, (Jul 2006),
pp.6482-6486, ISSN 0008-5472
Chuu CP, Kokontis JM, Hiipakka RA &Liao S (2007) Modulation of liver X receptor
signaling as novel therapy for prostate cancer. J Biomed Sci, Vol.14, No.5, (Sep 2007),
pp.543-553, ISSN 1021-7770
Chuu CP, Chen RY, Kokontis JM, Hiipakka RA &Liao S (2009) Suppression of androgen
receptor signaling and prostate specific antigen expression by (-)-epigallocatechin3-gallate in different progression stages of LNCaP prostate cancer cells. Cancer Lett,
Vol.275, No.1, (Mar 2009), pp.86-92, ISSN 1872-7980
Chuu CP &Lin HP (2010) Antiproliferative effect of LXR agonists T0901317 and 22(R)hydroxycholesterol on multiple human cancer cell lines. Anticancer Res, Vol.30,
No.9, (Sep 2010), pp.3643-3648, ISSN 1791-7530
Collins JL, Fivush AM, Watson MA, Galardi CM, Lewis MC, Moore LB, Parks DJ, Wilson JG,
Tippin TK, Binz JG, Plunket KD, Morgan DG, Beaudet EJ, Whitney KD, Kliewer SA
&Willson TM (2002) Identification of a nonsteroidal liver X receptor agonist
through parallel array synthesis of tertiary amines. J Med Chem, Vol.45, No.10, (May
2002), pp.1963-1966, ISSN 0022-2623
Culig Z, Hoffmann J, Erdel M, Eder IE, Hobisch A, Hittmair A, Bartsch G, Utermann G,
Schneider MR, Parczyk K &Klocker H (1999) Switch from antagonist to agonist of
the androgen receptor bicalutamide is associated with prostate tumour progression
in a new model system. Br J Cancer, Vol.81, No.2, (Sep 1999), pp.242-251, ISSN 00070920
de Vere White R, Meyers F, Chi SG, Chamberlain S, Siders D, Lee F, Stewart S &Gumerlock
PH (1997) Human androgen receptor expression in prostate cancer following
androgen ablation. Eur Urol, Vol.31, No.1, (1997), pp.1-6, ISSN 0302-2838
Edwards J, Krishna NS, Grigor KM &Bartlett JM (2003) Androgen receptor gene
amplification and protein expression in hormone refractory prostate cancer. Br J
Cancer, Vol.89, No.3, (Aug 2003), pp.552-556, ISSN 0007-0920
Edwards PA, Kennedy MA &Mak PA (2002) LXRs; oxysterol-activated nuclear receptors
that regulate genes controlling lipid homeostasis. Vascul Pharmacol, Vol.38, No.4,
(Apr 2002), pp.249-256, ISSN 1537-1891

www.intechopen.com

Inhibition of Advanced Prostate Cancer by Androgens and Liver X Receptor Agonists

221

Efanov AM, Sewing S, Bokvist K &Gromada J (2004) Liver X receptor activation stimulates
insulin secretion via modulation of glucose and lipid metabolism in pancreatic
beta-cells. Diabetes, Vol.53 Suppl 3, (Dec 2004), pp.S75-78, ISSN 0012-1797
Feldman BJ &Feldman D (2001) The development of androgen-independent prostate cancer.
Nat Rev Cancer, Vol.1, No.1, (Oct 2001), pp.34-45, ISSN 1474-175X
Ford OH, 3rd, Gregory CW, Kim D, Smitherman AB &Mohler JL (2003) Androgen receptor
gene amplification and protein expression in recurrent prostate cancer. J Urol,
Vol.170, No.5, (Nov 2003), pp.1817-1821, ISSN 0022-5347
Forman BM, Ruan B, Chen J, Schroepfer GJ, Jr. &Evans RM (1997) The orphan nuclear
receptor LXRalpha is positively and negatively regulated by distinct products of
mevalonate metabolism. Proc Natl Acad Sci U S A, Vol.94, No.20, (Sep 1997),
pp.10588-10593, ISSN 0027-8424
Fowler JE, Jr., Bigler SA, Kolski JM &Yee DT (1998) Early results of a prospective study of
hormone therapy for patients with locally advanced prostate carcinoma. Cancer,
Vol.82, No.6, (Mar 1998), pp.1112-1117, ISSN 0008-543X
Fukuchi J, Hiipakka RA, Kokontis JM, Hsu S, Ko AL, Fitzgerald ML &Liao S (2004a)
Androgenic suppression of ATP-binding cassette transporter A1 expression in
LNCaP human prostate cancer cells. Cancer Res, Vol.64, No.21, (Nov 2004), pp.76827685, ISSN 0008-5472
Fukuchi J, Kokontis JM, Hiipakka RA, Chuu CP &Liao S (2004b) Antiproliferative effect of
liver X receptor agonists on LNCaP human prostate cancer cells. Cancer Res, Vol.64,
No.21, (Nov 2004), pp.7686-7689, ISSN 0008-5472
Geyeregger R, Shehata M, Zeyda M, Kiefer FW, Stuhlmeier KM, Porpaczy E, Zlabinger GJ,
Jager U &Stulnig TM (2009) Liver X receptors interfere with cytokine-induced
proliferation and cell survival in normal and leukemic lymphocytes. J Leukoc Biol,
Vol.86, No.5, (Nov 2009), pp.1039-1048, ISSN 1938-3673
Gregory CW, Johnson RT, Jr., Mohler JL, French FS &Wilson EM (2001) Androgen receptor
stabilization in recurrent prostate cancer is associated with hypersensitivity to low
androgen. Cancer Res, Vol.61, No.7, (Apr 2001), pp.2892-2898, ISSN 0008-5472
Hara T, Nakamura K, Araki H, Kusaka M &Yamaoka M (2003) Enhanced androgen receptor
signaling correlates with the androgen-refractory growth in a newly established
MDA PCa 2b-hr human prostate cancer cell subline. Cancer Res, Vol.63, No.17, (Sep
2003), pp.5622-5628, ISSN 0008-5472
Heisler LE, Evangelou A, Lew AM, Trachtenberg J, Elsholtz HP &Brown TJ (1997)
Androgen-dependent cell cycle arrest and apoptotic death in PC-3 prostatic cell
cultures expressing a full-length human androgen receptor. Mol Cell Endocrinol,
Vol.126, No.1, (Jan 1997), pp.59-73, ISSN 0303-7207
Hellerstedt BA &Pienta KJ (2002) The current state of hormonal therapy for prostate cancer.
CA Cancer J Clin, Vol.52, No.3, (May-Jun 2002), pp.154-179, ISSN 0007-9235
Hoffman MA, DeWolf WC &Morgentaler A (2000) Is low serum free testosterone a marker
for high grade prostate cancer? J Urol, Vol.163, No.3, (Mar 2000), pp.824-827, ISSN
0022-5347
Holzbeierlein J, Lal P, LaTulippe E, Smith A, Satagopan J, Zhang L, Ryan C, Smith S, Scher
H, Scardino P, Reuter V &Gerald WL (2004) Gene expression analysis of human
prostate carcinoma during hormonal therapy identifies androgen-responsive genes

www.intechopen.com

222

Prostate Cancer – Original Scientific Reports and Case Studies

and mechanisms of therapy resistance. Am J Pathol, Vol.164, No.1, (Jan 2004),
pp.217-227, ISSN 0002-9440
Horoszewicz JS, Leong SS, Chu TM, Wajsman ZL, Friedman M, Papsidero L, Kim U, Chai
LS, Kakati S, Arya SK &Sandberg AA (1980) The LNCaP cell line--a new model for
studies on human prostatic carcinoma. Prog Clin Biol Res, Vol.37, (1980), pp.115-132,
ISSN 0361-7742
Huggins C SR, Hodges C (1941) Studies on prostatic cancer: II. The effects of castration on
advanced carcinoma of the prostate gland. Arch Surg, Vol.43, No.2, (1941), pp.15,
Ibrahim T, Flamini E, Mercatali L, Sacanna E, Serra P &Amadori D (2010) Pathogenesis of
osteoblastic bone metastases from prostate cancer. Cancer, Vol.116, No.6, (Mar
2010), pp.1406-1418, ISSN 0008-543X
Janowski BA, Willy PJ, Devi TR, Falck JR &Mangelsdorf DJ (1996) An oxysterol signalling
pathway mediated by the nuclear receptor LXR alpha. Nature, Vol.383, No.6602,
(Oct 1996), pp.728-731, ISSN 0028-0836
Joly-Pharaboz MO, Soave MC, Nicolas B, Mebarki F, Renaud M, Foury O, Morel Y &Andre
JG (1995) Androgens inhibit the proliferation of a variant of the human prostate
cancer cell line LNCaP. J Steroid Biochem Mol Biol, Vol.55, No.1, (Oct1995), pp.67-76,
ISSN 0960-0760
Joly-Pharaboz MO, Ruffion A, Roch A, Michel-Calemard L, Andre J, Chantepie J, Nicolas B
&Panaye G (2000) Inhibition of growth and induction of apoptosis by androgens of
a variant of LNCaP cell line. J Steroid Biochem Mol Biol, Vol.73, No.5, (Jul-Aug 2000),
pp.237-249, ISSN 0960-0760
Joseph SB, McKilligin E, Pei L, Watson MA, Collins AR, Laffitte BA, Chen M, Noh G,
Goodman J, Hagger GN, Tran J, Tippin TK, Wang X, Lusis AJ, Hsueh WA, Law RE,
Collins JL, Willson TM &Tontonoz P (2002) Synthetic LXR ligand inhibits the
development of atherosclerosis in mice. Proc Natl Acad Sci U S A, Vol.99, No.11,
(May 2002), pp.7604-7609, ISSN 0027-8424
Joseph SB, Castrillo A, Laffitte BA, Mangelsdorf DJ &Tontonoz P (2003) Reciprocal
regulation of inflammation and lipid metabolism by liver X receptors. Nat Med,
Vol.9, No.2, (Feb 2003), pp.213-219, ISN 1078-8956
Kaneko E, Matsuda M, Yamada Y, Tachibana Y, Shimomura I &Makishima M (2003)
Induction of intestinal ATP-binding cassette transporters by a phytosterol-derived
liver X receptor agonist. J Biol Chem, Vol.278, No.38, (Sep 2003), pp.36091-36098,
ISSN 0021-9258
Keating NL, O'Malley AJ &Smith MR (2006) Diabetes and cardiovascular disease during
androgen deprivation therapy for prostate cancer. J Clin Oncol, Vol.24, No.27, (Sep
2006), pp.4448-4456, ISSN 1527-7755
Keating NL, O'Malley AJ, Freedland SJ &Smith MR (2010) Diabetes and cardiovascular
disease during androgen deprivation therapy: observational study of veterans with
prostate cancer. J Natl Cancer Inst, Vol.102, No.1, (Jan 2010), pp.39-46, ISSN 14602105
Keller ET, Zhang J, Cooper CR, Smith PC, McCauley LK, Pienta KJ &Taichman RS (2001)
Prostate carcinoma skeletal metastases: cross-talk between tumor and bone. Cancer
Metastasis Rev, Vol.20, No.3-4, (2001), pp.333-349, ISSN 0167-7659
Kim D, Gregory CW, French FS, Smith GJ &Mohler JL (2002) Androgen receptor expression
and cellular proliferation during transition from androgen-dependent to recurrent

www.intechopen.com

Inhibition of Advanced Prostate Cancer by Androgens and Liver X Receptor Agonists

223

growth after castration in the CWR22 prostate cancer xenograft. Am J Pathol,
Vol.160, No.1, (Jan 2002), pp.219-226, ISSN 0002-9440
Klotz L, Schellhammer P &Carroll K (2004) A re-assessment of the role of combined
androgen blockade for advanced prostate cancer. BJU Int, Vol.93, No.9, (Jun 2004),
pp.1177-1182, ISSN 1464-4096
Kokontis J, Ito K, Hiipakka RA &Liao S (1991) Expression and function of normal and
LNCaP androgen receptors in androgen-insensitive human prostatic cancer cells.
Altered hormone and antihormone specificity in gene transactivation. Receptor,
Vol.1, No.4, (1991), pp.271-279, ISSN 1052-8040
Kokontis J, Takakura K, Hay N &Liao S (1994) Increased androgen receptor activity and
altered c-myc expression in prostate cancer cells after long-term androgen
deprivation. Cancer Res, Vol.54, No.6, (Mar 1994), pp.1566-1573, ISSN 0008-5472
Kokontis JM, Hay N &Liao S (1998) Progression of LNCaP prostate tumor cells during
androgen deprivation: hormone-independent growth, repression of proliferation
by androgen, and role for p27Kip1 in androgen-induced cell cycle arrest. Mol
Endocrinol, Vol.12, No.7, (Jul 1998), pp.941-953, ISSN 0888-8809
Kokontis JM &Liao S (1999) Molecular action of androgen in the normal and neoplastic
prostate. Vitam Horm, Vol.55, (1999), pp.219-307, ISSN 0083-6729
Kokontis JM, Hsu S, Chuu CP, Dang M, Fukuchi J, Hiipakka RA &Liao S (2005) Role of
androgen receptor in the progression of human prostate tumor cells to androgen
independence and insensitivity. Prostate, Vol.65, No.4, (Dec 2005), pp.287-298, ISSN
0270-4137
Koldamova RP, Lefterov IM, Staufenbiel M, Wolfe D, Huang S, Glorioso JC, Walter M, Roth
MG &Lazo JS (2005) The liver X receptor ligand T0901317 decreases amyloid beta
production in vitro and in a mouse model of Alzheimer's disease. J Biol Chem,
Vol.280, No.6, (Feb 2005), pp.4079-4088, ISSN 0021-9258
Lane BR, Stephenson AJ, Magi-Galluzzi C, Lakin MM &Klein EA (2008) Low testosterone and
risk of biochemical recurrence and poorly differentiated prostate cancer at radical
prostatectomy. Urology, Vol.72, No.6, (Dec 2008), pp.1240-1245, ISSN 1527-9995
Liang G, Yang J, Horton JD, Hammer RE, Goldstein JL &Brown MS (2002) Diminished
hepatic response to fasting/refeeding and liver X receptor agonists in mice with
selective deficiency of sterol regulatory element-binding protein-1c. J Biol Chem,
Vol.277, No.11, (Mar 2002), pp.9520-9528, ISSN 0021-9258
Liang T &Liao S (1992) Inhibition of steroid 5 alpha-reductase by specific aliphatic unsaturated
fatty acids. Biochem J, Vol.285 ( Pt 2), (Jul 1992), pp.557-562, ISSN 0264-6021
Liao S, Umekita Y, Guo J, Kokontis JM &Hiipakka RA (1995) Growth inhibition and
regression of human prostate and breast tumors in athymic mice by tea
epigallocatechin gallate. Cancer Lett, Vol.96, No.2, (Sep 1995), pp.239-243, ISSN
0304-3835
Liao S, Kokontis JM, Chuu CP, Hsu S, Fukuchi J, Dang MT &Hiipakka RA (2005). Four
stages of prostate cancer: suppression and eradication by androgen and green tea
epigallocatechin gallate. In: Li JJ, Li SA (eds). Hormonal Carcinogenesis IV. Springer:
New York. pp 211-220. ISBN 038-7237-83-6
Linja MJ, Savinainen KJ, Saramaki OR, Tammela TL, Vessella RL &Visakorpi T (2001)
Amplification and overexpression of androgen receptor gene in hormone-

www.intechopen.com

224

Prostate Cancer – Original Scientific Reports and Case Studies

refractory prostate cancer. Cancer Res, Vol.61, No.9, (May 2001), pp.3550-3555, ISSN
0008-5472
Litvinov IV, Antony L &Isaacs JT (2004) Molecular characterization of an improved vector
for evaluation of the tumor suppressor versus oncogene abilities of the androgen
receptor. Prostate, Vol.61, No.4, (Dec 2004), pp.299-304, ISSN 0270-4137
Mathew P (2008) Prolonged control of progressive castration-resistant metastatic prostate
cancer with testosterone replacement therapy: the case for a prospective trial. Ann
Oncol, Vol.19, No.2, (Feb 2008), pp.395-396, ISSN 1569-8041
Morgentaler A &Rhoden EL (2006) Prevalence of prostate cancer among hypogonadal men
with prostate-specific antigen levels of 4.0 ng/mL or less. Urology, Vol.68, No.6,
(Dec 2006), pp.1263-1267, ISSN 1527-9995
Morris MJ, Huang D, Kelly WK, Slovin SF, Stephenson RD, Eicher C, Delacruz A, Curley T,
Schwartz LH &Scher HI (2009) Phase 1 trial of high-dose exogenous testosterone in
patients with castration-resistant metastatic prostate cancer. Eur Urol, Vol.56, No.2,
(Aug 2009), pp.237-244, ISSN 1873-7560
Nakamura K, Kennedy MA, Baldan A, Bojanic DD, Lyons K &Edwards PA (2004)
Expression and regulation of multiple murine ATP-binding cassette transporter G1
mRNAs/isoforms that stimulate cellular cholesterol efflux to high density
lipoprotein. J Biol Chem, Vol.279, No.44, (Oct 2004), pp.45980-45989, ISSN 0021-9258
Peet DJ, Turley SD, Ma W, Janowski BA, Lobaccaro JM, Hammer RE &Mangelsdorf DJ
(1998) Cholesterol and bile acid metabolism are impaired in mice lacking the
nuclear oxysterol receptor LXR alpha. Cell, Vol.93, No.5, (May 1998), pp.693-704,
ISSN 0092-8674
Pether M, Goldenberg SL, Bhagirath K &Gleave M (2003) Intermittent androgen suppression
in prostate cancer: an update of the Vancouver experience. Can J Urol, Vol.10, No.2,
(Apr 2003), pp.1809-1814, ISSN 1195-9479
Repa JJ, Liang G, Ou J, Bashmakov Y, Lobaccaro JM, Shimomura I, Shan B, Brown MS,
Goldstein JL &Mangelsdorf DJ (2000) Regulation of mouse sterol regulatory
element-binding protein-1c gene (SREBP-1c) by oxysterol receptors, LXRalpha and
LXRbeta. Genes Dev, Vol.14, No.22, (Nov 2000), pp.2819-2830, ISSN 0890-9369
Sadar MD (2011) Small molecule inhibitors targeting the "achilles' heel" of androgen
receptor activity. Cancer Res, Vol.71, No.4, (Feb 2011), pp.1208-1213, ISSN 1538-7445
Saigal CS, Gore JL, Krupski TL, Hanley J, Schonlau M &Litwin MS (2007) Androgen
deprivation therapy increases cardiovascular morbidity in men with prostate
cancer. Cancer, Vol.110, No.7, (Oct 2007), pp.1493-1500, ISSN 0008-543X
Sato N, Gleave ME, Bruchovsky N, Rennie PS, Goldenberg SL, Lange PH &Sullivan LD
(1996) Intermittent androgen suppression delays progression to androgenindependent regulation of prostate-specific antigen gene in the LNCaP prostate
tumour model. J Steroid Biochem Mol Biol, Vol.58, No.2, (May 1996), pp.139-146,
ISSN 0960-0760
Schultz JR, Tu H, Luk A, Repa JJ, Medina JC, Li L, Schwendner S, Wang S, Thoolen M,
Mangelsdorf DJ, Lustig KD &Shan B (2000) Role of LXRs in control of lipogenesis.
Genes Dev, Vol.14, No.22, (Nov 2000), pp.2831-2838, ISSN 0890-9369
Scoles DR, Xu X, Wang H, Tran H, Taylor-Harding B, Li A &Karlan BY (2010) Liver X
receptor agonist inhibits proliferation of ovarian carcinoma cells stimulated by

www.intechopen.com

Inhibition of Advanced Prostate Cancer by Androgens and Liver X Receptor Agonists

225

oxidized low density lipoprotein. Gynecol Oncol, Vol.116, No.1, (Jan 2010), pp.109116, ISSN 1095-6859
Seruga B &Tannock IF (2008) Intermittent androgen blockade should be regarded as
standard therapy in prostate cancer. Nat Clin Pract Oncol, Vol.5, No.10, (Oct 2008),
pp.574-576, ISSN 1743-4262
Shi XB, Ma AH, Tepper CG, Xia L, Gregg JP, Gandour-Edwards R, Mack PC, Kung HJ
&deVere White RW (2004) Molecular alterations associated with LNCaP cell
progression to androgen independence. Prostate, Vol.60, No.3, (Aug 2004), pp.257271, ISSN 0270-4137
Singh SS, Qaqish B, Johnson JL, Ford OH, 3rd, Foley JF, Maygarden SJ &Mohler JL (2004)
Sampling strategy for prostate tissue microarrays for Ki-67 and androgen receptor
biomarkers. Anal Quant Cytol Histol, Vol.26, No.4, (Aug,2004), pp.194-200, ISSN
0884-6812
Song C, Kokontis JM, Hiipakka RA &Liao S (1994) Ubiquitous receptor: a receptor that
modulates gene activation by retinoic acid and thyroid hormone receptors. Proc
Natl Acad Sci U S A, Vol.91, No.23, (Nov 8,1994), pp.10809-10813, ISSN 0027-8424
Song C, Hiipakka RA &Liao S (2001) Auto-oxidized cholesterol sulfates are antagonistic
ligands of liver X receptors: implications for the development and treatment of
atherosclerosis. Steroids, Vol.66, No.6, (Jun 2001), pp.473-479, ISSN 0039-128X
Song C &Liao S (2001) Hypolipidemic effects of selective liver X receptor alpha agonists.
Steroids, Vol.66, No.9, (Sep 2001), pp.673-681, ISSN ISSN 0039-128X
Soto AM, Lin TM, Sakabe K, Olea N, Damassa DA &Sonnenschein C (1995) Variants of the
human prostate LNCaP cell line as tools to study discrete components of the
androgen-mediated proliferative response. Oncol Res, Vol.7, No.10-11, (1995),
pp.545-558, ISSN 0965-0407
Szmulewitz R, Mohile S, Posadas E, Kunnavakkam R, Karrison T, Manchen E &Stadler WM
(2009) A randomized phase 1 study of testosterone replacement for patients with
low-risk castration-resistant prostate cancer. Eur Urol, Vol.56, No.1, (Jul 2009),
pp.97-103, ISSN 1873-7560
Tobin KA, Ulven SM, Schuster GU, Steineger HH, Andresen SM, Gustafsson JA &Nebb HI
(2002) Liver X receptors as insulin-mediating factors in fatty acid and cholesterol
biosynthesis. J Biol Chem, Vol.277, No.12, (Mar 2002), pp.10691-10697, ISSN 0021-9258
Umekita Y, Hiipakka RA, Kokontis JM &Liao S (1996) Human prostate tumor growth in
athymic mice: inhibition by androgens and stimulation by finasteride. Proc Natl
Acad Sci U S A, Vol.93, No.21, (Oct 1996), pp.11802-11807, ISSN 0027-8424
Vedin LL, Lewandowski SA, Parini P, Gustafsson JA &Steffensen KR (2009) The oxysterol
receptor LXR inhibits proliferation of human breast cancer cells. Carcinogenesis,
Vol.30, No.4, (Apr 2009), pp.575-579, ISSN 1460-2180
Veldscholte J, Ris-Stalpers C, Kuiper GG, Jenster G, Berrevoets C, Claassen E, van Rooij HC,
Trapman J, Brinkmann AO &Mulder E (1990) A mutation in the ligand binding
domain of the androgen receptor of human LNCaP cells affects steroid binding
characteristics and response to anti-androgens. Biochem Biophys Res Commun,
Vol.173, No.2, (Dec 1990), pp.534-540, ISSN 0006-291X
Venkateswaran A, Laffitte BA, Joseph SB, Mak PA, Wilpitz DC, Edwards PA &Tontonoz P
(2000) Control of cellular cholesterol efflux by the nuclear oxysterol receptor LXR

www.intechopen.com

226

Prostate Cancer – Original Scientific Reports and Case Studies

alpha. Proc Natl Acad Sci U S A, Vol.97, No.22, (Oct 2000), pp.12097-12102, ISSN
0027-8424
Vermeulen A, Oddens, B.J. (1996) Declining Androgens with Age: An Overview. Androgens
and the Aging Male, (1996), pp.3-14, ISBN 185-0707-63-4
Vigushin DM, Dong Y, Inman L, Peyvandi N, Alao JP, Sun C, Ali S, Niesor EJ, Bentzen CL
&Coombes RC (2004) The nuclear oxysterol receptor LXRalpha is expressed in the
normal human breast and in breast cancer. Med Oncol, Vol.21, No.2, (2004), pp.123131, ISSN 1357-0560
Visakorpi T, Hyytinen E, Koivisto P, Tanner M, Keinanen R, Palmberg C, Palotie A,
Tammela T, Isola J &Kallioniemi OP (1995) In vivo amplification of the androgen
receptor gene and progression of human prostate cancer. Nat Genet, Vol.9, No.4,
(Apr 1995), pp.401-406, ISSN 1061-4036
Wang L, Schuster GU, Hultenby K, Zhang Q, Andersson S &Gustafsson JA (2002) Liver X
receptors in the central nervous system: from lipid homeostasis to neuronal
degeneration. Proc Natl Acad Sci U S A, Vol.99, No.21, (Oct 2002), pp.13878-13883,
ISSN 0027-8424
Wang LG, Ossowski L &Ferrari AC (2001) Overexpressed androgen receptor linked to
p21WAF1 silencing may be responsible for androgen independence and resistance
to apoptosis of a prostate cancer cell line. Cancer Res, Vol.61, No.20, (Oct 2001),
pp.7544-7551, ISSN 0008-5472
Willy PJ, Umesono K, Ong ES, Evans RM, Heyman RA &Mangelsdorf DJ (1995) LXR, a
nuclear receptor that defines a distinct retinoid response pathway. Genes Dev, Vol.9,
No.9, (May 1995), pp.1033-1045, ISSN 0890-9369
Yoshikawa T, Shimano H, Amemiya-Kudo M, Yahagi N, Hasty AH, Matsuzaka T, Okazaki
H, Tamura Y, Iizuka Y, Ohashi K, Osuga J, Harada K, Gotoda T, Kimura S,
Ishibashi S &Yamada N (2001) Identification of liver X receptor-retinoid X receptor
as an activator of the sterol regulatory element-binding protein 1c gene promoter.
Mol Cell Biol, Vol.21, No.9, (May 2001), pp.2991-3000, ISSN 0270-7306
Yuan S, Trachtenberg J, Mills GB, Brown TJ, Xu F &Keating A (1993) Androgen-induced
inhibition of cell proliferation in an androgen-insensitive prostate cancer cell line
(PC-3) transfected with a human androgen receptor complementary DNA. Cancer
Res, Vol.53, No.6, (Mar 1993), pp.1304-1311, ISSN 0008-5472
Zhang L, Johnson M, Le KH, Sato M, Ilagan R, Iyer M, Gambhir SS, Wu L &Carey M (2003)
Interrogating androgen receptor function in recurrent prostate cancer. Cancer Res,
Vol.63, No.15, (Aug 2003), pp.4552-4560, ISSN 0008-5472
Zhau HY, Chang SM, Chen BQ, Wang Y, Zhang H, Kao C, Sang QA, Pathak SJ &Chung LW
(1996) Androgen-repressed phenotype in human prostate cancer. Proc Natl Acad Sci
U S A, Vol.93, No.26, (Dec 1996), pp.15152-15157, ISSN 0027-8424

www.intechopen.com

Prostate Cancer - Original Scientific Reports and Case Studies
Edited by Dr. Philippe E. Spiess

ISBN 978-953-307-342-2
Hard cover, 238 pages
Publisher InTech

Published online 21, November, 2011

Published in print edition November, 2011
This book encompasses three sections pertaining to the topics of cancer biology, diagnostic markers, and
therapeutic novelties. It represents an essential resource for healthcare professionals and scientist dedicated
to the field of prostate cancer research. This book is a celebration of the significant advances made within this
field over the past decade, with the hopes that this is the stepping stone for the eradication of this potentially
debilitating and/or fatal malignancy.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:
Chih-Pin Chuu, Hui-Ping Lin, Ching-Yu Lin, Chiech Huo and Liang-Cheng Su (2011). Inhibition of Advanced
Prostate Cancer by Androgens and Liver X Receptor Agonists, Prostate Cancer - Original Scientific Reports
and Case Studies, Dr. Philippe E. Spiess (Ed.), ISBN: 978-953-307-342-2, InTech, Available from:
http://www.intechopen.com/books/prostate-cancer-original-scientific-reports-and-case-studies/inhibition-ofadvanced-prostate-cancer-by-androgens-and-liver-x-receptor-agonists

InTech Europe

University Campus STeP Ri
Slavka Krautzeka 83/A
51000 Rijeka, Croatia
Phone: +385 (51) 770 447
Fax: +385 (51) 686 166
www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai
No.65, Yan An Road (West), Shanghai, 200040, China
Phone: +86-21-62489820
Fax: +86-21-62489821

© 2011 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

