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Abstract 

Introduction  Dysregulated androgen receptor (AR) activity is central to various diseases, particularly prostate cancer 
(PCa), in which it drives tumour initiation and progression. Consequently, antagonising AR activity via anti-androgens 
is an indispensable treatment option for metastatic PCa. However, despite initial tumour remission, drug resistance 
occurs. Therefore, the AR signalling pathway has been intensively investigated. However, the role of AR protein stabil‑
ity in AR signalling and therapy resistance has not yet been deciphered. Therefore, this study aimed to investigate 
the role of AR protein changes in transactivity and assess its mechanism as a possible target in PCa.

Methods  LNCaP, C4-2, and 22Rv1 cells were treated with R1881, enzalutamide, cycloheximide, and Rocaglamide. 
Mass spectrometry analyses were performed on LNCaP cells to identify the pathways enriched by the treatments. 
Western blotting was performed to investigate AR protein levels and localisation changes. Changes in AR transactivity 
were determined by qPCR.

Results  Mass spectrometry analyses were performed on LNCaP cells to decipher the molecular mechanisms underly‑
ing androgen- and antiandrogen-induced alterations in the AR protein. Pathway analysis revealed the enrichment 
of proteins involved in different pathways that regulate translation. Translational and proteasome inhibitor experi‑
ments revealed that these AR protein changes were attributable to modifications in translational activity. Interestingly, 
the effects on AR protein levels in castration-resistant PCa (CRPC) cells C4-2 or enzalutamide-resistant cells 22Rv1 were 
less prominent and non-existent. This outcome was similarly observed in the alteration of AR transactivation, which 
was suppressed in hormone-sensitive prostate cancer (HSPC) LNCaP cells by translational inhibition, akin to the effect 
of enzalutamide. In contrast, treatment-resistant cell lines showed only a slight change in AR transcription.

Conclusion  This study suggests that in HSPC, AR activation triggers a signalling cascade that increases AR protein 
levels by enhancing its translation rate, thereby amplifying AR activity. However, this mechanism appears to be dys‑
regulated in castration-resistant PCa cells.
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Background
The androgen receptor (AR), also known as "nuclear 
receptor superfamily 3 group C number 4", is a ligand-
dependent transcription factor belonging to the nuclear 
receptor protein superfamily [1, 2]. The AR has a molec-
ular weight of 110–114 kDa, consists of 910–919 amino 
acids, and is encoded on the X chromosome (Xq11.2–
q12) with 8 exons [3]. The AR mediates the biological 
effects of androgens, including dehydroepiandrosterone, 
androstenedione, androstenediol, androsterone, testos-
terone, and dihydrotestosterone. The central role of the 
AR is in the differentiation of luminal prostate epithe-
lial cells and the regulation of gene expression necessary 
for prostate function, growth, and survival [4]. Beyond 
its role in the prostate, the AR is crucial for maintain-
ing muscle, bone, and adipose tissue [5]. In addition to 
its role in the development of prostate tissue, the AR can 
also be involved in the pathogenesis of various diseases. 
These include androgen insensitivity syndrome, spinal 
and bulbar muscular atrophy, hypogonadism, and benign 
prostatic hyperplasia (BPH) [6, 7]. Moreover, AR is criti-
cal for the development, progression, and treatment of 
prostate cancer (PCa) [3, 8].

In its inactive state, the AR binds to heat shock pro-
tein (HSP)s in the cytoplasm. The binding of androgens 
induces a conformational change in the AR, leading to 
hyperphosphorylation and the subsequent release of acti-
vated AR from the HSPs [1, 3]. The activated AR then 
translocates to the nucleus, where the AR-ligand complex 
dimerises, associates with co-activators, and binds to 
specific androgen response elements (ARE) on the DNA 
[1, 3, 9, 10]. This binding to the ARE enables direct inter-
action with the target gene promoter regions.

Several non-DNA binding-dependent AR actions have 
been described. These actions are commonly called ’non-
genomic,’ ’non-classical,’ or ’non-canonical’ AR signalling 
[5, 11]. The activation of secondary messenger pathways, 
including ERK, Akt, and MAPK, has been observed 
in  vitro [5]. Moreover, androgen treatment increased 
AR protein synthesis in PCa cell lines [12]. These effects 
occur within seconds to minutes of androgen treatment, 
indicating that they are too rapid to be attributed to the 
DNA binding of AR and regulation of the transcription 
and translation of target genes.

The AR plays a crucial role in PCa, a leading cause 
of cancer-related deaths in men [13]. Dysregulated 
AR activity in PCa drives tumour initiation, growth, 
and progression [14]. Therefore, targeting AR activity 
through androgen deprivation therapy or anti-andro-
gens (AA, e.g., enzalutamide) has become a vital treat-
ment approach for managing metastatic PCa, offering a 
promising strategy to address this aggressive and often 
deadly disease [15]. Despite an initial period of efficacy, 

anti-androgens are only effective for a limited duration, 
with the emergence of resistance to therapy and tumour 
recurrence [14, 16]. Although several molecular adap-
tations have been identified, the underlying resistance 
mechanisms remain poorly understood. These include 
the AR amplification and mutation and the AR protein’s 
increased stability. In  vitro data has demonstrated that 
cells treated with anti-androgens exhibit reduced AR 
protein levels [17]. The antiandrogen-mediated change 
in AR protein levels commences as early as two hours 
after treatment. The extent of the AR protein change 
correlates with the AR activity and cell viability change. 
Consequently, AR protein stabilisation contributes to 
developing resistance to PCa therapy. Therefore, this 
study aimed to investigate the role of AR protein changes 
in transactivity and assess their mechanism as a possible 
target in PCa.

Materials and methods
Chemicals
The chemicals listed in Supplementary Table 1 were used 
at concentrations, as indicated in the results section and 
figure legends.

Cell culture
The human PCa cell lines LNCaP and 22Rv1 were 
obtained from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). C4-2 cells were kindly 
provided by Prof. Thalmann (University of Berne, Swit-
zerland) [18]. Dr A. Cato (University of Karlsruhe, 
Karlsruhe, Germany) provided the cell line LAPC4. 
LNCaP, C4-2, and LAPC4 cells were cultured as 
described previously [19]. 22Rv1 cells were cultured in 
RPMI1640 (Cat#  52,400–025, Thermo Fisher Scientific, 
Dreieich, Germany) with 10% fetal bovine serum (FBS, 
Cat#  10,270,106, Thermo Fisher Scientific, Dreieich, 
Germany). Mycoplasma testing was routinely performed 
using the Mycoalert Detection Assay (Cat#  LT07-318; 
Lonza, Basel, Switzerland). Cell line authentication was 
performed yearly using STR profiling.

Live cell count
For cell counting, the Muse Count & Viability Assay Kit 
(Cat#  MCH600103, Luminex Corp, Austin, TX, USA) 
was used according to the manufacturer’s instructions 
and analysed using a Muse Cell Analyzer (Luminex 
Corp).

Lentiviral transduction
For nuclei counting using the IncuCyte S3 live-cell imag-
ing system, the cell lines were stably transduced with 
mKATE2-NLS. Lentiviral production was performed 
as described, and cells were subsequently selected with 
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Blasticidin (10  µg/mL) [20]. The percentage of positive 
cells was determined using a Compact Fluorescence 
Microscope BZ-X800E (Keyence, Osaka, Japan) and ana-
lysed using BZ-X800 analysis software (Keyence).

Proliferation assay with the IncuCyte S3 live cell analysis 
system
Cell proliferation was measured by mKATE2 labelled 
nuclei counting and confluence determination using the 
IncuCyte S3 Live-Cell Imaging System (Sartorius AG, 
Goettingen, Germany). The cells were seeded in 96-well 
clear flat-bottom plates (Cat# 3596, Corning GmbH, Kai-
serslautern, Germany) and incubated overnight at 37  °C 
with 5% CO2. Subsequently, cells were starved overnight 
in RPMI1640 (Thermo Fisher Scientific) without FBS. 
Subsequently, the plates were treated and placed into 
the IncuCyte S3 Live-Cell Imaging System live imag-
ing system (Sartorius AG) and scanned every 6 h. Con-
fluence and cell number were analysed using IncuCyte 
2023C analysis software (Sartorius AG) by measuring 
the growth area or counting the mKATE2 labelled nuclei. 
Cell proliferation was expressed as increased cell conflu-
ence or number compared to the first scan time point or 
as an x-fold of DMSO-treated controls.

Western blot
Cell harvesting, protein determination, and western blot-
ting were performed as described earlier [19]. Revert 520 
Total Protein Stain Kit (Cat#  926-10016, LI-COR Bio-
sciences, Lincoln, USA) was used for normalisation. 
Chameleon® Duo Pre-stained Protein Ladder (Cat# 928-
60000, LI-COR Biosciences) was used for molecular 
weight estimation. Signals were acquired using an Odys-
sey M (LI-COR Biosciences). The uncropped western 
blot images are shown in the supplementary files. Den-
sitometric analysis was performed using the Empiria 
Studio 3.2 (LI-COR Biosciences) and normalised to total 
protein. Supplementary Table  2 lists all the antibodies 
used, including their company name and the dilutions 
applied. Uncropped western blot images are displayed in 
the supplement figures.

Total RNA isolation, cDNA synthesis, and quantitative 
real‑time PCR (qPCR)
According to the manufacturer’s instructions, total 
RNA was isolated using the DIRECT-ZOL RNA 
MINIPREP (Cat#  R2052, Zymo Research, Freiburg, 
Germany). Superscript II RNase H Reverse Tran-
scriptase kit (Cat#  18064071, Thermo Fisher Scien-
tific) or iScript™ Reverse Transcription Supermix 
(Cat#  1708841, Bio-Rad Laboratories GmbH, Feld-
kirchen, Germany) were used for cDNA synthesis 
with 500  ng total RNA. qPCR was performed on a 

CFX Opus 96 Real-Time PCR System (Cat# 12011319, 
Bio-Rad Laboratories GmbH) using the SsoAdvanced 
Universal Probes Supermix (Cat#  1725282, Bio-Rad 
Laboratories GmbH). The CFX Maestro software 2.0 
(Bio-Rad Laboratories GmbH) was used to determine 
cycle threshold (Ct) values by the regression method. 
Delta (Δ)Ct = CtGOI-CtHousekeeper values were calcu-
lated and expressed as relative mRNA expression (2−

ΔCt) or relative changes in gene expression (2−ΔΔCt) 
[21, 22]. Following primer assays have been used: AR 
(Cat#  4,351,370, Hs00171172_m1, Thermo Fisher Sci-
entific), PSA/KLK3 (Cat#  4,351,370, Hs02576345_m1, 
Thermo Fisher Scientific), HPRT1 (Cat#  10,031,231, 
Bio-Rad Laboratories GmbH).

Data preparation, imputation, overrepresentation 
analysis (ORA), and gene set enrichment analysis (GSEA) 
of the mass spectrometry data
Cells were lysed using RIPA buffer for Mass Spectrom-
etry, and the protein concentration was determined 
as described previously [23, 24]. Lysis buffer (10% SDS, 
100  mM TEAB, pH 8.5) was added to the samples at a 
ratio of 1:1. The core facility "Mass Spectrometry and 
Proteomics TU Dresden" processed and normalised the 
samples as previously described [25, 26]. Further analy-
ses were performed using R v4.4.1 and R Studio [27, 28]. 
For further analysis, the gene names were separated and 
filtered for missing values, and duplicated genes were 
excluded. The imputation was performed using the miss-
Forest package [29]. Imputed data were processed using 
the limma package, which uses moderated t-statistics 
and Benjamin–Hochberg multiple analysis correction 
[30]. To explore the data, Volcano Plots were computed, 
which visualised significantly downregulated genes with 
a p value of < 0.05, a logFC of < 0, or significantly upreg-
ulated genes with a p value of < 0.05, and a logFC of > 0. 
For GSEA, all differentially expressed genes were ranked 
according to sign(logFC) × log10(adjusted p value) and 
sorted in descending order. Gene symbols were converted 
to Entrez IDs using clusterProfiler’s bitr function [31, 32]. 
This ranked list was processed by the ReactomePA using 
the function gsePathway with the parameter by = ’fgsea’ 
[33, 34]. Pathways with an adjusted p value < 0.05 were 
considered significant. Afterwards, a pathway heatmap 
was created, visualising the NES value of all significant 
pathways, summarised under their top-level pathway of 
the Reactome database. Finally, a table representing all 
significant pathways following/downstream the transla-
tion pathway (R-HSA-72766) of the Reactome database 
areis shown [35–37]. The R script, session information, 
and used packages were deposited in GitHub at https://​
doi.​org/https://​doi.​org/​10.​5281/​zenodo.​13769​868.

https://doi.org/
https://doi.org/
https://doi.org/10.5281/zenodo.13769868
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Statistics
GraphPad Prism 10.3 (GraphPad Software, San Diego, 
CA, USA) was used for all statistical analyses, includ-
ing curve fitting, statistical tests, and plotting. Data are 
presented as mean ± SEM or mean ± SD to estimate the 
various means in repeated experiments. Unless otherwise 
noted, all experiments were performed with at least three 
biological replicates. Student’s t-test (two-sided) and one-
way and two-way analyses of variance (ANOVA) were 
used to identify significant differences. Statistical signifi-
cance was set at p value ≤ 0.05. All differences highlighted 
by asterisks are statistically significant, as encoded in the 
figure legends (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).

Results
Proteasome inhibition does not reverse 
antiandrogen‑induced androgen receptor protein 
reduction
To investigate whether the proteasome mediates AA-
induced AR protein reduction, a working concentration 
of the proteasome inhibitors bortezomib, carfilzomib, 
epoxomicin, and (R)-MG-132 was established. Dose–
response analysis revealed that the proteasome inhibi-
tors bortezomib, carfilzomib, and epoxomicin effectively 
reduced cell proliferation (Supplementary Fig.  1A) with 
an IC50 around 0.01  µM (Supplementary Table  3). (R)-
MG-132 had minimal effects on LNCaP and LAPC4 cells 
at the selected concentrations (Supplementary Fig.  1A, 
Supplementary Table  3). Therefore, they were excluded 
from this study. After 6  h, dose–response analysis 
revealed a marginal influence on cell proliferation of up 
to 0.1 µM (Supplementary Fig. 1B). Western blot analysis 
revealed that treatment of the cells with 0.1 µM increased 
ubiquitin in all tested cell lines (Supplementary Fig. 1C). 
Therefore, 0.1 µM was chosen for rescue experiments. To 
assess the influence of the proteasome on AA-induced 
AR protein, 350,000 cells/well were seeded for 24 h, fol-
lowed by a 24  h starvation step in RPMI1640 without 
FBS. Subsequently, the cells were treated with DMSO 
(CTRL), 1 nM R1881, 1 nM R1881 + 10 µM enzalutamide 
(Enza), or 1  nM R1881 + 10  µM Enza + 0.1  µM proteas-
ome inhibitor for 6 h (Fig. 1). Western blot analysis of the 
treated cells revealed that proteasome inhibitors induced 

intracellular ubiquitin levels (Fig. 1A and B) but could not 
prevent the AA-induced AR protein reduction (Fig.  1A 
and C). A study by Lin, H. and C. Chang suggested that 
PTEN promotes AR degradation through the caspase-
3-dependent pathway [38]. Therefore, caspase-3 activity 
in LNCaP cells was assessed for 24 h after treatment with 
DMSO (CTRL), 1 nM R1881, 1 nM R1881 + 10 µM Enza, 
and 200  µg/ml cycloheximide (C6) as positive control 
(Supplementary Fig.  1D). Besides the positive control, 
none of the treatments could induce caspase 3 activity. 
These results indicate that the protein degradation is not 
involved in the AA-induced AR protein reduction in PCa 
cells.

R1881 treatment increases protein levels involved 
in translation.
As proteasomal inhibitors could not rescue the AA-
induced AR protein reduction in PCa cells, proteomic 
analysis was performed after treatment with DMSO 
(CTRL), 1  nM R1881, 1  nM R1881 + 10  µM Enza. To 
investigate the differential gene expression induced by 
1 nM R1881 and 1 nM R1881 + 10 µM Enza after 6 h of 
treatment, volcano plots for each treatment (Supple-
mentary Fig.  2C and D) in comparison against CTRL 
were created to illustrate the relationship between fold 
change and statistical significance (adjusted p value) for 
all analysed genes. Treatment with 1 nM R1881 resulted 
in a significant change (adjusted p value < 0.05) in 354 
proteins, whereas Enza reduced this change to 164 pro-
teins. Proteomic analysis also validated Enza’s preven-
tion of the R1881-induced AR increase (Supplementary 
Fig.  2C and D). GSEA, using the Reactome Database 
after R1881 treatment, revealed the enrichment of mul-
tiple gene sets involved in androgen response, including 
cell cycle, metabolism, RNA and protein metabolism, 
signal transduction, cellular responses to stimuli, and 
gene expression (Fig.  2A). This enrichment was inhib-
ited by Enza treatment. As demonstrated, changes in AR 
mRNA did not account for changes in AR protein levels 
induced by R1881 and Enza. Additionally, as shown here 
(Fig.  1) the proteasome is not involved in this regula-
tion. Consequently, translation pathway gene sets have 
also been investigated [12, 17]. The translation pathway 

(See figure on next page.)
Fig. 1  Proteasomal inhibition does not influence enzalutamide-induced AR protein reduction. A Representative western blot to investigate the role 
of proteasomal inhibitors on the AR protein decreasing effect of Enzalutamide, hormone-sensitive PCa cells were treated with 1 nM R1881, 1 nM 
R1881 + 10 µM Enzalutamide, and 1 µM R1881 + 0.1 µM Bortezomib, Carfilzomib, or Epoxomicin. Ubiqitine was assessed for proteasomal activity. 
Androgen receptor (AR) levels were normalised to total protein stain (TPS) to assess changes in AR levels after treatment. Uncropped western 
blots are displayed in Supplementary Fig. 2A. B Densitometry of ubiquitin levels relative to TPS. Relative expression levels compared to CTRL 
after treatment were shown as mean ± SD of four independent experiments. C Densitometry of AR protein levels relative to TPS. Relative expression 
levels compared to CTRL after treatment were shown as mean ± SD of four independent experiments
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Fig. 1  (See legend on previous page.)
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gene set exhibited a significantly increased normalised 
enrichment score (NES) for all pathways. These results 
indicated a significant overrepresentation of proteins 
involved in translational control among the upregulated 
R1881-treated LNCaP cells (Fig. 2C). None of these path-
ways were significantly enriched when treated with Enza. 
These results highlight the potential role of translation in 
AR regulation.

To validate the involvement of the changes in trans-
lational pathways in the R1881-induced increase in AR 
protein levels, cells were treated for 0  h, 2  h, 4  h, and 
6  h with DMSO, 1  nM R1881, 1  nM R1881 + 20  µg/ml 
cycloheximide (C6), and 20 µg/ml C6 alone, and changes 
in AR protein levels were assessed by western blot analy-
sis (Fig. 2 E and F). To ensure that C6 did not significantly 
alter the total protein levels, LNCaP cells were treated 
with DMSO or 20 µg/ml C6 for 6 h, and the protein con-
centration per cell and total protein stain/cell after west-
ern blotting were compared (Supplementary Fig. 2E and 
F), showing no differences between the treatments. The 
time series experiment revealed that at 2 h R1881 signifi-
cantly increased the AR protein levels, whereas C6 pre-
vented the R1881-induced increase in AR protein levels 
(Fig.  2  F). Moreover, C6 treatment alone significantly 
decreased the AR protein levels after 4 h (Fig. 2 F), result-
ing in a half-life of 2.1 h.

Inhibition of translation with cycloheximide 
prevents increased androgen receptor protein levels 
and transactivity
To assess the influence of translation on AR activity, 
350,000 cells/well were seeded for 24 h, followed by a 24 h 
starvation step in RPMI1640 without FBS. Subsequently, 
the cells were treated with DMSO (CTRL), 1 nM R1881, 
1  nM R1881 + 10  µM  Enza, or 1  nM R1881 + 20  µg/ml 
C6 for 6 h. qPCR analysis showed no change in the AR 
mRNA levels after 6  h of treatment (Fig.  3A). Western 
blot analysis (Fig. 3B–E) of the treated cells revealed that 
R1881 treatment led to a significant AR protein increase 
of 2.7-fold in LNCaP cells (Fig.  3C), 1.8-fold increase 
in C4-2 cells (Fig.  3D), and 1.4-fold increase in 22Rv1 
cells (Fig. 3E). The AR splice variants (AR V), including 
AR expressed in 22Rv1 cells, were not influenced by the 

R1881 treatment (Supplementary Fig.  4B). The R1881-
induced increase in AR protein levels was prevented by 
Enza treatment in all cell lines. In line with this, treat-
ment with an inhibitor of eukaryotic translation C6 pre-
vented the R1881-induced increase in AR (Fig.  3B–E). 
Moreover, the treatment significantly reduced AR V in 
22Rv1 cells (Supplementary Fig. 4B). As nuclear translo-
cation is an essential step in the regulation of AR activity 
and may influence protein levels, the influence of Enza 
and C6 on R1881-induced AR translocation was investi-
gated using western blot analysis after nuclear and cyto-
plasmic extraction (Supplementary Fig.  5A). Treatment 
of LNCaP cells with R1881 increased nuclear AR levels, 
whereas cytoplasmic AR levels were unaltered (Supple-
mentary Fig. 4B and C). Treatment with Enza prevented 
the R1881-induced increase in nuclear AR. In contrast, 
C6 treatment did not prevent the R1881-induced increase 
in the nuclear AR. However, in contrast to R1881-treated 
cells, cytoplasmic AR levels decreased (Supplementary 
Fig.  5B and C). These results validated that changes in 
translational activity are regulated by changes in AR pro-
tein levels after R1881 or Enza treatment.

Inhibition of the eIF4F complex prevents androgen 
receptor activity
Previous studies have connected the AR to regulate the 
eukaryotic initiation factor 4F complex (eIF4F), a com-
plex responsible for recruiting the 40S ribosomal subunit 
to the 5’ cap of mRNAs during cap-dependent transla-
tion initiation [39, 40]. Several inhibitors of the subunits 
of the complex have been developed, including Briciclib 
(eIF4E-inhibitor), Rocaglamide (Roca, eiF4A-inhibitor), 
and SBI-0640756 (eIF4G1-inhibitor) which were used in 
this study (Fig.  4A). Western blot analysis revealed that 
all the targets of these inhibitors were highly expressed 
in the selected PCa cell models (Fig. 4B and C). To estab-
lish a working concentration for Briciclib, Roca, and SBI-
0640756, dose–response experiments were performed 
for 72  h using LNCaP, C4-2, and 22Rv1 cells (Fig.  4D). 
The calculated IC50 values (Table  1) showed that Brici-
clib had the strongest, Roca the second strongest, and 
SBI-0640756 the weakest effect on cell growth of all cells 
examined.

Fig. 2  R1881 of LNCaP cells treatment increases protein levels involved in translation. A Differentially expressed genes from 1 nM R1881, 1 nM 
R1881 + 10 µM enzalutamide treatment compared to DMSO were ranked based on their expression value and significance. GSEA was performed 
using the pre-ranked protein lists, and a heatmap was generated based on the normalised enrichment score and significance of GSEA. Translational 
pathways were enlarged to show details. B Representative western blot of the influence of DMSO (CTRL), 1 nM R1881 treated LNCaP cells combined 
with DMSO (vehicle control) or 20 µg/ml Cycloheximide (C6), and 20 µg/ml Cycloheximide (C6) alone in LNCaP cells after 0 h, 2 h, 4 h, and 6 h. 
Uncropped western blots are displayed in Supplementary Fig. 3. C Densitometry of AR protein levels relative to TPS. Relative expression levels 
compared to CTRL after treatment were shown as mean ± SD of five independent experiments. All differences highlighted by asterisks were 
statistically significant (*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001)

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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Based on the dose–response experiments, the concen-
trations 0.001  µM and 0.01  µM Briciclib, 0.01  µM and 
0.1  µM Roca, and 1  µM and 10  µM SBI-0640756 were 
selected for further experiments, and their influence on 
the androgen regulation of the AR at the protein level was 
investigated. These concentrations also had negligible 
effects on cell number after 6  h, indicating the absence 
of apoptotic and necrotic events (Fig. 4E). To assess the 
influence of the chosen inhibitors on AR protein levels, 

350,000 cells/well were seeded for 24  h, followed by a 
24  h starvation step in RPMI1640 without FBS. Subse-
quently, the cells were treated with DMSO (CTRL), 1 nM 
R1881, 1  nM  R1881 + Briciclib, Roca, or SBI-064075610 
for 6 h. Western blot analysis (Fig. 5A) of the treated cells 
revealed that solely the two chosen concentrations of 
Roca significantly reduced the R1881-induced AR protein 
increase in LNCaP cells (Fig. 5B). To assess the influence 
of the inhibitors on the activity of the eIF4F complex, 

Fig. 3  Translation, not transcription, is responsible for AR protein level changes after R1881 treatment. A Relative change of AR mRNA levels 
after 6 h treatment with DMSO (CTRL), 1 µM 1 nM R1881, 1 nM R1881 + 10 µM Enzalutamide, and 1 nM R1881 + 20 µg/ml Cycloheximide in LNCaP, 
C4-2 and 22Rv1 cells. Relative expression levels after treatment were shown as mean ± SEM of five independent experiments. B Representative 
western blots of the androgen receptor (AR), AR splice variant 7 (V7), and total protein stain (TPS) after treatment with DMSO (CTRL), 1 nM R1881, 
1 nM R1881 + 10 µM Enzalutamide, and 1 nM R1881 + 20 µg/ml Cycloheximide in LNCaP, C4-2 and 22Rv1 cells. Uncropped western blots are 
displayed in Supplementary Fig. 4A. C-E Densitometry of AR protein levels relative to TPS in LNCaP (C), C4-2 (D), and 22Rv1 (E) cells. Relative 
expression levels compared to CTRL after treatment were shown as mean ± SD of six independent experiments. All differences highlighted 
by asterisks were statistically significant (*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001)
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Fig. 4  Influence of eiF4F inhibitors on PCa cells. A Schematic representation of the therapeutic target structures of Briciclib (eIF4E-inhibitor), 
Rocaglamide (Roca, eiF4A-inhibitor), and SBI-0640756 (eIF4G1-inhibitor) on the Eif4F complex. Created By Biorender. B Representative Western 
Blot of eiF4A, eiF4E, eiFG1, and total protein stain (TPS) of LNCaP, C4-2, 22Rv1 cells. Uncropped western blots are displayed in Supplementary 
Fig. 6, C Densitometry of eiF4A, eiF4E, and eiFG1 relative to TPS. Data is shown as box and whisker (min to max) of five independent western 
blot experiments. D Dose–response curves of change in cell proliferation after treatment with different concentrations of Briciclib, Rocaglamide, 
and SBI-0640756 of LNCaP, C4-2, 22Rv1 cells after 72 h. Data was plotted as mean ± SEM of the three biological replicates. E Dose–response curves 
of change in cell proliferation after treatment with different concentrations of Briciclib, Rocaglamide, and SBI-0640756 of LNCaP, C4-2, 22Rv1 cells 
after 6 h. Data was plotted as mean ± SEM of the three biological replicates
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protein levels and phosphorylation of eIF4E were inves-
tigated, as eIF4E regulates the activity of the eIF4F com-
plex [41]. Western blot analysis revealed no significant 
changes in eIF4E protein levels after treatment (Fig. 5C), 
whereas only Roca reduced eIF4E protein phosphoryla-
tion (Fig. 5D). Based on the influence of Roca on AR and 
p-eiF4E, Roca was selected for all further experiments.

To investigate whether this regulation is dose-
dependent, the cells were treated with 1 nM R1881 and 
1 nMR1881 + 0,1–1000 nM Roca (0.5 log10-steps) for 6 h. 
Western blot analysis revealed a dose–response relation-
ship between Roca concentration and inhibition of the 
R1881-induced increase in AR protein levels (Fig. 5E and 
F). In addition, qPCR analysis revealed a dose–response 
relationship between Roca concentration and the inhibi-
tion of R1881-induced AR transactivity (Fig. 5G).

Influence of the inhibition of the eukaryotic initiation 
factor 4F complex prevents increased androgen receptor 
protein levels and transactivity
To assess whether targeting eiF4F with Roca is a possible 
strategy for targeting AR signalling in HSPC and CRPC, 
R1881-induced AR activity was assessed. Western bot 
analysis revealed that in line with Enza and C6, it could 
prevent R1881-induced changes in AR and AR V pro-
teins (Fig.  6A and B, Supplementary Fig.  8A). However, 
the analysis of p-eiF4E revealed that Enza did not reduce 
p-eiF4E levels, whereas C6 and Roca reduced p-eiF4E 

levels (Fig.  6C). As treatment with Enza, C6, and Roca 
prevented the R1881-induced increase in AR protein 
levels, the influence of the treatment on AR transactivity 
was investigated by measuring changes in the AR target 
gene KLK3/PSA (Fig. 6D). qPCR analysis (Fig. 6D) of the 
treated cells revealed that the R1881 treatment led to a 
significant AR transactivity increase of 6.0-fold in LNCaP 
and 1.8-fold in C4-2. In contrast, in 22Rv1 cells, AR trans-
activity did not change. In the HSPC cell line, LNCaP, 
Enza, C6, and Roca inhibited the R1881-induced increase 
in AR transactivity. However, neither C6 nor Roca could 
prevent AR transactivity as efficiently as Enza. The CRPC 
C4-2 cells, C6, and Roca, inhibited R1881-induced AR 
transactivity. In contrast, none of the treatments changed 
AR transactivity in the CRPC and Enza-resistant cell line 
22Rv1.

Discussion
AR is involved in the development of various diseases, 
including androgen insensitivity syndrome, spinal mus-
cular atrophy, hypogonadism, and benign prostatic 
hyperplasia [42–45]. Moreover, AR is involved in the 
development and progression of PCa and is a key thera-
peutic target [3, 8]. Unfortunately, AR is also a linchpin 
for developing treatment resistance [14, 16, 46]. Vari-
ous mechanisms have already been deciphered over the 
years, but the full extent of these mechanisms is not yet 
fully understood. Therefore, investigating new resistance 
mechanisms and therapeutic target structures around AR 
is still a translational and basic research topic [47, 48].

Several molecular adaptations have already been iden-
tified, including AR amplification and mutation, changes 
in co-regulator expression, and activation of bypass 
pathways [14, 16, 49–53]. Another underlying resistance 
mechanism and regulator of AR signalling appears to be 
increased AR protein stability [54, 55]. Heat shock pro-
teins (HSP) and the proteasome system are reportedly 

Table 1  IC50 Values of eIF4F complex inhibitors

Briciclib [nM] Rocaglamid [nM] SBI–0640756 [nM]

LNCaP 5.6 32 295

C4-2 2.8 6.7 847

22Rv1 3.3 35 542

Range 1–10 10–100 100–1000

(See figure on next page.)
Fig. 5  Influence of different concentrations of Rocaglamide on AR protein levels and transactivity in LNCaP cells. A Representative western 
blot to investigate the influence of different concentrations of Briciclib (eIF4E-inhibitor), Rocaglamide (Roca, eiF4A-inhibitor), and SBI-0640756 
(eIF4G1-inhibitor) on the influence of R1881-induced increase of AR protein. In addition, p-eIF4E and eiF4E were investigated to assess the changes 
in eiF4F activity. Uncropped western blots are displayed in Supplementary Fig. 7. B Densitometry of AR protein levels relative to TPS. Relative 
expression levels compared to CTRL after treatment were shown as mean ± SD of five independent experiments. All differences highlighted 
by asterisks were statistically significant (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001). C Densitometry of eiF4E protein levels relative to TPS. Relative expression 
levels compared to CTRL after treatment were shown as mean ± SD of five independent experiments. Relative expression levels after treatment 
were shown as mean ± SD of five independent experiments. D Densitometry of p-eiF4E protein levels relative to eiF4E. Relative expression levels 
compared to CTRL after treatment were shown as mean ± SD of five independent experiments. All differences highlighted by asterisks were 
statistically significant (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001). E Representative western blot to investigate the influence of different concentrations 
of Rocaglamide on the influence of R1881-induced increase of AR protein. F Densitometry dose–response curves of AR protein levels relative to TPS. 
Relative expression levels compared to CTRL after treatment were shown as mean ± SD of five independent experiments. G Relative changes of AR 
transactivity to determine the influence of different concentrations of Rocaglamide on the influence of R1881-induced increase of AR transactivity. 
Changes were assessed by changes in KLK3 normalised to HPRT1 mRNA determined by qPCR. Relative expression levels after treatment were shown 
as mean ± SEM of five independent experiments
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involved in AR protein degradation [54–56]. Previous 
studies have revealed that high PIAS1 and STAT5 lev-
els could enhance AR protein stability and mediate drug 
resistance [19, 54, 57]. High AR protein stability has also 

been linked to the castration-resistant cell line C4-2 after 
androgen withdrawal [58]. A study by Siciliano et al. con-
cluded that there is a correlation between the level of AA-
induced AR protein reduction and the AA response [17]. 

Fig. 5  (See legend on previous page.)
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As this study aimed to investigate the role of AR protein 
changes in transactivity, the influence of proteasomes on 
Enza-induced AR reduction was examined. In line with 
previous observations, the use of different proteasome 
inhibitors could not reverse the effects of Enza on the 
AR protein [59]. This result indicates that, although the 
proteasome system plays an essential role in regulating 
the AR signalling pathway, it is not responsible for the 
Enza-induced reduction of the AR protein [55, 60]. One 
possible explanation is that MDM2-induced AR protein 
regulation seems to depend on the absence of androgens 
[55].

Proteomic analyses were performed, as proteasomal 
activity was not involved in AA-induced AR protein 
reduction in PCa cells. These studies showed that treat-
ment with R1881 leads to an enrichment of proteins that 
alter translational activity and that Enza can prevent this 
enrichment. This observation aligns with previous stud-
ies linking the AR to translational regulation [40, 61, 62]. 
By using C6, it was also shown that inhibition of transla-
tion prevented R1881-induced AR protein level changes. 
In addition to the reduction in AR, the inhibition of 
translation also led to a reduction in the AR V proteins in 
22Rv1. This variant is associated with resistance to ther-
apy and poor disease progression [63–66]. These results, 
the previous observations by Siciliano et  al., and the 
short AR protein half-life time indicate that AR protein 
is strongly under translational regulation [12, 67]. There-
fore, the fast regulation of the AR protein level by anti-
androgens such as Enza may be due to the link between 
the AR and translation machinery.

As C6 has been reported to be highly toxic and muta-
genic, its possible use as a therapeutic agent seems 
unreasonable [68]. Since proteome analysis showed 
that the eukaryotic translation initiation pathway was 
also affected by R1881 and there are already reports of 
a link between the AR and eiF4F complex, we investi-
gated using eiF4F inhibitors whether the R1881-induced 
changes in the AR protein can be influenced [61]. Stud-
ies have suggested that the eIF4E subunit of the eIF4F 

complex enhances tumour growth and induces therapy 
resistance by increasing the translation of oncogene 
mRNAs [69]. Using the eiF4F inhibitor Roca, the effect 
on AR protein levels previously seen with C6 was repro-
duced. However, in an analysis of the eiF4F complex 
activity by changes in p-eiF4E, it could be revealed that 
Enza did not reduce eiF4F complex activity in contrast to 
C6 and Roca. This result indicates that Enza may reduce 
R1881’s influence on translational pathways but does not 
directly inhibit the eiF4F complex. A possible mechanism 
is the regulation of the eiF4F complex by the translation 
repressor protein eukaryotic translation initiation fac-
tor 4E (eIF4E)-binding protein 1 (4E-BP1), which has 
been reported to be regulated by AR [70]. 4E-BP1 binds 
to eIF4E and inhibits the protein without altering its 
phosphorylation state [71]. However, further research is 
required to elucidate this mechanism.

The transactivity of steroid receptors such as AR is 
crucial for their function because it directly governs 
the receptor’s ability to regulate gene expression, which 
is essential for mediating the physiological and patho-
logical effects of steroid hormones, including the pro-
gression of PCa [5]. Therefore, we assessed the effect 
of translation inhibition on transactivity. These experi-
ments revealed that the increase in AR transactivity 
after R1881 treatment was consistent with the increase 
in AR protein levels. Therefore, the hormone-sensitive 
LNCaP cells showed the most substantial increase in 
AR transactivity, the castration-resistant C4-2 cells 
showed only a weak increase in AR transactivity, and 
the castration-resistant and Enza-resistant 22Rv1 cells 
did not show any change in AR transactivity. Enza pre-
vented this increase in LNCaP and C4-2 cells, whereas 
22Rv1 was unaffected. This result reflects the reported 
status of the cell lines [18, 72]. Moreover, it confirms 
the hypothesis of Siciliano et al. that the change in AR 
protein after treatment is a surrogate for treatment 
response [17]. In line with the AR protein changes after 
treatment, the translation inhibitor C6 and the eiF4F 
inhibitor Roca reduced the R1881-induced increase 

Fig. 6  Rocaglamide reduces R1881-induced increase in AR protein levels and transactivity. A Representative western blot to investigate 
the influence of Rocaglamide on the R1881-induced increase of AR protein in LNCaP, C4-2, and 22RV1 cells. In addition, p-eIF4E and eiF4E were 
investigated to assess the changes in eiF4F activity. Uncropped Western blots are displayed in Fig. 8B. B Densitometry of AR protein levels relative 
to TPS in LNCaP, C4-2, and 22RV1 cells. Relative expression levels after treatment were shown as mean ± SD of six independent experiments. All 
differences highlighted by asterisks were statistically significant (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001). C Densitometry of p-eiF4E protein levels relative 
to eiF4E in LNCaP, C4-2, and 22RV1 cells. Relative expression levels after treatment were shown as mean ± SD of five independent experiments. 
All differences highlighted by asterisks were statistically significant (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001). D Relative changes of AR transactivity 
to determine the influence of Enzalutamide (Enza), Cycloheximide (C6), and Rocaglamide (Roca) on the influence of R1881-induced increase of AR 
transactivity. Changes were assessed by changes in KLK3 normalised to HPRT1 mRNA determined by qPCR. Relative expression levels after treatment 
were shown as mean ± SEM of six independent experiments. All differences highlighted by asterisks were statistically significant (**p ≤ 0.01; 
***p ≤ 0.001)

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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in AR transactivation. However, the influence of these 
inhibitors on AR transactivation was lower than that 
of Enza. This reduced inhibition of R1881-induced AR 
transactivity can be attributed to the fact that Enza, in 
addition to inhibiting the increase in the AR protein, 
also prevents the transport of AR into the cell nucleus. 
Therefore, small amounts of AR can translocate further 
into the nucleus upon inhibition of translation after 
R1881 treatment, and thus bind to the DNA and trig-
ger gene expression. In contrast to the results in LNCaP 
and C4-2 cells, no change in AR transactivity was 
observed because of the change in translational activity 
in 22Rv1. It can be assumed that intracellular molecular 
changes within the cell lead to AR playing a subordi-
nate role and its role being taken over by other factors, 
such as the glucocorticoid receptor [72, 73] . Moreover, 
a crucial factor in which translational inhibition affects 

AR activity may be the upregulation of the AR protein, 
which is not the case for 22Rv1.

Conclusion
The study’s findings suggest that the activation of the 
androgen receptor (AR) initiates a signalling cascade 
that rapidly enhances the AR protein levels by increasing 
the translation rate of AR (Fig.  7). This elevation in AR 
protein quantity augments AR transactivity, as the abun-
dance of receptor proteins facilitates higher AR activity. 
Notably, in the used CRPC and Enza-resistant models, 
the effect on AR protein levels and transactivity was less 
pronounced. This observation leads to the hypothe-
sis that the described mechanism might be impaired 
or dysregulated in advanced androgen receptor-reac-
tive prostate cancer (PCa) cells. Consequently, future 
research should explore this hypothesis and whether the 

Fig. 7  Graphical illustration of the role of translation in AR signalling. Created By Biorender
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mechanism could serve as a therapeutic target to delay 
the progression of CRPC. The study’s main limitation is 
the lack of proteomics data on the treatment at shorter 
time points, of the CRPC cell lines, and of post-transla-
tional modifications. Moreover, the treatment of ex vivo 
slide modes to investigate AR protein changes would be 
interesting.
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