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9 Abstract

10 In this study, we used a bioinformatic approach to identify
11 genes whose expression is dysregulated in human prostate can-
12 cers. One of the most dramatically downregulated genes identi-
13 fied encodes CYP27A1, an enzyme involved in regulating cellular
14 cholesterol homeostasis. Importantly, lower CYP27A1 transcript
15 levelswere associatedwith shorter disease-free survival andhigher
16 tumor grade. Loss ofCYP27A1 in prostate cancerwas confirmed at
17 the protein level by immunostaining for CYP27A1 in annotated
18 tissue microarrays. Restoration of CYP27A1 expression in cells
19 where its gene was silenced attenuated their growth in vitro and in

21tumor xenografts. Studies performed in vitro revealed that treat-
22ment of prostate cancer cells with 27-hydroxycholesterol (27HC),
23an enzymatic product of CYP27A1, reduced cellular cholesterol
24content in prostate cancer cell lines by inhibiting the activation
25of sterol regulatory-element binding protein 2 and downregulat-
26ing low-density lipoprotein receptor expression. Our findings
27suggest that CYP27A1 is a critical cellular cholesterol sensor
28in prostate cells and that dysregulation of the CYP27A1/27HC
29axis contributes significantly to prostate cancer pathogenesis.
30Cancer Res; 1–12. �2017 AACR.
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32 Introduction
33 Prostate cancer is the most common non–skin cancer among
34 men and the second leading cause of cancer death (1). Although
35 the underlying causes of prostate cancerQ5 remain unclear, multiple
36 epidemiologic studies have suggested that hypercholesterolemia
37 is associated with an increased risk of high-grade metastatic
38 disease (2–6). Indeed, prostate cancer cells and those of other
39 solid tumors have been shown to contain higher cholesterol levels
40 than juxtaposed normal cells (7, 8). Thus, it is possible that
41 increased cholesterol content affects prostate cancer growth by

43satisfying the need of proliferating cells for a key component of
44cell membranes. Another contemporary opinion is that increased
45cellular cholesterol within mitochondrial membranes renders
46cells resistant to many chemotherapeutics (9). It has also been
47suggested that cholesterol affects prostate cancer growth by serv-
48ing as a precursor for the production of intratumoral androgens
49(10). It is not surprising, therefore, that inhibitors of HMG-CoA-
50reductase (HMGCR; statins), drugs that block cholesterol synthe-
51sis and reduce serum cholesterol and inhibit prostate cancer cell
52growth in vitro (11, 12), are associated with reduced prostate
53cancer progression following treatment with surgical prostatec-
54tomy (13) or brachytherapy (14) and have been shown in
55population studies to be associated with a lower risk of develop-
56ing metastatic or fatal prostate cancer (15–18). Given these
57positive data, it is noteworthy that not all studies have linked
58hypercholesterolemia with higher prostate cancer risk (19). Like-
59wise, the data on statins are not universally positive in terms of
60their association with prostate cancer risk and/or prostate cancer
61progression with several studies finding no such association or
62with increased risk (20–23). Importantly, hypercholesterolemia
63and statin use influence serum cholesterol levels. Whether these
64changes effect intratumoral cholesterol is not clear. As such, given
65the scientific plausibility that cholesterol promotes prostate can-
66cer progression, albeit in the face of equivocal epidemiologic data,
67it is important to understand the molecular mechanisms used by
68prostate cancer cells to regulate intracellular cholesterol.
69In humans, the regulation of cellular cholesterol homeostasis is
70achieved primarily through the coordinated activity of two classes
71of transcription factors: Sterol regulatory element-binding pro-
72teins (SREBP) and Liver X Receptors (LXR; refs. 24–26). LXRs can
73regulate cholesterol efflux by inducing the expression of mRNAs
74encoding the reverse cholesterol ATP-binding cassette (ABC)
75transporters ABCA1 and ABCG1 (27), whereas SREBPs promote
76endogenous cholesterol synthesis and uptake of extracellular
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79 cholesterol by inducing the expression of genes such as HMGCR
80 and the low-density lipoprotein receptor (LDLR). Targeting these
81 pathways has been shown to be an effective strategy to inhibit
82 growth in relevant cellular and animal models of prostate cancer
83 (28, 29).
84 Considering what is known about the pathobiology of choles-
85 terol in prostate cancer, it is clear that these cancer cells have
86 evolvedmechanisms tobypass the tight homeostatic regulationof
87 intracellular cholesterol, and this represents a potential vulnera-
88 bility for intervention. With this idea in mind, we sought to
89 identify genes involved in cholesterol homeostasis whose expres-
90 sion was dysregulated in prostate cancer. We reasoned that such
91 an approach would also yield novel targets, which could be
92 pharmaceutically exploited to have useful clinical activity. To
93 achieve this goal, a list of genes with known involvement in
94 cholesterol homeostasis was assembled with each gene being
95 ranked according to the strength of the correlation between its
96 expression level and prostate cancer clinical outcomes using
97 publically available data. Using this approach, it was determined
98 that the expression of CYP27A1, a gene that encodes sterol 27-
99 hydroxylase, a cytochrome P450 oxidase that converts cholesterol
100 into 27-hydroxycholesterol (27HC), was dramatically downre-
101 gulated in prostate cancer when compared with benign prostate
102 tissue (30). Although most cholesterol is catabolized by CYP7A1
103 in the liver, CYP27A1 is the rate-limiting step in the alternate or
104 "acidic pathway" of bile acid synthesis. Further, it has been shown
105 that 27HC, secondary to its interaction with INSIG-2 in the
106 endoplasmic reticulum, inhibits the processing events required
107 for the activationof SREBP2 (31). In thismanner, 27HCserves as a
108 component of a negative feedback loop that regulates cholesterol
109 biosynthesis. Further, 27HC, functioning as an LXR agonist, can
110 also enhance cholesterol efflux by upregulating the transcription
111 of cholesterol transporters to further limit cellular cholesterol
112 accumulation.However, the significance of this regulatory loop in
113 prostate cancer pathogenesis has not been established. In this
114 study, a combination of bioinformatics, genetics, and pharma-
115 cology has been used to determine the importance of CYP27A1
116 and 27HC in cholesterol homeostasis in prostate cancer. Further,
117 it is shown that dysregulation of CYP27A1 expression and its
118 metabolite (27HC) can affect the pathobiology of prostate cancer.
119 Together, these studies also highlight the potential clinical utility
120 of restoring cholesterol homeostasis in prostate cancer as ameans
121 to treat or prevent this disease.

122 Materials and Methods
123 Bioinformatic analysis
124 Association of CYP27A1 expression with prostate cancer clinical
125 features. Using logistic regression in R, expressions of genes
126 involved in cholesterol regulation (derived from gene ontology
127 analysis) extracted from The Cancer Genome Atlas (TCGA) were
128 assessed for their ability to predict Gleason score (6, 7, 8, >9),
129 pathologic T-Stage (t2a, t2b, t2c, t3a, t3b, t4), and pathologic N-
130 Stage(n0, n1) with each clinical feature modeled as an ordered
131 factor. ORs, confidence intervals (CI), and two-tailed P values
132 were calculated using R.

133 CYP27A1 mRNA levels and Gleason score. These results are based
134 upon data generated by the TCGA Research Network: http://
135 cancergenome.nih.gov/. Normalized gene expression data and
136 clinical information for TCGA-Prostate Adenocarcinoma (PRAD)

138were downloaded fromThe Broad Institute TCGAGDACFirehose
139at http://gdac.broadinstitute.org. At the time of data access, 269
140primary tumor samples were annotated for both gene expression
141and clinical data. Gleason score data were then categorized into
142three groups (Gleason score <7, ¼7, or >7). P values were
143determined using a one-way ANOVA.

144PSA-free survival analysis for CYP27A1 mRNA. The raw data for
145GSE21032were downloaded fromGEO, normalizedwith Robust
146Multi-array Average approach, and summarized at the transcript
147level using the oligo package in R. Biochemical recurrence in this
148dataset was defined as PSA � 0.2 ng/mL on two occasions. The
149Kaplan–Meier plot of PSA-free survival was generated in R with
150patients categorized into low and high CYP27A1-expressing
151groups according to themedian expression ofCYP27A1. Reported
152P values were calculated using the log-rank method.

153CYP27A1 mRNA levels and promoter methylation. Data from
154TCGA-PRAD, representing 246 patient samples, were used to
155correlate transcription start site (TSS) methylation levels with
156mRNA expression levels of CYP27A1. The intensity of the prox-
157imal TSS probe of CYP27A1 from the Infinium HumanMethyla-
158tion450 BeadChip was plotted against the Log2 mRNA CYP27A1
159expression levels from RNA-Seq. Data points were fitted with a
160loess smoothing curve.

161CYP27A1 IHC analysis
162The patient cohort and details of TMA construction were
163previously described (32). TMA sections were stained with anti-
164CYP27A1 rabbit monoclonal antibody (ab126785 from Abcam),
165and detailed protocol can be found in Supplementary Materials
166and Methods. Staining intensity in tumor cells was scored pro-
167spectively as 0 (absent), 0.5 (borderline), 1 (weak), 2 (moderate),
168or 3 (strong) by a board-certified pathologist (J. Geradts) blinded
169to clinical information. For statistical analysis, the tumors were
170categorized as negative (0 and 0.5) or positive (1, 2, and 3). A c2

171test was used to test association between expression of CYP27A1
172(treated as a binary variable) and PRAD versus benign tissue.

173Cell culture and in vitro assays
174Cell lines and culture conditions. LNCaP, 22RV1, DU145, and
175VCaP cells were obtained from the ATCC and were authenticated
176by the ATCC using short tandem repeat (STR) profiling. LAPC4
177cells were a generous gift from Dr. William Aronson (UCLA, CA)
178and authenticated by the ATCC using STR profiling. All cell lines
179werepassaged in the laboratory for nomore than20passages (or 4
180months). LNCaP and 22RV1 cells were cultured in RPMI-1640;
181DU145 in MEM; VCaP, 293FT, and 293Ts in DMEM; and LAPC-4
182in Iscove's DMEM supplemented with 0.1 nmol/L R1881. All
183media were also supplemented with 10% FBS, 1 mmol/L sodium
184pyruvate, and 0.1 mmol/L NEAA Q6.

185Gene silencing. LNCaP cellswere seeded at 3�105 cells perwell on
186a 6-well plate and transfected with siRNA as indicated using
187Dharmafect I (Dharmacon) for 48 to 72 hours, unless otherwise
188specified.

189Generation of stable cell lines. pLenti CMV TRE3G puro Gal4-DBD
190and pLenti CMV TRE3G puro CYP27A1 were cotransfected
191(Fugene, Promega) with the vsvg, gag-pol, and rev packaging
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194 vectors into 293FT cells. The viral supernatants were filtered and
195 supplementedwith 8 mg/mL polybrene before infecting LNCaP or
196 22RV1 cells that constitutively express the pLenti CMV-rtTA3G
197 plasmid under blasticidin antibiotic selection. Cells were then
198 selected with 1 mg/mL puromycin yielding Gal4- and CYP27A1-
199 overexpressing cell lines.

200 LDLR overexpression. pQCXIP or pQCXIP LDLR were cotrans-
201 fected with the vsvg packaging vector into 293Ts cells. The viral
202 supernatants were filtered and supplemented with 8 mg/mL poly-
203 brene before infecting LNCaP cells. Forty-eight hours following
204 infection, LNCaP cells were harvested and plated for proliferation
205 assays.
206 Western blotting, RNA preparation, qRT-PCR analyses, and
207 proliferation assays were described previously (33–35).

208 Anchorage-independent growth. Anchorage-independent growth
209 was assessed bymonitoring colony formation after 4 to 5weeks in
210 soft agar (0.6% base; 0.3% top layer) using 5,000 cells per well in
211 6-well plates. Briefly, 0.6% agar (2 mL) in growth medium was
212 added to a 6-well plate and allowed to solidify. Then, cells were
213 suspended in2mLof 0.3%agarwithorwithout 27HC(1mmol/L)
214 and were added on top of the agar base and allowed to solidify.
215 Media containingDMSOor 27HC (1 mmol/L) were added to each
216 well, and treatment was replaced every 3 days. Colonies were
217 stained with crystal violet and counted using a phase contrast
218 microscope.

219 Apoptosis assay. LNCaP and 22RV1 cells (3� 105 cells/well) were
220 seeded in 6-well plates and treated accordingly. Cells were then
221 harvested anddouble stainedwith Alexa Flour 488Annexin V and
222 Sytox according to the manufacturers' instructions. Annexin V–
223 positive cells were considered apoptotic, and the percentage of
224 total cell number was calculated. A minimum of 10,000 events
225 were collected per sample using a BD Accuri C6 flow cytometer,
226 and data were analyzed using the CFlow plus program software
227 (BD Biosciences).

228 Caspase 3/7 activity assay. The assaywas performed as described in
229 Fritz and colleagues (36) with modifications (see Supplementary
230 Materials and Methods).

231 27HC and cholesterol measurements. 27HC and cholesterol mea-
232 surements were performed by the Duke Proteomics and Metabo-
233 lomics SharedResources. For details, see SupplementaryMaterials
234 and Methods.

235 Murine tumor xenograft model
236 All xenograft procedures were approved by theDukeUniversity
237 Institute for Animal Care and Use Committee. Castrated Nod
238 Scid/Gamma (NSG) mice (�6 weeks of age, n ¼ 20 per group)
239 obtained from the Cancer Center Isolation Facility (Duke Cancer
240 Institute, Durham, NC) were subcutaneously injected with 1 �
241 106 22RV1-Gal4 or 22RV1-CYP27A1 cells into the right flank in
242 200mL of a 50% mixture containing RPMI 1640 medium and
243 Matrigel matrix basement membrane (BD Corporation). Doxy-
244 cycline was added to the drinking water 2 days prior to xenograft
245 injections. Tumorsweremeasured by caliper 2 to 3 times/week for
246 30 days after engraftment. At sacrifice, the tumors were harvested,
247 weighed, and flash-frozen for subsequent analysis of RNA, pro-
248 tein, and cholesterol.

250Results
251Cholesterol availability influences the growth of prostate
252cancer cells in vitro
253As a first step in these studies, we assessed the impact of
254manipulating cholesterol levels on prostate cancer growth.
255More specifically, the consequence of altering media LDL levels
256(the lipoprotein with the highest cholesterol content) on the
257growth of prostate cancer cells was evaluated. To this end, VCaP
258cells were cultured in media with lipoprotein-deficient serum
259(LPDS), and their proliferation was assessed and compared
260with cells grown in full serum containing media. After 8 days,
261cell number, as measured by relative DNA content, increased
2621.3-fold in LPDS media versus a 3.4-fold increase in full serum
263media (Supplementary Fig. S1A). Adding LDL to LPDS media
264restored VCaP cell number to full serum media levels. Similar
265trends were observed in DU145 and 22RV1 prostate cancer
266cells, where LDL addition significantly enhanced growth when
267compared with cells grown in LPDS media (Supplementary Fig.
268S1B and S1C). These results established a relationship between
269cholesterol availability and prostate cancer cell growth rate and
270confirmed the importance of exogenous cholesterol for cancer
271cell growth.

272The expression of CYP27A1, a gene involved in cholesterol
273homeostasis, correlates strongly with prostate cancer
274clinical outcome
275Given our specific interest in developing therapeutics that
276target pathways involved in regulating cholesterol homeostasis,
277we used a bioinformatic approach to identify cholesterol-relat-
278ed genes whose expression correlated with aggressive prostate
279cancer in annotated clinical datasets. Specifically, a list of 176
280genes involved in cholesterol biology was derived using the
281following GO ontologies: "GO:0006695" ¼ cholesterol bio-
282synthetic process, "GO:0042632" ¼ cholesterol homeostasis,
283"GO:0045540" ¼ regulation of cholesterol biosynthetic pro-
284cess, and "GO:0008203" ¼ cholesterol metabolic process.
285Using data extracted from TCGA, the expression level of each
286of these genes relative to clinical features known to predict
287outcome such as T-stage, Gleason score at diagnosis, and the
288presence of lymph node metastasis was assessed. These genes
289were modeled for their association to these clinicopathologic
290features using logistic regression and evaluated using both the
29197.5% CI, OR, and statistical significance. To account for
292multiple testing, only genes with a P value less than 0.01 were
293considered significant. Though this does not fully account for
294multiple testing, we also did not want to miss important
295observations. Importantly, only one gene, CYP27A1, was sig-
296nificant for all three features with all three P values� 0.001, and
297ten genes (AKR1D1, APP, FDXR, LIPE, STAR, APOF, LBR,
298MBTPS1, OSBPL1A, and SQLE) were significant for any two
299features. Applying this strategy, using P values as a primary
300selection criterion, low CYP27A1 expression was determined to
301be the most significant predictor (P ¼ 4.102E�08) of high
302Gleason score, the second most significant predictor of lymph
303node involvement (P ¼ 8.220E�04), and the sixth strongest
304significant predictor (P¼ 1.460E�03) of high T-stage (Table 1).
305To further dissect the relationship between low CYP27A1
306expression and high Gleason score, patients were divided into
307three groups; Gleason score <7, ¼7, or >7 and the expression of
308CYP27A1 across the categories as reported in TCGA was
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311 assessed (Fig. 1A). Notably, CYP27A1 mRNA expression levels
312 were significantly lower in patients with Gleason score >7
313 versus patients with Gleason ¼ 7 (P < 0.0001) or Gleason <
314 7 (P < 0.0001).
315 Using data extracted from seven different GEO datasets, we
316 looked for differences in CYP27A1 expression between the
317 different stages of clinical and pathologic disease progression
318 (benign, primary, metastatic, hormone sensitive, and hormone
319 refractory); CYP27A1 transcript levels were significantly lower
320 in tumor samples versus benign prostate tissue across all five
321 datasets that included benign and prostate cancer tissue (Fig.
322 1B; Supplementary Table S1; and Supplementary Fig. S1D).
323 Moreover, in three of the four datasets that included data on
324 metastasis, CYP27A1 expression levels were significantly
325 decreased in metastatic tumors versus primary tumors (Sup-
326 plementary Table S2 and Supplementary Fig. S1D). The effect
327 of transitioning to castrate-resistant prostate cancer (CRPC; aka
328 hormone-resistant prostate cancer or HRPC) on CYP27A1
329 expression was not as clear as one dataset showed significantly
330 lower expression in HRPC (Tamura-GSE6811), whereas in a
331 second dataset (Tomlins-GSE6099), no significant difference in
332 expression was noted (Supplementary Table S3 and Supple-
333 mentary Fig. S1D). Querying the TCGA-PRAD dataset revealed
334 a strong negative correlation between the CYP27A1 mRNA

336levels and DNA methylation at the TSS of this gene (Fig.
3371C). This analysis suggests that an epigenetic event may be
338involved in the silencing of CYP27A1 in prostate cancer.
339To confirm that CYP27A1 expression was also reduced at the
340protein level, we assessed CYP27A1 protein using immunohis-
341tochemistry in tissue microarrays (TMA) that contained 1 mm
342cores from prostate cancer and benign prostate tissue. In these
343TMAs, the majority (89%; 106/119) of the benign cores
344expressed CYP27A1, whereas only 28% (28/101) of the cancer
345cores expressed CYP27A1 (c2, P < 0.001). A representative
346photomicrograph demonstrating the absence of CYP27A1
347staining in tumor cells (black arrows) and positive staining in
348benign cells admixed within the cancerous cells (red arrows) is
349shown in Fig. 1D.
350To test whether CYP27A1 expression can predict clinical out-
351come, we queried the Taylor-GSE21032 dataset and found that
352patients whose tumors exhibited higherCYP27A1 expression also
353had a significantly reduced risk of PSA recurrence following
354radical prostatectomy (HR¼ 0.325, P ¼ 0.00211; Fig. 1E). Taken
355together, these data establish a negative correlation between
356CYP27A1 expression and prostate cancer progression.

357Restoration of CYP27A1 expression slows the growth of
358prostate cancer cells in vitro and attenuates the growth of 22RV1
359cell–derived xenografts
360Next, we wanted to determine whether altering CYP27A1
361activity/levels affects prostate cancer cell growth. CYP27A1
362expression was first assessed in six prostate cancer cell lines
363(DU145, PC3, LNCaP, 22RV1, LAPC4, and VCaP) by immu-
364noblot analysis. As shown in Supplementary Fig. S2A, only the
365androgen receptor (AR)–negative DU145 and PC3 cells express
366detectable levels of CYP27A1 protein, although it is not known
367if this enzyme is active in these cells. As most prostate tumors
368express AR, even in late-stage CRPC (37), we elected to use the
369AR-expressing LNCaP and 22RV1 cells for further studies of
370CYP27A1 biology. LNCaP and 22RV1 cells were engineered to
371stably overexpress CYP27A1 or GAL4-DBD (control) both
372under the control of a doxycycline-inducible promoter. Doxy-
373cycline treatment resulted in a dose-dependent increase in
374CYP27A1 mRNA and protein expression in LNCaP and 22RV1
375cells with enforced CYP27A1 expression but not in control cells
376(Supplementary Fig. S2B and S2C). Using the stably transfected
377cells described above, we assessed the effect of enforced
378CYP27A1 overexpression on prostate cancer cell growth in vitro.
379It was observed that the growth of cells expressing CYP27A1
380was significantly impeded in both LNCaP and 22RV1 cells (Fig.
3812A). Furthermore, these CYP27A1-expressing cells demonstrat-
382ed significantly reduced ability to grow in an anchorage-inde-
383pendent manner (Fig. 2B).
38422RV1 cells express a truncated, constitutively active, AR variant
385that confers resistance to all of the currently available androgen
386synthesis inhibitors and to antiandrogens and are a model of
387CRPC (38). Thus, considering the growth-inhibitory effects of
388CYP27A1 overexpression on 22RV1 cells in vitro, the effect of
389CYP27A1 overexpression on the growth of 22RV1 cell–derived
390tumors was evaluated in vivo. To this end, 22RV1 control cells
391(expressing GAL4) or those that overexpress CYP27A1 were
392propagated as xenografts in castrated, immunodeficient mice,
393and tumor growth was assessed by caliper measurements. Two
394days prior to injection of tumor cells, mice were given doxycycline
395in their drinking water (Supplementary Fig. S2D). Starting at day

Table 1. CYP27A1 expressionQ7 is a strong predictor of adverse clinical features of
prostate cancer

Gleason score
Gene OR CI 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 1.11412 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 1.59274 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 2.47241 1.33–4.59 0.00418
LBR 1.56478 1.15–2.13 0.00426

NOTE: 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.
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398 25 and continuing through the remainder of the study, tumors
399 expressing CYP27A1 were significantly smaller than those expres-
400 sing GAL4 (Fig. 2C). At sacrifice, the weight of tumors derived
401 from the CYP27A1-expressing cells was half that of tumors
402 expressing GAL4 (Fig. 2D). Tumoral expression of CYP27A1 was
403 confirmed by immunoblot analysis (Supplementary Fig. S2E). It
404 was concluded from these studies that restoring CYP27A1 levels
405 negatively affects prostate cancer growth in vitro and in vivo.

406 CYP27A1 inhibits the growth of prostate cancer cells via
407 production of 27HC
408 The CYP27A1 gene encodes a cytochrome P450 oxidase, sterol
409 27-hydroxylase, the primary activity of which is to convert cho-
410 lesterol into 27HC (30). In addition, however, it has been shown
411 that recombinant CYP27A1 has weak vitamin D 25-hydroxylase

413activity and, when assessed in vitro, can convert vitamin D3
414(calciferol) into 25-hydroxyvitamin D3 (25(OH)D3) (39). This
415is of potential significance as 25(OH)D3 can be converted to 1,25-
416dihydroxyvitaminD3 (1,25(OH)2D3) byCYP27B1, a seco-steroid
417that has been shown to inhibit the growth of many different
418cancer cells. Thus, to assess the extent to which the inhibitory
419effects of CYP27A1 overexpression in PCa Q9cells can be attributed
420to the production of 1,25(OH)2D3, we analyzed the expression of
421several genes which read on vitamin D receptor (VDR) activity
422in cells upon induction of CYP27A1 expression (Supplementary
423Fig. S3). As expected, treatment with 1,25(OH)2D3 robustly
424induced the expression of several VDR target genes, such as
425TMPRSS2 and CYP24A1, at concentrations as low as 1 nmol/L.
426However, overexpression of CYP27A1 had no effect on the
427expression of these VDR targets ruling out the possibility that
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Figure 1.

CYP27A1 is lost 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 ¼ 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 versus
benign samples (P ¼ 2.84e–19). C, Data
from TCGA-PRAD, representing 246
patient samples, were used to correlate
TSS methylation levels with
mRNA 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 themedian indicate that
patients whose tumors express
higher levels of CYP27A1 (above the
median) have significantly delayed
recurrence (P ¼ 0.00211Q8 ).
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430 functionally significant levels of 1,25(OH)2D3 were being pro-
431 duced upon reexpression of this enzyme. Notably, however, the
432 expression of CYP27A1 resulted in increased production of intra-
433 cellular 27HC in both LNCaP and 22RV1 cells when compared
434 with control cells (Fig. 3A). A commensurate increase in 27HC in
435 the spentmedia fromCYP27A1-expressing cellswas alsoobserved
436 (Fig. 3B). Because CYP27A1 overexpression inhibited prostate
437 cancer cell growth,wenext sought to determine if 27HC treatment
438 results in a similar outcome. To this end, we compared the effects
439 of 27HC on LNCaP and 22RV1 cell growth. Enzalutamide, an

441antiandrogen used to treat advanced prostate cancer, was used as a
442control. 27HC inhibited the growth of both LNCaP and 22RV1
443cells, whereas enzalutamide inhibited the growth of only LNCaP
444but not 22RV1 cells as expected, as these later cells express an AR
445splice variant(s) that confers resistance to antiandrogens (Fig. 3C;
446refs. 40, 41). An evenmore dramatic inhibitory effect of 27HC on
447anchorage-independent growth of prostate cancer was observed
448(Fig. 3D). Treatment of LNCaP and 22RV1 cells with 27HC was
449associated with a dramatic increase in cleaved PARP (marker of
450apoptosis), and p27 (marker of cell-cycle arrest) in a time- and
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Figure 2.

27HC inhibits the growth of prostate cancer cells in vitro and in xenografts.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 are a representative of three independent experiments. B, LNCaP or 22RV1 cells stably overexpressing CYP27A1 or
GAL4 control were treated with doxycycline. Two days later, cells were seeded in soft agar in 6-well plates and incubated for 3 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.
Experimentswere done 3 times. Error bars represent the SEM; � ,P <0.05; �� ,P<0.001 (unpaired t test). A representativewell showing colonies growing in soft agar is
also shown in the graph.C,Growth curve of GAL4- andCYP27A1-overexpressing tumors. 22RV1 cells (1� 106) that stably expressed CYP27A1 or GAL4 (control) were
implanted into the flanks of castrated NSG mice (n¼ 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 two-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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453 dose-dependent manner (Fig. 3E and F), and corresponding
454 increases in apoptosis (Supplementary Fig. S5D). Analogous
455 findings were observed when VCaP (AR amplified) and DU145
456 (AR null) cells were treated in a similar manner (Supplementary
457 Fig. S4A and S4D). It was noted, however, that 27HC treatment
458 resulted in the induction of cleaved PARP in VCaP cells but not in
459 DU145 cells (Supplementary Fig. S4B and S4C and data not
460 shown). Conversely, 27HC treatment resulted in the induction
461 of p27 expression inDU145but not inVCaP cells (Supplementary
462 Fig. S4E and S4F and data not shown). The molecular basis for
463 these differences is presently unclear, although all of the data are
464 consistent with 27HC having a negative effect on prostate cancer
465 viability irrespective of AR status.

466 27HC inhibits growth of prostate cancer cells via depletion of
467 intracellular cholesterol
468 Some oxysterols, including 27HC, have been shown to partic-
469 ipate in a negative feedback loop that is responsible for regulating
470 cholesterol biosynthesis (31). Todetermine if theCYP27A1/27HC
471 axis is involved in cholesterol homeostasis in prostate cancer cells,
472 wefirst assessed the impact of 27HCadministrationon cholesterol
473 levels in prostate cancer. As shown in Fig. 4A, treatment of prostate

475cancer cells with 27HC resulted in a significant decline in cellular
476cholesterol in both LNCaP and 22RV1 cells by 35% (P¼ 0.00152)
477and 28% (P¼ 0.00388), respectively. Similar decreases in cellular
478cholesterol content were also observed in CYP27A1-overexpres-
479sing LNCaP cells but not in 22RV1 cells (Supplementary Fig. S5A).
480However, a significant decrease in total cholesterol was noted
481in CYP27A1-overexpressing 22RV1 tumors (Supplementary Fig.
482S5B). This latter discrepancy may relate to differences in the
483reliance on cholesterol synthesis versus uptake by these cells when
484propagated in vitro and in vivo.
485A cholesterol complementation study was done to determine
486whether depletion of cholesterol is sufficient to explain the
487inhibitory effect of 27HC on prostate cancer growth. Indeed, the
488growth-inhibitory effects of 27HC on LNCaP and 22RV1 cells
489were reversed by adding exogenous cholesterol (Fig. 4B). Further,
490cholesterol supplementation reversed 27HC-dependent (a)
491induction of PARP cleavage (Supplementary Fig. S5C), (b)
492increases in the activity of effector caspases 3 and 7 (Fig. 4C),
493and (c) apoptosis (Supplementary Fig. S5D). Likewise, pretreating
494LNCaP or 22RV1 cells with LDL for 48 hours prior to the addition
495of 27HC significantly attenuated the antiproliferative effects of
49627HC (Supplementary Fig. S5E). These data are consistent with
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Figure 3.

27HC, produced by CYP27A1 in prostate cancer, slows the growth of prostate cancer cells in vitro and inducesmolecularmarkers 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/MSmethod (seeMaterials andMethods) andnormalized to total protein. Experimentwas repeated 3 times, and error bars represent SEM (� ,P
< 0.05, unpaired t test). ND, not detectable (detection limit: 0.03 mmol/L) B, 27HC levels in spent media were measured as in A (� , P < 0.05, unpaired t test).
C, Cells were seeded in 96-well plates for 24 hours and then treated with either 5 mmol/L of 27HC, 5 mmol/L of enzalutamide, or vehicle control (DMSO). 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 3 weeks in the presence of vehicle (DMSO) or 1 mmol/L 27HC. Colonies
were stainedwith crystal violet. Graph represents the number of colonies permicroscopicfield. Threedifferentmicroscopic fieldswere countedperwell. Experiments
were done 3 times. Error bars represent the SEMand ��� , P <0.0001 (unpaired t test). A representativewell showing colonies growing in soft agar is also shown in the
graph. E, Cells were plated in 6 cm dishes and treated with 10 mmol/L 27HC the next day. Cell lysates were harvested at the indicated time points, and immunoblot
analysiswas performed to analyzeexpression levels of cleavedPARP (C-PARP) andp27. GAPDHwas used as a loading control.F,Cellswere treatedwith 27HC (2.5, 5,
or 10 mmol/L) or vehicle control (DMSO) for 72 hours, and immunoblot analysis was performed as in E.

CYP27A1 Loss Is Involved in Prostate Cancer Progression

www.aacrjournals.org Cancer Res; 2017 7



499 the idea that 27HC-mediated effects on cell growth are a result of
500 reduced cellular cholesterol content.

501 27HC-dependent inhibition of prostate cancer cell growth
502 occurs via downregulation/inhibition of SREBP2 activity
503 In light of the observation that direct addition of 27HC, or
504 overexpression of CYP27A1, reduced cellular cholesterol con-
505 tent and inhibited cell growth, it was of interest to define
506 the mechanisms by which 27HC affected cholesterol homeo-
507 stasis. As mentioned above, the levels of cholesterol in cells
508 are regulated by uptake, efflux, and biosynthesis primarily
509 through the coordinated activity of SREBPs and LXRs (24–26).
510 Therefore, the ability of 27HC to affect the expression of
511 canonical LXR and SREBP target genes was assessed. Treat-
512 ment of LNCaP and 22RV1 cells with 27HC resulted in the
513 upregulation of ABCG1 and a downregulation of LDLR mRNA
514 expression (Fig. 5A and data not shown). The magnitude of
515 the induction of ABCG1 expression by 27HC is similar to that
516 achieved with the synthetic LXR agonist T0901317 (T1317),

518and depletion of LXRa and b isoforms by siRNA diminished
519this induction (Fig. 5A). This suggests upregulation of ABCG1
520by 27HC is mediated by LXRs. On the other hand, down-
521regulation of LDLR by 27HC was independent of the LXRs
522as knockdown of LXRs did not rescue LDLR downregulation
523(Fig. 5A, right).
524To determine the role of LXRs as a mediator of the growth-
525inhibitory effects of 27HC on prostate cancer cells, the ability of
526the synthetic LXR agonist T1317 to phenocopy the effects of 27HC
527on in vitro growth of LNCaP and 22RV1 cells was assessed. Like
52827HC, T1317 significantly inhibited the growth of LNCaP cells.
529However, 22RV1 cells which are 27HC responsive were not
530inhibited by T1317 even at doses as high as 10 mmol/L (Fig.
5315B). Thus, although 27HC can function as an LXR agonist in
532prostate cancer cells, its actions on overall cholesterol homeosta-
533sis and on cell proliferation are likely to occur, at least in part, in an
534LXR-independent manner. Therefore, we assessed if SREBP2,
535which is also known to be involved in cholesterol homeostasis,
536was amediator of the 27HCanti–prostate cancer effects. As shown
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Figure 4.

27HC inhibits growth of prostate cancer
cells via depletion of cellular
cholesterol. A, LNCaP or 22RV1 cells
were treated with 10 mmol/L of 27HC.
Three days later, the cells were
harvested, and cell lysates were
extracted with RIPA buffer. Cellular
levels of cholesterol were quantified
using a targeted LC-MS/MS method
(Materials and Methods). Experiment
was repeated 3 times. Error bars
represent the SEM 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
mmol/L 27HC in the presence or
absence of 10 mmol/L 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 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 mmol/L 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 shownare
representative of three independent
experiments.
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539 in Fig. 5C, treatment with 27HC led to a time-dependent decrease
540 in the levels of the precursor formof SREBP2 in LNCaP and22RV1
541 cells, consistent with the downregulation of SREBP2 mRNA
542 expression by 27HC (data not shown). This is likely due to the
543 fact that SREBP2 activity is required for its own transcription (42).
544 We next tested whether the effects of 27HC on cell growth can be
545 reversed by exogenously expressing the active nuclear form of
546 SREBP2 (43, 44). For this purpose, 22RV1 cells engineered to
547 stably overexpress the active form of SREBP2 or GAL4 (control)
548 under the control of a doxycycline-inducible promoter were
549 developed. Overexpression of SREBP2 significantly reduced the
550 sensitivity of 22RV1 cells to 27HC (Fig. 5D). Because LDLR is a
551 major downstream target of SREBP2, we evaluated whether LDLR
552 overexpression alone could abrogate 27HC-mediated antiproli-
553 ferative effects. Indeed, LNCaP cells that were transiently infected
554 with an LDLR-expressing retrovirus were found to have an atten-
555 uated response to 27HC (Fig. 5E). Finally, we demonstrated that
556 siRNA-mediated knockdown of LDLR expression phenocopied
557 the effects of 27HC on prostate cancer growth (Supplementary
558 Fig. S6A–S6C). It was concluded from these studies that 27HC-
559 dependent downregulation of SREBP2 activity and LDLR expres-
560 sion in part explains the antiproliferative effects of 27HC on
561 prostate cancer.

563Discussion
564The results of this study provide a potential mechanistic link
565between dysregulated cholesterol homeostasis and prostate can-
566cer pathogenesis and highlight approaches that can be used to
567mitigate the impact of dyslipidemia on the biology of this disease.
568Notable was our observation that the expression of CYP27A1, a
569key component of the cellular cholesterol homeostatic machin-
570ery, was dramatically downregulated in advanced prostate cancer,
571an activity that may result from hypermethylation of the gene
572encoding this protein. Absent this enzyme, an important negative
573feedback mechanism that regulates cellular cholesterol homeo-
574stasis is lost leading to cholesterol accumulation, which endows a
575selective growth advantage upon prostate cancer cells (Supple-
576mentary Fig. S6D). Whereas the mechanisms by which increased
577cholesterol synthesis/uptake affects prostate cancer cell growth
578remain under investigation, it is clear from our studies that
579restoration of the activity of the CYP27A1/27HC signaling axis
580and/or modalities that decrease cellular cholesterol content are
581likely to have a positive impact on prostate cancer treatment/
582prevention.
583In addition to the data presented here, other preclinical studies
584have shown that intratumoral cholesterol homeostasis and
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Figure 5.

27HC-dependent inhibition of prostate cancer cell growth occurs 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 treatedwith vehicle, or 27HC (10
mmol/L), or T1317 (10 mmol/L) for 18 hours. The expression ofABCG1 and LDLRwas assessed using qPCR. Data are 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 mmol/L) or vehicle control and harvested at the indicated time points. The DNA content of the cells was measured by Hoechst 33258. C, Cells
were treatedwith 5mmol/L of 27HC and harvested at the indicated time points. Immunoblot analysiswas 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 mmol/L) 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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587 negative feedback loops are deregulated in prostate cancer (45–
588 47). For example, LDLR mRNA and SREBP2 expressions are
589 downregulated in the presence of exogenous LDL or cholesterol
590 in normal prostate cells but not in the prostate cancer cells (45).
591 Although both normal and prostate cancer cells respond to low
592 cholesterol media by upregulating cholesterol uptake and/or
593 synthesis genes, prostate cancer cells have considerably lower
594 expression of the cholesterol exporter ABCA1, thus potentially
595 allowing them to accumulate more cholesterol (47). This sup-
596 ports the idea that prostate cancer cells have reprogrammed
597 cholesterol homeostatic gene networks, which may enable them
598 to become resistant to cholesterol-lowering drugs. Although this
599 has not been tested directly in prostate cancers from patients on
600 cholesterol-lowering drugs, a recent window of opportunity trial
601 in breast cancer patients which showed that administration of
602 atorvastatin, while lowering circulating cholesterol as expected,
603 actually resulted in an upregulation of the expression of intratu-
604 moral HMGCR, the rate-limiting enzyme in cholesterol biosyn-
605 thesis (48). This important clinical finding suggests that when
606 facedwith reduced availability of LDL-cholesterol, cancer cells can
607 respond by increasing intracellular cholesterol production, a
608 finding that questions whether lowering circulating cholesterol
609 in and of itself would have a significant impact on the intracellular
610 levels of cholesterol within cancer cells and thereby slow prostate
611 cancer growth. It is intriguing to speculate that this fact explains
612 why the epidemiologic data linking cholesterol and statin use and
613 prostate cancer are mixed, with many studies suggesting no such
614 link (49). Ultimately, future studies wherein both serum and
615 intratumoral cholesterol aremeasured are required to test the true
616 link between cholesterol and prostate cancer.
617 The findings of this study suggest that, as with other rapidly
618 dividing cells, prostate cancer cells must have developedmechan-
619 isms to bypass the processes that regulate intracellular cholesterol
620 content to enable them to accumulate cholesterol that has been
621 shown to constitute an important checkpoint in cell division (50).
622 Webelieve, givenwhat is knownabout the role of oxysterols in the
623 negative feedback control of cholesterol biosynthesis/uptake, that
624 prostate cancer cells accomplish this activity by blocking the
625 synthesis of 27HC as a consequence of CYP27A1 gene silencing.
626 In support of this hypothesis, we have shown that ectopic expres-
627 sion of CYP27A1 in prostate cancer cells decreases cellular and
628 intratumoral cholesterol accumulation and inhibits cell/tumor
629 growth. Mechanistically, we have shown that 27HCmediates this
630 effect in part through downregulation of SREBP2, which in turn
631 suppresses de novo synthesis and uptake of cholesterol. In support
632 of this model, we have shown that the growth-inhibitory activity
633 of 27HC is considerably attenuated by ectopic expression of
634 activated SREBP2 or by overexpression of LDLR from a heterol-
635 ogous promoter. Thus, it appears that downregulating CYP27A1
636 expression in prostate cancer cells interferes with an important
637 negative feedback mechanism that enables these cells to accumu-
638 late the cholesterol needed for cell growth.
639 In addition to functioning as a partial agonist of LXRs and an
640 inhibitor of SREBP2 activity, 27HC has also been shown to
641 interact with estrogen receptors a and b (ERs; ref. 51). Both of
642 these ERs have been reported to be expressed in prostate tissue,
643 although their exact roles in prostate cancer development and
644 progression remain unresolved (52). It has been shown that
645 activation of ERb is protective against prostate cancer (52, 53),
646 a finding thatmay be significant given that 27HChas been shown
647 to inhibit the transcriptional activity of both ER isoforms in the

649cardiovascular system but demonstrated partial agonist activity in
650the breast tissues. However, despite considerable effort, we were
651unable to detect significant expression of either ERs in any of the
652prostate cancer cell models used in our study (data not shown).
653This argues for the noted antiproliferative and proapoptotic
654effects of 27HC in prostate cancer are ER-independent. Notably,
655however, a recent article described an ER- and AR-dependent
656growth-promoting effect of 27HC in nontransformed RWPE-1
657prostate epithelial cells (54). It remains to be determinedwhether
658this effect is due to the agonist activity of 27HC on ER in these
659cells, similar towhat has been observed in breast cancer cells (34),
660or that 27HC has opposite effects in transformed versus non-
661transformed prostate epithelial cells.
662In summary, like most rapidly dividing cells, prostate cancer
663cells need to bypass the tight homeostatic mechanisms that
664regulate the levels of intracellular cholesterol. The data presented
665in this study indicate that this can be accomplished in prostate
666cancer cells by downregulating the expression of CYP27A1, thus
667inhibiting the production of 27HC, a molecule involved in
668feedback control of cholesterol synthesis and uptake. It remains
669to be determined how this regulatory activity can be restored and/
670or how the effects of the increased cholesterol uptake that result
671from the loss of CYP27A1 expression can be mitigated. It is
672unlikely that statin use alone would have a significant effect, as
673it has been shown in other cancers that such an approachmay lead
674to an upregulation of cholesterol biosynthesis in tumors (48). It
675would appear that the therapeutic options to target this pathway
676in cancer are limited to (1) the induction of the expression of
677genes involved in cholesterol efflux (such as LXR agonists), (2)
678approaches that reverse the inhibition of CYP27A1 expression/
679activity and (3) SREBP2 inhibitors or other compounds which
680interferewith cholesterol biosynthesis. It has been shown that LXR
681agonists can inhibit the growth of prostate cancer in animal
682models (55), the growth, and metastasis of melanoma (56), and
683we have also shown that they can decrease the growth of mam-
684mary tumors (34). Inhibitors of SREBP1/2 and oxidosqualene
685cyclase have also shown promise in preclinical models of prostate
686cancer (57, 58). Exploration of the viability of these approaches,
687especially in combination, as a means to mitigate cholesterol-
688enhanced cancer risk, is a focus of our continued research.
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