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Background: Almost all metastatic hormone-sensitive prostate cancers (mHSPC) will 
develop into metastatic castration-resistant prostate cancer (mCRPC) after androgen depriva-
tion therapy (ADT). The expression level of squalene monooxygenase (SQLE) is increased 
in CRPC cells and regulates cholesterol metabolism. This study verified the biological 
function and mechanisms of SQLE in CRPC.
Methods: The expression of SQLE in human prostate cancer cells was overexpressed or 
silenced and its efficacy on cell survival was determined by the MTS test. Energy metabo-
lism phenotype test was evaluated by XF real-time ATP rate assay, XF cell mitochondrial 
stress test, XF glycolysis stress test and XF mito fuel flex test. Cell migration and invasion 
were evaluated by colony formation assays and transwell assays; the expression of mRNA 
and protein was assessed by RT-qPCR and Western blot, respectively. Moreover, BALB/c 
nude mice model was performed to evaluate the lymph node metastasis.
Results: In our study, we found that the expression level of SQLE was significantly 
increased in bicalutamide-resistant-C4-2B cells compared to LNCaP cells. SQLE knockdown 
partly restored the sensitivity of drug-resistant cells to bicalutamide and reduced lymph node 
metastasis by inhibiting fatty acid oxidation in mitochondria. We also found that terbinafine, 
the specific inhibitor of SQLE, can enhance the sensitivity of prostate cancer cells to 
bicalutamide.
Conclusion: Our study revealed that SQLE is involved in the progression of castration 
resistance in CRPC through mediating metabolic reprogramming, presenting SQLE as a new 
target for the treatment of mCRPC.
Keywords: SQLE, bicalutamide, CRPC, ADT, lymph node metastasis

Background
Prostate cancer (PC) is a leading cause of male death worldwide, and it is the most 
frequently diagnosed cancer among men aged 65–74 years old.1 Due to the popular-
ization of PSA screening, the incidence of PC has substantially increased in the past 
few decades. The prognosis of PC varies greatly, being highly dependent on some 
factors, such as stage of diagnosis, race, and age.2 Following these prognostic risk 
stratifications, the management options for local prostate cancer include active surveil-
lance, watchful waiting, hormonal therapy, radical prostatectomy, and radical 
radiotherapy.3 However, for advanced castration-resistant prostate cancer (CRPC), 
the prognosis is not good due to the lack of effective therapeutic targets. Therefore, 
there is an urgent need to discover new and effective therapeutic targets in mCRPC.

Correspondence: Zhenzhou Xu;  
Shusuan Jiang  
Department of Urology, The Affiliated 
Cancer Hospital of Xiangya School of 
Medicine, Central South University, 
Hunan Cancer Hospital, 283# Tongzipo 
Road, Yuelu District, Changsha, Hunan, 
4100013, People’s Republic of China  
Tel +86 18874728621; +86 18608408523  
Fax +86 73189762270  
Email xuzhenzhou@hnca.org.cn; 
jiangshusuan@hnca.org.cn

OncoTargets and Therapy 2021:14 4285–4295                                                              4285
© 2021 Xu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

OncoTargets and Therapy                                                                    Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 26 April 2021
Accepted: 13 July 2021
Published: 24 July 2021

O
nc

oT
ar

ge
ts

 a
nd

 T
he

ra
py

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

mailto:xuzhenzhou@hnca.org.cn
mailto:jiangshusuan@hnca.org.cn
http://www.dovepress.com/permissions.php
https://www.dovepress.com


The proliferation and progression of PC cells are both 
strongly dependent on androgens.4 Androgen deprivation 
therapy (ADT) is the initial recommended treatment for 
metastatic hormone-sensitive prostate cancers (mHSPC). 
Although mHSPC patients initially exhibit a good 
response to ADT treatment, they eventually develop resis-
tance to ADT and progress to mCRPC.3 As a member of 
the nonsteroidal anti-androgen, bicalutamide is often used 
in conjunction with androgen deprivation to block AR 
(androgen receptor) activity and tumor growth in 
mHSPC patients. However, with the increase of cell endo-
genous androgens, simply blocking AR receptors cannot 
achieve the desired effect. Therefore, the androgen bio-
synthesis inhibitor abiraterone, which inhibits 17 α- 
hydroxylase/C17,20-lyase (CYP17) is widely used in 
patients with CRPC.5 Nevertheless, a quarter of CRPC 
patients are not sensitive to abiraterone. The drug resis-
tance mechanism of CRPC remains unclear. Therefore, 
revealing the drug resistance mechanism of CRPC is 
essential for the treatment of patients with CRPC.

Aberrant cholesterol metabolism is increasingly appre-
ciated as being essential for cancer initiation and 
progression.6 Squalene monooxygenase (also known as 
squalene epoxidase, SQLE), encoded by the human 
SQLE gene and located on human chromosome 8q24.1, 
is one of key rate-limiting enzymes in downstream cho-
lesterol synthesis.7 It catalyzes the conversion of squalene 
to 2, 3-oxidosqualene and is the rate-limiting enzyme in 
sterol biosynthesis, which is essential for prostate 
function.8 Abnormal SQLE expression has been reported 
in some tumors, including breast, pancreatic, liver, and 
prostate cancers, and lung SCC (squamous cell 
carcinoma).8 Previous studies showed the expression of 
SQLE in breast cancer indicates a poor outcome.9 SQLE 
loss results in accumulation of the upstream metabolite 
squalene, which is normally undetectable.10 In ALK+ ana-
plastic large cell lymphoma, squalene alters the cellular 
lipid profile and protects cancer cells from ferroptotic cell 
death, providing a growth advantage under conditions of 
oxidative stress and in tumor xenografts.10

Cholesterol is essential for rapid cancer growth and has 
been specifically linked to PC progression to CRPC.11 Its 
levels are elevated in patient serum and bone metastasis 
post-androgen deprivation therapy (ADT), and hypercholes-
terolemia correlates with increased PC-specific mortality.12 

In a recent study, researchers identified high mRNA expres-
sion of SQLE as strongly associated with high Gleason 
grade and as a strong predictor of lethal prostate cancer, 

independent from standard clinicopathologic factors.7 

However, the regulating mechanism of SQLE in CRPC is 
not clear, prompting our interest in its exploration.

The purpose of this study was to assess the mechanism of 
SQLE in CRPC using cellular and animal models. To our 
knowledge, this is the first report of the relationship between 
SQLE and fatty acid metabolic reprogram in CRPC. We 
examined the potential of SQLE knockdown to overcome 
bicalutamide resistance and inhibit lymph node metastasis 
and evaluated its contribution to mitochondrial oxidative 
phosphorylation (OXPHOS) and lipid biosynthesis in CRPC.

Materials and Methods
Cell Culture and Treatment
Human PCa cells lines LNCaP, PC3, DU145C4, C4, C4-2 
and C4-2B were obtained from the American Type Culture 
Collection (Rockville, MD, USA). All cells were cultured 
in RPMI-1640 (Gibco-Life Technologies) containing 1% 
penicillin/streptomycin (Beyotime Biotechnology, 
Shanghai, China) and 10% fetal bovine serum (Gibco- 
Life Technologies). LNCaP, androgen-independent 
prostate cancer cells (PC3, DU145), and bicalutamide- 
resistant prostate cancer cells (C4, C4-2, and C4-2B) 
were established in our laboratory. For experiments invol-
ving bicalutamide exposure, actively growing cells were 
continuously incubated with the indicated dose of bicalu-
tamide in 10% FBS at 37°C for 48 h prior to analysis.

Establishment of Stable 
SQLE-Overexpression/Interfering Cell 
Lines
To generate SQLE stable overexpression/knockdown PC 
cells, LNCaP cells transfected with LV-control and LV- 
SQLE, and C4-2B cells transfected with scramble and sh- 
SQLE using Lipofectamine 3000 (Invitrogen, Waltham 
City, Massachusetts, USA), plasmids followed by 1000 
μg/mL G418 screening were pool collected, and positive 
clones were selected and identified for stable overexpres-
sion or abrogated SQLE levels. The target sequences of 
scramble and sh-SQLE were 5′-GCGGAGCGGCT 
CCCAGTTCG-3′ and 5′-TCCAATAAAGTTTCTGTAT 
CAT −3′, respectively.

MTS Assay
The MTS assay was used to detect the sensitivity of PC 
cells to bicalutamide. Cells (3×103 cells/well) were seeded 
into 96-well plates and cultured overnight. Then, cells 
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were treated with various concentrations of bicalutamide 
for 24 h. Next, 20 μL MTS was added in 200 μL medium 
per well, and absorbance was measured at 490 nm after the 
cells were incubated for 4 h. The experiment was per-
formed in triplicate.

XF Real-Time ATP Rate Assay
Total ATP production was measured according to instruc-
tions provided by Seahorse Bioscience (Agilent, US). 
Cells were exposed to these compounds as follows: oligo-
mycin (1μM) and a mixture of rotenone (1μM) and anti-
mycin A (1μM), which can report multiple parameters, 
including glycolytic ATP, mitochondrial respiratory ATP 
rate, and total ATP production rates. Data were analyzed 
using XF Wave Software (Seahorse Bioscience, Agilent, 
US). All data were normalized to protein content.

XF Cell Mitochondrial Stress Test
Mitochondrial stress was measured according to instruc-
tions provided by Seahorse Bioscience (Agilent, US). 
Briefly, cells were metabolically perturbed by the addition 
of three compounds in succession, and OCR (O2 consump-
tion rate) was measured prior to and after addition of each 
compound as follows: oligomycin (1μM); carbonyl cya-
nide-4-(trifluoromethoxy) phenylhydrazone (FCCP) 
(0.6μM); and a mixture of rotenone (1μM) and antimycin 
A (1μM). Data were analyzed using XF Wave software. 
Cellular protein was measured using a BCA assay kit 
(Pierce, Thermo Fisher, US) following standard proce-
dures. All data were normalized to protein content.

XF Glycolysis Stress Test
Cells were exposed to three compounds, with measure-
ments after each addition as follows: glucose (10 mM), 
oligomycin (1 μM), and 2-deoxy-D-glucose (2-DG, 
100mM). Data were analyzed with XF Wave software. 
Protein was quantified as described above. All data were 
normalized to protein content.

XF Mito Fuel Flex Test
A mitochondrial fuel flex test was performed to measure 
the dependency, capacity, and flexibility of cells to oxidize 
three critical mitochondrial fuels: glucose, glutamine, and 
LCFAs. Cells were exposed to BPTES (3 μM), etomoxir 
(4 μM), or UK5099 (2 μM) in succession, and OCR was 
measured prior to and after the addition of each com-
pound. Data were assessed with XF Wave software. 

Protein was quantified as described, and all data were 
normalized to protein content.

Clone Formation Assay
Stably SQLE-overexpression/interfering cells (300 cells/ 
well) were added to six-well plates and incubated for 14 
days. Then, the cells were fixed with 4% paraformalde-
hyde and stained with crystal violet. Each treatment group 
was replicated in three wells, and the colony formation 
experiment was repeated three times.

Transwell Migration and Invasion Assays
A transwell chamber (8μm, 24-well format; Corning, USA), 
with, or without a diluted Matrigel (BD Biosciences, New 
Jersey, USA) coating, was used to assess the migration and 
invasion of cultured cells. Briefly, 5×105/100 μL of cells 
(migration assays) and 1×106/100 μL of cells (invasion assays) 
were seeded in serum-free RPMI-1640 to the top chamber. The 
cells in the top chamber that had not migrated through the filter 
were wiped off with a cotton swab, while those that had 
migrated to the bottom surface were fixed in pre-cold methanol 
for 20 min and stained with 0.5% crystal violet, then counted 
under a microscope. Migration and invasion rates are 
expressed as the ratio of the treated group value to the control 
group value. The experiment was performed in triplicate.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA of tissue was extracted using an RNA extraction 
kit, according to the manufacturer’s protocol. The cDNA was 
reversing transcribed using a Takara PrimeScript RT-PCR Kit 
(Takara, Shiga, Japan), according to the manufacturer’s 
instructions. qRT-PCR was performed using a TB Green 
Fast qPCR Mix (Takara, Shiga, Japan) in the Roche Light 
Cycler 96 instrument, and the instrument software (Life 
science, Roche, Mannheim, Germany) was used to determine 
the relative expression levels of target genes. Primers were as 
follows: SQLE: L-5ʹ- CTCCAAGTTCAGGAAAAGCC 
TGG-3ʹ, R-5ʹ- GAGAACTGGACTCGGGTTAGCT-3ʹ; 
ACTIN: L-5ʹ-gaaggtgaaggtcggagtc-3ʹ, R-5ʹ-gaagatggtg 
atgggatttc-3ʹ. ACTIN was used as the reference and normal-
ization control. The average of three independent analyses for 
each gene was calculated. The experiment was performed in 
triplicate.

Western Blot
The levels of targeting proteins were determined by 
Western blot assays. A total of 30 μg of cell lysates were 
separated by 10% sodium dodecyl sulfate-polyacrylamide 
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gel electrophoresis (SDS-PAGE) and then transferred onto 
a PVDF membrane. Membranes were incubated overnight 
at 4°C with primary antibodies, including SQLE (1:1000) 
and ACTIN monoclonal antibody (1:5000). The bound 
antibodies were detected by horseradish peroxidase- 
conjugated second antibodies for 2 h at room temperature 
and visualized using Pierce ECL Western Blotting 
Substrate (Thermo Scientific, Massachusetts, USA). The 
relative levels of individual proteins to control ACTIN 
were analyzed by ImagJ2 software (Madison, WI, USA).

Mice and the Footpad Implantation Model
All male NOD/SCID nude mice were acquired from Hunan 
SJA Laboratory Animal Co., Ltd., Changsha, Hunan, China. 
All mice were fed with ad libitum access to a standard diet and 
water in a pathogen-free environment in The Institutional 
Animal Care and Use Committee of Affiliated Cancer 
Hospital, Xiangya School of Medicine, Central South 
University. Before all surgical and sampling procedures, the 
mice were anesthetized by intraperitoneal injection of 
a combination of anesthetics (80 mg/kg of ketamine and 
12 mg/kg of xylazine). For the cell footpad implantation 
model, 5×105 LNCaP, C4-2B, and C4-2B_shSQLE cells 
were implanted subcutaneously into the footpad region of the 
hind limb of 8-week-old NOD/SCID nude mice. Primary 
tumor volume was monitored and calculated according to the 
formula 0.5*A*B2 (A is the largest diameter of a tumor and 
B is its perpendicular diameter). Popliteal LNs (pLNs), as 
mapped by pathology colleagues, were dissected for further 
experiments and analyses.

Statistical Analysis
Results are expressed as means ± SEM. Statistical analysis 
was performed using ANOVA followed by a two-sample 
t-test or one-way ANOVA Dunnett test (P<0.05 was con-
sidered statistically significant).

Results
SQLE is Related to Bicalutamide 
Resistance in Prostate Cancer Cells
To systematically investigate the expression of SQLE in pros-
tate cancer cells, we first analyzed the mRNA and protein 
expression of SQLE in androgen-dependent prostate cancer 
cells (LNCaP), androgen-independent prostate cancer cells 
(PC3, DU145), and castration-resistant prostate cancer cells 
(C4, C4-2, and C4-2B). The results showed that the mRNA 
and protein levels of SQLE were highly elevated in androgen- 

independent cells compared to androgen-dependent cells 
(P<0.05) (Figure 1A and B). To determine the impact of 
SQLE expression on cell growth, we constructed LNCaP 
stable cell lines ectopically expressing SQLE and C4-2B 
stable cell lines silencing SQLE (Figure 1C and D). Next, 
we observed that overexpressed SQLE significantly promoted 
the colony formation of the cells, whereas silencing of SQLE 
expression strongly suppressed colony formation, as observed 
in colony formation assays (P <0.05) (Figure 1E, F, H and I). 
To assess the effects of SQLE on the resistance of prostate 
cancer cells to bicalutamide, cells were exposed to bicaluta-
mide before the survival fraction was analyzed for cell pro-
liferation using CCK-8 assay. The results demonstrated that 
overexpression of SQLE increased the survival capacity of 
LNCaP cells after bicalutamide at 0, 0.1, 1, 10, 100, and 1000 
μM (Figure 1G). In contrast, silencing of SQLE by sh-SQLE 
contributed to the sensitivity of C4-2B cells to bicalutamide 
(Figure 1J). These results indicate that SQLE is highly 
expressed in castration-resistant prostate cancer cells and sig-
nificantly promotes the resistance of prostate cancer cells to 
bicalutamide.

The Mitochondrial OXPHOS Produced by 
Fatty Acid is the Essential Energy for 
Castration-Resistant Prostate Cancer Cells
Metabolic reprogramming is an important basis for the devel-
opment of many tumors, including prostate cancer. To evaluate 
the metabolic patterns in prostate cancer, we performed an 
energy metabolism phenotype test in C4-2B cells. As shown in 
Figure 2A, the ATP production of glycolysis in LNCaP and 
C4-2B cells was no different. However, the ATP production of 
OXPHOS (oxidative phosphorylation) in C4-2B cells was 
significantly increased compared to LNCaP cells. In C4-2B 
and LNCaP cells, no difference was observed in ECAR ratio, 
glycolysis value, and capacity (Figure 2F–H), indicating 
unchanged glycolysis levels. However, the signs of 
OXPHOS, such as the oxidative respiration in the mitochon-
drial oxidative stress test, the energy metabolism OCR/ECAR 
ratio, and the mitochondrial basal respiration, increased in C4- 
2B cells (Figure 2B, C and E). These findings suggest that 
OXPHOS is the main source of energy in castration-resistant 
prostate cancer cells. The mitochondrial maximum respiration 
value significantly increased in C4-2B cells, indicating that the 
cells are more resistant to stress (Figure 2D). The majority of 
energy produced by mitochondria is mainly derived from three 
fuels: glucose, glutamine, and fatty acids.13 As the mitochon-
drial substrate analysis tests showed, fatty acid synthesis 
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obviously increased in prostate cancer cells, especially in C4- 
2B cells, compared to the other two fuel sources (glucose and 
glutamine) (Figure 2I). The results were similar to the previous 
study that indicated that a significant hallmark of PC is abnor-
mal lipid metabolism, as first observed by Medes and collea-
gues in 1953.14 In C4-2B cells, the dependence, flexibility, and 
capacity of fatty acids in mitochondria were significantly 
higher than in LNCaP cells (P<0.05) (Figure 2J–L). 
Altogether, these results mean that fatty acid oxidation in 
mitochondria is essential to castration-resistant prostate cancer 
cells.

SQLE Supports Elevated Mitochondrial 
OXPHOS of Fatty Acids in 
Castration-Resistant Prostate Cancer Cells
To determine the relationship between SQLE expression 
and the OXPHOS of castration-resistant prostate cancer 

cells, the results of mitochondrial stress test exhibited that 
ectopically expressing SQLE significantly increased the 
OXPHOS level in LNCaP cells (Figure 3A). The basal 
and maximal respiration were also higher in the SQLE- 
overexpressing LNCaP cell line (P<0.05) (Figure 3B and 
C), with higher ATP was higher than in the control group 
(P<0.05) (Figure 3D). These results indicated that high 
expression of SQLE contributed to enhance OXPHOS in 
prostate cancer cells. Conversely, SQLE-deficient C4-2B 
cell lines showed a lower OXPHOS level than the control 
group (Figure 3E–H). As shown in Figure 3I–K, the 
dependency, flexibility, and capacity of fatty acid oxida-
tion were higher in C4-2B cells than in SQLE-deficient 
C4-2B cells (P<0.05). In summary, SQLE mediated the 
mitochondrial OXPHOS level of fatty acids in prostate 
cancer cells.

Figure 1 SQLE refer to bicalutamide resistance in prostate cancer cells. (A and B) Quantitative analysis of the relative levels of SQLE mRNA and protein to α-tubulin in six 
prostate cancer cell lines by qRT-PCR and Western blotting. SQLE was upregulated in androgen-independent cells. (C and D) The relative levels of protein expression 
verified SQLE over-expression in LNCaP (C) cells and SQLE silencing in C4-2B cells (D) by Western blot assays. (E and F) Overexpressed SQLE enhanced the clonogenicity 
of LNCaP cells, determined by colony formation assays. (G) Overexpression of SQLE decreased the sensitivity to bicalutamide in prostate cancer cells, determined by MTS 
assays. (H and I) Silencing of SQLE suppressed the clonogenicity of C4-2B cells. (J) Silencing of SQLE E contributed to the sensitivity of C4-2B cells to bicalutamide. Data 
shown are representative images or expressed as the mean ± SD of each group with triplicate samples from three separate experiments. *P<0.05, **P<0.01, ***P<0.001.
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Figure 2 The mitochondrial OXPHOS produced by fatty acid was the essential energy for castration resistance prostate cancer cells. (A and B) The ratios of ATP produced 
by mitochondrial OXPHOS and glycolysis in LNCaP and C4-2B cells. (B) The ECAR/OCR ratios in LNCaP and C4-2B cells. (C) The analysis of mitochondrial OXPHOS 
capacity in the indicated cells by XF cell mitochondrial stress test. (D and E) The mitochondrial maximum respiration value and basal respiration value was increased in C4- 
2B cell. (F) Glycolysis rate test shows that there is no difference in glycolysis level between LNCaP and C4-2B. (G and H) The glycolysis value and glycolysis capacity have no 
difference between LNCaP and C4-2B cells. (I) Mitochondrial substrate analysis test found increased fatty acid synthesis in C4-2B cells. (J, K and L) C4-2B had higher 
dependence, flexibility, and capacity of fatty acid, determined by XF mito fuel flex test. Data are representative images or expressed as the mean ± SD of each group of 
samples in triplicate from three separate experiments. *P<0.05, **P<0.01, ***P<0.001. 
Abbreviation: Ns, no significance.
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Bicalutamide Resistance Evokes an 
Increase in SQLE Levels That Facilitates 
Prostate Cancer Metastasis
To determine the functional significance of SQLE on invasion 
and metastasis in PCa, we perturbed the expression of SQLE in 
PCa cell lines and studied the effect of this regulation on cell 
invasion and migration. We found that the invasion and migra-
tion ability of C4-2B cells with high SQLE expression was 
significantly stronger than that of LNCaP cells with low SQLE 

expression (P<0.05). However, blockage of SQLE obviously 
attenuated the invasion and migration of C4-2B (P<0.05) 
(Figure 4A–C). In the plantar popliteal lymph node (LN) 
metastasis model, the LN metastasis area induced by LNCaP 
cells with low SQLE expression was smaller than that of C4- 
2B cells with high SQLE expression (P<0.05). However, the 
knockdown of SQLE significantly decreased the LN metasta-
sis area of C4-2B cells (P<0.05) (Figure 4D and E). The tumor 
weights of the three groups were not different, respectively 

Figure 3 SQLE refer to elevated mitochondrial OXPHOS of fatty acids in castration resistance prostate cancer cells. (A–C) The analysis of mitochondrial OXPHOS capacity 
in SQLE-overexpressing LNCaP cells by XF cell mitochondrial stress test. (D) The levels of ATP in SQLE-overexpressing LNCaP cells. (E–G) Mitochondrial stress test 
analysis of OXPHOS capacity in the indicated cells exhibited that C4-2B with enhanced OXPHOS is dependent on up-regulating SQLE expression. (H) The levels of ATP in 
the indicated cells. (I–K) The dependence, flexibility, and capacity of fatty acid in mitochondrial in the indicated cells, determined by XF mito fuel flex test. Data are 
representative images or expressed as the mean ± SD of each group of samples in triplicate from three separate experiments. *P<0.05, **P<0.01, ***P<0.001. 
Abbreviation: Ns, no significance.
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(Figure 4F). Therefore, the results indicate that SQLE could 
promote the LN metastasis of castration-resistant prostate can-
cer in vivo and in vitro.

Inhibition of SQLE Activity Elevates 
Sensitivity of Androgen-Independent 
Prostate Cancer to Bicalutamide
We further investigated whether knockdown of SQLE 
could enhance the bicalutamide sensitivity of androgen- 
independent prostate cancer cells (PC3 and DU145). The 
results showed that blockage of SQLE decreased the sur-
vival capacity of PC3 and DU145 cells after bicalutamide 
at 0, 0.1, 1, 10, 100, and 1000 μM (P<0.05) (Figure 5A 

and B). Subsequently, we used the inhibitor terbinafine (a 
SQLE inhibitor) to endogenously block the expression of 
SQLE and analyze whether terbinafine can enhance the 
sensitivity of bicalutamide. As shown in Figure 5C and D, 
the survival capacity of PC3 and DU145 cells treated with 
5 μM and 10 μM terbinafine significantly decreased after 
bicalutamide at 0, 0.1, 1, 10, 100, and 1000 μM (P<0.05). 
These results suggest that targeting SQLE enhanced the 
bicalutamide sensitivity of PC3 and DU145 cells.

Discussion
Prostate cancer is strongly dependent on androgens (ARs). 
However, the response to ADT treatment is not the same 

Figure 4 Bicalutamide resistant evoked increase of SQLE facilitated prostate cancer metastasis. (A–C) Silencing SQLE decreased the migration and invasion of C4-2B cells, 
determined by Transwell assays (magnification x 200, scale bars 100 μm). (D and E) SQLE silencing inhibited the lymph node (LN) metastasis of implanted prostate cancer in 
mice. (F) The tumor weight was measured at the end of the experiments. Data are representative images or expressed as the mean ± SD of each group of samples in 
triplicate from three separate experiments. *P<0.05, **P<0.01. 
Abbreviation: Ns, no significance.
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in all patients with prostate cancer. This is due to the 
heterogeneity of prostate cancer and increased ectopic 
androgen synthesis.15 Drugs that block androgen synthesis 
in tumor cells and enhance the blocking efficiency of AR 
receptors, such as abiraterone and enzalutamide, are 
widely used in clinical practice. The inadequacy of block-
ing androgens, such as AR mutations, AR splices, and 
other androgen synthesis pathways, remains a major clin-
ical problem.16,17 In this study, we demonstrated that cho-
lesterol metabolism regulated by SQLE was an essential 
pathway to androgen biosynthesis even after androgen 
deprivation therapy in prostate cancer, implying that 
blocking SQLE would be a potential treatment in mCRPC.

Fatty acid and cholesterol metabolism are dysregulated 
in most patients with advanced PC.18,19 Previous studies 
have shown a positive association between serum choles-
terol levels and high-grade prostate cancer.6,20 Prostate can-
cer can take in exogenous cholesterol through SR-B1 and 
synthesize endogenous cholesterol from acetyl-CoA.21 The 
accumulated cholesterol ester can produce free cholesterol 
by hormone-sensitive hydrolase (HSL) in the absence of an 

androgen environment, and eventually synthesize androgens 
to maintain the proliferation of prostate cancer cells. As 
a cholesterol-lowering therapy, HMG-CoA reductase inhibi-
tors (statin lipid-lowering drugs) have reduced the risk of 
developing high-grade and aggressive prostate cancer.22 

Cholesterol can affect the signal transduction of important 
signal pathways, such as the EFGR and AKT pathways, by 
regulating the dynamic changes of lipid rafts to maintain 
prostate cancer cell survival and growth.23

SQLE, a key enzyme of cholesterol biosynthesis, acted 
as an oncogene and played an important role in many 
tumors.24,25 SQLE mRNA expression has been significantly 
correlated with high-risk ER+ breast cancers.26 Alteration of 
SQLE expression modulates cell proliferation and migration 
by regulating ERK signaling.8 The oncogenic effect of 
SQLE in NPC (nasopharyngeal carcinoma) mainly results 
from cholesteryl ester accumulation and the activation of 
PI3K/AKT pathway.25 In prostate cancer, the expression of 
SQLE is not elevated in prostate cancers in general com-
pared to normal prostatic tissue, however, if the SQLE 
expression in tumor tissue is elevated by 10%, its odds of 

Figure 5 Inhibition of SQLE activity elevated the sensitivity of androgen-independent prostate cancer cells to bicalutamide. (A and B) SQLE silencing increased the 
sensitivity to bicalutamide in PC3 and DU145 cells, determined by MTS assays. (C and D) Endogenously inhibition of SQLE activity by terbinafine increased the sensitivity to 
bicalutamide in PC3 and DU145 cells, determined by MTS assays. Data are representative images or expressed as the mean ± SD of each group of samples in triplicate from 
three separate experiments. *P<0.05, **P<0.01, ***P<0.001. 
Abbreviation: Ns, no significance.
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lethal cancer increases by 40%. Thus, SQLE can distin-
guishes tumors at high risk of metastasis.27 However, higher 
SQLE expression is tightly associated with increased histo-
logic markers of angiogenesis and is prognostic for lethal 
prostate cancer at diagnosis.27

Although the mechanism of androgen resistance is not fully 
clear, abnormal fatty acid metabolism has been shown to 
promote the resistance of CRPC cells to enzalutamide.28 

Overexpression of carnitine palmitoyltransferase 1B 
(CPT1B), a rate-limiting step of fatty acid oxidation, is 
reported to significantly increase enzalutamide resistance via 
increasing AKT expression and phosphorylation in CRPC 
cells.28 This indicates that enhanced fatty acid oxidation 
could promote the drug resistance of CRPC cells. Our study 
has found bicalutamide resistance induced SQLE highly 
expression refer to increased mitochondrial OXPHOS, which 
supplied energy source to maintain proliferation and metastasis 
in CPRC cells. We demonstrated that SQLE was increased in 
androgen-independent PC cells (PC3 and DU145) and CRPC 
cells (C4, C4-2, and C4-2B). The overexpression of SQLE not 
only enhanced bicalutamide resistance in androgen- 
independent prostate cancer cells, but also increased the lym-
phatic metastasis ability of the cells in vivo. Moreover, the 
silencing of SQLE partly alleviated migration ability and resis-
tance to bicalutamide, and weakened the mitochondrial 
OXPHOS in PC cells. More interestingly, targeting SQLE 
expressions by terbinafine enhanced the sensitivity to bicalu-
tamide in PC cells. Thus, these results further illustrate that 
SQLE may play a crucial role in the acquisition of bicaluta-
mide resistance in PC cells and might be a potential target 
against CRPC via regulating cholesterol metabolism.

This study was limited by the lack of data on SQLE 
expression in clinical CRPC patients. The relationship between 
SQLE expression and bicalutamide resistance has not been 
observed in actual clinical scenarios. In summary, our results 
showed that bicalutamide resistance enhanced SQLE expres-
sion and increases mitochondrial fatty acid oxidation in PC 
cells. Blockage of SQLE effectively suppressed bicalutamide 
resistance concomitant lymph node metastasis in prostate can-
cer cells. The findings emphasize that SQLE may be a potential 
biomarker and therapeutic target in CRPC patients.
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