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1  | INTRODUC TION

Enzalutamide and Abi are second-generation small-molecule inhibi-
tors of AR signaling, and both are useful for the treatment of CRPC. 
However, during treatment with these inhibitors, most patients ac-
quire resistance to them and often show cross-resistance to other 
AR signaling inhibitors. A recent cross-over trial showed that Enz re-
tained clinical activity as a second-line drug following Abi treatment, 

whereas Abi retained low second-line activity following Enz treat-
ment, even though Abi and Enz have similar first-line activity for 
metastatic CRPC.1 Chronic Enz treatment could make CRPC cells 
acquire resistance to AR signaling inhibitors more easily than Abi.

Although several mechanisms of Enz resistance, including AR 
mutations, the induction of AR splice variants, and AR-related 
gene upregulation, have been reported,2-5 the proposed mecha-
nisms cannot fully explain Enz resistance. In recent reports, GR 

 

Received: 24 September 2020  |  Revised: 2 February 2021  |  Accepted: 14 February 2021

DOI: 10.1111/cas.14865  

O R I G I N A L  A R T I C L E

Upregulation of glucocorticoid receptor-mediated glucose 
transporter 4 in enzalutamide-resistant prostate cancer

Seiji Hoshi  |   Satoru Meguro |   Hitomi Imai |   Yuta Matsuoka |   Yuki Yoshida |   
Akihumi Onagi |   Ryo Tanji |   Ruriko Honda-Takinami |   Kanako Matsuoka |   
Tomoyuki Koguchi |   Junya Hata |   Yuichi Sato |   Hidenori Akaihata |   Masao Kataoka |   
Soichiro Ogawa |   Yoshiyuki Kojima

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2021 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

Abbreviations: 2-DG, 2-deoxyglucose; Abi, abiraterone; AR, androgen receptor; AR V7, androgen receptor splice variant 7; Bcl, bicalutamide; cd-FBS, charcoal/dextran-treated FBS; 
CRPC, castration-resistant prostate cancer; DHT, dihydrotestosterone; Enz, enzalutamide; FDG, fluorodeoxyglucose; GLUT, glucose transporter; GR, glucocorticoid receptor; PCa, 
prostate cancer; Rit, ritonavir.

Department of Urology, Fukushima Medical 
University School of Medicine, Fukushima, 
Japan

Correspondence
Seiji Hoshi, Department of Urology, 
Fukushima Medical University School of 
Medicine, Fukushima, Japan.
Email: uro-hosi@fmu.ac.jp

Funding information
Japan Society for Promotion of Science, 
Grant/Award Number: JSPS KAKENHI 
19K18590.

Abstract
Enzalutamide (Enz) is a second-generation androgen receptor (AR) antagonist for 
castration-resistant prostate cancer (CRPC) therapy, and it prolongs survival time 
in these patients. However, during Enz treatment, CRPC patients usually acquire 
resistance to Enz and often show cross-resistance to other AR signaling inhibitors. 
Although glucocorticoid receptor (GR) is involved in this resistance, the role of GR 
has not yet been clarified. Here, we report that chronic Enz treatment induced GR-
mediated glucose transporter 4 (GLUT4) upregulation, and that upregulation was 
associated with resistance to Enz and other AR signaling inhibitors. Additionally, in-
hibition of GLUT4 suppressed cell proliferation in Enz-resistant prostate cancer cells, 
which recovered from Enz resistance and cross-resistance without changes in GR 
expression. Thus, a combination of Enz and a GLUT4 inhibitor could be useful in Enz-
resistant CRPC patients.
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upregulation has been identified as a driver of Enz resistance.6-8 
Activation of AR signals by GR binding to the AR gene,8,9 or acti-
vation of an AR-independent pathway by GR, could contribute to 
Enz-resistance6,8; however, the detailed mechanism of how GR-
regulated pathways contribute to Enz resistance has not yet been 
clarified.

In general, anticancer drug resistance is closely related to in-
creased metabolism of glucose10 as well as lipids and amino acids.11 
Although lipid and glutamine metabolism are considered to play an 
important role in the process by which PCa cells acquire resistance 
to anticancer agents,12-15 the role of glucose metabolism has re-
mained unclear.16-18 Cancer cells consume a lot of glucose in the pro-
cess of acquiring drug resistance,13,17 and GLUTs are expressed on 
cell surfaces to supplement the consumed glucose.19 Glucose trans-
porters are 12-transmembrane glucose transport proteins that have 
been reported to have 14 isoforms. In PCa, upregulation of GLUT1, 
3, 4, and 12 has been observed.16 Of these GLUTs, both GLUT1 and 
GLUT4 are related to AR signaling-dependent cell proliferation.16,20 
However, the detailed role of GLUTs in the process of acquiring drug 
resistance in PCa and CRPC has remained unknown.

In skeletal muscle and adipocytes, inhibition of GR suppresses 
GLUT4 expression and reduces glucose uptake from blood into mus-
cle and adipocytes.21,22 Hence, we considered that GLUT4 might be 
regulated by GR in PCa as in skeletal muscle and adipocytes, and 
GLUT4 might be involved in acquiring resistance to Enz. In this study, 
we established an Enz-resistant PCa cell line to examine changes in 
GR and GLUT4 expression during the process of acquiring Enz resis-
tance. Then we examined the relationship between GR and GLUT4 
and the underlying regulatory mechanism in the Enz-resistant cell 
line. Finally, we evaluated the effect of GLUT4 inhibition on recovery 
from resistance to Enz and other AR signaling inhibitors, and discuss 
a possible new therapeutic strategy in the treatment of CRPC.

2  | MATERIAL S AND METHODS

2.1 | Reagents and cell lines

Two human PCa cell lines, androgen-dependent LNCaP cells and 
androgen-independent PC-3 cells, were purchased from ATCC and 
were maintained in RPMI-1640 and Ham’s F-12 Nutrient Mixture 
Medium, respectively, supplemented with 10% cd-FBS to under-
take the experiments. A previous report showed that LNCaP cells 
produce testosterone, even in cd-FBS medium.23 In a preliminary 
study, prostate-specific antigen levels increased over time, even in 
cd-FBS medium (Figure S1). In addition, Enz and DHT + Enz treat-
ment significantly suppressed cell proliferation to the same levels 
in both FBS and cd-FBS media (Figure  S2). These results suggest 
that LNCaP cells produce testosterone even in cd-FBS medium, and 
that Enz suppresses the proliferation of LNCaP cells by inhibiting 
AR-mediated signaling, regardless of the kind of FBS medium and 
presence or absence of DHT treatment. The media and FBS were 
purchased from Thermo Fisher Scientific. All cell lines were grown 

at 37°C in a humidified 5% CO2 environment. The medium was 
changed every 2 days, and cultures were split once a week.

The AR signaling inhibitors Enz, Bcl (Tokyo Chemical Industry), 
and Abi (Chemscene), GR inhibitor RU486 (Cayman Chemical), and 
GLUT4 inhibitors Rit (Chemscene) and DHT (Cayman Chemical) were 
used. These drugs (Enz 10.0 µM, Bcl 10.0 µM, Abi 2.5 µM, RU486 
20 µM, Rit 2 µM, and DHT 10 nM) were given at doses corresponding 
to the plasma concentrations of the patients within each treatment.

2.2 | Establishment of Enz-resistant cell line

To establish an Enz-resistant cell line, LNCaP was first maintained 
in RPMI medium with 10% cd-FBS. After culturing for 1 week, cells 
were transferred to the above medium with 10.0 μM Enz and cul-
tured for at least 12 weeks.

2.3 | Cell viability assay

For the determination of cellular proliferation and viability, WST-1 
assays were carried out in 96-well plates using a Cell Proliferation 
Reagent (Roche Applied Science) according to the manufacturer’s 
protocol. Briefly, 1-7  days after the incubation of cells with DHT, 
Bcl, Enz, Abi, RU486, Rit, and siRNA, WST-1 reagent was added to 
each well and incubated for 1 hour at 37°C. Spectrophotometric ab-
sorbance of the samples was measured using a microplate reader 
(Varioskan Flash; Thermo Fisher Scientific) and compared against 
that of nontreated cells.

2.4 | cDNA construction and quantitative RT-PCR

cDNA construction was carried out using a SuperPrep Cell Lysis & 
RT Kit for qPCR (Toyobo) according to the manufacturer’s instruc-
tions at 24  hours after treatment. The PCR reagents for GLUT1 
(Hs00892681_m1), GLUT4 (Hs00168966_m1), AR (Hs00171172_
m1), and GR (Hs00230813_m1) were purchased from Applied 
Biosystems, and custom primers were used to amplify AR-V7, 
GLUT3, and GLUT12 (Table  S1). Quantitative RT-PCR was carried 
out using the PowerTrack SYBR Green Master Mix (Invitrogen) on a 
StepOne real-time PCR System (Applied Biosystems). The data were 
standardized against β-actin gene expression using β-actin control 
reagent (Applied Biosystems).

2.5 | Western blot analysis

At 24 or 72  hour after drug treatment, cells were lysed with 
RIPA buffer supplemented with protease inhibitors (Nacalai 
Tesque). Proteins from the LNCaP, LNEnzR, and PC3 cells were 
extracted and applied to SDS-PAGE. GLUT1 (ab15309), GLUT3 
(ab48547), GLUT4 (ab33780), GLUT12 (ab202908), AR (ab9474), 
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AR-V7 (ab19839), and GR (ab3579) were used as primary Abs. 
Anti-β-actin Ab (Sigma) was used as an internal control. Protein 
bands were visualized using SuperSignal West Dura Extended 
Duration Substrate (Thermo Fisher Scientific) and imaged with 
the ChemiDoc XRS plus system (Bio-Rad). Individual bands were 
quantified with Image Lab 3.0 software (Bio-Rad) and normalized 
against the control value.

2.6 | Small interfering RNA and transfection

We used Silencer Select Pre-Designed siRNA (Invitrogen), GR 
(s6186), GLUT4 (s12934, Table  S2), and the negative control 
(Silencer Select Negative Control No. 1 siRNA). For siRNA transfec-
tion, Lipofectamine RNAi MAX (Invitrogen) was used according to 
the manufacturer’s instructions. Briefly, 1 day prior to transfection, 
cells were seeded without antibiotics so as to be 60%-80% conflu-
ent at the time of transfection. The siRNA-Lipofectamine complexes 
were prepared by mixing an adequate concentration of siRNA oli-
gomer and Lipofectamine using Opti-MEM Medium (Gibco). The 
transfected cells were incubated at 37°C in a 5% CO2 incubator for 
24 hours until treatment.

2.7 | Flow cytometry

Cells were plated in 6-well plates at 1.0 × 106 cells/well for 24 hours 
to quantify GLUT1, GLUT3, GLUT4, and GLUT12 expression; we 
used immunofluorescence staining coupled with flow cytometry. 
Cells were detached with 0.25% trypsin (Invitrogen) and rinsed thor-
oughly in PBS with intermittent centrifugation. Cells were blocked 
for 10  minutes with PBS containing 10% normal goat serum and 
0.3  M glycine. Permeabilization was skipped to evaluate subcellu-
lar GLUTs. Cells were stained for 30 minutes with anti-GLUT1 Abs 
(ab15309), anti-GLUT3 Abs (ab15311), anti-GLUT4 Abs (ab48547), 
anti-GLUT12 Abs (ab202908), and control Ab (ab91366) at a final 
concentration of 1 mg/mL in PBS. The cells were rinsed with On-
chip T buffer (On-Chip Biotechnologies) and incubated with Alexa 
Fluor 488-conjugated anti-rabbit Abs (ab96879) and anti-mouse Abs 
(ab91366) diluted 1:500 in PBS, respectively. Fluorescence was meas-
ured at 488 nm using a flow cytometer (On-Chip Biotechnologies).

2.8 | Glucose uptake assay

The glucose uptake assay was carried out as described previously 
with minor modifications.24 Briefly, cells were treated with 1  mM 
2-DG for 20 minutes. The reaction was stopped by harvesting the 
cells and washing them three times with ice-cold PBS. After re-
moval of an aliquot for cell counting, the cell pellet was solubilized 
in 10 mM Tris-HCl (pH 7.4) by sonication (Bioruptor II; BM Bio), fol-
lowed by determination of the amount of 2-DG using a 2DG Uptake 
Measurement Kit (Cosmo Bio) according to the manufacturer’s 

instructions. Standardization of glucose concentration was accom-
plished by determining the protein concentration.

2.9 | Statistical analysis

Determination of cell proliferation, IC50, mRNA expression level, 
western blot analysis, and glucose uptake assays were repeated at 
least three times independently, and the results are expressed as 
the mean ± SE. Analyses were carried out with SPSS Statistics 21 
software (IBM Japan). Data were statistically evaluated using the 
unpaired two-tailed Student’s t test for two groups and one-way 
ANOVA for three groups, and values were considered statistically 
significant when P < .05.

3  | RESULTS

3.1 | Establishment of LNCaP-derived cell line with 
acquired resistance against Enz

We selected LNCaP cells, a high AR and low GR expression PCa 
cell line, and chronically treated them with 10 µM Enz for at least 
12  weeks. The surviving and proliferating resistant cells were 
pooled, maintained, and finally termed LNEnzR cells. LNEnzR cells 
were morphologically identical to LNCaP cells (Figure 1A).

A WST-1 assay was performed on LNCaP and LNEnzR cells ex-
posed to various concentrations of Enz, Abi, and Bcl. There was 
a clear reduction in cell viability of LNCaP and LNEnzR cells after 
Enz (Figure 1B), Abi (Figure 1C), and Bcl (Figure 1D) treatment, in a 
dose-dependent manner. Specifically, the IC50 values for Enz, Abi, 
and Bcl were 13.2 ± 6.2, 2.5 ± 1.0, and 15.5 ± 5.2 µM, respectively, 
for LNCaP cells, and 143.5 ± 21.3, 62.9 ± 12.5, and 75.5 ± 12.6 µM, 
respectively, for LNEnzR cells. The IC50 values obtained for Enz, Abi, 
and Bcl in LNEnzR cells were significantly larger than those in LNCaP 
cells (P < .01).

We examined the effect of Enz, Abi, and Bcl treatment on cell 
proliferation and glucose uptake in these cell lines. Treatment with 
DHT increased cell proliferation in LNCaP cells (P < .01), but not in 
LNEnzR cells. Treatment with Enz significantly suppressed cell prolif-
eration in LNCaP cells (P < .05), but not in LNEnzR cells. These results 
indicate that LNEnzR cells have acquired resistance to Enz. We also 
examined whether LNEnzR cells showed cross-resistance to other 
AR signaling inhibitors, that is, Abi or Bcl. As with Enz treatment, cell 
proliferation was suppressed significantly after Abi or Bcl treatment 
in LNCaP cells (P < .05), but not in LNEnzR cells (Figure 2A). These 
results indicate that LNEnzR cells not only have resistance to Enz, 
but are also cross-resistant to other AR signaling inhibitors, such as 
Abi and Bcl.

Glucose uptake in LNCaP cells was significantly increased by 
DHT treatment (P < .01) and decreased by Enz, Abi, and Bcl treat-
ment (P < .05). However, glucose uptake in LNEnzR cells was not 
affected by DHT, but it was significantly increased after Enz, Abi, 
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and Bcl treatment (P < .05; Figure 2B). These findings indicate that 
Enz, Abi, and Bcl treatment promotes glucose uptake by LNEnzR 
cells.

A question is how Abi, which suppressed the production of 
androgens by inhibiting CYP17A1, suppressed cell proliferation in 

LNCaP. A previous report showed that Abi inhibits AR signals by in-
hibiting intracellular testosterone metabolism in vitro.25 In a prelim-
inary study, we examined cell proliferation in LNCaP cells exposed 
to various concentrations of Abi. As shown in Figure S3, although 
Abi suppressed cell proliferation in a dose-dependent manner, Abi 

F I G U R E  1   Evaluation of cell morphology and resistance to enzalutamide (Enz) and other androgen receptor signaling inhibitors in LNCaP-
derived Enz-resistant LNEnzR cells. A, Morphological comparison between LNCaP cells and LNEnzR cells in a 40× field of view under an 
inverted microscope. B-D, Proliferation of these cells under various concentrations of Enz (B), abiraterone (Abi) (C), and bicalutamide (Bcl) (D) 
(WST-1 assay)

F I G U R E  2   Effects of dihydrotestosterone (DHT), enzalutamide (Enz), abiraterone (Abi), and bicalutamide (Bcl) on cell proliferation and 
glucose uptake in LNCaP and LNEnzR cells
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treatment plus siRNA-induced AR knockdown did not show the 
same dose-dependent reduction in cell proliferation as Abi alone. 
These results indicate that both Abi and Enz have an antiproliferative 
effect that is related to the inhibition of the AR signal and intracel-
lular testosterone synthesis and production in LNCaP cells, even in 
a cd-FBS medium.

3.2 | Alteration of AR and GR expression levels in 
LNEnzR cells

We compared AR and GR expression levels between LNCaP and 
LNEnzR cells to examine whether AR and GR expression levels 
changed in the process of acquiring resistance to Enz. Compared to 
LNCaP cells, LNEnzR cells showed statistically significant decreases 
in AR expression (P < .05) and increases in GR expression (P < .01) at 
the mRNA and protein levels (Figure 3). Chronic exposure to Enz up-
regulated GR expression, as described in previous reports.6,8,18 We 
also examined the expression level of AR-V7 in these cells and found 
that AR-V7 mRNA and protein expression was not observed in either 
cell line (data not shown).

Next, we examined the changes in AR expression levels in these 
cell lines due to AR stimulation by DHT and AR signal inhibition by 
Enz (Figure  4A,B,E). Androgen receptor mRNA expression levels 
were significantly reduced by DHT, Enz, and DHT + Enz treatment 
in LNCaP cells (P  <  .05). Androgen receptor/protein levels were 
significantly increased by DHT treatment and reduced by Enz and 
DHT + Enz treatment in LNCaP cells (P < .05). However, significant 
changes in AR mRNA and protein expression levels in response to 
the administration of these drugs were not observed in LNEnzR 
cells. These results indicate that LNEnzR cells lost the AR reactivity 
that was observed in LNCaP cells after DHT and Enz treatment. We 
also examined the changes in GR expression levels in these cell lines 
due to DHT and Enz treatment. In LNCaP cells, the GR expression 
level was not significantly changed by DHT, Enz, or DHT + Enz treat-
ment, whereas in LNEnzR cells, it was significantly increased by Enz 
and DHT + Enz (P < .01), but not by DHT treatment (Figure 4C,D,E). 

These results suggest that in LNEnzR cells, which have high GR 
expression levels, Enz and Abi treatment increases GR expression 
levels.

3.3 | Alterations of GLUT1, GLUT3, GLUT4, and 
GLUT12 expression levels in LNEnzR cells

As a previous study reported that upregulation of GLUT1, 3, 4, and 
12 has been observed in PCa,16 we compared the expression levels 
between LNCaP and LNEnzR cells. No statistically significant differ-
ence in GLUT1, GLUT3, or GLUT12 mRNA and protein levels was 
observed between the two cell lines; however, significantly higher 
levels of GLUT4 expression were observed in LNEnzR cells com-
pared to LNCaP cells (P <  .01; Figure 5A,B,C). To evaluate the ex-
pression of activated GLUT1, GLUT3, GLUT4, and GLUT12 proteins 
on the cell surface, we carried out flow cytometry using LNCaP and 
LNEnzR cells. Although there were no significant differences among 
GLUT1, GLUT3, and GLUT12 expression levels at the cell surface 
in either cell line, GLUT4 expression levels at the cell surface were 
significantly higher in LNEnzR cells than in LNCaP cells (P  <  .05; 
Figure  5D-G). These results indicate that chronic Enz treatment 
not only induces increased expression, but also activates GLUT4 
expression.

To evaluate the effect of androgen stimulation and inhibition 
on GLUT1 and GLUT4 expression, both of which are related to AR 
signaling-dependent cell proliferation,16,20 we examined changes 
in GLUT1 and GLUT4 expression levels after DHT and Enz treat-
ment in LNCaP and LNEnzR cell lines (Figure  6). In androgen-
dependent LNCaP cells, AR stimulation by DHT significantly 
increased GLUT1 and GLUT4 expression levels (P <  .01), but Enz 
and DHT  +  Enz suppressed these expression levels (P  <  .05). 
Conversely, in LNEnzR cells, which lose the AR reactivity ob-
served in LNCaP cells and have high GR expression, DHT treat-
ment did not change GLUT1 or GLUT4 expression levels, but Enz 
and DHT  +  Enz did increase GLUT4 expression levels (P  <  .01). 
These findings showed that in LNEnzR cells, which originally had 

F I G U R E  3   Expression analysis of androgen receptor (AR) and glucocorticoid receptor (GR) in LNCaP and LNEnzR cells. The mRNA and 
protein expression levels of AR and GR were analyzed by quantitative RT-PCR (A) and western blotting (B, C), respectively
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F I G U R E  4   Effects of dihydrotestosterone (DHT) and/or enzalutamide (Enz) treatment on androgen receptor (AR) and glucocorticoid 
receptor (GR) expression in LNCaP and LNEnzR cells. The mRNA (A, C) and protein levels (B, D, E) for AR (A, B, E) and GR (C-E) were 
analyzed by quantitative RT-PCR and western blotting, respectively

F I G U R E  5   Expression analysis of glucose transporter (GLUT)1, GLUT3, GLUT4, and GLUT12 in LNCaP cells and LNEnzR cells. A-C, 
Analysis of mRNA (A) and protein levels (B, C) for GLUT1, GLUT3, GLUT4, and GLUT12 by quantitative RT-PCR and western blotting in both 
cells. D-G, Expression of GLUT1 (D), GLUT3 (E), GLUT4 (F), and GLUT12 (G) on the surface of both cell lines was analyzed by flow cytometry
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high GLUT4 expression levels, Enz treatment promotes further in-
creases in GLUT4 expression.

3.4 | Effects of GR and GLUT4 inhibition on cell 
proliferation in PC3 cells with negative AR expression, 
but positive GR expression

As shown above, both GR and GLUT4 were upregulated in LNEnzR 
cells. To assess the correlation between GR and GLUT4 in GR-positive 
PCa cells, we examined the change in GR and GLUT4 expression lev-
els by GR and GLUT4 inhibition in PC3 cells. As it was possible that 
the expression of GLUT4 would be influenced by AR signals, we first 
utilized PC3 cells, which are characterized by negative AR but positive 
GR expression. Both siRNA-induced GR knockdown and treatment 
with the GR inhibitor RU486 significantly decreased GR and GLUT4 
expression at the mRNA and protein levels, whereas siRNA-induced 
GLUT4 knockdown and treatment with the GLUT4 inhibitor Rit de-
creased only GLUT4 expression without changing GR expression 
(Figure  7A-C). These results indicate that GR regulated GLUT4 ex-
pression, but GR expression was not influenced by GLUT4 inhibition.

We used WST-1 assays to evaluate the effect of GR and GLUT4 
inhibition on cell proliferation. The siRNA-induced GR and GLUT4 
knockdown and treatment with a GLUT4 inhibitor significantly 
reduced cell proliferation at 3, 5, and 7 days after treatment com-
pared to controls (P < .01). Treatment with GR inhibitor significantly 
reduced cell proliferation at 5 (P <  .05) and 7 days (P <  .01) after 
treatment compared to the control (Figure 7D). We also undertook 

glucose uptake assays to evaluate the changes in glucose uptake 
by GR and GLUT4 inhibition. The siRNA-induced GR and GLUT4 
knockdown, as well as treatment with GR and GLUT4 inhibitors, 
significantly reduced cellular glucose uptake compared to controls 
(Figure 7E; P < .05). These results indicate that GR regulated GLUT4 
expression independently of AR signals, and that GR and GLUT4 in-
hibition reduced cell proliferation and glucose uptake.

3.5 | Effects of GR and GLUT4 inhibition on cell 
proliferation and glucose uptake in LNEnzR cells

To evaluate whether GR and GLUT4 inhibition influenced the prolif-
eration and glucose uptake of LNCaP cells, which have low GR ex-
pression levels, and LNEnzR cells, which have high GR expression 
levels, we carried out siRNA-induced GR and GLUT4 knockdown 
and treatment with GR and GLUT4 inhibitor on these cell lines, and 
measured cell proliferation by a WST-1 assay and glucose uptake by a 
glucose uptake assay. The siRNA-induced GR knockdown and treat-
ment with the GR inhibitor RU486 did not reduce cell proliferation 
or glucose uptake in LNCaP cells, whereas siRNA-induced GLUT4 
knockdown and treatment with the GLUT4 inhibitor Rit signifi-
cantly reduced cell proliferation and glucose uptake in this cell line 
(Figure 8). These results indicated that GR inhibition did not reduce 
cell proliferation or glucose uptake in LNCaP cells, because LNCaP 
cells have low GR expression, but GLUT4 inhibition reduced cell pro-
liferation by inhibiting glucose uptake in this cell line. In contrast, 
siRNA-induced GR and GLUT4 knockdown, and treatment with the 

F I G U R E  6   Effects of dihydrotestosterone (DHT) and/or enzalutamide (Enz) treatment on glucose transporter (GLUT)1 and GLUT4 
expression in LNCaP and LNEnzR cells. mRNA (A, C) and protein levels (B, D, E) of GLUT1 (A, B, E) and GLUT4 (C-E) were analyzed by 
quantitative RT-PCR and western blotting in both cell lines
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GLUT4 inhibitor Rit, reduced cell proliferation and glucose uptake 
(P <  .05); however, treatment with the GR inhibitor RU486 signifi-
cantly promoted cell proliferation and glucose uptake in LNEnzR 
cells, which have high levels of GR expression (P  <  .01, Figure  8). 
As described above, RU486 significantly decreased the proliferation 
of PC3 cells. Completely opposite results were observed in LNEnzR 
cells, which are AR positive and have high levels of GR expression, 
and PC3 cells, which are AR negative and GR positive.

We evaluated whether the changes in cell proliferation by GR and 
GLUT4 inhibition resulted from changes in GR and GLUT4 expression. 
We examined the changes not only of GLUT4, but also of GLUT1 ex-
pression, because it is possible that GR and GLUT4 inhibition could 
induce changes in GLUT1 expression. In LNCaP cells, siRNA-induced 
GR knockdown significantly decreased GR expression (P <  .05), but 
use of the GR inhibitor RU486 did not change GR expression at the 
mRNA and protein levels. Neither siRNA-induced GR knockdown nor 
the GR inhibitor influenced GLUT1 or GLUT4 expression levels in 
this cell line. Both siRNA-induced GLUT4 knockdown and treatment 
with the GLUT4 inhibitor Rit significantly decreased GLUT4 expres-
sion without changing GR or GLUT1 expression levels in this cell line 
(P < .01; Figure 9A,B,E). These results indicate that GR and GLUT4 do 

not regulate each other in AR signaling-dependent or GR signaling-
independent LNCaP cells. In contrast, in LNEnzR cells, siRNA-induced 
GR knockdown decreased both GR (P < .01) and GLUT4 expression 
(P < .05) at the mRNA and protein levels without changing the GLUT1 
expression level. In addition, GLUT4 knockdown and the GLUT4 in-
hibitor Rit significantly decreased GLUT4 expression levels without 
changing GR or GLUT1 expression levels (P < .01). These results in-
dicate that GR regulated GLUT4 expression, and that, like PC3 cells, 
GR expression was not influenced by GLUT4 inhibition in LNEnzR 
cells. The GR inhibitor RU486 significantly increased GR and GLUT4 
expression levels (P <  .01; Figure 9C,D,E). As described above, GR 
inhibitor significantly decreased both GR and GLUT4 expression at 
the mRNA and protein levels in PC3 cells. Thus, completely opposite 
results were observed between LNEnzR and PC3 cells.

3.6 | Inhibition of GR and GLUT4 improves 
resistance to antiandrogens in LNEnzR cells

To evaluate whether the inhibition of GR and GLUT4 can increase 
drug resistance to AR signaling inhibitors in LNEnzR cells, we used 

F I G U R E  7   Effects of glucocorticoid receptor (GR) and glucose transporter (GLUT)4 inhibition on GR and GLUT4 expression, cell 
proliferation, and glucose uptake in PC3, the androgen receptor-negative and GR-positive prostate cancer cell line. A-C, GR and GLUT4 
mRNA (A) and protein expression (B, C) levels under siRNA control (si control), siRNA-induced GR (siGR), or GLUT4 (siGLUT4) knockdown, 
and treatment with the GR inhibitor RU486 or the GLUT4 inhibitor ritonavir (Rit) in PC3 cells. D, E, WST-1 assay (D) and glucose uptake assay 
(E) were carried out in PC3 cells after treatment with these drugs
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WST-1 assays to examine the effect of Enz or Abi treatment on cell 
proliferation when GR and GLUT4 are inhibited. Although treatment 
with Enz or Abi alone did not reduce cell proliferation, treatment 
with Enz or Abi combined with GR or GLUT4 inhibition, such as by 
siRNA-induced GR or GLUT4 knockdown or by a GLUT4 inhibitor, 

significantly reduced cell proliferation (P  <  .01). These reductions 
were significantly larger than GR or GLUT4 inhibition alone (P < .05; 
Figure 10). These results suggest that GR-mediated GLUT4 upregu-
lation contributes to resistance to Enz in PCa cells, and that GR and 
GLUT4 inhibition can improve the resistance.

F I G U R E  8   Effects of glucocorticoid receptor (GR) and glucose transporter (GLUT)4 inhibition on cell proliferation and glucose uptake in 
LNCaP and LNEnzR cells. Cell proliferation (A) and glucose uptake (B) under siRNA control (si control), siRNA-induced GR (siGR) or GLUT4 
(siGLUT4) knockdown and treatment with the GR inhibitor RU486 or the GLUT4 inhibitor ritonavir (Rit)

F I G U R E  9   Effects of glucocorticoid receptor (GR) and glucose transporter (GLUT)4 inhibition on GR and GLUT expression in LNCaP (A, 
B) and LNEnzR (C, D) cells. mRNA (A, C) and protein (B-E) expression levels for GR, GLUT1, and GLUT4 under siRNA-induced GR (siGR) or 
GLUT4 (siGLUT4) knockdown and treatment with the GR inhibitor RU486 or GLUT4 inhibitor ritonavir (Rit) were analyzed by quantitative 
RT-PCR and western blotting, respectively
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4  | DISCUSSION

In this study, for the first time, we showed that GR-mediated GLUT4 
upregulation was involved in Enz resistance and cross-resistance 
in PCa treatment, and that GLUT4 inhibition improved resistance. 
Although it has been reported that GR is upregulated as a bypass 
for AR signal inhibition by Enz, no reports have shown that GLUT4 is 
regulated by GR or can contribute to acquiring resistance to Enz and 
other AR signaling inhibitors.

Previous reports have shown that the expression of GR changes 
during PCa treatment.6,8,26 The expression levels of GR in untreated 
PCa cells is lower than in normal prostate cells, and in the process 
of acquiring resistance to second-generation antiandrogens (Enz and 
Abi), GR expression increases inversely with AR expression.8 In ad-
dition, the upregulation of GR enhances the expression of KLK3 and 
FKBP5, which are androgen-responsive genes, and SGK1, which is a 
glucocorticoid-responsive gene, and might contribute to the acquisi-
tion of resistance to AR signaling inhibitors.6 FKBP5 and SGK1 are in-
volved in the expression and activation of GLUT1 and GLUT4 through 
the PIK3 pathway and AMPK pathway.27-30 In this study, we showed 
that GR and GLUT4 were upregulated in LNEnzR cells, but not GLUT1. 
As activation of the PIK3 and AMPK pathways due to upregulation 
of FKBP5 and SGK1 influences both GLUT1 and GLUT4 expression, 
29-31 the upregulation of GLUT4 expression without alteration of 
GLUT1 expression might not be mediated only by these pathways 
when acquiring Enz resistance. Previous reports have shown that the 
functions of GLUT1 and GLUT4 in PCa cells depend on whether the 
cells are androgen dependent or independent,20,32 and also that the 
expression of GLUT1 is lower and the expression of GLUT4 is higher 
in androgen-independent PCa cells than in androgen-dependent PCa 

cells.20 Their findings suggest that GLUT4 could play a more signif-
icant role than GLUT1 in androgen-independent PCa cells, such as 
Enz-resistant cells. In this study, we also found that GLUT4, which was 
regulated by GR, was involved in Enz resistance and cross-resistance 
in LNEnzR cells. Therefore, GLUT4 might be regulated by GR through 
a different pathway from GLUT1 regulation in Enz resistance and 
cross-resistance in PCa cells; however, the detailed mechanism and 
pathway by which GR mediates GLUT4 to confer resistance remains 
unknown, and further study is needed.

In our study, although treatment with Enz or Abi alone did not re-
duce cell proliferation, Enz or Abi combined with GR or GLUT4 inhi-
bition significantly reduced cell proliferation. These reductions were 
significantly larger than those for GR or GLUT4 inhibition alone. 
These findings showed that GR and GLUT4 inhibition can improve 
the resistance of LNEnzR cells to Enz or Abi. Here, we hypothesize 
how GR or GLUT4 inhibition facilitated the recovery of sensitivity 
to Enz or Abi in LNEnzR cells. Briefly, although AR expression lev-
els were low in LNEnzR cells, expression still occurred and was not 
changed by GR or GLUT4 inhibition (Figure S4). Consequently, Enz 
could still have potential to inhibit cell proliferation through AR in 
LNEnzR cells. However, this potential could be masked by Enz treat-
ment, because Enz markedly increased cell proliferation in LNEnzR 
cells, which in turn showed higher levels of GR expression, increasing 
GLUT4 expression and activating glucose uptake. However, treat-
ment with Enz combined with GR or GLUT4 inhibition improved 
resistance to Enz, possibly because GR and GLUT4 inhibition could 
unmask the potential of Enz to inhibit cell proliferation through AR 
in LNEnzR cells. Further studies are required to better clarify these 
mechanisms.

In our study, there was discrepancy in the effects on cell prolifer-
ation for LNEnzR cells between siRNA-induced GR knockdown and 
treatment with the GR inhibitor RU486; siRNA-induced GR knock-
down suppressed cell proliferation, but the GR inhibitor promoted 
it. Several reasons should be considered to explain this discrepancy. 
First, RU486 treatment of LNEnzR cells, like Enz, induced GR upreg-
ulation as it has antiandrogenic effects. Second, GR inhibitors can 
possibly induce iatrogenic tumor proliferation because of receptor-
to-receptor interactions caused by structural similarities between 
AR and GR, 33-35 the suppression of tumor immunity,33 and activa-
tion of the p53 gene by therapeutic modification.36,37 Third, RU486 
does not have sufficient inhibitory activity.38 As siRNA-induced GR 
knockdown could suppress cell proliferation in LNEnzR cells, suf-
ficient inhibition of GR with a highly selective GR inhibitor, which 
is in development,39 might be able to suppress cell proliferation in 
LNEnzR cells. Fourth, the effects of RU486 on cell proliferation 
depend on the AR and GR expression levels, which were different 
among the three cell lines, PC3, LNCaP, and LNEnzR; RU486 treat-
ment reduced cell proliferation in PC3 cells, did not change cell pro-
liferation in LNCaP cells, and promoted cell proliferation in LNEnzR 
cells. These differences could have been caused by the different ex-
pression levels of AR and GR in these cells.

Our study could have clinical significance for the treatment 
of patients with CRPC. First, GR expression in PCa cells might be 

F I G U R E  1 0   Effects of glucocorticoid receptor (GR) and glucose 
transporter (GLUT)4 inhibition on drug resistance to enzalutamide 
(Enz) and abiraterone (Abi) in LNEnzR cells. WST-1 assay was used 
to evaluate the effect of Enz or Abi treatment with or without 
siRNA-induced GR (siGR) or GLUT4 (siGLUT4) knockdown or the 
GLUT4 inhibitor ritonavir (Rit) on cell proliferation
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increased in some CRPC patients with resistance to Enz and other 
AR signaling inhibitors, and GLUT4 inhibition might mitigate re-
sistance to them in CRPC patients with increased GR expression. 
Second, although GR is a classic therapeutic target for CRPC, the 
therapeutic effect of the GR inhibitor RU486 was limited,40 as de-
scribed above. As GLUT4 inhibition did not affect GR expression, 
a GLUT4 inhibitor could provide good therapeutic effects without 
the iatrogenic cancer cell proliferation induced by GR inhibitors in 
some CRPC patients. Third, in our study, the expression of GLUT4 
increased in the process of acquiring resistance to Enz and AR signal-
ing inhibitors, and its inhibition mitigated the resistance. Therefore, 
the GLUT4 expression level, regardless of the GR expression level, 
could be a predictor for the therapeutic effect not only of Enz, but 
also of other AR signaling inhibitors. In general, glucose is the pri-
mary substrate for energy metabolism in tissues, and a continuous 
supply of glucose is required for cells to function. Thus, glucose 
utilization measured using FDG-PET has become an established 
method for quantifying local functional activity in brain, heart, and 
most cancers. 2-Deoxy-D-glucose is a glucose analog that utilizes 
the GLUTs, including GLUT4, for entry into the cell. The kinetics of 
2-DG are similar to those of FDG. As PCa cells have low expres-
sion levels of GLUT1, FDG-PET is not well suited for the detection 
of PCa. However, FDG-PET could potentially be used to evaluate 
the expression of GLUT4,41 which could then be used to predict the 
therapeutic effect of AR signaling inhibitors in PCa in actual clinical 
settings.

Glucose transporter 4 is an insulin-sensitive GLUT that facilitates 
insulin-stimulated glucose uptake in adipose tissue, skeletal muscle, 
and cardiac tissues.42,43 As GLUT4 expression is low in the central 
nervous system and most organs except the heart, GLUT4 inhibitors 
might lead to fewer fatal complications than GLUT1 inhibitors, as 
GLUT1 is expressed in many important organs. In fact, the GLUT4 
inhibitor Rit is actually used for patients with AIDS due to HIV in-
fection, and it rarely induces fatal complications.44,45 Additionally, a 
clinical trial using GLUT4-selective inhibitors for patients with mel-
anoma has been reported.46 Combination therapy with AR signaling 
inhibitors, including Enz and a GLUT4 inhibitor, could be a new ther-
apeutic strategy for patients with CRPC.

There are several limitations to our study. First, we did not con-
sider the effects of AR signals in the process of acquiring resistance 
to AR signaling inhibitors in our cell lines. In patients with CRPC, 
AR and GR interact with each other to control tumor survival and 
proliferation;8 however, as AR expression is low in the cell line used 
in this study, it is unclear whether GR or GLUT inhibition is effec-
tive under the presence of AR expression and AR-GR interaction. 
Second, the assessment of GLUT4 expression in patients with PCa 
is difficult because the expression can be changed by the effects of 
insulin, insulin-like proliferation factors, and testosterone. Third, we 
did not show how glucose uptake was involved in Enz resistance or 
how GR regulates GLUT4. Finally, this is an in vitro study; detailed 
mechanisms will be clarified by in vivo studies or clinical samples 
compatible with Enz-resistant conditions. Further study will be 

needed to establish a method for evaluating the expression of GR 
and GLUT4 in vivo.

In conclusion, GR-mediated GLUT4 upregulation by chronic 
Enz treatment could be involved in Enz resistance as well as cross-
resistance to other AR signaling inhibitors. The inhibition of GLUT4 
suppressed the proliferation of Enz-resistant PCa cells without 
changing GR expression, and recovered Enz resistance and cross-
resistance. Our study could provide a new therapeutic strategy for 
Enz-resistant CRPC patients in the future.
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