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Abstract: There have been several studies that have linked elevated scavenger receptor class b type 1
(SR-B1) expression and activity to the development and progression of castration-resistant prostate
cancer (CRPC). SR-B1 facilitates the influx of cholesterol to the cell from lipoproteins in systemic
circulation. This influx of cholesterol may be important for many cellular functions, including the
synthesis of androgens. Castration-resistant prostate cancer tumors can synthesize androgens de
novo to supplement the loss of exogenous sources often induced by androgen deprivation therapy.
Silencing of SR-B1 may impact the ability of prostate cancer cells, particularly those of the castration-
resistant state, to maintain the intracellular supply of androgens by removing a supply of cholesterol.
SR-B1 expression is elevated in CRPC models and has been linked to poor survival of patients. The
overarching belief has been that cholesterol modulation, through either synthesis or uptake inhibition,
will impact essential signaling processes, impeding the proliferation of prostate cancer. The reduction
in cellular cholesterol availability can impede prostate cancer proliferation through both decreased
steroid synthesis and steroid-independent mechanisms, providing a potential therapeutic target for
the treatment of prostate cancer. In this article, we discuss and highlight the work on SR-B1 as a
potential novel drug target for CRPC management.

Keywords: prostate cancer; castration-resistant prostate cancer; cholesterol uptake; scavenger recep-
tor Class B type I high-density lipoproteins; patient survival

1. Background and Focus of This Perspective

Prostate cancer (PCa) was the second most frequently diagnosed cancer and the sec-
ond and fifth leading cause of cancer death among Canadian men and men worldwide,
respectively, in 2020 [1]. Androgen deprivation therapy (ADT) is effective for treating PCas
that fail primary curative-intent therapies; however, remission is temporary [2,3], and dis-
ease re-emergence or castration-resistant prostate cancer (CRPC) occurs in approximately
20% of patients [4—6]. Expertly reviewed [7] advances in the understanding of the disease
landscape and the mechanisms of progression have resulted in a remarkable array of
therapies that have greatly increased the survival of patients with incurable metastatic dis-
ease. The focus of this article is on the underappreciated potential of targeting cholesterol
metabolism in the advanced disease state and how understanding the role of scavenger
receptor class B member 1 (SR-B1) may reveal potential therapeutic opportunities related
to cholesterol ester (CE) uptake for de novo steroidogenesis and cellular homeostasis.
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Methods Used to Review the Literature

This is not a formal “systematic review” article but rather a perspective that discusses
the current literature on SR-BI and its potential use as a therapeutic target in treating
prostate cancer. Our laboratory is doing extensive research in this area, and this is a per-
spective that builds on the concepts we are developing around our cited recent publications.
The authors relied on their combined breadth of knowledge of the area and used PubMed,
Web of Science, and Scopus to complete a thorough scan of the literature.

Androgen receptor (AR) activity is the primary driver of PCa, and its activation per-
sists in the vast majority of CRPC, in part, due to intratumoral androgen synthesis [8-11].
The recognition that AR signaling remains integral to CRPC drove the development of
second-generation AR targeted agents (ARTAs), namely, potent AR ligand-binding an-
tagonists [12,13] and inhibitors of the key enzyme in steroid synthesis from cholesterol
precursor, cytochrome P450 isoform 17A1 (CYP17A1) [14,15], that are now routinely used
to manage CRPC prior to, or in conjunction with, chemotherapy [16,17]. Results from the
LATITUDE and STAMPEDE trials demonstrating that the CYP17A1 inhibitor, abiraterone
acetate (Zytiga®), improves survival of patients undergoing ADT [18-20] indicates the im-
portance of inhibiting CYP17A1, and maximally suppressing steroid synthesis, to manage
advanced PCa prior to CRPC progression. Although these, and other non-ARTA therapies,
have dramatically improved CRPC management, a substantial fraction of patients either
do not respond to ARTAs, or additionally develop resistance to these therapies [21], thus
emphasizing the need for novel therapies.

AR antagonist-resistance is largely achieved by AR amplification and/or mutations in
the ligand-binding domain [22,23]; AR splice variants [24-27]; alterations in the AR, DNA
repair, cell cycle, and phosphatase; Tensin Homolog deletion on chromosome 10 (PTEN);
phosphatidylinositol 3 kinase-Ak strain-transforming mammalian target of rapamycin
(PIBK-AKT-mTOR and wingless-related integration of site-f3 catenin (Wnt-{3-catenin) path-
ways [28]; or progression to a spectrum of “androgen-indifferent” amphicrine, double-
negative, and neuroendocrine PCa (NEPC) phenotypes [29,30]. Resistance to androgen
synthesis inhibitors is thought to be due to the amplification of enzymes, namely, CYP17Al,
which result in intratumoral accumulation of higher-order steroids [28]. Abiraterone-
resistant CRPCs also gain CYP17Al-independence by gaining AR mutants that are respon-
sive to steroid precursors such as pregnenolone and progesterone [31,32]. While these
mechanisms lead to AR promiscuity and hypersensitivity [33,34], they do not impede the
response to steroid precursors [35-40].

Cholesterol is the essential precursor of steroid synthesis, including androgens [41].
AR signaling drives PCa and plays an essential role in the development and progression of
the disease [42—-47]. As an essential component in cell membranes [48], and a mediator of
cell proliferation and inflammatory pathways [41,49], there are multiple ways cholesterol
needs can be exploited to target PCa pathophysiology. Fortunately, this has led to investiga-
tions into potential therapies that either directly or indirectly affect cholesterol, which could
potentially impact PCa progression. Cholesterol can either be taken up from circulation, or
synthesized de novo, and serves numerous critical functions in mammalian cells. One of
the ways in which cells take up cholesterol/CEs from the circulation is through cell surface
receptor SR-B1 [50]. This perspective highlights and discusses research surrounding the
role of cholesterol in disease progression and the potential of SR-B1 as a potential novel
therapeutic target for the management of CRPC.

2. Cholesterol
Lipoproteins and Transport

Cholesterol is a multifunctional non-essential nutrient, which is important as a com-
ponent of cell membranes and as a precursor of bile acids, vitamin D, and steroid hor-
mones [51]. Cholesterol is synthesized primarily by the liver through the mevalonate
pathway and then transported through the vasculature complexed within single, phos-
pholipid membrane structures known as lipoproteins. Apolipoproteins are proteins that
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bind lipids and fat-soluble vitamins to form lipoproteins [52]. Different lipids present on
apolipoproteins determine the functional identity of lipoproteins and their subsequent role
within the human body. Cholesterol can either be present on the hydrophilic surface of the
lipoprotein as native cholesterol or within the hydrophobic core as CEs (Figure 1) [53].

Native cholesterol
Triacviglvcerides

Apoproteins

Unesterified cholesterol

Phospholipids

Figure 1. Lipoprotein structure—an overview. Lipoproteins are a spherical monolayer of amphipatic
phospholipids (yellow) and free/unesterified cholesterol (orange). The tails of the phospholipids
create a hydrophobic core of non-polar lipids, primarily cholesterol esters (green) and triglycerides
(pink), surrounded by a hydrophilic membrane of phospholipids, free cholesterol and apolipoproteins
(blue). Lipoproteins differ in their lipid composition, size, density, major apolipoproteins and
function [53]. Figure produced using Servier medical art [54].

Lipoproteins are classified by the inverse relationship of size/density, i.e., larger
and lower density and smaller and higher density [53]. Lipoproteins are large and less
dense when the fat to protein ratio is increased. They are most commonly classified as
high-density lipoproteins (HDL), low-density lipoproteins (LDL), intermediate-density
lipoproteins, very-low-density lipoproteins (VLDL), and ultra-low-density lipoproteins
(ULDL), which are also known as chylomicrons (Figure 2). Each lipoprotein type carries
out a specific function and is associated with a different disease [55]. HDL collects fat
molecules from cells and tissues and takes them back to the liver; LDL carries 3000—-6000
fat molecules around the body; VLDL carries newly synthesized triacylglycerides from
the liver to the adipose tissue; and chylomicrons carry fat from the intestines to the liver,
skeletal muscle, and adipose tissue [53].

Apolipoproteins

HDL LDL IDL VLDL Ultralow density
lipoprotein (ULDL or
Chylomicrons

Figure 2. Lipoprotein—types and function. Four kinds of lipoproteins exist in the human body viz.
high density lipoprotein (HDL), low density lipoprotein (LDL), very low density lipoprotein (VLDL)
and one intermediate product, intermediate density lipoprotein. Nomenclature is based on the ratio
of their size and density (g/dL): HDL (7-13 nm in diameter, 1.063-1.25), LDL (22-27 nm, 1.019-1.063),
ILDL (27-30 nm, 1.006-1.019), VLDL (35-80 nm, 0.95-1.006), chylomicrons (80-1200 nm, <0.95). Their
function is determined by the apolipoproteins on their surface. Major apolipoproteins present on
lipoproteins include A-I, A-II, C, E in HDL (orange), B-100 in LDL (green); B-100, C, E in LDL (blue),
and VLDL (brown) and B-48, A-1, A-II, C, E in chylomicrons (purple). HDL removed cholesterol from
peripheral tissue, LDL delivers fat to peripheral tissue, IDL and VLDL transport fats from the liver,
while chylomicrons transport dietary fats (food and bile). Figure produced using Servier medical
art [54].
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Cholesterol is also obtained from diet and bile, where it is taken up from the intes-
tine by enterocytes. Here, it is packaged into the triacylglyceride-rich chylomicrons or
VLDL that also contain cholesterol and apolipoprotein B-48 (apo B-48), a truncated form
of apolipoprotein B (apo B). Chylomicrons then enter the lacteals and the bloodstream
through the thoracic duct [53]. The triglyceride contents of chylomicrons are metabolized
by lipoprotein, lipase and the resultant high cholesterol chylomicron remnants are then
endocytosed by the liver. VLDL, secreted from the liver, contains high levels of triglyceride
complexed with apolipoprotein B-100 (apo B-100). It is this full form of LDL that is recog-
nized by the LDL receptor (LDLR). The triglycerides within these particles are similarly
metabolized by lipoprotein lipase. This results in smaller particles sometimes referred
to as intermediate density lipoprotein (IDL) and eventually into cholesterol containing
LDL [53,56]. Oxidation of either the lipid or apolipoprotein constituents of LDL leads to
conformational changes, which prevent its uptake via LDLR; instead, it is taken up by
scavenger receptors [57]. The reverse role in cholesterol transport, where cholesterol is
transferred from peripheral tissues to the liver, is regulated by apolipoprotein A-I (Apo
A-T), which is the major component of HDL [56,58]. HDL produced by the liver receives
cholesterol through apo A-I’s interaction with the ATP-binding cassette transporter ABCA1
or the cholesterol efflux regulatory protein (CERP) in peripheral tissues and releases choles-
terol to tissues expressing SR-B1 Figure 3 [59]. It is HDL whose major component is apo
A-1[60-62].

LDL
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Figure 3. Cholesterol-intracellular and intratumoral metabolism. Cellular uptake of cholesterol is

mediated by endocytosis of low density lipoproteins (LDL) via the LDL receptors (LDLRs), and
partially trough HDL receptors (HDLRs), ore commonly known as scavenger receptor, Class Bl
(SR-B1). LDLR levels in cells is tightly regulated by proprotein convertase subtilisin/kexin type 9
(PCSK9) and inducible degrader of LDLRs (IDOL). In endothelial cells, HDL is a chemotactic factor
and signaling is mediated SR-B1 which is associated with (PDZ Domain Containing 1 (PDZK1) and
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sphingosine phosphate (S1P) receptor 1 (S1PR1) a scaffolding protein, leading to phosphorylation of
AKT1 (p-AKT1) which phosphorylates and activates nitric oxide synthase to produce nitric oxide
(NO). Cholesterol can also be produced de novo in cells via the mevalonate pathway. Reduction of
3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) to mevalonate is controlled by 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (HMGCR), the enzyme targeted by statin drugs. Cholesterol efflux
is facilitated by ATP Binding Cassette Subfamily A Member 1 (ABCA1) transporter. Once in the
cell, cholesterol is involved in multiple functions including cell proliferation and androgen synthesis.
Excess intracellular cholesterol can get esterified to cholesterol esters by sterol O-acyltransferase
1 (SOAT1) and stored as lipid droplets. Broken and continuous arrows indicate regulation and
metabolic steps respectively. Figure produced using Servier medical art [54].

Cholesterol and Prostate Cancer (PCa)

Cholesterol was first observed as crystals present within tumors in 1909 [63], and
increased cholesterol levels were first reported in prostate tumors in 1942 [64]. The subse-
quent wealth of epidemiological evidence regarding cholesterol levels in PCa produced
confounding results. Several studies reported that lowering cholesterol increased cancer
incidence [65,66], while others found no association between cholesterol and cancer [67]. A
meta-analysis of the relationship between circulating cholesterol and PCa was conducted
in 52 population studies, of which 32 studies found an inverse association between cancer
risk and cholesterol level [68]. The authors also concluded that there was no absolute level
of cholesterol associated with cancer; rather, the low cholesterol cohort, relative to the
cohort average in any population, had a greater prevalence of cancer.

In contrast, men with high blood-cholesterol levels have been reported to be at an
increased risk of PCa and PCa mortality [69-71]. Furthermore, cholesterol levels have
been shown to be elevated in post-ADT patient serum [72-79] and bone metastasis [80,81].
Investigations into alterations specific to cholesterol metabolism within the tumor setting
have generated evidence that hypercholesterolemia was associated with an increase in tu-
mor volume, progression, and incidence in the transgenic adenocarcinoma mouse prostate
(TRAMP) [82] and increased tumor growth, AKT activation, and intratumoral androgens
in xenograft models [83-85]. Thus, there is emerging evidence that implicates a positive
association between cholesterol and PCa [86].

3. Intratumoral Androgen Synthesis in Castrate-Resistant Prostate Cancer

As stated earlier, AR activity persists in the majority of CRPCs, and it is presumed
that progression to CRPC is driven by reactivated AR activity despite patients being on
ADT and having castrate androgen levels. Steroidogenic CRPCs rely on cholesterol for
androgen biosynthesis and prostate tumors have increased levels of intracellular cholesterol
precursors [87,88]. This demand for cholesterol in cancer cells is met by uptake from
blood and de novo cholesterol synthesis. Systemic cholesterol, predominantly found and
transferred by lipoproteins, is taken up by cancer cells through the actions of LDLR [89]
and scavenger receptors [90]. Upregulated expression of HMGCR, LDLR, SR-B1, sterol O-
acyltransferasel (SOAT1), the enzyme that catalyzes the reaction between long-chain fatty
acids and intracellular cholesterol to form hydrophobic CE [91], and loss of the function of
ATP-binding cassette transporter A1 (ABCA1), which mediates cholesterol efflux from cells,
further facilitates enrichment of cellular cholesterol pools (Figure 3) [92-95]. Many of these
key nodes in cholesterol metabolism are drug targets, which might be used to modulate
intratumoral cholesterol metabolism. For instance, proprotein convertase subtilisin/kexin
type-9 (PCSKDY), a serine protease, modulates cholesterol metabolism by binding to LDLR
and targeting it for lysosomal destruction [96] (Figure 3). It is also involved in degradation
of other LDLR family members, namely VLDLR, lipoprotein receptor-related protein 1
(LRP-1), and apolipoprotein E receptor 2 (apo ER2) [97]. PCSK9 inhibitors represent a new
class of drugs for treatment of CRPC in patients with familial hypercholesterolemia who
do not respond to statins [97,98].
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Adrenal androgens have long been considered a source of ligands for AR reactiva-
tion [99]; however, it is now appreciated that elevated intratumoral androgen levels in
CRPC [9] can be explained by de novo intratumoral androgen synthesis as evidenced by
elevated expression of steroidogenic enzymes essential for conversion of the precursor,
cholesterol, into androgens at levels sufficient to activate the AR [8,10]. These integral
points in androgen biosynthesis must be explored for novel therapies in order to improve
outcomes in steroidogenic CRPC. Thus, disrupting the ability of PCa to synthesize or
sequester sufficient cholesterol for steroidogenic and biogenic needs is a viable therapeu-
tic opportunity for management of CRPC. Table 1 summarizes therapies that have been
developed due to their effect on cholesterol metabolism.

Table 1. Therapies that have been developed due to their effect on cholesterol metabolism by therapeutic target.

Target Mechanism of Action Drug Class Examples Reference
Blocks hepatic cholesterol synthesis by inhibiting
HMG-CoA HMG—C(?A re.zductase from converting HMG—COA into Statins (HMG-CoA Atorvastatin,
Reductase mevalonic acid, a cholesterol precursor. This results in an reductase inhibitors) rosuvastatin [100,101]
increase in the number of LDL receptors, which leads to
a reduction in LDL levels.
A monoclonal antibody that binds specifically to PCSK9,
preventing it from degrading LDL receptors, ultimately A Alirocumab,
PCSK9 decreasing LDL levels in blood by increasing the number PCSK9 inhibitors evolocumab [102,103]
of LDL receptors available to clear LDL from the body.
An androgen synthesis inhibitor that works by A
CYP17A1 selectively inhibiting CYP17A1, which is an enzyme (arf(;i‘E;Zﬁllyfgs}l;E’t;Oegis Abiraterone [104]

required for androgen synthesis in prostatic tumor tissue,
among other tissues.

D 1ils acetat
inhibitor) cetate

4. Effect of a Class of Drugs That Inhibit Cholesterol Synthesis on Prostate
Cancer (PCa)

The seminal discovery that a class of drugs, called “statins,” are efficient inhibitors of de
novo cholesterol synthesis dramatically altered cardiovascular disease mitigation [105-108].
Similar in structure to HMG-CoA, statins fit into the enzymatic active site of HMG-CoA
reductase to compete with native HMG-CoA binding [109,110]. This competition reduces
the rate at which mevalonate is produced, thus inhibiting production of cholesterol in the
liver [111]. In addition, statins also affect systemic cholesterol availability by promoting a
compensatory decrease in circulating LDL and cholesterol transport through a variety of
mechanisms [93,112,113]. The broad use of statins as first-line therapeutics for prevention
of cardiovascular disease by inhibition of cholesterol synthesis raised the possibility of
their effect on PCa. Findings from several studies indicate that statins may also play a role
as anti-cancer agents in PCa via both cholesterol and pleiotropic non-cholesterol-mediated
effects [108,114-118]. In preclinical settings, simvastatin and lovastatin have been found to
reduce cell viability through an induction of apoptosis; to inhibit cell proliferation, colony
formation, and migration; to suppress the AKT pathway; and to cause G; phase cell cycle
arrestation in AR-positive LNCaP, AR-negative PC-3, and DU145 cells, while atorvastatin,
simvastatin, and rosuvastatin have all been shown to reduce the metastatic potential of
PC-3 cells [119-128].

From an epidemiological perspective, several attempts have been made to understand
the effect of statins on both the probability of occurrence of PCa and the clinical outcomes
of those diagnosed with PCa [116]. While PCa epidemiologists increasingly correlate statin
use with decreased PCa occurrence, and improved disease prognosis [129-154], there exists
a vast body of literature surrounding the total incidence of PCa with conflicting results. Sev-
eral studies have reported no effect on the incidence of PCa with statin use [107,155-166],
and one study associates statin use with an increased incidence of PCa [167]. These studies
have been summarized in Table 2.
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Table 2. Summary of studies on statin use and PCa from 2004 to 2020.

Reference Objective Study Group Conclusion
3129 patient: identified and matched t
e  PHARMO database, containing drug-dispensing ° 16 975?:0151{;21;\7&‘3 raentiied and matched to
. Lo recorFis fr(?m community p harmages and hr'lked e  Statin use was associated with a risk reduction in cancer
Graaf et al To compare the risk of cancer incidence hospital discharge records for residents of eight of 20%

(2004) [129]

between users of statins and users of other
cardiovascular medication

Dutch cities

Study base included all patients with one or more
prescriptions for cardiovascular drugs in the period
between 1 January 1985 and 31 December 1998

Data suggest that statins are protective when used
longer than 4 years

Observational study suggests that statins may have a
protective effect against cancer

Individuals prescribed statins experienced a slightly
reduced cancer incidence compared to population

. e  Population-based cohort study
Friis et al. To dstudy lf. I-}Il)./];i'roxymethylglutaiyli(CZA e  Data from the Prescription Database of North Jutland ;O?;{Tli;)fr?r?ngiers and users of other
(2005) [130] re uctase ot itors (statins) are ke County and the Danish Cancer Registry for the pia-iowethg crugs . .
with potential chemopreventive effects 1989-2002 period e  Larger and longer-term studies are needed to determine
P the potentially protective effect of statin use on cancer
development
* ]I;i(c:);g}a,sj;éﬁ;;ﬂ?ﬁ;;j;:f:;gg&r;f:;;?; tii}}));gi:ste e  Statin use associated with a significant reduction in
antigen-normal clinic controls (1 = 202) were recruited }’Ca nlSk ified by Gl he i
Shannon et al Case-control study to elucidate the from the Portland, Oregon, Veterans Affairs ¢ 1 analyses stratified by (leason score, the inverse
(2005) [131] : association between statin use and Medical Center assoc1a.t1}(zn xiv1th statin use xf/vas maintained only among
PCa risk e  Information on any use of statins from May 1997 men with Gleason scores of > or =7 .
. . e Results suggest that statins may reduce the risk of total
through August 2004 was obtained from an electronic s .
pharmacy database PCa and, specifically, more aggressive PCa
° VISN 16 data warehouse, which contains clinical and

Singal et al.
(2005) [132]

To study the association of PCa and statins

demographic information about all veterans

(>1.4 million patients) cared for at the 10 VA Medical
Centers in 4 states comprising the South-Central VA
Health Care Network in the mid-south region of the US,
was queried from October 1998 to June 2004

Statins are protective against the development of PCa
after controlling for age, body mass index, smoking,
diabetes, and race

Platz et al.
(2006) [133]

To investigate the association of statin use
with total and advanced PCa; the latter
being the most important endpoint

to prevent

Analyzed data from an ongoing prospective cohort
study of 34,989 US male health professionals who were
cancer-free in 1990 and were followed to 2002

In this cohort of male health professionals, use of statin
drugs was not associated with a risk of PCa overall but
was associated with a reduced risk of advanced
(especially metastatic or fatal) PCa
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Table 2. Cont.

Reference Objective Study Group Conclusion
e 69,047 eligible participants from the California Men’s
Health Study, a prospective cohort of Northern and
Southern California Kaiser Permanente (KP) members,
aged 45 to 69 years, initiated in 2002
e  PCaidentified by linkage to the KP California Cancer
Registries Findings suggest long-term statin use might be
Flick et al. To examine the association between statin ®  Statin exposure, estimated from automated KP associated with a reduced risk of PCa
(2007) [168] use and the risk of PCa outpatient pharmacy records (available since 1991 in Association may only be among regular nonsteroidal
Southern California and since 1994 in Northern anti-inflammatory drug users
California), treated as time-varying and defined as the
cumulative days dispensed of any statin from the first
dispensing until a PCa diagnosis, radical prostatectomy,
termination of membership, or end of study (31
December 2004)
e  All newly diagnosed PCa cases in Finland during 1995
to 2002 and matched controls identified from Finnish
. Cancer Registry and the Population Register Center, Large population-based study showed:
Murtola et al. To evaluate the as§oc1at10r} be.tween serum respectively Risk of advanced cancer decreased among statin users
(2007) [134] choles.terol-lowermg m.edlcatlon use and e Detailed information on cholesterol-lowering drug No evidence for reduced overall PCa risk among users
PCa risk at the population level purchases during the study period obtained from the of cholesterol-lowering drugs
prescription database of the Social Insurance Institution
of Finland
Jacobs et al To examine the association between the e 55,454 men in the Cancer Prevention Study II Results prov1d.e some support for the hypothesm. that
- use of cholesterol-lowering drugs and PCa Nutrition Cohort long-term statin use is associated with reduced risk of
(2007) [135] incidence by disease stage and grade advanced PCa
To examine statin use in relation to both e 19 studies included in review: No evidence of an association between statin use and
total PCa and the more clinically e 6 randomized clinical trials total PCa

Bonovas et al.

(2008) [136]

important advanced PCa epidemiologic
studies published on the subject in
peer-reviewed literature

13 observational studies (six cohort studies and seven
case control studies, n = 840,000 men)

There was a protective association between statin use
and advanced PCa
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Table 2. Cont.

Reference Objective Study Group Conclusion
e  Data from a longitudinal, population-based cohort of
2447 men between 40 and 79 years old followed from
1990 to 2007 were examined
e  Information on statin use was self-reported and e  Statin use is associated with a decreased risk of
Breau et al. To evaluate the effect of statin medication obtained by biennial questionnaires PCa diagnosis

(2010) [137]

use on the risk of PCa

. Randomly selected subset of men completed biennial
urological examinations that included serum
prostate-specific antigen measurements

. Information on prostate biopsy and PCa obtained
through review of community medical records

e  Association may be explained by decreased detection or
cancer prevention

Murtola et al.

(2010) [138]

To compare the relative risk of advanced
PCa between current users and non-users
of statins or other

cholesterol-lowering medications

e  Study cohort comprised of 23,320 men participating in
screening arm of the Finnish PCa screening trial during
1996-2004

° Information on medication use obtained from a
comprehensive national prescription database

o  Compared relative risk between current users and
non-users of statins or other cholesterol-lowering
medications in a population undergoing systematical
PCa screening

. Overall incidence of PCa was lowered among
statin users

. Cholesterol-lowering with statins seems beneficial for
PCa prevention

Farwell et al.
(2011) [139]

To determine if statins can be used as a
prevention strategy for high-grade PCas

e 55,875 men taking either a statin or antihypertensive
medication identified from electronic and
administrative files from the Veterans Affairs New
England Healthcare System

e  Statin use is associated with statistically significantly
reduced risk for total and high-grade PCa

e Increased levels of serum cholesterol are associated
with higher risk for total and high-grade PCa

Tan et al.
(2011) [140]

To determine the association between
statin use and PCa men who underwent
prostate biopsy

e Aretrospective cohort study of men who underwent
prostate biopsy from 2000 to 2007 at Cleveland Clinic
e  Statin use determined using outpatient
pharmacy record
e  (linical and pathological outcomes were obtained

. Statin use was associated with a decreased risk of PCa,
less frequent high-grade PCa, and a lower volume
of PCa

° Statin use has a protective effect against PCa

Bansal et al.
(2012) [141]

To examine the association between statin
use and risk of PCa by conducting a
detailed meta-analysis of all observational
studies published regarding this subject

. Meta-analysis of observational studies evaluating the
association between statin use and risk of PCa via a
literature search (PubMed database) undertaken
through February 2012

e  Statins reduce the risk of both total PCa and clinically
important advanced PCa
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Table 2. Cont.

Reference

Objective

Study Group

Conclusion

Marcella et al.
(2012) [150]

Population-based case-control
investigation to specifically examine the
association between statin use and

PCa mortality

Matched case-control study of residents of New Jersey
aged 55-79 who died from PCa between 1997-2000
Individually matched population-based controls by
five-year age-group and race

Medication data were obtained identically for cases and
controls from blinded medical chart review

° Statin use is associated with substantial protection
against PCa death, adding to the epidemiologic
evidence for an inhibitory effect on PCa

Nielsen et al.
(2012) [151]

To test the hypothesis that statin use
begun before a cancer diagnosis is
associated with reduced
cancer-related mortality

Mortality among patients from the entire Danish
population who had received a diagnosis of cancer
between 1995 and 2007 assessed, with follow-up until
31 December 2009

Patients 40 years of age or older; 18,721 had used statins
regularly before the cancer diagnosis, and 277,204 had
never used statins

. Statin use in patients with cancer is associated with
reduced cancer-related mortality.

Geybels et al.
(2013) [148]

To investigate the associations between
statin use begun before PCa (PCa)
diagnosis and PCa
recurrence/progression and PCa-specific
mortality (PCSM) in a prospective,
population-based cohort study

Analysis of 1001 PCa patients diagnosed in 20022005
in King County, Washington

Statin use was assessed at the time of diagnosis using a
detailed in-person interview

PCa recurrence/progression events and cause-specific
survival ascertained from a follow-up survey and
SEER registry

Associations between statin use begun before PCa (PCa)
diagnosis and PCa recurrence/progression, and
PCa-specific mortality (PCSM) was investigated

e  Statin use begun before PCa diagnosis was unrelated to
PCa recurrence/progression but was associated with a
decrease in risk of PCSM

Park et al.
(2013) [147]

Meta-analysis to evaluate associations
between statins and recurrence-free
survival (RFS) following treatment of
localized PCa, with attention to potential
benefits among patients treated primarily
with radiotherapy (RT) versus

radical prostatectomy

Seventeen studies examining the effect of statins on
men who received definitive treatment of localized PCa
using a systematic search of the PubMed and EMBASE
databases through August 2012

Meta-analysis that evaluated the associations between
statins and recurrence-free survival (RFS) following
treatment of localized PCa, with attention to potential
benefits among patients treated primarily with
radiotherapy (RT) versus radical prostatectomy

e  Meta-analysis suggests a potentially beneficial effect of
statins on PCa patients treated with RT but not among
radical prostatectomy patients
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Reference

Objective

Study Group

Conclusion

Yu et al. (2014) [153]

To determine whether the use of statins
after PCa diagnosis is associated with a
decreased risk of cancer-related mortality
and all-cause mortality and to assess
whether this association is modified by
prediagnostic use of statins

Cohort of 11,772 men newly diagnosed with
non-metastatic PCa between 1 April 1998, and 31
December 2009, followed until 1 October 2012

Cohort identified using a large population-based
electronic database from the United Kingdom.

To determine whether the use of statins after PCa
diagnosis associated with a decreased risk of
cancer-related mortality and all-cause mortality and to
assess whether this association is modified by
prediagnostic use of statins

Use of statins after diagnosis associated with decreased
risk in PCa mortality

Effect was stronger in patients who also used statins
before diagnosis

To assess the association between o  Cohort of 3561 PCa patients with high-risk or metastatic
[3-blockers and PCa-specific mortality in d1§e;51se . . . . -
. . . . . . e  (linical information from all men reported to the [3-Blocker use was associated with reduced PCa-specific
Grytli et al. patients with high-risk or metastatic . . - - o . 11 . .
(2014) [152] disease and to address potential Cancer Registry of Norway with a PCa diagnosis mortality in patients with high-risk or metastatic
. P . between 2004 and 2009 (n = 24,571) disease at the time of diagnosis
confounding from the use of statins or . . L
acetylsalicylic acid (ASA) e  Information on filled prescriptions between 2004 and
y 4 2011 from the Norwegian Prescription Database
. 42,480 patients diagnosed with incident PCa during
To examine the association between statin 1?97_2010 from a national cancer registry . . . . .
Jespersen et al. use and risk of PCa in a Denmark-based e  Five age-matched population controls selected for each Statin use was associated with a risk reduction overall
(2014) [142] case-control stud case using risk-set sampling (6%) and, specifically, with advanced PCa (10%)
y e  Statin use from 1996 to the index date was obtained
from the National Prescription Registry
e  Population-based cohort study examined the
To look for evidence for long-term statin association between statin use and risk of PCa using the
Lustman et al. use as an effective chemo rgvention Database of Clalit Health Services Prolonged statin use was associated with a reduced risk
(2014) [143] P e A total of 66,741 eligible participants were identified at of PCa; however, this was not true for all types of statin
for PCa
1 January 2001 and followed through to
31 December 2009
e  Statin use retrospectively analyzed in 926 patients who

Harshman et al.
(2015) [149]

To evaluate whether statin use prolongs
TTP during ADT for
hormone-sensitive PCa

received androgen deprivation therapy (ADT) for
biochemical or metastatic recurrence or de novo
metastatic PCa between January 1996 and
November 2013

Evaluated whether statin use prolongs time to
progression (TTP) during ADT for
hormone-sensitive PCa

Statin use at the time of ADT initiation was associated
with a significantly longer TTP during ADT even after
adjustment for known prognostic factors
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Reference

Objective

Study Group

Conclusion

Larsen et al.
(2017) [154]

To examine whether postdiagnosis statin
use was associated with reduced
cancer-specific mortality or all-cause
mortality among patients with PCa

in Denmark

e  All patients identified through nationwide Danish
registries with incident prostate adenocarcinoma from
1998 to 2011 and retrieved data on tumor and patient
characteristics, drug use, and primary treatment

e  Post-diagnosis use was defined as two or more
prescriptions of statins as a time-varying covariate with
a 1-year lag

. Post-diagnosis statin use was associated with reduced
mortality from PCa; however, it remains to be
established whether this association is causal

Van Rompay et al.

(2019) [144]

To test the hypothesis that
cholesterol-lowering drugs affect PC
incidence and severity

e Aretrospective cohort study conducted by abstracting
prescription and health service records for 249,986
Saskatchewan men aged >40 years between 1 January
1990 and 31 December 2014

e  Analyses provide comprehensive findings that statins
may reduce risk of metastatic PC and PC mortality

e  Study also demonstrates NSLLM have similar effects,
supporting a cholesterol-based mechanism

Allot et al.
(2020) [145]

To examine statins and the risk of lethal
PCa in the Health Professionals Follow-up
Study (HPEFS), test associations with
molecular subtypes, and integrate gene
expression profiling to identify

putative mechanisms

e  Prospectively examined statins and lethal PCa risk in

Health Professionals Follow-up Study (HPFS)

Tested associations with molecular subtypes and

integrated gene expression profiling to identify

putative mechanisms

° Study included 44,126 men cancer-free in 1990,
followed for PCa incidence through 2014, with statin
use recorded on biennial questionnaires

e  Molecular tumor classification identified PTEN and
inflammation/immune activation as potential
mechanisms linking statins with lower lethal PCa risk

e  Findings supported a potential causal association and
could inform selection of relevant biomarkers for statin
clinical trials

Studies Demonstrating No Link Between Incidence of PCa with Use of Statins

Reference

Objective

Study Group

Conclusion

Boudreau et al.
(2008) [166]

To evaluate the relation between statin use
and PCa risk

e A retrospective cohort study during 1 January 1990 to
31 August 2005 among men aged 45-79 years receiving
care within Group Health, an integrated healthcare
delivery system

° PCa cases were identified through the Surveillance,
Epidemiology, and End Results cancer registry

e  Information on statin use and covariates was obtained
from the health plan database

e  Study did not support any associated between statin
use and PCa but concluded that a reduced risk could
not be ruled out
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Reference

Objective

Study Group

Conclusion

Friedman et al.
(2008) [155]

To determine the risk of cancer in
statin users

Risk of cancer in up to 9.4 years after first recorded
receipt of statins evaluated in subscribers of an
integrated health care program in northern California
Statin use and cancer development ascertained from the
program’s pharmacy records and cancer registry from
August 1994 to December 2003

Study provided no strong evidence of either causation
or prevention of cancer by statins

Kuoppala et al.
(2008) [156]

To review the overall evidence on the
association between statin therapy
and cancer

42 studies included in the analyses:

O 17 randomized controlled trials,
O 10 cohort studies, and
O 15 case-control studies

Evidence suggested that statins did not have short-term
effects on cancer risk

Evidence on the potentially protective or harmful
effects was inconclusive

Smeeth et al.
(2009) [157]

To assess the effect of statins on a range of
health outcomes

A population-based cohort from the United Kingdom
Health Improvement Network database

Included computerized medical records of over four
and a half million patients

Assessed the effect of statins on a range of health
outcomes between people prescribed and not
prescribed statins

Found little evidence to support wide-ranging effects of
statins on health outcomes beyond their established
beneficial effect on vascular disease

Coogan et al.
(2010) [165]

To update the findings by cancer stage and
to evaluate the joint use of statins and
NSAIDs

Cases of 1367 men with PCa compared to controls cases
of 2007 men with diagnoses unrelated to statin or
NSAID use

Results do not support a protective effect of statin use,
or statin and NSAID use, on the risk of advanced PCa

Haukka et al.
(2010) [158]

To examine the association between
consumption of statins and the risk of
cancer, including PCa

A record-linkage study in Finland utilizing nationwide
databases of reimbursed statin medication and cancer
The study population included all statin users in
Finland who had purchased at least one prescription
between 1996 and 2005 and who had no cancer
diagnosis at the date of first purchase

A control population without statin usage was included

Found neither beneficial nor harmful associations
between the usage of statins and cancer including PCa

Hippisley-Cox et al.

(2010) [159]

To quantify the unintended effects of
statins according to type, dose, and
duration of use

2,004,692 patients aged 30-84 years, of whom 225,922
were new users of statins:

159,790 were prescribed simvastatin;
50,328 were prescribed atorvastatin;
8103 were prescribed pravastatin,

4497 were prescribed rosuvastatin; and
3204 prescribed fluvastatin

OO0O0O0O

Individual statin were not significantly associated with
a risk of PCa
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Reference Objective Study Group Conclusion
) ) o e A multicenter, rapid recruitment protocol was used to
To nvestigate the ia.sso.aahon l;etwegn collect clinical, biologic, behavioral, and body e  Results suggested that selective referral for biopsy
Fowke et al. statin use and the likelihood of having a measurement data from 2148 men 40 years or older associated with statin use is an essential element to

(2011) [164]

PSA or DRE test, blood PSA levels,
prostate volume, and the severity of lower
urinary tract symptoms

scheduled for diagnostic prostate biopsy
Medication use and other data were ascertained by
research survey, clinical interview, and chart review

address in further understanding the potential for
statins to prevent PCa

Jacobs et al.
(2011) [160]

To examine the association between the
long-term use of cholesterol-lowering
drugs, predominantly statins, and the
incidence of ten common cancers
including PCa, as well as overall
cancer incidence

133,255 participants (60,059 men and 73,196 women) in
the Cancer Prevention Study II Nutrition Cohort during
the period from 1997 to 2007

Results suggested that long-term use of statins unlikely
to substantially increase or decrease overall cancer risk

Chan et al.
(2012) [161]

To examine the evidence of an association
between statins and PCa risk

Statin use in a prospective cohort of 5069 elderly U.S. .
men and the risk of incident total, low /high stage, and
low /high grade PCa diagnoses between 2000 and 2008

Study of elderly U.S. men; a null association was
observed between statin use and risk of PCa

Freedland et al.

(2013) [162]

To examine the association between statins
and cancer and high-grade cancer in
REDUCE, where biopsies were largely
PSA-independent

Analysis of REDUCE—a prospective multinational
randomized controlled trial of dutasteride vs. placebo
for 4 years among men aged 50-75 years with a PSA of
2.5-10.0 ng mL~! and a negative biopsy at baseline; it
included PSA-independent biopsies mandated at 2- and
4-years

Analyses were limited to men who underwent at least
one biopsy while under study

Association between baseline statin use and risk of
overall, high-grade (Gleason > 7), or low-grade
(Gleason < 6) PC vs. no cancer was examined using
multinomial logistic regression

Among men with a negative baseline biopsy and
follow-up biopsies largely independent of PSA, statins
were not associated with cancer or high-grade cancer

Plat et al.
(2014) [163]

To investigate whether statin drug use
influences the risk of screen detected PCa
in a setting in which men had a low
baseline serum PSA concentration and
were screened annually

Cohort study of 9457 men 55 years old or older at
randomization to the placebo arm of the PCa
prevention trial (PCPT)

Men reported new use of medications quarterly

Prospective results do not support the hypothesis that
statin drugs protect against PCa in the setting of a
regular PCa screening
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Study Group

Conclusion

To examine the accuracy of popular risk
calculators amongst primary prevention,
control arm patients of statin trials in the
Cholesterol Treatment Trialists’
Collaboration (CTTC) database

Fulcher et al.
(2015) [107]

22 trials of statin therapy versus control and
5 trials of more-intensive versus less-intensive
statin therapy

° No adverse effect on rates of cancer incidence or
non-cardiovascular mortality were noted

To evaluate the association between statin
use and PCa risk in the Southern
Community Cohort Study (SCCS)

Kantor et al. (2015)
[146]

e  Study participants were 32,091 men aged 40-79 at
baseline, 67% of whom were non-Hispanic black

e  Between study enrolment (2002-2009) and 31 December
2010, 570 PCa cases were diagnosed, including 324
low-grade cancers (Gleason score <7 or Gleason pattern
3 + 4) and 107 high-grade cancers (Gleason score >7 or
Gleason pattern 4 + 3)

e Results suggest no strong association between statin
use and PCa risk overall

e  If a modest protective effect does exist, it does not vary
by race/ethnicity and

e  may be restricted to high-grade tumors, although the
power to detect differences by subgroup was limited

Studies Demonstrating No Link Between Incidence of PCa with Use of Statins

Reference Objective Study Group Conclusion
Population-based case-control study in Taiwan
e Data retrospectively collected from Taiwan National
) . ) Health Insurance Research Database .
Chang et al. To nvestigate whether the. use of statins Cases consisted of all patients who were aged 50 years ¢ Resu%ts from case—'control study suggested that statins
(2011) [167] was associated with PCa risk may increase the risk of PCa

and older and had a first-time diagnosis of PCa for the
period between 2005 and 2008
. Controls matched to cases by age, sex, and index date
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Despite the uncertainty as to whether statins impact overall PCa incidence, evidence
that statin use may reduce the incidence of advanced PCa continues to grow. In an anecdotal
case, a patient with bone metastatic CRPC who started on abiraterone and prednisolone,
and soon after on atorvastatin, achieved a complete PSA response with no evidence of
bone metastasis in six months [169]. Reports indicating that statins improve PSA decline
and overall survival of abiraterone-treated patients [170,171] corroborate observations that
statin use significantly increases progression-free, and overall, survival of abiraterone-
treated CPRC patients [172]. These clinical results support previous conclusions that this
is, in part, due to a decrease in de novo cholesterol and androgen synthesis [126,173-175].
Although not without contradiction, the wealth of evidence including consistent preclinical
findings suggest that all elements of cholesterol homeostasis are deregulated in PCa to
promote cellular cholesterol accumulation. This demonstrates the possibility of targeting
cholesterol metabolism, through statins or potentially through other cholesterol metabolism
proteins, as therapeutic targets in the treatment of PCa.

5. SR-B1

Scavenger receptors are a diverse group of sequence-unrelated proteins united by
their ability to recognize common polyionic ligands [176]. Class B is comprised of three
members whose short N- and C-terminal cytosolic regions regulate signal transduction
and trafficking [176]. SR-B1 is encoded by the SCARB1 gene and is a highly glycosylated,
~82 kDa cell-surface-receptor protein that contains two transmembrane domains located
near to its cytosolic N- and C-terminal domains [177-180].

5.1. Transcriptional Regulation

Similar to LDLR, SR-B1 is ubiquitously expressed, but shows particularly high expres-
sion in the liver as well as steroidogenic tissues including the adrenal glands, ovaries, and
testes [181,182]. It is differentially regulated between the liver and steroidogenic tissues.
In steroidogenic cells, SR-B1 is primarily regulated by trophic hormones such as luteiniz-
ing hormone (LH), follicle stimulating hormone (FSH), and adrenocorticotropic hormone
(ACTH) [177,178,182-185]. Its expression in liver cells, however, can be affected by both hor-
monal control as well as dietary fats and pharmacologic agents, notably fibrates [182,186].
Prolonged adrenal stimulation by adrenocorticotropic hormone (ACTH) has been shown
to induce SR-B1 expression in adrenocortical cells and reduce hepatic expression in mice
and rats, suggesting a mechanism for the preferential channeling of cholesterol to the
adrenal tissue [178,187,188]. On a cellular level, SR-B1 has been shown to be regulated
in a rather complex manner including generic transcription factor binding sites for sterol
regulatory element-binding proteins (SREBPs), steroidogenic factor-1 (SF-1), Liver X recep-
tors (LXRs), liver receptor homolog 1, and others [181,182,189,190]. Evidence demonstrates
that SR-B1 regulation by trophic hormones may be dependent on cAMP /protein kinase A
(PKA) signaling stimulating transcriptional function of steroidogenic factor 1 (SF-1) and
CCAAT-enhancer-binding proteins (C/EBP) [191,192]. Cholesterol regulation of SR-B1
has also been demonstrated through SREBP and LXR functions implicating that multiple
signaling pathways participate in SR-B1 expression [182]. Its allelic variants are linked
to an increased risk of atherosclerosis [193], infertility [194], and/or an impaired innate
immune response [195-197].

5.2. SR-B1 Function

SR-B1 is primarily involved in the selective uptake of CEs from circulating HDL acety-
lated LDL (AcLDL) and oxidized LDL (OxLDL) [198] and binding to certain viruses and
bacteria by a non-endocytic process [199-201]. The mechanism of HDL /SR-B1-mediated
cholesterol uptake is not fully understood. Unlike LDLR-mediated LDL uptake, SR-B1
does not degrade HDL, rather it mediates selective CE uptake from HDL, AcLDL, and
OxLDL in the absence of holo-lipoprotein uptake: that is, without the uptake and lysosomal
degradation of the HDL particle itself [202,203]. This appears to be facilitated either by a
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“non-aqueous” channel passing through the protein [198] or by lipoprotein internalization
after binding SR-B1 in a non-clathrin-coated vesicle manner, after which the CE-depleted
lipoproteins are secreted [204,205]. It has been proposed that SR-B1-mediated CE uptake is
a three-step process. First, a hydrophobic tunnel is formed by the extracellular domain of
the receptor between the lipoprotein particle and the cell membrane. CE diffuse through
this tunnel into the cell in a concentration gradient manner [206]. The high-resolution
crystal structure of the extracellular domain of LIMP-2, a homologue of SR-B1, further
corroborates the validity of this mechanism [207].

SR-B1 also facilitates the efflux of free cholesterol between cells and lipoproteins [208].
This mechanism, known as reverse cholesterol transport (RCT), consists of the transport
of cholesterol via HDL from peripheral tissues such as macrophages or endothelial cells
to the liver where this is utilized for bile acid production, cholesterol excretion, and
steroidogenic organs [180,209]. This SR-Bl-mediated cholesterol uptake by steroidogenic
tissues [210] is critical for androgen synthesis and for the growth and survival signaling
of non-steroidogenic endothelial cells [211-213]. In endothelial cells, SR-B1 is critical for
HDL-induced activation of endothelial nitric oxide synthase (eNOS) leading to, at least in
part, the athero-protective effects associated with HDL [214-217] (Figure 3.). The activation
of eNOS, in turn, leads to increased concentrations of nitric oxide (NO) known to have a
number of positive effects on cardiovascular health including vasodilation, endothelial re-
generation, inhibition of leukocyte chemotaxis [218,219], and prevention of SR-Bl-mediated
induction of apoptosis [214,220]. Several pathways have been identified as potential mech-
anisms for this SR-B1-dependent signaling. HDL is known to carry several lipids beyond
cholesterol, including lipid-soluble vitamins and sphingolipids [214]. Although insufficient
on its own, sphingosine-1-phosphate (Sp1P), when associated with HDL, has been shown
to be involved in the activation of eNOS [214,221-223]. The mechanism by which Sp1P or
other SR-B1 inducers drive eNOS activation is believed to be through the PI3K signaling
pathway [214]. HDL binding to SR-B1 has been shown to lead to the activation of the
non-receptor tyrosine kinase, c-Src, via the scaffolding protein PDZ domain-containing 1
(PDZK1) that is associated with SR-B1, which, in turn, activates both the PI3K/AKT and
the RAS/ERK1/2 pathways, resulting in eNOS activation through serine 1179 phosphory-
lation [211,212]. Although the relationship between SR-B1 and these signaling pathways
has largely only been established in endothelial cells, aberrations in the PI3K pathway and
the RAS pathway have been identified and implicated in advanced PCa and highlight the
importance of their consideration when studying SR-B1 in this disease context [224]. In
macrophages, SR-B1 is associated with a reduction in atherosclerosis [225].

SR-B1 has been associated with a reduced risk of developing atherosclerosis. In
macrophages, SR-B1 functions in the uptake of modified lipoproteins as well as in secret-
ing cholesterol to HDL. Macrophages are incapable of limiting their uptake of modified
lipoproteins via SRs and depend on cholesterol efflux mechanisms via SR-B1 for maintain-
ing cholesterol homeostasis within the cell. Macrophage apoptosis and efferocytosis are key
determinants of atherosclerotic plaque inflammation and necrosis. In macrophage-deficient
mice, SR-BI promotes defective efferocytosis signaling via the c-Src/PI3K/Racl pathway,
resulting in increased plaque size, necrosis, and inflammation [226]. Macrophage-derived
foam cells, which develop as a result of excessive accumulation of lipoprotein-derived
cholesterol [227-230], play an important role in all stages of atherosclerotic lesion develop-
ment [231]. In early atherosclerotic lesion, it is these macrophage-derived foam cells that
are the predominant constituent of the fatty streak. In advanced atherosclerotic lesions,
foam cells are detected as clusters of cells surrounding a core of lipid and necrotic material,
where they modulate the stability of the atherosclerotic lesion (Figure 4).
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Figure 4. Role of SR-B1 in the development of foam cells from macrophages. Modified lipoproteins
are taken by via SR-B1 present on macrophage. Increased uptake of these modified lipoproteins and
cholesterol esters lead to excessive fat in cells, culminating in the formation of foam cells, the main
constituents of atherosclerotic lesions. Figure produced using Servier medical art [54].

5.3. Inhibitors of SR-B1

SR-B1 mediates the selective uptake of CE from HDL into cells and the efflux of
cholesterol from cells to lipoproteins. The need to understand the mechanism behind
the process, which is distinct from the endocytoic uptake of other lipoproteins, led to the
characterization of small molecules that could modulate SR-B1 function.

Blocker of lipid transfer (BLT) viz. BLT-1 through 5, a family of thiosemicarbazone
copper chelators, were the first inhibitors to be characterized that could inhibit both cellular
selective lipid uptake of HDL CEs and efflux of cellular cholesterol to HDL [232,233]. The
inhibitory effects of the BLTs were specific to SR-B1 and did not interfere with several
clathrin-dependent and -independent endocytic pathways, the secretory pathway, or the
actin or tubulin cytoskeletal networks [233]. Of these five compounds, BLT-1 covalently
and irreversibly bound to cysteine 384 of SR-B1 [234] in nanomolar concentrations to block
CE influx and cholesterol efflux, while BLT-4 was demonstrated to specifically block both
SR-Bl-mediated influx of CEs and ABCA1l-mediated cholesterol efflux to lipid-poor apo
A-1[235]. However, in spite of its specificity and nanomolar potency, BLT-1 is extremely
toxic to cells, which has limited its use to short-term in vitro assays.

Glyburide, a sulfonylurea thought to be capable of binding to SR-B1, was not specific
to it; rather, it bound to and inhibited sulphonylurea receptors 1 and 2 (SUR1 and SUR2),
members of the ABC superfamily of proteins [235].

ITX-5061, an arylketoamide derivative and initially characterized as a type Il inhibitor
of p38 MAPK, is also an SR-B1 antagonist and a potent SR-Bl-mediated hepatitis C virus
(HCV) entry inhibitor. In animal models, ITX-5061 was shown to increase serum HDL and
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apo A-I levels without affecting LDL/VLDL levels [236]. However, phase I clinical trials
with ITX-5061 in liver transplant recipients with HCV were terminated [237], [238].

R-138329 increases plasma HDL cholesterol via inhibition of SR-Bl-mediated selective
lipid uptake [239]. In vivo studies on mice indicate R-138329 is principally involved in the
inhibition of SR-Bl-mediated selective lipid uptake in the liver.

High-throughput screening of the National Institutes of Health Molecular Libraries
Probe Production Centers Network compound library led to the discovery of a potent
class of indolinyl-thiazole-based inhibitor of SR-B1 viz. ML278 [240,241], a bisamide-
heterocycle inhibitors of SR-B1 viz. ML279 [241,242] and 8-membered benzo-fused lactam
viz. ML312 [241,243]. All three compounds are low nanomolar, reversible inhibitors of
SR-B1 with improved potency (ML312 > ML279 > ML278), decreased toxicity liabilities, and
the capability to inhibit both SR-BI-mediated lipid uptake and the efflux of free cholesterol
to HDL particles [241].

Nanoparticle mimetics of HDL and apo A-II have been demonstrated to be effective
targets in nasopharyngeal carcinoma [244] and in pancreatic cancers, respectively [245].
SR-B1 is up-regulated in both cancers. Thus, biomimicry may be an important role in the
next generation of cancer therapies. [246]. While these approaches to generate inhibitors of
SR-B1 have been successful in vitro and some in vivo models, there still exists the need to
develop an inhibitor that can achieve clinical utility.

5.4. SR-B1 and PCa

Several lines of evidence link elevated SR-B1 to PCa aggressiveness. SR-B1 ex-
pression is correlated with elevated expression of the androgen synthesis enzymes, 33-
hydroxysteroid dehydrogenase (33-HSD), 173-HSD, and the mammalian target of ra-
pamycin (mTOR) complex 1 target, ribosomal protein S6 [247]. Pre-clinically, elevated
SR-B1 expression is observed in CRPC derivatives of LNCaP, an androgen-responsive PCa
cell line, [248,249], and with Western-diet-induced tumor development in the TRAMP
model [81]. siRNA silencing of SR-B1 has been shown to decrease PSA secretion and
cell viability in C4-2, an LNCaP-derived CRPC model [249]. We and others have demon-
strated that, clinically, elevated SR-B1 expression has been found to be associated with
high Gleason-grade primary PCa wherein high expression was correlated with decreased
disease-specific survival of PCa patients [90,250]. Its transcript levels were elevated in
PCa versus benign prostate, as well as in tumors that failed androgen receptor pathway
inhibitor (ARPI) therapy and progressed and in NEPC versus CRPC. Overall, the aforemen-
tioned findings underlie the apparent potential in targeting cholesterol metabolism as a
mechanism for impeding proliferation of PCa and implicating SR-B1 as an actionable target
for managing CRPC. A number of studies have already investigated SR-B1 as a potential
therapeutic target in CRPC—these findings are summarized in Table 3.
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Table 3. SR-B1 as a potential therapeutic target for management of CRPC.

Study Objectives Key Findings Conclusions
e  Proteins involved in cholesterol regulation (e.g., SR-B1, etc.)
ltered during di ion to i take and . . .
. . . are afiered during disease progression 1o NCrease uptake an During progression to CRPC, cholesterol regulation processes
Leon et al To assess if cholesterol and its regulation intra-/extra-tumoral production of cholesterol are altored

(2010) [248]

are altered in CRPC cells using a murine
PCa xenograft model

Post-castration, this can provide an increased amount of
precursor for intratumoral steroidogenesis.

Androgens increase in CRPC leading to induction of AR
expression and PSA production

Increased production and/or uptake of cholesterol is likely a
precursor for intratumoral de novo synthesis

Twiddy et al.
(2012) [249]

To silence SRB1 and assess the ability of
PCa cells to maintain internal supplies
of androgens without the presence of
cholesterol

Silencing SR-B1 (to >85%) decreased PSA production in
LNCaP and C4-2 SRB1-KD cells by 55% and 58%, respectively,
compared to controls

Additionally, C4-2 cells had reduced cell viability (>25%)

PSA production and cell viability were reduced in C4-2 cells
following SR-B1 downregulation with or without HDL

This may indicate a deficiency of cholesterol availability to the
androgen synthesis pathway or a role for SR-B1 in the PC
signal transduction pathway

Schorghofer et al.

(2015) [90]

To study SR-B1 expression in clinical
PCa samples

Identification of an association of PCa and SR-B1 mRNA and
protein expression.

High Gleason-grade PCa samples demonstrated significantly
higher SR-B1 expression as well as higher SR-B1 mRNA
expression in metastatic versus non-metastatic PCa

SR-B1 staining intensity was higher in PCa biopsies (53.6%)
compared to non-cancerous samples (0%)

SR-B1 was identified as an indicator of human PCa formation,
meaning that increased levels may be involved with the
generation of a castration-resistant phenotype

Therapeutic inhibition of SR-B1 may inhibit PCa progression.
There was a positive correlation of SR-B1 expression and that
of androgen-producing enzymes and mTOR activation

Patel et al.
(2018) [251]

To demonstrate that a SPRY2 deficiency
leads to treatment resistance and an
androgen self-sufficient CRPC

To identify important processes that
influence treatment response in CRPC

Cholesterol transport blockade using an SRB1 antagonist
(ITX5061) was found to safely decrease treatment resistance in
SPRY-2 deficient CRPC

ITX5061 and statins when used at specific nodes of PCa
disease progression may be used to sensitize tumors to ADT
in the treatment of CRPC

IL6 is a systemic prognostic marker, and SR-B1 is an
actionable target in this disease state

Gordon et al.
(2019) [250]

To demonstrate that SR-B1 expression
may contribute to malignant
transformation by increasing levels of
available cholesterol

To identify SR-B1 expression in the
progression from normal to cancerous
prostatic tissue and to CRPC

To see the effect of SR-B1 antagonism in
PCa cell lines

Increased SR-B1 protein and transcript expression in PCa
relative to normal prostate epithelium, and high SR-B1
expression in CRPC metastasis

Using the androgen-responsive CRPC cell model (C4-2) that
antagonism of SR-B1 suppresses cholesterol uptake, de novo
steroidogenesis, AR activity, growth and viability and induces
endoplasmic reticulum stress and autophagy

AR pathway activation is insufficient to overcome cytotoxic
stress caused by decreased cholesterol availability

SR-B1 antagonism was shown to impact CRPC growth

SR-B1 is an important contributing factor in the sustained
proliferation of malignant prostatic disease and thus
highlights the potential for the development of a novel SR-B1
inhibitor designed for in vivo use

The ability of SR-B1 antagonism to arrest growth independent
of AR activity, while also reducing AR activity in
steroid-responsive PCa, provides a promising therapeutic
prospect across the CRPC spectrum

Traughber et al.
(2020) [252]

To examine the effect of HDL on PCa
cell growth, proliferation, and
tumor progression

SR-B1 knockout in PCa tumors decreased HDL-associated
PCa cell proliferation and disease progression by reducing
HDL uptake

Cholesterol metabolism may have an important role in the
treatment of PCa

As SR-B1 and HDL uptake promoted PCa progression, this
suggests that HDL uptake inhibition may be a viable target
for decreasing disease burden
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6. Stress and Autophagy

AR activity is a critical driver of metabolic reprogramming in PCa [253,254]. AR-
mediated enhancement of oxidative phosphorylation and anabolic activity are necessary to
sustain the increased demand for the synthesis of lipids, nucleotides, and amino acids [255].
ARTAs suppress these AR-driven metabolic events and activate acute stress pathways
to sustain tumor viability. Increased expression of pro-survival chaperones, such as heat
shock protein (HSP) 27 and clusterin (CLU) promote pro-survival and anti-apoptotic
signaling events [256-259], enhance metastatic capacity [260], and suppress mitotic activity
as part of chemotherapy resistance [261]. CLU enhances PCa survival by preventing
protein aggregation and inducing autophagy: an important pro-survival nutrient recycling
stress response [248,262]. In this context, it is notable that SR-Bl-antagonized PCa cells
significantly upregulate CLU and autophagy [250].

Autophagy functions as a robust mechanism by which PCa copes with several cellular
stresses including ADT, chemotherapy, and nutrient deprivation, which would otherwise
be lethal [263-266]. Autophagy is generally considered to be primarily regulated by
mTOR through AMP-activated protein kinase (AMPK) activation due to low glucose and
ATP [267]. There appears to be a stark induction of autophagy in SR-Bl-antagonized
cells [250]. Although the initial results indicated the role of reduced mTOR signaling
as a driver of autophagic phenotype, further characterization of the mechanism of the
observed stress remain to be investigated. These include downstream mTOR signaling
pathways including S6 Kinase 1 (56K1), the elF-4E binding proteins (4E-BP1/2), or Unc-
51-like autophagy activating kinase (ULK1/2) through which mTOR mediated signaling
drives its regulatory effects [268].

External to mTOR-regulated autophagy, AMPK is a critical energy /nutrient regula-
tory protein. It functions as a sensor for depleted ATP conditions within the cell promoting
catabolic processes to generate more ATP, which have been connected to metabolic pro-
cesses including autophagy [269]. Capable of activating autophagy through both ULK1
phosphorylation and mTOR, inhibition, AMPK activity has been shown to be reduced by
androgen-driven reduced expression of liver kinase Bl (LKB1) and may play a role in SR-B1
driven autophagy [269,270]. Several genes involved in AMPK signaling in androgen-
dependent PCa cell lines are involved in lipid metabolism. These include HMGCR,
fatty acid synthase (FASN), and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
2 (PFKFB2). Inhibiting AMPK signaling using BAY-3827 resulted in downregulation of li-
pase E (LIPE), cAMP-dependent protein kinase type II-beta regulatory subunit (PRKAR2B),
and serine-threonine kinase AKT3 in these PCa cell lines. In addition, BAY-3827 inhibited
expression of members of the carnitine palmitoyl-transferase 1 (CPT1) family, which was
paralleled by impaired lipid flux [271].

Autophagy is also induced independently of mTOR, through endoplasmic reticulum
stress (ERS)-induced expression of chaperones such as binding immunoglobulin protein
(BiP), along with inositol-requiring enzyme 1 alpha (IRE1«x) through the unconventional
splicing x-box protein 1 (XBP1) [272-275]. Altered cholesterol metabolism is also known to
induce ERS mechanisms, and disrupted lipid equilibrium induces the unfolded protein
response (UPR) [276]. The UPR, generally in response to an accumulation of misfolded
proteins, activates adaptive pathways that attenuate general protein translation, increase
molecular chaperone expression, and induce cell cycle arrest to alleviate the ERS [276].
SR-B1 antagonism with either siRNA knockdown or BLT-1 treatment suppresses mTOR
activity and induces BiP and, to a lesser extent, IREx expression [250]. Taken as a whole,
these results indicate that SR-B1 antagonism induces a strong stress response integrating
autophagic and ERS pathways.

7. Future Perspectives

CRPC requires androgens for its development. Initial ADT on primary PCa puts
selection stress on the cells to develop new methods to generate their own AR. One of
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the ways PCa cells do this is by initiating de novo cholesterol synthesis and enhanced
expression of SR-B1. To address low blood cholesterol, PCa cells increase the expression
of SR-B1 to enhance the amount of cholesterol being received by cells. This perspective
provides insight on targeting cholesterol metabolism in PCa by regulating SR-B1. Analysis
of the relationship between SR-B1 expression at disease onset with patient outcomes could
be performed using histological methods on tissue biorepository specimens powered to
identify biomarkers for recurrence-free survival [277-280]. Such repositories consist of
radical prostatectomy-derived specimens and corresponding patient follow-up allowing
for direct comparison of protein expression to clinical outcome. This would allow for the
analysis of the role of cholesterol metabolism proteins in biochemical recurrence as well as
assessment of expression across the disease state [281].

Previous studies have highlighted the results of targeting SR-B1 in well-established
human and animal PCa models [250,252]. However, determining the expression of SR-
B1 and the effects of targeting it in additional AR-expressing PCa models, including the
AR-driven but androgen-independent cell lines LN-AI, LN95, and 22Rv1, could provide
additional insight into the role of SR-B1 in further progression of the disease. Since andro-
gen independence of these lines is attributed to increased ligand binding domain-deficient
AR splice variant, AR-V7, these models would allow interrogation of disease states that
are not dependent on cholesterol for de novo steroidogenesis but that are AR-driven [282].
The apparent increased expression of SR-B1 in NEPC mRNA datasets and the sensitivity
of the “double negative” PCa models, PC3 and DU145, to SR-B1 antagonism [250,252]
provides an interesting fundamental basis for further investigation for a role of SR-B1 in
the emergence and proliferation of “androgen-indifferent” PCa. NEPC model H660 and
enzalutamide-resistant LNCaP-derived 42D and 42F cells [283,284] can be used as both
a direct test of the transcript predictions of increased SR-B1 expression in NEPC and as
a model for analyzing SR-B1 antagonism in NEPC. A critical question is whether SR-B1
antagonism can restore sensitivity to ARTAs such as enzalutamide in treatment-resistant
disease. Moreover, PCa cells that maintain steroidogenic potential and AR expression such
as VCaP would provide further context to effects on steroidogenic potential [285].

Although the use of immortalized PCa cell lines provides valuable tools for evaluating
potential therapeutic targets, these models are limited by selective pressures including
adaptions to continued proliferation in a non-tumor environment, leading to a poor corre-
lation with clinical outcomes [286]. The advent of patient-derived xenografts maintained
in murine hosts provides a powerful approach to evaluating therapeutic potential across
the heterogeneity of the disease. With the caveat that mice are HDL-dominant, xenograft
tumors, directly implanted from patient to mouse, are thought to better replicate clinical
PCa, avoiding the genetic drift observed within immortalized cell lines [287-290]. Examin-
ing the effects of SR-B1 antagonism in either the cell lines or patient-derived xenografts
would provide insight into the role of SR-B1 in PCa and which PCa phenotype is most
impacted by its antagonism. A broad survey of models would be invaluable for efforts
to determine the mechanism driving increased SR-B1 expression across the phenotypic
spectrum of lethal CRPC.

Beyond our comprehension of how SR-B1 antagonism may be most effective, addi-
tional investigation into the mechanism of the anti-proliferative effects is warranted with
respect to both cholesterol synthesis and cholesterol uptake inhibition. The findings dis-
cussed in this perspective describe the ability to inhibit both PCa growth and progression by
limiting of cholesterol availability. The inability of exogenous steroids to revert the effects
of SR-B1 antagonism in AR-responsive models, and the efficacy of SR-B1 antagonism to
suppress the growth of AR-null PCa models, suggests that reducing cholesterol availability,
at least by SR-B1 antagonism, is not primarily responsible for anti-tumor activity [250].
This finding emphasized the impact of more general nutrient-deprived stress mechanisms
driven because of impacted cholesterol accumulation. To adapt to cellular stresses such as
nutrient deprivation, both cancerous and non-cancerous cells employ several mechanisms
of adaptation allowing for continued survival in harsh tumor microenvironments. Specif-
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ically, intracellular cholesterol is generally regulated through the SREBP-1 and SREBP-2
proteins, which, under cholesterol-depleted conditions, induce the expression of proteins
responsible for cholesterol uptake and synthesis [291]. The activity of the SREBP pathway
should therefore be examined as the mechanism by which SR-Bl-antagonized cells up-
regulate HMGCR expression and vice versa with SR-B1 overexpression following statin
inhibition of HMGCR. For cells unable to replenish cholesterol, cellular dysfunction could
impact function through several processes, including impaired membrane synthesis and
lipid-raft mediated signaling leading to the manifestation of cell stress responses [292,293].

Autophagy can manifest in response to several disruptions to cellular-signaling pro-
cesses. This review describes the apparent induction of ERS and the UPR in response to
SR-B1 antagonism as measured through increased expression of BiP and IRE1x. ERS is
generally thought to be the result of a disruption in protein homeostasis [294] but has
also been demonstrated in response to disrupted lipid homeostasis [295]. Further, ERS is
known to induce autophagy, which could mechanistically explain the SR-Bl-antagonized
phenotype [295]. There are several proposed mechanisms of ERS-mediated autophagy
that could be investigated to assess the connection, including eukaryotic initiation factor 2
(eIF20r)-autophagy-related protein 12 (Atg12) expression, IRE1a-TNF receptor-associated
factor 2 (TRAF2)-c-Jun N-terminal kinase (JNK) expression, and measuring cellular Ca?t
and calmodulin-dependent protein kinase kinase 2 (CaMKK-f3).

Although generally considered to be cholesterol-poor, increased humoral cholesterol
has been demonstrated in mitochondria and may indicate a role in sustained oncogenic
signaling [296]. It has been postulated that this increased cholesterol plays a role in
facilitating hypoxia-inducible factor 1-alpha (HIF1a) activity and mitochondrial function
in the hypoxic environment generally observed in cancer [297]. The loss of this cholesterol
could result in decreased HIF1«x signaling and increased hypoxic stress, leading to the
observed induction of autophagy with SR-B1 antagonism [297,298]. To assess this, general
measurements of mitochondrial function could be taken including ATP production and
reactive oxygen species concentration or more specific assessment of HIF1« signaling.

Cholesterol constitutes a critical component of lipid rafts, which are membrane do-
mains essential for several proliferative signaling pathways [296]. These include receptor
tyrosine kinases, insulin-like growth factor 1 receptor (IGFR), and epidermal growth factor
receptor (EGFR) lipid raft signaling and the small GTPase Ras family with established
roles in PCa proliferation [299-302]. Both IGFR and EGFR are known to induce cancer
proliferation through PI3K/AKT and Ras/MAPK signaling pathways, the disruption of
which can lead to the induction of autophagy [303,304]. PI3K functions to phosphorylate
phosphatidylinositol 4,5-bisphosphate (PI[4,5]P2) to PI[3-5]P3, leading to a conforma-
tional change inducing AKT binding and activation that leads to a proliferative phenotype
through many different branches including increased growth through mTOR activation,
increased nutrient metabolism through the inhibition of glycogen synthase kinase 3 (GSK3),
and decreased apoptotic signaling through the activation of nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-«B) [305]. Ras is a small GTPase, which, in its active
state, recruits and activates a kinase signaling cascade through RAF and MAPK kinases,
leading to the phosphorylation of numerous targets including pro-proliferation transcrip-
tion factors Fos, Jun, and Myc [306,307]. These pathways are considered some of the most
critical oncogenic pathways, the disruption of which through impaired lipid raft formation
could lead to reduced proliferative signaling and the induction of autophagy. Not to be
overlooked, SR-B1 is also capable of inducing PI3K/AKT and Ras/MAPK signaling via Src
independent of its effects on cellular cholesterol [211,212]. The examination of the activity
of these pathways would provide insight into their role in the induction of autophagy
in SR-Bl-antagonized cells. However, determining whether the altered activity of these
pathways is a result of cholesterol-mediated or independent effects would be necessary.
Both fluorescent-probe and detergent-resistance assessment could be used to directly assess
membrane formation in SR-Bl-antagonized cells [308,309]. In general, understanding
alterations in cellular signaling processes that drive the observed autophagic phenotype in
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response to SR-B1 antagonism provides not only valuable mechanistic insight into the role
of SR-B1 in PCa but may also guide the design of novel small molecule SR-B1 inhibitors
while providing rational candidates for synthetic lethal co-targeting.

Synthetic lethal co-targeting, which is already in development, can be approached
by either high-throughput identification or rational design as a method to increase the
cytotoxicity of individual cholesterol-metabolism-targeted agents [310,311]. In theory, high-
throughput approaches would employ genome-wide knockout libraries in concert with
SR-B1 antagonism to identify candidates resulting in robust cytotoxicity. Examples of the
potential of rational co-targeting of SR-B1 with either HMGCR or autophagy inhibitors
have previously been demonstrated by us [250]. Chloroquine and hydroxychloroquine,
which are clinically used prophylactically against malaria, together inhibit the lysosomal
degradation of cellular components of autophagic vacuoles and are commonly employed
as an in vitro autophagy inhibitor [312]. Clinically, several trials are currently being under-
taken combining chloroquine or hydroxychloroquine with standard therapy in an effort to
prevent therapy-induced autophagic resistance in several cancer types [313]. Of those trials
that have reported their findings, largely in limited numbers of glioblastoma multiforme
patients, minimal to modest improvements in outcomes have been reported [314-319].
Although the clinical potential of chloroquine or hydroxychloroquine appears limited, their
use for pre-clinical proof of principal experiments in bladder cancer and glioblastoma cells,
respectively, are still valuable [320,321]. Furthermore, more potent autophagy inhibitors
have been developed, which may demonstrate superior co-targeting than traditional
agents [281,322].

SR-Bl-antagonized cells show an enhanced upregulation of CLU, a stress-activated
chaperone that regulates protein homeostasis by preventing protein aggregation, en-
hancing autophagosome biogenesis, inhibiting apoptosis, and promoting the survival
of PCa [281,323]. To determine if CLU expression affects SR-B1l-antagonism-induced cell
stress, SR-Bl-antagonized cells could be targeted with either CLU-targeted siRNA or OGX-
011 antisense oligonucleotide. Evaluating these co-targeting approaches or those identified
through high-throughput approaches in a similar manner to the experiments described
in this review would likely provide therapeutic options for inducing a more robust cy-
totoxic response in SR-Bl-antagonized cells. The research proposed here could further
the understanding of the role and potential of targeting cholesterol metabolism in PCa,
through expanding both the knowledge of clinical expression and the impact and effects of
targeting cholesterol metabolism pre-clinically [281].
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