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Prostate cancer that is resistant to anti-androgen treatment, such as enzalutamide, represents a 
therapeutic challenge. To study their molecular and functional features, the enzalutamide-resistant 
PCa cell lines LNCaP Abl EnzR and DuCaP EnzR constitute valuable in vitro models. In this work, we 
explored two different strategies for reducing AR/AR-V7/c-Myc. MED12 knockdown decreased the 
protein expression of AR, AR-V7 and c-Myc. Similarly, we identified AR and AR-V7 as targets of miR-
454-3p. Concomitantly, the transfection of synthetic miR-454-3p reduced the protein expression of 
AR in both EnzR cell lines and that of c-Myc and AR-V7 in the DuCaP EnzR cell line without affecting 
MED12. Despite these similar molecular effects, differences were observed at the cellular level, with 
siMED12, but not miR-454, reducing cell viability, and no additive effects upon double treatment were 
observed. Taken together, the results of our study suggest MED12 as a potential target for future PCa 
treatment in conjunction with enzalutamide resistance. Furthermore, miR-454-3p, which directly 
targets AR and AR-V7 and indirectly influences c-Myc protein expression, reveals new molecular 
mechanisms in PCa biology.
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With an incidence of more than 1.46 million new cases per year worldwide, prostate cancer (PCa) is the most 
common malignant tumor in elderly men1. In its early localized stages, PCa is usually treated with curative intent 
by local therapy such as radical prostatectomy, external beam radiation therapy or brachytherapy. PCa exhibits 
a remarkable dependency to androgen receptor (AR) signaling in all stages of disease. Therefore, androgen 
deprivation therapy (ADT) which disrupt AR signaling by surgical or chemical castration is the next step in PCa 
therapy. But eventually the progression towards a hormone refractory or castration resistant stage (CRPC) or 
its metastatic form (mCRPC) occurs, what is the major cause of morbidity and mortality. The mechanisms, by 
which this resistance may be acquired, are diverse and include gene amplification2, pathway hyper-sensitization, 
androgen receptor gene mutation [reviewed in 3] or the generation of AR splice variants4,5. The AR variant 7 (AR-
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V7) is the most studied PCa relevant AR splice variant which has been correlated with treatment resistance6,7. 
There is still an urgent need to find new therapy options for CRPC/mCRPC.

The Mediator (MED) complex is involved in transcription initiation, elongation, long-range enhancer–
promoter interactions and chromatin architecture8–11. The MED complex has a very ancient eukaryotic origin12. 
A major function of the MED complex is to relay regulatory signals from DNA-bound transcription factors 
directly to the RNA Pol II enzyme11,13. The MED complex is composed of a core mediator and a kinase module. 
The kinase module comprises cyclin-dependent kinase 8 (CDK8), cyclin C (CCNC), MED13 and MED1210.

The MED complex has been implicated in genomic and nongenomic signaling in cancer14. The expression 
and tumor biological role of MED subunits in prostate cancer (PCa), including CRPC, have been intensely 
investigated in the last 10 years. Previous studies focused mainly on the subunit MED1 as a transcriptional activator 
of AR15 and a mediator of AR splice variant (ARv567es)-induced gene expression16. MED1 overexpression is 
proposed to have implications in prostate oncogenesis17, and activated ERK and AKT signaling drive MED1 
overexpression in PCa18. A mutation in MED12 has been reported to occur in approximately 5% of PCa cases19; 
however, in our own PCa patient cohort, we were unable to detect this particular mutation20. Ten years ago, 
MED12 was shown to be expressed at increasing levels from androgen-sensitive to local recurrent CRPC and 
further to distant metastatic CRPC21. Nuclear overexpression of MED12 was detected in 40% of patients with 
distant metastatic CRPC and 21% of patients with locally recurrent CRPC, whereas it was detected in fewer than 
11% of patients with androgen-sensitive PCa. Benign prostatic tissue never displays MED12 overexpression21. 
Although the role of MED12 in tumorigenesis and for cancer therapeutics has been recognized22, the pivotal yet 
largely unidentified role of MED12 in CRPC requires further characterization.

We recently showed that MED12 knockdown modulates androgen receptor transcriptional activity and 
enzalutamide resistance in prostate cancer23. MED12 knockdown reduced cell growth in different PCa cell 
lines and their cognate 3D spheroids. In addition, MED12 knockdown significantly inhibited c-Myc protein 
expression and signaling through the c-Myc pathway. Consistently, it inhibited AR transcriptional activity, PSA 
secretion, AR target gene expression and AR-V7 expression in 22Rv1 cells. In combination with enzalutamide, 
MED12 inhibition additively decreased AR activity in both LNCaP and 22Rv1 cells23.

MicroRNAs (miRNAs) are small noncoding RNAs that exert important posttranscriptional control 
mechanisms. They have been described as tumor suppressors or oncogenes in different cancers, including 
prostate cancer24–26. Major roles of miRNAs in PCa development and progression have been reported by us and 
others [reviewed in 27]28–35, Two miRNA/target prediction tools (StarmiR and miRTarBase) predict that miR-
454-3p targets MED12. Interestingly, another miRNA/target prediction tool (miRDB) predicts that miR-454-3p 
targets the androgen receptor (AR). However, the androgen receptor has not yet been validated as a regulatory 
target of miR-454-3p.

miR-454 has already been reported as a tumor suppressive miRNA in acute myeloid leukemia, ovarian 
cancer, non-small cell lung cancer, neuroblastoma and bladder cancer36–40. However, for other tumor entities, 
miR-454 has been described as an oncogenic miRNA, e.g., in hepatocellular carcinoma, vulvar cancer, renal cell 
carcinoma and breast cancer41–46. Meanwhile, in other tumor entities, such as gliomas47,48, and in prostate cancer, 
the role of miR-454 is still ambiguous, as it has been described as both45 oncogenic and tumor suppressive. For 
prostate cancer patients, a decreased miR-454 level in the blood in comparison with healthy individuals has 
been reported, which suggests a tumor suppressive role49, whereas other authors have reported an oncogenic 
function, e.g., higher miR-454 expression in recurrent and metastatic PCa than in primary PCa50, suppression 
of miR-454 inhibiting the proliferation and invasion of PCa cells via Wnt-β-catenin-NDRG2 signaling51, miR-
454 promoting PCa metastasis [reviewed in 52], and miR-454 significantly upregulated in PCa compared with 
adjacent nonmalignant tissue53.

In our study, we investigated (i) whether miR-454-3p is able to regulate MED12 and/or AR expression, (ii) 
whether the inhibition of MED12 by siRNA or the overexpression of miR-454-3p has a functional effect on the 
viability of EnzR PCa cell lines and (iii) the effects of siMED12 and miR-454-3p on the expression of selected 
proteins (MED12, AR, AR-V7, and c-Myc) in EnzR PCa cell lines.

Materials and methods
Cell lines
All the cell lines were established in the lab of Dr. Zoran Culig, Medical University of Innsbruck. The identity of 
the cell lines was verified via STR profiling in June 2024, and all the cells were regularly tested for mycoplasma 
infection.

LNCaP cells, derived from a patient with lymph node metastasis, have a mutated AR containing the T878A 
amino acid change54–56. LNCaP Abl has been generated by long-term androgen ablation from LNCaP cells57,58. 
In addition, LNCaP cells express the AR-V7 splice variant at the mRNA level but not at the protein level59. 
LNCaP Abl EnzR cells have comparable levels of AR and AR-V7 to those of LNCaP Abl cells58.

DuCaP cells, derived from a human dura metastasis xenograft, have approximately 80 copies of AR, increasing 
the expression of AR at the RNA and protein levels58,60. In addition, DuCaP cells express the AR-V7 splice 
variant at the mRNA and protein levels58. Compared with DuCaP cells, DuCaP EnzR cells presented further 
increases in AR mRNA and AR protein levels, which was not attributed to additional AR gene amplification58.

The EnzR PCa cell lines LNCaP Abl EnzR and DuCaP EnzR were cultivated in the presence of enzalutamide 
(LNCaP Abl EnzR: 13 µM; DuCaP EnzR: 8 µM). LNCaP Abl EnzR cells were cultivated in RPMI 1640 media 
supplemented with 10% charcoal-stripped FBS (HyClone, GE Healthcare, USA), 1 nmol/l L-glutamine, 100 
U/ml penicillin and 100 µg/ml streptomycin (PAN-Biotech GmbH, Aidenbach, Germany). DuCaP EnzR cells 
were grown in RPMI 1640 media supplemented with 10% fetal bovine serum (FBS; PAA laboratories, Coelbe, 
Germany), 1 nmol/l L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin (PAN-Biotech). The cells 
were cultivated at 37 °C in 5% CO2.
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For the luciferase assays, we used HEK-293T cells (ACC 635), which were purchased from the German 
collection of microorganisms and cell cultures (DSMZ) and authenticated by STR typing by DSMZ. HEK-293T 
cells were cultured in DMEM (Life Technologies, Darmstadt, Germany) supplemented with 100 U/ml penicillin, 
100 µg/ml streptomycin and 10% FCS (Thermo Fisher, Waltham, USA) and subcultured two times a week for 
less than three months after receipt.

Transfection of MiRNA and siRNA-mediated transfection
The cells were seeded in 6-well plates (LNCaP Abl EnzR 250,000 cells/well; DuCaP EnzR: 300,000 cells/well) or 
96-well plates (LNCaP Abl EnzR 12,000 cells/well; DuCaP EnzR: 15,000 cells/well). The cells were transfected 
via lipofection (Lipofectamine RNAiMAX; Thermo Fisher Scientific, Darmstadt, Germany) according to the 
manufacturer’s recommendations at a final concentration of 50 nM of each miRNA or siRNA and incubated 
for 72 h. The cells were transfected with miRIDIAN microRNA mimics (miRIDIAN micoRNA Human hsa-
miR-454-3p, cat. C-301004-03-0005; miRIDIAN microRNA Mimic Negative Control #1, Dharmacon, Horizon 
Discovery, Cambridge, UK). For MED12 knockdown, ON-TARGETplus SMARTpools were used (ON-TARGET 
plus nontargeting Control Pool, cat. D-001810-10-05; ON-TARGET plus Human MED12 siRNA, cat. L-009092-
00-0005, Dharmacon).

Cell viability assay
Cell viability was determined in 96-well plates 72 h after transfection via the colorimetric WST-1 assay (Roche 
Diagnostics, Penzberg, Germany). WST-1 was added (1:10 final dilution) and incubated for 2 h at 37 °C and 
5% CO2. The absorbance of the samples was measured in a plate reader (440 nm) (Tecan M200Pro, Männedorf, 
Switzerland) with cell culture medium used as a blank control.

Western hybridization and densitometry
Protein isolation from cultured cells was performed via RIPA buffer (25 mM Tris-HCl [pH of 8.0], 137 
mM NaCl, 10% glycerol, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP40, and 2 mM EDTA [pH of 8.0]) 
containing protease inhibitors (complete protease inhibitor cocktail, Merck, Darmstadt, Germany). The protein 
concentrations of the whole-cell protein lysates were measured with a ROTI Quant Universal Kit (Carl Roth 
GmbH, Karlsruhe, Germany). A total of 15 µg of protein was separated via SDS‒PAGE (8%) and transferred 
onto a nitrocellulose membrane (GE Healthcare, Frankfurt a.M., Germany) via semidry electroblotting. The 
membranes were blocked in TBST supplemented with 5% nonfat dry milk (Carl Roth, Germany) for one 
hour. The membranes were subsequently incubated overnight (with the exception of the GAPDH antibody 
for 1 h) at 4 °C with the appropriate primary antibodies diluted in 5% TBST blocking solution. The primary 
antibodies used were monoclonal rabbit MED12 (clone D9K5J; Cell Signaling, Frankfurt a.M., Germany; 
1:1000), monoclonal rabbit AR (clone D6F11; Cell Signaling, 1:1000), monoclonal rabbit AR-V7 (clone RM7; 
RevMAb Biosciences, Hamburg, Germany; 1:1000), monoclonal rabbit c-Myc (clone Y69, Abcam, Cambridge, 
UK; 1:1000) and monoclonal rabbit GADPH (clone 14C10, Cell Signaling; 1:1000). The secondary anti-rabbit 
antibody conjugated with horseradish peroxidase was purchased from Jackson ImmunoResearch (Sufolk, UK) 
and used at a concentration of 1:5000 in 5% TBST blocking solution for one hour at room temperature. An 
ImageQuant LAS-4000 Imager was used for detection of the chemiluminescence signal. Densitometric analysis 
of the protein bands was performed via ImageJ software (version 1.52a), with normalization to the level of the 
housekeeping control protein GAPDH.

MiRNA expression plasmid and reporter vectors
The sequence inserted for hsa-mir-454 (miRBase accession number: MI0003820), which represents miRNA 
precursor sequences with additional nucleotides up- and downstream of the precursor sequence, was synthesized 
by Eurofins Genomics (Ebersberg, Germany) and cloned and inserted into the pSG5 expression plasmid (Agilent 
Technologies, Santa Clara, California) via EcoRI and BamHI restriction sites. The pSG5-miR-454 expression 
plasmid harbors the nucleotides 57,215,021–57,215,333[-] of human chromosome 17 (GRCh38/hg38). The 
cloned sequence of the miR-454 expression plasmid was verified by Sanger sequencing and is shown in Suppl. 
Table S1. As positive controls for regulatory effects, a sequence insert containing two copies of the complementary 
sequence for miR-454-3p as well as additional random flanking nucleotides with no self-complementary sites 
was generated in silico, synthesized by Eurofins Genomics (Ebersberg, Germany) and cloned and inserted into 
the reporter plasmid pMIR-RNL-TK via the SpeI and SacI restriction sites. The cloned sequence of the miR-
454-3p sensor vector was verified by Sanger sequencing and is shown in Suppl. Table S1. The reporter plasmids 
containing inserts of 443 bp for pMIR-AR_1, 499 bp for pMIR-AR_2, 498 bp for pMIR-AR-V7_1 and 499 bp 
for pMIR-AR-V7_2 were synthesized, cloned, and inserted into the reporter plasmid pMIR-RNL-TK via the 
SpeI and SacI restriction sites by GeneArt Gene Synthesis Services (Thermo Fisher, Waltham, USA). The correct 
cloning of all reporter constructs was verified by Sanger sequencing. A complete list of all 3’UTR sequences, 
including the respective NM accession numbers, is given in Suppl. Table S1.

High-throughput MiRNA interaction reporter (HiTmIR) assay
The HiTmIR assay was performed as described previously61. In brief, approximately 3.0 × 104 HEK-293T cells 
were seeded in a 96-well plate via the liquid handling system epMotion 5075 (Eppendorf, Hamburg, Germany). 
After 24 h, the cells were transfected with 50 ng/well of the reporter plasmid pMIR-RNL-TK, either with or 
without the 3’UTR insert, or with 200 ng/well of the miR-454 expression plasmid or empty pSG5. After 48 h, the 
cells were lysed and measured on a GloMax Navigator microplate luminometer (Promega, Madison, WI, USA) 
with the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA). For analysis of the relative light 
units (RLUs), the firefly luciferase activity of each wild-type 3’UTR reporter plasmid was standardized by the 
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activity of a constitutively expressed renilla luciferase (Firefly/Renilla ratio). The standardized luciferase activity 
of each wild-type 3’UTR reporter plasmid cotransfected with the miR-454 expression plasmid was normalized 
to the luciferase activity of the empty reporter vector cotransfected with the miR-454 expression vector. The 
HiTmIR Assays were performed three times in technical duplicates.

Northern blot analysis
The overexpression of miR-454-3p and correct processing in HEK-293T cells were verified by Northern blotting. 
Northern blotting was performed as described previously25. Northern blotting was conducted via a radiolabeled 
DNA probe specific for miR-454-3p (5’TAGTGCAATATTGCTTATAGGGTCCTGTCTC3’). The results of the 
Northern blot analysis are shown in Suppl. Fig. S1.

Quantitative real-time PCR
The mRNA transcripts were detected using TaqMan gene expression assays (Thermo Fisher Scientific) according 
to the manufacturer’s protocol. Briefly, 1 µg of RNA was reverse transcribed using the Maxima cDNA synthesis 
kit (Thermo Fisher Scientific). The reactions were carried out using the StepOne Plus Real-Time PCR System 
(Thermo Fisher Scientific) in triplicate in a final volume of 10 µL with cDNA equivalent to 25 ng RNA, using 
TaqMan gene expression assays (KLK3, Hs02576345_m1; and PCR reagents according to the manufacturer’s 
instructions. No template controls were included in the reaction plates. Thermal cycling conditions were 95 °C 
for 20 s, followed by 40 cycles of 95 °C for 1 s and 60 °C for 20 s. GAPDH (Hs99999905_m1, Thermo Fisher 
Scientific) served as the endogenous reference. Relative mRNA expression levels were calculated according to 
the dCt method.

Statistics
The statistical analysis of HiTmIR assays was performed via GraphPad Prism 9 via multiple Welsh’s t test vs. 
control. The p-values presented are multiplicity adjusted p-values. Changes in protein expression and viability 
were analyzed by fitting a one-way ANOVA model with post hoc multiple comparisons against the negative control 
using Dunnett contrasts with adjustment of p values via a single-step adjustment based on a joint T distribution 
as implemented in the multcomp package for R. For conducting dose‒response analyses, a 4-parameter log-
logistic model was fitted, whereby the lower limit was constrained to the maximum detectable effect on viability 
reduction. The half-effective dose (ED50) was calculated according to the log-logistic model. Model fitting was 
performed via the drc package. All calculations were conducted with the R statistical framework (ver. 4.2.1; R 
Foundation for Statistical Computing, Vienna, Austria; https://www.R-project.org/).

Results
Luciferase assays revealing AR and AR-V7 as targets of miR-454-3p
Two luciferase reporter plasmids with androgen receptor 3’UTRs (AR_1 or AR_2) and two with androgen 
receptor splice variant 7 3’UTRs (AR-V7_1 or AR-V7_2) were cotransfected with the miR-454-3p expression 
plasmid in HEK-293T cells. In the presence of miR-454-3p, the 3’UTR constructs AR_1 and AR-V7_2 were both 
able to significantly suppress the activity of the reporter gene by approximately 20% (Fig. 1). However, the 3’UTR 
constructs AR-2 and AR-V7_1 did not affect reporter gene activity (Fig. 1). Taken together, we confirmed that 
the miR-454-3p binding sites AR_1 and AR-V7_2 are regulatory targets of this miRNA.

Resistance profile of the enzalutamide-resistant cell lines
To record the resistance profiles of LNCaP Abl EnzR and DuCaP EnzR cells, the cells were incubated with 
serial dilutions of enzalutamide, covering the concentration range of 4–128 µM. After 72 h, the cell viability was 
determined via the colorimetric WST assay. After log-logistic regression models were fitted to the data points, 
we determined the half-effective dose (ED50) for enzalutamide. The LNCaP Abl EnzR cell line presented an 
ED50 of 32.4 µM (95% CI: 28.5–36.2 µM) and was more sensitive than the DuCaP EnzR cell line, with an ED50 
of 60.8 µM (95% CI: 52.1–69.6 µM; Suppl. Fig. S2). For further analysis of cell viability, we selected three distinct 
conditions: (i) without enzalutamide, (ii) cell line-specific maintenance concentrations and (iii) cell line-specific 
ED50 concentrations.

Effects of siMED12, miR-454-3p, or their combination on the protein expression of MED12, 
AR, AR-V7 and c-Myc
To gain more insight into the tumor-relevant pathways affected by MED12 knockdown or miRNA modulation, 
we determined the protein expression of MED12, the androgen receptor (AR), the androgen receptor splice 
variant V7 (AR-V7) and c-Myc.

MED12 protein expression was effectively and significantly reduced after MED12 knockdown by siMED12 
in both cell lines (Figs.  2 and 3). The miRNA miR-454 was not able to reduce MED12 protein under any 
conditions (Figs. 2 and 3). Compared with the single siMED12 treatment, the combination of siMED12 and 
miR-454 significantly reduced MED12 protein expression in both cell lines. No additive or synergistic effects of 
the combination treatment were detected (Figs. 2 and 3). Taken together, these findings indicate that the siRNA-
mediated knockdown of MED12 efficiently reduced MED12 protein expression, as expected. The combination 
of siMED12 with miR-454 had no additive or synergistic effects.

AR protein expression was reduced after MED12 knockdown in both cell lines (Figs. 2 and 3). Additionally, 
a significant reduction in AR protein expression was observed after miR-454 treatment in both cell lines (Figs. 2 
and 3). The combination of siMED12 and miR-454 significantly reduced the AR protein level only in the DuCaP 
EnzR cell line (Fig. 3) but not in the LNCaP Abl EnzR cell line (Fig. 2). Taken together, these findings indicate 
that ectopic miR-454 could significantly reduce AR protein expression in both cell lines. The effect of the 
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combination treatment (siMED12/miR-454) on AR protein expression was restricted to the DuCaP EnzR cell 
line. Interestingly, the mRNA expression of the AR target gene KLK3 was significantly reduced after miR-454, 
siMED12 and mir-454/siMED12 treatment in the LNCaP Abl EnzR cell line but not in the DuCaP EnzR cell 
line (Suppl. Fig. S3) suggesting a different molecular behavior of AR-dependent (LNCaP Abl EnzR) and AR-
independent (DuCaP EnzR) cell lines.

AR-V7 protein is expressed only in the DuCaP EnzR cell line but not in the LNCaP Abl EnzR cell line. AR-
V7 protein expression was significantly reduced by all treatment modalities, including siMED12, miR-454 and 
the combination of siMED12/miR-454, in the DuCaP EnzR cell line (Fig. 3). Taken together, AR-V7 protein 
expression, which is only present in the DuCaP EnzR cell line, was reduced after miR-454 treatment, and the 
combination of siMED12/miR-454 followed the pattern observed for the AR protein.

The c-Myc protein level was significantly reduced by MED12 knockdown, miR-454 or combined siMED12/
mir-454 treatment in the DuCaP EnzR cell line (Fig. 3) and less pronounced but still significant in the LNCaP 
Abl EnzR cell line (Fig. 2). Interestingly, the combination of siMED12 and miR-454 had an additive effect on 

Fig. 1.  Luciferase assays for identifying putative miR-454-3p binding sites in AR or AR-V7 3’UTRs. The 
reporter plasmids pMIR-RNL-TK with the androgen receptor 3’UTR AR_1 (AR_1) or with the androgen 
receptor splice variant 7 3’UTR AR-V7_V2 (AR-V7_2) showed an approximately 20% reduction in luciferase 
activity after cotransfection with a pSG5-miR-454-3p expression plasmid in HEK-293T cells. AR and AR-V7 
are identified as target genes for miR-454-3p. All values represent the relative luciferase activity normalized 
to that of the corresponding negative control. The dashed line indicates the multiple test-corrected threshold 
for a significant reduction in luciferase activity. All the experiments represent three independent biological 
replicates.
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c-Myc protein reduction in the DuCaP EnzR cell line (Fig. 3) but not in the LNCaP Abl EnzR cell line (Fig. 2). 
Overall, the c-Myc protein level was reduced after siMED12, miR-454 and the combination of siMED12/mir-
454 in both EnzR cell lines. A reduction in c-Myc could be of future therapeutic importance since c-Myc is 
considered a critical cancer stem cell transcription factor that strongly affects therapy response and resistance55.

To summarize the effects on protein expression, the siRNA-mediated knockdown of MED12 was most 
effective and significantly reduced MED12, AR, AR-V7 and c-Myc protein levels in the DuCaP EnzR cell line. 
Similarly, siMED12 was also effective and significantly reduced MED12 and c-Myc but did not significantly 
reduce AR protein levels in the LNCaP Abl EnzR cell line. In addition, single treatment with miR-454 reduced 
AR and c-Myc protein expression in both EnzR cell lines and AR-V7 expression in the DuCaP EnzR cell line. 
The effects of the combination treatments on protein expression can be attributed to the siMED12 component.

Effects of miR-454-3p, siMED12 and their combination on cell viability
To test the effects of MED12 knockdown or miR-454 modulation on cell line viability, we transfected the 
LNCaP Abl EnzR and DuCaP EnzR cell lines with siMED12, miR-454, or a combination of siMED12/miR-454. 
Moreover, we sought to determine the importance of the continued selective pressure by using enzalutamide 
with the maintenance enzalutamide concentrations (LNCaP Abl EnzR: 13 µM and DuCaP EnzR: 8 µM) or 
removing the selective pressure.

The knockdown of MED12 caused a significant reduction in the viability of the LNCaP Abl EnzR and DuCaP 
EnzR cell lines, irrespective of the enzalutamide conditions (Fig.  4). In contrast, miRNA overexpression by 
transfection of synthetic miR-454-3p did not result in a reduction in cell viability and even led to a significant 
increase in cell viability in the LNCaP Abl EnzR and DuCaP EnzR cell lines, particularly under conditions where 
the selective pressure was removed.

To test for an additive or even synergistic effect of MED12 knockdown and miRNA modulation, we next used 
a combination of siMED12 and miR-454-3p. The combination of siMED12/miR-454 resulted in a significant 
increase in cell viability in the LNCaP Abl EnzR but a significant decrease in cell viability in the DuCaP EnzR cell 
lines. Notably, the combination of siMED12/miR-454 resulted in this effect under the condition of enzalutamide 
maintenance concentration (Fig. 4).

We tested the effect on cell viability and challenged the cells with individual ED50 doses of enzalutamide, the 
LNCaP Abl EnzR cell line (ED50: 32.4 µM) and the DuCaP EnzR cell line (ED50: 60.8 µM). As before, in both 

Fig. 2.  Effects of siMED12 and miR-454 on protein expression in LNCaP Abl EnzR cells. Western 
hybridization for protein detection of MED12, AR, and c-Myc in LNCaP Abl EnzR cells transfected with 
siMED12, miR-454-3p or combined siMED12/miR-454-3p. (A) Mean protein expression of three independent 
experiments. All the experiments represent three independent biological replicates. (B) Representative Western 
hybridization results.
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cell lines, cell viability was significantly lower after MED12 knockdown than that in the control when challenged 
with ED50 doses of enzalutamide (Suppl. Fig. S4). Interestingly, the reduction in cell viability caused by MED12 
knockdown was more pronounced when the cells were challenged with ED50 doses of enzalutamide than with 
maintenance concentrations or without enzalutamide.

Overall, we detected a strongly significant reduction in cell viability after transfection with siMED12 in the 
LNCaP Abl EnzR and DuCaP EnzR cell lines at all three enzalutamide concentrations, i.e., without enzalutamide 
and at the maintenance concentration ED50 doses.

Discussion
The Mediator complex component MED12 and the microRNA miR-454-3p have been described as diagnostic 
and/or prognostic factors for PCa patients21,50–53. However, their functional effects on cell viability, interactions 
and effects on the protein expression of MED12, AR, AR-V7 and c-Myc in the context of enzalutamide resistance 
have not been comprehensively studied. We selected two enzalutamide-resistant cell lines, LNCaP Abl EnzR 
and DuCaP EnzR, for our study because they recapitulate real-life clinical situations involving enzalutamide 
resistance and are suggested as preclinical models for castration-resistant PCa (CRPC) patients58,63.

We found for the first time in luciferase assays that miR-454-3p targets AR and the AR splice variant 7 
(AR-V7) but not MED12. Our findings help elucidate the role of miR-454-3p in PCa. To date, only the tumor 
suppressor gene NDRG (N-myc downstream-regulated gene 2) has been described as a target of miR-454-3p 
in PCa, and via NDRG repression, miR-454-3p is able to regulate the protein expression of β-catenin and the 
activation of WNT signaling51.

To gain a better understanding of the regulatory effects on several tumor-related signaling pathways, we 
studied the protein expression of MED12, AR, AR-V7 and c-Myc via Western hybridization. The knockdown 
of MED12 had the most effective and significant effect on reducing MED12, AR, AR-V7 and c-Myc protein 
expression in the DuCaP EnzR cell line and had a lesser and only partially significant effect on MED12, AR 
and c-Myc expression in the LNCaP Abl EnzR cell line. However, siMED12 did not substantially decrease 
androgen-stimulated probasin-luciferase reporter activity in LNCaP cells64. We recently showed that siMED12 
could inhibit c-Myc and AR-V7 protein expression in 22Rv1 PCa cells, this reduction in AR signaling was 
accompanied by a reduced expression of specific AR-target genes such as KLK3, FKBP5, TMPRSS223. The 
depletion of MED12 represses c-myc-associated genes in colon cancer cells65, and the inhibition of MED12 

Fig. 3.  Effects of siMED12 and miR-454 on protein expression in DuCaP EnzR cells. Western hybridization for 
protein detection of MED12, AR, AR-V7 and c-Myc in DuCaP EnzR cells transfected with siMED12, miR-454-
3p or combined siMED12/miR-454-3p. (A) Mean protein expression of three independent experiments. All 
the experiments represent three independent biological replicates. (B) Representative Western hybridization 
results.
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reduces c-Myc expression in colon cancer66. Gonzalez et al. reported that a reduction in MED12 inhibits EGFR 
signaling and can upregulate the expression of P21/WAF122, which is well known to play a role in PCa biology67. 
These findings and our results suggest that the inhibition of MED12 is a therapeutic option, at least in PCa. 
However, reports indicate that the suppression or reduction of MED12 protein expression may be related to 
different resistance mechanisms against chemotherapy, MEK/BRAF inhibitors or tyrosine kinase inhibitors22,65. 
Overall, further studies are necessary to analyze and evaluate the therapeutic potential of MED12 inhibition in 
PCa.

In addition, the transfection of synthetic miR-454 reduced AR and c-Myc protein expression in both EnzR cell 
lines and AR-V7 expression in the DuCaP EnzR cell line. Several reports describe a mutual interaction between 
AR and c-Myc. Grad et al. identified a myc consensus site in the AR coding region that is involved in AR binding 
and androgen-mediated upregulation of AR mRNA68. This finding was further supported by Zhou et al., who 
reported a c-Myc binding site within the AR gene. They reported that by altering histone modifications at the 
c-Myc binding site within the AR gene via RNF8 (RING finger E3 ligase 8), c-Myc-induced AR transcription can 

Fig. 4.  Impact of siMED12 and miR-454 on cell viability. Relative viability of LNCaP Abl EnzR and DuCaP 
EnzR cells cultured without (w.o.) enzalutamide (upper row) or under maintenance concentrations of 
enzalutamide (lower row) and transfected with siMED12, miR-454-3p or combined siMED12/miR-454-3p. All 
the experiments represent three independent biological replicates.
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be upregulated69. On the other hand, Lamb et al. reported that persistent AR activity in advanced PCa regulates 
cell cycle activity, steroid biosynthesis and anabolic metabolism in conjunction with regulatory cofactors, such 
as the E2F family, signal transducer and activator of transcription (STAT) and c-Myc transcription factors70. 
Overall, we report that siMED12 and miR-454 are able to inhibit AR, AR-V7 (only in DuCaP EnzR cells) and 
c-Myc protein expression in DuCaP EnzR and LNCaP Abl EnzR cells. However, we were unable to detect additive 
effects after combined treatment with siMED12/miR-454. These findings suggest that both proteins functionally 
affect the AR/c-Myc pathway. Furthermore, the reduction in the level of the oncogenic c-Myc protein after miR-
454-3p treatment highlights the function of miR-454-3p. However, these findings indicate that miR-454-3p can, 
depending on the target gene, function as an oncogene or tumor suppressor in PCa.

We analyzed the effects of MED12 (siMED12) knockdown, miR-454 overexpression, and the combination of 
siMED12/miR-454 on cell viability. The overexpression of miR-454 resulted in significantly increased viability 
of LNCaP Abl EnzR and DuCaP EnzR cells. Previously, Fu et al. reported that the overexpression of miR-454 
markedly promoted the proliferation and invasion of androgen-independent PCa cell lines51. This finding is in 
accordance with the previously suggested role of miR-454-3p as an oncogene in PCa50–53.

In contrast, MED12 knockdown resulted in a significant reduction in cell viability in both cell lines. This effect 
was observed irrespective of the concentration of enzalutamide in the cultivation media. Adler et al. previously 
reported that MED12 inhibition reduced cell proliferation in androgen-dependent and androgen-independent 
PCa cell lines and their 3D spheroids21,23, which is in accordance with the findings of this study. Overall, the 
reduction in cell viability caused by siMED12 was shown for the first time in this study in EnzR PCa cell lines.

Most interestingly, knockdown of MED12 by siRNA significantly reduced the viability of both EnzR cell 
lines. In addition, this treatment significantly decreased the protein expression of AR and c-Myc in DuCaP EnzR 
cells but not significantly in LNCaP Abl EnzR cells. Furthermore, siMED12 significantly reduced AR-V7 protein 
expression, which is considered a resistance mechanism against androgen deprivation therapy71, in DuCaP 
EnzR cells. Our findings suggest that MED12 is a potential target for future PCa treatment in conjunction with 
enzalutamide resistance.

Interestingly, the results of miR-454 overexpression revealed a decrease in AR protein expression (miR-454 
and the siMED12/miR-454 combination) in both EnzR cell lines. Knocking down AR expression by siRNA 
can induce PI3K-independent activation of Akt, an important positive regulator of cell proliferation and 
survival72. In our study, the suppression of the AR protein by miR-454-3p or the combination of siMED12/
miR-454 was accompanied by an increase in the viability of the EnzR cells. These findings may be relevant for 
PCa treatment since bipolar androgen treatment (BAT) of PCa patients with rapid cycling between high and 
low serum testosterone, i.e., androgen deprivation and androgen supply, has been shown to be successful in PCa 
treatment73. In addition, PCa patients treated with BAT can be rechallenged with enzalutamide73.

In summary, we identified AR and AR-V7 as direct targets of miR-454-3p. With the downregulation of AR, 
AR-V7 and c-Myc protein expression by miR-454-3p, we could add knowledge to the molecular mechanisms 
involved in PCa biology. Our study of EnzR PCa cell lines suggests that MED12 is a potential target for future 
PCa treatment despite enzalutamide resistance.

Data availability
Data is provided within the manuscript or supplementary information files. The detailed datasets used and ana-
lyzed during the present study are available from the corresponding author upon reasonable request.
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