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Introduction:Wepreviously reported that cholesterol homeostasis in prostate

cancer (PC) is regulated by 27-hydroxycholesterol (27HC) and that CYP27A1,

the enzyme that converts cholesterol to 27HC, is frequently lost in PCs. We

observed that restoring the CYP27A1/27HC axis inhibited PC growth. In this

study, we investigated the mechanism of 27HC-mediated anti-PC effects.

Methods: We employed in vitro models and human transcriptomics data to

investigate 27HC mechanism of action in PC. LNCaP (AR+) and DU145 (AR-)

cells were treated with 27HC or vehicle. Transcriptome profiling was performed

using the Affymetrix GeneChip™ microarray system. Differential expression was

determined, and gene set enrichment analysis was done using the GSEA

software with hallmark gene sets from MSigDB. Key changes were validated at

mRNA and protein levels. Human PC transcriptomes from six datasets were

analyzed to determine the correlation between CYP27A1 and DNA repair gene

expression signatures. DNA damage was assessed via comet assays.

Results: Transcriptome analysis revealed 27HC treatment downregulated

Hallmark pathways related to DNA damage repair, decreased expression of

FEN1 and RAD51, and induced “BRCAness” by downregulating genes involved

in homologous recombination regulation in LNCaP cells. Consistently, we

found a correlation between higher CYP27A1 expression (i.e., higher

intracellular 27HC) and decreased expression of DNA repair gene signatures

in castration-sensitive PC (CSPC) in human PC datasets. However, such

correlation was less clear in metastatic castration-resistant PC (mCRPC).

27HC increased expression of DNA damage repair markers in PC cells,

notably in AR+ cells, but no consistent effects in AR- cells and decreased

expression in non-neoplastic prostate epithelial cells. While testing the clinical

implications of this, we noted that 27HC treatment increased DNA damage in
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LNCaP cells via comet assays. Effects were reversible by adding back

cholesterol, but not androgens. Finally, in combination with olaparib, a PARP

inhibitor, we showed additive DNA damage effects.

Discussion: These results suggest 27HC induces “BRCAness”, a functional

state thought to increase sensitivity to PARP inhibitors, and leads to increased

DNA damage, especially in CSPC. Given the emerging appreciation that

defective DNA damage repair can drive PC growth, future studies are

needed to test whether 27HC creates a synthetic lethality to PARP

inhibitors and DNA damaging agents in CSPC.
KEYWORDS

27-hydroxycholesterol (27HC), prostate cancer, hydroxycholesterol, LNCaP
(prostate cancer cell), CYP27A1, DU145 (prostate) cancer cell line
Introduction

Prostate cancer (PC) remains the most common non-cutaneous

cancer and the second leading cause of cancer mortality amongst

men in the United States. In 2023, it is estimated that 288,300 men

will receive a diagnosis of PC, while approximately 34,700 lives will

be lost to this disease (1). Notably, modifiable risk factors, especially

dietary and lifestyle factors, are hypothesized to play a significant

role in the prevention of PC (2, 3). Among these factors, cholesterol

has been implicated in the development of PC for nearly a century

(4). Recent studies have further demonstrated a link between

cholesterol and an increased risk of PC incidence, as well as the

development of aggressive tumors (5–8). Consequently, therapies

aimed at reducing cholesterol bioavailability have been proposed

as potential options for both prevention and/or treatment of PC

(9, 10). Hydroxymethylglutaryl-CoA (HMG-CoA) reductase

inhibitors, commonly known as statins, have shown promise in

various population and retrospective studies showing an association

between statin use and reduced risk of advanced/fatal PC, improved

survival rates, and even reduced biochemical recurrence-free

survival in men with PC after radical prostatectomy (11, 12).

However, statins predominantly block cholesterol production in

the liver and thus lower serum cholesterol levels. As such, tumors

are potentially able to overcome this effect by increasing cholesterol

uptake to maintain high intracellular cholesterol levels (13).

Therefore, a better understanding of the impact of changing

intracellular cholesterol levels is needed using tools beyond statins

given that how cholesterol promotes aggressive PCs remains as an

important unanswered question.

Of 176 cholesterol homeostasis genes, our group previously

identified CYP27A1 as the only gene whose expression level was

significantly associated with T-stage, Gleason score at diagnosis,

and presence of lymph node metastasis in PC (14, 15). CYP27A1

encodes sterol 27-hydroxylase, a cytochrome P450 oxidase that
02
converts cholesterol into 27-hydroxycholesterol (27HC). Via a

feedback loop that activates transcription factors liver-X-receptors

(LXRs) alpha and beta and represses sterol regulatory element-

binding protein 2 (SREBP2), 27HC senses overproduction of

cholesterol, reverses cholesterol transport out of cells and

promotes its excretion from the cell, effectively protecting cells

from excess cholesterol accumulation. In previous studies, we also

found that CYP27A1 expression in PC tissue was lower than benign

prostate tissue. Importantly, we discovered that restoration of

CYP27A1 or treatment with 27HC, the metabolic endproduct of

CYP27A1 activity, attenuates PC growh in vitro and in vivo (14).

In terms of the mechanism of 27HC activity, we recently

showed that 27HC treatment blocked IL-6/JAK/STAT signaling,

which may contribute to its anti-PC activity (15). Herein, we sought

to identify other potential mechanisms of 27HC-mediated anti-PC

effects by transcriptomic analysis of in vitro PC models. Results

were confirmed using large scale human transcriptomic data along

with biochemical and molecular analyses of cell models. We

hypothesized that 27HC affects PC through multiple mechanisms

beyond cholesterol inhibition including as yet poorly studied

pathways that may interact with cholesterol homeostasis.
Materials and methods

Cell culture

Cell lines were purchased from ATCC (Manassas, VA). LNCaP

(AR+, CYP27A1-) and DU145 (AR-, CYP27A1+) were cultured in

Roswell Park Memorial Institute Medium (RPMI) or Dulbecco’s

Modified Eagle Medium (DMEM), respectively, plus 10% fetal

bovine serum (FBS), as previously reported (14). Non-neoplastic

prostate epithelial cells, RWPE-1 (16), were kindly provided by the

Freeman lab and grown in Keratinocyte Serum-Free Medium
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https://doi.org/10.3389/fonc.2023.1251297
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Galvan et al. 10.3389/fonc.2023.1251297
(K-SFM) plus growth-factor kit (Gibco 17005-042, Thermo Fisher

Scientific, Waltham, MA). 27HC was purchased from Enzo Clinical

Labs (Farmingdale, NY) and resuspended in DMSO as described

previously (15). Roscovitine was purchased from Selleck Chemicals

LLC (Houston, TX).
Gene expression analysis

LNCaP and DU145 cells were treated with 27HC (10µM) or

vehicle control (DMSO/ethanol) in triplicate for 48 hours. RNA

extraction, cDNA amplification and microarray hybridization were

performed at UCLA Technology Center for Genomics and

Bioinformatics. Transcriptome profiling was done with Affymetrix

GeneChip™ Human Genome U133 Plus 2.0 Array assay (Thermo

Fisher Scientific). Data quality control and probe set normalization

were done using Affymetrix Power Tools package and the single-

channel array normalization (SCAN) algorithm, respectively

(17, 18).

Differentially expressed genes (DEGs) between 27HC treated

and control groups were determined using an integrated hypothesis

testing method. Briefly, three p-values were computed from t-test,

rank-sum test and median difference test. The p-values were

combined into an overall p-value using Stouffer’s method. We

then performed multiple testing correction using Storey’s method

(19). Genes with a false discovery rate (FDR) less than 0.05 and

absolute log2-median-ratio greater than the 95-percentile value

from the null distribution of log2-median-ratio, which is based on

1,000 random permutation of samples. Gene set enrichment

analysis was done using the GSEA software (20) with hallmark

gene sets from Molecular Signature Database (MSigDB) (21). We

used weighted Z-score method (22) to compute gene scores using

median-centered and normalized gene expression values.
Correlation analysis

We investigated the association between CYP27A1 (enzyme

that modulates 27HC biosynthesis) and DNA repair genes. We used

previously published lists of genes associated with homologous

recombination (HR) to represent “BRCAness” (23) and with

global human DNA repair (24). We then analyzed the expression

of those genes in our microarray data from 27HC-treated PC cells.

As reported by others, the list of 10 homologous recombination

associated genes involved in “BRCAness” included: CHEK1,

BRCA1, EXO1, BLM, RMI1, RAD54L, RAD51, LIG1, XRCC3,

RMI2 and RPA1 (23). The DNA repair gene list was based on a

previously published PC signature (24) and modified to include

only the genes present in our dataset. Gene lists are included in

Tables S1, S2 of Supplementary Materials.

To study this association, CYP27A1 with HR and DNA repair

genes, in human PC, we analyzed their expression using the

signatures described above and the Hallmark DNA Repair Gene

Set from MSigDB (21) in datasets from human PC. First, we used

the public online tool Prostate Cancer Transcriptome Atlas (PCTA;

thepcta.org), which includes data from 1,321 clinical specimens
Frontiers in Oncology 03
from 38 PC cohorts, mostly primary localized tumors. Analyses

were stratified by Gleason score (GS<7, GS=7, GS>7) and data were

shown separately for those samples from men with metastatic

castration-resistant PC (mCRPC), when data were available.

Computed enrichment signatures are shown as z-scores. The

correlation coefficients between gene signature score and

CYP27A1 expression were assessed via Spearman’s method and

its significance level was tested with two-tailed test. Similar analysis

was done in The Cancer Genome Atlas (TCGA) dataset using the

PCTA web-interface. We also evaluated this association in human

transcriptomes (n=2,000) from the Decipher Genomics Resource

Information Database (GRID) registry (25) (NCT02609269) and

from the Durham Veteran Affairs Health Care System (DVAHCS)

cohort (n=554), which includes men treated for PC with radical

prostatectomy between 1989-2016 at the Durham Veteran Affairs

Health Center System in Durham, NC (26). In addition, we

analyzed two independent mCRPC cohorts: SU2C-PCF (27)

(n=159) and RMH (28) (n=98), which include tumor biopsy bulk

cell RNAseq data.
qRT-PCR

For validation of the microarray results, we determined

expression of RAD51 and FEN1, two canonical genes involved in

DNA repair due to their assistance in repair of double-stranded

breaks in PC cells by qRT-PCR. LNCaP and DU145 cells were

treated with 27HC (10µM) or vehicle control for 48 hours. When

treated with roscovitine, LNCaP and DU145 cells were pre-treated

with roscovitine (5µg/ml) and 24 hours later treated with 27HC

(10µM) for 48 hours. After treatment, cells were rinsed with 1X PBS

solution. RNA isolation was done by Trizol (Life technologies,

Carlsbad, CA, USA). RNA was cleaned by sodium acetate. RNA

concentration was determined by a Nanodrop spectrophotometer

(Thermo Fisher Scientific). Reverse transcription was done with

iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA,

USA). A total of 10 ng of cDNA per reaction combined with

Superscript SYBR green (Bio-Rad Laboratories) were run on the

ABI Viia7 RT-PCR system (Thermo Fisher Scientific). mRNA levels

were normalized to housekeeping genes (GAPDH or Actin).

Relative mRNA levels were determined using the delta delta CT

method. Primer sequences are listed in Table S3 of Supplementary

Materials. Assays were run in triplicate with all results contributing

to the statistical analysis. Two-sample t-test was used to compare

groups. Statistical significance was defined by a p-value<0.05.
Western blotting

After 27HC or control treatment of LNCaP, DU45 and RWPE-

1, cells were fixed with 10% trichloroacetic acid for 30 min on ice,

and the total cell lysates were prepared with LDS Sample Buffer

(Thermo Fisher Scientific). Western blotting was performed with

NuPAGE protein electrophoresis system (Thermo Fisher

Scientific). Primary antibodies included rabbit anti-Rad51 (1:500,

sc-8349, Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-
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https://doi.org/10.3389/fonc.2023.1251297
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Galvan et al. 10.3389/fonc.2023.1251297
FEN1 (1:1000, Cell Signaling Technology, Danvers, MA, USA),

mouse anti-phospho-Histone H2A.X (Ser139, 1:1000, 05-636-I,

Millipore Sigma, St. Louis MO, USA), rabbit anti-phospho-KAP1

(1:1000, Bethyl Laboratories, Thermo Fisher Scientific), rabbit anti-

phospho-RPA32 (1:1000, Bethyl Laboratories Thermo Fisher

Scientific) and mouse b-actin (1:1000, Santa Cruz Biotechnology).

Ponceau S staining solution (Thermo Fisher Scientific) was used to

evaluate transfer efficiency and for total protein normalization.

Bands were visualized with Immun-Star AP Chemiluminescence

Kits (Bio-Rad Laboratories) and were detected with ChemiDoc

Touch Imaging System (Bio-Rad Laboratories) and normalized to

loading controls (b-actin/Ponceau S) first and then to each control

group (0 µM). Results were run in triplicate.
Comet assay

LNCaP and DU145 cells were treated as mentioned above in

complete medium (10% FBS). The comet assay (OxiSelect™ Comet

Assay Kit, Cell Biolabs Inc, San Diego, CA) was performed in

alkaline conditions for evaluation of cellular DNA damage and was

conducted under dim light to avoid ultraviolet damage to cell

samples. An agarose base layer was created in each individual

slide well and allowed to solidify. The cell samples were

combined with the Comet Agarose at a 1:10 ratio and 75uL of

this mixture was then applied to the top of each base layer per well

and allowed to solidify at 4°C. Slides were incubated in lysis buffer

for 1 hour, then alkaline solution for 30 min at 4°C in the dark. The

slides were electrophoresed for 30 min at 24 volts, maintaining a

current setting of 300mA in cold alkaline electrophoresis solution.

Slides were transferred to cold DI H2O and washed twice, before a 5

min incubation in cold 70% ethanol. Slides were then allowed to air

dry overnight. Once slides are completely dry, 100uL of diluted

Vista Green DNA Dye was added to each well and allowed to

incubate at room temperature for 15 min in the dark. After imaging,

comet tails were quantified with OpenComet v1.3.1, an open-source

software tool providing automated analysis of comet assay

images (29).
Results

27-hydroxycholesterol treatment
suppresses expression of DNA damage
repair genes in PC cells in vitro

Gene expression analysis revealed that 27HC inhibited

expression of multiple DNA damage response pathways in PC

cells. In LNCaP cells, out of the top 10 27HC downregulated

pathways, six were related to DNA repair and damage response,

including DNA replication, cell cycle, mismatch repair, homologous

recombination, nucleotide excision repair, and base excision repair

hallmark pathways (Figure 1A). Meanwhile, in DU145 cells, while

the link was not as robust, two of the top 10 downregulated

pathways were related to DNA damage response, including DNA

replication and base excision repair hallmark pathways (Figure 1B).
Frontiers in Oncology 04
From the microarray, when specifically looking at two canonical

DNA repair pathway genes, RAD51, a key recombinase involved in

homology-directed DNA repair, and FEN1, a flap endonuclease

involved in DNA repair and replication, it was noted that 27HC

treatment downregulated gene expression of both genes compared

to control in LNCaP but not in DU145 (Figure 1C). When

validating expression of RAD51 and FEN1 by qRT-PCR, we

observed significantly lower mRNA levels in 27HC treatment vs.

control in LNCaP cells (Figure 1D, RAD51 p=0.02, FEN1 p=0.001),

but not in DU145 cells (Figure 1E, RAD51 p=0.17, FEN1 p=0.26).

Given our previous knowledge of 27HC effects on cell growth

inhibition and suppression of cell cycle gene expression (14) (as

shown in Figure 1A), we tested if decreased expression of DNA

damage response genes was mediated via cell cycle suppression. To

address this, we treated PC cells with roscovitine, a CDK2/CDK1

inhibitor that leads to cell cycle arrest in late G1 phase (30). The

qRT-PCR results show that even when all cells were treated with

roscovitine, co-treatment with 27HC significantly lowered RAD51

and FEN1 mRNA levels compared to roscovitine treatment alone in

LNCaP cells (Figure 1D, RAD51 p=0.02, FEN1 p=0.01). However,

no inhibition of RAD51 and FEN1 was seen in DU145 cells treated

with 27HC plus roscovitine (Figure 1E, RAD51 p=0.40, FEN1

p=0.82). These data suggest that 27HC inhibits expression of

DNA repair genes in LNCaP cells independent of cell cycle

effects. Downregulation of RAD51 by 27HC was confirmed by

Western blot in LNCaP cells after 27HC treatment (5 and 10 µM) at

48 and 72 hours (Figure 1D) whereas in DU145 cells there was

limited downregulation of RAD51 and FEN1 (Figure 1E).

Additionally, using previously published gene signatures to

interrogate the microarray data, we found 27HC treatment

significantly downregulated genes involved in DNA repair

(LNCaP p=0.0006, DU145 p=0.0003) and in homologous

recombination leading to an induction of “BRCAness” (LNCaP

p=0.0002, DU145 p=0.0009) (Figure 1F). These findings suggest

27HC treatment significantly downregulated genes involved in

DNA repair and induced “BRCAness” across both cell lines and

thus may make cells vulnerable to clinically available agents that

cause DNA damage.
Expression of CYP27A1 is associated with
expression of DNA repair and “BRCAness”
related genes in human PC

To determine if CYP27A1 expression is associated with

expression of genes associated with DNA repair and “BRCAness”

in human PC, we tested representative gene signatures in different

human PC transcriptome datasets (PCTA, TCGA, GRID,

DVAHCS, SU2C and RMH). Across all castrate-sensitive PC

(CSPC) datasets (PCTA, TCGA, GRID, and DVAHCS), there

were generally negative associations between expression of

CYP27A1 and DNA repair genes (i.e., high CYP27A1 expression

suggesting high intracellular 27HC, correlated with lower DNA

repair pathway expression) (Figure 2). Although these associations

often were highly statistically significant, some failed to reach

statistical significance. When primary tumors were stratified by
frontiersin.org

https://doi.org/10.3389/fonc.2023.1251297
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Galvan et al. 10.3389/fonc.2023.1251297
Gleason sum, associations were weakest in Gleason <7 tumors in 5 of 6

comparisons. Moreover, across the PCTA, TCGA, GRID and

DVAHCS datasets and all Gleason scores, in primary tumors,

associations of CYP27A1 expression with “BRCAness” signature

were stronger compared to those between CYP27A1 and the

Hallmark DNA repair pathway (Figures 2A, D). Finally, in in

mCRPC samples of the PCTA dataset, associations only reached

statistical significance for the Hallmark DNA repair pathway

(Figure 2A). Given the mixed results in mCRPC vs. robust

associations seen in primary tumors (especially higher-grade

localized tumors), we explored additional cohorts with mCRPC.

Specifically, we looked at the RMH and SU2C datasets, comprised of

mCRPC cases, and found no correlation between expression of

CYP27A1 and DNA repair and “BRCAness” gene signatures

(Figure 2E). These findings suggest that in human primary CSPC

samples, higher CYP27A1 and presumably higher intracellular 27HC is

associated with decreased expression of DNA repair genes and these

associations appear to be stronger in higher grade primary tumors.

Alternatively, inmCRPC patients, results are largely null. As such, these

findings validate the translational nature of our preclinical findings
Frontiers in Oncology 05
from the microarray including the fact that results for DNA repair

expression downregulation were stronger in the hormone-sensitive cell

line LNCaP vs. the androgen-independent cell line DU145 (Figure 1).
27HC treatment induced expression of
DNA damage markers in PC cells but not in
non-neoplastic prostate epithelial cells

Given that we showed that 27HC decreased expression of DNA

repair pathway genes, we next asked whether 27HC could induce DNA

damage. To test this, we treated LNCaP and DU145 cells with 27HC (5

µM or 10 µM) for 48 and 72 hours (Figure 3) and measured protein

level of general DNA damage marker g-H2AX. 27HC treatment

strongly induced g-H2AX in LNCaP and to a lesser extent in

DU145. We next measured pathway-specific DNA damage markers,

p-KAP1 (DNA double strand break) and p-RPA32 (stalled replication

forks). These markers also increased in LNCaP while no consistent

results were seen in DU145 cells. However, we did not observe the

same effect in RWPE-1 cells, wherein gamma-H2AX levels actually
B

C D

E F

A

FIGURE 1

27HC treatment of PC cells suppresses genes involved in DNA damage repair. (A) Top 10 pathways enriched by 27HC in LNCaP cells. (B) Top 10
pathways enriched by 27HC in DU145 cells. (C) FEN1 and RAD51 gene expression in microarray analysis. Data show fold change of 27HC vs control.
(D, E). qRT-PCR validation of FEN1 and RAD51 expression in LNCaP and DU145 cells treated with 27HC (10µM) for 48 hours, with and without
roscovitine (5µg/ml). Data show mean and standard deviation. Protein levels of RAD51 and FEN1 after 27HC treatment. Quantification shows relative
expression to loading controls. (F) Effect of 27HC on “BRCAness”, shown by regulation of expression of HR related genes, and DNA repair gene
expression in microarray analysis.
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BA

FIGURE 3

Effects of 27HC on DNA damage on PC and non-neoplastic prostate epithelial cells. Western blot and quantification of RAD51, gamma-H2AX,
phospho-KAP1 and phospho-RPA32 in (A) DU145, LNCaP, and (B) RWPE-1 cells after treatment with 5µM or 10µM 27HC for 48 and 72 hours.
B

C

D

E

A

FIGURE 2

Correlation of CYP27A1 expression with DNA damage repair and “BRCAness” gene signatures in human PC. Plots show gene expression profiles
from different transcriptome datasets and computed enrichment of signatures in each patient using the z-score method. P-values were calculated
from Spearman’s correlation among z-scores between gene signatures and CYP27A1 expression for the following cohorts: (A) PCTA, (B) TCGA, (C)
GRID, (D) DVAHCS and (E) SU2C and RMH. For PCTA, TCGA and GRID datasets, data is shown by disease course.
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decreased with 27HC treatment. These findings suggest 27HC

treatment selectively leads to DNA damage in PC cells but not in

non-neoplastic prostate epithelial cells, with stronger effects in

hormone sensitive LNCaP cells vs. androgen independent DU145 cells.
Comet assay shows 27HC increased DNA
damage in LNCaP cells and this was
reversible by cholesterol and
not androgens

Given above we found that 27HC could induce expression of

DNA damage markers, we next sought to validate these findings

using a different measure of DNA damage. Thus, we used a comet

assay, which uses gel electrophoresis to measure DNA strand breaks

to assess the impact of 27HC on DNA damage. As seen in

Figures 4A, 5A, control LNCaP cells exhibited minimal DNA

damage, as expected. However, DNA damage was increased

several-fold by 27HC treatment. In LNCaP, adding cholesterol,

but not androgens (R1881) blocked the DNA damaging effects of

27HC. The greatest effects were seen by the addition of olaparib, but

the combination of olaparib + 27HC resulted in additive effects to

further increase DNA damage. However, the effects of 27HC on

DNA damage in DU145 cells were null except a minimal, but

statistically significant, increase in DNA damage when 27HC was

combined with olaparib from 1.0% of DNA in the tail to 2.5%

(Figures 4B, 5B).
Discussion

Previous studies from our group showed that 27HC treatment

lowered intracellular cholesterol and inhibited PC growth (14). Yet,

the full mechanisms of 27HC-mediated anti-PC effects are not well

understood. Specifically, we hypothesized that pathways beyond

cholesterol inhibition are involved in the 27HC-mediated anti-PC

effects that may interact with cholesterol inhibition. To test this, we

performed a transcriptomic analysis of PC cells treated with 27HC

or vehicle control to undercover novel mechanisms linking 27HC

and PC growth. We found that 27HC treatment resulted in
Frontiers in Oncology 07
downregulation of multiple Hallmark pathways related to DNA

damage repair, decreased expression of key cell cycle genes, induced

“BRCAness”, increased markers of DNA damage and increased

DNA damage that could be blocked by cholesterol add-back, but

not androgen add-back. Results were much stronger in the AR-

sensitive CYP27A1- cell line, LNCaP, vs. more modest effects in the

AR-negative CYP27A1+ cell line, DU145. In human data, the link

between CYP27A1 expression, the gene that encodes the enzyme

that catalyzes 27HC synthesis, and DNA damage gene expression

was corroborated and was strongest in high-grade CSPC, with a less

clear association in mCPRC patients, suggesting our preclinical

findings may accurately reflect human PC biology. Whether

combining 27HC with treatments to further induce DNA damage

(i.e., ionizing radiation) or approaches to limit DNA repair (i.e.,

PARP inhibitors) will result in synergistic anti-PC activities remains

to be seen, though our data suggest these combinations may be

fruitful, especially in high-grade CSPC.

After treatment with 27HC, gene expression analysis showed

that both LNCaP cells and DU145 cells exhibited decreased

expression of multiple DNA repair pathways in PC cells. 27HC-

treated LNCaP cells specifically exhibited downregulation of

pathways responsible for base excision repair, homologous

recombination repair, mismatch repair, nucleotide excision repair,

DNA replication and cell cycle. Further, 27HC treatment in LNCaP

cells increased expression of markers of single-strand DNA breaks,

suggesting 27HC increases DNA damage. Prior studies suggested

that oxysterols beyond 27HC can induce DNA damage (31). For

example, several oxysterols were shown to induce DNA damage and

lead to apoptosis in the human cholangiocyte cell line MMNK-1

(32). It was suggested this may occur due to increased reactive

oxygen species and lipid peroxides caused by the oxysterols vs.

direct downregulation of DNA repair mechanisms, as seen in our

study. Other oxysterols, such as 25HC and 7-ketocholesterol, can

cause single-strand DNA breaks in human umbilical vascular

epithelial cells and damage to full-length mitochondrial DNA,

respectively (33, 34). Whether the mechanisms of this DNA

damage are similar to the ones we identified or not remain to be

tested. Nonetheless, our study, for the first time, showed that the

oxysterol 27HC downregulates DNA repair pathway genes,

increased canonical markers of DNA damage, and increased
BA

FIGURE 4

Comet assay on 27HC-treated LNCaP and DU145 cells plus R1881, cholesterol or olaparib. (A) LNCaP cells. (B) DU145 cells.
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DNA damage as measured by the comet assay. Moreover, for the

first time, we showed that this can occur in cancer cells, but did not

occur in non-neoplastic prostate epithelial cells.

Both cell lines that we tested originated from patients with

mCRPC, yet the LNCaP cell line responds more to the absence of

androgens whereas DU145 cells are androgen insensitive (35). In

contrast to robust responses in the AR-sensitive cell line LNCaP,

results in the AR-negative DU145 cell line were more modest and

mostly null. Specifically, in 27HC-treated DU145 cells, only DNA

replication and base excision repair pathways were downregulated

on gene expression analysis and expression of DNA damage

markers was largely null. The response in AR-sensitive LNCaP

cell lines to 27HC compared to AR-negative DU145 cells may

suggest that 27HC has a more pronounced effect on DNA damage/

repair pathway gene expression in androgen sensitive cancers.

Alternatively, as LNCaP is CYP27A1- and DU145 is CYP27A1+,

this may reflect the CYP27A1 status of the cells rather than

androgen activity. Nonetheless, given that cholesterol is the

precursor for androgens, this raises the possibility that the effects

of 27HC are mediated, at least in part, via lowering androgens.

The link between AR and DNA damage repair has been well

studied in preclinical models (36–38) and strong AR inhibition has

been shown to create a synthetic lethality to PARP inhibitors (23).

Recently, these preclinical observations were validated in a large

phase 3 human clinical trial. Specifically, in the PROpel study, the

PARP inhibitor, olaparib, in combination with the androgen-

biosynthesis inhibitor abiraterone significantly improved imaging-

based progression-free survival (ibPFS) in men with mCRPC

compared to abiraterone plus placebo (39). This was true

regardless of homologous recombination repair gene mutation

(HRRm) status, though the benefits of combination therapy were

greater in men with HRRm (hazard ratio 0.50, 95%CI 0.34-0.73)

than men without HRRm (hazard ratio 0.76, 95%CI 0.60-0.97) (39).

These results were further confirmed in the phase 3 TALAPRO-2

study, where mCRPC patients treated with the PARP inhibitor

talazoparib plus the androgen receptor antagonists enzalutamide

had significantly longer ibPFS then mCRPC patients treated with

placebo plus enzalutamide (hazard ratio 0.63, 95%CI 0.51-0.78)

(40). Again, ibPFS improvement was seen regardless of HRRm

status, though again, ibPFS benefits were greater in men with

HRRm (HR 0.46, 95%CI 0.30-0.70) than men without HRRm
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(HR 0.70, 95%CI 0.54-0.89). Nonetheless, the fact that even men

with genomic HRR mutations had benefit supports the hypothesis

that AR inhibition can create a sensitivity to PARP inhibitors given

that PARP inhibitors as a single-agent in men without HRR

mutations have no benefits (41).

Given the confirmation from phase 3 trials that strong androgen

inhibition can induce sensitivity to PARP inhibitors, whether the

observed findings in our study can be solely attributed to the known

link between the AR and DNA damage response, considering the

role of cholesterol as a precursor for androgens, remains a question.

However, the fact that effects on DNA repair gene expression by

microarray, albeit weaker, were seen in the AR-negative cell line

DU145 and cholesterol add-back but not androgen add-back

blocked the DNA damaging effects of 27HC in LNCaP cells (as

shown by the comet assay), strongly suggests mechanisms beyond

AR – specifically cholesterol mediated actions. Moreover, in LNCaP

cells, while 27HC inhibited many pathways, decreased androgen

signaling was not one of the top 10 pathways altered. As such, this

lends further support that our findings cannot solely be explained

by the known AR-DNA damage response link.

After further validation in other models varying in both AR and

CYP27A1 status and using CYP27A1 overexpressing cells, future

directions should involve exploring the potential of cholesterol

inhibition, via 27HC or other mechanisms, in combination with

treatments aimed at directly inducing DNA damage (radiation) or

treatments aimed at preventing DNA repair (PARP inhibitors).

Moreover, further mechanistic efforts are needed to tease out the

effect of cholesterol inhibition, AR inhibition, or both on impairing

DNA damage and synergizing with PARP inhibitors. Importantly,

our data suggest these efforts are likely to be most fruitful in patients

with CSPC and perhaps in those whose tumors lack CYP27A1

expression. While trials are ongoing testing AR inhibition with

PARP inhibitors in men with CSPC (Talapro-3, AMPLITUDE) (42,

43), we are unaware of any combination trials testing cholesterol

inhibition with PARP inhibition.

Our study demonstrates several strengths that contribute to the

robustness of the findings. First, we investigated two different PC

cell lines, LNCaP and DU145, which allowed us to capture potential

variations in the observed outcomes across different cellular

contexts. Additionally, we utilized multiple CSPC and CRPC

human datasets, providing a broader perspective and enhancing
BA

FIGURE 5

Quantification of comet assay results showing boxplots of percent tail DNA. (A) LNCaP cells. (B) DU145 cells.
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the generalizability of our results. Moreover, we employed both

microarray analysis and qRT-PCR to measure DNA damage gene

expression, ensuring a comprehensive assessment of DNA repair

gene expression. Lastly, our study incorporated multiple markers of

DNA damage, including a comet assay, which adds further

reliability and strengthens the validity of the conclusions. Overall,

these methodological strengths enhance the rigor of the study and

contribute to a more comprehensive understanding of the

relationship between the AR, DNA damage response, and

cholesterol metabolism in PC.

While our study presents valuable insights, there are certain

limitations that need to be acknowledged. First, we only examined

one AR sensitive cell line, which restricts the generalizability of the

findings. Including additional AR sensitive cell lines would have

provided a more comprehensive understanding of the cholesterol-

AR-DNA damage response link. Also, while the reduction of DNA

damage pathway gene expressions suggests 27HC induced DNA

damage by impairing DNA damage repair, in the absence of

additional experiments, we cannot prove this, and thus further

studies are needed to determine whether 27HC impairs DNA

damage repair or if it causes DNA damage in and of itself. Also,

validation of other genes beyond RAD51 and FEN1 suggestively

downregulated as seen by the microarray data is needed. Moreover,

although the findings raise interesting hypotheses regarding the

potential interaction of cholesterol with PARP inhibitors or DNA

damaging agents such as radiation therapy, these hypotheses still

need to be empirically tested in future studies. Also, for the human

data, the genomic status of the tumors was generally not known and

thus whether associations between CYP27A1 and DNA repair differ

in tumors with DNA repair gene mutations is unknown. Finally,

while our data suggest that lowering intracellular cholesterol via

27HC down-regulated expression of DNA repair genes and led to

DNA damage, whether 27HC is the ideal “drug” to move forward

with in human clinical trials remains to be seen. However, we would

argue that alternative agents such as statins, which effectively lower

serum cholesterol, may have limited tissue penetration into the

tumor and thus may not be ideal. Specifically, a prior study from

our team showed that lowering circulating cholesterol, in some

models, can lead to upregulation of LDL receptor and maintained if

not even higher tumor cholesterol (13). As such, future work should

include better understanding the exact mechanism of 27HC

mediated effects, better teasing out the specific effects of

cholesterol versus AR signaling, and developing the best clinical

“drug” to target intracellular cholesterol. Addressing these

limitations will lead to a more comprehensive understanding of

the complex mechanisms underlying PC and potentially guide the

development of more effective therapeutic combination strategies.
Conclusions

The results from this study suggest 27HC treatment, possibly

via lowering intracellular cholesterol, inhibits expression of DNA

repair pathways, induces “BRCAness” through downregulation of

HR gene expression, and leads to increased DNA damage. These

effects were stronger in LNCaP, an AR-sensitive CYP27A1- cell line,
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with weak to minimal effects seen in DU145, an AR-negative

CYP27A1+ cell line. In human data, there was a robust

association between higher CYP27A1, the gene encoding the

enzyme that creates 27HC, and decreased DNA damage gene

expression, especially in CSPC. Additional studies are needed to

directly test whether 27HC creates a synthetic lethality to PARP

inhibitors and other DNA damaging agents, especially in high-

grade CSPC.
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