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ABSTRACT
CYP27A1, an enzyme involved in regulating cellular cholesterol homeostasis, converts cholesterol
into 27-hydroxycholesterol (27-HC). The relationship between CYP27A1 and cell proliferation was
studied to determine the role of CYP27A1 in bladder cancer. The expression of CYP27A1 in three
bladder cancer cell lines (T24, UM-UC-3 and 5637) were assessed by qRT-PCR and Western
blotting, and cells with stable CYP27A1 expression were generated by lentiviral infection. Cell
proliferation was detected by MTT assays, colony formation assays and a tumor xenograft model
in vitro and in vivo, and the intracellular 27-HC and cholesterol secretion levels were detected by
enzyme-linked immunosorbent assays (ELISA). The results revealed that CYP27A1 expression was
downregulated in androgen receptor (AR)-positive T24/UM-UC-3 cells compared with AR-negative
5637 cell. After CYP27A1 expression was restored, cell proliferation was inhibited in vitro and
in vivo because much more intracellular 27-HC was produced in the CYP27A1-overexpressing cells
than in the control cells. Both T24 and UM-UC-3 cells treated with 27-HC showed similar results. In
addition, CYP27A1/27HC could reduce the cellular cholesterol level in both T24 and UM-UC-3 cells
by upregulating ATP-binding cassette transporters G1 and A1 (ABCG1 and ABCA1) through Liver
X receptors (LXRs) pathway and downregulating low-density lipoprotein receptor (LDLR) expres-
sion. These findings all suggest that CYP27A1 is a critical cholesterol sensor in bladder cancer cells
that may contribute significantly to bladder cancer proliferation.
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Introduction

Bladder cancer is one of the most common malig-
nant tumors in the urogenital system, and asso-
ciated with a significant recurrence rate [1].
Researchers have shown that the incidence of blad-
der cancer in males is three to four times greater
than that in females [2]. Although the bladder is
not an accessory sex organ, it originates from the
urogenital sinus, similar to other accessory sex
organs, such as the prostate [3]. Androgen recep-
tor (AR) which is androgen ligand-regulated tran-
scription factor, androgen-AR signaling plays an
important role in the development and progres-
sion of bladder cancer and may explain the gender
differences in bladder cancer incidence [4,5].

In addition, cholesterol is central for proper
cellular functions and increased to meet the
needs of tumor cell proliferation. High dietary

cholesterol intake increased the risk of several
cancer types, including bladder cancer [6,7].
Multiple studies have also suggested that hyperch-
olesterolemia is associated with an increased risk
of high-grade metastatic disease, while the poten-
tial mechanisms regulating this association remain
unclear [8–10]. Due to increased cholesterol levels
have been reported to play important roles in the
progression of cancer. Therefore, research on cho-
lesterol homeostasis in bladder cancer has become
very important and can provide new strategies and
methods for treating bladder cancer.

CYP27A1 encodes 27-hydroxylase, a cytochrome
P450 oxidase family member that converts choles-
terol into 27-hydroxycholesterol (27-HC). CYP27A1
primarily catalyzes the hydroxylation step required
for bile acid synthesis in the classical and acid path-
ways, maintains the acid balance in the body and
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catalyzes the biological activation of vitamin
D3 [11–13].Notably, the loss ofCYP27A1 expression
results in a number of problems associated with
cholesterol and bile acid metabolism. In addition,
CYP27A1 expression is closely related to the prolif-
eration of multiple tumor cells, such as prostate,
breast and colon cancer [14–16]. Furthermore, 27-
HC, serves as a cholesterol metabolite that acts as
a selective estrogen receptor (ER) modulator and an
agonist of Liver X receptors to regulate cellular cho-
lesterol homeostasis and further affect cell prolifera-
tion [17]. In breast cancer, 27-HC was the first
identified ER modulator, and many studies have
shown that 27-HC can activate ERs and increase ER
(+) breast cancer cell proliferation [10,18]. This
molecule increases the growth of human MCF7 cell
xenografts propagated in an ER-dependent man-
ner [10]. However, in prostate cancer, the effect of
27-HC on cell proliferation is controversial. A recent
paper showed that 27-HC promotes the proliferation
of non-transformed RWPE-1 prostate epithelial cells
in an ER- and AR-dependent manner [19].
Additionally, 27-HC has an important role in the
intratumoral expression and activity of CYP27A1 in
prostate cancer pathogenesis. Overexpression of
CYP27A1 increased intracellular 27-HC levels,
which directly attenuated the proliferation of
LNCaP and 22RV1 prostate cancer cells as well as
CYP27A1-overexpressing 22RV1 cell-derived xeno-
grafts [14]. However, the CYP27A1 expression level
in bladder cancer and the relationship between
CYP27A1/27-HC and bladder cancer proliferation
have not been studied. Hence, the role of CYP27A1
expression in bladder cancer development has
become a popular research topic.

In this study, the effect of CYP27A1 on choles-
terol homeostasis was confirmed. Furthermore,
bladder cancer cells proliferation was detected fol-
lowing CYP27A1 overexpression or exogenous 27-
HC treatments. This study aimed to clarify that
CYP27A1 is a critical cellular cholesterol sensor
for regulating bladder cancer proliferation.

Materials and methods

Cell lines and culture conditions

The T24, UM-UC-3, 5637 and 293T cell lines were
obtained from the Cell Bank of the Chinese

Academy of Science (Shanghai, China) and were
passaged no more than 25 times in the lab. All cells
were cultured in DMEM with 10% FBS (fetal bovine
serum) and 1% P/S (penicillin/streptomycin) at 37°C
with 5% CO2. T24/UM-UC-3 cells overexpressing
CYP27A1 or the pLVX control were cultured in 10%
DMEM with 1 μg/ml puromycin.

Construction of stable cell lines

CYP27A1-pcDNA3.1 was synthesized by GENEWIZ
(Suzhou, China), and the insert fragment was sub-
cloned into the plasmid pLVX-IRES-Puro (Clontech,
USA) using standard molecular biology technologies
to obtain the plasmid CYP27A1-pLVX -IRES-Puro.
The pLenti pLVX-IRES-Puro vector (1 µg) or pLenti
CYP27A1-pLVX -IRES -Puro (1 µg) was cotrans-
fected with psPAX2 (1 µg) and pMD2.G vectors
(0.5 µg) into 293T cells in a 6 cm dish and further
cultured. Lipofectamine 3000 (Invitrogen, USA) was
used as a transfection reagent according to the man-
ufacturer’s instructions. After the cells were cultured
for 48h, the viral supernatants were collected and
centrifuged for 5 min at 1500 rpm. Next, T24 or UM-
UC-3 cells were seeded in a 12-well plate, and 8 µg/ml
polybrene was added to the viral supernatants
before infection. After infection for 24 h, cells were
then selected with 2 µg/ml puromycin, yielding
CYP27A1- or pLVX-overexpressing cell lines. Cells
were engineered to stably overexpress CYP27A1 by
CYP27A1-pLVX-IRES-Puro lentivirus infection, and
pLVX-IRES-Puro virus infected cells served as
controls.

qRT-PCR

Total RNA from the cells was extracted by RNAiso
Plus (TaKaRa, Japan) according to the manufac-
turer’s recommendations. For detection of mRNA,
the total RNA (1 μg) was transcribed into cDNA
using PrimeScript™ RT reagent kit (Perfect Real
Time) (TaKaRa, Japan). The primers for
CYP27A1, AR, LXRα, LXRβ, ABCG1, ABCA1,
LDLR and GAPDH were as follows: CYP27A1-
forward (F): AGC TGC GCT TCT TCT TTC AG
and CYP27A1-reverse (R): GCT CCA TGT CGT
TCC GTA CT; AR-F: AAG GCT ATG AAT GTC
AGC CCA and AR-R: CAT TGA GGC TAG AGA
GCA AGG C; LXRα-F: CGG GCT TCC ACT ACA
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ATG TTC TG and LXRα-R: TCA GGC GGA TCT
GTT CTT CT; LXRβ-F: TAA GCA AGT GCC
TGG TTT CC and LXRβ-R: GAA CTC GAA
GAT GGG GTT GA; ABCG1-F: ACG CAG TTC
TGC ATC CTC TTC A and ABCG1-R: CGG AGT
TGC TCA AGA CCT TCT T; ABCA1-F: GCT
TTC AAT CAT CCC CTG AA and ABCA1-R:
TGA CAG GCT TCA CTC CAC TG; LDLR-F:
GCT TGT CTG TCA CCT GCA AA and LDLR-
R: AAC TGC CGA GAG ATG CAC TT; GAPDH-
F: TCA TGG GTG TGA ACC ATG AGA A and
GAPDH-R: GGC ATG GAC TGT GGT CAT
GAG. All primers were synthesized by Huada
Gene (Beijing, China). qRT-PCR was performed
using a Roche LightCycler 480II real-time PCR
detection system (Roche, Switzerland). The fold
changes in expression of each gene were calculated
by the comparative threshold cycle (Ct) method
using the 2-(ΔΔCt) formula.

Western blotting

Total protein from the cells was extracted by SDS
buffer, and the protein concentration was measured
by a bicinchoninic acid (BCA) kit (Thermo, USA).
Afterwards, the proteins (20 μg) were separated by
10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis and then transferred to polyvinylidene
fluoride membranes (Millipore, Billerica, USA).
After blocking with 5% nonfat milk, the membranes
were incubated with primary antibody at 4°C over-
night, using antibodies for CYP27A1 (Abcam,
1:1000 dilution), AR (Cell Signaling Technology,
1:1000 dilution) and GAPDH (Cell Signaling
Technology, 1:1000 dilution). Then, the membranes
were incubated with horseradish peroxidase conju-
gated secondary antibodies (Jackson Immuno
Research, 1:10,000 dilution) for an additional 1 h at
room temperature. The immune complexes were
detected by an enhanced chemiluminescence kit
(Millipore, Billerica, USA). The results were normal-
ized using GAPDH to correct for differences in
protein loading.

MTT assay

Different treatments were applied to detect the effects
of LDL (Yiyuan Biotechnologies, Guangzhou, China)/
CYP27A1/27-HC (Santa Cruz, USA) on the

proliferation of bladder cancer cell lines. T24/5637
cells were seeded in 96-well plates and incubated in
200 μl of DMEM with 10% FBS. The next day, the
wells were treated with different LDL concentrations
(0, 6.25, 12.5, 25, 50, 100 μg/ml), and the cells con-
tinued to be cultured. Subsequently, on the
indicated day, 20 μl of MTT solution (5 mg/ml) was
added to each well, and the plates were incubated for
an additional 4 h at 37°C. The MTT formazan pre-
cipitate was dissolved in DMSO. Absorbance at
490 nm was measured using a microplate reader
(Thermo, USA). Likewise, T24/UM-UC-3 cells over-
expressing CYP27A1 or the pLVX control were
seeded into 96-well plates, and cell proliferation was
detected on the indicated days according to the meth-
ods described above. Finally, to study the effects of 27-
HC on T24/UM-UC-3 cell proliferation, cells were
seeded into 96-well plates and treated with 10 μM 27-
HC and DMSO (control) the next day, and prolifera-
tion was evaluated on the indicated days according to
the methods described above. Experiments were per-
formed three times. The error bars represent the
standard error of the mean (*p < 0.05, **p < 0.01,
***p < 0.001 (two-way ANOVA)).

Colony formation

Different treatments were applied to determine the
effects of CYP27A1/27-HC on colony formation
ability in T24/UM-UC-3 cell lines. Cells overex-
pressing CYP27A1 or the pLVX control (1,000,
500 cells/well) were seeded into 6-well plates,
10% DMEM containing 1 μg/ml puromycin was
added to each well, and the treated medium was
replaced every three days. Two weeks later, the
cells were washed with PBS three times, fixed
with 4% polyformaldehyde for 15 min and washed
by distilled water 3 times. Crystal violet was incu-
bated for 15 min at room temperature and washed
by distilled water. The colonies were stained with
crystal violet and counted. The results were statis-
tically analyzed by GraphPad. Similarly, the effect
of 27-HC on the colony formation ability of T24/
UM-UC-3 cell lines was detected. Cells (1,000, 500
cells/well) were seeded into 6-well plates, 10%
DMEM containing DMSO or 27-HC (1 μM) was
added to each well, and the treated medium was
replaced every three days, in accordance with the
above methods. Experiments were performed
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three times. The error bars represent the standard
error of the mean (*p < 0.05, **p < 0.01,
***p < 0.001 (unpaired t-test)).

Enzyme-linked immunosorbent assay (ELISA)

To analyze the intracellular 27-HC/cholesterol secre-
tion level, human 27-HC and cholesterol ELISA kits
were used. T24/UM-UC-3 cells overexpressing
CYP27A1 or the pLVX control (2.5 × 104 cells/
well) were seeded into 6-well plates and cultured
for 6 d. Briefly, the samples were lysed with RIPA;
then, the lysates (10 μl) or standard samples (10 μl)
were premixed with dilution buffer (40 μl). The
mixtures were loaded and incubated at 37°C for
30 min, and the plates were washed three times
with washing buffer. Next, streptavidin-HRP was
added. The plates were incubated at 37°C for
30 min and washed three times with washing buffer.
The reaction was visualized by adding 100 μl of
tetramethylbenzidine (TMB) substrate solution,
and the plates were incubated at 37°C for 10 min in
a dark environment. The reaction was stopped with
the addition of 50 μl Stop Solution into each well.
The colorimetric reaction was determined by mea-
suring the absorbance at 450 nm with a microplate
reader (Thermo, USA). The intracellular 27-HC and
cholesterol levels were calculated according to stan-
dard curve and normalized to the total protein
amount.

Tumor xenograft model in vivo

Sixteen BALB/c nude mice (4–5 wk, female) were
purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. All mice were
allowed to acclimatize to the surroundings for
1 wk before the experiments, and divided into
two groups equally. Each mouse was subcuta-
neously injected into its left back with T24-pLVX
or T24-CYP27A1 cells (8 × 106 cells per site). After
injecting for 1 wk, tumor size was individually
measured 3 times/wk using a Vernier’s caliper to
measure 2 perpendicular diameters，and tumor
volume was calculated according to the following
formula: (Length×Width2)/2. After 30 d of mea-
surement, all animals were sacrificed. Tumors
were stripped and kept intact, and then weighed.

RNA interference

Small interfering RNAs (SiRNAs) directed against
both LXRα and LXRβ (5ʹ-CAU CAA CCC CAU
CUU CGA GTT-3ʹ) [20]or negative control
SiRNA (5ʹ-UUC UCC GAA CGU GUC ACG
UTT-3ʹ) were synthesized by GenePharma
(Shanghai, China). T24 or UM-UC-3 cells were
seeded into 24-well plates at a density of 1 × 104

cells/well. The next day, cells were transfected with
either LXR SiRNA (SiLXRα/β, 20 pM) or NC
SiRNA (SiNC, 20 pM) using HiPerFect transfec-
tion reagent (QIAGEN, Germany) according to
the manufacturer’s instructions. Two days later,
the cells were treated with DMSO/27-HC
(10 μM)/T1317 (10 μM) for 24 h. RNA was
extracted by RNAiso Plus, and the expression of
ABCG1, ABCA1 was detected by qRT-PCR.

Statistical analysis

All experiments were independently conducted
3 times, and the error bars represent the standard
error of the mean. Statistical analyzes were per-
formed using Graph Prism 6.0 software. The
results were analyzed using unpaired t-test or two-
way ANOVA to assess statistical significance, and
values of p < 0.05 were considered statistically
significant.

Results

CYP27A1 expression in bladder cancer cell lines

According to the reported literature [21,22], three
types of bladder cancer cell lines were selected to
determine CYP27A1 expression. The results
revealed that AR was lowly expressed in 5637 cell
but highly expressed in T24 and UM-UC-3 cells at
both the mRNA and protein levels (Figure 1(a–c)).
However, only AR-negative 5637 cell expressed
detectable levels of CYP27A1 at both the mRNA
and protein levels, but almost no CYP27A1 was
expressed in the AR-positive T24 and UM-UC-3
cells (Figure 1(b,c)). Because AR plays an impor-
tant role in the development and progression of
bladder cancer, T24 and UM-UC-3 cells were
selected for further analyzes of the relationship
between CYP27A1 expression and bladder cancer.
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Cholesterol promotes bladder cancer cells
proliferation in vitro

As an important step in this study, the impact of
altered cholesterol levels on bladder cancer cells
proliferation was assessed. Among lipoproteins,
LDL has highest the cholesterol content.
Therefore, the effect of different LDL concentra-
tions (0, 6.25, 12.5, 25, 50, 100 μg/ml) on T24 and
5637 cells proliferation was evaluated. There were
no obvious differences for all groups after 24h.
However, when the concentration of LDL was
100 μg/ml, proliferation of T24 cell was increased
1.31-fold and 1.43-fold at 48 and 72 h, respectively,
in the LDL-treated cells compared with the control
cells (Figure 2(a)). Similarly, proliferation of 5637
cell was increased 1.33-fold and 1.41-fold at 48 and
72 h, respectively (Figure 2(b)). All these results

revealed that a high LDL concentration can pro-
mote bladder cancer cells proliferation. These
results established a relationship between choles-
terol availability and bladder cancer cells
proliferation.

CYP27A1 can affect intracellular 27-HC and
cholesterol secretion

The CYP27A1 mRNA and protein levels were both
substantially increased in the T24 or UM-UC-3 cells
with CYP27A1 overexpression, and compared with
the mRNA level in the normal control cells, the
mRNA levels were increased 153,784-fold and
42,964-fold, respectively (Figure 3(a,b)). The
CYP27A1 gene encodes sterol 27-hydroxylase,
which converts cholesterol into 27-HC. 27-HC is

Figure 1. The mRNA and protein levels of CYP27A1 in bladder cancer cells.
(a, b) T24, UM-UC-3 and 5637 cell lines (2.5 × 104/well) were seeded in 24-well plates and cultured for 48 h. RNA was extracted by
RNAiso Plus. Expression of androgen receptor (AR) and CYP27A1 was assessed using qRT-PCR. Experiments were repeated three
times, and error bars represent the standard error of the mean and *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired t-test). (c)T24, UM-
UC-3 and 5637 cell lines (2.5 × 104/well) were seeded in 24-well plates and normally cultured for 72 h. Cell lysates were harvested
for Western blotting to analyze the protein levels of AR and CYP27A1.

Figure 2. Cholesterol can promote the proliferation of bladder cancer cells in vitro.
T24 or 5637 cells were seeded in four 96-well plates and normally cultured for 24 h. The next day, one plate was assessed by MTT
assays to confirm the cell density and cell difference between wells. The others were treated with different concentrations of LDL (0,
6.25, 12.5, 25, 50, 100 μg/ml), and cell proliferation was assessed at 24 h, 48 h and 72 h by MTT assays. Experiments were repeated
three times, and error bars represent the standard error of the mean and *p < 0.05, **p < 0.01, ***p < 0.001 (2-way ANOVA).
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involved in regulating cellular cholesterol homeosta-
sis, so the intracellular secretion of 27-HC was
assessed. As expected, comparing with the pLVX
vector control cells, the CYP27A1-overexpressing
cells presented with increased intracellular 27-HC
production and decreased cholesterol levels at 6 d
in both T24 and UM-UC-3 cells (Figure 3(c,d)).
These results revealed that CYP27A1 expression is
closely related to cholesterol homeostasis in bladder
cancer cells.

CYP27A1 inhibits bladder cancer cells
proliferation in vitro and vivo

Using T24 and UM-UC-3 cells with or without
stable CYP27A1 expression, the effect of CYP27A1
overexpression on bladder cancer cells proliferation
in vitro was detected on the indicated days. After
6 d, proliferation was significantly impeded in both
T24 and UM-UC-3 cells stably expressing
CYP27A1 compared with the pLVX control cells
(Figure 4(a)). Furthermore, these CYP27A1-

overexpressing cells demonstrated a significantly
reduced colony formation ability (Figure 4b). To
further confirm the inhibitory effect of CYP27A1
on bladder cancer cells, CYP27A1 overexpression
T24 cell-derived tumors were detected in vivo with
pLVX T24-derived tumors as the control. Tumor
growth was assessed by caliper measurements
3 times per week. Starting from the 25th day,
CYP27A1-tumors were significantly smaller than
the control tumors (Figure 4(c–e)). When all ani-
mals were sacrificed to collect tumors, the weight of
the control tumors was 1.38-fold that of CYP27A1-
tumors (Figure 4(d–e)). All of these results showed
that restoring the expression of CYP27A1 could
obviously inhibit bladder cancer progression
in vitro and vivo.

CYP27A1 inhibits bladder cancer cells
proliferation via producing 27-HC

Since CYP27A1 overexpression inhibited bladder
cancer proliferation and increased intracellular 27-

Figure 3. CYP27A1 affects intracellular 27-HC and cholesterol secretion.
(a, b) T24 or UM-UC-3 cells stably expressing CYP27A1 or the pLVX control (2.5 × 104/well) were seeded in 24-well plates and
cultured for 48 h and 72 h, RNA and protein were extracted by RNAiso Plus and SDS buffer respectively. mRNA levels of CYP27A1
were assessed using qRT-PCR, cell lysates were harvested and Western blotting was performed to analyze the protein levels of
CYP27A1. Experiments were repeated three times, and error bars represent the standard error of the mean and **p < 0.01,
***p < 0.001 (unpaired t-test). (c, d) T24 or UM-UC-3 cells stably expressing CYP27A1 or the pLVX control (2.5 × 104/well) were
seeded in 6-well plates and cultured for 6 d and cell lysates were harvested. 27-HC/Cholesterol levels were measured by ELISAs and
normalized to total protein. Experiments were repeated three times, error bars represent the standard error of the mean and
*p < 0.05, **p < 0.01 (unpaired t-test).
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HC production, the ability of the 27-HC treatment
to induce similar results was important to investi-
gate. 27-HC, produced by CYP27A1, is thought to
influence cell proliferation via cholesterol synth-
esis. The results revealed that proliferation was
significantly impeded in both T24 and UM-UC-3
cells treated with 10 µM 27-HC compared with
control cells treated with DMSO. Clear differences
were observed in T24 cell cultured for 2 d and
UM-UC-3 cultured for 4 d (Figure 5(a)).
Furthermore, compared with the control cells,

both T24 and UM-UC-3 cells treated with 1 µM
27-HC demonstrated significantly reduced colony
formation ability (Figure 5(b)).

27-HC inhibits bladder cancer cells proliferation
by upregulating ABCG1/ABCA1 through LXRs
pathway

Since 27-HC inhibited bladder cancer cells prolifera-
tion, exploring the mechanisms by which 27-HC
affects cells proliferation via cholesterol homestasis

Figure 4. CYP27A1 inhibits bladder cancer cells proliferation in vitro and vivo.
T24 or UM-UC-3 cells overexpressing CYP27A1 or the pLVX control (1 × 103/well) were seeded in 96-well plates and cell proliferation
was detected by MTT assays at the indicated days. At day 0, one plate was assessed by MTT assays to confirm the cell density and
cell difference between wells. Experiments were performed three times, and error bars represent the standard error of the mean and
**p < 0.01, ***p < 0.001(2-way ANOVA). (b) T24 or UM-UC-3 cells overexpressing CYP27A1 or the pLVX control cells (1,000, 500 cells/
well) were seeded in 6-well plates and cultured in 10% DMEM with 1 μg/ml puromycin for 2 wk. Colonies were stained with crystal
violet. Experiments were performed three times. A representative well showing colony growth is also shown in the graph. Error bars
represent the standard error of the mean and *p < 0.05, **p < 0.01 (unpaired t-test). Tumor volume (c) and weights (d) of CYP27A1-
T24- and pLVX-T24-derived xenografts in vivo were compared. After the 25th day, CYP27A1-tumor size was significantly smaller than
the control (pLVX) and *p < 0.05, ***p < 0.001(2-way ANOVA). After 30 d, all animals were sacrificed and tumors were collected (e).
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was an important pursuit. Intracellular cholesterol
homeostasis is regulated by two kinds of transcrip-
tion factors: LXRs and sterol regulatory element-
binding proteins (SREBPs). LXRs promote
intracellular cholesterol efflux by inducing the
expression of related genes, such as ABCG1 and
ABCA1, while SREBPs promote intracellular

cholesterol synthesis and extracellular cholesterol
uptake by inducing the expression of related gene,
such as LDLR [23–26]. Our results revealed that
compared with the control cells, both T24 and UM-
UC-3 cells treated with 10 µM 27-HC displayed
upregulated ABCG1 and ABCA1 and downregu-
lated LDLR at mRNA levels (Figure 6(a,b)).

Figure 5. CYP27A1 inhibits bladder cancer cells proliferation via producing 27- HC.
T24 or UM-UC-3 cells (1 × 103/well) were seeded in 96-well plates for 24 h and then treated with 10 µM of 27-HC or DMSO (control).
Cell proliferation was detected by MTT assays at the indicated days. At day 0, one plate was assessed by MTT assays to confirm the
cell density and cell difference between wells. The data shown are representative of three independent experiments. Error bars
represent the standard error of the mean and **p < 0.01, ***p < 0.001 (2-way ANOVA). (b) T24 or UM-UC-3 cells (1,000, 500 cells/
well) were seeded in 6-well plates for 24 h and then treated with 1 µM of 27-HC or DMSO (control) and cultured for 2 wk. Colonies
were stained with crystal violet. Experiments were repeated three times. A representative well showing colony growth is also shown
in the graph. Error bars represent the standard error of the mean and **p < 0.01, ***p < 0.001 (unpaired t-test).
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Furthermore, 27-HC, as LXRs ligand, can increase
LXRs-dependent metastasis, which has an anti-
proliferative effect. To determine the role of LXRs
as a mediator on bladder cancer cells proliferation,
we assessed the effect of LXRs agonist T0901317
(T1317) on the proliferation of T24 and UM-UC-3
cells. Similar to 27-HC, T1317 obviously inhibited
the proliferation of T24 andUM-UC-3 at 6 d (Figure
6(c)). Next, the mechanisms of LXRs on the choles-
terol homeostasis in bladder cancer cells were
explored. First, knockdown of LXRs by RNA inter-
ference was performed (Figure 6(d)). Like 27-HC,
T1317 could upregulate ABCG1 and ABCA1 in both

T24 and UM-UC-3 cells. On the other hand, RNAi
induced downregulation of LXRs attenuated the
above effluence upon ABCG1 and ABCA1 (Figure
6(a)). These results revealed that upregulation of
ABCG1 and ABCA1 by 27-HC occur through
LXRs pathway in bladder cancer cells.

Discussion

CYP27A1, a cytochrome P450 oxidase, is an enzyme
expressed in liver and other tissues. The main roles of
CYP27A1 are regulation of cellular cholesterol

Figure 6. 27-HC inhibits bladder cancer cells proliferation by upregulating ABCG1 and ABCA1 through LXRs pathway.
(a) T24 or UM-UC-3 cells were seeded into 24-well plates at a density of 1 × 104 cells/well. The next day, cells were transiently
transfected with either SiNC (20 pM) or SiLXRα/β (20 pM). Two days later, the cells were treated with DMSO/27-HC (10 μM)/T1317
(10 μM) for 24 h. The expression of ABCG1, ABCA1 was assessed by qRT-PCR, *p < 0.05, **p < 0.01, ***p < 0.001 (2-way ANOVA and
unpaired t-test).(b) T24/UM-UC-3 cells were seeded in 24-well plates and then treated with 10 μM of 27-HC and DMSO (control) at
next day and continue cultured for 4 d, mRNA level of LDLR was assessed using qRT-PCR. Experiment were repeated three times,
error bars represent the standard error of the mean and **p < 0.01 (unpaired t-test). (c) T24 or UM-UC-3 cells (1 × 103/well) were
seeded in 96-well plates for 24 h and then treated with 10 µM of T1317 or DMSO (control). Cell proliferation was detected by MTT
assays at the indicated days. At day 0, one plate was assessed by MTT assays to confirm the cell density and cell difference between
wells. The data shown are representative of three independent experiments. Error bars represent the standard error of the mean and
***p < 0.001 (2-way ANOVA). (d) T24 or UM-UC-3 cells were transiently transfected with SiNC (negative control) or SiLXRα/β,
knockdown effects of LXRα and LXRβ were detected, **p < 0.01, ***p < 0.001 (unpaired t-test).
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homeostasis and vitamin D3 metabolism [12,13]. In
addition, CYP27A1 can convert cholesterol into 27-
HC which acts as a selective ER modulator and an
agonist of Liver X receptors and further affects cell
proliferation [17]. AR, a ligand-regulated transcrip-
tion factor, plays an important role in the develop-
ment and progression of bladder cancer [4,5].
Although there was no difference of AR expression
between low-grade and high-grade bladder cancer
clinical specimens [27], many independent studies
demonstrated that androgens-AR signals can increase
the proliferation of bladder cancer cells [4] . Beside,
knockdown of AR in bladder cancer cells results in
cell apoptosis [28]. Therefore, AR positive bladder
cancer cell lines which were elected for studying the
relationship between CYP27A1 and bladder cancer
proliferation were appropriate, and this relationship
was explored in this study to confirm that the
CYP27A1/27-HC axis is involved in cholesterol
homeostasis and affects cell proliferation. CYP27A1
and AR levels were first assessed in three bladder
cancer cell lines. We found that CYP27A1 was barely
expressed in the AR-positive T24/UM-UC-3 cell lines,
as evidenced by the CYP27A1 expression levels in the
bladder cancer cells.

Cholesterol is essential for cell proliferation,
intake of a high cholesterol diet correlates with
an increased risk of many cancer types, including
bladder cancer [6,7] . Elevated cholesterol has been
implicated in disease development in prostate can-
cer [29]. Furthermore, the link between cholesterol
and tumor progression has been reported in mel-
anoma and breast cancer [30,31]. To further con-
firm the role of cholesterol in bladder cancer cells
proliferation, we used LDL, a type of lipoprotein
with the highest cholesterol content, for the study.
We found that a high LDL concentration can
promote bladder cancer cells proliferation. This
conclusion established a relationship between cho-
lesterol availability and bladder cancer cells prolif-
eration. As such, it is important to understand the
molecular mechanisms used by bladder cancer
cells to regulate intracellular cholesterol content.

Previous reports showed that 27-HC, which
serves as a primary metabolite of cholesterol and
is synthesized by the action of 27-hydroxylase
(CYP27A1), regulates cholesterol biosynthesis to
affect cell proliferation. Similar studies have
focused on prostate cancer and breast cancer, but

the effect on cell proliferation was different [17].
In breast cancer, 27-HC could increase ER (+)
breast cell proliferation [10,18]. However, in pros-
tate cancer, the effect of 27-HC on cell prolifera-
tion is controversial [14,19]. Because the effect of
27-HC on the proliferation of bladder cancer cells
has not been reported, it was studied in this paper.
To validate the role of oxysterols in the regulation
of cholesterol homeostasis, bladder cancer cells
accomplish this activity by synthesizing 27-HC as
a consequence of CYP27A1 gene overexpression.
In support of this hypothesis, we showed that
overexpression of CYP27A1 in bladder cancer
cells increases intracellular 27-HC production
and decreases the cellular cholesterol level. In
addition, restoring CYP27A1 expression inhibited
the progression of T24 and UM-UC-3 bladder
cancer cells as well as CYP27A1-overexpressing
T24 cell-derived xenografts. Similarly, we found
that exogenous 27-HC, as a negative feedback reg-
ulatory factor, also inhibited cell growth.

In cancer, cholesterol homeostasis regulation is
aberrant, and growth is abnormally rapid. For these
reasons, we speculated that cancer cells may develop
new mechanisms to bypass the pathways regulating
cholesterol metabolism homeostasis [32]. As men-
tioned above, the level of cholesterol in cells was
regulated by uptake, biosynthesis and efflux primar-
ily through the coordinated activity of SREBPs and
LXRs. At present, LXRs have been proposed as
a new anticancer target, and the agonists
T0901317 and GW3965 were reported to inhibit
cell proliferation of prostate and breast cancer cells
in vitro [33,34]. To the best of our knowledge, the
effect of LXRs in bladder cancer cells has not been
reported. To clarify the effect of LXRs in bladder
cancer cells, the ability of 27-HC/T1317 to affect the
expression of LXRs target genes (ABCG1 and
ABCA1) was explored [24,26]. The results from
this experiment confirmed that the inhibitory effect
of 27-HC on bladder cancer cells growth was prob-
ably mediated by ABCG1/ABCA1 expression upre-
gulation and LDLR expression downregulation.
Furthermore, the LXRs activation and knockdown
results revealed that upregulation of ABCG1 and
ABCA1 by 27-HC may occur through the LXRs
pathway.

In summary, bladder cancer cells must bypass
the regulation of cholesterol balance to achieve
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rapid proliferation. In this study, we found that
this can be implemented by downregulating the
expression of CYP27A1 and further inhibiting the
expression of 27-HC. In addition, 27-HC acts as
an endogenous agonist for the LXRs and induces
the expression of genes involved in cholesterol
efflux, and in turn, inhibits the growth of bladder
cancer cells. Therefore, our findings suggest that
CYP27A1 is a critical cellular cholesterol sensor in
bladder cancer cells and that CYP27A1/27-HC
dysregulation contributes significantly to bladder
cancer cells proliferation.
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