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Abstract

In this study, we used a bioinformatic approach to identify genes whose expression is dysregulated
in human prostate cancers. One of the most dramatically downregulated genes identified encodes
CYP27A1, an enzyme involved in regulating cellular cholesterol homeostasis. Importantly, lower
CYP27AL transcript levels were associated with shorter disease-free survival and higher tumor
grade. Loss of CYP27ALl in prostate cancer was confirmed at the protein level by immunostaining
for CYP27A1 in annotated tissue microarrays. Restoration of CYP27A1 expression in cells where
its gene was silenced attenuated their growth in vitro and in tumor xenografts. Studies performed
in vitro revealed that treatment of prostate cancer cells with 27-hydroxycholesterol (27HC), an
enzymatic product of CYP27A1, reduced cellular cholesterol content in prostate cancer cell lines
by inhibiting the activation of sterol regulatory-element binding protein 2 (SREBP2) and
downregulating low-density lipoprotein receptor (LDLR) expression. Our findings suggest that
CYP27ALl is a critical cellular cholesterol sensor in prostate cells and that dysregulation of the
CYP27A1/27HC axis contributes significantly to prostate cancer pathogenesis.
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Introduction

Prostate cancer (PC) is the most common non-skin cancer among men and the second
leading cause of cancer death (1). While the underlying causes of PC remain unclear,
multiple epidemiological studies have suggested that hypercholesterolemia is associated
with an increased risk of high-grade metastatic disease (2-6). Indeed, PC cells and those of
other solid tumors have been shown to contain higher cholesterol levels than juxtaposed
normal cells (7,8). Thus, it is possible that increased cholesterol content impacts PC growth
by satisfying the need of proliferating cells for a key component of cell membranes. Another
contemporary opinion is that increased cellular cholesterol within mitochondrial membranes
renders cells resistant to many chemotherapeutics (9). It has also been suggested that
cholesterol impacts PC growth by serving as a precursor for the production of intratumoral
androgens (10). It is not surprising, therefore, that inhibitors of HMG-CoA-reductase
(HMGCR) (statins), drugs that block cholesterol synthesis and reduce serum cholesterol and
inhibit PC cell growth /n vitro (11,12), are associated with reduced PC progression following
treatment with surgical prostatectomy (13) or brachytherapy (14) and have been shown in
population studies to be associated with a lower risk of developing metastatic or fatal PC
(15-18). Given these positive data, it is noteworthy that not all studies have linked
hypercholesterolemia with higher PC risk (19). Likewise, the data on statins are not
universally positive in terms of their association with PC risk and/or PC progression with
several studies finding no such association or with increased risk (20-23). Importantly,
hypercholesterolemia and statin use influence serum cholesterol levels. Whether these
changes effect intratumoral cholesterol is not clear. As such, given the scientific plausibility
that cholesterol promotes PC progression, albeit in the face of equivocal epidemiological
data, it is important to understand the molecular mechanisms used by PC cells to regulate
intracellular cholesterol.

In humans, the regulation of cellular cholesterol homeostasis is achieved primarily through
the coordinated activity of two classes of transcription factors; Sterol regulatory element-
binding proteins (SREBPs) and Liver X Receptors (LXRs) (24-26). LXRs can regulate
cholesterol efflux by inducing the expression of mMRNAs encoding the reverse cholesterol
ATP-binding cassette (ABC) transporters ABCA1 and ABCGL1 (27), while SREBPs promote
endogenous cholesterol synthesis and uptake of extracellular cholesterol by inducing the
expression of genes such as HMGCR and the low density lipoprotein receptor (LDLR).
Targeting these pathways has been shown to be an effective strategy to inhibit growth in
relevant cellular and animal models of PC (28,29).

Considering what is known about the pathobiology of cholesterol in PC, it is clear that these
cancer cells have evolved mechanisms to bypass the tight homeostatic regulation of
intracellular cholesterol and this represents a potential vulnerability for intervention. With
this idea in mind, we sought to identify genes involved in cholesterol homeostasis whose
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expression was dysregulated in PC. We reasoned that such an approach would also yield
novel targets, which could be pharmaceutically exploited to have useful clinical activity. To
achieve this goal, a list of genes with known involvement in cholesterol homeostasis was
assembled with each gene being ranked according to the strength of the correlation between
its expression level and PC clinical outcomes using publically available data. Using this
approach, it was determined that the expression of CYP27A1, a gene that encodes sterol 27-
hydroxylase, a cytochrome P450 oxidase that converts cholesterol into 27-
hydroxycholesterol (27HC), was dramatically downregulated in PC when compared to
benign prostate tissue (30). While most cholesterol is catabolized by CYP7AL in the liver,
CYP27AL is the rate limiting step in the alternate or “acidic pathway” of bile acid synthesis.
Further, it has been shown that 27HC, secondary to its interaction with INSIG-2 in the
endoplasmic reticulum, inhibits the processing events required for the activation of SREBP2
(31). In this manner, 27HC serves as a component of a negative feedback loop that regulates
cholesterol biosynthesis. Further 27HC, functioning as an LXR agonist, can also enhance
cholesterol efflux by upregulating the transcription of cholesterol transporters to further limit
cellular cholesterol accumulation. However, the significance of this regulatory loop in PC
pathogenesis has not been established. In this study, a combination of bioinformatics,
genetics and pharmacology has been used to determine the importance of CYP27A1 and
27HC in cholesterol homeostasis in PC. Further it is shown that dysregulation of CYP27A1
expression and its metabolite (27HC) can impact the pathobiology of PC. Together, these
studies also highlight the potential clinical utility of restoring cholesterol homeostasis in PC
as a means to treat or prevent this disease.

Materials and Methods

Bioinformatic analysis

Association of CYP27A1 expression with PC clinical features—Using logistic
regression in R, expression of genes involved in cholesterol regulation (derived from gene
ontology analysis) extracted from TCGA were assessed for their ability to predict Gleason
Score (6,7,8,>9), pathological T-Stage (t2a,t2b,t2c,t3a,t3b,t4), and pathological N-
Stage(n0,n1) with each clinical feature modeled as an ordered factor. Odds ratios,
confidence intervals, and two-tailed p-values were calculated using R.

CYP27A1 mRNA levels and Gleason score—These results are based upon data
generated by the TCGA Research Network: http://cancergenome.nih.gov/. Normalized gene
expression data and clinical information for TCGA-Prostate Adenocarcinoma [PRAD] were
downloaded from The Broad Institute TCGA GDAC Firehose at http://
gdac.broadinstitute.org. At the time of data access, 269 primary tumor samples were
annotated for both gene expression and clinical data. Gleason score data were then
categorized into three groups (Gleason score <7, =7, or >7). P-values were determined using
a one-way ANOVA.

PSA Free Survival analysis for CYP27A1 mRNA—The raw data for GSE21032 were
downloaded from GEO, normalized with Robust Multi-array Average approach and
summarized at the transcript level using the oligo package in R. Biochemical recurrence in
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this dataset was defined as PSA = 0.2 ng/ml on two occasions. Kaplan-Meier plot of PSA-
Free survival was generated in R with patients categorized into low and high CYP27A1
expressing groups according to the median expression of CYP27A1. Reported p-values were
calculated using the log-rank method.

CYP27A1 mRNA levels and promoter methylation—Data from TCGA [PRAD],
representing 246 patient samples, was used to correlate Transcription Start Site (TSS)
methylation levels with mRNA expression levels of CYP27A1. The intensity of the proximal
TSS probe of CYP27A1 from the Infinium HumanMethylation450 BeadChip was plotted
against the Log2 mRNA CYP27A1 expression levels from RNA-Seq. Data points were
fitted with a loess smoothing curve.

CYP27A1 IHC analysis

The patient cohort and details of TMA construction were previously described (32). TMA
sections were stained with anti-CYP27A1 rabbit monoclonal antibody (ab126785 from
Abcam, Cambridge, MA), detailed protocol can be found in Supplementary Materials and
Methods. Staining intensity in tumor cells was scored prospectively as 0 (absent), 0.5
(borderline), 1 (weak), 2 (moderate) or 3 (strong) by a board certified pathologist (JG)
blinded to clinical information. For statistical analysis, the tumors were categorized as
negative (0 and 0.5) or positive (1, 2 and 3). A chi-square test was used to test association
between expression of CYP27A1 (treated as a binary variable) and prostate adenocarcinoma
vs. benign tissue.

Cell culture and in vitro assays

Cell lines and culture conditions—LNCaP, 22RV1, DU145 and VCaP cells were
obtained from ATCC and were authenticated by ATCC using short tandem repeat (STR)
profiling. LAPC4 cells were a generous gift from Dr. William Aronson (UCLA, CA) and
authenticated by ATCC using STR profiling. All cell lines were passaged in the lab for no
more than 20 passages (or 4 months). LNCaP and 22RV1 cells were cultured in RPMI-1640;
DU145 in MEM; VCaP, 293FT and 293Ts in DMEM; LAPC-4 in Iscove’s DMEM
supplemented with 0.1 nM R1881. All media were also supplemented with 10% FBS, 1mM
sodium pyruvate and 0.1 mM NEAA.

Gene silencing—LNCaP cells were seeded at 3 x 10° cells per well on a six-well plate
and transfected with siRNA as indicated using Dharmafect | (Dharmacon, Lafayette, CO)
for 48-72 hours, unless otherwise specified.

Generation of stable cell lines—pLenti CMV TRE3G puro Gal4-DBD and pLenti
CMV TRE3G puro CYP27A1 were cotransfected (Fugene, Promega, Madison, WI) with the
vsvg, gag-pol and rev packaging vectors into 293FT cells. The viral supernatants were
filtered and supplemented with 8 pg/mL polybrene before infecting LNCaP or 22RV1 cells
that constitutively express the pLenti CMV-rtTA3G plasmid under blasticidin antibiotic
selection. Cells were then selected with 1 ug/mL puromycin yielding Gal4 and CYP27A1
overexpressing cell lines.
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LDLR overexpression—pQCXIP or pQCXIP LDLR were cotransfected with the vsvg
packaging vector into 293Ts cells. The viral supernatants were filtered and supplemented
with 8 pg/mL polybrene before infecting LNCaP cells. Forty-eight hours following
infection, LNCaP cells were harvested and plated for proliferation assays.

Western blotting, RNA preparation, qRT-PCR analyses and proliferation assays were
described previously (33-35).

Anchorage-independent growth—Anchorage-independent growth was assessed by
monitoring colony formation after 4-5 weeks in soft agar (0.6% base; 0.3% top layer) using
5000 cells per well in 6-well plates. Briefly, 0.6% agar (2ml) in growth medium was added
to a 6-well plate and allowed to solidify. Then, cells were suspended in 2ml of 0.3% agar
with or without 27HC (1uM) were added on top of the agar base and allowed to solidify.
Media containing DMSO or 27HC (1uM) were added to each well and treatment was
replaced every three days. Colonies were stained with crystal violet and counted using a
phase contrast microscope.

Apoptosis assay—LNCaP and 22RV1 cells (3 x 10° cells/well) were seeded in six-well
plates and treated accordingly. Cells were then harvested and double stained with Alexa
Flour 488 Annexin V and Sytox according to the manufacturers’ instructions. Annexin V
positive cells were considered apoptotic and the percentage of total cell number was
calculated. A minimum of 10,000 events were collected per sample using a BD Accuri C6
flow cytometer and data were analyzed using the CFlow plus program software (BD
Biosciences, San Jose, CA).

Caspase 3/7 activity assay—The assay was performed as described in Fritz et al.(36)
with modifications (see Supplementary Materials and Methods).

27HC and cholesterol measurements—Performed by the Duke Proteomics and
Metabolomics Shared Resources. Details see Supplementary Materials and Methods.

Murine tumor xenograft model

All xenograft procedures were approved by the Duke University Institute for Animal Care
and Use Committee. Castrated Nod Scid/Gamma (NSG) mice (~6 weeks of age, n=20 per
group) obtained from the Cancer Center Isolation Facility (Duke Cancer Institute, Durham,
NC) were subcutaneously injected with 1 x 108 22RV1-Gal4 or 22RV1-CYP27A1 cells into
the right flank in 200 pl of a 50% mixture containing RPMI 1640 medium and Matrigel
matrix basement membrane (BD Corporation, Bedford, MA, USA). Doxycycline was added
to the drinking water two days prior to xenograft injections. Tumors were measured by
caliper 2-3 times/week for 30 days post-engraftment. At sacrifice, the tumors were
harvested, weighed, and flash-frozen for subsequent analysis of RNA, protein and
cholesterol.
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Cholesterol availability influences the growth of PC cells in vitro

As a first step in these studies, we assessed the impact of manipulating cholesterol levels on
PC growth. More specifically, the consequence of altering media LDL levels (the lipoprotein
with the highest cholesterol content) on the growth of PC cells was evaluated. To this end,
V/CaP cells were cultured in media with lipoprotein deficient serum (LPDS) and their
proliferation was assessed and compared to cells grown in full serum containing media.
After eight days, cell number, as measured by relative DNA content, increased 1.3-fold in
LPDS media versus a 3.4-fold increase in full serum media (Supplementary Fig. S1A).
Adding LDL to LPDS media restored VVCaP cell number to full serum media levels. Similar
trends were observed in DU145 and 22RV1 PC cells, where LDL addition significantly
enhanced growth when compared to cells grown in LPDS media (Supplementary Fig. S1B
and S1C). These results established a relationship between cholesterol availability and PC
cell growth rate and confirmed the importance of exogenous cholesterol for cancer cell
growth.

The expression of CYP27A1, a gene involved in cholesterol homeostasis, correlates
strongly with PC clinical outcome

Given our specific interest in developing therapeutics that target pathways involved in
regulating cholesterol homeostasis, we used a bioinformatic approach to identify
cholesterol-related genes whose expression correlated with aggressive PC in annotated
clinical datasets. Specifically, a list of 176 genes involved in cholesterol biology was derived
using the following GO ontologies: ‘GO:0006695’=cholesterol biosynthetic process, ‘GO:
0042632’=cholesterol homeostasis, ‘G0O:0045540’=regulation of cholesterol biosynthetic
process and ‘G0:0008203’=cholesterol metabolic process. Using data extracted from The
Cancer Genome Atlas (TCGA), the expression level of each of these genes relative to
clinical features known to predict outcome such as T-stage, Gleason score at diagnosis, and
the presence of lymph node metastasis was assessed. These genes were modeled for their
association to these clinicopathological features using logistic regression and evaluated
using both the 97.5% ClI, odds ratio and statistical significance. To account for multiple
testing, only genes with a p-value less than 0.01 were considered significant. Though this
does not fully account for multiple testing, we also did not want to miss important
observations. Importantly only one gene, CYP27A1, was significant for all three features
with all 3 p-values <0.001 and ten genes (AKR1D1, APP, FDXR, LIPE, STAR, APOF, LBR,
MBTPS1, OSBPL1A and SQLE) were significant for any two features. Applying this
strategy, using p-values as a primary selection criterion, low CYP27A1 expression was
determined to be the most significant predictor (p=4.102E-08) of high Gleason score, the
second most significant predictor of lymph node involvement (p=8.220E-04) and the sixth
strongest significant predictor (p=1.460E-03) of high T-stage (Table 1). To further dissect the
relationship between low CYP27A1 expression and high Gleason score, patients were
divided into three groups; Gleason score <7, =7, or >7 and the expression of CYP27A1
across the categories as reported in TCGA was assessed (Figure 1A). Notably, CYP27A1
MRNA expression levels were significantly lower in patients with Gleason score >7 versus
patients with Gleason=7 (p<0.0001) or Gleason<7 (p<0.0001).
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Using data extracted from seven different GEO datasets, we looked for differences in
CYP27A1 expression between the different stages of clinical and pathological disease
progression (benign, primary, metastatic, hormone sensitive and hormone refractory);
CYP27A1 transcript levels were significantly lower in tumor samples vs. benign prostate
tissue across all five datasets that included benign and PC tissue (Figure 1B, Supplementary
Table S1, and Supplementary Fig. S1D). Moreover, in 3 of the 4 datasets that included data
on metastasis, CYP27A1 expression levels were significantly decreased in metastatic tumors
vs. primary tumors (Supplementary Table S2 and Supplementary Fig. S1D). The effect of
transitioning to castrate-resistant PC (CRPC; aka hormone resistant PC or HRPC) on
CYP27A1 expression was not as clear as one dataset showed significantly lower expression
in HRPC (Tamura-GSE6811) while in a second dataset (Tomlins-GSE6099) no significant
difference in expression was noted (Supplementary Table S3 and Supplementary Fig. S1D).
Querying the TCGA-Prostate Adenocarcinoma [PRAD] dataset, revealed a strong negative
correlation between the CYP27A1 mRNA levels and DNA methylation at the transcription
start site (TSS) of this gene (Figure 1C). This analysis suggests that an epigenetic event may
be involved in the silencing of CYP27A1 in PC.

To confirm that CYP27A1 expression was also reduced at the protein level, we assessed
CYP27AL1 protein using immunohistochemistry in tissue microarrays (TMAS) that contained
1 mm cores from PC and benign prostate tissue. In these TMAS, the majority (89%;
106/119) of the benign cores expressed CYP27A1, while only 28% (28/101) of the cancer
cores expressed CYP27A1 (chi-squared, p<0.001). A representative photomicrograph
demonstrating the absence of CYP27AL1 staining in tumor cells (black arrows) and positive
staining in benign cells admixed within the cancerous cells (red arrows) is shown in Figure
1D.

To test whether CYP27A1 expression can predict clinical outcome, we queried the Taylor-
GSE?21032 dataset and found that patients whose tumors exhibited higher CYP27A1
expression also had a significantly reduced risk of PSA recurrence following radical
prostatectomy (HR=0.325, p=0.00211, Figure 1E). Taken together, these data establish a
negative correlation between CYP27A1 expression and PC progression.

Restoration of CYP27A1 expression slows the growth of PC cells in vitro and attenuates
the growth of 22RV1 cell derived xenografts

Next, we wanted to determine whether altering CYP27A1 activity/levels affects PC cell
growth. CYP27A1 expression was first assessed in six PC cell lines (DU145, PC3, LNCaP,
22RV1, LAPC4 and VCaP) by immunoblot analysis. As shown in Supplementary Fig. S2A,
only the androgen receptor (AR) negative DU145 and PC3 cells express detectable levels of
CYP27AL1 protein although it is not known if this enzyme is active in these cells. As most
prostate tumors express AR, even in late stage CRPC (37), we elected to use the AR-
expressing LNCaP and 22RV1 cells for further studies of CYP27A1 biology. LNCaP and
22RV1 cells were engineered to stably overexpress CYP27A1 or GAL4-DBD (control) both
under the control of a doxycycline inducible promoter. Doxycycline treatment resulted in a
dose dependent increase in CYP27A1 mRNA and protein expression in LNCaP and 22RV1
cells with enforced CYP27A1 expression but not in control cells (Supplementary Fig. S2B
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and S2C). Using the stably transfected cells described above we assessed the effect of
enforced CYP27A1 overexpression on PC cell growth /n vitro. 1t was observed that the
growth of cells expressing CYP27A1 was significantly impeded in both LNCaP and 22RV1
cells (Figure 2A). Furthermore, these CYP27A1 expressing cells demonstrated significantly
reduced ability to grow in an anchorage-independent manner (Figure 2B).

22RV1 cells express a truncated, constitutively active, AR variant that confers resistance to
all of the currently available androgen synthesis inhibitors and to antiandrogens and are a
model of CRPC (38). Thus, considering the growth inhibitory effects of CYP27A1
overexpression on 22RV1 cells /in vitro, the effect of CYP27AL1 overexpression on the
growth of 22RV1 cell-derived tumors was evaluated /n vivo. To this end, 22RV1 control cells
(expressing GAL4) or those that overexpress CYP27A1 were propagated as xenografts in
castrated, immunodeficient mice and tumor growth was assessed by caliper measurements.
Two days prior to injection of tumor cells, mice were given doxycycline in their drinking
water (Supplementary Fig. S2D). Starting at day 25 and continuing through the remainder of
the study, tumors expressing CYP27A1 were significantly smaller than those expressing
GALA4 (Figure 2C). At sacrifice, the weight of tumors derived from the CYP27A1
expressing cells was half that of tumors expressing GAL4 (Figure 2D). Tumoral expression
of CYP27A1 was confirmed by immunoblot analysis (Supplementary Fig. S2E). It was
concluded from these studies that restoring CYP27A1 levels negatively affects PC growth /in
vitroand in vivo.

CYP27AL1 inhibits the growth of PC cells via production of 27-hydroxycholesterol

The CYP27A1 gene encodes a cytochrome P450 oxidase, sterol 27-hydroxylase, the primary
activity of which is to convert cholesterol into 27-hydroxycholesterol (27HC) (30). In
addition, however, it has been shown that recombinant CYP27A1 has weak vitamin D 25-
hydroxylase activity and when assessed /n vitro can convert vitamin D3 (calciferol) into 25-
hydroxyvitamin D3 (25(0OH)D3) (39). This is of potential significance as 25(OH)D3 can be
converted to 1,25-dihydroxyvitamin D3 (1,25(0OH),D3) by CYP27B1, a seco-steroid which
has been shown to inhibit the growth of many different cancer cells. Thus, to assess the
extent to which the inhibitory effects of CYP27A1 overexpression in PCa cells can be
attributed to the production of 1,25(0OH),D3, we analyzed the expression of several genes
which read on vitamin D receptor (VDR) activity in cells upon induction of CYP27A1
expression (Supplementary Fig. S3). As expected, treatment with 1,25(0OH),D3 robustly
induced the expression of several VDR target genes, such as TMPRSS2 and CYP24A1, at
concentrations as low as 1nM. However, overexpression of CYP27AL1 had no effect on the
expression of these VDR targets ruling out the possibility that functionally significant levels
of 1,25(0OH),D3 were being produced upon reexpression of this enzyme. Notably, however,
the expression of CYP27A1 resulted in increased production of intracellular 27HC in both
LNCaP and 22RV1 cells when compared to control cells (Figure 3A). A commensurate
increase in 27HC in the spent media from CYP27AL1 expressing cells was also observed
(Figure 3B). Because CYP27A1 overexpression inhibited PC cell growth, we next sought to
determine if 27HC treatment results in a similar outcome. To this end we compared the
effects of 27HC on LNCaP and 22RV1 cell growth. Enzalutamide, an antiandrogen used to
treat advanced PC, was used as a control. 27HC inhibited the growth of both LNCaP and
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22RV1 cells while enzalutamide inhibited the growth of only LNCaP but not 22RV1 cells as
expected, as these later cells express an AR splice variant(s) that confers resistance to
antiandrogens (Figure 3C) (40,41). An even more dramatic inhibitory effect of 27HC on
anchorage independent growth of PC was observed (Figure 3D). Treatment of LNCaP and
22RV1 cells with 27HC was associated with a dramatic increase in cleaved PARP (marker of
apoptosis), and p27 (marker of cell cycle arrest) in a time- and dose-dependent manner
(Figure 3E and 3F), and corresponding increases in apoptosis (Supplementary Fig. S5D).
Analogous findings were observed when VCaP (AR amplified), and DU145 (AR null) cells
were treated in a similar manner (Supplementary Fig. S4A, S4D). It was noted, however,
that 27HC treatment resulted in the induction of cleaved PARP in VVCaP cells but not in
DU145 cells (Supplementary Fig. S4B, S4C and data not shown). Conversely, 27HC
treatment resulted in the induction of p27 expression in DU145 but not in VVCaP cells
(Supplementary Fig. SAE, S4F and data not shown). The molecular basis for these
differences is presently unclear although all of the data are consistent with 27HC having a
negative effect on PC viability irrespective of AR status.

27HC inhibits growth of PC cells via depletion of intracellular cholesterol

Some oxysterols, including 27HC, have been shown to participate in a negative feedback
loop that is responsible for regulating cholesterol biosynthesis (31). To determine if the
CYP27A1/27HC axis is involved in cholesterol homeostasis in PC cells, we first assessed
the impact of 27HC administration on cholesterol levels in PC. As shown in Figure 4A,
treatment of PC cells with 27HC resulted in a significant decline in cellular cholesterol in
both LNCaP and 22RV1 cells by 35% (p=0.00152) and 28% (p=0.00388) respectively.
Similar decreases in cellular cholesterol content were also observed in CYP27A1
overexpressing LNCaP cells but not in 22RV1 cells (Supplementary Fig. S5A). However, a
significant decrease in total cholesterol was noted in CYP27A1 overexpressing 22RV1
tumors (Supplementary Fig. S5B). This latter discrepancy may relate to differences in the
reliance on cholesterol synthesis versus uptake by these cells when propagated /n vitro and
in vivo.

A cholesterol complementation study was done to determine whether depletion of
cholesterol is sufficient to explain the inhibitory effect of 27HC on PC growth. Indeed, the
growth inhibitory effects of 27HC on LNCaP and 22RV1 cells was reversed by adding
exogenous cholesterol (Figure 4B). Further, cholesterol supplementation reversed 27HC
dependent (a) induction of PARP cleavage (Supplementary Fig. S5C) (b) increases in the
activity of effector caspases 3 and 7 (Figure 4C) and (c) apoptosis (Supplementary Fig.
S5D). Likewise, pre-treating LNCaP or 22RV1 cells with LDL for 48 hours prior to the
addition of 27HC significantly attenuated the anti-proliferative effects of 27THC
(Supplementary Fig. S5E). These data are consistent with the idea that 27HC-mediated
effects on cell growth are a result of reduced cellular cholesterol content.

27HC dependent inhibition of PC cell growth occurs via downregulation/inhibition of
SREBP2 activity

In light of the observation that direct addition of 27HC, or overexpression of CYP27AL,
reduced cellular cholesterol content and inhibited cell growth, it was of interest to define the
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mechanisms by which 27HC impacted cholesterol homeostasis. As mentioned above, the
levels of cholesterol in cells are regulated by uptake, efflux and biosynthesis primarily
through the coordinated activity of SREBPs and LXRs (24-26). Therefore, the ability of
27HC to affect the expression of canonical LXR and SREBP target genes was assessed.
Treatment of LNCaP and 22RV1 cells with 27HC resulted in the upregulation of ABCG1
and a downregulation of LDLR mRNA expression (Figure 5A and data not shown). The
magnitude of the induction of ABCGI expression by 27HC is similar to that achieved with
the synthetic LXR agonist T0901317 (T1317) and depletion of LXRa and B isoforms by
siRNA diminished this induction (Figure 5A). This suggests upregulation of ABCGI by
27HC is mediated by LXRs. On the other hand, downregulation of LDLR by 27HC was
independent of the LXRs as knockdown of LXRs did not rescue LDLR downregulation
(Figure 5A, right panel).

To determine the role of LXRs as a mediator of the growth inhibitory effects of 27HC on PC
cells, the ability of the synthetic LXR agonist T1317 to phenocopy the effects of 27HC on in
vitro growth of LNCaP and 22RV1 cells was assessed. Like 27HC, T1317 significantly
inhibited the growth of LNCaP cells. However, 22RV1 cells which are 27HC responsive
were not inhibited by T1317 even at doses as high as 10 uM (Figure 5B). Thus, although
27HC can function as an LXR agonist in PC cells, its actions on overall cholesterol
homeostasis and on cell proliferation are likely to occur, at least in part, in an LXR-
independent manner. Therefore, we assessed if SREBP2, which is also known to be involved
in cholesterol homeostasis, was a mediator of the 27HC anti-PC effects. As shown in Figure
5C, treatment with 27HC led to a time-dependent decrease in the levels of the precursor
form of SREBP2 in LNCaP and 22RV1 cells, consistent with the down regulation of
SREBP2 mRNA expression by 27HC (data not shown). This is likely due to the fact that
SREBP?2 activity is required for its own transcription (42). We next tested whether the
effects of 27HC on cell growth can be reversed by exogenously expressing the active nuclear
form of SREBP2 (43,44). For this purpose, 22RV1 cells engineered to stably overexpress the
active form of SREBP2 or GAL4 (control) under the control of a doxycycline inducible
promoter were developed. Overexpression of SREBP2 significantly reduced the sensitivity
of 22RV1 cells to 27HC (Figure 5D). Since LDLR is a major downstream target of SREBP2,
we evaluated whether LDLR overexpression alone could abrogate 27HC mediated anti-
proliferative effects. Indeed, LNCaP cells that were transiently infected with an LDLR
expressing retrovirus were found to have an attenuated response to 27HC (Figure 5E).
Finally, we demonstrated that siRNA-mediated knockdown of LDLR expression
phenocopied the effects of 27HC on PC growth (Supplementary Fig. S6 A-C). It was
concluded from these studies that 27HC-dependent downregulation of SREBP2 activity and
LDLR expression in part explains the antiproliferative effects of 27HC on PC.

Discussion

The results of this study provide a potential mechanistic link between dysregulated
cholesterol homeostasis and PC pathogenesis and highlight approaches that can be used to
mitigate the impact of dyslipidemia on the biology of this disease. Notable was our
observation that the expression of CYP27AL1, a key component of the cellular cholesterol
homeostatic machinery, was dramatically downregulated in advanced PC; an activity that
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may result from hypermethylation of the gene encoding this protein. Absent this enzyme, an
important negative feedback mechanism that regulates cellular cholesterol homeostasis is
lost leading to cholesterol accumulation, which endows a selective growth advantage upon
PC cells (Supplementary Fig. S6D). Whereas the mechanisms by which increased
cholesterol synthesis/uptake impacts PC cell growth remain under investigation it is clear
from our studies that restoration of the activity of the CYP27A1/27HC signaling axis and or
modalities that decrease cellular cholesterol content, are likely to have a positive impact on
PC treatment/prevention.

In addition to the data presented here, other preclinical studies have shown that intratumoral
cholesterol homeostasis and negative feedback loops are deregulated in PC (45-47). For
example, LDLR mRNA and SREBP2 expression are down-regulated in the presence of
exogenous LDL or cholesterol in normal prostate cells but not in the PC cells (45). Although
both normal and PC cells respond to low cholesterol media by upregulating cholesterol
uptake and/or synthesis genes, PC cells have considerably lower expression of the
cholesterol exporter ABCAL, thus potentially allowing them to accumulate more cholesterol
(47). This supports the idea that PC cells have reprogrammed cholesterol homeostatic gene
networks, which may enable them to become resistant to cholesterol lowering drugs.
Although this has not been tested directly in PCs from patients on cholesterol lowering
drugs, a recent window of opportunity trial in breast cancer patients which showed that
administration of atorvastatin, while lowering circulating cholesterol as expected, actually
resulted in an upregulation of the expression of intratumoral HMGCR, the rate limiting
enzyme in cholesterol biosynthesis (48). This important clinical finding suggests that when
faced with reduced availability of LDL-cholesterol, cancer cells can respond by increasing
intracellular cholesterol production, a finding that questions whether lowering circulating
cholesterol in and of itself would have a significant impact on the intracellular levels of
cholesterol within cancer cells and thereby slow PC growth. It is intriguing to speculate that
this fact explains why the epidemiological data linking cholesterol and statin use and PC are
mixed, with many studies suggesting no such link (49). Ultimately, future studies wherein
both serum and intratumoral cholesterol measured are required to test the true link between
cholesterol and PC.

The findings of this study suggest that, as with other rapidly dividing cells, PC cells must
have developed mechanisms to bypass the processes that regulate intracellular cholesterol
content to enable them to accumulate cholesterol that has been shown to constitute an
important checkpoint in cell division (50). We believe, given what is known about the role of
oxysterols in the negative feedback control of cholesterol biosynthesis/uptake, that PC cells
accomplish this activity by blocking the synthesis of 27HC as a consequence of CYP27A1
gene silencing. In support of this hypothesis we have shown that ectopic expression of
CYP27A1 in PC cells decreases cellular and intratumoral cholesterol accumulation and
inhibits cell/tumor growth. Mechanistically, we have shown that 27HC mediates this effect
in part through down regulation of SREBP2 which inturn suppresses de novo synthesis and
uptake of cholesterol. In support of this model we have shown that the growth inhibitory
activity of 27HC is considerably attenuated by ectopic expression of activated SREBP2 or
by overexpression of LDLR from a heterologous promoter. Thus, it appears that
downregulating CYP27A1 expression in PC cells interferes with an important negative
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feedback mechanism that enables these cells to accumulate the cholesterol needed for cell
growth.

In addition to functioning as a partial agonist of LXRs and an inhibitor of SREBP2 activity,
27HC has also been shown to interact with estrogen receptors a and B (ERS) (51). Both of
these ERs have been reported to be expressed in prostate tissue, although their exact roles in
PC development and progression remains unresolved (52). It has been shown that activation
of ERP is protective against PC (52,53); a finding that may be significant given that 27HC
has been shown to inhibit the transcriptional activity of both ER isoforms in the
cardiovascular system but demonstrated partial agonist activity in the breast tissues.
However, despite considerable effort we were unable to detect significant expression of
either ERs in any of the PC cell models used in our study (data not shown). This argues for
the noted anti-proliferative and pro-apoptotic effects of 27HC in PC are ER-independent.
Notably, however, a recent paper described an ER- and AR-dependent growth promoting
effect of 27HC in non-transformed RWPE-1 prostate epithelial cells (54). It remains to be
determined whether this effect is due to the agonist activity of 27HC on ER in these cells,
similar to what’s been observed in breast cancer cells (34), or that 27HC has opposite effects
in transformed vs. non-transformed prostate epithelial cells.

In summary, like most rapidly dividing cells, PC cells need to bypass the tight homeostatic
mechanisms that regulate the levels of intracellular cholesterol. The data presented in this
study indicate that this can be accomplished in PC cells by downregulating the expression of
CYP27AL1 thus inhibiting the production of 27HC a molecule involved in feedback control
of cholesterol synthesis and uptake. It remains to be determined how this regulatory activity
can be restored and/or how the effects of the increased cholesterol uptake that result from the
loss of CYP27A1 expression can be mitigated. It is unlikely that statin use alone would have
a significant effect, as it has been shown in other cancers that such an approach may lead to
an upregulation of cholesterol biosynthesis in tumors (48). It would appear that the
therapeutic options to target this pathway in cancer are limited to (1) the induction of the
expression of genes involved in cholesterol efflux (such as LXR agonists), (2) approaches
that reverse the inhibition of CYP27A1 expression/activity and (3) SREBP2 inhibitors or
other compounds which interfere with cholesterol biosynthesis. It has been shown that LXR
agonists can inhibit the growth of PC in animal models (55), the growth and metastasis of
melanoma (56), and we have also shown that they can decrease the growth of mammary
tumors (34). Inhibitors of SREBP1/2 and oxidosqualene cyclase have also shown promise in
preclinical models of PC (57,58). Exploration of the viability of these approaches, especially
in combination, as a means to mitigate cholesterol enhanced cancer risk is a focus of our
continued research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CYP27Alislost in prostate cancer and predictive of progression
A) TCGA was queried for mRNA levels of CYP27A1 in tumor samples, and Gleason score

at the time of diagnosis. Patients whose tumors have a Gleason score >7 have significantly
lower levels of expression of CYP27A1 than patients whose tumors have a Gleason score =7
or a Gleason score <7. *P < 0.05, **P < 0.0001. B) Data from Brase (GSE29079) was
queried for mRNA levels of CYP27A1. CYP27A1 transcript levels are significantly lower in
tumor vs. benign samples (p=2.84e~19). C) Data from TCGA-Prostate Adenocarcinoma
[PRAD], representing 246 patient samples, was used to correlate Transcription Start Site
(TSS) methylation levels with mMRNA expression levels of CYP27A1. D) A representative
photomicrograph of a cancerous prostate core immunostained for CYP27A1 displays no
staining for CYP27A1 in the malignant epithelium (black arrows). Benign glandular
epithelium admixed in the core displays moderate staining for CYP27A1 (red arrows). E)
The association of tumor levels of CYP27A1 on patient survival was queried using the
Taylor (GSE21032) clinical dataset. In this analysis, biochemical recurrence following
radical prostatectomy was used as the primary end point. Kaplan-Meier curves generated for
cancer patients with CYP27A1 expression above or below the median indicate that patients
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whose tumors express higher levels of CYP27A1 (above the median) have significantly
delayed recurrence (p=0.00211).
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Figure 2. 27HC inhibitsthe growth of PC cellsin vitro and in xenogr afts
A) LNCaP or 22RV1 cells stably expressing CYP27A1 or its GAL4 control were plated in

full serum media. Twenty-four hours later, cells were treated with 25 ng/ml of doxycycline.
Cells were then harvested at the indicated days and DNA content measured using Hoechst
33258. The data shown is a representative of three independent experiments. B) LNCaP or
22RV1cells stably overexpressing CYP27A1 or GAL4 control were treated with
doxycycline. Two days later, cells were seeded in soft agar in six-well plates and incubated
for three weeks. Colonies were stained with crystal violet. Graph represents the number of
colonies growing in soft agar per microscopic field. Three different microscopic fields were
counted per well. Experiments were done three times. Error bars represent the standard error
of the mean and *p < 0.05, ** p<0.001 (unpaired t-test). A representative well showing
colonies growing in soft agar is also shown in the graph. C) Growth curve of GAL4 and
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CYP27A1 overexpressing tumors. 1 x 106 22RV1 cells that stably expressed CYP27A1 or
GAL4 (control) were implanted into the flanks of castrated NSG mice (n=20 per group) and
followed for tumor growth by calipers. Two days prior to tumor injection, mice were given
doxycycline in the drinking water to induce CYP27A1 and GAL4 expression. Starting at day
25 after engraftment and continuing through the remainder of the study, tumors
overexpressing CYP27A1 were significantly smaller than tumors overexpressing GAL4. (*p
< 0.05 Bonferroni T-test following 2-way ANOVA). D) Graph representing mean of the
weights of GAL4 and CYP27A1 overexpressing tumors harvested at sacrifice (*p < 0.05, t-
test).
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Figure 3. 27-hydroxycholesterol, produced by CYP27A1in PC, slowsthe growth of PC cellsin
vitro and induces molecular markers of apoptosis and cell cycle arrest

A) LNCaP and 22RV1 cells overexpressing CYP27A1 or its GAL4 control were plated and
treated with doxycycline (25 ng/ml) for 7 days. 27HC levels were measured using a targeted
LC-MS/MS method (see Methods) and normalized to total protein. Experiment was repeated
three times and error bars represent standard error of the mean (*p < 0.05, unpaired t-test)).
ND: not detectable (detection limit: 0.03 uM) B) 27HC levels in spent media were measured
asin A (*p < 0.05, unpaired t-test). C) Cells were seeded in 96-well plates for 24h and then
treated with either 5 pM of 27HC, 5 M of enzalutamide, or vehicle control (DMSQO). Cells
were harvested at the indicated days and final DNA content was determined by staining with
the DNA dye Hoechst 33258. The data shown are representative of three independent
experiments. D) Cells were seeded in soft agar plates and incubated for three weeks in the
presence of vehicle (DMSO) or 1 uM 27HC. Colonies were stained with crystal violet.
Graph represents the number of colonies per microscopic field. Three different microscopic
fields were counted per well. Experiments were done three times. Error bars represent the
standard error of the mean and *** p < 0.0001 (unpaired t-test). A representative well
showing colonies growing in soft agar is also shown in the graph. E) Cells were plated in 6
cm dishes and treated with 10 uM 27HC the next day. Cell lysates were harvested at the
indicated time points and immunaoblot analysis was performed to analyze expression levels
of cleaved PARP (C-PARP) and p27. GAPDH was used as a loading control. F) Cells were
treated with 27HC (2.5, 5 or 10 uM) or vehicle control (DMSO) for 72 hours and
immunoblot analysis was performed as in E.
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Figure 4. 27HC inhibits growth of PC cellsvia depletion of cellular cholesterol
A)LNCaP or 22RV1 cells were treated with 10 uM of 27HC. Three days later the cells were

harvested, cell lysates were extracted with RIPA buffer. Cellular levels of cholesterol were
quantified using a targeted LC-MS/MS method (Methods). Experiment was repeated three
times. Error bars represent the standard error of the mean and *p<0.05 was considered a
significant variation (unpaired t-test)). B) LNCaP or 22RV1 cells were plated in 96-well
plates. One day later the cells were treated with 5 uM 27HC in the presence or absence of 10
UM cholesterol. Cells were harvested at the indicated days and cell numbers were
determined by staining with the DNA dye Hoechst 33258. The data shown are representative
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of three independent experiments. C) LNCaP or 22RV1 cells were plated in 96-well plates.
One day later the cells were treated with the indicated doses of 27HC in the presence or
absence of 10 uM cholesterol. Caspase 3/7 activity was measured 48 hours later using a
luminescent based assay. Caspase activity was normalized to DNA content of the cells
stained with Hoechst 33258 measured from a parallel experiment. The data shown are
representative of three independent experiments.
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Figure 5. 27HC-dependent inhibition of PC cell growth occur s via downregulation/inhibition of
SREBP2 activity
A) LNCaP cells were transiently transfected with siRNA targeting Si-Luc (negative control),

or MED-GC (negative control), or LXRs (LXR-a and LXR-B). Two days later the cells were
treated with vehicle, or 27HC (10 pM), or T1317 (10 pM) for eighteen hours. The
expression of ABCGIand LDLR was assessed using gPCR. Data is presented as fold
induction above vehicle treated cells. The data shown are representative of three independent
experiments. B) LNCaP or 22RV1 cells were plated in 96-well plates. The next day cells
were treated with T1317 (10 pM) or vehicle control and harvested at the indicated time
points. The DNA content of the cells was measured by Hoechst 33258. C) Cells were treated
with 5 UM of 27HC and harvested at the indicated time points. Immunoblot analysis was
performed to analyze expression levels of SREBP2, using an antibody specific to its C-
terminus, and GAPDH (loading control). The arrow indicates precursor (full-length) form of
SREBP2. Several smaller cleaved/processed forms of SREBP2 were also detected in the cell
lysate (bracketed, C-SREBP2). D) 22RV1 cells that stably express active fragment of
SREBP2 (N-terminus) or GAL4 control were plated in 96-well plates and treated with
doxycycline (25 ng/ml) for 24 hours. The cells were then treated with 27HC (2.5 uM) or its
vehicle control and harvested on the indicated days following treatment. Final DNA content
of the cells was determined as in B. The data shown are representative of three independent
experiments. E) LNCaP cells were transiently infected with a retrovirus that carries LDLR
(PQCXIP-LDLR) or an empty vector as a negative control (PQCXIP-CTRL). Forty-eight
hours later cells were harvested and a proliferation assay was performed in the presence of
the indicated doses of 27HC. Seven days later, cell numbers were determined by staining
with the DNA dye Hoechst 33258. The data shown are representative of three independent

experiments.
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Table 1
CYP27Al expression isa strong predictor of adverse clinical features of PC

Expression of genes involved in cholesterol regulation (derived from gene ontology analysis) was assessed for
its ability to predict Gleason score at the time of diagnosis, lymph node involvement and T-stage. All the data
were extracted from TCGA and calculations were done with R-software. Only the ten most highly ranked
genes are shown for each clinical feature out of a total 176 genes shortlisted through GO analysis.

Gleason score

Gene Odds Ratio (¢]] p-value
CYP27A1 0.26483 | 0.16-0.43 | 4.10E-08
APOF 0.25448 | 0.15-0.44 | 5.87E-07
SQLE 1.78670 | 1.39-2.29 | 4.79E-06
MBTPS1 0.74615 | 0.66-0.85 | 6.30E-06
CYP11A1 0.38565 | 0.25-0.61 | 3.82E-05
APP 0.59233 | 0.46-0.77 | 6.57E-05
AKR1D1 1.90077 | 1.32-2.73 0.00050
LIPE 0.59083 | 0.44-0.80 0.00065
SCARF1 1.46060 | 1.17-1.83 0.00095
STAR 0.64615 | 0.50-0.84 0.00097

Lymph node involvement

FDXR 0.72412 | 0.61-0.85 0.00011
CYP27A1 0.59097 | 0.43-0.80 0.00082
LIPE 0.73486 | 0.61-0.89 0.00148
AKR1D1 1.44964 | 1.15-1.83 0.00195
APP 0.79939 | 0.68-0.94 0.00704
FDX1 111412 | 1.03-1.21 0.00910
LCAT 0.75251 | 0.61-0.93 0.00921
STAR 0.79685 | 0.67-0.95 0.00932
T-stage
OSBPL1A 159274 | 1.23-2.05 0.00034
APOF 0.23175 | 0.10-0.54 0.00070
CLN8 0.61430 | 0.46-0.82 0.00091
MBTPS1 0.71497 | 0.59-0.87 0.00103
TNFSF4 1.84815 | 1.27-2.69 0.00129
CYP27A1 0.29065 | 0.14-0.62 0.00146
SQLE 1.85687 | 1.25-2.75 0.00204
INSIG2 1.43199 | 1.13-1.82 0.00332
PCSK9 247241 | 1.33-4.59 0.00418
LBR 156478 | 1.15-2.13 0.00426
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