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Resistance to antiandrogens and chemotherapy (Cx) limits therapeutic options for patients with
metastatic hormone-sensitive (mHSPC) and metastatic castration-resistant (mCRPC) prostate cancer. In
this context, up-regulation of the glucocorticoid receptor is identified as a potential bypass mechanism
in mCRPC. A combination of docetaxel and mifepristone (Doc þ RU-486), an inhibitor of the gluco-
corticoid receptor, re-sensitizes docetaxel-resistant cell models to Cx. This study was designed to
elucidate the molecular mechanisms responsible for this phenomenon. RNA sequencing was performed
in docetaxel-resistant prostate cancer cell models after Doc þ RU-486 treatment with consecutive
functional assays. Expression of selected proteins was verified in prostatic tissue from prostate cancer
patients with progressive disease. Treatment with Doc þ RU-486 significantly reduced cancer cell
viability, and RNA sequencing revealed sterol regulatory element of binding transcription factor 1
(SREBF-1), a transcription factor of cholesterol and lipid biosynthesis, as a significantly down-regulated
target. Functional assays confirmed that SREBF-1 down-regulation is partially responsible for this
observation. In concordance, SREBF-1 knockdown and pharmacologic sterol regulatory element binding
protein inhibition, together with other key enzymes in the cholesterol pathway, showed similar results.
Furthermore, SREBF-1 expression is significantly elevated in advanced prostate cancer tissues, showing
its potential involvement in tumor progression and emerging therapy resistance. Therefore, specific
inhibition of cholesterol and lipid biosynthesis might also target Cx-resistant cancer cells and repre-
sents a potential additive future therapeutic option to improve mCRPC therapy. (Am J Pathol 2024,
194: 2150e2162; https://doi.org/10.1016/j.ajpath.2024.07.019)
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Over the past decade, treatment options for patients with
metastatic hormone-sensitive prostate cancer (mHSPC)
and metastatic castration-resistant prostate cancer
(mCRPC) have dramatically increased with improved
disease control by prolonging progression-free survival
and overall survival.1e6 Docetaxel, one of the most
established chemotherapy regimens for prostate cancer
(PCa), is approved for patients with mHSPC and mCRPC
and remains a cornerstone of the treatment algorithm for
patients with PCa.7,8 Combining docetaxel with second-
stigative Pathology. Published by Elsevier Inc
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generation hormonal therapy, such as abiraterone acetate
or the androgen receptor (AR) inhibitor darolutamide, is a
novel treatment approach. Recent data from the phase 3
PEACE-1 (A Phase III Study for Patients with Metastatic
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Overcoming Docetaxel Resistance
Hormone-naïve Prostate Cancer) and ARASENS (ODM-
201 in Addition to Standard ADT and Docetaxel in
Metastatic Castration Sensitive Prostate Cancer) trials
have reported improved progression-free survival and
improved overall survival.9,10 However, the efficacy of
chemotherapy is restricted by the development of therapy
resistance, which represents a significant limitation in
clinical practice. Molecular changes that correlate with
acquired therapy resistance to taxane medication include
tubulin alterations, overexpression of ERG, increased
expression of the transporter ABCB1, and up-regulation
of the glucocorticoid (GR) and AR networks.11e13

Elevated GR expression is a potential driver of therapy
resistance, and it accelerates PCa tumor progression.14e16

In addition, PCa cells show increased intratumoral ste-
roidal, cholesterol, and lipid synthesis, which contributes
to the decreased efficacy of antiandrogens and
chemotherapy.17,18

Because androgen synthesis largely depends on func-
tional cholesterol synthesis, inhibiting enzymes of the
cholesterol pathway represents a meaningful target in PCa.
For instance, abiraterone acetate is highly effective in pa-
tients with mHSPC and mCRPC because it inhibits cyto-
chrome P450 17A1, a central enzyme in the steroid
synthesis pathway.19

Sterol regulatory element binding proteins (SREBPs) are
key regulators of cholesterol and lipid biosynthesis, and
increased SREBP expression is associated with accelerated
tumor progression in many malignancies, including
PCa.20e23 Importantly, SREBPs can directly interact with
DNA binding sites and regulate the expression of other key
enzymes in the mevalonate pathway, such as 3-hydroxy-3-
methylglutaryl-coenzyme-Aereductase (HMGCoA-R),
3-hydroxy-3-methylglutaryl-coenzyme-Aesynthase, or
squalene epoxidase, as well as lipid metabolism.24

Furthermore, elevated SREBP expression is linked to ther-
apy resistance in other malignancies such as melanoma. In
addition, SREBPs are involved in AR regulation, and their
increased expression is associated with unfavorable PCa
survival.25e27

Inhibition of GR with mifepristone (RU-486) in combi-
nation with docetaxel induces sensitivity to docetaxel;
however, the mechanisms responsible for this finding are
unknown. To elaborate on the observations of reduced cell
viability and elevated apoptosis under combination treat-
ment, a gene analysis approach was chosen to identify the
significantly altered genes potentially responsible for these
findings. Docetaxel treatment combined with RU-486
significantly reduced SREBF1 expression and impaired
cholesterol and lipid biosynthesis. Moreover, sterol regula-
tory element of binding transcription factor 1 (SREBF-1)
was significantly elevated in tissues from patients with
advanced PCa, indicating the strong involvement of
SREBPs in PCa progression and therapy resistance. In
summary, based on the preclinical results, inhibition of
cholesterol synthesis via SREBF-1 may represent a
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promising tool to improve the efficacy of docetaxel-based
chemotherapy in mCRPC.

Materials and Methods

Cell Culture

PC3, DU145, and CWR22Rv1 cells were obtained from the
ATCC (Manassas, VA). Docetaxel-resistant (DR)
CWR22Rv1 (CWR22Rv1-DR) cells were kindly gifted by
Professor William Watson (University College Dublin,
Dublin, Ireland). DR PC3 and DU145 (PC3-DR and
DU145-DR) cells were generated after long-term treatment
with increasing doses of docetaxel up to a final concentra-
tion of 12.5 nmol/L and cultured as previously
described.14,28 All cell lines were cultured in RPMI 1640
medium supplemented with 10% fetal calf serum (Biowest,
Riverside, MO), 1% penicillin/streptomycin (Szabo-Scan-
dic, Vienna, Austria), and GlutaMAX 1X (Thermo Fisher
Scientific, Vienna, Austria) in the presence or absence of
12.5 nmol/L docetaxel (Sigma-Aldrich, Vienna, Austria).
The authenticity of all cell lines was validated by using short
tandem repeat profiling.

RNA Isolation from Cell Lines

Total RNA from cell lines was isolated using the Blirt
EXTRACTME TOTAL RNA Kit (LabConsulting, Vienna,
Austria) according to the manufacturer’s instructions. RNA
yield and quality were determined by using a NanoDrop
2000 system (Thermo Fisher Scientific).

RNA Isolation from Prostate Tissue

mRNA isolated from 40 representative radical prostatec-
tomy patients was analyzed for SREBF1 expression. Pa-
tients were selected from the Biobank of the Department of
Urology of the Medical University of Innsbruck (Table 1).
The use of archived materials was approved by the Ethics
Committee of the Medical University of Innsbruck (EV
1072/2018). Written consent was obtained from all patients
and documented in the database of the University Hospital
Innsbruck in agreement with statutory provisions. Tissue
handling and RNA extraction have been previously
described in detail.14

cDNA Synthesis and Quantitative RT-PCR

cDNA synthesis was performed by using a Luna Script RT
Super Mix Kit (New England Biolabs, Ipswich, MA).
Quantitative RT-PCR was performed on an ABI PRISM
7500-FAST system (Thermo Fisher Scientific) using a Luna
Universal Probe qPCR Master Mix (New England Biolabs)
according to the manufacturer’s protocol. TBP, HPRT1, and
HMBS were used as housekeeping genes to normalize data.
The custom primer and probe sequences were as follows:
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Table 1 Patient Characteristics and Descriptive Histology at
Time of RPE

Patients (n Z 40) Mean Range

Age, y 61.35 47e74
PSA diagnosis, ng/mL 6.6 1.8e44.24
Free PSA, % 14.25 0e28.9
Prostate volume, g 40.97 18e70
GSC at time of RPE n %

GSC 5e6 6 15
GSC 7 29 73
GSC 8e10 5 13

pT stage at time of RPE n %
pT2a 2 5
pT2b 0 0
pT2c 22 55
pT3a 11 28
pT3b 4 10
pT4 1 3

Tumor relapse No Yes
Patients 35 5
Time to relapse, months 32.88 4e64.4

GSC, Gleason score; PSA, prostate-specific antigen; RPE, radical prosta-
tectomy.
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TBP (forward: 5ʹ-CACGAACCACGGCACTGATT-3ʹ;
reverse: 5ʹ-TTTTC-TGCTGCCAGTCTGGAC-3ʹ; probe: 5ʹ-
FAM-TCTTCACT-CTTGGCTCCTGTGCACA-TAMRA-3ʹ),
HPRT1 (forward: 5ʹ-GCTTTCCTTGGTCAGGCAGTA-3ʹ;
reverse: 5ʹ-GTCT-GGCTTATATCCAACACTTCGT-3ʹ;
probe: 5ʹ-FAM-TC-AAGGTCGCAAGCTTGCTGGT-
GAAAAGGA-TAMRA-3ʹ),HMBS (TaqMan Gene Expres-
sion Assay from Thermo Fisher Scientific;
Hs00609297_m1), NR3C1 (Hs00353740_m1), and SREBF-
1 (Hs01088679_g1). TaqMan gene expression assays
(Thermo Fisher Scientific) were used according to the
manufacturer’s protocol.

Western Blot Analysis

Western blot analyses were performed as previously
described to assess the expression of proteins that are
directly involved in proliferation and apoptosis.29 Cells were
lysed in lithium dodecyl sulfate sample buffer, and, after
protein quantification according to the Bradford method, 50
mg or 75 mg total protein was separated on 4% to 12% Bis-
Tris gels (Expedeon, San Diego, CA) or 4% to 12% poly-
acrylamide gels and transferred onto 0.2 mm nitrocellulose
membranes (GE Healthcare, Chicago, IL). Membranes were
blocked, incubated with 5% bovine serum albumin in Tris-
buffered saline overnight, and then incubated with the
secondary antibody. The following antibodies were used:
anti-GAPDH (1:50.000; MAB374; Millipore, Vienna,
Austria), anti-Vinculin (sc-25336, 1:500: Santa Cruz
Biotechnology, Dallas, TX), antielamin A (ab264322,
1:2000; Abcam, Cambridge, United Kingdom), antiea-
tubulin (sc-23948, 1:500; Santa Cruz Biotechnology),
2152
anti-GR rabbit mAb (D6H2L) (#12041, 1:500; Cell
Signaling Technology, Danvers, MA), antiep-AKT
(1:2000; Cell Signaling Technology S473 (#4060, D-9E),
anti-AKT (9272S, 1:2000; Cell Signaling Technology),
anti-BCL2 (2870S, 1:2000; Cell Signaling Technology,
50E3), antieMCL-1 (SC-819, 1:2000; Santa Cruz), antiec-
PARP (G7341, 1:500; Sigma, Taufkirchen, Germany),
antieSREBF-1 (SC-17755, 1:500, 1:1000 and 1:2000,
Santa Cruz Biotechnology), and antieHMGCoA-R
(AMAb90618; Atlas Antibodies, Bromma, Sweden).

Cell Viability

A total of 2.5 � 103 PCa cells per well were seeded into 96-
well plates. After 24 hours of cell attachment, the medium
was removed, and treatment with the indicated drugs was
initiated for 5 days. Briefly, treatment was performed with
or without 12.5 nmol/L docetaxel, 3 mmol/L and 10 mmol/L
RU-486, 6.25 mg fatostatin (an SREBP inhibitor), and 0.5
mmol/L (PC3-DR) or 6.25 mmol/L (DU145-DR) simvastatin
(an inhibitor of HMGCoA-R). Dimethyl sulfoxide (DMSO)
was used as a vehicle control in untreated control cells. On
day 5 of treatment with docetaxel, RU486, or their combi-
nation, cell viability was determined. In all other experi-
ments with the pharmacologic inhibitors fatostatin and
simvastatin, cell viability was determined after 72 hours
with increasing doses up to 25 mmol/L and 10 mmol/L,
respectively. The absorbance at 570 nm was determined for
each well by using a multimode microplate reader (Spark 10
mol/L; Tecan, Crailsheim, Germany). Results are expressed
as mean cell numbers after subtracting the background
absorbance and offsetting it with a standard curve. To
illustrate dose-response kinetics, the mean cell number after
24 hours of incubation was set to 100%. Each experiment
was performed with a minimum of three biological
replicates.

Inhibitory Concentration of Docetaxel on Cell Viability

A total of 2.5 � 103 PC3-DR, DU145-DR, and
CWR22Rv1-DR cells per well were seeded into 96-well
plates and incubated for 24 hours for cell attachment.
After 24 hours, the medium was removed, and the cells were
treated with a decreasing docetaxel concentration as listed
(ie, 12.5 mmol/L, 10 mmol/L, 7.5 mmol/L, 5 mmol/L, 2.5
mmol/L, 1 mmol/L, 0.75 mmol/L) and control (no treatment)
in each row of the 96-well plate combined with 1 mmol/L, 3
mmol/L, and 10 mmol/L RU-486. Cell viability was assessed
after incubation for 5 days using cell viability assays, as
described in the previous paragraph.

Cell Death Analysis

Cell death was assessed by using the propidium iodide
assay. PC3-DR, DU145-DR, and CWR22Rv1-DR cells
were seeded in petri dishes. Each petri dish was treated with
ajp.amjpathol.org - The American Journal of Pathology
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or without 12.5 nmol/L docetaxel in combination with 3
mmol/L RU-486 and 10 mmol/L RU-486 DMSO (vehicle).
Because of the observed intense effect on cell viability after
5 days, cell death analysis was performed after 72 hours.
The percentage of apoptotic cells (sub-G1) was determined
by using the FACSCalibur flow cytometer (Becton Dick-
inson, Heidelberg, Germany).
siRNA Transfection

For siRNA transfection, ON-TARGETplus technology with
an siRNA SMARTpool for SREBF-1 inhibition was used
according to the manufacturer’s instructions (Dharmacon,
Chicago, IL). A nontargeting siRNA pool was used as a
negative control. Briefly, siRNA transfection was performed
by using Lipofectamine 2000 reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. All cell lines
were transfected with 50 nmol/L SMARTpool siRNA
against SREBF1 with either a nontargeting control or no
siRNA. To ensure prolonged knockdown of the target
proteins for 6 days, all cell lines were re-transfected with the
same concentration of the respective siRNA on day 3.
RNA Sequencing and Bioinformatics

The PC3-DR and DU145-DR cell lines were used for RNA
sequencing (RNA-seq). All treatments for each cell line
were used for the RNA-seq analysis. The analysis was
performed for 48 hours; 5 � 106 PC3-DR and DU145-DR
cells (5 � 106 cells) were seeded in petri dishes. Specific
treatments were performed 24 hours after seeding. The
treatment groups were as follows: Group 1, vehicle CTRL
cells treated with DMSO; Group 2, cells were treated with
docetaxel 12.5 nmol/L; Group 3, cells were treated with
RU-486 10 mmol/L; and Group 4, cells were treated
with docetaxel 12.5 nmol/L and RU-486 10 mmol/L. All
experiments were performed in triplicate.

RNA was isolated as described in the previous paragraph.
Sequencing was performed on an Illumina NextSeq
sequencing device by a service provider (StarSEQ, Mainz,
Germany) according to standard protocols. The RNA-seq
files were trimmed for adaptor sequence removal, quality
was controlled using Trimmomatic (0.36), and the reads
were trimmed to 148 bases. The sequencing quality was
assessed by using FastQC version 0.11.8. Reads were
mapped using the STAR splice-aware aligner (version
2.6.0c) on the human genome version hg38 (UCSC) with
RefGene annotation and index with 200 bases splice junc-
tion overhang. HTSeq was used to quantify the raw gene
counts. Differentially expressed genes and normalization
(regularized log expression) were analyzed by using the R
package DESeq2. Differentially expressed genes between
each treatment group and control treatment (DMSO) were
identified based on a negative binomial distribution using
DESeq2.
The American Journal of Pathology - ajp.amjpathol.org
P values were adjusted for multiple testing based on the
false discovery rate according to the Benjamini-Hochberg
method. Genes with more than twofold change and
adjusted P value (false discovery rate) < 0.1 were consid-
ered significantly differentially expressed. The z scores from
normalized expression (log2 of normalized counts adding a
pseudocount of 1) were visualized as heatmaps using
Genesis version 1.8.1 for genes significantly differentially
expressed between docetaxel þ RU-486 versus DMSO.
Log2-fold changes of the top 30 up-regulated and 30 down-
regulated genes in both cell lines between docetaxel þ RU-
486 versus DMSO were indicated as a heatmap (ranked by
average log2-fold changes of the two cell lines). Commonly
up-regulated and down-regulated genes of docetaxel þ RU-
486 versus DMSO between both cell lines PC3-DR and
DU145-DR were identified by using a Venn diagram. The
data were deposited in the National Center for Biotech-
nology Information Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo; accession number GSE233647).

Public Data Sets and TCGA Data Sets

For the integrated analysis of SREBF-1 mRNA expression,
the TCGA-PRAD,30 GSE21034,31 GSE35988,32 and
GSE6287233 (https://www.ncbi.nlm.nih.gov/geo) data sets
were merged and analyzed by using the R package limma
(version 3.44.3). Differential gene expression analysis was
performed by using the treatment pipeline with the project
as a blocking variable. For visualization, the batch effect
between projects was removed by using a built-in function
in the limma. The gene set activity scores for the AR- and
GR-selective target gene sets were individually calculated
using GSVA for TCGA-PRAD (n Z 547 samples) and
SU2C34 (n Z 266 samples) data sets. The Pearson corre-
lation coefficient was used to calculate the correlation be-
tween SREBF-1 log2 mRNA expression and gene set
activity scores. As encoded in the figure legends, all dif-
ferences highlighted by asterisks are statistically significant
(*P < 0.05, **P < 0.01, ***P < 0.001). Data are presented
as the means � SE or SEM unless otherwise specified.

Patient Material for Immunohistochemistry

Paraffin-embedded tissue samples from 72 patients with
advanced PCa who had obstructive lower urinary tract
symptoms and underwent transurethral resection of the
prostate were provided by the Tissue Biobank of the Uni-
versity Medical Center Mainz (Table 1). Eighty-four pa-
tients with benign prostatic hyperplasia served as the
controls. Patients with obstructive PCa were considered
hormone sensitive if they were under hormonal suppression/
deprivation treatment that consisted of orchiectomy or
androgen deprivation therapy (luteinizing hormone or first-
generation antiandrogen) and did not show any increase in
prostate-specific antigen levels. Patients who had received
multiple systemic treatment lines at the time of surgery for
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obstructive voiding symptoms and therefore had already
passed the state of hormone sensitivity to castration resis-
tance were considered mCRPC. Patient material acquisition
was approved by the regulations of the Tissue Biobank
University Medical Center (Mainz, Germany) after approval
of the Regional Ethics Committee, Rhineland-Palatinate
(Study No. 2020-15463) as well as the Ethics Committee
of the Medical University of Innsbruck.14

A tissue microarray containing cores derived from tran-
surethrally resected prostatic tissue with histologically
confirmed PCa (defined as the primary tumor) and benign
prostatic tissue from control subjects was established. After
antigen retrieval at pH 9.0, the tissue microarray was stained
with the respective antibody SREBF-1 (1:2000, #66875-1-
Ig; Proteintech, Rosemont, IL) for 30 minutes and the
EnVision FLEX HRP/DAB Kit (K 8010; Dako, Agilent,
Santa Clara, CA) using an automated staining system
(Autostainer 480S-2D; Epredia, Kalamazoo, MI). After
digitalization using the NanoZoomer Slide Scanner
(Hamamatsu Photonics, Hamamatsu, Japan), digital analysis
of the tissue microarray was performed by using QuPath
software version 0.1.1,35 including classification steps and
training of the program to identify and distinguish between
epithelial and stromal tumor cell populations. After suc-
cessful training, the staining intensity in the cytoplasmic,
nuclear, cytoplasmic, and nuclear compartments within the
epithelial cells was evaluated. The SREBF-1 expression
intensity was manually assigned as negative (0), weak (1þ),
moderate (2þ), or strong (3þ). The histochemical score, a
measure of nuclear immunoreactivity, was calculated for
each core, depending on the extent and intensity of staining;
scores ranged from 0 to 300.

Statistical Analysis

GraphPad Prism 9 (GraphPad Software, La Jolla, CA) was
used for statistical analyses. Gaussian distribution was
determined by using Kolmogorov-Smirnov testing and
D’Agostino and Pearson omnibus normality tests. Differ-
ences between treatment groups were analyzed by using
t-tests or U-tests depending on Gaussian distribution.
Comparison of multiple treatment groups was made by
using one-way analysis of variance and pairwise post hoc
tests corrected for multiple testing using Bonferroni or
Dunn’s multiple comparison test methods depending on
Gaussian distribution.

Results

Administration of RU-486 in Combination with
Docetaxel Results in Elevated Apoptosis in DR Cells

Treatment with RU-486 combined with docetaxel using
PC3-DR, DU145-DR, and CWR22Rv1-DR cell lines
reduced cell viability. In contrast, this effect was absent
when DR cell lines were treated individually with only
2154
docetaxel or RU-486 (Figure 1A). Prior studies indicated
only a minor effect of RU-486 on parental PC3 and DU145
cells.36 Flow cytometry confirmed a significant increase in
apoptosis, as indicated by an increased sub-G1 peak
(Figure 1B). This increase was present in all three cell lines,
independent of the concentrations used (3 mmol/L or 10
mmol/L of RU-486). However, this effect was more pro-
nounced at higher RU-486 concentrations (Figure 1B). In
concordance, macroscopic cell death in all three cell lines
was observed after combination treatment (Figure 1C).
Next, the effect of different docetaxel concentrations on

cell viability was assessed. For this purpose, all three cell
lines were treated with increasing concentrations of doce-
taxel combined with increasing concentrations of RU-486 (1
mmol/L, 3 mmol/L, and 10 mmol/L). A significant reduction
in viability was observed starting with docetaxel (2.5 nmol/
L) together with 10 mmol/L RU-486 for DU145-DR and
CWR22Rv1-DR, and 5 nmol/L docetaxel combined with 10
mmol/L RU-486 for PC3-DR (Figure 2A). Reducing the
concentration of RU-486 to 3 mmol/L showed a similar
significant reduction in viability but to a lesser extent.
Reduction with 1 mmol/L RU-486 resulted in almost no
change in cell viability (Figure 2A).
The expression of p-AKT, AKT, MCL-1, and BCL2,

which are involved in cell proliferation and apoptosis, was
assessed next. AKT phosphorylation and the general
expression of selected antiapoptotic proteins were reduced
compared with the controls in all three cell lines
(Figure 2B). The AKT pathway was selected because of its
central role in apoptosis, in which members of the Bcl-2
family play a role. Furthermore, the expression of GR was
assessed, which was down-regulated in all three cell lines
after combination treatment with docetaxel and RU-486
(Figure 2B). Notably, CWR22Rv-DR did not express p-
AKT in multiple Western blot tests (Figure 2B). To further
explore the effects of apoptosis on all three cell lines, the
expression of cleaved poly-ADP-ribose polymerase
(cPARP) was investigated as an additional marker of
apoptosis. As expected, cPARP protein expression
increased after the combination treatment with docetaxel
and RU-486 (Figure 2C).

RNA-Sequencing Identifies SREBP as a Significantly
Down-regulated Gene in DR Cells

To identify the underlying mechanisms responsible for the
observed apoptotic effects of combination treatment with
docetaxel and RU-486, RNA-seq analysis was performed to
identify altered gene expression profiles after single and
combination treatment with docetaxel and RU-486 for 72
hours. RNA-seq revealed 227 overlapping genes in PC3-DR
and DU145-DR cells, of which 159 genes were significantly
up-regulated and 68 genes were significantly down-
regulated after treatment with the combination of doce-
taxel and RU-486 (Figure 3A). Because an increase in
apoptosis and cell death was observed under combination
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 A: Significantly reduced cell viability in the docetaxel (Doc)-resistant cell models PC3-DR, DU145-DR, and CWR22Rv1-DR after 3 days of treatment
with RU-486 (10 mmol/L) in combination with Doc (12.5 nmol/L) compared with single treatment of Doc (12.5 nmol/L) and RU-486 (10 mmol/L). B: Flow
cytometry analysis shows increased apoptosis after combination treatment in all three Doc-resistant cell lines. C: Microscopic images following the respective
treatment after 3 days. Data are expressed as means � SEM from at least three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. Scale barsZ
200 mm. Original magnification, �4.

Overcoming Docetaxel Resistance
treatment, the focus was on genes that were significantly
down-regulated. Subsequent gene set enrichment analysis
identified cholesterol and lipid biosynthesis as significantly
down-regulated pathways after combination treatment in
both cell lines (Figure 3B). Among the 30 significantly
down-regulated genes, SREBF1 was chosen as a promising
target gene for further experiments because SREBs are
known to be associated with advanced PCa.37,38 To confirm
the RNA-seq data, the protein and mRNA expression of
SREBF-1 was examined in PC3-DR and DU145-DR cells
after treatment with docetaxel, RU-486, or a combination of
both. As expected, the relative mRNA expression and pro-
tein expression of SREBF-1 were significantly down-
regulated in both cell lines under combination treatment
(Figure 3, C and D). In summary, these results point to the
potential involvement of SREBF-1 as a new factor for ac-
quired therapy resistance and underline the hypothesis that
elevated SREBF-1 expression plays an essential role in
advanced PCa.26

SREBF-1 mRNA Expression Is Significantly Increased in
Primary PCa Tissue

SREBF-1 mRNA expression was examined in 40 macro-
dissected primary treatment-naive PCa specimens. SREBF-
The American Journal of Pathology - ajp.amjpathol.org
1 was significantly elevated in PCa samples compared with
control samples (Figure 4A).

To confirm the RNA data obtained at the protein level,
the expression of SREBF-1 in formalin-fixed paraffin-
embedded tissue was assessed from transurethrally resected
prostatic tissue samples from 72 patients with PCa who had
progressive respective PCa and at least under androgen
deprivation therapy due to biochemical recurrence (Table 2).
SREBF-1 expression was significantly higher in PCa tissues
than in benign tissues. To explore this observation in more
detail, SREBF-1 expression was examined within the nu-
cleus and cytoplasm of the cells as well as overall. Notably,
SREBF-1 was expressed at significantly higher levels in all
three cancer cell compartments than in the benign tissues
(Figure 4B). Furthermore, because SREBF-1 is a tran-
scription factor, its high expression in the nucleus can be
directly correlated with elevated transcriptional activity.

Next, SREBF-1 expression in patients who were
hormone-sensitive was compared with that in those who
were castration-resistant at the time of transurethral resec-
tion of the prostate. SREBF-1 expression was significantly
higher in tissues from patients with mHSPC and mCRPC
than in benign tissues. However, no differences were found
between mHSPC and mCRPC and respective SREBF-1
expression. To confirm this finding in an independent
2155
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Figure 2 A: Measurement of cell viability after treatment with different concentrations of docetaxel (Doc) in all three cell lines. B: Western blot analysis of
apoptotic and antiapoptotic cell cycle proteins in each cell line. C: Analysis of the apoptosis marker cPARP. All experiments have been performed at least three
times. *P < 0.05; **P < 0.01; ***P < 0.001. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Brandt et al
cohort, SREBF-1 mRNA expression was determined in an
integrated cohort of four public transcriptome data sets
[TCGA-PRAD, GSE21034, GSE35988, and GSE62872
(https://www.ncbi.nlm.nih.gov/geo)]. SREBF-1 was also
expressed at significantly higher levels in PCa and meta-
static PCa than in benign tissue. Notably, the highest
SREBF-1 expression level was observed in metastatic PCa
(Figure 4A). To assess the relationship between SREBF-1,
GR, and AR, a correlation analysis was performed
(Figure 4C) in publicly available PCa data sets from early
treatment-naive PCa (TCGA-PRAD data set) and late-stage
CRPC (SU2C data set). A very weak, albeit significant,
correlation was observed between SREBF-1 mRNA
expression and AR-selective target gene set activity in both
data sets. In contrast, a highly significant correlation was
observed between SREBF-1 mRNA expression and GR-
selective target gene set activity that was specific to the
late-stage CRPC data set.

siRNA Knockdown of SREBF-1 Leads to Reduced
Viability and Increased Apoptosis in DR Cell Lines

To elucidate the functional effect on DR PCa after specific
SREBF-1 down-regulation, transient siRNA knockdown
2156
was performed in PC3-DR and DU145-DR cells. After
confirmation of down-regulation of SREBF-1
(Supplemental Figure S1, A and B), further analysis
revealed significantly reduced cell viability and increased
apoptosis after SREBF-1 knockdown (Figure 5, A and B).
Decreased expression of SREBF-1 after treatment with RU-
486 and docetaxel was also observed in AR-positive DR
subline CWR22Rv1-DR cells (Supplemental Figure S1C).

Pharmacologic Inhibition of SREBF-1 and Cholesterol
Biosynthesis via Fatostatin and Simvastatin

To explore the functional relevance of pharmacologic SREB
and cholesterol synthesis inhibition, further assays were
performed with the SREBP inhibitor fatostatin. In addition,
because fatostatin is not approved by the US Food and Drug
Administration or the Emergency Medicines Agency, sim-
vastatin was used for functional viability tests. Simvastatin
is a highly active, US Food and Drug Administratione and
Emergency Medicines Agencyeapproved inhibitor of
HMGCoA-R, the first rate-limiting enzyme of the mevalo-
nate pathway (Figure 5C). Viability tests showed a signifi-
cant dose-dependent inhibitory effect of fatostatin and
simvastatin on PC3-DR and DU145-DR (Figure 5D).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 A: Results from RNA sequencing analyses [z score of log2 (normalized_countsþ1)] represented as heatmaps after treatment with dimethyl
sulfoxide (DMSO), docetaxel (Doc; 12.5 nmol/L), RU-486 (10 mmol/L), and the combination of Doc (12.5 nmol/L) and RU-486 (10 mmol/L) in PC3-DR and
DU145-DR of significantly differentially expressed genes between RU-486 þ Doc versus DMSO [more than twofold change; false discovery rate (FDR) <0.1]
(left). Log2-fold changes of top 30 up- and down-regulated genes are indicated as heatmap (right). Venn diagram (below) showing overlap of significantly
up-regulated and down-regulated genes of RU-486 þ Doc versus DMSO treatment between PC3-DR and DU145-DR. B: Gene set enrichment analyses show a
significantly elevated down-regulation of cholesterol homeostasis signature [normalized enrichment score (NES); FDR]. C and D: SREBF-1 was among the most
significantly down-regulated genes with a significantly decreased mRNA expression in both cell lines (C) and significantly reduced protein levels in Western
blot analysis confirming the results from the RNA sequencing data (D). *P < 0.05; ***P < 0.001.

Overcoming Docetaxel Resistance
SREBF1 expression was reduced in DR cells after treatment
with fatostatin (Supplemental Figure S1D). These results
therefore confirmed the relevance of both SREBs and
HMGCoA-R in DR cell lines.
Discussion

Elevated GR signaling is involved in PCa progression, and
inhibition of GR signaling in combination with docetaxel
results in reduced viability of DR PCa cells.14,36 Because
docetaxel treatment primarily inhibits microtubular depoly-
merization in PCa cells and leads to G2/M cell arrest, the
current results of increased apoptosis implicate a novel
finding that was used as the basis to explore this observation
further.39 To unravel the findings of increased apoptosis
after combination treatment with docetaxel and the GR in-
hibitor RU-486, an RNA-seq approach was chosen to
identify potential genes of interest that correlated with this
observation. The cholesterol and lipid biosynthesis
The American Journal of Pathology - ajp.amjpathol.org
pathways were significantly altered. Specifically, SREBF-1
was among the most highly down-regulated genes after
combination treatment with docetaxel and RU-486 in
DU145-DR and PC3-DR cells. Increased expression of key
enzymes in the mevalonate pathway, such as squalene
epoxidase and SREBPs, has already been identified as
playing a pivotal role in advanced PCa.40e42 However, the
specific relevance of SREBPs in the setting of docetaxel
resistance in PCa, as well as the expression of SREBPs in
mHSPC compared with mCRPC, has not yet been investi-
gated, and represents a novelty of this work.

In this context, high SREBP expression is associated with
increased PCa cell survival, tumor aggressiveness, and
progression to advanced PCa and other cancer types.26,37,43

Using an LnCaP-xenograft model, Ettinger et al26 showed
that SREBPs are increasingly expressed with the emergence
of androgen independence. These results concur with a
report by Huang et al,44,45 who observed an association
between increased SREBF-1 expression and tumor aggres-
siveness in AR-positive cell lines. Furthermore, SREBPs
2157
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Figure 4 A: Significantly increased expression of sterol regulatory element of binding transcription factor 1 (SREBF-1) in 40 macro-dissected primary
patients with prostate cancer (PCa) compared with tissue from 40 benign prostate samples as well as significantly increased expression of SREBF1 of 949
patients with PCa and 50 PCa metastasis (Mets) samples compared with 269 benign tissue samples analyzed in public transcriptome data set. B: Representative
microscopy images of negative and high expression of SREBF-1 in the overall cell compartment, the cytoplasm, and the nucleus as well as the corresponding
statistical analysis between benign tissue and PCa tissue. In addition, patients with PCa were dichotomized into metastatic hormone-sensitive prostate cancer
(mHSPC) and metastatic castration-resistant prostate cancer (mCRPC) groups in which SREBF-1 was more intensely expressed in mHSPC than mCRPC. However,
this was not statistically significant. C: SREBF-1 significantly correlates with androgen receptor (AR) activity within the publicly available TCGA-PRAD (547
samples) data set. In the SU2C-PRAD data sets, AR and glucocorticoid (GR) activities were significantly positively correlated with SREBF1. Primary PCa is
defined as mostly untreated PCa, whereas the SU2C database consists of heavily pretreated castration-resistant (CRPC) and metastatic PCa (mCRPC). A:
unpaired t-test, *P < 0.05, ***P < 0.001, box whisker plot with 10 to 90 percentile. B: *P < 0.05; **P < 0.01; ***P < 0.001. Scale barsZ 100 mm. Original
magnification: �20 (main images); �40 (insets) (B). BPH, benign prostatic hyperplasia; TCGA, The Cancer Genome Atlas.

Brandt et al
seem to regulate AR activity by inducing AR gene
expression, which is a key driver of PCa progression and
remains the prime target in modern PCa therapy.46e48

Likewise, overexpression of SREBP-1 increases cell pro-
liferation, migration, and invasion.45 In a study by Nguyen
et al,49 nuclear SREBF-1 expression was significantly
increased in the late stages of PCa, supporting its involve-
ment in advanced PCa.

Although we omitted the DR androgen-positive cell line
CWR22Rv1-DR in our RNA-seq analysis, a similar
apoptotic effect, reduced viability as well as decreased
mRNA and protein expression after combination treatment,
was observed. This finding implies an impact on survival in
AR-positive cell lines after down-regulation of cholesterol
and lipid biosynthesis. SREB knockdown also leads to
reduced cell proliferation in docetaxel-naive CWR22Rv1
cells, although the research group did not use DR cell
models compared with our experimental approach.38

These results support and further expand the idea that
SREBPs are essential regulators of PCa aggressiveness and
docetaxel resistance. First, the experimental approach was
2158
designed using a DR cell model. This result is novel
compared with that of previous studies in which androgen-
independent or docetaxel-naive cell lines were used.
Therefore, lowering the activity of cholesterol and lipid
biosynthesis pathways might be an overlapping point of
attack against androgen independence and docetaxel
resistance in future therapies.50 Second, the current data
and analysis of public transcriptome data sets showed
increased SREBF-1 mRNA expression in localized PCa,
which was even more pronounced in metastatic PCa than
in benign tissue, implicating an increasing relevance of
SREBPs in the process of therapy resistance. Notably,
there was a significant correlation between GR activity and
elevated SREBF-1 expression in the late-stage CRPC
SU2C data set, confirming the involvement of SREBs in
aggressive PCa. In another study, Audet-Walsh et al51

showed that SREBF-1 is increasingly expressed under
the AR/mammalian target of rapamycin axis, thereby
implicating metabolic vulnerability.
To further translate these findings into a clinical setting,

pharmacologic inhibition of SREBPs was performed with
ajp.amjpathol.org - The American Journal of Pathology
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Table 2 Patient Characteristics at TUR-P

Patient characteristics and descriptive
histology at time of TUR-P

Overall population (n Z 72) mHSPC (n Z 36) mCRPC (n Z 36)

Means � SD Means � SD Means � SD

Age at time of first TUR-P, y n Z 72 n Z 36 n Z 36
75.3 � 9.4 76 � 10 74.7 � 8

Survival from first TUR-P until time of death, months n Z 50 n Z 25 n Z 25
23.3 � 9.00 29.4 � 27.3 17.1 � 18

TUR-P resection volume (g) n Z 54 n Z 28 n Z 26
17.47 � 17.8 17.24 � 21.7 17.71 � 12.5

Statin medication
Yes, % (yes/total) 23.6 (17/72) 30.6 (11/36) 16.7 (6/36)
No, % (no/total) 76.4 (55/72) 69.4 (25/36) 83.3 (30/36)

ISUP grade (Gleason score) in TUR-P specimen n (%) n (%) n (%)
ISUP grade 1 3 (4.2) 3 (8.3) 0
ISUP grade 2 and 3 9 (12.5) 5 (13.9) 4 (11.1)
ISUP grade 4 and 5 39 (54.2) 18 (50.0) 21 (58.3)
Not defined 21 (29.2) 18 (50.0) 21 (58.3)

mCRPC, metastatic castration-resistant prostate cancer; mHSPC, metastatic hormone-sensitive prostate cancer; ISUP, International Society of Urological
Pathology; TUR-P, transurethral palliative resection of the prostate.

Overcoming Docetaxel Resistance
fatostatin and simvastatin, the latter of which is one of the
most commonly prescribed HMGCoA-R inhibitors for
lowering cholesterol levels against hyperlipidemia. Inter-
estingly, pharmacologic inhibition with fatostatin and sim-
vastatin was comparable to the initial findings after
combination treatment with docetaxel and RU-486. This
result aligns with the data from Li et al,52 who investigated
the effects of SREBP inhibition by fatostatin using LNCaP
and C4-2B PCa cell lines and a xenograft model. They
observed increased apoptosis and G2/M cell cycle arrest
after fatostatin treatment. In addition, combination treatment
with fatostatin and docetaxel resulted in the most prominent
decreases in viability, colony formation, and tumor volume.
Notably, their experiments revealed that mutant p53s, which
activate the SREBP pathway, are more susceptible to the
combination of fatostatin and docetaxel, resulting in
increased apoptosis and reduced proliferation. Kong et al20

investigated the additive efficacy of HMGCoA-R inhibi-
tion via simvastatin in combination with a second-
generation antihormonal agent, enzalutamide. They
observed elevated HMGCoA-R expression with the emer-
gence of enzalutamide resistance, and combination treat-
ment with enzalutamide and simvastatin re-induced
enzalutamide sensitivity in enzalutamide-resistant MR49F
PCa cells. The current pharmacologic experiments further
expanded these findings by showing clear efficacy in DR
cell models. These results provide a potential clinical
approach for increasing the efficacy of treatment for highly
advanced and metastatic PCa.

Finally, tissue specimen staining from highly selective
patients with PCa provides several exciting insights. First,
the in vitro results of increased SREBF-1 expression in
PC3-DR and DU145-DR cell models were translated into
the patient. SREBF-1 mRNA and protein levels were
significantly higher in primary and metastatic PCa than in
The American Journal of Pathology - ajp.amjpathol.org
benign tissues. Therefore, these observations imply
increased SREBF-1 expression at the mRNA level in
in vitro models and increased protein activity in patient-
derived materials, implicating translational and clinical
relevance of this protein. This led to the second novel
aspect: SREBF-1 expression was significantly higher in the
total cell analysis, cytoplasm, and within the nucleus in
immunohistochemical staining. After specific activation of
SREBF-1 via steroid regulatory element-binding protein
clearance activating protein (SCAP) at the NH2-terminal
region, SREBF-1 translocates to the nucleus and acts as a
transcription factor by regulating specific target genes from
the cholesterol and lipid biosynthesis pathways.53 Notably,
additional analysis of SREBF-1 staining in the nuclear
compartment revealed generally higher SREBF-1 protein
expression in the screened cancer tissues and confirmed the
nuclear localization of this protein. These observations un-
derline the relevance of SREBF-1 as an active enzyme in
our cohort of patients with advanced PCa. Third, SREBPs
such as fatostatin are vulnerable to statin therapy. Although
fatostatin is not approved by the US Food and Drug
Administration, further clinical trials are needed to reveal
the true impact of statin inhibition of cholesterol and lipid
biosynthesis on PCa therapy with fatostatin or other US
Food and Drug Administrationeapproved therapies such as
simvastatin.

Despite these promising results, the current study had
some limitations. Our assumption of increased efficacy of
statin inhibition in DR, AR-positive cell lines, such as
CWR22Rv1, is based on the initial observation of increased
apoptosis and reduced viability after combination treatment
with docetaxel and mifepristone. These results were
confirmed in CWR22Rv1-DR cells. Altered SREBF-1
mRNA and protein expression were in concordance with
results gained in PC3-DR and DU145-DR cells. Therefore,
2159
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Figure 5 Confirmation of functional inhibition of the target gene SREBF-1 with siRNA knockdown in PC3-DR and DU145-DR. A and B: Viability assay (A)
and flow cytometry analysis (B) show increased apoptosis after siRNA knockdown of the target gene SREBF-1. C: Diagram of sterol regulatory element binding
proteins (SREBPs) and their involvement in the cellular processes of cancer as well as point of action for fatostatin and simvastatin. Simavastatin and
fatostatin and their primary target of inhibition are marked in red. D: Viability assays with pharmacologic inhibition of fatostatin and simvastatin show
decreased viability with increasing concentrations of fatostatin and simvastatin. *P < 0.05; ***P < 0.001. CoA, coenzyme-A; HMGCoA, 3-hydroxy-3-
methylglutaryl-coenzyme-A; mTOR, mammalian target of rapamycin; SREBF-1, sterol regulatory element of binding transcription factor 1.

Brandt et al
targeting SREBF-1 also seems promising in androgen-
positive DR cells. The subsequent experiments were not
performed using this specific cell line. However, we hy-
pothesized that specific cholesterol inhibition via SREBs
would also have a significant impact on AR-positive cell
lines. Future experiments in this direction are of great in-
terest. Second, the efficacy of combination therapy with
docetaxel and mifepristone in in vivo models remains
debatable. Yang et al54 used C4-2 cells for an in vivo
experiment, and their results showed limited activity of
combination therapy with docetaxel and mifepristone. Thus,
the question remains open whether this therapy improves
docetaxel efficacy, but at this time, we have no evidence of
it. However, it must be mentioned that their approach was
not used in a DR tumor cell model, which might be a reason
for the decreased efficacy. Furthermore, it must be
mentioned that there is also a clinical phase 1/2 study that
combined enzalutamide and mifepristone, which also did
not result in increased efficacy of enzalutamide.55 Lastly,
the interaction between GR signaling and SREBPs was not
further evaluated in this study; this interaction would also be
of great interest.

In conclusion, this study identified SREBF-1 as an
essential regulator of cell survival and susceptibility to
docetaxel in advanced and metastatic PCa. These data
2160
outline the strong involvement of SREBPs in metastatic PCa
and provide further evidence that inhibiting cholesterol and
lipid biosynthesis might provide a clinically meaningful
rationale for increasing the efficacy of PCa therapies and in
specific DR PCa.
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