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Summary

Advanced prostate cancers are treated with therapies targeting the androgen receptor (AR) 

signaling pathway. While many tumors initially respond to AR inhibition, nearly all develop 

resistance. It is critical to understand how prostate tumor cells respond to AR inhibition in 

order to exploit therapy-induced phenotypes prior to the outgrowth of treatment-resistant disease. 

Here, we comprehensively characterize the effect of AR blockade on prostate cancer metabolism 

using transcriptomics, metabolomics and bioenergetics approaches. The metabolic response to 

AR inhibition is defined by reduced glycolysis, robust elongation of mitochondria, and increased 

reliance on mitochondrial oxidative metabolism. We establish DRP1 activity and MYC signaling 

as mediators of AR blockade-induced metabolic phenotypes. Rescuing DRP1 phosphorylation 

after AR inhibition restores mitochondrial fission, while rescuing MYC restores glycolytic activity 

and prevents sensitivity to complex I inhibition. Our study provides new insight into the regulation 

of treatment-induced metabolic phenotypes and vulnerabilities in prostate cancer.

Graphical Abstract
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Introduction

Prostate cancer is the leading cause of cancer-related death in non-smoking males in the 

United States1. Prostate cancer progression from localized to advanced metastatic disease 

is driven by aberrant androgen receptor (AR) activity. Therefore, patients with metastatic 

prostate cancer are treated with androgen deprivation therapy (ADT) to dampen AR 

activity2. While many advanced tumors initially respond to ADT, nearly all tumors recur 

as castration-resistant prostate cancer (CRPC)3. CRPC is treated with androgen-receptor 

pathway inhibitors (ARPIs) including Enzalutamide4 because AR activation remains critical 

for tumor cell growth and survival. Enzalutamide treatment induces significant declines 

in prostate-specific antigen (PSA) levels and radiographic responses in the majority of 

CRPC patients5,6. Unfortunately, prolonged ARPI treatment invariably results in disease 

progression, ultimately causing lethality7. New approaches are needed to understand how 

prostate cancer cells initially respond to AR targeted therapies prior to relapse in order to 

exploit treatment-induced vulnerabilities and prevent or delay disease progression.

Metabolic requirements and vulnerabilities evolve during cancer progression8 and several 

studies suggest that metabolic pathways can be targeted in prostate cancer to impair 

tumor growth9–16. Short-term AR blockade (24–96 hours) increases reliance on electron 

transport chain complex I activity and glutaminase activity17. However, the mechanisms 

that govern AR inhibition-induced metabolic rewiring have not been clearly defined. 

In this study, we comprehensively characterize how prostate cancer cells that survive 

AR blockade reprogram their metabolism. We use in vitro and in vivo models as well 

as clinical datasets to demonstrate that cells surviving AR blockade maintain oxidative 

phosphorylation and exhibit reduced glycolysis, resulting in increased reliance on oxidative 
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mitochondrial metabolism. We establish phosphorylation of DRP1-S616 as a key regulator 

of altered mitochondrial dynamics following AR blockade. Furthermore, MYC signaling is 

reduced following AR blockade and over expression of MYC restores glycolytic activity 

and glutamine metabolism. Finally, rescuing MYC is sufficient to reverse sensitivity to 

complex I inhibitors after AR inhibition. Taken together, our data suggest that AR blockade 

reprograms cellular metabolism and increases dependence on oxidative mitochondrial 

metabolism through reduced MYC.

Results

Transcriptomic and metabolomic profiling reveal AR inhibition-induced metabolic 
reprogramming

To gain insight into how prostate cancer cells survive AR inhibition, we evaluated which 

pathways are altered after clinical AR blockade using the Rajan et al. dataset18, which 

contains transcriptomics data from seven patient tumors collected prior to and after 

androgen deprivation therapy (ADT). 10 of the top 30 significantly altered pathways were 

metabolism-related (Figure 1A, Supplementary Table 1). To model transcriptional responses 

to AR inhibition in a system that is better suited for broad metabolic characterization, 

we treated the 16D CRPC cell line19 with 10μM Enzalutamide for 48 hours, termed 

STenza (Short-Term), or up to two months, termed LTenza (Long-Term Enzalutamide-

treatment). Both STenza and LTenza 16D cells contained increased expression of genes 

upregulated post-ADT in the Rajan et al. clinical dataset, with LTenza cells containing 

the highest expression of such genes (Supplementary Figure 1A). Principal component 

projection analysis revealed that naïve (vehicle-treated) 16D cells cluster with pre-ADT 

clinical samples, whereas LTenza 16D cells cluster with post-ADT samples from the Rajan 

et al. dataset18 (Figure 1B). Gene Set Enrichment Analysis (GSEA) identified negative 

enrichment of Hallmark_androgen_response genes in LTenza 16D cells (Supplementary 

Figure 1B), validating AR inhibition. Furthermore, cell cycle analysis illustrated that LTenza 

16D cells are still sensitive to Enzalutamide treatment (Supplementary Figure 1C). KEGG 

PATHWAY analysis on the differentially expressed genes (Supplementary Figure 1D) 

identified 12 metabolism-related pathways among the top 30 significantly altered pathways 

(Figure 1C, Supplementary Table 2). Taken together, these data provide strong evidence that 

(1) AR inhibition modulates metabolic gene expression, and (2) Enzalutamide treatment of 

16D cells models transcriptional responses to clinical AR blockade.

Having identified transcriptional evidence of AR blockade-induced metabolic 

reprogramming, we asked whether Enzalutamide treatment of 16D cells alters the 

metabolome. NOD SCID IL2Rγnull (NSG) mice bearing subcutaneous 16D tumors were 

treated with vehicle or Enzalutamide for 10 days prior to tumor harvest, metabolite 

extraction, and metabolic profiling. Enzalutamide-treated tumors exhibited reduced protein 

expression of PSA, an AR target, and increased expression of NSE, which is repressed by 

AR, confirming AR inhibition in vivo (Supplementary Figure 1E). Metabolomic profiling 

of vehicle- and Enzalutamide-treated tumors identified 47 Enzalutamide-increased and 10 

Enzalutamide-decreased metabolites (Figure 1D). After performing metabolic profiling on 

in vitro naïve and LTenza 16D cells, we found that metabolic profiles group based on 
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treatment, as naïve 16D cells cluster with vehicle-treated 16D tumors, whereas LTenza 16D 

cells cluster with Enzalutamide-treated 16D tumors (Supplementary Figure 1F). In addition, 

we observed a higher abundance of in vivo Enzalutamide-enriched metabolites in LTenza 

16D cells compared to naïve 16D cells (Supplementary Figure 1G).

To identify metabolic pathways commonly altered in vivo and in vitro, we performed 

Metabolite Set Enrichment Analysis (MSEA) on the Enzalutamide-increased metabolites 

from each dataset. Among the commonly enriched KEGG pathways were terms related 

to purine, lipid, and glutamine metabolism (Supplementary Figure 1H). We explored 

how Enzalutamide treatment alters lipid metabolism and found that there is a significant 

reduction in lipid droplet content within 96 hours of beginning Enzalutamide treatment 

(Supplementary Figures 1I–K). Furthermore, lipid droplets begin to accumulate upon 

removal of Enzalutamide (Supplementary Figure 1L).

To evaluate how various methods of AR inhibition alter metabolism, we performed U13C-

glucose tracing, U13C-glutamine tracing, and metabolic profiling on 16D cells treated 

with two AR pathway inhibitors (10μM Enzalutamide and 10μM Apalutamide) and an 

AR degrader (0.5μM ARCC-4). Cells treated with Enzalutamide or Apalutamide exhibit 

decreased expression of PSA while cells treated with ARCC-4 have decreased expression 

of AR and PSA (Supplementary Figure 1M). Principal component analysis of fractional 

contribution illustrates that Enzalutamide, Apalutamide, and ARCC-4 similarly alter glucose 

and glutamine utilization (Figures 1E–F). Furthermore, changes to metabolite abundance 

were highly consistent across treatments (Figures 1G–H, Supplementary Figure 1N). 

MSEA revealed that commonly enriched pathways include aminoacyl-tRNA biosynthesis, 

pyrimidine/purine metabolism, and valine/leucine/isoleucine synthesis (Supplementary 

Figure 1O). Collectively, these data demonstrate that Enzalutamide, Apalutamide, and 

ARCC-4 have consistent effects on the metabolome.

AR blockade maintains oxidative phosphorylation and reduces glycolysis

Having identified AR inhibition-induced changes to the metabolome, we explored whether 

Enzalutamide treatment alters bioenergetics by measuring oxygen consumption rate (OCR) 

and extracellular acidification rate (ECAR) in naïve and Enzalutamide-maintained 16D 

cells20,21 (Figures 2A–B). Although Enzalutamide treatment did not significantly alter ATP-

linked respiration (Figures 2A, 2C), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 

(FCCP)-stimulated respiration was increased in Enzalutamide-treated cells (Figures 2A, 

2D), demonstrating an enhanced maximal capacity for oxidative mitochondrial metabolism. 

We then transformed rates of OCR and ECAR into rates of mitochondrial and glycolytic 

ATP production to quantify the redistribution between oxidative phosphorylation and 

glycolysis22. The mitochondrial ATP production rate was not altered in Enzalutamide-

treated 16D cells (Figures 2A, 2E), whereas the glycolytic ATP production rate was reduced 

(Figures 2B, 2F). As such, the total ATP production rate in Enzalutamide-treated 16D cells 

was reduced (Figure 2G), and oxidative phosphorylation comprised a greater percentage 

of the overall ATP supply (Figure 2H). Consistent with dampened glycolysis, lower steady-

state lactate was observed in Enzalutamide-treated 16D cells (Figure 2I). Our data support 
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a model whereby AR inhibition leads to reduced glycolysis but maintenance of oxidative 

mitochondrial metabolism.

AR inhibition enhances sensitivity to complex I inhibitors

As Enzalutamide-treated 16D cells generate a greater proportion of ATP from oxidative 

mitochondrial metabolism, we hypothesized that these cells may be increasingly sensitive 

to inhibition of oxidative phosphorylation. To test our hypothesis, we cultured naïve and 

Enzalutamide-treated 16D cells with the highly-specific complex I inhibitor IACS-01075923 

(IACS). Respirometry and U13C-glucose tracer analysis were performed to validate the on-

target effect of IACS. IACS reduced the ATP-linked respiration of naïve and Enzalutamide-

treated 16D cells by roughly 95 percent (Figure 3A) and significantly reduced M+2 labeling 

of TCA cycle intermediates from U13C-glucose in both groups (Supplementary Figures 2A–

B). Increased M+3-labeled lactate was observed in both naïve and Enzalutamide-treated 16D 

cells after IACS treatment indicating that both cell types compensate for reduced complex 

I activity by increasing glycolysis (Supplementary Figure 2C). Respirometry revealed that 

while both naïve and Enzalutamide-treated 16D cells increase glycolytic ATP production 

in response to IACS, naïve cells contain a 2-fold higher IACS-induced glycolytic ATP 

production rate compared to Enzalutamide-treated 16D cells (Supplementary Figure 2D). 

Accordingly, IACS treatment reduced the total ATP production of naïve cells by just 12% 

compared to a 29% reduction of total ATP production in Enzalutamide-treated 16D cells 

(Supplementary Figure 2E).

We performed cell cycle analysis (Supplementary Figure 2F) to determine the effect of 

IACS on proliferation. Whereas IACS treatment did not reduce the proliferation of naïve 

cells, IACS reduced the proliferation of Enzalutamide-treated 16D cells by roughly 35 

percent in just 72 hours (Figure 3B). IACS treatment significantly increased apoptosis in 

Enzalutamide-treated cells after 72 hours (Figure 3C). Furthermore, 16D cells treated with 

Apalutamide or ARCC-4 also exhibit enhanced sensitivity to IACS (Figure 3D). Since AR 

blockade increases sensitivity to complex I inhibition, we wondered if IACS treatment of 

naïve 16D cells might increase Enzalutamide sensitivity. IACS pretreatment significantly 

enhanced Enzalutamide sensitivity, effectively doubling the growth inhibition caused by 

Enzalutamide (Supplementary Figure 2G).

The clinically viable drug Metformin, which has complex I inhibitor activity in vitro24, 

reduced ATP-linked respiration in Metformin-treated 16D cells (Supplementary Figure 2H). 

Unlike IACS, Metformin alone was sufficient to impair the proliferation of naïve 16D cells 

(Supplementary Figure 2I). Reduced proliferation in metformin-treated 16D cells was likely 

caused by known off-target effects24 as IACS treatment reduced ATP-linked respiration 

by greater than 95% without altering EdU labeling. Consistent with IACS pretreatment 

increasing responsiveness to AR inhibition, Metformin pretreatment significantly enhanced 

the sensitivity of naïve 16D cells to Enzalutamide (Supplementary Figure 2J).

To better understand the interaction between AR inhibition and complex I inhibition across 

various disease states, we explored whether Metformin similarly enhances the sensitivity of 

LNCaP cells to deprivation of the AR ligand, dihydrotestosterone (DHT). We first confirmed 

that LNCaP cells grown without DHT transcriptionally resemble patient tumors post-ADT18 
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(Supplementary Figures 3A–C). Consistent with our findings in the 16D model, Metformin 

treatment reduced the growth of LNCaP cells and significantly increased DHT deprivation 

sensitivity, from roughly 45 percent to greater than 85 percent (Supplementary Figures 3D–

E).

After showing that various complex I inhibitors can synergize with AR blockade in vitro, 

we explored whether Enzalutamide treatment of mice bearing PDX tumors enhances IACS 

sensitivity. We utilized an AR-positive patient-derived xenograft (PDX) model originating 

from a patient with localized CRPC, termed MDA-PCa 180–3025. Week-long Enzalutamide-

treated 180–30 PDX tumors exhibited reduced protein expression of PSA (Supplementary 

Figures 3F–G). After treatment with vehicle or Enzalutamide in vivo, we evaluated the effect 

of Enzalutamide on proliferation and response to complex I inhibition. Cell cycle analysis 

after ex vivo culture of tumor tissue in prostate organoid conditions confirmed reduced 

proliferation in Enzalutamide-treated 180–30 PDX tumors (Supplementary Figure 3H). 

Analysis of IACS sensitivity revealed that Enzalutamide-treated samples accounted for 4 of 

the 5 most IACS-sensitive samples (Figure 3E). Furthermore, whereas IACS did not alter the 

growth of vehicle-treated tumor cells in a statistically significant manner (Figure 3F), IACS 

significantly reduced proliferation of Enzalutamide-treated cells (Figure 3G). In addition, 

we used the MDA-PCa 173–2 PDX model, which originates from a patient with localized 

treatment-naïve prostate cancer, to determine if complex I inhibition further decreases the 

growth of castrated tumors in vivo. Ki67 staining of tumor sections revealed that while 

IACS treatment decreases the growth of 173–2 PDX tumors in intact mice, the combination 

of castration and IACS treatment almost completely abolishes proliferation (Figures 3H–I). 

173–2 PDX tumors grown in intact mice exhibit a 53% reduction in proliferation in response 

to IACS whereas 173–2 PDX tumors grown in castrated mice exhibit an 80% reduction 

in proliferation in response to IACS (Supplementary Figure 3I). Collectively, these data 

suggest that AR inhibition and complex I inhibition can cooperate to decrease growth across 

disease states.

Enzalutamide induces mitochondrial elongation via reduced DRP1 activity

As mitochondrial dynamics can change in response to cellular and environmental stresses26, 

we explored the effect of AR inhibition on mitochondrial morphology. Mitochondria 

were visualized by staining for the mitochondria-associated protein Tu Translation 

Elongation Factor (TUFM). Immunofluorescence identified robustly elongated mitochondria 

in Enzalutamide-treated 16D cells (Figure 4A). Quantification of mitochondrial elongation 

and branching was performed by calculating the mitochondrial aspect ratio, which is equal 

to the ratio of the major axis to the minor axis of an object, and form factor, a value 

that compensates for irregularity in the shape of an object, respectively27 (Figure 4B). 

Enzalutamide-treated 16D cell mitochondria exhibited a higher aspect ratio (Figure 4C) 

and lower form factor (Figure 4D) compared to naïve cell mitochondria, consistent with 

mitochondrial elongation and increased branching. Eccentricity, the ratio of the distance 

between the foci of an ellipse and its major axis length, was elevated in mitochondria 

from Enzalutamide-treated 16D cells, confirming mitochondrial elongation (Supplementary 

Figure 4A). Enzalutamide treatment did not alter mitochondrial size, subtly increased 
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mitochondrial count, and did not alter mitochondrial volume (Supplementary Figures 4B–

D).

Mitochondrial morphology is determined by the relative amounts of mitochondrial fission 

and fusion28. Several reports provide evidence that AR may regulate expression of DRP129, 

encoded by the DNM1L gene, which mediates mitochondrial fission. Analysis of LNCaP 

and 16D AR ChIP-seq data30 revealed binding to the DNM1L locus (Supplementary 

Figure 4E). We therefore explored whether DRP1 levels are altered in 16D cells 

treated with various AR inhibitors. Surprisingly, DRP1 expression was only subtly 

reduced in Enzalutamide-, Apalutamide-, and ARCC-4-treated 16D cells (Figure 4E). We 

evaluated DRP1 phosphorylation at S616, which mediates DRP1 activity31, and found 

a dramatic reduction in Enzalutamide-, Apalutamide-, and ARCC-4-treated 16D cells 

(Figure 4E) and in Enzalutamide-treated LAPC4 cells (Supplementary Figure 4F). When 

Enzalutamide was removed from Enzalutamide-maintained 16D cells for ten days, DRP1-

S616 phosphorylation returned to levels present in naïve cells (Supplementary Figure 4G). 

In addition, in organoids derived from the MDA-PCa 183-A PDX model, which originates 

from a patient with metastatic treatment-naïve prostate cancer, Enzalutamide treatment 

results in decreased DRP1-S616 expression (Figure 4F). Enzalutamide-treated 16D tumors 

(Supplementary Figures 4H–I), 180–30 PDX tumors (Supplementary Figure 4J), and 173–2 

PDX tumors (Supplementary Figures 4K–L) contained both reduced total DRP1 expression 

and reduced DRP1-S616 phosphorylation, suggesting that the tumor microenvironment may 

influence the response of DRP1 expression to AR blockade. Interestingly, Enzalutamide-

resistant AR+ 22Rv1 cells did not exhibit reduced DRP1-S616 expression in response to 

Enzalutamide treatment (Supplementary Figure 4M).

To evaluate the functional role of DRP1, we ectopically expressed RFP or a 

constitutively active DRP1 phosphomimetic31 DRP1S616E, in Enzalutamide-maintained 

16D cells (Supplementary Figure 4M). Expression of DRP1S616E was sufficient to reduce 

mitochondrial elongation and increase mitochondrial fission (Figures 4G–H). We evaluated 

IACS sensitivity using cell cycle analysis and found that constitutive expression of DRP1 

partially rescues Enzalutamide-induced IACS sensitivity (Figures 4I–J). These data suggest 

that changes in mitochondrial morphology following AR blockade functionally contribute to 

metabolic dependencies.

Reduced glycolytic enzyme expression in cells that survive AR inhibition

We wondered what mechanisms induced by AR blockade may contribute to the reduction 

in glycolysis. Transcriptomic analysis identified a trend toward downregulation of glycolytic 

genes in Enzalutamide-treated 16D cells, including Hexokinase 2 (HK2) and Lactate 
Dehydrogenase A (LDHA) (Figure 5A). Western blot analysis confirmed reduced protein 

expression of HK2 and LDHA in Enzalutamide-, Apalutamide-, and ARCC-4-treated 16D 

cells (Figure 5B) and LAPC4 cells (Supplementary Figure 4E), but not in Enzalutamide-

resistant AR+ 22Rv1 cells (Supplementary Figure 4L). Upon removal of Enzalutamide, 

HK2 and LDHA abundance increased in 16D cells (Supplementary Figure 4G). In addition, 

HK2 and LDHA were reduced in Enzalutamide-treated 16D tumors, Enzalutamide-treated 

180–30 PDX tumors, and 173–2 PDX tumors grown in castrated mice (Figures 5C–D, 
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Supplementary Figures 4J–K, Supplementary Figure 5A). In LNCaP cells, glycolytic 

enzyme expression was similarly reduced as a result of Enzalutamide treatment or DHT 

deprivation (Figure 5E, Supplementary Figure 5B). We also analyzed glycolytic enzyme 

expression in four clinical transcriptomic datasets: the Rajan et al. dataset18 (seven 

locally advanced or metastatic prostate cancer tumors biopsied before and after ADT, 

Supplementary Figure 5C), the Reiter et al. dataset (seven tumor-rich prostatic biopsies 

collected prior to and after ADT and Enzalutamide treatment, Supplementary Figure 5D), 

the Long et al. dataset32 (six tumor-rich prostatic biopsies collected prior to and after ADT 

and Bicalutamide treatment, Supplementary Figure 5E), and the Wilkinson et al. dataset33 

(36 prostatic biopsies collected prior to and after ADT and Enzalutamide treatment, 

Supplementary Figure 5F). We found that SLC16A1 was reduced in all datasets after AR 

inhibition, while ENO1 and TPI1 were reduced in three of the four datasets (Supplementary 

Figures 5C–F). In the Rajan et al. and Reiter et al. datasets18, HK2 mRNA expression 

was reduced after AR blockade in all patients (Figure 5F–G). These data suggest that 

AR inhibition lowers expression of key glycolytic enzymes across various AR inhibition-

responsive disease states.

Reduced MYC signaling regulates AR inhibition-induced metabolic phenotypes

We hypothesized that downregulation of HK2 following AR inhibition may mediate reduced 

glycolytic activity and sensitivity to complex I inhibition. Cells with HK2 overexpression 

maintained high levels of HK2 even in the presence of Enzalutamide (Figure 5H) but 

still exhibit significant sensitivity to complex I inhibition (Figure 5I). These data suggest 

that expression of HK2 does not mediate sensitivity to complex I inhibition following 

AR inhibition. Since several glycolytic enzymes and transporters are downregulated after 

AR inhibition, we investigated whether AR blockade alters transcriptional signatures of 

MYC, a key regulator of glycolysis34 and an AR target gene35. GSEA revealed negative 

enrichment of Hallmark_Myc_targets in the Rajan et al., Reiter et al., Long et al., and 

Wilkinson et al. patient samples after AR blockade (Figure 6A, Supplementary Figures 

6A–C). In addition, negative enrichment of Hallmark_Myc_targets was observed after 

castration in the AR-positive LTL331 PDX model36 (Figure 6B). Consistent with these data, 

Hallmark_Myc_targets is negatively enriched in Enzalutamide-treated 16D cells (Figure 6C) 

and in LNCaP cells deprived of DHT (Supplementary Figure 6D).

To determine whether reduced MYC activity mediates reduced glycolytic enzyme 

expression in AR-inhibited cells, we attempted to rescue MYC transcriptional activity via 

ectopic MYC expression. GSEA revealed positive enrichment of Hallmark_Myc_targets 

in MYC-transduced Enzalutamide-treated cells compared to RFP-transduced Enzalutamide-

treated 16D cells (Figure 6D). Furthermore, there was no significant negative enrichment 

of Hallmark_Myc_targets in MYC-transduced Enzalutamide-treated cells relative to naïve 

16D cells, indicating successful restoration of MYC transcriptional activity (Supplementary 

Figure 6E). Western blot analysis revealed increased expression of HK2 and LDHA in 

MYC-transduced Enzalutamide-treated cells compared to RFP-transduced Enzalutamide-

treated 16D cells (Figure 6E). While ectopic MYC effectively rescued LDHA expression to 

levels observed in naïve 16D cells, HK2 expression remained roughly 50 percent lower in 

MYC-transduced Enzalutamide-treated cells than in naïve 16D cells (Figure 6E). Similarly, 
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removal of Enzalutamide resulted in a complete rebound in LDHA but only a partial 

increase in HK2 expression (Supplementary Figure 4G). Targeted bisulfite sequencing 

identified a statistically significant increase in the mean percentage of methylated CpGs 

within the transcriptional start site of HK2 in Enzalutamide-treated 16D cells, suggesting 

that epigenetic alterations may cooperate with reduced MYC activity to antagonize HK2 

expression (Supplementary Figure 6F). We used cell cycle analysis (Supplementary Figure 

6G) to explore whether rescuing MYC activity influences the response to complex 

I inhibition and found that MYC restoration in Enzalutamide-treated cells eliminates 

sensitivity to IACS (Figure 6F). These results suggest that MYC activity regulates reliance 

on mitochondrial oxidative metabolism in cells that survive AR inhibition.

To evaluate whether genetic alterations associated with prostate cancer progression alter 

AR inhibition-induced metabolic phenotypes, we knocked down RB1 and TP53, two 

tumor suppressors that are commonly dysregulated in aggressive disease variants including 

neuroendocrine prostate cancer37. Knockdown of RB1 and TP53 in Enzalutamide-treated 

16D cells (Figure 6G) increased neuroendocrine signatures38–40 (Supplementary Figures 

6H–J) but did not rescue MYC transcriptional activity (Figure 6H, Supplementary Figure 

6K), glycolytic enzyme expression (Supplementary Figure 6L), glycolysis (Supplementary 

Figures 6M–P), or sensitivity to complex I inhibition (Figure 6I). These data suggest that 

modulating lineage identity without restoring MYC activity is not sufficient to resolve AR 

inhibition-induced reliance on mitochondrial oxidative metabolism.

Sustained MYC expression promotes antiandrogen resistance

We hypothesized that maintenance of MYC activity during Enzalutamide treatment may 

enable cells to better survive AR inhibition due to maintenance of glycolysis. We found 

that ectopic MYC expression in 16D cells was sufficient to mitigate the Enzalutamide-

mediated reduction in HK2, LDHA and DRP1-P616 expression (Figure 7A), restore 

glycolytic ATP production to levels observed in vehicle-treated cells (Figure 7B), and 

partially rescue the Enzalutamide-mediated increase in the percentage of ATP produced 

by mitochondrial oxidative metabolism (Figure 7C). We also performed U13C-glucose 

tracing, U13C-glutamine tracing, and metabolic profiling on RFP- and MYC-transduced 

16D cells cultured −/+ Enzalutamide. Sustained MYC expression reverses Enzalutamide-

induced changes to glucose and glutamine utilization (Figures 7D–H) but does not rescue 

Enzalutamide-mediated reduction in neutral lipid content (Supplementary Figure 7A).

Ectopic MYC expression significantly increased Enzalutamide resistance in 16D cells 

(Figure 7I). To investigate if there is evidence of MYC-associated resistance to AR 

blockade in clinical samples, we analyzed the Westbrook et al. dataset41 which contains 

RNA-sequencing data of 21 mCRPC tumors before and after Enzalutamide treatment. 

We found that seven patients have positive enrichment of Hallmark_Myc_targets with 

Enzalutamide treatment. Of these seven patients, three are characterized as nonresponders 

to Enzalutamide, three are characterized as having lineage plasticity with conversion to a 

double-negative phenotype, and one is characterized as having an unknown response to 

Enzalutamide (Figure 7J). In contrast, seven of the fourteen patients exhibiting negative 

enrichment of Hallmark_Myc_targets with Enzalutamide treatment exhibited a clinical 
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response. These data correlate upregulation of MYC activity with clinical Enzalutamide 

resistance. In addition, in the LTL331 PDX model36, which relapses as terminally 

differentiated neuroendocrine prostate cancer after castration, relapsed tumors contain robust 

enrichment of Hallmark_Myc_targets compared to castrated tumors (Supplementary Figures 

7B–C) despite maintenance of low AR activity (Supplementary Figures 7D–E). These data 

suggest that rescue of AR activity is not necessary to restore MYC signaling and support our 

hypothesis that MYC reactivation may promote resistance to AR blockade.

Discussion

Therapy-induced metabolic reprogramming has been reported in various cancers where 

standard of care therapy can synergize with targeting of reprogrammed metabolism to impair 

treatment-resistance42–44. In this study, we comprehensively characterized the effect of AR 

blockade on prostate cancer metabolism. Transcriptomic and metabolomic analyses revealed 

AR inhibition-induced changes to metabolic gene expression and metabolite abundance, 

respectively. Using bioenergetic assays, we identified sustained oxidative mitochondrial 

metabolism, including increased maximal respiration, and reduced basal and oligomycin-

stimulated glycolysis, after AR inhibition. These AR blockade-induced metabolic alterations 

confer sensitivity to complex I inhibition. Mechanistically, reduced phosphorylation of 

DRP1-S616 and MYC signaling both play a key role in mediating AR inhibition-induced 

metabolic rewiring and dictating vulnerability to metabolic inhibitors.

Our study identifies altered mitochondrial dynamics following AR inhibition. Mitochondrial 

elongation has been shown to protect cells during nutrient starvation26,45 and enable survival 

after chemotherapy46,47. The functional impact of mitochondrial morphology on metabolic 

output has proven to be highly context dependent48–51. Future work is needed to understand 

how AR inhibition alters DRP1 phosphorylation and how the subsequent mitochondrial 

elongation influences other metabolic phenotypes.

Previous studies have demonstrated that MYC overexpression accelerates prostate cancer 

progression toward a metastatic, castration-resistant state by antagonizing the canonical AR 

transcriptional program52. MYC has also been shown to promote androgen-independent 

prostate cancer growth53. We illustrate that reactivation of MYC rescues AR inhibition-

mediated reduction in glycolysis and phosphorylation of DRP1-S616. Future studies will 

be required to determine if MYCN (N-MYC) overexpression, which has been shown to 

promote lineage plasticity in prostate cancer54,55, has a similar effect on metabolism as 

MYC reactivation.

Consistent with prior studies, our results suggest that mitochondrial oxidative metabolism 

contributes to prostate cancer growth and survival. Our findings also suggest there may 

be a therapeutic window after AR inhibition to target mitochondrial metabolism. Tumor 

location must also be considered, as metabolic dependencies can differ based on site of 

implantation56. Trials to determine the efficacy of combined Metformin treatment and 

AR blockade have been inconclusive57,58. Importantly, the concentration of Metformin 

required to inhibit complex I activity in vitro (1mM) is more than 10 times higher than the 

maximally-achievable therapeutic concentration (70μM) found in patients24,59. Metformin 
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has been shown to reduce AR and cyclin D1 levels60,61. These effects may explain why 

naïve 16D cells exhibit sensitivity to Metformin, despite lacking sensitivity to IACS, which 

reduces mitochondrial respiration by greater than 95 percent. In addition, Metformin has 

been shown to synergize with bicalutamide in mouse models by preventing AR blockade-

induced hyperinsulinemia62. Furthermore, IACS-010759 has recently been shown to have 

dose-limiting toxicities in patients63. Therefore, it will be critical to identify tumor-specific 

regulators of mitochondrial metabolism in order to target cancer cell growth and limit 

toxicity in patients.

Limitations of the study

In the present study, we demonstrate that AR inhibition results in reduced glycolysis, 

reduced glutaminolysis, and increased reliance on mitochondrial oxidative metabolism. 

While metabolic profiling was performed both in vitro and in vivo, the technical challenges 

of performing in vivo metabolic assays limited our capacity to fully define the in vivo 
metabolic response to AR inhibition. While our findings were relatively consistent across 

a range of AR+ models, the heterogeneity of clinical prostate cancer is likely to increase 

the complexity of metabolic phenotypes and vulnerabilities. We evaluated metabolic gene 

expression before and after AR inhibition in four clinical datasets representative of localized 

and locally advanced metastatic prostate cancer, but we lack sufficient clinical data to define 

treatment-induced metabolic changes in a larger cohort of advanced metastatic prostate 

cancer. Finally, we showed that MYC activity regulates DRP1 phosphorylation, but we were 

not able to define the precise mechanism by which S616 is phosphorylated in prostate cancer 

cells.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Andrew Goldstein (agoldstein@mednet.ucla.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

• RNA sequencing data that support the findings of this study have been deposited 

in NCBI’s Gene Expression Omnibus and are accessible through GEO Series 

accession numbers GSE202885, GSE202755, and GSE202897. Metabolomics 

data that support the findings of this study have been deposited in the 

National Metabolomics Data Repository93 and are accessible through Study 

IDs ST002852, ST002859, ST002860, ST002856, ST002863, ST002864, and 

ST002865. Previously published ChIP sequencing data that was reanalyzed here 

is available under accession number GSE138460.

• Code for generating PCA projection plots can be found at https://github.com/

Nick-Nunley/PCA-for-AR-induced-metabolic-reprogramming-in-CRPCa
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• Any additional information required to reanalyze the data reported in this work 

paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal work

All animal work was performed using IACUC approved protocols under the supervision of 

veterinarians from the Division of Laboratory Animal Medicine at UCLA.

7 million 16D cells were implanted subcutaneously with 100 μl Matrigel (Corning) into 

male NSG mice to form primary tumors. Primary tumors were harvested, minced, and 

re-implanted (20 – 80 mg of minced tumor tissue with 100 μl Matrigel per mouse) into 

NSG mice. 16D tumor-bearing mice were treated by oral gavage with 10 mg/kg/day 

of Enzalutamide in the vehicle (1% carboxymethyl cellulose, 0.5% Tween 80, and 5% 

dimethylsulfoxide) or the vehicle only, with a two-days-on/one-day-off schedule. Tumors 

were collected after 10 days of treatment and prepared for histology, protein extraction, and 

metabolite extraction.

MDA-PCa 180–30 PDX tumors were maintained by serial implantation of 20 – 80 mg of 

minced tumor tissue. Treatment with vehicle or Enzalutamide was initiated one week after 

implantation and performed using the approach described above. Tumors were collected 

after 7 days of treatment and prepared for protein extraction and ex vivo organoid culture.

MDA-PCa 173–2 PDX tumors were maintained by serial implantation of 20 – 80 mg of 

minced tumor tissue. Tumors pieces were implanted into intact or castrated mice. Nine days 

after implantation, tumors were treated by oral gavage with 7.5 mg/kg/day of IACS-010759 

in the vehicle (10% dimethylsulfoxide, 0.5% methylcellulose) or the vehicle only for five 

days before collection for immunohistochemistry.

MDA-PCa 183-A PDX tumors were maintained by serial implantation of 20 – 80 mg of 

minced tumor tissue. Tumor tissue was harvested dissociated to plate into organoid culture 

as described in the “Organoid culture” section.

METHOD DETAILS

In vitro metabolic profiling and 13C isotope tracing for Figures 2I and Supplementary 
Figures 2a–c

Naïve and LTenza 16D cells were plated in 6-well dishes at 225,000 and 350,000 cells/well 

respectively. After 24 hours, cells were washed and cultured in a base RPMI supplemented 

with 10mM U13C-glucose (Cambridge Isotope Laboratories), 10% (v/v) FBS, 2mM 

glutamine, 100 units/mL penicillin, and 100 μg/mL streptomycin.

24 hours after the addition of U13C-glucose, cells were harvested and extracted for GC/MS 

analysis using established methods76. Briefly, cell plates were placed on ice and quickly 

washed with ice-cold 0.9% (w/v) NaCl. Cells were immediately treated with 500 μL of 

ice-cold MeOH and 200 μL water containing 1 μg of the internal standard norvaline. Cells 

were then scraped and placed in 1.5 mL centrifuge tubes kept on ice. Next, 500 μL of 
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chloroform was added, after which samples were vortexed for 1 minute and then spun at 

10,000g for 5 minutes at 4°C. The aqueous layer was transferred to a GC/MS sample vial 

and dried overnight using a refrigerated CentriVap.

Once dry, samples were resuspended in 20 μL of 2% (w/v) methoxyamine in pyridine 

and incubated at 37°C for 45 minutes. This was followed by addition of 20 μL of 

MTBSTFA + 1% TBDMSCl (Ntert-Butyldimethylsilyl-N-methyltrifluoroacetamide with 

1% tertButyldimethylchlorosilane), mixing, and incubation for an additional 45 minutes at 

37°C. Samples were run as previously described76, and analyzed using Agilent MassHunter 

software. Stable isotope tracing data was corrected for natural abundance of heavy isotopes 

with FluxFix software using a reference set of unlabeled metabolite standards77.

In vitro metabolic profiling and 13C isotope tracing for Figures 1e–h, 7d–h and 
Supplementary Figures 1f–h, Supplementary Figures 1n–o

Cells were seeded at 30 percent confluence and cultured in 6-well dishes for 48 hours. 

Cells were then washed and cultured in glucose-free RPMI 1640 plus 11mM U13C-glucose 

(Cambridge Isotope Laboratories), 10% (v/v) FBS, 100 units/mL penicillin, and 100 μg/mL 

streptomycin or glutamine-free RPMI 1640 plus 2mM U13C-glutamine (Cambridge Isotope 

Laboratories), 10% (v/v) FBS, 100 units/mL penicillin, and 100 μg/mL streptomycin for 24 

hours prior to metabolite extraction.

For metabolite extraction, media was aspirated and cells were washed with cold 150mM 

ammonium acetate pH 7.3. Metabolite extractions were performed by adding 500μl of cold 

80% methanol containing 2nM Norvaline (Sigma) as an internal standard per well. Cells 

were removed using a cell scraper before transferring cell suspensions to 1.5ml Eppendorf 

tubes. Samples were vortexed for 30 seconds and spun at 4°C for 5 minutes at maximum 

speed to pellet the insoluble fraction before 420 μl of the soluble fraction was transferred 

to ABC vials (Thermo Fisher Scientific). 80% MeOH was evaporated from the ABC vials 

using the EZ-2Elite evaporator (Genevac) and samples were stored at −80°C until analysis.

Dried metabolites were resuspended in 50% ACN:water and 1/10th was loaded onto a Luna 

3um NH2 100A (150 × 2.0 mm) column (Phenomenex). The chromatographic separation 

was performed on a Vanquish Flex (Thermo Fisher Scientific) with mobile phases A (5 mM 

NH4AcO pH 9.9) and B (ACN) and a flow rate of 200 μl/minute. A linear gradient from 

15% A to 95% A over 18 minutes was followed by 9 minutes isocratic flow at 95% A 

and reequilibration to 15% A. Metabolites were detection with a Thermo Fisher Scientific 

Q Exactive mass spectrometer run with polarity switching (+3.5 kV/− 3.5 kV) in full scan 

mode with an m/z range of 70–975 and 70.000 resolution. TraceFinder 4.1 (Thermo Fisher 

Scientific) was used to quantify the targeted metabolites by area under the curve using 

expected retention time and accurate mass measurements (< 5 ppm).

Normalization was performed by resuspending the insoluble fraction in 300 μl of lysis 

solution (0.1M NaCl, 20mM Tris-HCl, 0.1% SDS, 5mM EDTA in distilled water) and 

proceeding with DNA measurement. Samples were syringed with a 25G needle to reduce 

viscosity and 50 μl of each sample was transferred to a 96-well black wall clear bottom 

tissue culture plate (Corning). 50 μl lysis solution was added to one well for a blank 

Crowell et al. Page 14

Cell Rep. Author manuscript; available in PMC 2025 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reading. 100 μl of 5μg/ml Hoechst 33342 (Thermo Fisher Scientific) in distilled water was 

added to each well and 96-well plates were incubated for 30 minutes in the dark at 37°C 

before measurement of DNA-based florescence using a Tecan Infinite M1000 plate reader 

with 355nm excitation and 465nm emission. The blank reading was subtracted from each 

absorbance value to calculate relative cell amount.

Apoptosis analysis

Cells were seeded at 40 percent confluence and cultured in 6-well dishes for 48 hours 

prior to apoptosis analysis. No media changes were performed to preserve all material. Cell 

culture media and wash media were collected and pooled with quenched trypsin-containing 

media containing cells and apoptosis analysis was performed using an apoptosis detection 

kit (BioLegend, 640922) according to the provided protocol. Flow cytometry was performed 

to quantify the percentage of annexin V+ cells. In experiments using transduced lines, 

analysis was restricted to the transduced cells which were identified via flow cytometry by 

analyzing RFP florescence.

Bioenergetic assays

Oxygen consumption and extracellular acidification rates were measured using an Agilent 

Seahorse XF96 or XFe96 Analyzer. Briefly, 16D prostate cancer cells were plated at 

40,000 cells/well in XF96 plates for 24 hours. At the time of experiment, tissue culture 

growth medium was replaced with assay medium consisting of unbuffered DMEM (Sigma, 

5030) supplemented with 10mM glucose, 2mM pyruvate, 2mM glutamine, and 5mM 

HEPES. Respiration was measured at baseline and in response to acute treatment with 

2μM oligomycin, FCCP (two sequential pulses of 500nM), and 0.2μM rotenone with 1μM 

antimycin A. All respiratory parameters were calculated as previously described in20.

Rates of ATP produced from oxidative phosphorylation and glycolysis were calculated 

as previously described78. Mitochondrial ATP production rates were determined by 

stoichiometric conversion of the ATP-linked respiration rate, and glycolytic ATP production 

rates were measured by correcting rates of extracellular acidification for the scaling 

factor of the microplate sensor coverage and confounding respiratory acidification. Where 

indicated, cells were treated with 2μM oligomycin 15 minutes prior to recording the initial 

measurements.

Cell cycle analysis

Cells were seeded at 30 percent confluence and cultured in 6-well dishes for 72 hours 

prior to cell cycle analysis. Media changes were performed 48 hours after plating. After 72 

hours of culture, cell cycle analysis was performed using a 5-ethynyl-2’-deoxyuridine-based 

(EdU) kit (Thermo Fisher Scientific, C10635) according to the specified protocol. EdU 

labeling was performed for 2 hours in LNCaP and 16D cells, and for 5 hours in 180–30 

PDX organoids. For experiments that contained small molecule inhibitors, fresh inhibitor(s) 

were adding during each media change. PDX 180–30 organoids were dissociated after 

EdU labeling prior to fixation for cell cycle analysis. In select experiments, the 1μg/ml 

Hoechst 33342 DNA stain (Thermo Fisher Scientific, 62249) was added prior to flow 

cytometry analysis to identify G2 and M phase cells. Flow cytometry analysis identified the 
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percentage of EdU-positive and/or Hoechst-positive cells. For experiments with transduced 

lines, analysis was restricted to the RFP-positive transduced cells.

Cell lines, lentiviral transductions, and cloning of knockdown vectors

Cell lines were routinely tested for mycoplasma and authentication by short tandem repeat 

analysis (Laragen). Tissue culture plates were coated with 0.01% (v/v) Poly-L-Lysine 

(Sigma, P4832) diluted 1/20 in distilled water and washed with PBS to enhance cell 

attachment. 16D and LNCaP cells were cultured in RPMI base media (Gibco) + 10% FBS 

(v/v) + 100 units/mL penicillin, and 100μg/mL streptomycin. Enzalutamide treatment was 

performed by adding 10μM Enzalutamide (Selleck Chemicals, S1250) every 48 hours. For 

LNCaP castration experiments, LNCaP cells were grown in RPMI base media + 10% CSS 

(v/v) (Sigma, F6765) + 100 units/mL penicillin, and 100μg/mL streptomycin +/− 0.5nM 

DHT (Sigma) and fresh media was provided every 48 hours.

For lentiviral transductions, cells were seeded at 30–50% confluence. Transductions were 

performed 24–48 hours after seeding with 8μg/ml Polybrene (Thermo Fisher Scientific, 

NC0663391). Flow cytometry-based cell sorting was performed at least 72 hours after 

transduction to isolate color-tagged transduced cells.

MYC virus was produced using a plasmid vector FU-MYC-CRW64. Plasmid 

vectors for HK2-overexpression and DRP1-S616E were obtained from VectorBuilder. 

shScramble (FU-shScr-CRW) and shRB1-shTP53 (FU-shTP35-shRB1-CRW) vectors 

were cloned as follows. First, the pBSPacI shuttle vector was made by inserting an 

adaptor oligonucleotide AG220: 5’-AATTCTTTAATTAAAG-3’ at the EcoRI site of 

pBluescript II KS(+) (Stratagene). The pPass1 shuttle was cloned as follows. Annealed 

oligonucleotides AG232: 5’-CCTTAATTAAGCGATCGCACTGGGTACCTGGGCC-3’ 

and AG233: 5’-CAGGTACCCAGTGCGATCGCTTAATTAAGGGTAC-3’ were inserted 

between KpnI and ApaI sites of pBluescript II KS(+). Then, annealed 

oligonucleotides AG234: 5’-CTTAATTAAACTGGGGAGCTCCGC-3’ and AG235: 5’-

GGAGCTCCCCAGTTTAATTAAGAGCT-3’ were inserted between SacI and SacII sites. 

This creates a PacI-AsiSI-[Multiple cloning sites]-PacI cassette. Annealed oligonucleotides 

AG218: 5’-GACGATGATTAATTAA-3’, and AG220 (above) were ligated with KflI-

EcoRI fragment of shp53 pLO1 pure (Addgene) and inserted into PacI site in 

pBSPacI (pBSPacI-shTP53). PacI fragment of pBSPacI-shTP53 was then inserted 

into the AsiSI site in pPassI (pPass1-shTP53). The PacI-PacI fragment of FU-

shRB1-AR-CGW was blunted and digested with HindIII creating a HindIII-blunt 

fragment of H1-shRB1 cassette. This cassette was inserted between HindIII and 

EcoRV sites in pPass1-shTP53 (pPass1-shTP53-shRB1). PacI fragment of pPass1-shTP53-

shRB1 was then inserted into the PacI site of FU-CRW (FU-shTP53-shRB1-CRW). 

The U6-Scramble cassette was made by ligating annealed oligonucleotides AG227: 

5’-CACCGAATTCTTCCATAGAGCTCGTCAAGAGCGAGCTCTATGGAAGAATTC-3’ 

and AG228: 5’-

AAAAGAATTCTTCCATAGAGCTCGCTCTTGACGAGCTCTATGGAAGAATTC-3’ in 

pENTR/U6 vector (Thermo Fisher Scientific). Then, the BamHI-XbaI fragment was purified 

and inserted between BamHI and XbaI sites in pBSPacI (pBSPacI-shScr21A). The PacI 
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fragment from pBSPacI-shScr21A was inserted at the PacI site in FU-CRW (FU-shScr-

CRW). Concentrated viral aliquots were produced either by VectorBuilder or UCLA 

Integrated Molecular Technologies Core.

ChIP sequencing

AR ChIP-seq bigwig files were generated using DeepTools program suite67. AR binding 

profiles of LNCaP-Ctrl, LNCaP-R188179, 16D30 samples at genomic loci (namely LDHA, 

HK2 and DNM1L) were analyzed by visualizing AR ChIP-seq bigwig tracks using IGV80.

DNA methylation analysis

Bisulfite sequencing was carried out as described previously81. In brief, 

genomic DNA was bisulfite converted using the EZ DNA methylation kit 

(Zymo Research, Orange, CA, USA) and amplified using primers specific to 

the promoter of HK2 (F-5′- AGTTGAGTTTTAGTGATTTTGTGGT −3′, R-5′- 
AACTTACCTTCTACACTTAATCATAATTAA −3′). All PCR reactions were carried out 

in 40 μl volume containing 20 ng of bisulfite converted DNA, 1 × Platinum Taqbuffer 

(Thermo Fisher Scientific), 1.5 U Platinum Taq (Life Technologies), 250 μM each dNTPs, 

1.5mM MgCl2, 0.25 μg/μl bovine serum albumin, 2 μl dimethyl sulfoxide, 400nM forward 

primer, and 400nM reverse primer. Cycling conditions were 95°C for 3 minutes, 36 cycles 

of 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for 30 seconds, followed by a 7 

min extension step at 72°C. PCR products were gel purified after electrophoresis on a 2% 

agarose gel. Amplicons were sequenced to an average coverage of 27,380x using established 

amplicon sequencing protocols (Azenta). Raw bisulfite amplicon sequencing fastq reads 

were first trimmed using Trim Galore version 0.6.6 and then aligned to UCSC hg19 

reference genome using Bismark version 0.23.068. Bismark was further used to deduplicate 

the alignments and extract methylation call files which report the percentage of methylated 

cytosines for each CpG dinucleotide.

Immunohistochemistry

Tumor tissue was fixed with 4% paraformaldehyde in PBS for 6–8 hours and processed for 

paraffin sections. Tumor samples were color inked and formalin-fixed paraffin embedded. 

3- to 4-μm thick sections were placed on charged slides for immunohistochemical staining 

that was carried out on Dako’s Automated AS48Link Autostainer in SPORE Pathology 

Core laboratory at UCLA. Positive and negative control slides were pretreated with Heat 

Induced Epitope Retrieval (HIER) in Dako PT Link using the Envision FLEX Target 

Retrieval solution at low pH (6.0), and incubated at 97°C for 15 minutes. Primary rabbit 

anti-Human HK2 monoclonal antibody (Cell Signaling, 2867; clone, C64G5) or primary 

mouse anti-Ki67 antibody (Dako, IR62661–2; clone, MIB-1) was added at a 1:600 or 1:100 

dilution, respectively, and incubated for 60 minutes at room temperature. Sections were then 

incubated for 5 minutes with the EnVision Flex+ Rabbit linker (Agilent, SM805) prior to a 

5-minute treatment with the Polymer Flex/HRP (Agilent, SM802) reagent. Negative control 

slides received the Flex Rabbit Negative Control Immunoglobulin fraction (Agilent, IR600) 

instead of primary antibody. Slides were developed in Envision Flex DAB+Chromogen and 

counterstained with Mayer’s hematoxylin.
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In vivo metabolomics

After tumor dissection, a maximum of 30mg of tissue was weighed, snap frozen, and 

stored at −80°C until metabolite extraction. To extract metabolites, weighed tumor tissue 

was added to a bead tube (Thermo Fisher Scientific) containing 1ml 80% methanol plus 

10mM potassium trifluoromethanesulfonate (TMSO) internal standard on ice. Samples 

were homogenized for 1 minute at max speed on a bead homogenizer (Thermo Fisher 

Scientific). Bead tubes were spun at 17000g at 4°C for 10 minutes. The supernatant was 

transferred to an Eppendorf tube and spun at 17000g at 4°C for 10 minutes. A volume of 

extraction equivalent to 3mg of tumor tissue was transferred to an ABC vial (Thermo Fisher 

Scientific). All volumes were normalized to 500 μl with 80% methanol containing TMSO 

internal standard. 80% MeOH was evaporated from the ABC vials using the EZ-2Elite 

evaporator (Genevac) and samples were stored at −80°C until analysis.

Dried metabolites were reconstituted in 100 μL of a 50% acetonitrile (ACN) 50% dH20 

solution. Samples were vortexed and spun down for 10 minutes at 17,000g. 70 μL of the 

supernatant was then transferred to HPLC glass vials. 10 μL of these metabolite solutions 

were injected per analysis. Samples were run on a Vanquish (Thermo Fisher Scientific) 

UHPLC system with mobile phase A (20mM ammonium carbonate, pH 9.7) and mobile 

phase B (100% ACN) at a flow rate of 150 μL/min on a SeQuant ZIC-pHILIC Polymeric 

column (2.1 × 150 mm 5 μm, EMD Millipore) at 35°C. Separation was achieved with a 

linear gradient from 20% A to 80% A in 20 minutes followed by a linear gradient from 80% 

A to 20% A from 20 minutes to 20.5 minutes. 20% A was then held from 20.5 minutes 

to 28 minutes. The UHPLC was coupled to a Q-Exactive (Thermo Fisher Scientific) mass 

analyzer running in polarity switching mode with spray-voltage=3.2kV, sheath-gas=40, aux-

gas=15, sweep-gas=1, aux-gas-temp=350°C, and capillary-temp=275°C. For both polarities 

mass scan settings were kept at full-scan-range=(70–1000), ms1-resolution=70,000, max-

injection-time=250ms, and AGC-target=1E6. MS2 data was also collected from the top three 

most abundant singly-charged ions in each scan with normalized-collision-energy=35. Each 

of the resulting “.RAW” files was then centroided and converted into two “.mzXML” files 

(one for positive scans and one for negative scans) using msconvert from ProteoWizard82. 

These “.mzXML” files were imported into the MZmine 2 software package83. Ion 

chromatograms were generated from MS1 spectra via the built-in Automated Data Analysis 

Pipeline (ADAP) chromatogram module84 and peaks were detected via the ADAP wavelets 

algorithm. Peaks were aligned across all samples via the Random sample consensus aligner 

module, gap-filled, and assigned identities using an exact mass MS1(+/−15ppm) and 

retention time RT (+/−0.5min) search of our in-house MS1-RT database. Peak boundaries 

and identifications were then further refined by manual curation. Peaks were quantified by 

area under the curve integration and exported as CSV files. If stable isotope tracing was used 

in the experiment, the peak areas were additionally processed via the R package AccuCor85 

to correct for natural isotope abundance. Peak areas for each sample were normalized by the 

measured area of the internal standard trifluoromethanesulfonate (present in the extraction 

buffer) and by the number of cells present in the extracted well.
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Neutral lipid analysis

Cells were trypsinized, washed with PBS, and stained with 2μM BODIPY 493/503 for 15 

minutes at 37°C in the dark. Cells were then washed and resuspended in PBS prior to flow 

cytometry analysis.

Organoid culture

Using a razor blade, individual tumors were mechanically dissociated in dissociation media 

comprised of RPMI-1640 containing 10% (v/v) fetal bovine serum, 100 units/mL penicillin, 

and 100μg/mL streptomycin, 1mg/mL collagenase type I, 1mg/ml dispase, 0.1mg/mL 

deoxyribonuclease, and 10μM of the p160ROCK inhibitor Y-27632 dihydrochloride (Tocris 

Bioscience). When chunks were no longer visible, the samples were incubated at 37°C on 

a nutating platform for 45 minutes in 10 mL of dissociation media. After centrifugation 

at 800g for 5 minutes, the pellet was washed with 1x phosphate buffered saline. The 

cell pellet was resuspended in human organoid media86 and passed through a 100μm cell 

strainer. Growth factor reduced Matrigel (Corning) was added to the cell suspension at 

a final concentration of 75% before plating into rings in 24-well plates. After Matrigel 

rings solidified at 37°C for 1 hour, 500 μl human organoid media was added to each 

well. Each vehicle- and Enzalutamide-treated sample was cultured +/− 30nM IACS-010759 

(ChemieTek) for 72 hours.

RNA sequencing

RNA was extracted from samples using the RNeasy Mini Kit (QIAGEN). Library 

preparation was performed using the KAPA Stranded mRNA-Seq Kit (Roche). The 

workflow consists of mRNA enrichment, cDNA generation, and end repair to generate blunt 

ends, A-tailing, adaptor ligation, and PCR amplification. Different adaptors were used for 

multiplexing samples in one lane. The Illumina HiSeq 3000 was used to perform sequencing 

for 1×50 run.

Reiter clinical trial: patient cohort

All patients provided informed consent to join study NCI-2015-01448 (NCT01990196).

Men with prostate adenocarcinoma with planned radical prostatectomy with curative intent 

were randomized to three treatment groups: patients treated with Enzalutamide and either 

Degarelix, Trametinib, or Dasatinib. Each patient underwent a targeted biopsy prior to 

neo-adjuvant treatment, and a subsequent radical prostatectomy. RNA was extracted from 

both FFPE pre-treatment needle biopsy and post-treatment surgical specimens from each 

patient.

Pre-ADT samples from all treatment arms were used in this study. Only post-ADT samples 

treated with Enzalutamide and Degarelix were included. Enzalutamide was delivered 160mg 

orally daily. Degarelix was administered with a 240mg subcutaneous loading dose in the 

first month, and then 80mg subcutaneously every four weeks.
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Reiter clinical trial: tumor RNA sequencing

Libraries for RNA-Seq were prepared with Clonetech SMARTer Stranded Total RNA-Seq 

(Pico) Kit. The workflow consists of converting total RNA to cDNA, and then adapters 

for Illumina sequencing are added through PCR. The PCR products are purified, and then 

ribosomal cDNA is depleted. The cDNA fragments are further amplified with primers 

universal to all libraries. Lastly, the PCR products are purified once more to yield the 

final cDNA library. Different adaptors were used for multiplexing samples in one lane. 

Sequencing was performed on Illumina Novaseq 6000 for a paired-end read 50 bp run. 

Data quality check was done on Illumina SAV. Demultiplexing was performed with Illumina 

Bcl2fastq2 (v2.17) program.

Clinical data: RNA data processing

RNA data processing steps were common to all datasets. RNA sequencing reads 

were aligned to GRCh38.13 using STAR (v2.7.6a)75. fastqc (v0.11.8) was used 

for file-level per base sequence quality, GC content and other metrics (Babraham 

Bioinformatics - FastQC A Quality Control tool for High Throughput Sequence Data 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/.). We used fastp (v0.20.1) to 

trim adaptor sequences87. multiqc (v1.15) was used to summarize fastqc metrics for all 

samples and collate into summary plots88. RNA quantification was performed using RSEM 

(v1.3.3)89.

Clinical data: differential abundance and gene set enrichment

We used DESeq2 (v1.40.2) for differential mRNA abundance analysis90. RSEM’s gene-level 

expected counts were used for model fitting. For pre vs. post treatment comparisons across 

all datasets, batch effects were captured in the model design:

Count ADT Status + Dataset

‘ADT Status’ is either “Pre-ADT” or “Post-ADT” and ‘Dataset’ is one of the four datasets 

included in this study. When estimating differential abundance within a dataset, we did not 

include a Dataset term in our model.

Gene set enrichment analysis was performed using the hallmark gene set from the Molecular 

Signatures Database (MSigDB) using GSEA (v4.3.2)73. Normalized TPM counts were used 

as input for GSEA. All hallmark gene sets were tested against the complete expression set 

output from DESeq2. ADT (Pre/Post) was used as the phenotype for the GSEA analysis. 

Gene set permutation was used to calculate the p-value for each gene set, and 1000 

permutations were performed. Gene sets with an FDR q-value < 0.05 were considered 

significant.

Clinical data: statistical Analysis

We performed all statistical analysis using R (v4.2.2) (R Core Team (2016). R: A Language 

and Environment for Statistical Computing (R Foundation for Statistical Computing)). Data 

visualization was performed using the BPG package (v7.0.5)91.
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Visualization of mitochondria and lipid droplets

Cells were cultured in μ-Slide Well (Ibidi) and fixed with 4% Paraformaldehyde/PBS for 

2 minutes. After washing with PBS, cells were stained with anti-TUFM (Atlas Antibodies, 

AMAb90966) followed by Alexa Fluor 488-conjugated anti-mouse IgG (H+L) (Thermo 

Fisher Scientific, A11001) to visualize mitochondria, or 1 μg/ml BODIPY 493/503 for 

15 minutes to visualize lipid droplets, and 4’,6-diamidino-2-phenylindole (DAPI) (Sigma, 

D8417). Signals were visualized using Zeiss LSM 880 confocal scanning microscope with 

Airyscan with 100x oil immersion objectives.

Western blot

Cells were lysed in RIPA buffer (50mM Tris-HCL pH8.0, 150nM NaCl, 1% NP-40, 

0.5% Sodium Deoxycholate, 0.1% SDS) containing a phosphatase inhibitor cocktail (Halt, 

78428) and a protease inhibitor cocktail (Millipore Sigma, 11697498001). Sonication 

was performed with a sonic dismembrator (Thermo Fisher Scientific, FB120) to improve 

membranous and nuclear protein yield. For extraction of protein lysate from tumor samples, 

tumors were minced with a razor blade prior to transfer to pre-filled bead mill tubes 

(Thermo Fisher Scientific, 15-340-153) and resuspension in the lysis solution described 

above. Homogenization was performed for 2 minutes at max intensity using a Bead Mill 

4 homogenizer (Thermo Fisher Scientific, 15-340-164). Samples were run on NuPAGE 

4%−12% Bis-Tris Gels (Thermo Fisher Scientific, NP0335) and protein was transferred 

to PVDF transfer membranes (Thermo Fisher Scientific, IPV00010). Total protein was 

visualized using the SYPRO RUBY protein blot stain (Thermo Fisher Scientific, S11791) 

and membranes were blocked in PBS + 0.1% Tween-20 (Thermo Fisher Scientific, BP337–

500) + 5% milk (Thermo Fisher Scientific, BC9121673). Proteins were probed with primary 

antibodies followed by chromophore-conjugated anti-mouse (Thermo Fisher Scientific, 

A21235) or anti-rabbit secondary antibodies (Thermo Fisher Scientific, A21244) or HRP-

conjugated anti-mouse (Thermo Fisher Scientific, 31430) or anti-rabbit secondary antibodies 

(Thermo Fisher Scientific, 31463) and detected via florescence or HRP chemiluminescence 

respectively. Primary antibodies used were beta-Actin (Thermo Fisher Scientific, MA1–

140), Androgen Receptor (Cell Signaling, 5153S), Hexokinase II (Cell Signaling, 2867), 

DRP1 (Cell Signaling, 5391S), Phospho-DRP1 (Ser616) (Cell Signaling, 3455S), Anti-

LDH-A (MilliporeSigma, MABC150), Recombinant-Anti-c-MYC (Abcam, ab32072), NSE 

(Proteintech, 66150–1-Ig), and PSA/KLK3 (Cell Signaling, 5877).

QUANTIFICATION AND STATISTICAL ANALYSIS

Ki67 immunohistochemistry quantification

Ki67-stained images were opened into ImageJ and converted into 8 bit files. The threshold 

was set to identify positive staining and applied across all images, and mean grey value 

was measured for each image to reflect the average intensity over all pixels in the image. 

Relative staining was calculated based on the average for the control (intact/vehicle) 

samples.
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Metabolomics analysis

For projection plots, principal component analysis (PCA) was performed with the scikit-

learn, NumPy, pandas, and Matplotlib libraries in Python. Feature selection was done 

based on shared features between differing datasets. Count/abundance matrices were sorted 

along their respective feature-axis to ensure features were listed in the same order. After 

performing z-score scaling, the coordinates from the in vitro samples were merged onto a 

PCA plot with the values from in vivo samples. 95% confidence ellipses were generated 

from PCA-transformed coordinates using a script from Matplotlib (https://github.com/

Nick-Nunley/PCA-for-AR-induced-metabolic-reprogramming-in-CRPCa). Heatmaps were 

generated by plotting row z-scores in GraphPad Prism Version 7. To generate the average 

z-score plot, an in vivo Enzalutamide-enriched metabolite signature was defined. Row 

z-scores of in vivo Enzalutamide-enriched metabolites were calculated from the in vitro 
metabolomics dataset. Row z-scores from three technical replicates from a representative 

experiment (n=3) were averaged and represented on a dot plot. MSEA was generated using 

Metaboanalyst 5.069 (https://www.metaboanalyst.ca/MetaboAnalyst/home.xhtml).

Mitochondrial content and morphology, and lipid droplets

Mitochondrial elongation was expressed as aspect ratio (long axis/short axis ratio) and 

eccentricity, calculated as the ratio of the distance between the foci of an ellipse and 

its major axis length. Branching was expressed as form factor ((4π(area))/Perimeter2). 

Mitochondrial parameters were determined from mitochondrial TUFM staining. Image 

analysis was performed using ImageJ v1.53c and CellProfiler v2.070. For mitochondrial 

volume quantification, z-stack images were processed with Imaris software (Oxford 

Instruments) to identify TUFM-positive regions and calculate TUFM-positive volume. The 

number of lipid droplets per cell were quantified with Imaris software (Oxford instruments).

RNA sequencing analysis

KEGG pathway analysis was performed using DAVID Bioinformatics71,72. GSEA was 

performed as described previously using GSEA_4.0.3 software73,74. Projection plots were 

generated as described for metabolomics analysis. After performing z-score scaling, the 

coordinates from the in vitro 16D Enzalutamide time-course RNA-sequencing data were 

merged onto a PCA plot with the values from the Rajan et al dataset. 95% confidence 

ellipses were generated as described for metabolomics analysis. Average z-score plots and 

heatmaps were generated as described for metabolomics analysis.

In the Quigley et al dataset, there were 63 Enzalutamide-naive and 36 Enzalutamide-

resistant patients whose tumor underwent RNA-seq92. Alignment to hg38-decoy reference 

was performed using STAR aligner (version 2.5.0b) with per-gene counts quantification on 

the basis of Illumina RNA-seq alignment app Version 1.1.075.

Western blot quantification

Western blots were quantified using ImageJ software. Background values were subtracted 

from the mean gray value for each band. Each band was normalized to its respective loading 

control.
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Figure 1. Transcriptomic and metabolic profiling identify AR inhibition-induced metabolic 
reprogramming.
(A) Top 30 significantly enriched pathways identified by KEGG PATHWAY analysis 

on differentially expressed (fold change ≥ 2, FDR < 0.2) Rajan et al. pre-androgen 

deprivation therapy (Pre-ADT) and post-androgen deprivation therapy (Post-ADT) genes. 

Metabolism-related pathways highlighted in red. Also see Supplementary Table 1. (B) 

Naïve, 24hr Enzalutamide-treated (Enza), 48hr Enza, and LTenza 16D transcriptomics 

data projected onto principle component analysis (PCA) plot of pre-androgen deprivation 

therapy (pre-ADT) and post-ADT samples from Rajan et al. data. (C) Top 30 significantly 

enriched pathways identified by KEGG PATHWAY analysis on differentially expressed 

genes (fold change ≥ 2, FDR < 0.05) in naïve and LTenza 16D cells. Metabolism-related 

pathways highlighted in red. Also see Supplementary Table 2. (D) Heatmap of differentially 

abundant metabolites (fold change ≥ 1.25, FDR < 0.2) in 1-week enzalutamide-treated 

16D tumors compared to vehicle-treated 16D tumors. (E-F) PCA of U13C-glucose (E) 
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or U13C-glutamine (F) fractional contribution data from 16D cells treated with vehicle, 

10μM Enzalutamide, 10μM Apalutamide, or 0.5μM ARCC-4 for nine days prior to 

addition of U13C-glucose or U13C-glutamine for 24 hours. (G) Venn diagram illustrating 

overlap in metabolites with increased abundance (fold change ≥ 1.5) in Enzalutamide-, 

Apalutamide-, or ARCC-4-treated 16D cells relative to vehicle-treated 16D cells. (H) 

Heatmap of metabolite abundances in 16D cells treated with vehicle, 10μM Enzalutamide, 

10μM Apalutamide, or 0.5μM ARCC-4 for nine days.
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Figure 2. AR blockade maintains oxidative mitochondrial metabolism and reduces glycolysis.
(A and B) Representative kinetic trace plots of the Oxygen Consumption Rate (OCR) (A) 

and Extracellular Acidification Rate (ECAR) (B) of naïve and LTenza 16D cells. Treatment 

with Oligomycin (O), FCCP (F), Rotenone and Antimycin A (R/A) are indicated with 

arrows. Data represent mean +/− SEM. (C and D) ATP-linked respiration (C) and maximal 

respiration (D) of naïve and LTenza 16D cells from 10 biological replicate experiments. (E 

and F) Mitochondrial (Mito) ATP production (E) and glycolytic ATP production (F) of naïve 

and LTenza 16D cells from 10 biological replicate experiments. (G) Total ATP production as 

the sum of mitochondrial ATP production (Mito ATP) and glycolytic ATP production (Glyco 

ATP) of naïve and LTenza 16D cells from 10 biological replicate experiments. Statistics 

refer to comparison of total ATP levels. Data represent mean + SEM. (H) Percentage of 

total ATP production from mitochondrial ATP production (% ATP from Mito) of naïve and 

LTenza 16D cells from 10 biological replicate experiments. (I) Lactate abundance in naïve 

and LTenza 16D cells from 3 biological replicate experiments. P-values were calculated 
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from a ratio paired t-test. *p < 0.05, **p < 0.01, ****p < 0.0001, n.s. = not significant, p ≥ 
0.05.
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Figure 3. AR blockade enhances sensitivity to complex I inhibition.
(A) ATP-linked respiration of naïve and LTenza 16D cells treated with vehicle (DMSO) or 

30nM IACS-010759 (IACS) for 24 hrs. Data represent the mean +/− SEM of 5 technical 

replicates. (B) Cell cycle analysis to quantify the relative sensitivity of naïve and LTenza 

16D cells to 30nM IACS. Data represent the mean +/− SEM of 4 technical replicates from 

a representative experiment (n=3). (C) Apoptosis analysis to identify the percentage of 

Annexin V-positive cells (% Annexin V+) in naïve and LTenza 16D cells treated with DMSO 

or 30nM IACS for 48 hours. Data represent the mean +/− SEM of 8 technical replicates. 

(D) Cell cycle analysis to quantify the relative sensitivity of 16D cells treated with 10μM 

Enzalutamide, 10μM Apalutamide, or 0.1μM ARCC-4 to 30nM IACS. Data represent the 

mean +/− SEM of 3 technical replicates. (E) Waterfall plot indicating the ex vivo sensitivity 

of 180–30 PDX tumor tissue from veh- and 1w Enza-treated tumors to 30nM IACS. Data 

represent the percent change in EdU positivity (% change EdU+) relative to the respective 
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vehicle. (F-G) Cell cycle analysis of the sensitivity of vehicle-treated (F) or Enza-treated 

(G) 180–30 PDX tumor tissue to ex vivo culture +/− 30nM IACS. Data represent the mean 

+/− SEM of 5 tumor samples per treatment group. (H) Immunohistochemical analysis of 

representative 173–2 PDX tumors grown in intact or castrated mice and treated −/+ 7.5 

mg/kg/day IACS for five days stained for Ki67. Scale bars, 50 μm. (I) Quantification of 

Ki67 staining area from six representative images of 173–2 PDX tumors grown in intact or 

castrated mice and treated −/+ 7.5 mg/kg/day IACS for five days. P-values were calculated 

from an unpaired t-test with Welch’s correction (A-D) and a ratio paired t-test (F and G). *p 

< 0.05, **p < 0.01, ****p < 0.0001, n.s. = not significant, p ≥ 0.05.
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Figure 4. AR blockade elongates mitochondria via reduced DRP1 activity.
(A) Representative immunofluorescent images of naïve and LTenza 16D cells stained for 

TUFM (green) and DAPI (blue). Scale bars, 5 μm. (B) Schematic illustrating calculation 

of aspect ratio and form factor. (C and D) Quantification of mitochondrial aspect ratio (C) 

and mitochondrial form factor (D) from TUFM stains from 20 images per treatment group. 

Data represent the mean +/− SEM. (E and F) Western blots detecting DRP1 phosphorylation 

at S616 (DRP1-P616), DRP1, PSA, and Actin (loading control) in 16D cells treated with 

vehicle, 10μM Enzalutamide, 10μM Apalutamide, or 0.5μM ARCC-4 for nine days (E), 

and 183-A PDX organoids treated with vehicle or 10μM Enzalutamide for one week 

(F). (G) Representative immunofluorescent images of RFP- and DRP1S616E-transduced 

LTenza 16D cells stained for TUFM (green) and DAPI (blue). Scale bars, 10μm. (H) 

Quantification of mitochondrial aspect ratio from TUFM stains from at least 28 cells per 

treatment group. Data represent the mean +/− SEM. (I) Western blot indicating expression 
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of DRP1-P616, DRP1, NSE, PSA, and Actin (loading control) in RFP- and DRP1S616E-

transduced 16D cells maintained +/− 10μM Enzalutamide for 1 week. (J) Cell cycle analysis 

to quantify the relative sensitivity of RFP- and DRP1S616E-transduced 16D cells maintained 

in 10μM Enzalutamide for 1 week to 30nM IACS. Data represent the mean +/− SEM of 4 

technical replicates from a representative experiment (n=2). P-values were calculated from 

an unpaired t-test with Welch’s correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001, n.s. = not significant, p ≥ 0.05.
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Figure 5. Downregulation of key glycolytic enzymes following AR inhibition.
(A) Heatmap showing the mRNA expression of glycolytic genes from RNA sequencing of 

3 technical replicates of naïve and LTenza 16D cells. (B-D) Western blots indicating the 

expression of PSA, NSE, HK2, LDHA, and Actin (loading control) in lysates from 16D cells 

treated with vehicle, 10μM Enzalutamide, 10μM Apalutamide, or 0.5μM ARCC-4 for nine 

days (B), 16D tumors treated with vehicle (veh) or Enzalutamide (Enza) for one week in 
vivo (C), and 180–30 PDX tumors treated with vehicle (veh) or Enzalutamide (Enza) for one 

week in vivo (D). (E) Heatmap showing the mRNA expression of select glycolytic genes 

from RNA sequencing of 3 technical replicates of veh, 72-hour castrated (Cx), and 72-hour 

Enzalutamide-treated (Enza) LNCaP cells. (F-G) HK2 mRNA expression in matched pre- 

and post-AR blockade biopsies from the Rajan et al. (F) and Reiter et al. (G) datasets. 

(H) Western blot indicating expression of HK2, PSA, and Actin (loading control) in RFP- 

and HK2-transduced 16D cells maintained +/− 10μM Enzalutamide for 1 week. (I) Cell 

cycle analysis to quantify the relative sensitivity of RFP- and HK2-transduced 16D cells 

maintained in 10μM Enzalutamide for 1 week to 30nM IACS. Data represent the mean 

+/− SEM of 4 technical replicates from a representative experiment (n=2). P-values were 
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calculated from a ratio paired t-test (F and G) and an unpaired t-test with Welch’s correction 

(I). **p < 0.01, ***p < 0.001, n.s. = not significant, p ≥ 0.05.
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Figure 6. Decreased Myc signaling following AR inhibition mediates complex I inhibition 
sensitivity.
(A-D) GSEA of Hallmark_Myc_targets in Rajan et al. pre-ADT and post-ADT samples 

(A), Akamatsu et al. pre-castration (pre-cx) and 12 weeks post castration (post-cx) (B), 

naïve and LTenza 16D cells (C), and RFP- and MYC-transduced LTenza cells (D) showing 

normalized enrichment scores (NES) and false discovery rates (FDR). (E) Western blot 

indicating expression of MYC, HK2, LDHA, PSA, and Actin (loading control) in naïve, 

RFP-transduced LTenza, and MYC-transduced LTenza 16D lysates. (F) Cell cycle analysis 

to quantify the relative sensitivity of naïve and RFP- and MYC-transduced LTenza 16D 

cells to 30nM IACS. Data represent the mean +/− SEM of 4 technical replicates from a 

representative experiment (n=3). (G) mRNA expression of RB1 and TP53 in naïve, shScr-

transduced (shScr) LTenza, and shRB1_shTP53-transduced (DKD) LTenza 16D cells. Data 

represent the mean +/− SEM of 3 technical replicates. (H) GSEA of Hallmark_Myc_targets 

in naïve and DKD LTenza cells. (I) Cell cycle analysis to quantify the relative sensitivity of 

naïve and DKD LTenza 16D cells to 30nM IACS. Data represent the mean +/− SEM of 4 
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technical replicates from a representative experiment (n=2). P-values were calculated from 

an unpaired t-test with Welch’s correction. *p < 0.05, **p < 0.01, ****p < 0.0001, n.s. = not 

significant, p ≥ 0.05.
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Figure 7. Sustained MYC expression promotes antiandrogen resistance.
(A) Western blot indicating expression of MYC, HK2, LDHA, DRP1-P616, DRP1, and 

Actin (loading control) in RFP- and MYC-transduced 16D cells maintained +/− 10μM 

Enzalutamide for 1 week. (B-C) Glycolytic ATP production (B) and percentage of total 

ATP production from mitochondrial ATP production (% ATP from Mito) (C) of RFP- 

and MYC-transduced 16D cells maintained +/− 10μM Enzalutamide for 1 week. Data 

represent the mean +/− SEM of 4 technical replicates. (D-E) PCA of U13C-glucose (D) 

or U13C-glutamine (E) fractional contribution data from RFP- and MYC-transduced 16D 

cells maintained +/− 10μM Enzalutamide for six days prior to addition of U13C-glucose or 

U13C-glutamine for 24 hours. (F-G) Fractional contribution for M3 serine, M3 lactate, M2 

citrate, and M2 malate from U13C-glucose (F) or M5 glutamate, M5 alpha-ketoglutarate, 

M4 succinate, and M4 malate (G) in RFP- and MYC-transduced 16D cells maintained +/− 

10μM Enzalutamide for six days prior to addition of U13C-glucose or U13C-glutamine for 
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24 hours. (H) Heatmap of differentially abundant metabolites (fold change ≥ 1.5, p < 0.05) 

in RFP- and MYC-transduced 16D cells maintained +/− 10μM Enzalutamide for seven days. 

(I) Cell cycle analysis to quantify the relative sensitivity of RFP- and Myc-transduced 16D 

cells to 10μM Enzalutamide. Data represent the mean +/− SEM of 4 technical replicates 

from a representative experiment (n=2). (J) GSEA of Hallmark_Myc_targets in 21 mCRPC 

tumors before and after Enzalutamide treatment from Westbrook et al. dataset. P-values 

were calculated from an unpaired t-test with Welch’s correction. **p < 0.01, ***p < 0.001, 

****p < 0.0001, n.s. = not significant, p ≥ 0.05.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-TUFM Atlas Antibodies Cat#AMAb190966; 
RRID: AB_2665738

Rabbit anti-phospho DRP1 (S616) Cell Signaling Cat#3455S; RRID: 
AB_2085352

Rabbit anti-DRP1 Cell Signaling Cat#5391S; RRID: 
AB_11178938

Rabbit anti-PSA Cell Signaling Cat#5877; RRID: 
AB_2797624

Mouse anti-beta Actin Thermo Fisher 
Scientific

Cat#MA1–140; RRID: 
AB_2536844

Mouse anti-NSE Proteintech Cat#66150–1-Ig; 
RRID: AB_2881546

Rabbit anti-Hexokinase II Cell Signaling Cat#2867, clone 
C64G5; RRID: 
AB_2232946

Mouse anti-Ki67 Dako Cat#IR62661–2, clone 
MIB-1; RRID:

Mouse anti-LDHA Millipore Sigma Cat#MABC150

Mouse anti-cMYC Abcam Cat#Ab32072; RRID: 
AB_731658

Rabbit anti-Androgen receptor Cell Signaling Cat#5153S; RRID: 
AB_10691711

Alexa Fluor 488-conugated goat anti-mouse IgG (H+L) Thermo Fisher 
Scientific

Cat#A11001; RRID: 
AB_2534069

Alexa Fluor 647-conjugated goat anti-mouse IgG (H+L) Thermo Fisher 
Scientific

Cat#A21235; RRID: 
AB_2535804

Alexa Fluor 647-conjugated goat anti-rabbit IgG (H+L) Thermo Fisher 
Scientific

Cat#A21244; RRID: 
AB_2535812

HRP-conjugated goat anti-mouse IgG (H+L) Thermo Fisher 
Scientific

Cat#31430; RRID: 
AB_228307

HRP-conjugated goat anti-rabbit IgG (H+L) Thermo Fisher 
Scientific

Cat#31463; RRID: 
AB_228333

Bacterial and virus strains

FU-MYC-CRW lentivirus Stoyanova et al.64 N/A

DRP1-S616E lentivirus VectorBuilder VB211024–1031mfm

HK2-overexpression lentivirus VectorBuilder VB211024–1030wt

FU-shScramble-CRW lentivirus This study N/A

FU-shTP35-shRB1-CRW lentivirus This study N/A

Biological samples

MDA-PCa 180-30 patient-derived xenograft Palanisamy et 
al.25

N/A

MDA-PCa 173-2 patient-derived xenograft Palanisamy et 
al.25

N/A

MDA-PCa 183-A patient-derived xenograft Palanisamy et 
al.25

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Trypsin-EDTA GIBCO Cat#25300–054

Poly-L-Lysine 0.01% (v/v) Sigma Cat#P4832

5α-Androstan-17β-ol-3-one (DHT) Sigma Cat#A8380–1G

Fetal bovine serum, charcoal stripped Sigma Cat#F6765

cOmplete protease inhibitor cocktail tablet Roche Cat#11697498001

Phosphatase inhibitor cocktail Halt Cat#78428

Polybrene Thermo Fisher 
Scientific

Cat#NC0663391

4’,6-diamidino-2-phenylindole (DAPI) Thermo Fisher 
Scientific

Cat#D1306

Hoechst 33342 Thermo Fisher 
Scientific

Cat#62249

BODIPY 493/503 Thermo Fisher 
Scientific

Cat#D3922

U-13C6-glucose Cambridge 
Isotope 
Laboratories

Cat#CLM-1396–5

Enzalutamide Selleck 
Chemicals

Cat#S1250

Apalutamide Cayman 
Chemicals

Cat#17132

ARCC4 Tocris Cat#7254

IACS-010759 ChemieTek Cat#CT-IACS107

Metformin Selleck 
Chemicals

Cat#S1950

Oligomycin Sigma-Aldrich Cat#75351

Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) Sigma-Aldrich Cat#C2920

Rotenone Sigma-Aldrich Cat#R8875

Antimycin A Sigma-Aldrich Cat#A8674

Matrigel growth factor-reduced membrane matrix Corning Cat#CB-40230C

Matrigel membrane matrix Corning Cat#CB-40234

DNase I from bovine pancreas Sigma-Aldrich Cat#D5025

Dispase II Gibco Cat#17-105-041

Collagenase, Type I Gibco Cat#17-100-017

Y-27632 dihydrochloride (ROCK inhibitor) Selleck 
Chemicals

Cat#S1049

B27 supplement, 50x Life 
Technologies

Cat#17504–044

GlutaMAX, 100x Life 
Technologies

Cat#35050–068

Nicotinamide Sigma-Aldrich Cat#N0636

N-acetyl-L-cysteine Sigma-Aldrich Cat#A9165

Normocin Thermo Fisher 
Scientific

Cat#ant-nr-1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant human Noggin PeproTech Cat#120–10C

SB202190 Sigma-Aldrich Cat#S7076

A83–01 Tocris Bioscience Cat#2939

Human FGF-2 PeproTech Cat#100–18B

Prostaglandin E2 Tocris Bioscience Cat#2296

Human fibroblast growth factor (FGF)-10 PeproTech Cat#100–26

Human epidermal growth factor (EGF) PeproTech Cat#AF-100–15

Critical commercial assays

RNeasy Mini Kit QIAGEN Cat#74104

KAPA Stranded mRNA-Seq Kit Roche Cat#07962193001

Apoptosis Detection Kit (FITC Annexin V with 7-AAD) Biolegend Cat#640922

Click-iT™ Plus EdU Alexa Fluor™ 647 Flow Cytometry Assay Kit Thermo Fisher 
Scientific

Cat#C10635

EZ DNA methylation kit Zymo Research Cat#D5001

Deposited data

Raw and processed RNAseq (16D Enzalutamide timecourse) This paper GEO: GSE202885

Raw and processed RNAseq (LNCaP Castration vs Enzalutamide) This paper GEO: GSE202755

Raw and processed RNAseq (16D Enzalutamide-treated cells transduced with cMyc, shRb1, 
shTp53, or shRb1_shTp53)

This paper GEO: GSE202897

Raw and processed ChIP-seq (16D AR ChIP) Davies et al.30 GEO: GSE138460

Raw metabolomics data (In vivo 16D vehicle and Enzalutamide tumors) This paper NMDR: ST002852

Raw metabolomics data (In vitro 16D vehicle and Enzalutamide replicate 1 for Figure 2I) This paper NMDR: ST002859

Raw metabolomics data (In vitro 16D vehicle and Enzalutamide replicates 2 and 3 for Figure 
2I)

This paper NMDR: ST002860

Raw metabolomics data (In vitro 16D validation of IACS-010759) This paper NMDR: ST002856

Raw metabolomics data (In vitro 16D vehicle and Enzalutamide for Supplementary Figures 
1f–h)

This paper NMDR: ST002863

Raw metabolomics data (In vitro 16D Enzalutamide, Apalutamide, ARCC-4) This paper NMDR: ST002865

Raw metabolomics data (In vitro 16D −/+ MYC −/+ Enza) This paper NMDR: ST002864

Experimental models: Cell lines

LNCaP ATCC CRL-1740

V16D Bishop et al.19 N/A

LAPC4 Klein et al.65 N/A

22Rv1 ATCC CRL-2505

Experimental models: Organisms/strains

Mouse: NSG Jackson 
Laboratories and 
the UCLA 
Department of 
Radiation 
Oncology 
Animal Core 
Facility

Cat#005557

Oligonucleotides
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REAGENT or RESOURCE SOURCE IDENTIFIER

5’-AATTCTTTAATTAAAG-3’ This paper N/A

5’-CCTTAATTAAGCGATCGCACTGGGTACCTGGGCC-3’ This paper N/A

5’-CAGGTACCCAGTGCGATCGCTTAATTAAGGGTAC-3’ This paper N/A

5’-CTTAATTAAACTGGGGAGCTCCGC-3’ This paper N/A

5’-GGAGCTCCCCAGTTTAATTAAGAGCT-3’ This paper N/A

5’-GACGATGATTAATTAA-3’ This paper N/A

5’-CACCGAATTCTTCCATAGAGCTCGTCAAGAGCGAGCTCTATGGAAGAATTC-3’ This paper N/A

5’-AAAAGAATTCTTCCATAGAGCTCGCTCTTGACGAGCTCTATGGAAGAATTC-3’ This paper N/A

F-5′- AGTTGAGTTTTAGTGATTTTGTGGT −3′ This paper N/A

R-5′- AACTTACCTTCTACACTTAATCATAATTAA −3′ This paper N/A

Recombinant DNA

pBluescript II KS(+) Stratagene Cat#212207

shp53 pLO1 pure Godar et al.66 Addgene Cat#19119

pENTR/U6 vector Thermo Fisher 
Scientific

Cat#K4945–00

Software and algorithms

DeepTools program suite Ramirez et al.67 https://
deeptools.readthedocs.i
o/en/develop/
index.html

Trim Galore version 0.6.6 N/A https://github.com/
FelixKrueger/
TrimGalore

Bismark version 0.23.0 Krueger et al.68 https://
www.bioinformatics.ba
braham.ac.uk/projects/
bismark/

Principal component analysis projection plots This paper https://github.com/
Nick-Nunley/
PCA-for-AR-
induced-metabolic-
reprogramming-in-
CRPCa

Metaboanalyst 5.0 Pang et al.69 https://
www.metaboanalyst.ca
/MetaboAnalyst/
home.xhtml

ImageJ v1.53c ImageJ https://
imagej.nih.gov/ij/
download.html

CellProfiler v2.0 Kamentsky et 
al.70

https://cellprofiler.org/

Imaris software Oxford 
Instruments

https://
imaris.oxinst.com/

DAVID Bioinformatics Huang et al.71, 
Huang et al.72

https://
david.ncifcrf.gov/

GSEA_4.0.3 Subramanian et 
al.73, Mootha et 
al.74

https://www.gsea-
msigdb.org/gsea/
index.jsp

STAR aligner version 2.5.0b Dobin et al.75 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Prism v8 GraphPad https://
www.graphpad.com/
scientific-software/
prism/

Other

Sonic dismembrator Thermo Fisher 
Scientific

Cat#FB120
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