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Abstract

Dysregulation of cholesterol is a common characteristic of
human cancers including prostate cancer. This study observed
an aberrant accumulation of cholesteryl ester in metastatic lesions
using Raman spectroscopic analysis of lipid droplets in human
prostate cancer patient tissues. Inhibition of cholesterol esterifi-
cation in prostate cancer cells significantly suppresses the devel-
opment and growth of metastatic cancer lesions in both ortho-
topic and intracardiac injection mouse models. Gene expression
profiling reveals that cholesteryl ester depletion suppresses the

Introduction

Cholesterol is an essential component of mammalian cells and
is tightly regulated at multiple levels (1, 2). Cells obtain choles-
terol from either de novo synthesis or uptake of low-density
lipoprotein (LDL) for construction of membrane structures, ste-
roidogenesis, or modulation of protein trafficking and activity (2,
3). Cholesterol overloading causes cytotoxicity, and for most cell
types, cholesterol efflux is essential for maintaining its homeo-
stasis (4). Another mechanism for avoiding free cholesterol tox-
icity is by storing excess cholesterol into lipid droplets. This
process involves conversion of cholesterol into cholesteryl ester
(CE) by acyl-coenzyme A: cholesterol acyltransferase (ACAT;
refs. 1, 5). Cholesterol homeostasis is maintained through a
feedback-regulated manner (6) and disruption of this balance is
associated with many diseases such as atherosclerosis, metabolic
diseases, and cancers. Analysis of The Cancer Genome Atlas
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metastatic potential through upregulation of multiple regulators
that negatively impact metastasis. In addition, Wnt/fB-catenin, a
vital pathway for metastasis, is downregulated upon cholesteryl
ester depletion. Mechanistically, inhibition of cholesterol esteri-
fication significantly blocks secretion of Wnt3a through reduction
of monounsaturated fatty acid levels, which limits Wnt3a acyla-
tion. These results collectively validate cholesterol esterification
as a novel metabolic target for treating metastatic prostate cancer.
Mol Cancer Res; 16(6); 974-85. ©2018 AACR.

(TCGA) database demonstrates correlation between cholesterol
level and cancer patient survival (7), which supports an important
role of abnormal cholesterol metabolism in cancer development.
Other studies on mechanisms have also shown the connection
between oncogenic pathway and altered cholesterol metabolism
during cancer progression (8, 9). It was observed several decades
ago that cholesterol accumulates in prostate cancer (10). Since
then, an increasing number of studies support the indispensable
roles of cholesterol in prostate cancer progression (11). One
hypothesis is that the accumulated cholesterol from either de
novo synthesis or uptake in prostate cancer provides precursor for
androgen synthesis within tumor for the development of castra-
tion-resistant prostate cancer (12, 13). Another hypothesis is that
increased cholesterol level supports prostate cancer growth by
providing key membrane components such as lipid rafts (14, 15).
Other studies have shown that a certain signaling molecule
(16) and cell-cycle regulator (17) are sensitive to intracellular
cholesterol level. In the meanwhile, suppression of cholesterol
efflux pathway in advanced prostate cancer was observed (18),
which further supports increased cholesterol level during pro-
state cancer progression. These extensive studies on functional
roles of cholesterol accumulation in prostate cancer regulated
by synthesis, uptake, and efflux have provided important
insights. However, our understanding of cholesterol homeo-
stasis in prostate cancer is incomplete, as another critical aspect
of cholesterol metabolism, cholesterol esterification, is relative-
ly understudied. Being an important buffering mechanism for
detoxifying excess free cholesterol (2), esterification of choles-
terol may be necessary for prostate cancer cells to cope with
high intracellular cholesterol level.

We previously showed an aberrant accumulation of CE in lipid
droplets inside cancerous lesions by implementing label-free
Raman spectroscopic imaging of lipid droplets in human prostate
cancer tissues (19). This accumulation was found to be a result of
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loss of tumor suppressor PTEN and subsequent activation of
PI3K/Akt pathway. Increased LDL uptake is the major source of
such accumulation. Depleting CE by ACAT inhibition reduces
prostate cancer proliferation and growth in a mouse xenograft
model (19). This study serves as a foundation for developing a
therapeutic approach using ACAT as a target. Nevertheless, it
remains unclear what kind of role CE accumulation plays in
prostate cancer metastasis and whether metastasis can be sup-
pressed through CE depletion. Notably, early-stage prostate can-
cer is often treated successfully, but late-stage prostate cancer,
where cancers have been spread to distant lymph nodes, bones, or
other organs, has a five-year survival rate as low as 29% (20),
making metastasis the major cause of prostate cancer mortality in
men. Given that there is currently no effective treatment for this
disease (21), a deeper understanding into the role of cholesterol
esterification in prostate cancer metastasis would be valuable to
the development of novel treatment approaches for metastatic
prostate cancer.

In this study, we reveal that CE accumulation is a metabolic
signature of human metastatic prostate cancer. We further dem-
onstrate the suppression of both development and growth of
metastatic prostate cancer by inhibiting cholesterol esterification
in an orthotopic mouse model and an intracardiac injection
model. Through gene expression profiling, we identified down-
regulation of Wnt/B-catenin pathway after CE depletion, con-
firmed by PB-catenin protein levels and distribution in prostate
cancer cells. We further show evidence supporting that CE deple-
tion lowers fatty acid availability for Wnt3a acylation, which is
essential for Wnt-mediated cell migration. These results collec-
tively support that inhibiting cholesterol esterification suppresses
prostate cancer metastasis through impairing Wnt/B-catenin sig-
naling, which opens a new opportunity for treating metastatic
prostate cancer.

Materials and Methods

Human metastatic prostate cancer tissue specimens and cell
lines

The studies were conducted in accordance with Declaration of
Helsinki. The study of human patient specimens was approved
by the institutional review board at Purdue University (West
Lafayette, IN). Deidentified frozen specimens of human meta-
static prostate cancer tissues were purchased from Johns Hopkins
Hospital (Baltimore, MD). Stimulated Raman scattering (SRS)
imaging and confocal Raman spectroscopy was performed on
these tissue slices (~20 pm) without any processing or labeling.

Authenticated PC-3, LNCaP, and DU145 were obtained from
ATCC more than 6 months ago. PC-3M cell line was obtained and
authenticated from M.D. Anderson Cancer Center Characterized
Cell Line Core in 2017. Additional cell line authentication and
mycoplasma testing have not been tested by authors after pur-
chase. RPMI 1640, F-12K, and nonessential amino acids (NEAA)
were purchased from Life Technologies. Eagle minimum essential
medium (EMEM) was purchased from ATCC. FBS was purchased
from Atlanta Biologicals. Cells were cultured in the following
media: PC-3M in RPMI1640 supplemented with 10% FBS and 0.1
mmol/L NEAA, PC-3 in F-12K supplemented with 10% FBS,
LNCaP-HP was derived upon continuous passage from original
LNCaP (ATCC) in RPMI1640 supplemented with 10% FBS until
the passage number was over 81 following the procedure reported
(22, 23), DU145 PTEN-KD cell line in EMEM supplemented with
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10% FBS and 5 pg/mL puromycin (Life Technologies). All cells
were cultured at 37°C in a humidified incubator with 5% CO,
supply. The passage numbers of all cell lines were below 30
between thawing and use in the experiments.

SRS imaging and quantification of CE in tissues and
cultured cells

SRS imaging was performed on a femtosecond SRS microscope,
with the laser beating frequency tuned to the C-H stretching
vibration band at 2,845 cm ™', as described previously (24). No
cell or tissue damage was observed during the imaging procedure.
Lipid droplet amount was quantified using ImageJ. Specifically,
"Threshold" function was used to select lipid droplets in the cells
due to their significantly higher signal intensities compared to
other cellular structures. "Analyze Particles" function was then
used to quantify the area fractions of lipid droplets in the whole
image area, then normalized to the cell number counted from the
same image. Fach image contained approximately 10 cells and
represented as n = 1.

Confocal Raman was performed as described previously (25).
CE percentage in lipid droplets was linearly correlated with the
height ratio of the 702 cm ™! peak (I¢,) to the 1,442 cm ™! peak
(I1442) and expressed as I;05/l1442 = 0.00334 x CE percentage
(%). CE percentage for each group was obtained by averaging the
CE percentage of lipid droplets in 3 to 6 cells as Raman profiles of
lipid droplets in the same specimen were nearly the same.

Chemicals and reagents

Avasimin was prepared following the protocol described pre-
viously (26). Avasimibe, DMSO, human albumin, cholesteryl
oleate, glyceryl trioleate, myristoleic acid, palmitic acid, palmito-
leic acid, stearate, oleate, linoleic acid, arachidonic acid, and
docosahexaenoic acid were purchased from Sigma-Aldrich.
IWP-2 was purchased from Abcam. Recombinant human Wnt3a
was purchased from Bio-Techne Corporation. Luciferin was pur-
chased from Perkin Elmer.

Prostate cancer orthotopic mouse model

Orthotopic model was used to study whether avasimin treat-
ment can suppress the development of metastasis in a mouse
model. All animal procedures were approved by the Purdue
Animal Care and Use Committee. PC-3M cells were injected into
the prostate of male, 6-week-old NSG mice (Purdue University
Center for Cancer Research via MTA with The Jackson Laboratory)
following the protocols reported previously (27, 28). Specifically,
2 x 10° PC-3M cells were mixed with an equal volume of Matrigel
HC (Corning) and injected into the prostate gland of the mouse.
Ten days after the surgery, mice were randomly assigned into 2
groups for the treatment. Avasimin was dissolved in sterile PBS
and administrated daily via intraperitoneal injections at the dose
of 75 mg/kg. The dosage for the treatment was selected on the
basis of previous animal studies (26). Sterile PBS was used for
vehicle group. Primary tumor volume was assessed twice a week
with palpation. Body weight was also measured twice a week.
After treatment for 25 days, tumors and lung were harvested and
prepared for tumor volume measurement, hematoxylin and eosin
(H&E) and immunofluorescence chemistry (IFC) staining.

Prostate cancer intracardiac injection mouse model

Intracardiac injection model was used to study the therapeutic
effect of avasmin to metastasis already developed in mice by
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introducing tumor cells directly into the systemic circulation. All
animal procedures were approved by the Purdue Animal Care and
Use Committee. PC-3 cells with stable expression of luciferase
(PC-3-Luc) were injected into the heart of male, 7-week-old nude
mice (Envigo) following the protocols reported previously (27).
Specifically, 2 x 10° PC-3-Luc cells were injected into the left
ventricle. 7 days after the injection, mice were randomly assigned
into 2 groups for the treatment. Avasimin was dissolved in sterile
PBS and administrated daily via intraperitoneal injections at the
dose of 75 mg/kg. Sterile PBS was used for vehicle group. Tumor
growth was monitored every two weeks by bioluminescent imag-
ing using IVIS in Bindley Bioscience Center at Purdue. After
treatment for 5 weeks, metastatic lesions in the heart, lungs,
pancreas, liver, spleen, intestine, and kidneys were visualized
using IVIS. Metastatic lesions were harvested and prepared for
H&E and spectroscopic imaging. Histologic examination was
performed by a pathologist after H&E staining to confirm met-
astatic lesions.

Histology and IFC staining

Primary prostate tumor and tissues containing metastatic
lesions were fixed in 10% neutral buffered formalin. After
paraffin embedding, tissue sections were stained using H&E
staining. The adjacent tissue sections were used for IFC staining.
After deparaffinization and rehydration of tissue slides, anti-
gens were retrieved using unmasking solution (Vector Labora-
tories) with a 2100-Retriever (PickCell Laboratories). Tissue
slides were then incubated with anti-human mitochondria
antibody (Millipore MAB1273, 1:100), anti-Ki-67 antibody
(Leica KI67-MM1-L-CE, 1:200), or subjected to TUNEL assay
(Roche, 11684817910).

RT-PCR profiler array

Total RNA was extracted from PC-3 treated with DMSO or
avasimibe using E.Z.N.A. Total RNA Kit I (Omega Bio-Tek Inc)
and reverse transcribed using RT? First Strand Kit (Qiagen Inc)
following the manufacturer's instructions. The human prostate
cancer RT? Profiler PCR Array (PAHS-135Z) was purchased from
Qiagen Inc and quantitative PCR was conducted following the
manufacturer's instructions using Roche LightCycler 96. Data
analysis was performed on the basis of the AAC, method with
normalization of the raw data to the housekeeping genes using
PCR Array Data Analysis Web portal provided by the manufac-
turer. To determine fold change in gene expression, the normal-
ized expression of each gene in the avasimibe-treated sample is
divided by the normalized expression of the same gene in the
control sample. Genes were grouped on the basis of their
functions.

Immunoblotting analysis and immunoprecipitation of Wnt3a
from medium

Cells were lysed in TBSN buffer (20 mmol/L Tris, pH 8.0, 150
mmol/L NaCl, 0.5% Nonidet P-40, 5 mmol/L EGTA, 1.5 mmol/L
EDTA, 0.5 mmol/L Na;VO, 20 mmol/L p-nitrophenyl phos-
phate) or RIPA buffer (Sigma-Aldrich) after indicated treatments.
Proteins were detected by immunoblotting with the antibodies
against active B-catenin (Millipore 05-665, 1:1,000), -catenin
(Cell Signaling Technology 9562S, 1:2,000), Wnt3a (Abcam
ab28472, 1:1,000), and B-actin (Sigma A5441, 1:5,000). The
immunoblots were quantified using Image Lab software (Bio-
Rad), using B-actin as a loading control.
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For immunoprecipitation, 1-mL medium was collected from
DU145 PTEN-KD cells and preincubated with 100 puL protein A/G
agarose beads (Santa Cruz Biotechnology) on a rotator for over-
night at 4°C. The beads were discarded and the supernatant was
incubated with anti-Wnt3a antibody (2 pg/mL) on a rotator for
10-12 hours at 4°C and subsequently immunoprecipitated with
protein A/G agarose beads while rotating for 2 hours at 4°C. The
beads were washed once with RPMI buffer supplemented with
protease inhibitor. The proteins were then collected by resuspen-
sion in sample buffer and heated for 10 minutes at 50°C. Super-
natants were collected and supplemented with 100 mmol/L
dithiothreitol, and the mixture was heated for 5 minutes at 95°C
before SDS-PAGE.

Fatty acid extraction and measurement

PC-3 cells were starved to deplete the fatty acid pool, after which
serum is supplemented with avasimibe (10 pmol/L, 1 days). Free
fatty acids were extracted from the cell pellets following the
procedure described. Cell pellets were lysed in 200-uL methanol
and acidified with 25 mmol/L HCI. Then the sample was mixed
with 1-mL iso-octane, and centrifuged at 3,000 x g for 1 minute.
The top layer was transferred to new vials and the extraction was
repeated once with the bottom layer. The combined iso-octane
layers were dried under N, flow. For quantitative analysis, each
fatty acid at known concentration was used as internal standards.
Liquid chromatography/mass spectrometry (LC/MS) analysis of
fatty acids was performed following the protocol described pre-
viously (29).

Migration assay

Migration assay was performed in Transwell chambers
(Corning) with 8-um pore-sized membranes. Cells were pre-
treated with indicated treatment for 2 days before transferring to
the Transwell chambers. A total of 2 x 10° cells were seeded in the
top chamber in serum-free media. The bottom chamber was filled
with media containing 20% FBS and 50 ng/mL human EGF
(Life Technologies). Cells were then incubated for 20 hours at
37°C to migrate. The transwell membranes were fixed and cells
that had not migrated through the chamber were removed with a
cotton swab. Migrated cells were stained with propidium iodide
(Life Technologies) and visualized by confocal fluorescence
microscopy. For quantification, average number of cells in three
fields for one migration chamber was considered n = 1.

Statistical analysis

Results for the animal studies were shown as mean + SEM.
Mann-Whitney U test was used for comparisons between vehicle
and Avasimin-treated groups as the data do not follow normal
distribution. Other results were shown as mean + SD, unless
stated otherwise, and Student ¢ test was performed for the com-
parisons. P < 0.05 was considered statistically significant.

Results

CE accumulation in human metastatic prostate cancer tissues

To map the lipid distribution and composition in metastatic
prostate cancer, human patient tissues from multiple metastatic
sites, including abdominal soft tissue, liver, adrenal gland, rib,
and lymph nodes, were examined by stimulated Raman scattering
(SRS) microscopy. C-H-rich lipids were visualized by tuning
the laser beating frequency to be resonant with C-H stretching
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vibration. Lipid droplets were observed in metastatic lesions
of abdominal soft tissue, liver, adrenal gland, rib, and lymph
nodes (Fig. 1A). By analyzing the composition of these lipid
droplets with confocal Raman microspectroscopy (25), we found
characteristic bands for cholesterol rings at 702 cm ™' and for ester
bond at 1,742 cm™" in the Raman spectra of these lipid droplets
(ref. 30; Fig. 1B). These spectroscopic signatures indicate the
presence of CE. For quantitative measurement of CE level in these
samples, we constructed the calibration curve for molar percent-
age of CE in the total lipids based on the Raman spectral mea-
surement of emulsions containing cholesteryl oleate and glyceryl
trioleate. The height ratio between 702 cm ™' cholesterol band and
1,442 cm™' CH, bending band was linearly proportional to the
molar percentage of CE in the lipid mixture (Fig. 1C). On the basis
of the calibration curve, we estimated that lipid droplets in all
metastatic lesions are composed of 60% to 80% CE (Fig. 1D). Our
analysis suggests that accumulation of CE is a metabolic marker
for metastatic prostate cancer.

CE depletion suppresses prostate cancer migration in vitro and
metastasis in vivo

CE accumulation in metastatic tumor suggests a possible
functional role of CE in metastasis. We hypothesized that
depleting CE by ACAT inhibitor would reduce metastatic
potential of prostate cancer. To test this hypothesis, we first
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examined the migration capability of PC-3M, a metastatic
prostate cancer cell line derived from liver metastasis of PC-3
xenograft (31). We treated cultured PC-3M cells with a potent
ACAT inhibitor, avasimibe. To confirm the reduction of CE
level after avasimibe treatment, we measured Raman spectra of
lipid droplets in PC-3M cells using confocal Raman microsco-
py. The Raman spectral analysis showed a significant reduction
in CE level upon avasimibe treatment (Supplementary Fig.
S1A-S1C). To assess migration capability, we performed a
transwell assay of PC-3M cells pretreated with avasimibe. Our
results indicate that migration capability of PC-3M cells was
suppressed significantly (Supplementary Fig. S2A and S2B).
These results suggest that CE depletion impairs the migration
capability of prostate cancer cells.

To examine whether CE depletion can suppress prostate
cancer tumor metastasis, we generated an orthotopic mouse
model of prostate cancer using the PC-3M cells (27, 28). The
mice bearing an orthotopic PC-3M xenograft were treated with
either vehicle or avasimin, a systemically injectable nanofor-
mulation of avasimibe (26). As illustrated in Fig. 2A, mice were
treated with avasimin daily via intraperitoneal injection and
tumor metastasis was assessed at the end of the study by IFC
staining of cancer cells in lung tissue sections. Primary prostate
tumor growth was monitored over the treatment period. Ava-
simin treatment reduced the growth rate of primary tumors
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Prostate cancer metastasis suppressed by targeting cholesterol esterification in vivo. A, Schematic of prostate cancer orthotopic model study. Avasimin (75 mg/kg)
was administrated into mice daily via intraperitoneal injection from 10 days posttransplantation of PC-3M. Vehicle mice were treated with sterile PBS. B, Tumor size
measured after harvested from vehicle (n = 7) and avasimin-treated (n = 6) mice. C, Body weight of the mice over 25-day treatments. D, Representative images of
IFC and H&E staining of primary prostate tumor tissues harvested at the end of the study. Dashed lines indicate clear tumor margins in the vehicle group. Scale bar, 100
um. E, Representative images of IFC staining of lung tissues harvested at the end of the study with distinct metastatic clusters indicated. Scale bar, 50 um. F,

Quantification of metastatic clusters in lung tissues harvested from vehicle and Avasimin-treated mice. G, Percentage of Ki-67-positive (left) and TUNEL-positive
(right) cells in metastatic tumor lesions harvested from lung tissues of vehicle and avasimin-treated mice. H, Representative images of staining of metastatic tumor
lesions inlung tissues harvested from vehicle and avasimin-treated mice. Green, human mitochondria; red, Ki-67; blue, DAPI. Error bars, SEM. *, P< 0.05; **, P< 0.005.

significantly (Supplementary Fig. S3A) and inhibited the tumor
size by approximately 1.4-fold at the end of 25-day treatment
(Fig. 2B). No changes in body weight were observed in mice
treated with avasimin, indicating no detectable general toxicity
to the animals (Fig. 2C). To characterize primary prostate
cancers after the treatment, we performed IFC staining of
prostate tissues harvested at the end of the study. Anti-human
mitochondria antibody was used to specifically label human
cancerous cells presented in mouse tissues (Supplementary Fig.
S3B). Primary prostate tumors were visualized in tissues from
both vehicle and avasimin-treated mice. Importantly, we
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observed that cancer cells in the vehicle-treated group have
invaded into the normal tissues, whereas cancer cells in the
avasimin-treated group maintained a confined tumor margin
(Fig. 2D). This phenotype was confirmed by pathologic review
of the adjacent sections. Furthermore, Ki-67 staining of the
adjacent tissue sections showed lower expression of Ki-67 in
avasimin-treated group compared with control group, which
indicates an anti-proliferating effect of avasimin to the primary
tumor (Fig. 2D). Taken together, these results provide evidence
that avasimin treatment suppresses invasive phenotype and
proliferation of primary prostate cancer.
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To assess metastasis in this mouse model, we performed IFC
staining of lung tissues with anti-human mitochondria antibody
and counted the number of metastatic clusters. Distinct metastasis
was defined by a clear cluster of 5 or more cells (ref. 28; Fig. 2E,
dashed lines), and counted from the whole lung sections for each
mouse. We found a dramatic reduction (~50%) in the number of
metastatic clusters in the lung of avasimin-treated mice compared
with that in vehicle-treated mice (Fig. 2F), indicating reduced
metastatic potential of prostate cancer by avasimin. Moreover, Ki-
67 staining of the adjacent tissue sections showed approximately
3.5-fold reduction in the level of Ki-67 in metastatic lesions of
avasimin-treated group, indicating antiproliferative activity of
avasimin to the metastatic tumors (Fig. 2G and H). TUNEL assay
further showed that avasimin increased apoptosis by approxi-
mately 1-fold (Fig. 2G). These results collectively support that CE
depletion by avasimin suppresses metastatic potential of prostate
cancer in vivo.
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CE depletion directly inhibits growth of metastatic prostate
cancer in vivo

To determine the clinical potential of CE depletion as a cancer
therapy for metastatic prostate cancer, we examined therapeutic
efficacy of avasimin in an intracardiac injection model (27), where
metastatic prostate cancer cells have already spread to other
organs at the start of treatment. Seven days after transplantation
of PC-3 cells stably expressing luciferase (PC-3-Luc), the mice
were treated with avasimin daily via intraperitoneal injection and
tumor growth was monitored biweekly using in vivo biolumines-
cence imaging (Fig. 3A). A significant reduction of tumor growth
rate in avasimin-treated group compared with vehicle-treated
group was determined (Fig. 3B and C). Body weight measurement
showed no significant change during the treatment period, indi-
cating no observable toxicity to the mice (Fig. 3D). After 35 days of
avasimin treatment, we observed approximately 4.7-fold reduc-
tion in metastatic tumor size in lungs, liver, and spleen/pancreas
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(Fig. 3E and F). To evaluate the amount and composition of lipid
droplets in the metastatic cancer, we conducted spectroscopic
analysis on the frozen lung tissue sections. By SRS imaging of the
cancerous lesions, we observed a significant reduction of lipid
droplets in avasimin-treated group compared with the control
group (Fig. 3G). Confocal Raman spectroscopy further demon-
strated that CE level is significantly reduced in these lipid droplets
in avasimin-treated group (Fig. 3H), confirming CE depletion
after the treatment. Collectively, these results support our hypoth-
esis that depleting CE suppresses metastatic tumor growth.

Gene expression profiling reveals inactivation of
Wnt/B-catenin pathway by CE depletion

To unveil the signaling pathways that are associated with CE
accumulation and/or depletion, we measured the expression
levels of 84 human prostate cancer -related genes after inhibiting
cholesterol esterification in PC-3 cells, a metastatic prostate cancer
cell line. After confirming CE depletion with avasimibe using
confocal Raman microscopy (Fig. 4A and B), the gene expression
analysis was performed using a RT-PCR profiler array. The analysis
revealed increased expression of regulators that negatively impact
metastasis [DKK3 (32), DLC1 (33), FOXO1 (34), GNRH1] and
genes that are lost in metastatic prostate cancer [EGR3 (35), GPX3
(36), NKX3-1 (37); Fig. 4C; Supplementary Fig. S4A]. At the same
time, expression level of proliferating marker gene MKI67 was
decreased dramatically, supporting suppressed cancer prolifera-
tion by avasimibe (Fig. 4C; Supplementary Fig. S4B). We also note
that CE depletion by avasimibe inhibited expression of ERG by
approximately 2.8-fold, which is a common proto-oncogene in
prostate cancer (Fig. 4C; Supplementary Fig. S4B). Overall, these
results indicate that CE depletion by avasimibe suppresses pro-
liferation and metastatic potential of prostate cancer through
upregulating multiple negative regulators of metastasis.

Among these metastasis-related genes, DKK3 is a negative
regulator of Wnt/B-catenin pathway, one of the major oncogenic
pathways associated with prostate cancer progression and metas-
tasis (38). To confirm that CE depletion inactivates Wnt/[-cate-
nin, immunoblotting of B-catenin was performed in PC-3 cells
after ACAT inhibition by avasimibe. Protein level of active 3-cate-
nin significantly decreased after avasimibe treatment (Fig. 4D). To
eliminate the possibility of nonspecific targeting by ACAT inhib-
itor, we knocked down ACAT-1 using shRNA (Supplementary Fig.
S5A). ACAT-1 knockdown in PC-3 depleted CE (Supplementary
Fig. S5B and S5C) and resulted in significant reduction of active
B-catenin protein level (Fig. 4D). As active 3-catenin translocates
to nucleus to act as a transcription factor, we analyzed localization
of B-catenin by immunofluorescence staining. CE depletion by
eitheravasimibe or ACAT-1 knockdown reduced nuclear localized
B-catenin in PC-3 (Fig. 4E and F; Supplementary Fig. S5D and
S5E). To test whether B-catenin inactivation by ACAT inhibition
occurs to other aggressive prostate cancer cell lines, we used two
other CE-rich aggressive prostate cancer cell models developed
from LNCaP and DU145. LNCaP-HP (high passage) is a cell line
derived upon continuous passage from LNCaP-LP (low passage)
until the passage number exceeds 81 (22), which shows more
aggressive and invasive phenotypes compared with LNCaP-LP
(22, 23). DU145 with stable PTEN knockdown (DU145 PTEN-
KD) is an invasive cell line (39) containing significantly higher CE
compared with PTEN wild-type DU145 (19). In both cell models,
CE depletion by avasimibe significantly downregulated -catenin
(Supplementary Fig. S6), which also supports inactivation of
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Wnt/B-catenin signaling by ACAT inhibition. These results col-
lectively indicate that CE depletion inactivates Wnt/B-catenin
pathway in aggressive prostate cancer cells.

CE depletion suppresses lipogenic potential of prostate
cancer

In Wnt/B-catenin signaling pathway, lipid modification of
Whnt is a prerequisite for Wnt activation (40, 41). During the
acylation process, fatty acids serve as substrates for this reac-
tion. Interestingly, we observed decreased amount of lipid
droplet in avasimin-treated metastatic prostate cancer tissues
(Fig. 3G) and avasimibe-treated prostate cancer cells (Fig. 4A),
suggesting the possibility of reduced lipogenic potential. Con-
sidering the crosstalk between regulation of cholesterol and
fatty acid metabolisms, we hypothesized that CE depletion
limits availability of fatty acid substrates for Wnt acylation.
To test our hypothesis, we performed SRS imaging on lipid
droplets in prostate cancer cell lines after ACAT inhibition
(Fig. 5A). From analysis of lipid droplet amount in SRS images,
we found approximately 1.7-fold reduction in the number of
lipid droplets in cells treated with avasimibe or with ACAT-1
shRNA (Fig. 5B). To confirm that such reduction is a result of
decreased lipogenesis or uptake, the levels of free fatty acids in
prostate cancer were analyzed using LC/MS. Overall, fatty acid
synthesis or uptake in CE-depleted cells was reduced for most
of fatty acid species tested, except for docosahexaenoic acid
(C22:6; Fig. 5C-E). The most significant reduction was found in
monounsaturated fatty acids (C14:1, C16:1, C18:1; Fig. 5D).
These results support our hypothesis that CE depletion reduces
free fatty acid availability in prostate cancer.

CE depletion suppresses cell migration through inhibiting
Wnt3a secretion

Stabilization and nuclear transport of B-catenin is a result of
Wnt activation, which requires secretion and binding of lipid-
modified Wnt to membrane proteins (40, 41). As fatty acid levels
in cells decrease, substrates for Wnt acylation become limited. We
note that one decreased monounsaturated fatty acid after ACAT
inhibition, palmitoleic acid (C16:1), is the fatty acid species used
for Wnt acylation required for secretion (41). Therefore, it is likely
that Wnt secretion is inhibited as a consequence of CE depletion.
First, we tested whether Wnt is inactivated after CE depletion by
visualizing its location. By immunofluorescent staining of Wnt3a
in prostate cancer cells after avasimibe treatment, we observed
membrane localized Wnt3a in control cells (Fig. 6A), indicating
activation of Wnt3a. In contrast, avasimibe-treated cells show
dramatic approximately 6-fold reduction in membrane-bound
Wnt3a, accompanied by intracellular aggregates of Wnt3a (Fig. 6A
and B). To eliminate the potential off-target effects of avasimibe,
we depleted CE by ACAT-1 knockdown using shRNA. Prostate
cancer cells with ACAT-1 knockdown also show approximately 6-
fold reduction in membrane-bound Wnt3a compared with con-
trol cells (Supplementary Fig. S7A and S7B), confirming the
inactivation of Wnt3a after CE depletion. The Wnt3a distribution
after avasimibe treatment resembles the localization of Wnt3a
after IWP-2 treatment, a potent inhibitor of Wnt3a acylation (Fig.
6A). To further confirm inactivation of Wnt3a, we measured
intracellular and secreted Wnt3a after avasimibe treatment using
immunoblotting analysis. Intracellular Wnt3a level increased
after avasimibe treatment, while medium Wnt3a level decreased
by approximately 1.4-fold (Fig. 6C). These results indicate that
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SD (n > 90 in each group). **, P < 0.005; ***, P < 0.0005.

avasimibe treatment inactivates Wnt/B-catenin pathway through
reducing Wnt secretion.

To test whether Wnt/B-catenin is an essential pathway that links
CE accumulation to aggressiveness of prostate cancer, we per-
formed a migration rescue experiment with Wnt3a. CE depletion
by avasimibe significantly suppressed migration capability
of prostate cancer by approximately 42% (Fig. 6D and E). When
Wnt3a was supplemented into the medium, migration capability

www.aacrjournals.org

of the cells was rescued significantly (Fig. 6D and E), although
not to the full extent (~86% recovery). These results indicate that
CE depletion suppresses prostate cancer aggressiveness largely
through Wnt/B-catenin pathway.

On the basis of our data, we propose that blocking cholesterol
esterification creates imbalance in cancer lipid metabolism that is
important for modulating the activities of Wnt/B-catenin pathway
(Fig. 6F). Under normal condition, excess cholesterol in prostate
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Figure 5.

ACAT inhibition reduces fatty acid levels in prostate cancer. A, SRS images of PC-3 and LNCaP-HP cells treated with avasimibe (10 umol/L, 2 days) or with
ACAT-1 shRNA. Scale bar, 10 um. B, Quantitation of lipid droplet amount normalized to control groups. Error bars, SD (n > 9). C-E, LC-MS measurement
of fatty acids from lipids extracted from PC-3. Fatty acid levels were normalized by cell number in each group. Fatty acids are grouped in saturated

fatty acids (C), monounsaturated fatty acids (D), and polyunsaturated fatty acids (E). Error bars, SEM (n = 3). *, P< 0.05; **, P< 0.005; n.s., not significant; LD,

lipid droplet.

cancer prostate cancer cells is esterified and stored in lipid droplets
by ACAT, and high level of lipid synthesis and/or uptake (42, 43)
provides sustained, ample supply of fatty acids (i.e., palmitic acid
and palmitoleic acid) for acylation of Wnt protein. Lipid-mod-
ified Wnt is secreted and bound to membrane to exert its func-
tions, such as promoting cell migration and invasion. By inhibi-
tion of cholesterol esterification, expression and cleavage of Sterol
Regulatory Element-binding Protein-1 (SREBP-1) decreased as we
reported previously (19). Consequently, the unavailability of
fatty acids inhibited the Wnt acylation and secretion. Unable to
bind to the membrane, the inactivation of Wnt/B-catenin signal-
ing suppressed prostate cancer migration and metastasis.
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Discussion

Metastatic prostate cancer is a deadly disease still in need of
effective treatment. Androgen deprivation therapy (ADT) is the
first-line hormone treatment for metastatic prostate cancer.
Despite initial tumor regression, progression into castration-resis-
tant prostate cancer is inevitable (21). Although drugs that target
androgen receptor or androgen synthesis (i.e., enzalutamide or
abiraterone) show clinical benefits, resistance to these treatments
eventually occur (44). These phenomena show that current ther-
apeutic strategies for metastatic prostate cancer are still not
curative (21) and development of new treatments is needed to
improve patient outcomes.
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CE depletion inhibits cell migration through reducing Wnt3a secretion. A, Immunofluorescence staining of Wnt3a in DU145 PTEN-KD treated with avasimibe (10
umol/L, 2 days) or IWP-2 (10 umol/L, 1 day). Arrows indicate membrane localized Wnt3a. Scale bar, 25 um. Insert scale bar, 10 um. B, Quantification of

cells with membrane Wnt3a after avasimibe or IWP-2 treatment as indicated in A. C, Immunoblot of antibodies against Wnt3a and B-actin in DU145 PTEN-KD treated
with avasimibe (10 umol/L, 2 days). Medium Wnt3a was immunoprecipitated and normalized by precipitated protein concentration. Error bars, SD (n = 3).*, P< 0.05.
D, Representative images of migration of cells pre-treated with avasimibe (10 umol/L, 2 days) and subsequent Wnt3a supplement (100 ng/mL). Scale bar, 50 um. E,
Quantitation of migrated cells shown in D. Error bars, SD (n = 3). ***, P < 0.0005. F, Schematic showing the molecular mechanism. In metastatic prostate cancer,
high level of lipid synthesis and/or uptake provides fatty acid substrates for Wnt acylation. This process is accompanied by conversion of excess cholesterol
to CE by ACAT and stored in lipid droplets. Wnt acylation allows secretion and binding of Wnt to the membrane to drive cell migration and invasion. Suppressing
cholesterol esterification by ACAT inhibition downregulates SREBP through negative feedback loop. As a result, lipogenesis pathway is suppressed, which limits the
availability of free fatty acids required for Wnt acylation. Metastasis is then inhibited by reduced secretion of Wnt protein. SFA, saturated fatty acid; MUFA,
unsaturated fatty acid; LD, lipid droplet.

In this study, we revealed an essential role of CE in metastasis
and its potential as a therapeutic target for metastatic prostate
cancer. Using two animal models that focus on different aspects of
metastatic prostate cancer, we tested the therapeutic benefits of CE
depletion on development of metastasis and growth of metastatic
tumors in mice. Prostate cancer metastasis in an orthotopic mouse
model involves escape of cancer cells from the primary tumor site
and migration into other organs. It also provides information

www.aacrjournals.org

about the therapeutic effect on the primary tumor. Using this
mouse model, we observed striking phenotypic differences
between the primary tumors in vehicle versus that in avasimin-
treated mice, which provides strong evidence that ACAT inhibi-
tion suppresses invasiveness of prostate cancer cells. Consistently,
we observed a reduced number of metastatic nodules in avasimin-
treated mice, supporting that ACAT inhibition suppresses devel-
opment of metastasis during prostate cancer progression.
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The intracardiac injection mouse model introduces the tumor
cells directly into circulation, thus emphasizing the survival and
growth of prostate cancer cells in other organs. Thus, we used this
model to evaluate therapeutic efficacy of CE depletion in mice
with metastatic prostate cancer already developed. Our results
indicate that avasimin treatment effectively suppressed growth of
metastatic prostate cancer in multiple organs. Importantly, we did
not observe detectable toxicity from avasimin to the animals. This
is because CE content is usually low in most normal cell types (1,
5), giving a unique opportunity to specifically target prostate
cancer cells without causing unfavorable disturbance to the cho-
lesterol homeostasis in most of normal cells. Indeed, there is an
increasing body of evidence showing accumulation of CE in
various types of cancer, including prostate cancer (19), breast
cancer (45), leukemia (46), glioblastoma (47), and pancreatic
cancer (48). These studies collectively support the importance of
the cholesterol storage pathway in malignancy.

We observed reduced free monounsaturated fatty acid levels
after ACAT inhibition. We suspect that as a consequence of
inhibiting cholesterol esterification, free cholesterol level is
increased, which downregulates SREBP activities through ste-
rol-dependent negative feedback loop (6). This is supported by
our previous finding that expression and cleavage of SREBP-1c are
reduced upon CE depletion (19). As SREBP-1c is the isoform that
mainly promotes fatty acid biosynthetic pathway (49), our obser-
vation of decreased fatty acid levels after inhibiting cholesterol
esterification is likely to be through the regulation of SREBP-1c.
Importantly, it has been reported that depleting SREBP results in
reduction in the monounsaturated fatty acids in the cellular pool
of free fatty acids (50), which supports our hypothesis. As the
enzyme catalyzing the rate-limiting step in unsaturated fatty acid
synthesis, SCD1, is directly regulated by SREBP-1c (51), it is
possible that the level of monounsaturated fatty acids is reduced
by downregulation of SCD1. Overall, given that SREBP-1 has been
proposed to be an important regulator that provides a link
between oncogenic signaling and tumor metabolism (50, 52),
we believe that SREBP-1 plays an essential role in lipid homeo-
stasis in during prostate cancer progression.

Finally, our results reveal that lipid metabolism is an important
regulator of Wnt activity. Several studies show that Wnt acylation
by acyltransferase Porcupine is essential for its secretion and
binding to membrane receptors (41, 53). In a recent study,
alterations in the Wnt signaling pathway were observed in 18%
of patients with metastatic castration-resistant prostate cancer
(54). Interestingly, it was reported that patients with alterations
in these genes are predicted to respond to Porcupine inhibitors,
such as IWP-2 (53), which supports the importance of Wnt
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