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Androgen receptor‑dependent 
regulation of metabolism in high 
grade bladder cancer cells
Kimberley D. Katleba 1,2, Maria‑Malvina Tsamouri 1,3, Maitreyee Jathal 1,2, Han Bit Baek 1,2, 
Rebecca B. Armenta 1,3, Clifford G. Tepper 4,5, Gino Cortopassi 6, Paramita M. Ghosh 1,3,4,5 & 
Maria Mudryj 1,2,5*

The observed sex disparity in bladder cancer (BlCa) argues that androgen receptor (AR) signaling 
has a role in these malignancies. BlCas express full‑length AR (FL‑AR), constitutively active AR splice 
variants, including AR‑v19, or both, and their depletion limits BlCa viability. However, the mechanistic 
basis of AR‑dependence is unknown. Here, we depleted FL‑AR, AR‑v19, or all AR forms (T‑AR), 
and performed RNA‑seq studies to uncover that different AR forms govern distinct but partially 
overlapping transcriptional programs. Overlapping alterations include a decrease in mTOR and an 
increase of hypoxia regulated transcripts accompanied by a decline in oxygen consumption rate 
(OCR). Queries of BlCa databases revealed a significant negative correlation between AR expression 
and multiple hypoxia‑associated transcripts arguing that this regulatory mechanism is a feature of 
high‑grade malignancies. Our analysis of a 1600‑compound library identified niclosamide as a strong 
ATPase inhibitor that reduces OCR in BlCa cells, decreased cell viability and induced apoptosis in a 
dose and time dependent manner. These results suggest that BlCa cells hijack AR signaling to enhance 
metabolic activity, promoting cell proliferation and survival; hence targeting this AR downstream 
vulnerability presents an attractive strategy to limit BlCa.

BlCa in the US accounted for over 83,000 new cases of cancer and ~ 17,200 deaths in  20211. BlCa is classified 
as non-muscle invasive or muscle invasive and may be of high or low grade. Muscle invasive BlCa (MIBC) is 
most problematic and ultimately leads to  fatalities2. BlCa displays a well-documented gender disparity where 
men are 3–4 times more likely to develop disease than  women3. Numerous studies reported that the AR has a 
significant role underlying this  disparity4–6. Immunohistochemical (IHC) analysis of BlCa tissue from males and 
females found that AR expression is higher in  males7. Animal models confirmed that androgens contribute to 
bladder carcinogenesis. AR conditional expression in mouse urothelium and supplementation of female rats with 
testosterone promoted N-butyl-N-(4-hydroxybutyl) nitrosamine-induced tumor incidence while urothelium 
targeted AR knockout reduced tumor  incidence8,9. Epidemiological studies found that men with BlCa treated 
with 5α-reductase inhibitors, which block conversion of testosterone to the more potent dihydrotestosterone, 
exhibited a lower risk of BlCa related  death10, further supporting a role for AR in BlCa.

AR is a member of the 48-member steroid receptor superfamily, potent signaling molecules governing mul-
tiple cellular processes. All members share a basic structure consisting of activation and DNA binding regions 
linked to a ligand binding domain (LBD), conferring ligand-dependent regulation of  transcription11. The AR 
normally exerts a regulatory role in multiple tissues including muscle, bone, brain, and prostate, but in malig-
nancies this role can be perverted to benefit tumor cell proliferation and  survival12. AR mediated androgen 
signaling is pivotal in prostatic malignancies, hence much of our knowledge on the mechanistic basis of AR 
signaling is derived from prostate cancer (PCa) studies. In PCa, the strong reliance of cells on AR signaling has 
been exploited in the development of therapeutics, which target the LBD to limit AR signaling, restricting tumor 
growth. Initially, these cancers respond to therapy, but eventually castration resistant malignancies emerge driven 
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by multiple mechanisms, including aberrant splicing leading to expression of constitutively active low molecular 
weight (LMW) AR  isoforms13 refractory to LBD targeting therapeutics.

We recently reported that while FL-AR is in some BlCa, most BlCa cells also express LMW splice variants. 
We identified a novel variant, AR-v19, which localizes to the nucleus, is expressed in multiple BlCa cell lines 
and tumors and transactivates transcription from an AR-regulated promoter in a dose dependent  manner14. 
Importantly, siRNA mediated depletion of total-AR (T-AR) reduces viability and induces apoptosis in multiple 
BlCa cellular  contexts14, confirming a dependence on AR signaling. Hence, limiting AR signaling is an attrac-
tive therapeutic strategy. However, the presence of constitutively active splice variants limits the efficacy of AR 
targeting  drugs14. Given the accumulating evidence that the AR has a key role in BlCa tumorigenesis, but would 
be refractory to current therapies, defining AR downstream targets may identify actionable vulnerabilities.

Studies herein describe the transcriptomes regulated by depletion of T-AR, depletion of FL-AR or AR-v19, 
and cells overexpressing the AR-v19 splice variant. Key findings show that loss of all AR signaling alters oxidative 
phosphorylation components resulting in an elevation of HIF1A and its target genes, and a deregulation of pro 
and anti-apoptotic molecules. mTOR expression is repressed following depletion of all AR isoforms. Accordingly, 
depletion of AR alters mTOR downstream signaling and pharmacological targeting of mTOR effectively limits 
cell viability. Perusal of large high-grade BlCa datasets revealed that multiple HIF1A pathway components nega-
tively correlate with AR, arguing that increased AR expression represses hypoxic responses. This aligns with our 
results that reduced AR signaling decreases OCR. Uncoupling oxidative phosphorylation with the antihelminth, 
niclosamide, was highly effective in reducing BlCa cell viability. Overall, these studies point to AR augmentation 
of metabolic processes as a targetable driver in AR-dependent BlCa.

Material and methods
Cell Culture, siRNA Transfections, Drug Treatment. UM-UC-3, TCCSUP, J82, T24, and RT4 were 
obtained from ATCC (Manassas, VA). All cell lines were cultured in RPMI-1640 supplemented with 10% fetal 
bovine serum (FBS), mmol/liter glutamine and 100 units/ml penicillin, and 100 ug/ml streptomycin (Invitro-
gen/Thermo Fisher Scientific; Waltham, MA) at 37 °C and 5% CO2. Cells used in studies were under passage 
20 from the time they were received from ATCC. siRNA transfections were carried out using Lipofectamine 
RNAiMAX (Invitrogen) or PolyPlus (at an oligonucleotide concentration of 50 nM unless otherwise specified) 
maintained in the above media, and harvested 72 h post transfection, unless stated otherwise. The following 
oligonucleotides from Dharmacon (Thermo Scientific) were used for transfection; siAR-smart pool (L003400-
00), control non-targeting oligonucleotide (D-001210–01), LBD targeting (J-003400–06)15, and AR-v19 specific 
siRNAs designed by us A(GGG AUG ACU CUG GGA GGG UUUUU; B (GAU GAC UCU GGG AGG GUC CUU)14. 
Niclosamide and sapanisertib were obtained from Selleck Chemicals (Houston, TX) and resuspended in DMSO.

RNA extraction and qRT‑PCR analysis. RNA and cDNA were prepared, and qPCR studies were con-
ducted as previously  described14. qRT-PCR was performed using the primers listed in Supplementary Fig. 1. 
Briefly, RNA was extracted using the RNeasy kit (Qiagen, 74,106) and cDNA was generated using QuantiTect 
(Qiagen; Germantown, MD) reverse transcription based on the manufacturer’s protocol. qRT PCR was per-
formed using primers from Invitrogen. Standard curves were generated for each primer set using serial dilutions 
of cDNA to standardize variations in PCR reactions. In addition, after each run, melting curves were used to 
verify the melting temperature of the amplicon. All qPCR reactions were performed in triplicates. HPRT levels 
served as a quantification control. cDNAs were in ddH2O and added to QuantiTech SYBR Green PCR master 
mix (Qiagen) and 200 nM of each primer. PCR conditions had initial denaturation step at 95 C for 2 min 30 s, 
40 cycles at 95 C for 13 s. Data were collected by the Mastercycler ep Realplex (Eppendorf AG, Hamburg, Ger-
many).

Cell lysates and western immunoblots. Cells were placed in a 4  °C RIPA lysis buffer containing a 
protease inhibitor mixture (Sigma). Thirty to fifty micrograms of protein were separated on 8%, 10%, or 12% 
SDS-PAGE gels, transferred to 0.45 µm nitrocellulose membranes (Thermo Scientific), and blocked with 5% 
nonfat dry milk in phosphate-buffered saline and 0.1% Tween 20 (PBS-T) or OneBlock Western-CL blocking 
buffer (Genesee Scientific; El Cajon, CA). If membranes were probed for more than one protein, then the mem-
branes were cut prior to incubation with specific antibodies. Membranes were incubated with primary antibody 
overnight at 4C. The following antibodies were used: AR (N20), actin, GAPDH, cyclin A (239), E2F1 (251), 
and Cyclin D3 (182) (Santa Cruz Biotechnology; Santa Cruz, CA), AR A303 (Fortis, Waltham, MA) or A303 
(Bethyl; Montgomery, TX), cleaved PARP, phospho-AKT (4060), phospho-p70S6K (9234), total AKT (4685), 
total p70S6K (9202), total mTOR (2972), cleaved PARP, and cyclin E (4129) (Cell Signaling; Danvers, MA). 
Tubulin, pAKT, and S70 (Thermo Scientific, Waltham, MA), The following day, membranes were washed with 
PBS-T 3 times, incubated with secondary antibody conjugated to HRP, and development was carried out using 
SuperSignal West Femto chemoluminescence (Thermo Scientific) or were imaged using LI-COR near-infrared 
western blot detection. Gel loading was assessed either by GAPDH or tubulin. Uncropped images are in Sup-
plementary figures.

Viability assays. Cells were plated at 10,000–20,000 cells/well in a 12 well plate and 24 h later treated with 
niclosamide, sapanisertib (Selleckchem), or DMSO control for 2 or 4 days. Viability was assessed using Cell 
Counting Kit – 8 (CCK-8) following manufacturer’s recommendations (Dojindo; Rockville, MD). For experi-
ments assessing the growth of cells transfected with total AR siRNA, cells were plated in a 24 well plate at 10,000–
20,000 cells/well and transfected 24 h later with a control oligonucleotide or AR targeting siRNA. Proliferation 
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was assessed 72 h later using CCK-8 assay. All experiments were performed in triplicate. Data is displayed as the 
mean +/− standard deviation.

Colony formation assays. Cells were plated in 6-well plates at 15,000 cells/well. The following day, cells 
were transfected with control or AR specific siRNA and were propagated for 10–12 days post transfection. Colo-
nies were fixed and stained with crystal violet (0.5%) in 25% methanol/water, dried, and photographed. Image J 
was used to quantify the images.

RNA‑sequencing (RNA‑Seq). RNA was isolated and submitted to Novogene. RNA purity and concentra-
tion were measured using the NanoPhotometer Pearl (Implen). Following ribo-depletion, RNA-Seq libraries 
were prepared using a protocol to capture both mRNA and lncRNA transcripts and sequenced on an Illumina 
NovaSeq 6000 System (2 × 150 bp, paired-end). Data analysis was performed with a TopHat2-Cufflinks-Cuffdiff 
 pipeline16,17 for mapping/alignment of raw sequence reads (FASTQ format) to the reference human genome 
assembly (GRCh37/hg19), transcript assembly, and quantitation of gene and transcript expression as FPKM 
(Fragments Per Kilobase of transcript per Million mapped reads). Data were annotated for unique genes/tran-
scripts with Ensembl Release 82 (GRCh37/hg19). Group comparisons were conducted with Cuffdiff, and genes 
meeting a statistical threshold of an adjusted P-value < 0.05 were assigned as differentially expressed. Log2(fold 
change) and adjusted P-values were used as input for volcano plots, and normalized FPKM values utilized 
for hierarchical clustering and heatmap visualization. The ToppGene  Suite18 and  EnrichR19 platforms defined 
enrichment for molecular functions, biological processes, cellular components, and pathway alterations.

Measure of oxygen consumption rate. Analyses were performed using an Agilent Seahorse XFe24 
analyzer (Agilent Technologies). Cells were plated onto the Seahorse plate (Seahorse XF24 V7 PS Cell Culture 
Microplates, #100777-004) at 90,000 cells/well and cultured in 250 μL RPMI media (10% FBS and 1% Penicillin 
Streptomycin). Seahorse XF24 Sensor Cartridge was hydrated overnight using Seahorse XF Calibrant Solution 
(Seahorse XFe24 Flux Pak). Cells were placed in Seahorse XF RPMI assay medium supplemented with 10 mM 
glucose, 1 mM pyruvate, and 2 mM glutamine. Seahorse XF Cell Mito Stress Test Kit (#103,015–100,) was per-
formed according to the manufacturer’s protocol, using the final well concentrations of 1.5 μM Oligomycin, 
2 μM Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) and 0.5 μM Rotenone/Antimycin A. On 
completion cells were counted using an Automatic cell counter (Countess II FL Cell Counter, Thermo Scientific 
Invitrogen) for data normalization. Data analysis used the Seahorse Wave (RRID:SCR_014526) Desktop soft-
ware and was exported using the Seahorse XF Cell Mito Stress Test Report Generator.

Statistics. For all assays, a two tailed two sample equal variance student’s t-test was used to assess differences 
between samples. For RT-qPCR experiments, the delta-delta Ct method was used to calculate fold change in 
gene expression as described before (https:// www. scien cedir ect. com/ scien ce/ artic le/ pii/ S1046 20230 19126 29). A 
p < 0.05 was considered as statistically significant. Statistical analyses were preformed using GraphPad Prism 8.

Results
AR alterations in bladder malignancies are evident in ten percent of malignancies. Two com-
prehensive studies on genetic and expression alterations in Muscle Invasive Bladder Cancer (LBD-AA), TCGA 
PanCancer Atlas and MSK TCGA  202020, publicly available on  cBioportal21 show that AR alterations are evident 
in 10–11% of bladder malignancies. AR gene alterations are present in 3% of malignancies, the most common 
being deletion or missense mutations (Fig. 1A, left panel). Most alterations are changes in transcript or protein 
expression where AR expression is decreased in 1% and elevated in 8% of profiled samples (Fig. 1A, middle 
panel), accounting for 75% of all AR alterations (Fig. 1A, right panel), therefore most tumors with AR alterations 
exhibit higher AR mRNA expression (Fig. 1B). Moreover, there is a strong correlation between AR transcript 
and protein levels (Fig. 1C), indicating that AR transcript elevation translates to an increase of AR protein. Mul-
tiple BlCa cells that are AR dependent exhibit a significant reduction in cell viability following T-AR depletion 
(Fig. 1D)14.

Depletion of all AR reveals AR‑dependent regulation of metabolism. UM-UC-3 which express 
FL-AR and the AR-v19 splice variant and show a strong response to total AR depletion (Fig. 1D), were utilized to 
identify transcript alterations following depletion of T-AR, FL-AR or the AR-v19 isoform. Following treatment 
with specific siRNAs cells were subjected to RNA-seq studies. To capture non-polyadenylated transcripts we 
employed a ribo-depletion strategy to enrich for regulated transcripts. Non-targeting siRNA served as a control 
and the studies were conducted using three biological replicates.

T-AR depletion was confirmed prior to RNA-seq studies (Fig. 2A). Volcano plot (Fig. 2B) and a representative 
heatmap (Fig. 2C) indicates that similar numbers of transcripts are elevated (239) and decreased (205) follow-
ing reduction of AR signaling (Supplementary Dataset File). Gene Ontology (GO) analysis using the ToppGene 
 Suite18 and  EnrichR19 platforms defined molecular functions, biological processes, cellular components, and 
pathway alterations (Fig. 2D) to obtain a comprehensive understanding of transcript changes. The most altered 
molecular functions are SMAD binding and kinase activity, while the most altered biological processes are aging, 
apoptotic signaling, cell migration, response to endogenous stimuli and response to oxygen. The molecular 
functions, biological processes and cellular components associated with decreased transcripts encode proteins 
involved in various aspects of RNA metabolism, suggesting a decrease in translational machinery (Fig. 2D 
middle and right panel). Coordinately, transcripts elevated on AR depletion are associated with a negative 

https://www.sciencedirect.com/science/article/pii/S1046202301912629
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regulation of biosynthetic processes, responses to TGFβ and endogenous stimuli, and regulation of apoptosis. 
Changes in expression of selected transcripts was verified by qRT-PCR (Fig. 2E). Transcription of Mechanistic 
Target of Rapamycin Kinase (mTOR), Cyclic AMP-Responsive Element-Binding Protein 1 (CREB1), FKBP 
Prolyl isomerase 5 (FKBP5), Ubiquitin Like Modifier Activating Enzyme 6 (UBA6), Metalloprotease 1 (MMP1), 
Jun Proto-Oncogene, AP1 Transcription Factor Subunit (JUN), and BCL2 Related Protein A1 (BCL2A1) are 
decreased, while BCL2 Antagonist/Killer 1 (BAK1), BCL2 Interacting Protein (HRK), Ribonuclease III (DICER), 
Histone Deacetylase 4 (HDAC4), Early Growth Response 1 (EGR1), and Hypoxia Inducible Factor 1 Subunit 
Alpha (HIF1A) are increased.

Defining interactions between constituents of five most significantly altered pathways were guided by the 
Protein String database platform and enhanced by hand annotation (Supplementary Fig. 2). Pathways in cancer 
includes cell cycle components, mTOR and transcription factors. MAPK pathway includes the CREB1 tran-
scription factor and AP1 transcription factor family (JUN, FOS). Changes in the apoptotic network includes an 
increase in pro-apoptotic proteins (HRK, BAK) and a decrease in anti-apoptotic BCL2A1, shifting the homeo-
stasis towards apoptosis. The apoptotic pathway is linked to mitochondrial proteins, which are instrumental in 
oxidative phosphorylation. Notably, multiple HIF1α pathway components are upregulated, indicative of hypoxia.

Long non-coding RNAs (lncRNA) are altered on T-AR depletion where 10 are repressed and 14 are elevated 
(Supplementary Dataset File). Analysis of the lncRNA targets did not identify significantly altered molecular 
functions, biological processes, cellular components, or pathways, but this cohort includes several lncRNA previ-
ously studied in the cancer context. The repressed small nucleolar host gene 14 (SNHG14), has been reported to 
promote BlCa cell proliferation and silencing this lncRNA restrains cell  viability22. Altered deleted in lymphocytic 
leukemia 2 (DLEU2) expression has been detected in multiple  malignancies23. Nuclear paraspeckle assembly 
transcript 1 (NEAT1), scaffold RNA and component of paraspeckles, is elevated. Previous studies reported that 
in BlCa cells reducing NEAT1 expression augments a reduction in cell proliferation and increases apoptosis on 
cisplatin  treatment24, therefore the importance of NEAT in BlCa is unclear.

FL‑AR Isoform regulates multiple histone‑encoding transcripts. Depletion of FL-AR or treat-
ment with LBD targeting enzalutamide results in a modest reduction of UM-UC-3 cell  viability14,25. On FL-AR 
(Fig. 3A) depletion a similar number of transcripts are repressed and elevated (240 and 216 transcripts, respec-

Figure 1.  AR genomic and expression alterations in high grade BlCa. (A) AR alterations identified in bladder 
high grade malignancies (cBioPortal). Left panel- genetic alterations, middle panel- expression alterations, 
right panel—all alterations. (B) AR expression alterations correlated with increased AR levels. (C) Correlation 
between AR transcript and protein expression are statistically significant. (D) AR depletion reduces cell viability 
in multiple cells in a time dependent manner. The analysis was conducted in triplicate. *P-value < 0.05.
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tively, Fig. 3B,C, Supplementary Dataset File). Down regulated transcripts encode proteins involved in biologi-
cal processes that respond to external stimuli. There is a substantial increase in histone encoding transcripts 
(Fig. 3D) and accordingly the most altered molecular function, processes, cellular components, and pathways 
center on chromatin binding, structure, assembly, gene regulation and chromosome repair. Since the large 
increase in histones could be masking pathways with fewer components, the transcriptome was reanalyzed 
excluding histones. This revealed significant alteration of plasminogen activating cascade, targets of the AP1 
family, TGF-beta, IL4 and IL3 signaling (Fig. 3E,G). Expression of selected transcripts was validated by qRT-
PCR and confirmed a decrease of mTOR, MMP1, and BCL2A1, while expression of ADP Ribosylation Fac-
tor Like GTPase 4C (ARL4C), Ataxin1 (ATXN1), Hexose-6-Phosphate Dehydrogenase/Glucose 1-Dehydro-
genase (H6PD), Steroid 5 Alpha-Reductase 3 (SRD5A3), and WD And Tetratricopeptide Repeats 1 (WDTC1) 
are elevated (Fig. 3F). The most altered pathways included Plasminogen activated cascade, Fra1 and 2 targets, 
interleukin 4 and 13 signaling and TGF-β (Supplementary Fig. 3). Comparison of transcripts altered following 
depletion of T-AR and FL-AR identified 78 commonly regulated transcripts (Fig. 3G) but most transcripts in the 

Figure 2.  Transcriptome changes following depletion of all AR isoforms in UM-UC-3 cells. (A) qRT-PCR 
(left) and immunoblot analysis (right) validated successful depletion of all AR isoforms following a three-
day treatment with AR targeting siRNA. (B) Volcano plot analysis indicates similar number of transcripts 
are repressed (blue) and activated (red) on depletion of all AR isoforms. (C) Partial heat map of transcripts 
repressed and activated on AR depletion when compared to controls. (D) Gene enrichment analysis identifies 
statistically significant molecular function (blue), biological processes (yellow) cellular components (green) 
and pathways (red) altered on AR depletion. The analysis was conducted on all transcripts (left panel), 
down regulated transcripts (middle panel) and up regulated transcripts (right panel). (E) qRT-PCR verified 
AR-dependent alterations of selected transcripts. All qRT- PCR analysis was conducted in triplicate. * 
P-value < 0.05. Immunoblots were cropped prior to incubation with specific antibodies.
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Figure 3.  Transcripts regulated by FL-AR. (A) qRT-PCR (left) and immunoblot analysis (right) verified a 
robust depletion of FL-AR mRNA and protein, following a 3-day treatment with FL-AR targeting siRNA. 
(B) Volcano plot of transcripts activated (red) and repressed (blue) on FL-AR depletion. (C) Heatmap 
representation of transcript alteration on FL-AR depletion. (D) Gene enrichment analysis shows that histones 
are highly upregulated on FL-AR depletion. Molecular function (blue), biological processes (yellow) cellular 
components (green) and pathways (red). (E) Re-analysis of transcripts after removing histones identifies 
additional molecular functions, biological process, cellular components, and pathways altered on FL-AR 
depletion. (F) qRT-PCR verified alterations of selected transcripts. (G) Venn diagram of differentially and 
commonly regulated transcripts on depletion of all AR isoforms (blue) or FL-AR only (yellow). (H) Interactions 
of commonly regulated targets. Downregulated transcripts- blue, upregulated transcripts- red. qRT-PCR studies 
were in triplicate. * P-value < 0.05. Immunoblots were cropped prior to incubation with specific antibodies.
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two datasets are unique. Three multicomponent interacting sets centered on mitochondrial transcripts, mTOR 
signaling, and cytokine mediated signaling (Fig. 3H).

AR‑v19 regulated transcriptome includes cell cycle and replication stress associated tran‑
scripts. AR-v19 depletion resulted in altered regulation of a large number of transcripts where 2243 tran-
scripts are increased and 2431 are decreased (Fig. 4A–C, Supplemental Table 1). The most prominent altera-
tions in molecular function are RNA, ribonucleotide and chromatin binding, transferase and helicase activity 
resulting in altered cell cycle, ribosomal biogenesis, and DNA metabolic processes while the altered cellular 
components included mitochondrion, ribosomal subunits, and chromosomal regions. Consistent with these 
changes, the most significant pathway alterations are cell cycle, gene expression, RNA processing and ribosome 
(Fig. 4D). qRT-PCR validation confirmed that Poly (ADP-Ribose) Polymerase 1 (PARP1), mTOR, Syndecan 1 
(SDC1), Catenin Beta 1 (CTNNB1), BAK1, HRK and MMP1 are decreased, while Glycogen Synthase Kinase 3 
Beta (GSK3B), FOXO3, SRD5A3, H6PD are increased (Fig. 4E). Decreased expression of key protein required 
for cell cycle transversal confirms a decline in proliferation (Fig. 4F). Given the substantial number of altered 
transcripts, additional analyses focused on the 250 most highly decreased and 250 most highly increased tran-
scripts (Supplementary Dataset File). Overall, the molecular functions, biological processes and cellular compo-
nents identified in this subset analysis are indicative of a decrease in proliferation and a response to replication 
stress (Supplementary Dataset File). Comparison of transcripts altered on depletion of T-AR forms and AR-v19 
depletion identified 212 transcripts that are commonly regulated (Fig. 4G). GO analysis of this subset identified 
altered functions, processes, cellular components, and pathways (Fig. 4H) to revealed that the most significantly 
altered pathways are HIF1A and Gastrin signaling (Fig. 4I).

Transcript alterations in cells overexpressing AR‑v19 are linked to metabolism. AR-v19 over-
expressing cells (Fig. 5A) were used to identify transcripts that were elevated (1877) or repressed (1947) when 
compared to cells harboring the parental vector (Fig. 5B,C; Supplementary Dataset File). GO analysis identified 
protein binding as the prominent altered molecular function (Fig.  5D). Altered biological processes include 
neurogenesis, response to abiotic stimulus, and protein localization, while the altered cellular components are 
mitochondrion, centrosome, catalytic complexes and Golgi apparatus. Pathway analysis of decreased transcripts 
indicated that TCA cycle and pyruvate metabolism as the most altered, while elevated transcripts encode com-
ponents of amino acid synthesis and axonal guidance pathways. Regulation of selected transcripts was con-
firmed by qRT-PCR (Fig. 5E). The analysis indicates that increased AR-v19 is altering cellular metabolism.

Transcripts inversely regulated on AR‑v19 depletion and overexpression are associated RNA 
processing and metabolism. Comparison of AR-v19 k/d and AR-v19 overexpression transcriptomes 
identified transcripts that were exclusively altered in each data set (AR-v19 depletion-green, AR-v19 overex-
pression purple), transcripts inversely regulated, upregulated following AR-v19 depletion, downregulated on 
AR-v19 overexpression (303, light purple) or downregulated on AR-v19 depletion and upregulated on AR-v19 
overexpression (370, light green) and transcripts commonly altered in both datasets (grey) (Fig. 5F). A heatmap 
of inversely regulated transcripts further highlights inversely regulated transcripts (Fig. 5G). Further analysis 
confirmed that the DNA repair protein PARP1 is decreased on AR-v19 depletion and elevated on AR-v19 over-
expression, while the transcription factor FOXO3 is regulated in the inverse manner (Fig. 5H). GO analysis of 
inversely regulated transcripts found that the most significantly altered molecular functions are oxidoreductase 
activity and structural component of the ribosome. Significant biological processes are ATP metabolic processes, 
and the most significant cellular components are mitochondria and ribosomal subunits (Fig. 5I). These altera-
tions culminated in significant changes to TCA cycle, RNA processing, and HIF1α regulated pathway (Fig. 5J).

Transcripts commonly regulated on depletion of FL‑AR, AR‑v19 or T‑ AR include mTOR. Fifty-
five transcripts are commonly regulated on depletion of T-AR, FL-AR and AR-v19 (Fig. 6A). The most signifi-
cantly altered molecular function is CXCR chemokine receptor binding and biological processes significantly 
deregulated is p53 signaling, apoptotic signaling in response to DNA damage, amino acid sugar metabolism, reg-
ulation of DNA binding and regulation of cellular amine metabolic process, while chromatin silencing emerges 
as the most significantly altered cellular component (Fig. 6B). Significant pathway alterations are not appar-
ent, but the analysis confirmed that AR depletion alters metabolic processes and apoptotic response. Selected 
commonly regulated transcripts were confirmed by qRT-PCR (Fig. 6C). mTOR is significantly repressed while 
ARL4C, ATXN1, H6PD, SRD5A and WDTC1 are elevated. An interrogation of primary BlCa tumor transcript 
data (cBioportal, 413 samples) uncovered a strong statistical correlation between AR and mTOR expression, 
supporting our results linking AR and mTOR (Fig. 6D). Moreover, elevated mTOR expression significantly cor-
relates with decreased disease-free survival (Fig. 6E).

mTOR drives signaling that is critical for multiple cellular processes including cell growth, survival, metabo-
lism, protein synthesis and autophagy. mTOR is a key component of two complexes, mTORC1 and mTORC2 
(Fig. 6F), which initiate two distinct but interrelated signaling cascades which drive translation and ribosomal 
biogenesis (mTORC1), survival, metabolism and cytoskeletal organization (mTORC2)26. Immunoblot analysis 
confirmed that mTOR protein is reduced on AR depletion (Fig. 6G). Phosphorylation and levels of key mTORC1 
and mTORC2 targets were assessed and show that total p70S6 and AKT are elevated. mTORC2 target AKT phos-
phorylation is reduced, but mTORC1 target p70S6 phosphorylation is increased, indicating that AR depletion has 
differential effects on the two mTOR complexes (Fig. 6G). Treatment of cells with mTOR targeting sapanisertib 
results in a dose and time-dependent decrease in cell viability (Fig. 6H).
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Figure 4.  Transcripts regulated on depletion of AR-v19 splice variant. (A) qRT-PCR (left panel) and immunoblot 
(right panel) verification of AR-v19 depletion. (B) Volcano plot indicates that on AR-v19 depletion similar numbers 
of transcripts are activated (red) and repressed (blue). (C) Partial heatmap of transcripts altered by AR-v19 depletion. 
(D) Gene enrichment analysis of transcripts altered on AR-v19 shows a steep decline in transcripts involved in all 
aspect of cell proliferation. (E) qRT-PCR verified alterations of selected transcripts. (F) Immunoblot analysis of key 
cell cycle proteins following AR-v19 depletion. (G) Venn diagram of differentially and commonly regulated transcripts 
on depletion of all AR isoforms (blue) or AR-v19 (pink). (H) Gene enrichment analysis of transcripts commonly 
regulated on T-AR and AR-v19 depletion. (I) HIF1 and Gastrin Pathways are altered on T-AR and AR-v19 depletion. 
Downregulated transcripts- blue, upregulated transcripts- red. qRT-PCR analyses were conducted in triplicate. 
*P-value < 0.05. Immunoblots were cropped prior to incubation with specific antibodies.
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Total AR depletion decreases OCR and increases hypoxia signature. Interrogation of cBioportal 
and  GEPIA227 databases was used to determine which AR regulated transcripts significantly correlated with AR 
expression in primary high-grade BlCa. In addition to mTOR, there is a statistically significant positive correla-
tion between AR and the key transcription factor CREB1, lysine demethylase 7A (KDM7A), caspase 9 (CASP9), 
syndecn 1 (SDC1), ST3 beta-galactoside alpha-2,3 sialyltransferase 1 (ST3GAL1), catenin Beta 1 (CTNNB1), 
and (FOXO3) (Supplementary Fig. 4). Statistically significant decreases in disease free survival are evident in 
individuals where malignancies have elevated expression of CREB1, KDM7A, and forkhead box O-3 (FOXO3), 
and a decrease in overall survival with higher expression of TNF receptor associated factor 4 (TRAF4) and 
CASP9, suggesting that these genes may have a role in BlCa tumorigenesis (Supplementary Fig. 5).

Significant negative correlations were apparent between AR and HIF1A pathway components carbonic anhy-
drase 9 (CA9), adrenomedulli (ADM), lactate dehydrogenase A (LDHA), aldolase, fructose-bisphosphate A 
(ALDOA), and N-myc downstream regulated 1 (NDRG1) (Fig. 7A). The T-AR depletion-dependent increase in 
hypoxia signature is indicative of decreased oxidative phosphorylation. Analysis of cellular OCR following T-AR 
depletion uncovered a significant decline in mitochondrial respiration (Fig. 7B). Since AR depletion reduces 
mitochondrial activity, we analyzed a screen of 1600 clinically used drugs to identify compounds that affect 
mitochondrial  function28. The anti-helminth, niclosamide, previously described as a mitochondrial uncoupler in 
tapeworms and in human  cells29–31 exhibits very potent ATPase inhibitory activity (Fig. 7C). In addition, in vitro 
assays found that niclosamide binds mTOR, hence affecting two key identified AR-modulated pathways. As 
expected niclosamide treated cells have a significant decrease in OCR, consistent with an inhibition of oxidative 
phosphorylation (Fig. 7D).

Limiting mitochondrial activity effectively inhibits cell viability and promotes apoptosis. UM-
UC-3 cells treated with niclosamide show a dose and time-dependent decline in cell viability (Fig. 7E). Similar 
effects are observed in T-AR depletion sensitive T24 BlCa cells. Treatment of UM-UC-3 and TCCSUP cells (also 
sensitive to T-AR depletion) with 0.5 uM niclosamide for 10 days drastically reduces colony formation, confirm-
ing drug efficacy (Fig. 7F). Robust PARP1 cleavage indicates that niclosamide induces apoptosis in BlCa cells 
(Fig. 7G). Overall, these results strongly argue that niclosamide inhibits BlCa viability by inducing apoptosis.

Discussion
The current study defined BlCa AR-driven transcriptional output to identify exploitable downstream vulnerabili-
ties. We found that T-AR and AR isoforms regulate distinct cohorts of genes, but with an overlapping transcript 
population, similarly to what has been reported for prostatic  malignancies32–36. An abrupt cessation of all AR 
signaling results in the downregulation of transcripts associated with proliferative biosynthetic processes and 
coordinately, an elevation of transcripts encoding proteins that negatively regulate these processes, pro-apoptotic 
proteins, and markers of hypoxia arguing that AR is instrumental in promoting metabolic activities.

Our previous studies found that treatment with enzalutamide has a small effect on UM-UC-3 viability sug-
gesting that FL-AR is active in these cells. Notably, the cells are culture in 10% FBS (0.1 nM testosterone)37,38 
and proliferation is unaltered in steroid depleted media (data not shown), arguing that either very low androgen 
levels are sufficient for growth, that the cell synthesize sufficient testosterone, or that the AR, but not androgens 
are essential for cell growth. However, siRNA-mediated depletion of FL-AR retarded cell  viability14, suggesting 
that this isoform is active. FL-AR activity is further substantiated by the current study where depletion of the 
FL-AR elevates expression of multiple histone transcripts. The consequences of an abrupt elevation of multiple 
histones are not well studied, but in yeast abnormal histone accumulation interferes with chromosome segrega-
tion and promotes whole genome  duplication39, while overexpression of replication-dependent histone genes 
confers malignancy to dedifferentiated  liposarcoma40. Restraining FL-AR in the BlCa context may have similar 
consequences, but this needs to be further explored. The large transcriptome changes following AR-v19 deple-
tion argue that this specific splice variant has a major role in gene expression. Surprisingly, depletion of AR-v19 
altered expression of far more transcripts than depletion of T-AR or FL-AR. The reason for this is unclear, but an 
abrupt depletion of all AR forms in cells that are addicted to this signaling pathway may precipitate an acute stress 
response that culminates in a rapid induction of programmed cell death. Depletion of a single isoform, while 
deleterious, may be compensated by the remaining AR, thus slowing the decline in cell viability. Comparison 
of transcription alterations on AR-v19 k/d and overexpression reiterated that depletion and overexpression of a 
transcription factor does not drive gene expression in an inverse manner.

There is a modest overlap in transcripts commonly regulated on depletion of T-AR, FL-AR and AR-v19. Sev-
eral elevated transcripts have previously been associated with malignancies. WDTC1 has oncogenic properties 
in colorectal  cancer41. ATXN1 regulates epithelial mesenchymal transition (EMT) in cervical carcinoma cells 
where its depletion promotes migration and  invasion42. ARL4C, a target of Wnt/β-catenin and Ras signaling, 
positively correlates with EMT on AR depletion in  PCa43. H6PD is elevated in prostatic malignancies treated with 
AR-limiting  enzalutamide44, and SRD5A3 is elevated in PCa when AR signaling is  restrained44. SRD5A3 converts 
testosterone to the more potent  dihydrotestosterone45 thus SRD5A3 upregulation on AR depletion suggests 
that a decline of AR signaling triggers a compensatory increase in SRD5A3 to restore signaling. While certain 
transcripts are similarly regulated in BlCa and PCa, there are notable differences. Myc, highly AR-regulated in 
 PCa12, is not AR regulated in BlCa. KLK2 and 3 are not expressed while TMPRSS2 is expressed at very low levels 
and not AR regulated, hence some well described AR targets in PCa, are not AR-regulated in BlCa.

A previous study used a different approach where a UM-UC-3 subclone with highly elevated AR expression 
when compared to UM-UC-3 parent cells, was stimulated with 10 nmol/L R1881 and subjected to CHiP-seq stud-
ies to identify AR binding  regions46. RNA from identically treated cells was used in expression microarray studies 
leading to the identification of 96 direct AR target genes. A comparison of the identified direct AR target genes 
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with transcripts altered by depletion of T-AR, FL-AR or AR-v19 found that of the 51 of the 96 were regulated by 
on T-AR, FL-AR or AV-v19 depletion. This included FKBP5 and CD44 (Supplementary Fig. 6). However, most 
of the identified transcripts were not inversely regulated on AR depletion vs R1881-dependent AR activation, 
suggesting the two cell lines while similar has distinct features or additional factors have a substantial role in 
regulating AR-dependent gene expression.

mTOR is decreased on depletion of T-AR, FL-AR and AR-v19 and the AR/mTOR correlation expends to 
high grade malignancies, arguing that this linkage is a common feature of BlCa. The importance of AR in driving 
mTOR is documented in the context of muscle cells. In castrated rodents, testosterone supplementation improved 
muscle and bone strength by mTOR  activation47 where it optimizes muscle protein levels by regulating the bal-
ance of mTOR and  AMPK48. In PCa, elevated or deregulated mTOR signaling is a major cause of castration resist-
ance, hence targeting this pathway is an attractive  strategy49. Interaction between AR and mTOR includes direct 
binding of nuclear mTOR to AR to affect gene  transcription50. In PCa cells limiting AR signaling promotes an 
increase of mTORC1 downstream target p70S6 phosphorylation, but not the mTORC2 target AKT. Moreover, C1 
and C2 regulate each other, where depletion of the critical C1 protein raptor enhances C2 signaling, while deple-
tion of the C2 protein rictor elevated C1  signaling51. In BlCa AR depletion also increases phospho p70S6 levels, 

Figure 5.  Transcriptome of cells overexpressing the AR-v19 isoform. (A) Western blot confirm highly elevated 
AR-v19 in AR-v19 overexpressing UM-UC-3 cells. (B) Volcano plot analysis shows equivalent number of 
transcripts elevated and decreased in AR-v19 overexpressing cells when compared to UM-UC-3 cells harboring 
the parental expression vector PCDNA3. (C) Heatmap of altered transcripts in AR-v19 overexpressing 
cells compared to cells harboring the parental vector. (D) Molecular function (blue), biological processes 
(yellow) cellular components (green) and pathways (red) altered in AR-v19 overexpressing cells. (E) qRT-
PCR validation of transcripts regulated in AR-v19 overexpression. (F) Comparison of transcript regulation 
on AR-v19 depletion and overexpression. Transcripts were divided into those exclusively altered after AR-v19 
depletion (green) or AR-v19 overexpression (indigo), and those inversely regulated, upregulated on AR-v19 
depletion, and downregulated on AR-v19 overexpression (light green) and downregulated on AR-v19 depletion 
and upregulated on AR-v19 overexpression (light indigo). Transcripts commonly altered in both models are 
shown in grey. (G) Heatmap of inversely regulated transcripts. (H) qRT-PCR validation of transcripts inversely 
regulated on AR-v19 overexpression or depletion. I Gene enrichment analysis of the identified transcripts. 
Molecular function (blue), biological processes (yellow) cellular components (green) and pathways (red) 
inversely altered in AR-v19 depleted and overexpressing cells. (I) qRT-PCR validation of selected inversely 
regulated transcripts. J. Pathway interactions of the most significantly inversely regulated components: up 
on AR-v19 depletion (indigo), up on AR-v19 overexpression (green). Immunoblots were cropped prior to 
incubation with specific antibodies.

◂

Figure 6.  Transcripts commonly regulated on depletion of all or different AR isoforms. (A) Venn diagram 
showing transcripts commonly regulated on depletion of FL-AR, AR-v19 or T-AR (total) isoforms. (B) 
Analysis of commonly regulated molecular function (blue), biological processes (yellow), cellular components 
(green) and pathways (red). (C) Validation of selected transcripts. (D) Interrogation of TCGA data identified 
a statistically significant correlation between AR and mTOR expression in high grade BlCa. (E) Kaplan–Meier 
curves (GEPIA2) identified a significant association between high mTOR levels and decreased disease-free 
survival. (F) Schematic of mTOR complex 1 and 2 signaling pathways. G. Western immunoblot analysis of 
mTOR and downstream components. (H) Pharmacological targeting of both mTOR complexes using INK128 
reduces cell viability in a dose and time dependent manner. Immunoblots were cropped prior to incubation with 
specific antibodies.
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therefore there are similarities between AR mTOR regulation between PCa and BlCa. However, thus far, clinical 
trials limiting mTOR activity have shown limited  efficacy52, but studies using novel mTOR targeting agents or a 
combination of agents are ongoing and may identify formulations that can effectively limit BlCa tumorigenesis.

Increased expression of HIF1A network components on AR depletion was reinforced by analysis of high grade 
BlCa. Multiple transcripts indicative of hypoxia strongly negatively correlate with AR. An elevation of a hypoxic 
signature and reduction of OCR on T-AR depletion is indicative of compromised mitochondrial activity and 
suggested a targetable vulnerability. AR interplay with mitochondria is complex. AR can directly regulate mito-
chondrial gene expression, where in muscle C2C12 cells AR promotes mitochondrial gene transcription driving 
mitochondrial  biogenesis53, while in PCa cells mitochondrial AR serves to reduce mitochondrial function by 
regulating OXPHOS enzymatic  activity54. In castration resistant PCa, MPC2 is a direct AR target and its inhibi-
tion restricted  OCR55. Our analysis did not identify MPC2 as an AR regulated transcript, but AR inhibition has 
a similar effect on OCR, suggesting that oxidative phosphorylation may be regulated by alternative mechanisms 
in BlCa, but the overall outcome is similar.

Several feature of the antihelminth niclosamide make it particularly attractive drug for mimicking the effect 
of AR depletion. (1) Niclosamide has a robust effect on ATPase and treatment of BlCa cells reduce OCR. (2) 

Figure 7.  HIF1A components and hypoxia levels inversely correlate with AR expression in high grade BlCa 
malignancies. (A) Interrogation of high grade BlCa malignancies (TCGA 2017) identified statistically significant 
negative correlations between expression of AR and multiple HIF1A pathway components. (B) OCR decrease 
on total AR depletion is indicative of compromised mitochondrial function. (C) An analysis of 1600 agents 
revealed that niclosamide is a very potent inhibitor of ATPase. The analysis was in triplicate (labeled 1, 2 3) and 
values were averaged. AMP kinase (AMPK) activity, phospho-ATK (P-AKT) levels and mTOR binding was 
evaluated. (D) OCR decrease on niclosamide treatment is indicative of compromised mitochondrial function. 
(E) Niclosamide treatment decreased cell viability in a time and dose dependent manner in two BlCa cell lines. 
(F) Colony formation assays confirmed the potent effects of niclosamide (0.5uM) following a 10-day treatment 
in two cellular contexts. G. Complete PARP1 cleavage on niclosamide treatment is indicative of an apoptotic 
response. Blue- binding. Immunoblots were cropped prior to incubation with specific antibodies.
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Niclosamide exhibits mTOR binding. (3) In preclinical and a limited number of clinical trials niclosamide or 
novel niclosamide formulations exhibit an acceptable toxicity  profile56,57. Niclosamide was developed to target 
parasites and early studies reported its effect on uncoupling oxidative  phosphorylation58. Subsequent studies 
described additional niclosamide targets and it is unclear if there are multiple niclosamide targets or if there is 
substantial crosstalk between affected pathways. Niclosamide affects mTOR activity and is a potent inhibitor of 
Wnt/β-catenin and STAT3  signaling59,60. In PCa, niclosamide inhibits AR splice variants to overcome enzalu-
tamide  resistance61, but we did not observe this effect in BlCa cells, suggesting that niclosamide’s effects on AR 
are cell context specific. However, niclosamide’s suitability is hindered by its poor solubility and brief plasma 
half-life62. Encouragingly, newer formulations are overcoming these obstacles, repurposing this drug as a cancer 
therapeutic that may be utilized for the treatment of high grade  BlCa56,57.

In conclusion, the BlCa studies herein identified T-AR and isoform dependent transcriptomes and uncov-
ered molecular processes and pathways associated with the regulated transcriptomes. Cross referencing with 
AR regulated transcribes using the cBioportal database validated transcripts that are positively and negatively 
associated with AR expression. mTOR positively correlated with AR expression, mTOR signaling is deregulated 
on AR-depletion and pharmachological targeting of mTOR resulted in a significant decline in cell viability. 
Conversely transcripts that are indicative of hypoxia are negatively associated with AR expression, arguing for 
an AR effect on mitochondrial activity. Depletion of AR resulted in a sharp decline in OCR and targeting mito-
chondrial activity with the potent ATPase inhibitor niclosamide decreased OCR and reduced cell viability in a 
dose and time dependent manner. Taken together these studies found that in BlCa the AR drives metabolism 
and revealed that compromising mitochondrial activity is a targetable vulnerability.

Data availability
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