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Abstract. ATP-binding cassette transporter A1 (ABCA1)
has been found to mediate the transfer of cellular cholesterol
across the plasma membrane to apolipoprotein A-I (apoA-I),
and is essential for the synthesis of high-density lipoprotein.
Mutations of the ABCA1 gene may induce Tangier disease
and familial hypoalphalipoproteinemia; they may also
lead to loss of cellular cholesterol homeostasis in prostate
cancer, and increased intracellular cholesterol levels are
frequently found in prostate cancer cells. Recent studies
have demonstrated that ABCA1 may exert anticancer effects
through cellular cholesterol efflux, which has been attracting
increasing attention in association with prostate cancer. The
aim of the present review was to focus on the current views
on prostate cancer progression and the various functions
of ABCAL, in order to provide new therapeutic targets for
prostate cancer.
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1. Introduction

Prostate cancer is a common malignancy among men in
Western countries; however, a sharp increase in its morbidity
and mortality was recently observed in several Asian countries,
including China (1). Patients with aggressive pathological
characteristics are at increased risk for tumor progression and
metastasis, even following radical treatment. Furthermore, these
characteristics are commonly found in tumors from patients
who succumb to prostate cancer. Cholesterol homeostasis is
crucial for cell function and survival, whereas dysregulation
of cholesterol homeostasis is known to be associated with
multiple cancers, including prostate cancer (2), and altered lipid
metabolism is increasingly recognized as a hallmark of prostate
cancer cells (3). In fact, lethal prostate cancers exhibit higher
expression of squalene monooxygenase, which is the second
rate-limiting enzyme of cholesterol synthesis (4). Moreover,
low serum cholesterol levels have been found in prostate cancer
patients, suggesting that cholesterol may accumulate in tumor
tissue. Compared with normal prostate cells, prostate tumor
cells exhibit increased levels of intracellular cholesterol precur-
sors, with loss of ABCA1-mediated cholesterol efflux (5).
ATP-binding cassette (ABC) transporters are trans-
membrane proteins responsible for the transfer of various
substrates through extracellular and intracellular membranes.
The ABC-type transporters act as gatekeepers by allowing or
limiting the entrance of a wide variety of substrates across
cellular membranes (6). A total of 51 ABC transporter genes
have been identified and are grouped into seven subfamilies,
namely A-G, based on their phylogenetic distance (7). The
physiological importance of ABCA subfamily proteins
is underscored by their association with various inher-
ited diseases. Examples of ABC A-subfamily disorders
include Tangier disease (ABCAI1), Alzheimer's disease
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(ABCA2/ABCAT7), Stargardt's disease (ABCR/ABCA4),
harlequin-type ichthyosis (ABCA12) and others (8) (Table I).
ABCAL, an ABC subfamily A exporter, mediates the cellular
efflux of phospholipids and cholesterol to the extracellular
acceptor apolipoprotein A-I (apoA-I) for generation of nascent
high-density lipoprotein (HDL) (9). The human ABCAI has
a length of 2,261 amino acids, and was found to contain two
transmembrane domains (TMDs) (10). Each TMD is followed
by a cytoplasmic region comprising one nucleotide-binding
domain (NBD) and one small regulatory domain. The NBDs
and regulatory domains are the most highly conserved
elements among the ABCA subfamily. The structure of
ABCAL reveals a polar cluster on one side of TMDI close to
the intracellular boundary (11). The structure of the ABCA1
presented herein represents a major step towards the mecha-
nistic understanding of ABCAl-mediated lipid export and
nascent HDL biogenesis (12). ABCA1 has been shown to be
necessary for the synthesis of HDL by exporting cholesterol
out of the cells (13). Functional ABCA1 mediates the expan-
sion of the N-terminus of apoA-I on the cell surface, followed
by the release of nascent HDL, which is the only path for
elimination of cholesterol from the body (14). Two missense
mutations of human ABCALI proteins linked to Tangier
disease and familial HDL deficiency were previously found
to be associated with diminished cholesterol efflux activity,
and the functionality of these ABCAI mutants in terms of
tumor inhibition and cholesterol efflux was tested in prostate
cancer cells lacking endogenous ABCAL1 expression (15). Over
50 mutations in the ABCA1 gene were recently identified. The
human ABCALI has been shown to be closely associated with
the development of various human cancers, including prostate,
colon and breast cancer (16-18). Prostate cancer patients with
higher serum low-density lipoprotein (LDL) levels exhibited
significantly shorter overall survival. Low ABCA1 expression
has also been associated with shorter survival in patients with
prostate cancer. This may be explained by the use of lipid
as an energy source during growth and metastasis of pros-
tate cancer cells. ABCA1 has been shown to play a critical
role in the synthesis of HDL particles by exporting cellular
cholesterol (19,20).

Considering these findings, further investigation into
ABCAL as a tumor suppressor in prostate cancer is required.
We herein review the role of ABCAL in prostate cancer and the
ongoing research on its association with cancer proliferation,
invasion and migration, apoptosis and multidrug resistance.
The aim of the present review was to demonstrate that ABCA1
represents a promising new target in the treatment of prostate
cancer.

2. Effect of ABCA1 on the progression of prostate cancer

The ABCAI protein mediates cellular cholesterol transfer
to apoA-I through the plasma membrane. ABCA1 has been
found to play a crucial role in the etiology of various neuro-
logical and cardiovascular diseases, including inflammation
and metabolic syndrome (21), and may also be involved in
the initiation and development of prostate cancer. A causal
association between ABCAl-mediated tumor inhibition and
mitochondrial cholesterol depletion has been identified through
testing the dependence of ABCA1 anticancer activity on its

efflux capacity (22). In addition, transforming growth factor
(TGF)-f signaling plays a key role in prostate cancer occur-
rence and maintenance of cancer stem cell characteristics. The
growth inhibitory effect of TGF-f3 may be due to overexpres-
sion of ABCAI in prostate cancer cells (23). The expression of
ABCAL is associated with nuclear receptor of liver X receptor
(LXR) and LXR forms a heterodimer with retinoid X receptor
and regulates transcription of ABCA1 by binding to the DR-4
promoter element (24). Furthermore, TGF-f may increase
ABCAL expression through activation of LXR signaling. It has
been demonstrated that LXR activation, with accompanying
upregulation of ABCAI expression, may decrease cholesterol
levels and reduce the growth of prostate cancer cell xenograft
tumors in mice (25). Furthermore, LXR agonists have been
shown to induce expression of ABCAI, inhibit tumor growth
and reduce progression to androgen independence in a xeno-
graft model of prostate cancer (26). The antitumor effects of
these compounds may involve a variety of mechanisms: Statins
inhibit GTPases such as Ras and Rho family proteins via
blocking protein prenylation and/or farnesylation, and LXR
agonists induce cell cycle arrest through upregulation of p27.
Conversely, intracellular cholesterol promotes prostate cancer
progression as a substrate for de novo androgen synthesis and
through regulation of Akt signaling (22).

Hypermethylation of the ABCA1 promoter has been
shown to silence ABCAI1 expression and is associated
with high-grade prostate cancer (27). The interaction of
apoA-I with ABCAL activates the signaling molecule Janus
kinase 2 (JAK?2), which optimizes the cholesterol efflux
activity of ABCAI by phosphorylation (28). ABCAl-mediated
JAK?2 activation also activates signal transducer and activator
of transcription 3 (STAT3), which significantly attenuates the
expression of proinflammatory cytokines in macrophages.
The anti-inflammatory effects of the apoA-I/ABCA1/STAT3
pathway, however, is dependent on the activity of suppressor
of cytokine signaling 3. Taken together, these findings
suggest that the interaction of apoA-I/ABCAI activates
cholesterol efflux and STAT3 branching pathways to synergis-
tically inhibit inflammation in macrophages (29). It was also
demonstrated that the apoA-I/ABCA1 interaction with the
JAK?2/STAT3 pathway to inhibit macrophage inflammatory
responses is independent of ABCAL lipid transport function.
ABCA1 mutation carriers also exhibit an increased inci-
dence of systemic and plaque inflammation (30). It has been
observed that aberrant regulation of tristetraprolin and human
antigen R plays an important role in the progression of prostate
cancer and other inflammation-related cancers, as well as in
cancer cell proliferation, apoptosis, angiogenesis, invasion and
chemoresistance (31).

Epidemiological data have associated a reduced risk of
prostate cancer with low serum cholesterol, as well as with the
use of statins, demonstrating the role of cholesterol metabo-
lism in the development of aggressive prostate cancer (32).
The efflux of intracellular cholesterol is mediated by reverse
cholesterol transporters, such as scavenger receptor class B
type I, a membrane receptor with extensive tissue distribution
and a number of physiological functions (33). A reduction in
Akt-dependent survival signaling may also contribute to the
anticancer activity of ABCAL. In particular, ~70% of advanced
PCa exhibits loss of phosphatase and tensin homolog (PTEN)
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Table I. Structure and function of ABCA subfamily proteins.

Proteins Structure Function (Refs.)
ABCA1 Length, 2,261 amino acids; contains two Synthesis of HDL, exporting cholesterol out of
TMDs, and a polar cluster on one side of the cells, lipid efflux activity. Mutation of the
TMD1 close to the intracellular boundary. ABCA1 gene may induce Tangier disease and
familial hypoalphalipoproteinemia. Tumor
suppressor function in cancer.
ABCA2 Coding region 7.3 kb in size, codes for Highly expressed in brain tissue; may play a role (34)
a 2,436-amino acid polypeptide, comprises in macrophage lipid metabolism and neural
48 exons. development.
ABCA3 Consists of 33 exons encoding a Mutation of the ABCA3 gene is the most common (35)
1,704-amino acid (~150 kDa) protein. cause of surfactant deficiency and is associated
with cataract-microcornea syndrome.
ABCA4 Transcribes a large retina-specific protein with two  An inward-directed retinoid flippase; mutation of
TMDs, two glycosylated ECDs and two NBDs. ABCAA4 induces Stargardt's disease.
ABCAS Consists of 1,642 amino acid residues, with Mutations in ABCAS cause hair overgrowth and (36)
two sets of six transmembrane segments and may be associated with a lysosomal disease,
an NBD. particularly in cardiomyocytes and follicular
cells.
ABCA7 Spans a region of ~32 kb and comprises Predisposes to Alzheimer's disease. 37
46 exons.
ABAC9 Consists of 39 exons, genomic region of ~85 kb Involved in monocyte differentiation and (38)
chromosome 17q24.2. macrophage lipid homeostasis.
ABCA10 The coding sequence of ABCAI10 is 4.6 kb in Involved in macrophage lipid homeostasis.
size and codes for a 1,543-amino acid protein.
ABCA12 Located on the long (q) arm of chromosome Active in some types of skin cells, linked to
2 between positions 34 and 35. harlequin-type ichthyosis.
ABCA13 Coding region is 6.7 kb in size and encodes a Linked to psychiatric disorders such as 39)

protein consisting of 2,143 amino acids with a
predicted molecular weight of 240 kDa.

schizophrenia, bipolar disorder and depression.

ABC, ATP-binding cassette; TMD, transmembrane domain; HDL, high-density lipoprotein; ECD, extracellular domain; NBD,

nucleotide-binding domain.

or consequent activation of the phosphoinositide 3-kinase
(PI3K)/Akt pathway, which leads to enhanced cell survival,
migration and castration-resistant growth (40).

Intracellular cholesterol promotes prostate cancer
progression, as it is a substrate for de novo androgen synthesis,
and by regulation of Akt signaling. Akt increased the expres-
sion of ABCAI by delaying its degradation, but does not alter
the mRNA levels (41). The protective effect of the ABCA1
protein is mediated by Akt2, possibly by stabilizing ABCA1
resistance to calpain-mediated proteolysis. ABCAI reduces
LDL receptor expression, decreases intracellular cholesterol
and relies on LXRa. Of note, the epidermal growth factor
receptor (EGFR) signal opposes the effects of LXRa on choles-
terol homeostasis, whereas EGFR inhibitors interact with
LXRa agonists to destroy cancer cells. Inhibition of activation
of LXRa by sterol metabolites may be an effective strategy for
targeting EGFR-KRAS signaling against cancer (42).

The promoter region of the ABCA1 gene has been shown
to be epigenetically silenced by hypermethylation in the
LNCaP human prostate cancer cell line. This suggests that
loss of ABCA1 expression may lead to a significant alteration

in cholesterol homeostasis and may indicate a fundamental
association between high circulating cholesterol levels and
prostate cancer growth (43). Epidemiological studies have
identified a correlation between high serum cholesterol
levels and prostate cancer, as well as a protective effect of
statin use (44).

In conclusion, hypermethylation and gene inactiva-
tion of ABCA1 promoters leads to accumulation of
cholesterol in prostate cancer cells. Thus, this cellular
cholesterol efflux pathway may be an important determinant
of prostate cancer aggressiveness, as well as a potential
therapeutic target.

3. Association of ABCA1 with apoptosis and autophagy in
prostate cancer

Overexpression of ABCA1 leads to decreased cellular cholesterol
and tumor growth inhibition in prostate cancer cells. ABCA1
antitumor activity requires an efflux function and appears to
be mediated by reduced mitochondrial cholesterol combined
with an increased potential for release of cell death-promoting
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Figure 1. Association of ABCA1 with prostate cancer. ABCA1, ATP-binding cassette transporter Al; PI3, phosphoinositide 3 kinase; ERK, extracellular
signal-regulated kinase; apoA-I, apolipoprotein A-I; TGF, transforming growth factor; LXR, liver X receptor; EGFR, epidermal growth factor receptor; JAK2,
Janus kinase 2; STATS3, signal transducer and activator of transcription 3; TTP, tristetraprolin; HuR, human antigen R.

molecules, such as cytochrome C, from mitochondria. The
loss-of-function phenotype for somatic mutations identified in
human colon cancer suggests the role of ABCAI as a tumor
suppressor, albeit in the context of increased cholesterol synthesis
sufficient to raise the levels of mitochondrial cholesterol. This
antitumor effect may be due to apoptosis, as overexpression of
ABCAI has been shown to increase mitochondrial release of
cytochrome C in vitro and in vivo (45).

Furthermore, downregulation of ABCAL is present in most
prostate cancer specimens, and ABCA1 expression levels are
inversely associated with Gleason score. DNA hypermeth-
ylation on the ABCA1 promoter in LNCaP cells effectively
inhibits basal expression and prevents the complete induction
of trans-activators. The loss of ABCAI1 protein expression
directly results in high intracellular cholesterol levels, thereby
contributing to an environment conducive to tumor progres-
sion. In addition, ABCA1 hypermethylation was exclusively
detected in intermediate- and high-grade prostate cancer.
Thus, epigenetic inactivation of ABCAI1 may be intimately
associated with prostate cancer progression, suggesting
that dysregulation of cellular cholesterol levels in prostate
epithelial cells creates an environment conducive to tumor
progression.

Autophagy is an intracellular protein-degradation
process that is conserved across eukaryotes, including
yeast and humans, which responds to cellular stress condi-
tions to maintain a healthy cellular status by degrading and
recycling cytoplasmic contents via the lysosomal route (46).
Under nutrient starvation conditions, intracellular proteins
are transported to lysosomes and vacuoles via membranous
structures known as autophagosomes, and are degraded. It
has been demonstrated that autophagy participates in the
regulation of lipid metabolism and cholesterol homeostasis,
with a special emphasis on macrophage-derived foam cells.
Autophagy has emerged as an alternative lipid metabolic
pathway through the lysosomal degradative pathway, making
this process a potential therapeutic target for diseases
associated with disorders of lipid metabolism (47). Of note, all
these lipoproteins increase autophagic flux in macrophages,
and autophagy depletion in these cells results in dimin-

ished cholesterol efflux to apoA-I. The autophagy inhibitor
3-methyladenine and an ATGS5 siRNA were found to signifi-
cantly attenuate autophagy, subsequently suppressing the
ABCAI1-mediated cholesterol efflux (48). Biochemical studies
have demonstrated that the accumulation of cholesterol
esters in prostate cancer cells is the result of loss of the tumor
suppressor PTEN and activation of the PI3K/Akt pathway.
AMP-activated protein kinase (AMPK)-dependent ABCA1
expression also involves the mammalian target of rapamycin
(mTOR) pathway and inhibits the extracellular-signal regu-
lated kinase (ERK). AMPK-induced ABCA1 expression
leads to cholesterol efflux from human macrophages (49).
Through the ERK1/2 pathway, intracellular ABCAL1 exerts
a protective effect against oxidative stress caused by isch-
emia. The PI3K/Akt/mTOR signaling pathway is a classic
autophagy pathway. PI3K and Akt suppression may inhibit
mTOR phosphorylation at the Ser?**® site, thereby enhancing
the expression of autophagy-related proteins and inducing
autophagy (50).

It has been demonstrated that elevated mitochondrial
cholesterol promotes resistance to cell death in prostate
cancer and may lead to malignant cell transformation (51).
Inhibitory RNA (RNAi) knockdown of squalene synthase, the
enzyme which catalyzes the first committed step of cholesterol
synthesis, leads to decreased cell proliferation and survival
of prostate cancer cells in vitro (52). ABCA1 promotes a
reduction in mitochondrial cholesterol levels, mitochondrial
permeability transition-associated cytochrome C release, and
non-apoptotic/necrotic cell death in response to cell stress.
Ultimately, ABCAl-mediated cell death depends on choles-
terol for modulation of mitochondrial function, while ABCA1
deficiency allows for elevated mitochondrial cholesterol and
ultimately promotes cancer cell survival.

4. ABCA1 and multidrug resistance (MDR)

MDR is a major cause of failure of prostate cancer
chemotherapy and is associated with an increased mortality
risk (53). The PI3K/Akt signaling cascade may be correlated
with MDR1/P-glycoprotein (P-gp) and plays a critical role in
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the MDR phenotype. MDR-associated protein (MRP) 1 is
expressed in a variety of human malignancies (54). ABCA1
may export anticancer drugs and decrease intracellular drug
concentration, which is associated with limited success of
anticancer chemotherapy, attributed to the the cross-resistance
of tumor cells and referred to as MDR. The role of ABCAL in
MDR has been well-characterized, and measuring the expres-
sion of ABCAI1 may be used for predicting the response to
anticancer drugs.

Cell viability in prostate cancer may be regulated by modi-
fying critical pathways mediating novel androgen signaling by
AR-targeting microRNAs. In this study, androgens stimulating
miR-19a, and miR-19a directly repressing ABCAl mRNA
expression, may represent a possible mechanism underlying
androgen-mediated repression of ABCAI1, promoting PCa
cell proliferation (55). The activation of ABCA1 was also
shown to inhibit the proliferation of androgen-dependent
prostate cancer cells, and androgen treatment in LNCaP cells
significantly inhibited the expression of ABCA1 mRNA (56).
In vitro studies demonstrated that LXR agonists activate
transcription of the MRP2 gene to promote excretion of
endogenous and xenobiotic compounds from hepatocytes into
the bile (57).

ABCALI also transfers phospholipids, preferentially
phosphatidylcholine and cholesterol, to lipid-free apoA-I to
produce pre-B-HDL, which also binds directly to MDRI1 and
regulates substrate recognition via MDRI1 (58). Eukaryotic
ABC proteins may retain similar substrate binding pockets
and move substrates in an ATP-dependent manner. The proto-
type of eukaryote ABC proteins may be those involved in
membrane lipid transport.

If overexpression of ABCA1 promotes MDR in tumors,
ABCA1 gene mutations may lead to drug resistance and
alter substrate specificity. Thus, the study of ABCAI1 gene
mutations and their role in MDR is crucial for individualized
patient treatment.

In conclusion, ABCAI1 plays an important role in the
prevention and treatment of prostate cancer through regula-
tion of cellular cholesterol efflux (Fig. 1). The association of
lower ABCA1 expression with shorter survival in prostate
cancer prompts ongoing research to further elucidate the
mechanism underlying ABCAL1 regulation of tumor growth.
Various cross-regulatory mechanisms may be the focus of
future research. Studies on ABCA1 will contribute to the
understanding of drug transport and the role of cholesterol in
cancer growth, and may lead to optimization of treatment for
prostate and other cancers. Additionally, the study of ABCA1
gene mutations and associated differences in expression and
functionality may lay the foundation for future pharmaco-
genetics in prostate cancer treatment. Ultimately, studies in
ABCAI may provide a novel therapeutic target in cancer.
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