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ABSTRACT Advanced prostate cancer (CaP) is often treated
with androgen deprivation therapy (ADT). Despite high initial
success rates of this therapy, recurrence of the cancer in a
castration-resistant (CRPC) form is inevitable. It has been
demonstrated that, despite the low levels of circulating
androgens resulting from ADT, intratumoral androgen levels
remain high and androgen receptor activation persists.
Recently, it was discovered that de novo androgen synthesis is
occurring within the tumor cells themselves, thus providing a
potential mechanism for the high endogenous concentrations.
A common upstream precursor in this steroidogenic pathway
is cholesterol. For many decades, the breakdown of choles-
terol homeostasis in cancer has been the focus of research, but
this was largely to elucidate its involvement in maintaining
membrane integrity and cell signaling. De novo steroidogenesis
has provided a new avenue for cholesterol research and
reinforces the importance of understanding the mechanisms
that lead to the alterations in cholesterol regulation in the
progression to CRPC. The findings to date suggest that
cholesterol homeostasis is altered to support de novo androgen
synthesis and appear to facilitate disease progression. We
further propose that a better understanding of the link between
cholesterol and de novo androgen synthesis in CaP progression
may provide opportunities for novel therapeutic intervention,
namely via eliminating sources of the precursor cholesterol.
This review summarizes the implications of cholesterol
dysregulation in CaP and particularly in the post-ADT
castration-resistant state, as well as the potential implementa-
tion of novel therapies targeting these cholesterol sources.
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ABBREVIATIONS

ABCAI ATP-binding cassette transporter-subfamily Al

ACAT acyl-coenzyme A:cholesterol acyltransferase

ADT androgen deprivation therapy

AKRICI/2/3  aldo-keto reductase family | members C1/2/3

AR androgen Receptor

C4-2 castration-resistant cell line derived from
LNCaP

CaP prostate cancer

CE cholesteryl ester

CRPC castration-resistant Prostate Cancer

DHT dihydrotestosterone

DU 145 castration-resistant prostate cancer carcinoma
cell line derived from brain metastases

HDL high-density lipoprotein

HMGCR 3-hydroxy-3-methylglutaryl-Coenzyme A
reductase

HSD17B3 | 7B-Hydroxy steroid dehydrogenase 3

HSL hormone-sensitive lipase

LDL low-density lipoprotein

LNCaP lymph node metastatic prostate adenocarcinoma
cell line

PC-3 bone-derived castration-resistant cell line

SR-BI scavenger Receptor Class B Type |

SRD5AI steroid 5a-reductase Type |

StAR steroidogenic acute regulatory protein

INTRODUCTION

Prostate cancer (CaP) is the most prevalent cancer among
North American men as well as the third leading cause of
cancer-related deaths in the same cohort (1,2). In 2009,
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over 215,000 men in the United States and Canada were
newly diagnosed, and it is thought that incidence rates will
continue to rise in the coming years due to the aging baby-
boomer population (1,3). One of the traditional therapies
used in the treatment of prostate cancer that has metasta-
sized beyond the confines of the prostate is androgen
deprivation therapy (ADT). This treatment serves to cut-off
androgen sources in the body, namely the testes (4). Often,
this therapy involves chemical or surgical castration of the
testes—the major sources of androgens in males. The
premise of this androgen depletion is to remove the
principal driving force behind growth, proliferation and
differentiation in the prostate—androgens. Although this
treatment is initially very successful, it is inevitable that
more than 80% of these cancers will re-emerge (5).
Unfortunately, the cancer that recurs is more aggressive,
evasive and deadly (4). Consequently, this form of CaP does
not respond to traditional therapies, resulting in a very
negative prognosis (4). This recurrent form of CaP has been
termed androgen-independent, hormone-refractory and
androgen-insensitive, among others. The most recent and
universally accepted term is castration-resistant prostate
cancer (CRPC), as it reflects the knowledge that the re-
emergent CaP is not independent of androgens or their
influence, as was once believed.

The recurrence of prostate cancer in the castration-
resistant form arises from an array of interrelated and
complex molecular changes, many of which remain
incompletely understood (4,6). In the last few decades,
much research has been directed toward elucidation of the
many mechanisms behind this recurrent form of CaP. A

Fig. | Androgen synthesis via
classical and backdoor pathways
within mitochondria, including
targets of new therapeutic
intervention. Adapted from a
figure in (1'1).
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number of pathogenic pathways have been proposed to
date, many of which involve the continued presence of
androgens and the androgen receptor (AR) in the progression
to CRPC (4). Although serum androgen levels are severely
stunted by ADT, it appears that this does not translate to
intratumoral androgen levels (4,7,8). Thus, a greater
knowledge of the processes involved in the androgen-AR
signaling pathway within the tumor may lead to the
development of novel therapies. One such approach, which
will be discussed in this review, may be to target an upstream
precursor in the androgen synthesis pathway; cholesterol.

ANDROGENS, THE ANDROGEN RECEPTOR
AND PROSTATE CANCER

Androgens, including testosterone and dihydrotestosterone
(DHT), are a subclass of steroid hormones that are essential
for the normal growth and development of the prostate, as
well as many other sex-related characteristics (9). Similarly,
androgens have been implicated in the growth and
proliferation of CaP (10). It is for this reason that
therapeutic intervention has largely been directed towards
removal of androgen sources. Androgens are primarily
synthesized in the testes and the adrenal glands through a
series of enzymatic bioconversions from a common precur-
sor, cholesterol (Fig. l-adapted from (11)). The androgen
synthesis pathway is initiated in the mitochondria of these
steroidogenic cells (12,13). In order for this to happen,
cholesterol must be moved across the mitochondrial
membrane into the intermitochondrial space where the
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steroidogenic enzymes are present. The transport of choles-
terol from the outer mitochondrial membrane to the inner
mitochondrial membrane is the rate-limiting step in andro-
gen synthesis and 1s completed by the steroidogenic acute
regulatory protein (StAR) (14,15). Once in the mitochondrial
space, cholesterol is transformed by CYPI1Al, also called
P450 side-chain cleavage enzyme or desmolase, into the
steroid precursor pregnenolone (16). CYP11Al has been
deemed the determinant enzyme for steroidogenic potential
(17). The steroidogenic process continues along the classical
pathway through a number of enzymatic steps terminating
mainly in testosterone (Fig. 1).

Once synthesized, androgens exert their effects on the
prostate and in prostate cancer by binding to the androgen
receptor (AR), a ligand-activated nuclear receptor (9).
Androgens, particularly DHT, bind to the AR in the
cytosol, where it is generally found linked to a large group
of stabilizing protein chaperones, including a large heat
shock protein (HSP) (18). DHT is a more potent androgen
that is the product of testosterone reduction facilitated by
the action of two isoforms of steroid 5-a reductase,
SRD5A1 and 5A2 (16). These enzymes are highly active
in the prostate, making their reaction product, DHT, the
predominant androgen in the prostate (19).

The binding of DHT to AR stimulates release of the
large HSP chaperone complex, after which the DHT-AR
unit homodimerizes with an additional DHT-AR complex.
The homodimer then translocates to the nucleus and
initiates transcription of multiple target genes that are
involved in cell growth, proliferation and survival (9,20).
One such target gene is prostate-specific antigen (PSA),
which is a serine protease whose function is to solubilize
seminal fluid. PSA is used as a biomarker for prostate
cancer screening and progression and serves as a valuable
indicator of response to androgens in experimental models,
as discussed in the next section (21).

DE NOVO ANDROGEN SYNTHESIS IN CASTRATION-
RESISTANT PROSTATE CANCER (CRPC)

The importance of androgens and the AR in the develop-
ment of CaP was discovered in the middle of the twentieth
century, when it was observed that removal of androgens
decreased AR activity and expression, resulting in subse-
quent regression of tumors (10). In the last decade, this
same relationship between androgens and the AR has been
shown to remain important in the progression to and
survival of CRPC. As mentioned previously, CRPC cells
have the ability to synthesize androgens de novo (4,7,8,22).
This has been demonstrated not only by following a
radiolabelled precursor in the androgen synthesis pathway
within ex vivo CRPC tumors, but also in the fact that the

CRPC tumors possess the necessary enzymes to create
androgens from cholesterol intracellularly (8,22). It has
been demonstrated by a number of studies that many of the
enzymes in the classical androgen synthesis pathway,
including CYP11Al, CYP17Al, AKRICI1, AKRCI1C3
(aldo-keto reductase family 1 member C1 & 3), HSD17B3
(17B-Hydroxy steroid dehydrogenase 3) and SRD5AI
(steroid Sa -reductase type 1), are not only expressed in
CRPC but are also upregulated (Fig. 1). CYP11A1 is the
enzyme responsible for conversion of cholesterol to preg-
nenolone, while CYP17Al acts to modify pregnenolone
and progesterone. HSD17B3 catalyzes the oxidation and
1somerisation of steroid precursors, and AKRIC1 and 3
catalyze biosynthetic steps from androstenedione to testos-
terone. In addition, enzymes found in the backdoor
pathway, which diverts reactants from the classical pathway
and facilitates creation of DHT without the requirement of
testosterone as a direct precursor, were also upregulated at
CRPC—namely HSD17B3, SRD5A1 and AKR1C2 (aldo-
keto reductase family 1 member C2) (7,8,22,23) (Fig. 1). In
the backdoor pathway, SRD5A1 converts progesterone to
pregnan-3,20-dione, which is then converted to pregnan-
3a-0l-20-one by AKR1C2, while HSD17B3 is responsible
for conversion of androsterone to androstanediol.

These findings are relevant because it was accepted for
years that recurrent tumors were surviving in a virtually
androgen-null environment as reflected by measures taken
from the serum. Despite the castrate levels in the
circulation, androgen levels within tumor cells persist, likely
due to de novo synthesis, in levels sufficient to activate the AR
(8,24-30). Testosterone levels within metastases of castrated
men are three times higher than the levels seen within
tumors of primary prostate cancers in untreated men (7).
Further, it was demonstrated through the use of short-
hairpin RNA that knockdown of the AR and, thus,
inhibition of the androgen-AR pathway, results in lack of
tumor progression after castration and even regression of
CRPC cell growth (28,31). These findings indicate that the
AR stll requires ligand binding in order to exert its
transcriptional effect on growth, proliferation, and survival
of CRPC cells. Some recent studies suggest that this ligand
is provided by residual sources of androgen in the body,
namely the adrenal glands, rather than via de novo androgen
synthesis within the tumor cells. This was based on the
finding that enzymes converting testosterone to DHT and
dihydroepiandrostenedione to androstenedione were upre-
gulated to a greater extent than the other enzymes in the
synthesis pathway (32,33). However, it has also been
demonstrated that an adrenalectomy paired with ADT
does not limit CaP progression, suggesting limited involve-
ment of adrenal precursors (34,35). Overall, it appears that
adrenal precursors are not the only source of ligand for AR
activation, and de novo androgen synthesis is likely required to
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provide sufficient ligand for maintaining this pathway in CRPC
cells. Therefore, it becomes relevant to determine the upstream
sources of cholesterol that are potentially a contributing
precursor to the intratumoral creation of androgens and
subsequently AR activation and CaP survival and progression.

In order to study these mechanisms effectively, it is
important to have an effective experimental model.
Countless cell lines have been cultured from different
human CaP samples in order to capture different stages
of the disease for study  vitro. These include the commonly
used androgen-dependent CaP cell line derived from lymph
node metastases, LNCaP, as well as the castration-resistant
cell lines PC-3, derived from bone metastases, DUI145
derived from brain metastases and C4-2 derived from a
LNCaP and bone stromal subline (36-39). An animal
model that has been developed to allow for study of CaP as
it progresses from androgen-dependence to castration-
resistance 1s the murine prostate xenograft model (Fig. 2)
(40). The most widely used xenograft model is the LNCaP
xenograft model. LNCaP cells are inoculated subcutane-
ously in severe combined immunodeficient (SCID) mice,
and tumor growth in the normal androgen environment,
termed androgen-dependent tumors (AD), is permitted
until a predetermined tumor volume is attained. This
tumor growth is marked by a continuous rise in PSA levels
(Fig. 2). At this point, the mice are castrated and a
consequent fall in PSA levels is observed. The tumors are
considered to be nadir (N) when PSA drops to basal levels.
Any surviving tumor cells in the mice tend to have a
recurrence in growth after approximately 6 weeks. Again,
this tumor growth is marked by a rebound in PSA levels, at
which point the tumors are called castration-resistant
prostate cancer (CRPC) (40) (Fig. 2). This model has been
used for a number of studies that infer cholesterol
regulation is altered between the different tumor stages,
and we postulate this is to provide precursor to de novo
androgen synthesis and facilitate cancer growth in a
castration environment (41—44). Thus, the search continues
to determine how this dysregulation occurs in CaP, as well
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Fig. 2 Tumor burden and PSA measures in the LNCaP prostate
xenograft model as tumors progress from androgen-dependence (AD)
to castration-resistance (CRPC). Adapted from a figure in (87).
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the implications it has on the survival and progression of
the disease to a castration-resistant form.

Cholesterol in Prostate Cancer

Cholesterol is an essential molecule that has been studied
extensively since it was discovered over two centuries ago.
Due to its presence in virtually all the cells of the body,
cholesterol predictably has many important biological roles,
including maintenance of membrane structure, signal
transduction and provision of precursor to bile and
androgen synthesis (45). Consequently, cholesterol has been
implicated in the pathogenesis of many disease states, most
notably cardiovascular disease, but also in many forms of
cancer, including CaP (46). Focus has been directed
towards cholesterol in prostate cancer for more than
50 years following the findings of increased cholesterol
content in prostatic adenomas in 1942 (46,47). This
cholesterol accumulation is thought to be due to dysregula-
tion of the complex pathways of cholesterol homeostasis.
Cancer is characterized by a rapid and unregulated
proliferation of cells. It has been proposed that the increased
levels of cholesterol in prostate cancer may support cell
proliferation by contributing cholesterol for membrane
composition and signal transduction (48,49). In addition,
we propose that cholesterol dysregulation may also provide
a precursor to de novo synthesis of androgens that stimulate
this cell division within castration-resistant tumors.

Cholesterol 1s obtained by humans from two major
sources: exogenously from the diet and endogenously via
de novo synthesis within the cells of the body, namely liver
cells (45). Cholesterol in the circulation from either source is
contained in soluble packages called lipoproteins. Lipopro-
teins, in general, consist of a neutral core of lipids surrounded
by a monolayer of polarized phospholipids, often with
proteins on the surface called apoproteins (50). The size and
density of particles is variable, from the large and
triglyceride-rich chylomicrons to the smaller high-density
lipoproteins (HDL) (50). Lipoproteins are predominantly
formed in the liver and the intestine and are then released
into the circulation, where they undergo further enzymatic
transformations, as well as interact with lipoprotein trans-
porters that facilitate uptake of lipid contents. The most
predominant lipoproteins in the circulation are low-density
lipoproteins (LDL) and HDL. Both HDL and LDL contain
high amounts of cholesterol and cholesteryl esters (50).

CHOLESTEROL FROM THE DIET AND PROSTATE
CANCER

Cholesterol, as mentioned above, is obtained by the body
from the diet and from synthesis within cells. Many
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epidemiological studies over the years have examined
dietary cholesterol consumption and its link to prostate
cancer incidence. This research focus was stimulated by the
finding that obesity and the characteristics associated with
obesity, including the high fat and high calorie diet of the
Western world, have been linked to many cancers,
including CaP (51-53). In addition to being correlated
with the overall incidence of CaP, the Western diet has also
been linked to metastatic progression of CaP (54—57). One
particular study associated serum cholesterol levels with
grade of cancer and found that men with higher cholesterol
(>240 mg/dl) were more likely than men with desirable
(<200 mg/dL) or borderline levels (200-240 mg/dL) to
develop high-grade or rapidly growing metastatic CaP (58).
This finding was particularly prominent among men with
higher body mass index. However, many other studies
correlating serum cholesterol and CaP incidence have
demonstrated the opposite finding (59-62), indicating a
need to perhaps look directly at tumor cholesterol levels,
which may not be reflective of serum levels. A few recent
studies in a xenograft model demonstrate interesting results
with dietary variation. Using the androgen-dependent
LNCaP and the castration-resistant brain metastases-
derived DUI145 to grow tumor xenografts in mice, data
indicate that a diet with increased fat and calories induces
proliferation and growth of the tumors while inducing
cholesterol accumulation in these tumors (43,44). However,
the exact relationship between cholesterol, tumor growth
and CaP incidence has yet to be fully elucidated.

Lipoproteins After Androgen-Deprivation Therapy

Interestingly, due to the intricate relationship that androgens
have with cholesterol, they also have an impact on overall fat
mass due to their anabolic action (63,64). Thus, the effects
caused by androgen-deprivation therapy in men have been
the subject of significant study. This research has mostly been
aimed to elucidate atherogenic consequences post-therapy,
but these effects are also relevant when one considers that
many of these post-ADT patients will subsequently develop
CRPC. Thus, any changes in cholesterol induced by
reducing androgens may be significant for the progression
and, ultimately, for the recurrence of the disease itself.

The loss of testosterone resulting from ADT causes sig-
nificant increases in obesity, specifically truncal fat deposition,
while decreasing lean body mass and causing significant
changes to the lipid profile (63,65). The changes seen in the
lipid profiles of post-ADT subjects include an increase in
total cholesterol, triglycerides, LDIL-cholesterol and oxidized
LDL even in the presence of statin therapy (65,66). Mixed
results have been obtained for HDL-cholesterol levels. Some
groups have found a decrease in HDL-cholesterol post-AD'T,
while others have found no significant change (63-67).

No studies to date have looked at potential correlation
between lipoprotein changes post-ADT and progression to
CRPC. However, some studies have looked at the effect
that lipoproteins have on androgen-dependent versus
castration-resistant cancer cell growth. It was found that
LDL, as well as remnant lipoprotein particles, which are the
hydrolysis products of very low density lipoproteins and
chylomicrons, induce proliferation of castration-resistant
PC-3 cells, but not androgen-dependent LNCaP cells (68).
Interestingly, LDL and HDL have been found to stimulate
androgen production in steroidogenic tissues (69-72). Since
CRPC cells have been found to be steroidogenic, it is
possible that the lipoprotein-induced proliferation seen in
the PC-3 cells and not the LNCaPs may be a result of
lipoprotein-stimulated androgen production. Thus, the
post-ADT changes may provide an environment for
prostate cancer recurrence and growth. These findings
provide further merit to research lipoproteins and their role
in prostate cancer progression to CRPC.

Cellular Cholesterol Sources

Tumor cells can obtain cholesterol from de novo synthesis or
from lipoproteins in the circulation (Fig. 3). Once in the
cell, cholesterol is stored as cholesteryl esters in lipid
droplets, but can be metabolized when the need for
cholesterol arises. Cholesterol homeostasis is a very complex
network of pathways, transporters and enzymes (45). As
mentioned previously, cholesterol homeostasis enters into a
state of dysregulation in cancer, demonstrated by the
accumulation in tumors (47). Some recent discoveries by
our group and many others have renewed interest in the
study of cholesterol and its potential role in the progression

to CRPC.
Cholesterol Synthesis

Cholesterol 1s synthesized from acetyl-CoA in the endoplas-
mic reticulum (ER) of virtually all cells of the body through the
multi-step mevalonate pathway. The rate-limiting step in this
process is 3-hydroxy-3-methylglutaryl-Coenzyme A reductase
(HMGCR), which converts 3-hydroxy-3-methyl-glutaryl-
Coenzyme A into mevalonate (45,73). Cholesterol synthesis
is controlled at the transcriptional level by sterol regulatory
element binding protein-2 (SREBP-2). SREBP-2 reacts to
low cellular cholesterol levels and, thus, cellular need, by up-
regulating expression of HMGCR as well as many other
factors, including influx transporters, to increase cholesterol
levels within the cell (45). Once the level of cholesterol is
restored, the transcriptional factor is returned to the ER.
This pathway also responds to androgens because their
biomolecular structure is similar to their precursor, choles-
terol (41).
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Cholesterol

Fig. 3 Cholesterol [-Synthesis,
2-Metabolism, 3-Influx and 4-
Efflux. Cholesterol moves to
mitchondria, where stAR initiates
androgen synthesis by shuttling
cholesterol into the intermito-
chondrial space. Androgens
(DHT) bind to the AR and cause
gene transcription. 17-AAG is a
new therapy that inhibits AR
stabilization by binding to the
heat-shock protein, while
MDV3100 is an AR inhibitor that
blocks ligand binding and translo-
cation of AR to the nucleus.
Adapted from figure in (42).

Our group and others have found that HMGCR activity
is increased in a CRPC cell-line (PC-3) when treated with a
synthetic androgen, as well as in ex vivo tumor samples in the
progression to the castration-resistant state in a LNCaP
xenograft model (42,74). Many other groups have found
increases in protein expression of HMGCR in the progres-
sion to CRPC (70,75-78); however, our group did not find
a significant change in HMGCR protein expression
between tumor stages in a LNCaP xenograft model (42).
The transcriptional regulation of HMGCR via SREBP-2 in
CRPC has been explored in vitro and in a LNCaP xenograft
model. It was shown at the cellular level in PC-3 and DU145,
both castration-resistant cell lines, that the presence of
cholesterol no longer initiates down-regulation of this key
transcriptional factor. Thus, the downstream effectors of
SREBP-2, including HMGCR, are not down-regulated, and
thus cholesterol levels remain high. However, a normal
response to sterols was seen in androgen-dependent LNCaP
cells and non-carcinogenic prostatic epithelium (70,75-78).
These findings were mirrored in AD and CRPC cell lines
and LNCaP xenograft tumor samples (41,79,80). These
findings put forth an explanation for the increased levels of
cholesterol in CRPC tissue specimens and brought to light a
specific point of dysregulation in cholesterol homeostasis
(41,50,81).

Metabolism of Intracellular Cholesterol

Cholesterol in its free form is toxic to the cell; thus, it is
quickly converted to the nontoxic storage form, cholesteryl
esters (CE), after synthesis or influx (45). This conversion
from free cholesterol to CE is completed by acetyl coA:acyl
tranferase (ACAT), which adds a fatty acid to the
cholesterol (73) (Fig. 3). ACAT exists as two isoforms in
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humans: ACAT1 and ACAT2. Both are integral mem-
brane proteins of approximately 50 kDa (82). In general,
the ACAT enzymes are most active in times of cholesterol
excess within cells (73). While ACAT1 is thought to be
ubiquitously expressed in the body, ACAT?2 is predomi-
nantly found in the brain and intestine (83,84). However,
protein expression of both has been demonstrated in CaP
(42,74).

When cholesterol levels are low or free cholesterol is
required for cellular processes, hormone-sensitive lipase
(HSL), a neutral cholesteryl ester hydrolase hydrolyzes CE
to free cholesterol (85). As its name suggests, HSL is
regulated in part by hormone levels, but appears to also be
controlled by cholesterol feedback mechanisms similar to
HMGCR (86). Furthermore, it has been found in murine
steroidogenic tissues that HSL selectively hydrolyzes CE
from HDL to create androgens, and this enzyme is present
in the CRPC tumor cell (70,77,87).

Changes in the expression of ACAT1, ACAT2 and HSL
have been demonstrated in CaP. Among the changes observed
was a significant decrease in ACAT2 expression from AD to
the CRPC state in a LNCaP xenograft model, as well as an
increase in HSL from AD to N (42,87). These findings, paired
with the fact that testosterone levels also increased from N to
CRPC in the same model, indirectly imply that the
alterations in cholesterol processes, such as decreased
packaging of cholesterol to its storage form, are perhaps to
provide substrate for de novo androgen synthesis (42).

Cholesterol Transport: Efflux and Influx
In addition to being synthesized and metabolized within the

cell, cholesterol is fluxed in and out of the cell through the
plasma membrane in a dynamic fashion (45). Since
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cholesterol exists in the circulation within lipoproteins, it is
transported to and from these lipoproteins at cell mem-
branes (50). Lipoprotein profiles naturally change with age
and obesity, two factors that have been correlated to CaP
incidence, perhaps inferring provision of lipoprotein-
derived cholesterol to cells also changes in CaP (51,57).

ATP-Binding Cassette Transporter Subfamily Al

As mentioned, when the cell has ample free cholesterol, the
conversion to the storage form is activated. Additionally,
efflux pathways are upregulated in order to rid the cell of
the toxic molecule. The major cholesterol efflux trans-
porters in cells are from the ATP-binding cassette trans-
porter superfamily (ABCs). The major families involved in
the efflux of cholesterol are the ABCAs and ABCGs, but
most namely, ABCAL. This is a large, 220 kDa protein that
is located on the cytoplasmic side of the plasma membrane
(88). It is found in many tissues of the body because of its
important cholesterol efflux function, including prostate
cancer and, specifically, CRPC (42,89,90). Preliminary data
suggest that ABCAL protein expression 1is increased in
castration-resistant tumor cells when compared to
androgen-dependent counterparts, further implicating al-
tered cholesterol regulation in CaP recurrence (42,90).
Limited work has been put forth to determine whether or
not this regulation exists in CRPC cells, thus we hope to
take the next step in determining the role of cholesterol
efflux via this pathway.

Low-Density Lipoprotein Receptor

Cholesterol in the circulation is predominantly found in
lipoproteins and can be taken up by lipoprotein trans-
porters into the cell. One of the major lipoprotein trans-
porters involved in this cholesterol influx is the low-density
lipoprotein (LDL) receptor. This transporter interacts with
a number of different donor lipoproteins in order to take up
cholesterol (91). The LDL receptor predominantly binds to
apoB100 and apoE-containing lipoproteins, such as LDL,
VLDL and chylomicrons (91). Lipoproteins bound to the
LDL receptor are then taken into cells via an endosomal
pathway. This involves uptake of the entire lipoprotein
particle into clathrin-coated endosomal compartment
where acidic catabolism occurs, and the lipid contents of
the lipoprotein particles can then be used or metabolized by
the cell into storage form (91). The receptors are recycled
back to the cell surface in the endosome. The LDL receptor
is controlled at the transcriptional level by SREBP-2, much
like HMGCR and HSL. As mentioned previously, SREBP-
2-mediated cholesterol regulation appears to be dysfunc-
tional in CRPC. These findings have stimulated some
research exploring the relationship between the SREBP-2

dysregulation and its implication for LDL receptor expres-
sion and activity. The few studies that have examined LDL
receptor in CRPC have found that the transporter is
present in CRPC and is upregulated, perhaps due to the
lack of SREBP-2-mediated control (36,42,79,80).

Scavenger Receptor Class B Type |

The second major cholesterol influx transporter is scaven-
ger receptor class B type I (SR-BI), or CLA-1 (CD36 and
LIMPII analogous-1) as it is sometimes called in humans.
This 82 kDa protein is a ubiquitous protein involved in
reverse cholesterol transport (85,92), but it is more densely
expressed in cells involved in cholesterol metabolism, such
as the liver, and steroidogenic tissues (93). Morphologically,
SR-BI has a horseshoe-like membrane topology with two
transmembrane domains that anchor a large extracellular
domain (93). It has become colloquially termed the ‘HDL
transporter’ because it is one of the few receptors through
which HDL-cholesterol can be taken into cells and due to
its apparent preference for selective uptake of HDL-CE in
steroidogenic and hepatic tissues of mice (85,93-97).
However, there is some debate whether this holds true for
human tissues, as rodent models predominantly rely on
HDL rather than LDL, which is the most abundant
lipoprotein in humans (98,99). Furthermore, research of
the last decade has suggested that SR-BI is also capable
of bidirectional free cholesterol flux, as well as uptake of
cholesteryl esters, triglycerides and phospholipids from
LDL, VLDL and modified lipoproteins (85,93,100,101).

The exact mechanism by which SR-BI takes in choles-
terol from lipoproteins is not completely understood.
However, the mechanism of selective HDL-CE uptake is
thought to involve a collision-mediated transfer of only the
CE content after the lipoprotein docks onto the receptor
surface (95,102,103). The docking is thought to occur
because of interaction with both the lipid and apoprotein of
the lipoprotein (101,102,104). SR-BI is thought to be
regulated in a feedback-type fashion by both androgens
and cholesterol, although inversely, in that decreased
androgen levels and increased cholesterol curtail the
expression of SR-BI (85,105).

The presence of SR-BI in CRPC has been confirmed by
protein expression in PC-3 cells and in the CRPC tumors
in a LNCaP xenograft model by our group and others
(42,90,106,107). Furthermore, our group found that pro-
tein expression of SR-BI was significantly increased from N
to CRPC (42). Interestingly, it has also been discovered that
males have significantly higher mRNA levels of SCARBI,
the SR-BI gene (108-110). The natural predominance of
SCARBI in males paired with the preliminary protein
results our group has obtained in the LNCaP xenograft
model provides more impetus to pursue an explanation for
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the potential role of SR-BI in changing androgen and
cholesterol levels in the progression to CRPC.

Inferences From Steroidogenic Tissues

As mentioned, many groups have demonstrated that de novo
androgen synthesis is occurring intratumorally in CRPC
cells, indicating that they have become steroidogenic. Our
data indicate that cholesterol pathways are altered, and this
is perhaps to facilitate provision of the substrate, free
cholesterol, to this intratumoral steroidogenesis. Other
steroidogenic tissues in the body, namely the adrenals,
have been studied extensively and have demonstrated some
interesting preferences when it comes to cholesterol sources
for androgen synthesis. Since CRPC 1is steroidogenic, it
may adapt the same behaviours as the other steroidogenic
tissues of the body and may aid us in understanding altered
cholesterol regulation in CRPC. Although it is thought that
CRPC cells create androgens from a backdoor pathway
that diverts reactants from the classical pathway and
facilitates creation of DHT without the requirement of
testosterone as a direct precursor, in addition to the major
pathway used by other tissues, the common precursor,
cholesterol, is constant (74) (Fig. 1).

Adrenal cells seem to preferentially rely on lipoprotein
sources for cholesterol precursor, namely through SR-BI,
rather than from de novo synthesis via HMGCR (70,77,104).
This was demonstrated by the fact that LDLr knockout
mice had unaffected steroid production, suggesting that
either synthesis of cholesterol or a different lipoprotein
transporter was compensating for the loss of LDLr-
mediated cholesterol influx (77). Furthermore, SR-BI
knockout mice have severely stunted steroidogenic capabil-
ities (111). This decline in steroid production occurs despite
a significant compensatory increase in HMGCR activity
(104). This indicates that de novo synthesis of cholesterol is
not able to compensate for the loss of cholesterol uptake via
SR-BI. These studies suggest that steroidogenic tissues
preferentially use HDL-CE from SR-Bl-mediated influx
for de novo androgen synthesis, and perhaps by inference,
CRPC cells might have the same bias. This bias has also
been demonstrated in breast cancer cells that are thought to
possess a similar steroidogenic potential as their male
counterpart, prostate cancer (112,113). Also, adrenal cells
over-expressing SR-BI have demonstrated induction of
steroidogenesis, and, therefore, SR-BI changes following
castration may serve a similar function in CaP (114).
Interestingly, the work completed to date by our group in
CRPC complements the inferences made from steroido-
genic tissues. Namely, SR-BI expression is significantly
increased in progression to CRPC, paired with an
unchanged HMGCR expression and an increased

@ Springer

HMGCR activity (42). However, as mentioned, caution
must be taken when attempting to translate murine findings
to humans, particularly from a lipoprotein prospective.
Thus, it is important in the future to complete more work
in human models to determine if CRPC has, in fact,
adapted a similar preference to other steroidogenic tissues
for SR-Bl-derived cholesterol for the creation of intra-
tumoral de novo androgens and, ultimately, their survival
and persistence in the absence of exogenous androgens.

FUTURE CONSIDERATIONS FOR THERAPY

It has become very apparent with the research of the last
few decades that the aggressive, complex and heteroge-
neous nature of castration-resistant prostate cancer has
made it a very challenging and, thus far, impossible disease
to treat effectively. The focus in the last few decades in
CRPC has been towards identifying potential new therapeutic
targets, as the therapies currently implemented—namely
chemotherapy—achieve limited and often short-lived success.
Considering that average survival of men with CRPC is less
than 2 years, the need for more successful therapies is evident
(115). The acknowledgment that the androgen receptor and
androgen-response axis is still an integral part of CRPC has
resulted in the development of a number of new therapies
that are focused on this relationship between androgens and
the androgen receptor at different points in the pathway.
Such therapies include abiraterone acetate, an orally
bioavailable specific CYP17A inhibitor (Fig. 1), MDV3100,
a small androgen receptor antagonist, heat-shock protein-90
targeting via 17-allylamino-17-demethoxygeldanamycin (17-
AAG) (Fig. 3) and SRD5A inhibitors-finasteride and dutas-
teride (Fig. 1), all of which are under development in a
clinical setting (116-120).

Abiraterone acetate acts in a similar manner to
ketoconazole, in that it is a cytochrome P450 inhibitor.
However, it has greater specificity for CYP17Al and
displays more potent inhibition thereof. Abiraterone inhib-
its two key reactions in androgen biosynthesis via 17a
hydroxylase and 17,20 lyase, preventing modification of
pregnenolone and progesterone. The drug is currently in
Phase III trials after Phase II trials elicited PSA decreases of
more than 50% from baseline in 20% of chemotherapy-
naive patients and 36% of docetaxel-treated patients when
treated with abiraterone acetate (121,122). Despite the
success 1n lowering PSA; the side effects that have limited
the utility of ketoconazole, primarily due to secondary
mineralocorticoid excess, are still present in patients taking
abiraterone acetate. However, administration of eplere-
none, a mineralocorticoid inhibitor, eliminated a large
portion of these side effects, including hypertension,
hypokalemia and edema (120,121). MDV3100 is an orally
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administered AR inhibitor that is more potent than its AR
antagonist predecessors, flutamide and bicalutamide, which
have low affinity for the AR. Like abiraterone acetate,
MDV3100 is entering Phase III trials after 56% of
chemotherapy-naive patients experienced more than a
50% decrease in PSA levels (123). However, the initial
success of this AR inhibitor is shadowed by the reversal of
function of bicalutamide, from antagonist to agonist, seen
in the presence of increased AR after long-term androgen
withdrawal, such as in CRPC (124—-127). This paradigm is
thought to occur in part because these AR inhibitors bind
to the ligand binding pocket of the receptor causing a
subsequent change in the ligand binding domain. The
change in the ligand binding domain induced by these anti-
androgens, although effective at first, increases the rate of
AR mutations, AR expression and cofactor expression
thought to lead to the CRPC state and the paradoxical
agonist effect of bicalutamide seen at this state
(6,124,128,129). Although MDV3100 acts directly to block
androgen binding and prevents translocation to the
nucleus, it is possible that the same reversal of function
may occur as seen with bicalutamide (123). Thus far,
MDV3100 has not elicited significant side effects in subjects
other than fatigue (123). 17-AAG is a benzoquinone
ansamycin antibiotic that acts to inhibit the binding of heat
shock protein-90 to the AR and subsequently disrupts AR
stabilization. This drug is currently in Phase II trials and
has shown limited reduction in PSA (119). Dutasteride, an
inhibitor of SRD5AI and 2 that convert testosterone to
DHT, has been explored in Phase II trials in men with
CRPC, but despite excellent safety in humans, it has limited
effect (130,131). Finasteride, an inhibitor of SRD5AI1, has
been implemented in combination with the anti-androgen
flutamide in Phase II trials with PSA decreases compared to
flutamide alone, as well as fewer patients experiencing
tumor progression with combined treatment (132).

Although numerous novel therapeutics are being tested
in clinical trials, this small selection was mentioned to
demonstrate the many potential points of intervention in
the androgen receptor signaling pathway. The recent focus
on cholesterol regulation upstream of this pathway may
give further insight into the progression and transforma-
tion of cells into the castration-resistant phenotype and,
thus, provide possible new targets for therapy. One such
target area may be the sources of cholesterol to the cell, in
particular, endogenous synthesis and exogenous influx
from lipoproteins. These sources of cholesterol to tumor
cells may be involved in provision of substrate for de novo
steroidogenesis. Thus, it may be possible to implement
novel therapies to cut off the supply of cholesterol for the
generation of intratumoral androgens and, subsequently,
may inhibit androgen-mediated growth and survival
pathways.

Statins as Prostate Cancer Therapeutics

Statins are a large class of drugs that are used extensively in
cardiovascular conditions because these drugs act to lower
cholesterol levels by inhibiting HMGCR, which is, as
mentioned, the rate-limiting enzyme in cholesterol synthesis.
Not only do statins cause a decrease in total cholesterol, they
also decrease LDL-cholesterol and provide a modest
increase in HDL-cholesterol (133). Interestingly, this reduc-
tion in plasma cholesterol and change in lipoprotein profile
1s accompanied by a reduction in PSA in non-cancer
patients, which may indicate implications for interruption
in the normal steroidogenic processes in these men
(58,134,135). These lipoprotein effects may be corrective
for the changes induced post-ADT, namely increased LDL
and decreased HDL; thus, statins could potentially be
implemented to prevent progression to CRPC. Although
no studies have looked specifically at statins in CRPC
patients or the direct effects on tumor cholesterol, many
studies have explored the potential of using statins as a
preventative therapy. The results of epidemiologic studies
assessing the association between statin use and incident
prostate cancer risk have been mixed (134,136). These
mixed findings may be due to the heterogeneity of study
protocols or may be a result of a statin-induced SRD5A2
expression. As mentioned, this enzyme catalyzes the
conversion of testosterone to the potent metabolite, DHT
(137). More recent studies have explored the specific
assocliation between statin use and more advanced prostate
cancer cases that have metastasized. These studies have
found a reduction in the onset of the aggressive, late-stage
disease state in statin users (58,134,138). The apparent
benefit of statin use in the later stages of cancer provides
support for the importance of cholesterol, but more
research is necessary, particularly in a CRPC cohort. An
obstacle encountered when attempting to make inferences
about the specific intratumoral effects rather than indirect
effects induced by systemic cholesterol-lowering is that none
of the studies cited above have determined the amount of
drug entering the tumor tissues themselves or the tumor-
specific cholesterol-lowering effect, if any. Despite the
increased permeability of tumor tissues, in order to deliver
sufficient statin to tumors, the dose may have to be increased
to an amount that elicits toxic levels in normal tissues. Drug
delivery is an obstacle faced when designing and implement-
ing any type of cancer therapeutic, particularly due to the
requirement for systemic administration. Thus, if statins
continue to be explored as a CaP therapeutic, particularly as a
CRPC therapeutic, a different delivery system that will target,
permeate and accumulate in tumor tissues, such as a nano-
molecular formulation, should be considered (139).

In witro studies bypass the obstacle of delivery. A few
studies have looked at statin effectiveness, specifically in
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tumor cells. Interestingly, the inhibition of HMGCR by
statins has a greater effect in androgen-dependent LNCaP
cells compared to castration-resistant PC-3 cells (80).
Although both cell lines were responsive to changing levels
of sterols, the LNCaP cells appeared to alter synthesis to a
greater extent than the PC-3, demonstrating that choles-
terol dysregulation may be playing a role in the effective-
ness of statins. Furthermore, some i wvitro research has
shown that statins, namely lovastatin, simvastatin and
atorvastatin, cause growth inhibition in LNCaP cells, as
well as in a few CRPC cell lines, but to a lesser extent (140).
However, in a recent study exposing castration-resistant
cells to statins combined with a potent anti-inflammatory,
significant cell death was observed (141). Because these
results are preliminary, it cannot be ascertained whether
the effects observed are as a result of decreased steroid
synthesis, rather than reflecting anti-proliferative or auto-
phagic effects (142). However, the different responses
observed between statin-treated androgen-dependent and
castration-resistant cells warrant further study to properly
assess the effect of statins on intratumoral steroidogenesis
and the utility of statins as a viable therapeutic option alone
or in combination.

Lipoprotein Transporters as Potential Therapeutic
Targets

The role of lipoprotein transporters in castration-resistant
prostate cancer has yet to be elucidated, but it is apparent
that cholesterol regulation is altered in CRPC. The finding
that both the LDL receptor and SR-BI are upregulated in a
castration-resistant state indicates that the cells may be
taking in more cholesterol for cellular processes, including
de novo androgen synthesis (42,80). If it is found that these
cholesterol sources, along with synthesis via HMGCR, are
necessary for survival of cells, targeted inhibition thereof
could serve as a potential novel therapeutic target. A SR-BI
inhibitor, block-lipid transport (BLT), has been synthesized
and 1s being tested i vitro by a group at Harvard University
(143). Thus far, the @ witro data has been promising,
demonstrating an increased HDL binding to the transport-
er followed by significantly decreased dissociation rendering
SR-BI inactive to further lipid flux (143). As was demon-
strated in mice, removal of SR-BI function or substrate
severely stunted steroid production despite a functional
HMGCR (104,111). Implementation of SR-BI blockade or
knockdown could potentially serve as an effective therapy
alone or in combination with a tumor-targeted statin to
remove sources of cholesterol to the cell and, thus, inhibit de
novo androgen synthesis. One study has explored altering
the functionality of the SR-BI in breast cancer. Breast
cancer and prostate cancer are thought to be analogous
diseases between the sexes due to the similarities in their
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hormone-dependent development, pathophysiology and
treatment strategies (113). Akin to castration-resistant
prostate cancer, recurrent breast cancer has the ability to
synthesize intratumoral steroids, namely estradiol (113).
The breast cancer cell-line, MCF-7 (144), was transfected
with a plasmid that induced expression of a mutant SR-BI.
The expression of the mutant receptor caused inhibition of
cell proliferation (145). Because of the similarities between
these diseases, the anti-proliferative effects in breast cancer
cells will likely translate to prostate cancer cells. However,
attempts to implement DNA-based therapies, such as
plasmid transfection, have been limited by the risk of
adverse effects on genomic DNA.

A method that would eliminate adverse effects on
genomic DNA while simultaneously removing the function
of SR-BI is gene silencing. Gene silencing or gene
knockdown via RNA interference has recently been
explored as a potential therapeutic modality in cancer.
RNA interference (RNAI) exploits an existing intracellular
process and cell machinery to silence the expression of a
specific gene. Small segments of double-stranded RNA
called small interfering RNA (siRNA) that have been
chemically synthesized to be homologous to target gene
messenger RNA sequences can be introduced to tumor
cells. The siRNA is incorporated into an RNA-induced
silencing complex (RISC) that exists within cells where it is
unwound. Argonaute 2 protein then facilitates binding of
the single-stranded anti-sense product to its complementary
sequence on the target gene mRNA and subsequently
cleaves the mRNA (146,147). This ultimately results in
post-transcriptional disruption of target gene expression
without interfering with genomic DNA.

RNAI is a new modality for cancer therapy and is not
without its own obstacles, particularly targeting and
delivery. siRNAs are negatively charged, hydrophilic
molecules that cannot enter cells by passive diffusion, are
extensively degraded by plasma enzymes and are rapidly
excreted by the kidneys (148). As a result, the use of siRNA
directed against SR-BI in castration-resistant tumor tissues
must have a delivery medium that facilitates efficient
targeting when systemically administered. Many promising
delivery mediums have been developed and are being
tested in prostate cancer models, including lipid-based,
polymer-mediated and aptamer-targeted formulations.
Lipid and polymeric formulations generally act by com-
plexing cationic moieties, either lipid or polymeric, with the
anionic siRNAs (147). Aptamer-targeted delivery methods
involve conjugating a nucleic acid sequence that selectively
binds to a particular target, namely those that are over-
expressed or exclusive to a particular tissue type (147,149).
Some of the most promising siRNA delivery methods that
have been tested in prostate cancer xenograft models are
cationic liposomes and prostate-specific membrane antigen
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(PSMA)-targeted siRNA conjugates delivering siRNA tar-
geted to a number of different genes (150-154). These
methods have resulted in good transfection efficiency and
tumor specificity, as well as low toxicity and immunogenic-
ity in animal applications (150—154). PSMA is a membrane
protein that is constantly recycled from the cell surface via
endocytosis, making it a good target for siRNA delivery
methods (147,149,155,156). In addition, PSMA is over-
expressed in prostate cancer, particularly at castration
resistance (157,158), which may further help to prevent
any off-target responses elicited by siRNA. It is possible that
implementing a targeted siRNA delivery modality towards
prostate-specific surface receptors and markers, such as
PSMA, may facilitate SR-BI gene silencing within tumor
cells, thus eliminating a source of cholesterol for the cells and
inhibiting AR activation by reducing synthesis of its ligands.

Additionally, it may be possible to alter transporter
expression and function via targeting their regulatory
pathways. Although cholesterol regulation is altered in
CRPC, it has been shown that androgen-dependent
LNCaP cells respond to intervention at the level of liver
X receptor alpha (LXRa), a transcriptional regulator. The
implementation of an LXRa agonist induced apoptosis in
LNCaP cells and xenografts, simultaneously with decreased
tumoral cholesterol (159). This effect was associated with an
increased efflux transporter expression and subsequent
apoptosis of cells, but influx transporters were not explored.
Interestingly, cell survival was maintained when cholesterol
was replenished, suggesting that the cell death observed was
due specifically to lack of cholesterol. Since LXRa is
responsible for regulation of many molecules (45), it may
not be a viable therapeutic option, but it reinforces the
validity of targeting cholesterol pathways in the cell.

One group has already tested, i vitro, the application of
delivering drug in reconstituted HDL particles. Paclitaxel, a
chemotherapeutic agent in the taxane family, was intro-
duced imnto the neutral core of HDL particles and was
traced to its point of delivery, SR-BI, in the castration-
resistant cell-line, PC-3 (107). Furthermore, the same group
found that drug delivered within HDL had a half maximal
inhibitory concentration (IC50) that was almost 20 times
lower than that of the free drug in the same cell-line (107).
In addition, over-expression of SR-BI in lung cancer cells
facilitated efficient delivery of a-tocopheryl succinate, a
drug used to inhibit tumor cell growth in lung carcinomas.
The drug was delivered to cells within HDL particles and,
in the presence of cells over-expressing SR-BI, caused a
significant reduction in tumor burden (160). Thus, if
blockade or silencing of this cholesterol influx transporter
1s found, it might be possible to exploit its presence, as can
be inferred from these studies, for lipoprotein-mediated
drug delivery. In any drug targeting strategy there are
inherent challenges, especially when implementing delivery

or blockade using targets that are systemic. Thus, the need
for more knowledge about cholesterol influx, efflux,
metabolism and synthesis in CRPC is critical.

CONCLUSION

The emergent evidence of the last few years has implicated
androgens and the androgen signaling pathway as impor-
tant players in the development, progression and continued
survival of castration-resistant prostate cancer. It has also
become apparent that de novo androgen synthesis is occur-
ring intratumorally, as many steroidogenic enzymes in both
the classical and backdoor pathways are upregulated.
Furthermore, proteins involved in cholesterol homeostasis
are altered in a manner that appears to be generating free
cholesterol that may be used to provide precursor to this
steroidogenic pathway. A greater understanding of choles-
terol metabolism, transport and synthesis within the CRPC
tumor environment may not only help elucidate the major
source of precursor to de novo androgen synthesis, but might
also serve as a valuable potential therapeutic pathway in an
insofar untreatable disease.
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