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ABSTRACT OF THE DISSERTATION 

 
Defining the Role of Metabolism in Prostate Epithelial Cell Fate and Response to Androgen 

Receptor Blockade 

by 

Jenna Marie Giafaglione 
 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2023 

Professor Paul C. Boutros, Co-Chair 

Professor Andrew Goldstein, Co-Chair 

 

Metabolic pathways coordinate a complex interplay between energy homeostasis, biosynthesis, 

signaling networks, and epigenetic processes. In many tissues, metabolism is involved in the 

regulation of cell fate. Furthermore, altered energy metabolism can often be leveraged to 

diagnose, monitor, and/or treat cancer. Lineage transitions play a pivotal role in prostate 

development, tumorigenesis, and treatment resistance. While the epigenome is a well-

established regulator of prostate cell fate, how upstream metabolic signaling contributes to the 

maintenance of cell identity is poorly defined. In addition, inhibition of several metabolic pathways 

has been shown to antagonize the growth of prostate cancer cells. However, treatment-induced 

metabolic alterations and vulnerabilities have not been comprehensively elucidated. In this 

dissertation, I define the role of metabolism in prostate epithelial cell fate and response to therapy. 

In Chapter 2, I describe our refined approach to culture prostate organoids, which is used 

extensively in subsequent chapters. In Chapter 3, I establish pyruvate and lactate metabolism as 

key regulators of prostate epithelial lineage identity and response to treatment. Finally in Chapter 

4, I define treatment-induced metabolic vulnerabilities in prostate cancer and identify molecular 

mechanisms that regulate the metabolic response to therapy. These findings yield new insights 
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into how the modulation of metabolism can impact prostate cancer disease progression and 

treatment strategies. 
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The prostate gland and prostate progenitor cells 

The prostate is a walnut-sized gland in the male reproductive system that surrounds the urethra 

and is located between the base of the penis and the rectum (Figure 1A)1. The seminal fluid 

produced by the prostate is a critical component of semen, which nourishes and transports sperm 

during ejaculation2. The prostate gland contains ducts with an inner layer of epithelium composed 

of basal, luminal, and rare neuroendocrine cells (Figure 1B)1. The luminal cells have a secretory 

function and reside adjacent to the lumen of the gland. The basal cells line the basement 

membrane of the gland and are surrounded by the stroma, which contains fibroblasts and smooth 

muscle cells1. Lineage tracing studies have illustrated that prostate epithelial cells are 

predominantly self-sustained by distinct progenitors in the adult mouse under normal 

physiological conditions3. However, luminal differentiation from basal progenitors occurs during 

development4, 5, tissue regeneration6, inflammation7, 8, and prostate cancer initiation3, 9. 

Furthermore, emerging data supports the existence of multipotent luminal progenitors as well as 

luminal-committed progenitors10, 11.  

Figure 1. The prostate gland. A) Schematic of prostate within pelvic region. Figure from the 
Centers for Disease Control and Prevention. B) Cross section of prostate epithelium illustrating 
stromal cells (orange), basal cells (green), luminal cells (blue), and neuroendocrine cells (purple). 
 

 

A B 
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Cellular differentiation 

Cellular differentiation is a process mediated by cell signaling and the epigenome that results in 

a stem or progenitor cell becoming a more specialized cell type. Differentiation can dramatically 

change a cell’s size, shape, metabolic activity, and functional abilities. Each cell type possesses 

a unique set of characteristics and functions that enables it to contribute to the overall functioning 

of the organism. Distinct cell types can be distinguished by their unique transcriptome and surface 

marker expression. 

 

Ex vivo models to study prostate progenitor cells and prostate cancer 

In vivo lineage tracing has been utilized to define the differentiation capacity of mouse prostate 

basal and luminal cells during development, tissue regeneration and transformation. In addition, 

genetically engineered mouse models (GEMMs) have been used to define the factors that 

regulate prostate cancer initiation and treatment resistance. However, the generation of in vivo 

lineage tracing models and GEMMs often requires extensive mouse breeding and can be cost- 

and time-prohibitive. In the prostate organoid assay, primary basal and luminal cells isolated from 

mice of any genetic background can generate prostate epithelium ex vivo in approximately a 

week10–12. Furthermore, cells can be genetically manipulated or treated with small molecules 

before or after plating into organoid culture. The organoid system enables the evaluation of cell-

intrinsic and -extrinsic regulators of prostate differentiation and cancer progression in a cost and 

time efficient manner.  

 

In Chapter 2, I describe our group’s effort to further optimize prostate organoid culture methods. 

Notable challenges associated with culturing prostate organoids include excluding two-

dimensional (2D) colonies that form beneath the Matrigel matrix from analysis, maintaining the 

integrity of the Matrigel during media changes, and counting organoids accurately. Our approach 

entails coating plates with poly(2-hydroxyethyl methacrylate) (Poly-HEMA) to prevent the 
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formation of 2D colonies. Furthermore, cells are plated into a Matrigel ring, rather than a Matrigel 

disc, which makes changing the media and counting organoids less challenging. We also describe 

our approaches to harvest organoids for collection of protein lysate and for whole-mount confocal 

microscopy. In Chapter 3, I use these methods extensively to define the metabolic regulation of 

cell fate in the prostate epithelium. 

 

Interplay between metabolism, epigenetics, and cell fate 

Metabolic pathways serve as regulators of cell fate, orchestrating a complex interplay between 

energy homeostasis, biosynthesis, signaling pathways, and epigenetics. Epigenetic marks have 

the capacity to integrate the expression state of chromatin with the metabolic state of the cell 

because most chromatin-modifying enzymes require intermediates of cellular metabolism as 

substrates or cofactors (Figure 2). S-adenosylmethionine (SAM) is generated from methionine 

and is a substrate for histone and DNA methylation, while α-ketoglutarate (αKG) is a required 

cofactor for jumonji histone demethylases13, 14.  Furthermore, histone acetylation is dependent on 

acetyl-CoA, which can be generated by the metabolic enzymes ACLY, ACSS2, or PDHA115–17. 

Through these and other mechanisms, metabolic signaling has been shown to influence cell fate, 

cell function, and the balance between stem cell self-renewal and differentiation. For example, 

hematopoietic stem cell function and leukemogenesis are limited by the accumulation of 

ascorbate, which regulates TET2, a dioxygenase that demethylates DNA18. Epidermal stem cells 

activate de novo serine synthesis in response to serine starvation, which stimulates αKG-

dependent demethylases, activates differentiation programs, and antagonizes squamous cell 

carcinoma growth19. Proper hippocampal function is dependent on the metabolic enzyme ACSS2 

associating with chromatin to increase local concentrations of acetyl-CoA to promote histone 

acetylation and transcription of neuronal genes16. While metabolic rewiring can modulate cell fate 

and function in a wide variety of tissue systems, the interplay between metabolic signaling and 

lineage identity in the prostate is poorly elucidated.  
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Figure 2. Metabolic pathways produce chromatin-modifying metabolites. Figure from Dai et 
al., Nature Reviews Genetics (2020)20 

 

Epigenetic changes have been implicated in the establishment and maintenance of prostate 

epithelial identity. For example, deacetylation of KLF5 induces excess basal to luminal 

differentiation21, while de-repression of the histone methyltransferase EZH2 facilitates loss of 

luminal identity and activation of pluripotency networks22–24. FOXA1 is recurrently mutated in 

localized and metastatic prostate tumors25, and these mutations alter chromatin accessibility to 

drive luminal, mesenchymal or neuroendocrine differentiation phenotypes26, 27. How upstream 

metabolic signaling contributes to the downstream epigenetic regulation of prostate lineage 

identity remains poorly understood. Understanding the molecular mechanisms that govern 
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prostate cell fate is critical as lineage transitions are a central feature of prostate development4, 5, 

tumorigenesis3, 9, and treatment resistance28, 29.  

 

In Chapter 3, I describe our group’s investigation of the metabolic regulation of cell fate in the 

prostate epithelium. We developed an approach to perform metabolic profiling and heavy isotope 

nutrient tracing on primary prostate epithelial cells. Using this approach, we discover that basal 

and luminal cells have distinct metabolic signatures and nutrient utilization patterns. We also 

demonstrate that basal to luminal differentiation is accompanied by increased pyruvate oxidation. 

The mitochondrial pyruvate carrier (MPC) and subsequent lactate accumulation emerged as 

regulators of prostate luminal identity. Inhibition of the MPC or supplementation with exogenous 

lactate reprogram the chromatin landscape of key lineage-specific transcription factors and 

modulate response to antiandrogen treatment. Our results indicate that prostate epithelial cells 

have lineage-rooted metabolic features and that modulation of metabolism can govern prostate 

lineage transitions through epigenetic mechanisms. 

 

Prostate cancer initiation 
 
Prostate cancer is the most frequently diagnosed cancer among men in the United States, with 

over 280,000 new cases expected in 202330. The most well-established risk factors for prostate 

cancer include age, family history, genetics, and chronic inflammation. The probability of 

developing prostate cancer increases from about 1.9% in men 60-69 years old to 9% in men 70 

and older31. Furthermore, men that have a first-degree relative with prostate cancer have an 

approximately 2.5-fold increased risk of being diagnosed with prostate cancer themselves32. Data 

from twin studies suggest that prostate cancer is one of the most genetically heritable cancers, 

with an estimated 58% of prostate cancers being driven by heritable genetic factors33, 34. 

Proliferative inflammatory atrophy (PIA), a precursor for prostate cancer, is characterized by an 

inflammation-associated luminal epithelial layer with an atrophic appearance and increased 
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proliferative index35. A progenitor-enriched subpopulation of luminal cells, marked by low CD38 

expression, resides adjacent to areas of inflammation and has been shown to be more susceptible 

to transformation36. These findings implicate chronic inflammation in prostate cancer initiation.  

 

The majority of prostate cancers arise in the peripheral zone of the prostate1. Luminal cells were 

originally believed to be the cells of origin for prostate cancer based on the histological absence 

of basal cell markers. However, studies in the mouse prostate have demonstrated that both 

basal37–39 and luminal40–42 cells can serve as cells of origin for prostate cancer. In addition, basal 

cells isolated from benign human prostate can give rise to adenocarcinomas following oncogenic 

transformation9, 43. Despite arising from distinct cell types, both basal- and luminal-derived 

prostate tumors exhibit an adenocarcinoma luminal phenotype because basal to luminal 

differentiation proceeds prostate cancer initiation from basal cells9, 43.  

 

Normal prostate epithelium and primary prostate cancer metabolism 

The metabolism of the normal prostate epithelium is regulated by androgen receptor (AR) 

signaling and characterized by an incomplete tricarboxylic acid (TCA) cycle. Zinc accumulates in 

the prostate epithelium and inhibits mitochondrial aconitase (ACO2), the enzyme that catalyzes 

the oxidation of citrate, to enable the secretion of citrate into the prostatic fluid44. Consequently, 

the prostate epithelium relies predominantly on glycolysis for ATP production, as it cannot produce 

reducing equivalents in the TCA cycle to power oxidative phosphorylation. Prostate cancer 

initiation is associated with metabolic reprogramming, which enables cells to consume citrate to 

fuel oxidative phosphorylation and lipogenesis (Figure 3)45, 46. Unlike most cancers, localized 

prostate cancers are not highly glycolytic and therefore cannot be reliably detected using the 

radiolabeled glucose analogue 18F-fluorodeoxyglucose (FDG)47.  
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Figure 3. Metabolic rewiring of citrate metabolism during prostate cancer. Zinc accumulation 
in the normal prostate epithelium inhibits ACO2, which enables the secretion of citrate into the 
prostatic fluid. In prostate cancer, zinc accumulation is reduced, enabling citrate to fuel the TCA 
cycle and lipogenesis. 

 

Prostate cancer treatment resistance 

Prostate cancer is the leading cause of cancer-related death in non-smoking men30. In 2023, an 

estimated 34,700 men in the United States will die from prostate cancer30. Patients with localized 

or regional prostate cancer have a 5-year survival rate of greater than 99% and are typically 

treated with surgery and/or radiation30. On the other hand, patients with metastatic prostate 

cancers have a 5-year survival rate of only 32%30.  

 

AR is a nuclear steroid hormone receptor that functions as a transcription factor to regulate 

prostate development and prostate cell proliferation48. Therefore, patients with advanced tumors 

are treated with androgen deprivation therapy (ADT) to dampen AR activity49. However, ADT is 

typically palliative and prostate cancer cells often adapt to restore AR signaling even when 

androgen production is low, leading to recurrence as castration-resistant prostate cancer49. 

Mechanisms of aberrant AR activity include increased production of its ligand, 

dihydrotestosterone, AR mutation, AR amplification, and the expression of constitutively active 
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AR splice variants48. Castration-resistant tumors remain dependent on AR signaling and are 

treated with next-generation AR pathway inhibitors, such as Enzalutamide50. Prolonged AR 

pathway inhibition can drive the formation of AR-indifferent tumors with basal, small cell, and/or 

neuroendocrine features that are resistant to treatment (Figure 4)23, 24, 28, 29, 51. Consequently, 

patients diagnosed with this form of prostate cancer typically succumb to the disease within one 

year52. New approaches are needed to understand how prostate cancer cells respond to therapy 

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

Figure 4. Prostate cancer progression. Prostate cancer that recurs after surgery or radiation is 
treated with androgen deprivation therapy (ADT). Prostate cancer that recurs after ADT is termed 
castration-resistant prostate cancer and is treated with androgen pathway inhibitors (APIs). 
Following treatment with APIs, patients can develop AR-dependent or AR-indifferent resistant 
disease. 

 

Evolution of metabolic requirements and vulnerabilities during cancer progression 

Metabolic reprogramming is a hallmark of malignancy53. In many cases, altered energy 

metabolism can be exploited to diagnose, monitor, and/or treat cancer. Importantly, metabolic 

requirements and vulnerabilities evolve as the disease progresses from premalignant lesions to 

locally invasive tumors to metastatic cancer. For example, several studies demonstrate that in 
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order for a cancer to metastasize, cells must activate mechanisms to resist the oxidative stress 

induced by the harsh environment in the bloodstream54, 55. Furthermore, therapy resistant tumors 

develop dependence on metabolic pathways that are distinct from those required by primary 

treatment-naïve tumors. In pancreatic cancer, mutated KRAS promotes upregulation of NRF2, a 

master regulator of antioxidant metabolism, and contributes to resistance to chemotherapy56. 

Interestingly, glutaminase inhibitors re-sensitize chemoresistant pancreatic cancer cells to 

therapy56. Therefore, it is critical to understand how metabolic phenotypes evolve during cancer 

progression in order to identify metabolic vulnerabilities that can be exploited to treat patients. 

 

Several studies demonstrate that metabolic pathways can be targeted to antagonize prostate 

cancer cell growth. For example, targeting lipogenesis via FASN inhibition, glutamine utilization 

via GLS inhibition, or mitochondrial pyruvate import via MPC inhibition impairs castration-resistant 

prostate cancer growth57–59. In addition, CAMKK2 inhibition impairs prostate cancer growth by 

disrupting anabolic metabolism60, 61. Unlike localized prostate cancer, metastatic neuroendocrine 

prostate cancer is highly glycolytic and can be detected by 18F-FDG imaging, illustrating that 

metabolic reprogramming occurs during the transition from AR-dependent to AR-indifferent 

disease62. Inhibition of the mTORC1/ATF4/PHGDH axis or lactate export via MCT4 inhibition 

antagonize the growth of neuroendocrine prostate cancers63, 64. AR inhibition has been shown to 

increase reliance on electron transport chain complex I activity and glutaminase activity65; 

however, the mechanisms that govern AR inhibition-induced metabolic rewiring have not been 

clearly defined. Elucidating the molecular mechanisms that regulate how prostate cancer cells 

respond to AR-targeted therapies is critical in order to develop approaches to prevent or delay 

disease progression. 

 

In Chapter 4, I describe our group’s investigation into the regulation of treatment-induced 

metabolic phenotypes and vulnerabilities in prostate cancer. We use transcriptomics, 
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metabolomics, and bioenergetics approaches to comprehensively characterize the effect of AR 

blockade on prostate cancer metabolism. The metabolic response to AR inhibition is defined by 

maintenance of oxidative phosphorylation and reduced glycolysis, resulting in increased reliance 

on oxidative mitochondrial 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 

glutamine metabolism and reverses sensitivity to complex I inhibition. Our findings identify altered 

metabolic signaling as a mechanism through which prostate cancer cells survive AR blockade 

and highlight the potential of therapies that target metabolic vulnerabilities in AR-inhibited cells.  
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Short abstract 

Mouse prostate organoids represent a promising context to evaluate mechanisms that regulate 

differentiation. This paper describes an improved approach to establish prostate organoids, and 

introduces methods to (1) collect protein lysate from organoids, and (2) fix and stain organoids 

for whole-mount confocal microscopy. 

 
Long abstract 

The prostate epithelium is comprised predominantly of basal and luminal cells. In vivo lineage 

tracing has been utilized to define the differentiation capacity of mouse prostate basal and luminal 

cells during development, tissue-regeneration and transformation. However, evaluating cell-

intrinsic and extrinsic regulators of prostate epithelial differentiation capacity using a lineage 

tracing approach often requires extensive breeding and can be cost-prohibitive. In the prostate 
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organoid assay, basal and luminal cells generate prostatic epithelium ex vivo. Importantly, primary 

epithelial cells can be isolated from mice of any genetic background or mice treated with any 

number of small molecules prior to, or after, plating into three-dimensional (3D) culture. Sufficient 

material for evaluation of differentiation capacity is generated after 7-10 days. Collection of basal-

derived and luminal-derived organoids for (1) protein analysis by Western blot and (2) 

immunohistochemical analysis of intact organoids by whole-mount confocal microscopy enables 

researchers to evaluate the ex vivo differentiation capacity of prostate epithelial cells. When used 

in combination, these two approaches provide complementary information about the 

differentiation capacity of prostate basal and luminal cells in response to genetic or 

pharmacological manipulation. 

 
Introduction 

Basal and luminal cells comprise the majority of the prostate epithelium1. Lineage tracing studies 

have revealed that these cell types are predominantly self-sustained by distinct progenitors in the 

adult mouse2; however, luminal differentiation from basal progenitors has been observed in 

several contexts including development3,4, tissue regeneration5, inflammation6,7 and prostate 

cancer initiation2,8. Furthermore, emerging data supports the existence of multipotent luminal 

progenitors as well as luminal-committed progenitors9. In metastatic prostate cancer, 

differentiation from an AR-dependent luminal lineage to an AR-indifferent lineage with basal and 

neuroendocrine features represents an increasingly appreciated mechanism of resistance to 

androgen pathway inhibitors10–12. Therefore, as differentiation is implicated in normal physiology, 

cancer initiation and resistance to therapy, elucidating key molecular regulators of prostate 

epithelial cell differentiation is critical. 

  

The mouse prostate organoid model has emerged as an elegant ex vivo context to study prostate 

epithelial cell differentiation9,13,14. In this assay, individual epithelial cells are plated into a 3D matrix 
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where they generate glandular structures containing both basal and luminal cells within 1 week. 

While existing approaches for plating cells into organoid culture can be used to efficiently generate 

organoids, these approaches require further optimization14. Notable challenges associated with 

culturing prostate organoids include (1) excluding two-dimensional (2D) colonies that form 

beneath the Matrigel (matrix gel) from analysis, (2) maintaining the integrity of the matrix gel 

during media changes, and (3) counting organoids accurately. This paper outlines an approach 

to generate organoids from epithelial cells isolated from mouse prostate. The approach described 

entails coating plates with poly(2-hydroxyethyl methacrylate) (Poly-HEMA) to prevent the 

occurrence of 2D colonies. Furthermore, cells are plated into a matrix gel ring, rather than a matrix 

gel disc, which makes changing the media and counting organoids less challenging. These 

techniques allow researchers to more easily investigate how genetic alterations or small 

molecules introduced prior to, or during, organoid formation alter key processes such as 

differentiation. 

 

Harvesting of prostate organoids for Western blot or immunohistochemical analysis by whole-

mount confocal microscopy can provide valuable mechanistic insight into differentiation13, yet 

well-established protocols to prepare organoids for such techniques are lacking. This manuscript 

describes approaches to harvest organoids for (1) collection of protein lysate, or (2) fixation and 

staining for confocal microscopy. Importantly, the approach described for fixing and staining 

prostate organoids is considerably improved in relation to existing methods. While these rely on 

sectioning organoids15, the method described in this manuscript utilizes intact organoids, which 

helps protect against organoid damage during sample preparation. When used in combination, 

Western blot and confocal microscopy can provide valuable insight into the molecular regulators 

of differentiation. Alternatively, these approaches can be used to model other processes such as 

development and transformation. 
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Protocol 

All methods described here have been approved by the Institutional Review Board at the 

University of California, Los Angeles. 

NOTE: A schematic illustrating the approaches described in the paper is provided in Figure 1.  

Figure 1. Schematic illustrating workflow to generate prostate organoids for collection and 
analysis. Total mouse prostate is dissociated and basal and luminal prostate epithelial cells are 
isolated by fluorescence-activated cell sorting via established protocols36, 66. Basal or luminal cells 
suspended in a mixture of mouse organoid media and matrix gel are plated into matrix gel rings. 
After 5 to 7 days of culture, organoids are harvested for analysis by Western blot or confocal 
microscopy. 

 

1. Isolating mouse basal and luminal prostate epithelial cells using Fluorescence-

Activated Cell Sorting (FACS) TIMING: 30 min 

NOTE: Perform steps 1.3-1.5 in the dark. 

1.1. After dissociating cells from total mouse prostate as described in Lawson et al.16, transfer 

the cells to FACS tubes and resuspend 0.1-5 × 106 cells in 100 µL of dissociation media 

(Table 1). 

1.2. Add the appropriate volume of the following directly-conjugated primary antibodies: CD45, 

CD31, Ter-119, EpCAM and CD49f. 

1.3. Incubate on ice, protected from light, for 20 min.  
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NOTE: It is recommended to utilize 10% of the total dissociated cells for unstained and single-

stained controls. These controls are necessary to set the correct compensation and voltage for 

sorting. 

1.4. Quench antibody cocktail by adding 1 mL of dissociation media to each sample. Pellet the 

cells by centrifugation at 800 x g for 5 min at (room temperature) RT and remove the 

supernatant by aspirating. 

1.5. Resuspend the cells in appropriate volume (250 µL per 1 × 106 cells) of dissociation media 

containing 1 µg/mL 4’,6-diamidino-2-phenylindole (DAPI). Proceed to FACS. Flow 

cytometry plots demonstrating isolation of mouse basal and luminal prostate epithelial 

cells are illustrated in Figure 2. 

Figure 2. Isolation of mouse basal and luminal prostate epithelial cells using Fluorescence-
Activated Cell Sorting (FACS). Dissociated cells from mouse prostate are stained with DAPI, to 
distinguish live from dead cells, and surface antibodies, to distinguish basal from luminal cells, 
prior to FACS. Left: Gated on DAPI- cells. FSC-A: forward-scatter. Center: Gated on Lin- cells 
(CD45low, CD31low, Ter119low). SSC-A: side-scatter. Right: Basal cells (Bas) (EpCAMhigh, 
CD49fhigh), Luminal cells (Lum) (EpCAMhigh, CD49fmid). 

 

2. Plating sorted prostate epithelial cells into primary mouse organoid culture - TIMING: 

2-3 h (excluding Poly-HEMA-coated plate preparation) 

NOTE: Plates are coated with Poly-HEMA to prevent 2D colony formation on the surface of the 

well beneath the matrix gel. Prepare Poly-HEMA-coated plates 1 day prior to plating sorted basal 

or luminal prostate epithelial cells into mouse organoid culture. Thaw 1 mL aliquots of reduced 

growth factor matrix gel, hereafter referred to as matrix gel, on ice 2 h prior to step 2.1. Y-27632 

(ROCK inhibitor) should be added to mouse organoid media immediately prior to step 2.1. 

Perform steps 2.1-2.8 on ice. 
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2.1. Pellet the cells in 5 mL round-bottom tubes by centrifugation at 800 x g for 5 min at 4 °C 

and aspirate the supernatant.  

2.2. Wash the cell pellet in 500 µL of mouse organoid media (Table 2)14. 

2.3. Pellet the cells by centrifugation at 800 x g for 5 min at 4 °C and aspirate the supernatant. 

2.4. Resuspend in mouse organoid media at a cell density of 1000 cells/µL. 

2.5. To prepare master mixes, mix epithelial cells suspended in mouse organoid media with 

matrix gel to generate a final mixture that contains 25% cells/media and 75% matrix gel. 

Basal cells are typically plated at a concentration of 100-2,000 cells/80 µL, whereas 

luminal cells are typically plated at a concentration of 2,000-10,000 cells/80 µL. The 

density of cells plated varies depending upon the day of anticipated material collection, 

and the desired downstream application.  

NOTE: Chill appropriately sized tube(s) for expected master mix volume 5 min prior to master mix 

preparation. To ensure the matrix gel does not harden while handling, it is critical to chill the pipette 

tip by pipetting the matrix gel 3-4 times prior to transferring it to a new tube.  

2.6. Add 80 µL of the matrix gel/cell mixture per well of a 24-well plate. Pipetting a droplet onto 

the lower half of the wall of the well, while avoiding direct contact with the Poly-HEMA 

coating is recommended. After adding the matrix gel, swirl the plate to allow the matrix 

gel/cell mixture to form a ring around the rim of the well. 

2.7. Place the 24-well plate into a 37 °C 5% CO2 incubator right-side up for 10 min to allow 

the matrix gel to partially harden.  

NOTE: Begin warming mouse organoid media at 37 °C immediately after placing the 24-well plate 

in the incubator. 

2.8. After incubating for 10 min, flip the 24-well plate upside-down and incubate for an 

additional 50 min to allow the matrix gel to completely harden. 

2.9. Add 350 µL of pre-warmed mouse organoid media dropwise to the center of each well.  

NOTE: To maintain the integrity of the matrix gel, it is critical to avoid the matrix gel ring while 
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adding media.  

2.10. After adding the media, return the 24-well plate to the 37 °C 5% CO2 incubator. 

3. Replenishing mouse organoid media - TIMING: 10-15 min per 24-well plate 

NOTE: Existing media should be replaced with fresh media every 48 h. Before each media 

change, pre-warm mouse organoid media. It is not necessary to add ROCK inhibitor to the media 

used for replenishing. 

3.1. Tilt the 24-well plate at a 45° angle and gently remove existing media from the center of 

each well using a p1000 pipette, while avoiding the matrix gel ring. 

3.2. Add 350 µL of pre-warmed mouse organoid media as in step 2.8. It is recommended to 

add a larger volume of media (up to 1 mL) to organoids cultured for longer than 5 days in 

order to prevent rapid depletion of key nutrients and growth factors. 

4. Extracting protein lysate from prostate organoids for Western blot analysis - TIMING: 

2.5-4 h 

NOTE: Prior to collecting organoids for protein lysate extraction, prepare and pre-warm dispase-

containing media (Table 1). 

4.1. Remove the media from each well as in step 3.1. 

4.2. To collect organoids, repeatedly blast the matrix gel by pipetting 1 mL of dispase-

containing media directly onto the matrix gel ring until the entire ring is dislodged, and 

transfer to a 1.5 mL microcentrifuge tube.  

 

NOTE: It is critical to avoid direct contact with the Poly-HEMA-coated wells. Direct contact may 

cause contamination of the collected material with Poly-HEMA, which could negatively impact cell 

survival. 

4.3. Place the 1.5 mL microcentrifuge tube(s) into a 37 °C 5% CO2 incubator for 30 min to 1 h 

to allow complete digestion of the matrix gel by dispase. 

4.4. Pellet organoids by centrifugation at 800 x g for 5 min at RT and remove the supernatant 
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using a micropipette. 

4.5. Add phosphate-buffered saline (PBS) to the organoid pellet and resuspend by gently 

flicking.  

NOTE: Failure to sufficiently resuspend the organoid pellet may result in the contamination of 

organoid material with residual dispase or matrix gel. 

4.6. Pellet the organoids by centrifugation at 800 x g for 5 min at RT and remove the 

supernatant using a micropipette. 

4.7. Fast freeze the organoid pellets by placing each tube into a solution containing dry ice and 

methanol. Store the tube(s) until future use at -80 °C. Alternatively, extract protein lysate 

immediately following step 4.6. 

4.8. Resuspend the organoid pellets in 100 µL of protein lysis buffer (Table 1) per 10 µL of 

packed cell volume. Flick to resuspend.  

NOTE: If resuming after fast-freezing, ensure protein lysis buffer is thawed prior to removing 

samples from -80 °C, as lysis buffer must be added to samples immediately in order to prevent 

phosphatase and protease activity. 

4.9. Incubate the samples in protein lysis buffer on ice for at least 45 min. 

NOTE: It is recommended to sonicate prior to incubation on ice to increase the efficiency of 

nuclear protein recovery; however, sonication is not required. If sonication is not performed, 

proceed to step 4.10. 

 

4.9.1. To sonicate, submerge tubes in wet ice and gently apply the tip of the sonic dismembrator 

to the outside of the microcentrifuge tube. Sonicate for 40 s at 20 kHz. 

4.10. Proceed to Western blot following established protocols.  

5. Fixing and staining prostate organoids for immunohistochemical analysis by whole-

mount confocal microscopy  

5.1. Collecting prostate organoids from 24-well plates - TIMING: 45 min-1 h 
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NOTE: When collecting prostate organoids to process for confocal microscopy, it is critical to 

handle them with care in order to maintain their structure. The collection protocol below is 

designed to reduce disruption of organoid structure during isolation. 

5.1.1. Remove the media from each well as in step 3.1. 

5.1.2. Digest the matrix gel by incubating with 500 µL of dispase-containing media (Table 1) for 

30 min in a 37 °C 5% CO2 incubator.  

5.1.3. Collect digested organoid suspension in a microcentrifuge tube and pellet the organoids 

by centrifugation at 800 x g for 3 min at RT. Remove the supernatant. 

5.2. Whole-mount immunofluorescent staining of prostate organoids - TIMING: 3-4 days (1-5 

h(s)/day) 

5.2.1. Add 500 µL of 4% paraformaldehyde in PBS and incubate for 2 h at RT with gentle 

shaking.  

5.2.2. Pellet the organoids by centrifugation at 800 x g for 3 min at RT, remove the supernatant, 

and wash the pellet with 1 mL of PBS for 15 min with gentle shaking.  

5.2.3. Wash the pellet as in step 5.2.2 for additional two times. 

5.2.4. Pellet the organoids by centrifugation at 800 x g for 3 min at RT and remove the 

supernatant. Add 1 µg/mL DAPI in blocking solution (Table 1). Incubate for 2 h at RT or 

alternatively overnight at 4 °C with gentle shaking. 

5.2.5. Pellet the organoids by centrifugation at 800 x g for 3 min at RT and remove the 

supernatant. Add primary antibody (rabbit-anti-p63, mouse-anti-cytokeratin 8) in blocking 

solution and incubate overnight at 4 °C with gentle shaking.  

5.2.6. Pellet the organoids by centrifugation at 800 x g for 3 min at RT and remove the 

supernatant. Wash the pellet with 1 mL of PBS for 15 min with gentle shaking.  

5.2.7. Wash the pellet as in step 5.2.6 for additional two times. 

5.2.8. Pellet the organoids by centrifugation at 800 x g for 3 min at RT and remove the 

supernatant. Add secondary antibody (Goat anti-rabbit IgG-Alexa Fluor 594, Goat anti-
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mouse IgG-Alexa Fluor 488) in blocking solution and incubate overnight at 4 °C with gentle 

shaking.  

5.2.9. Pellet the organoids by centrifugation at 800 x g for 3 min at RT, remove the supernatant, 

and wash the pellet with 1 mL of PBS for 15 min with gentle shaking.  

5.2.10. Wash the pellet as in step 5.2.9 for additional two times. 

6. Tissue clearing and mounting of the stained prostate organoids for whole-mount 

confocal microscopy - TIMING: 7 h 

6.1.1. Pellet the organoids by centrifugation at 800 x g for 3 min at RT and remove the 

supernatant.  

6.1.2. Add 1 mL of 30% sucrose in PBS with 1% Triton X-100 and incubate for 2 h at RT with 

gentle shaking.  

6.1.3. Pellet the organoids by centrifugation at 800 x g for 3 min at RT and remove the 

supernatant. 

6.1.4. Add 1 mL of 45% sucrose in PBS with 1% Triton X-100 and incubate for 2 h at RT with 

gentle shaking.  

6.1.5. Pellet the organoids by centrifugation at 800 x g for 3 min at RT and remove the 

supernatant.  

6.1.6. Add 1 mL of 60% sucrose in PBS with 1% Triton X-100 and incubate for 2 h at RT with 

gentle shaking.  

 

6.1.7. Pellet the organoids by centrifugation at 800 x g for 3 min at RT and remove 95% of the 

supernatant.  

NOTE: The pellet becomes looser as the concentration of sucrose becomes higher. Observing 

the DAPI-stained organoids under the UV light to confirm that they were not lost during removal 

of the supernatant is recommended.  

6.1.8. Transfer a 10-20 µL droplet of the remaining suspension to a chambered coverslip and 
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proceed to confocal microscopy.  

NOTE: Coverslip fragments can be placed on either side of the droplet to be used as spacers. 

These prevent organoids from collapsing when a coverslip is placed over the droplet. 

 

Representative results 

Prostate epithelial cells are plated into mouse organoid culture where they form organoids, which 

are harvested prior to preparation for downstream analysis (Figure 1).  

 

Basal and luminal epithelial cells are isolated using FACS. After excluding DAPI+ cells and 

depleting Lin+ cells (CD45, CD31, Ter119), basal and luminal cells are distinguished based on 

differential expression of EpCAM and CD49f (Figure 2). The approach described to plate prostate 

basal and luminal cells into organoid culture entails: (1) plating cells into matrix gel rings, and (2) 

coating wells with Poly-HEMA. Plating into rings has been previously described in Agarwal et al.9 

Utilizing this approach (Figure 3A) allows researchers to more easily avoid the matrix gel while 

replenishing the media (Step 3), and more easily count organoids by following the circumference 

of the well. Coating wells with Poly-HEMA has been shown to prevent 2D colony formation in 

retinal organoids17; however, this approach has not been utilized in the prostate organoid model. 

Importantly, coating wells with Poly-HEMA (Table 3) eliminates the occurrence of 2D colonies 

without interfering with organoid formation (Figure 3B). These modifications expand the 

capabilities of the prostate organoid assay.   
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Figure 3. Establishment of mouse prostate organoids. (A) Schematic illustrating approach to 
generate a matrix gel ring in a well of a 24-well plate. (B) Representative phase contrast images 
of organoids (3D growth plane) and two-dimensional colonies (2D growth plane) formed 7 days 
after plating prostate epithelial cells into un-coated (Poly-HEMA (-)), or coated (Poly-HEMA (+)) 
24-well plates. Boxed regions within 2D growth plane are magnified on the right. Scale bars, 200 
µm.  

 

Basal and luminal cells form organoids with distinct morphologies (Figure 4A). While most basal-

derived organoids are similar in size (100-300 µm diameter) after 7 days in culture, luminal-

derived organoids exhibit significant heterogeneity (30-450 µm diameter). Furthermore, most 

basal-derived organoids contain lumens surrounded by multi-layered epithelium (Figure 4A, top), 

whereas luminal-derived organoids range in morphology from hollow, with single-layered 

epithelium to solid, with multi-layered cords of cells that do not canalize (Figure 4A, bottom). The 

approaches described above to prepare organoids for downstream analysis (Steps 4, 5), were 

used to investigate whether these phenotypic differences are reflective of differences in lineage 

marker expression. Western blot analysis revealed that basal and luminal-derived organoids 
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retain features associated with basal and luminal primary cells. Basal-derived organoids express 

higher levels of the basal marker cytokeratin 5 (K5), whereas luminal-derived organoids express 

higher levels of the luminal marker cytokeratin 8 (K8) (Figure 4B). Both basal and luminal markers 

were detected in basal and luminal-derived organoids in the bulk population, perhaps suggestive 

of differentiation (Figure 4B).  

 

We sought to characterize lineage marker expression in basal-derived organoids and determine 

whether morphologically distinct luminal-derived organoids exhibit differences in marker 

expression by staining intact organoids and performing confocal microscopy (Figure 4C). Basal-

derived organoids contained multi-layered epithelium with outer layers expressing high levels of 

the basal marker p63 and moderate levels of the luminal marker K8 (p63hi, K8mid), and inner 

layers without detectable levels of p63 and high levels of K8 (p63lo, K8hi) (Figure 4D, top). While 

all cells in single-layered luminal-derived organoids stained positively for K8, only select cells 

contained nuclear p63 (Figure 4D, bottom). These data validate the approaches to harvest and 

prepare organoids for analysis by Western blot or confocal microscopy and thereby expand the 

capability of the organoid assay to study key cellular processes, including differentiation.  
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Figure 4. Analysis of lineage marker expression in prostate organoids by Western blot and 
whole-mount confocal microscopy. (A) Representative phase contrast images of basal-derived 
(top), and luminal-derived (bottom) organoids after 7 days of culture. Scale bar, 100 µm. (B) 
Western blot analysis of basal-derived (Bas) and luminal-derived (Lum) organoids after 5 days of 
culture. Staining for the basal marker, cytokeratin 5 (K5), and the luminal marker, cytokeratin 8 
(K8), and a loading control, histone H3 (HH3). (C) Schematic illustrating chambered coverslip with 
spacers. (D) Representative differential interference contrast (DIC) and immunofluorescent 
images of basal-derived (top) and luminal-derived (bottom) organoids after 7 days of culture. 
Staining for p63 (red), K8 (green) and DAPI (blue) individually and merged. Scale bars, 100 µm. 

Discussion 

Prostate epithelial cell differentiation has been implicated in both normal prostate biology2–7 and 

disease biology8,10–12; however, the master regulators of this process remain undefined. 

Identifying key regulators of prostate epithelial cell differentiation has been difficult in part due to 

the absence of well-established contexts to model it. While 2D monolayer culture can be used to 
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model differentiation11,12, this context fails to recapitulate the complex prostate microenvironment. 

Furthermore, in vivo contexts to model differentiation do not lend themselves to mechanistic 

studies, as they are challenging to manipulate. Therefore, the identification of an easy to 

manipulate, yet physiologically-relevant context, to study differentiation is critical. 

 

The prostate organoid model represents an elegant ex vivo context where basal to luminal 

differentiation is reported to occur. Methods to establish prostate organoids are well established14; 

however, further optimization of these methods is necessary. Furthermore, approaches to harvest 

and prepare prostate organoids for analysis are not clearly described. This paper describes an 

approach to plate prostate epithelial cells isolated from mouse prostate into organoid culture. This 

approach allows researchers to (1) prevent the occurrence of 2D colonies during organoid 

formation, (2) reduce the risk of disruption to the matrix gel during media replenishment, and (3) 

count organoids more effectively. In addition, this manuscript outlines approaches to harvest 

organoids for preparation for Western blot analysis, or whole-mount confocal microscopy. 

Importantly, the approach utilized to prepare organoids for confocal microscopy maintains the 

intact structure of organoids through its duration, which reduces organoid damage prior to image 

acquisition. Altogether, the approaches described expand the capabilities of the prostate organoid 

assay. 

 

Notably, the organoid-forming capacity of basal and luminal cells can be altered both by methods 

used to isolate the respective populations, and by culture conditions. The organoid culture 

conditions used in this assay were first described by Karthaus et al.13 Whereas Karthaus et al. 

have reported that basal cells have a higher organoid forming capacity (15%) than luminal cells 

(1%)13, Chua et al., using distinct isolation methods and culture conditions, have reported that 

luminal cells (0.2-0.3%) have a higher organoid-forming capacity than basal cells (.03%)20. 

Overall, methods described by Karthaus et al. lead to higher organoid-forming rates for both basal 
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and luminal cells, likely reflecting differences in the approach used to isolate basal and luminal 

cells13, as opposed to culture conditions that bias against organoid formation from luminal cells. 

It remains unclear whether the protocol described in this manuscript favors luminal organoid 

formation from multipotent luminal progenitors, or committed-luminal progenitors9. Though timely 

and cost-prohibitive, in vivo lineage tracing studies can be used to validate progenitor features 

associated with distinct prostate epithelial lineages elucidated in the organoid assay. 

 

Processes such as development, differentiation and transformation are not only relevant to 

prostate biology, but also relevant to the biology of other tissues including the brain, lung, intestine, 

pancreas and liver. The methods described facilitate the utilization of the organoid model to study 

these processes in not only the prostate, but also a wide range of tissues.  

 

Tables 

Table 1. Instructions for the preparation of key solutions. 

 

Dispase-containing media
1 mg dispase per ml advanced DMEM 
F12, 10 µM ROCK inhibitor. Filter 
sterilize using 0.22 µm filter.

Dissociation media
RPMI-1640 + 10% FBS + 1%  Penicillin-
Streptomycin. Filter sterilize using 0.22 
µm filter.

Protein lysis buffer RIPA buffer + phosphatase inhibitors + 
protease inhibitors

Blocking solution 10% FBS in PBS with 0.2% Triton X-
100

Recipes
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Table 2. Instructions for the preparation of mouse organoid media. 

Table 3. Protocol for preparation of Poly-HEMA-coated plates. 

 

Acknowledgements 

PDC and JMG are supported by the Ruth L. Kirschstein National Research Service Award 

GM007185. JAD is supported by the National Institute of General Medical Sciences of the 

National Institutes of Health (R25GM055052) awarded to T. Hasson and the Saul Martinez 

Scholarship. ASG is supported by the Spitzer Family Foundation Fund and the Gill Endowment. 

Component Concentration
B-27 50x
GlutaMAX 100x
N-acetyl-L-cysteine 1.25 mM
Normocin 50 µg/mL
Recombinant Human EGF, Animal-Free 50 ng/mL
Recombinant Human Noggin 100 ng/mL
R-spondin 1-conditioned media 10% conditioned media
A83-01 200 nM
DHT 1 nM
Y-27632 dihydrochloride (ROCK inhibitor) 10 µM
Advanced DMEM/F-12 Base media
R-spondin 1-conditioned media is generated as described in Drost, et 
al 13. After addition of all components, filter sterilize mouse organoid 
media using 0.22 µm filter. ROCK inhibitor is only added during 
establishment of culture and passaging of organoids.

1 Add 0.25 g Poly-HEMA to 50 ml 98% EtOH. Dissolve Poly-HEMA at 37 °C 
on a shaker. This process takes at least 4 hr.

2 Filter sterilize Poly-HEMA using 0.22 µm filter.
3 Add 200 µl of Poly-HEMA solution per well of a 24-well plate(s).

4 Remove lid(s) from 24-well plate(s) after adding Poly-HEMA and allow 
solution to evaporate overnight.

5

Wash each well twice with PBS and ensure wells are completely dry prior 
to storage after final wash. NOTE: Disrupting the Poly-HEMA coating 
during washing could contribute to 2-dimensional growth upon plating 
epithelial cells into organoid culture. To prevent damage to Poly-HEMA-
coated wells, avoid direct contact with the pipette tip while washing. The 
integrity of the Poly-HEMA-coated wells will remain intact unless the Poly-
HEMA is scraped off by the pipette tip. 

6
Poly-HEMA-coated plates can be stored at 4 °C for up to two weeks. 
NOTE: Wrapping plates in parafilm prior to storage will reduce the risk of 
contamination.

Protocol for preparing Poly-HEMA-coated plates
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Abstract 
Lineage transitions are a central feature of prostate development, tumourigenesis and treatment 

resistance. While epigenetic changes are well-known to drive prostate lineage transitions, it 

remains unclear how upstream metabolic signaling contributes to the regulation of prostate 

epithelial identity. To fill this gap, we developed an approach to perform metabolomics on primary 

prostate epithelial cells. Using this approach, we discovered that the basal and luminal cells of 

the prostate exhibit distinct metabolomes and nutrient utilization patterns. Furthermore, basal to 

luminal differentiation is accompanied by increased pyruvate oxidation. We establish the 

mitochondrial pyruvate carrier (MPC) and subsequent lactate accumulation as regulators of 

prostate luminal identity. Inhibition of the MPC or supplementation with exogenous lactate results 

in large-scale chromatin remodeling, influencing both lineage-specific transcription factors and 

response to antiandrogen treatment. These results establish reciprocal regulation of metabolism 

and prostate epithelial lineage identity.  
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Main text 
 
Introduction 
Prostate epithelium contains basal and luminal cells as well as rare neuroendocrine cells1. Adult 

mouse prostate basal and luminal cells are predominantly self-sustained under physiological 

conditions2. Luminal differentiation from basal progenitors occurs during development3, 4, tissue 

regeneration5, inflammation6 and prostate cancer initiation2, 7. Epigenetic changes facilitate the 

establishment and maintenance of prostate epithelial identity8,9,10,11. How upstream signaling 

contributes to the downstream epigenetic regulation of prostate lineage identity remains poorly 

understood. Metabolism is a key upstream regulator of the epigenome. Most chromatin-modifying 

enzymes require intermediates of cellular metabolism as substrates or cofactors12,13. While 

metabolic rewiring can modulate differentiation in a wide variety of tissue systems14,15,16, the 

interplay between metabolic signaling and lineage identity in the prostate remains to be 

elucidated. 

To fill this gap, we sought to understand prostate epithelial cell type-specific metabolic features. 

We developed an approach to perform metabolic profiling and heavy isotope nutrient tracing on 

primary prostate epithelial cells, finding that basal and luminal cells have distinct metabolic 

signatures. We demonstrate that basal to luminal differentiation is associated with increased 

pyruvate oxidation. Pharmacological inhibition of mitochondrial pyruvate transport, or genetic 

deletion of Mpc1, antagonizes luminal features. Both lactate supplementation and inhibition of 

lactate efflux block luminal differentiation, suggesting that intracellular lactate accumulation 

mediates the effect on lineage identity. Inhibition of the MPC and supplementation with exogenous 

lactate reprogram the chromatin landscape of key lineage-specific transcription factors and 

modulate response to antiandrogen treatment. Our results indicate that prostate epithelial cells 

have lineage-rooted metabolic features and that modulation of metabolism can govern prostate 

lineage transitions through epigenetic mechanisms.  
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Results 
Basal and luminal cells have distinct metabolic features 

We first sought to investigate the relationship between prostate epithelial cell type and metabolic 

identity. We analyzed adult murine prostates using fluorescence-activated cell sorting (FACS) to 

isolate primary basal (EpCAM+ CD49fhigh) and luminal (EpCAM+ CD49flow) cells (Extended Data 

Figure 1a). We first interrogated prior RNA sequencing results17 and then performed metabolic 

profiling and glucose tracing (Figure 1a). Transcriptional analysis of canonical lineage markers 

validated isolation of epithelial cell populations (Extended Data Figure 1b). Gene set enrichment 

analysis (GSEA) demonstrated appropriate enrichment of the Smith et al.18 basal and luminal 

signatures (Extended Data Figures 1c-d, Supplementary Table 1). Of the 30 pathways most 

statistically enriched in differentially abundant genes, 12 were metabolism-related (Extended 

Data Figure 1e, Supplementary Table 2). We performed GSEA on all Hallmark, Reactome and 

KEGG metabolism gene sets and identified enrichment of MYC targets in basal cells and 

enrichment of pyruvate metabolism and oxidative phosphorylation in luminal cells (Figure 1b, 

Supplementary Table 3). We also found that basal cells exhibit elevated RNA and protein 

abundance of several glycolytic enzymes and transporters, while luminal cells exhibit elevated 

levels of many key TCA cycle enzymes (Figure 1c, Extended Data Figure 1f). Analysis of mouse 

prostate single cell RNA sequencing data19, 20 corroborated differential expression of metabolic 

enzymes in distinct epithelial subsets (Extended Data Figures 2a-b). 

 

After identifying candidate cell type-specific metabolic features, we established an approach that 

enabled us to perform metabolic characterization of distinct prostate epithelial cell types using 

metabolic profiling and nutrient tracing. Primary cells isolated by FACS were cultured overnight to 

enhance cell attachment and enable equilibration prior to metabolite extraction. AnnexinV and 7-

AAD analysis illustrated that adherent basal and luminal cells both exhibit greater than 80% 

viability after overnight culture (Extended Data Figure 2c), validating that metabolomics was 
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performed on healthy cell populations. Basal cells have elevated levels of key glycolytic 

metabolites including PEP, 3PG and F6P, while luminal cells have elevated levels of TCA cycle 

intermediates including isocitrate, aKG and succinate (Figure 1d, Supplementary Table 4).  

[U-13C]glucose tracing revealed a significant reduction in incorporation of glucose-derived carbon 

from citrate to aconitate specifically in luminal cells, but not in basal cells (Figure 1e, 

Supplementary Table 4). This metabolic wiring may enable luminal cells to secrete high levels 

of citrate found in seminal fluid21 or to utilize citrate for lipid synthesis. Consistent with this 

hypothesis, we observed increased RNA abundance of genes involved in de novo lipogenesis in 

luminal cells relative to basal cells (Figure 1f). Previous studies have reported that zinc 

accumulation in the prostate epithelium inhibits aconitase activity to prevent citrate oxidation and 

promote citrate secretion22. We evaluated expression of zinc transporters and found that several 

are elevated in luminal cells relative to basal cells (Figure 1g). [U-13C]glucose tracer analysis also 

illustrated that basal cells preferentially generate M2 citrate through pyruvate dehydrogenase 

(PDH) activity (Figure 1h, Supplementary Table 4), while luminal cells preferentially generate 

M3 citrate through pyruvate carboxylase (PCX) activity (Figure 1i, Supplementary Table 4). 

These data indicate that basal and luminal cells have both distinct metabolite abundance profiles 

and nutrient utilization patterns.  

 

We next asked whether cell type-specific metabolic features are conserved across species. We 

utilized a dataset of RNA sequencing of benign prostatic basal and luminal epithelial 

populations from three human prostates23. All glycolytic enzymes and transporters evaluated, 

except HK2, were enriched in basal cells, while many TCA cycle enzymes were enriched in 

luminal cells (Figure 1j). Our data provide the most comprehensive evidence to date that distinct 

prostate epithelial cell types contain unique metabolic features. 
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Figure 1. Primary basal and luminal prostate cells have distinct metabolic features 
(a) Schematic of RNA sequencing, metabolic profiling and glucose tracing performed on primary 
basal and luminal cells isolated from mouse prostate. (b) Gene set enrichment analysis of all 
KEGG, Hallmark, and Reactome metabolism gene sets in basal and luminal cells. (c) Heatmap 
of glycolytic and TCA cycle enzymes from RNA sequencing of three biological replicates of basal 
and luminal cells. (d) Heatmap of metabolite abundance in primary basal and luminal mouse 
prostate cells with three technical replicates for each of the three biological replicates. (e) 
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Aconitate to citrate fractional contribution ratio in primary basal and luminal mouse prostate cells 
fed [U-13C]glucose tracer for 16 hours. (f-g) Heatmaps of genes involved in de novo lipogenesis 
(f) and zinc transport (g) from RNA sequencing of primary basal and luminal mouse prostate cells. 
(h-i) Percent M2 citrate (h) and percent M3 citrate (i) from [U-13C]glucose in basal and luminal 
cells (n=3 technical replicates for each of the 3 biological replicates). (j) Fold change in glycolytic 
and TCA cycle enzymes from RNA sequencing of basal and luminal cells from three human 
prostates. Shaded gray rectangles indicate genes that have statistically significant (p < 0.05) 
differential abundance. For all panels, data are shown as mean ± SEM. p-values were calculated 
using a paired two-tailed t-test. 
 

Increased pyruvate oxidation with luminal differentiation 

We next sought to investigate whether there is in vivo evidence of metabolic reprogramming 

during basal to luminal differentiation. We took advantage of the spatial restriction of multipotent 

basal cells at the distal region (tip – 100 μm) of the developing prostate at postnatal day (P)1024 

(Figure 2a). Comparing RNA expression in multipotent basal cells and basal-derived luminal cells 

isolated by FACS, we found 15 of the 30 most enriched pathways identified by KEGG pathway 

analysis are metabolism-related (Extended Data Figure 3a, Supplementary Table 5). GSEA 

revealed negative enrichment of genes in KEGG oxidative phosphorylation in multipotent basal 

cells relative to basal-derived luminal cells (Figure 2b). 

 

Features of basal to luminal differentiation have been reported in prostate organoid culture; 

however, the induction kinetics of luminal marker expression were previously poorly defined25. 

Western blot analysis revealed that basal-derived organoids initially express high levels of the 

basal marker Trp63 (p63) but low levels of the luminal marker cytokeratin 8 (KRT8) (Figure 2c-

d). By day five in ex vivo culture, KRT8 is elevated and p63 is reduced (Figure 2d). Using 

intracellular flow cytometry, we established that there is gradual upregulation of KRT8 that 

continues between days six and nine (Extended Figure 3b).  

 

We performed metabolic profiling and [U-13C]glucose tracer analysis three, five and seven days 

after plating into organoid culture. Principal component analysis of both metabolic profiling data 
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and glucose tracer analysis data illustrate that each timepoint clusters independently (Extended 

Data Figure 3c, Figure 2e). Heatmap visualization also demonstrates that primary basal-derived 

organoids have differences in their metabolite abundance profiles at each time point (Extended 

Data Figure 3d, Supplementary Table 4). Incorporation of glucose-derived carbon into glycolytic 

metabolites does not significantly change from day three to seven (Figure 2f, Supplementary 

Table 4). In contrast, fractional contribution to TCA cycle intermediates increases significantly as 

basal-derived organoids acquire luminal features (Figure 2g, Extended Data Figure 3e, 

Supplementary Table 4). Both fractional contribution to nucleotide intermediates and expression 

of the proliferation marker PCNA decrease between days five and seven (Figure 2h, Extended 

Data Figure 3f, Supplementary Table 4). These data suggest that increased pyruvate oxidation 

is unlikely to be driven predominantly by organoid growth, but rather represents a shift in 

metabolism with luminal differentiation. Collectively, our data indicate basal to luminal 

differentiation is associated with metabolic rewiring, which includes a shift towards increased 

glucose oxidation. 
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Figure 2. Basal to luminal differentiation is accompanied by increased pyruvate oxidation 
(a) Schematic of in vivo model of basal to luminal differentiation in P10-P12 murine prostate. (b) 
Gene set enrichment analysis showing enrichment of KEGG oxidative phosphorylation in basal-
derived luminal cells relative to multipotent basal cells in vivo. (c) Schematic of lineage marker 
analysis, metabolic profiling and glucose tracing performed on primary basal-derived mouse 
organoids three, five and seven days after plating into organoid culture. (d) Western blot analysis 
of the luminal marker cytokeratin 8 (KRT8) and the basal marker p63 in basal-derived organoids. 
(e) Principal component analysis of fractional contribution from [U-13C]glucose metabolic tracing 
data of basal-derived organoids with three technical replicates per timepoint. Organoids were 
cultured with [U-13C]glucose 48 hours prior to harvesting metabolites at each timepoint. (f-h) 
Fractional contribution from [U-13C]glucose to glycolytic (f), TCA cycle (g) and nucleotide 
intermediates (h) in basal-derived organoids with three technical replicates per timepoint. For all 
panels, data are shown as mean ± SEM. 
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The mitochondrial pyruvate carrier regulates cell fate 

The mitochondrial pyruvate carrier (MPC) transports pyruvate from the cytosol to the 

mitochondria, where it can be oxidized to fuel the TCA cycle26. As basal to luminal differentiation 

is associated with increased pyruvate oxidation, we investigated the effects of inhibiting the MPC 

with the small molecule MPC inhibitor UK5099. [U-13C]glucose tracer analysis confirmed that 

UK5099 significantly reduces incorporation of glucose-derived carbon into TCA cycle 

intermediates in mouse basal-derived organoids, consistent with its on-target effect (Figure 3a, 

Supplementary Table 4). UK5099 does not significantly influence organoid-formation rate 

(Figure 3b) or organoid size (Figure 3c) of basal-derived organoids.  

 

Western blot analysis and immunofluorescence illustrate that UK5099 treatment reduces the 

expression of KRT8 and increases the expression of p63 (Figure 3d-e). We evaluated KRT8 

expression at single-cell resolution using intracellular flow cytometry and found downregulation of 

KRT8 with UK5099 treatment (Figures 3f-g). UK5099 treatment reduces KRT8 protein 

abundance in a dose-dependent manner without altering the rate of organoid formation 

(Extended Data Figures 4a-b). UK5099 does not modulate the organoid-forming rate (Extended 

Data Figure 4c) or the expression of proliferation and death markers (Extended Data Figure 4d) 

in luminal-derived organoids, and thus does not appear to be toxic to them. These data indicate 

that MPC inhibition is antagonizing luminal differentiation rather than selectively killing cells with 

a luminal identity. 

 

To complement small molecule-mediated MPC inhibition, we used a genetics approach to block 

pyruvate oxidation. [U-13C]glucose tracer analysis revealed that Mpc1-KO basal-derived 

organoids have reduced incorporation of glucose-derived carbon into TCA cycle intermediates 

(Figure 3h, Supplementary Table 4). We also performed correlation analysis on [U-13C]glucose 

fractional contribution data from 10μM UK5099-treated and Mpc1-KO organoids, which illustrates 
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that MPC inhibition and Mpc1 knockout have a similar effect on glucose utilization (Extended 

Data Figure 4e). Western blot analysis demonstrated that Mpc1-KO, as observed with UK5099, 

reduces luminal lineage markers (Figure 3i). RNA sequencing and GSEA revealed negative 

enrichment of the luminal signature and positive enrichment of the basal signature in UK5099-

treated (Extended Data Figure 4f-g) and Mpc1-KO organoids (Figure 3j, Extended Data Figure 

4h) relative to control organoids.  

 

To further evaluate the role of MPC inhibition in governing prostate lineage identity, we performed 

single-cell RNA sequencing (scRNA-seq) on basal-derived organoids that were passaged weekly 

for one month (quaternary organoids). Only 1% of cells in primary basal-derived organoids are 

Epcam-Krt8- (Figure 3k, Extended Data Figure 5a). In contrast, quaternary organoids that are 

maintained in 3D culture for one month display features of epithelial-mesenchymal transition 

(EMT), illustrated by an increase in the percentage of Epcam-Krt8- cells (Figure 3k, Extended 

Data Figure 5a). To understand how MPC inhibition alters lineage identity in a context with greater 

cellular heterogeneity, we performed scRNA-seq on quaternary organoids treated with vehicle or 

UK5099 for three days. Clustering analysis and annotation of canonical lineage marker 

expression were used to classify cells into six different cell types (Figures 3l-m, Extended Data 

Figure 5b). The percentage of cells in the phenotypic luminal population (Krt8+ Krt18+ Krt5- Trp63-

) decreases with MPC inhibition, while the percentage of cells in the EMT-like population (Epcam- 

Cdh1- Vim+) increases with MPC inhibition (Figure 3n). UK5099 treatment significantly altered 

gene expression of cells in the luminal population, reducing luminal marker expression while 

increasing expression of basal markers, glycolytic enzymes and inflammatory signaling genes 

(Extended Data Figure 5c). Apoptosis analysis illustrates that UK5099 treatment of quaternary 

organoids does not increase the percentage of AnnexinV+ cells (Extended Data Figure 5d-e), 

suggesting that MPC inhibition alters lineage identity rather than selects against specific 

phenotypic populations. Taken together, these data illustrate that modulating metabolism can alter 
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prostate epithelial identity and that the MPC is a key regulator of lineage identity in benign prostate 

epithelial cells.  

 

Figure 3. Inhibition or knockout of the mitochondrial pyruvate carrier prevents basal to 
luminal differentiation 
(a) [U-13C]glucose tracer analysis of vehicle- and 10μM UK5099-treated basal-derived organoids 
seven days after plating (n=3 independent biological replicates) Data are shown as mean ± SEM. 
(b-c) Percent organoid formation (n=3 independent biological replicates) (b) and organoid 
diameter (n=25 independent biological samples) (c) of vehicle- and 10μM UK5099-treated basal-
derived organoids seven days after plating. (d) Western blot analysis of luminal markers androgen 
receptor (AR) and cytokeratin 8 (KRT8) and basal marker p63 in vehicle- and 10μM UK5099-
treated basal-derived organoids seven days after plating. (e) Immunofluorescence of luminal 
marker KRT8 and basal marker p63 in representative vehicle- and 10μM UK5099-treated basal-
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derived organoids seven days after plating. Scale bars, 100μm. (f) Intracellular flow cytometry of 
KRT8 and basal marker cytokeratin 5 (KRT5) in vehicle- and 10μM UK5099-treated basal-derived 
organoids seven days after plating. (g) Quantification of mean fluorescence intensity (MFI) of 
KRT8 from panel e (n=4 independent biological replicates). (h) [U-13C]glucose tracer analysis of 
control and Mpc1 knockout basal-derived organoids (n=3 independent biological replicates). Data 
are shown as mean ± SEM. (i) Western blot analysis of basal and luminal markers in control and 
Mpc1 knockout basal-derived organoids. (j) GSEA showing negative enrichment of CD49flow 
luminal signature18 in Mpc1 knockout relative to control basal-derived organoids. (k) Flow 
cytometry quantification of percentage of EpCAM-KRT8- cells in vehicle- and 10μM UK5099-
treated primary and quaternary basal-derived organoids (n=3 independent biological replicates). 
(l) tSNE plot of scRNA-seq data on quaternary prostate organoids illustrating distinct cell 
populations. (m) tSNE plot of vehicle- and 10μM UK5099-treated cells from scRNA-seq data. (n) 
Quantification of percentage of vehicle- and 10μM UK5099-treated cells in each cluster from 
scRNA-seq data. For all panels, error bars represent SEM. p-values were calculated using an 
unpaired two-tailed t-test with Welch’s correction. 
 

MPC is a regulator of lineage identity in prostate cancer 

Loss of tumour suppressor genes Pten and Rb1 are common in prostate cancer10, and genetically 

engineered mouse models of Pten loss and combined Pten;Rb1 loss recapitulate key features of 

prostate adenocarcinoma27. Western blot analysis validated tumour suppressor loss in Pten single 

knockout (SKO) and Pten;Rb1 double knockout (DKO) basal-derived organoids (Extended Data 

Figure 6a). Both SKO and DKO organoids had significantly larger diameters than benign control 

organoids (Extended Data Figure 6b), consistent with a transformed phenotype. RNA 

sequencing data from Ku et al.27 illustrate that SKO and DKO mouse prostates have increased 

expression of canonical luminal markers whereas only DKO prostates have increased expression 

of neuroendocrine markers relative to wildtype prostates (Extended Data Figure 6c). We found 

that both SKO and DKO organoids retain the lineage features of their respective primary tissues 

(Extended Data Figure 6d). UK5099 treatment of SKO and DKO organoids reduces the 

expression of luminal markers KRT8 and KRT18 (Figure 4a). RNA sequencing analysis confirmed 

reduced expression of canonical luminal markers and increased basal marker expression in 

UK5099-treated DKO organoids (Figure 4b). We discovered that UK5099 treatment reduces 

expression of canonical luminal markers and increases expression of stem-like and 

neuroendocrine markers in several human prostate cancer models, including 16D cells, LuCaP35 



 53 

cells, LAPC4 cells and MDA PCa 183-A patient-derived xenograft (PDX) organoids (Extended 

Data Figures 6e-h). We also discovered that MPC inhibition antagonizes luminal lineage identity 

in subcutaneous 16D tumours in vivo (Extended Data Figure 6i-j). Collectively, these data 

establish the MPC as a regulator of lineage identity in transformed mouse prostate organoids and 

human prostate cancer models.  

 

Next, we investigated the relationship between MPC expression and lineage identity in prostate 

cancer patient samples. Correlation analysis of RNA sequencing of 499 primary prostate 

carcinomas from The Cancer Genome Atlas (TCGA)28 revealed that abundance of MPC1 and 

MPC2 RNA are positively correlated with RNA abundance of the luminal markers KRT8 and 

KRT18 (Extended Data Figures 6k-n). Furthermore, we calculated luminal signature scores 

using the Second Military Medical University (SMMU) dataset29, which contains RNA sequencing 

of treatment-naïve adenocarcinoma prostate tumours, and the Beltran et al. dataset30, which 

contains metastatic castration-resistant adenocarcinoma and neuroendocrine prostate tumours. 

Abundance of MPC1 and MPC2 transcripts are positively correlated with luminal signature score 

in both datasets (Figures 4c-f). Furthermore, MPC1 RNA abundance is not significantly different 

in adenocarcinoma compared to neuroendocrine prostate cancer samples in the Beltran et al. 

dataset (Figure 4g). However, MPC2 RNA abundance is significantly decreased in 

neuroendocrine tumours compared to adenocarcinoma tumours (Figure 4h). Similarly, in the 

Nguyen et al. dataset31, MPC2 is decreased in neuroendocrine compared to adenocarcinoma 

PDX models (Figures 4i-j). Importantly, since the MPC complex functions as a heterodimer, loss 

of MPC2 would yield the complex non-functional32. These data illustrate that MPC RNA 

abundance positively correlates with luminal lineage identity across disease states.  
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Figure 4. MPC is a regulator of luminal lineage identity in prostate cancer 
(a) Western blot analysis of luminal markers KRT8 and KRT18 in single knockout (SKO) and 
double knockout (DKO) mouse prostate organoids treated with vehicle or 10μM UK5099 for five 
days. (b) Heatmap of canonical basal and luminal markers from RNA sequencing of vehicle- and 
10μM UK5099-treated DKO organoids. (c-d) Correlation analysis of luminal signature score and 
MPC1 (c) or MPC2 (d) z-scores in treatment naïve prostate cancer samples from the Second 
Military Medical University (SMMU) dataset29. (e-f) Correlation analysis of luminal signature score 
and MPC1 (e) or MPC2 (f) z-scores in metastatic castration-resistant prostate cancer samples 
from the Beltran et al. dataset30. (g-h) RNA abundance of MPC1 (g) or MPC2 (h) in 
adenocarcinoma (adeno) or neuroendocrine prostate cancer (NEPC) samples from the Beltran et 
al. dataset30. (i-j) RNA abundance of MPC1 (i) or MPC2 (j) in adeno or NEPC samples from the 
Nguyen et al. patient-derived xenograft dataset31. Correlation analysis was performed using 
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Spearman’s correlation with a two-tailed p-value. For all panels, error bars represent SEM. p-
values in (g-j) were calculated using an unpaired two-tailed t-test with Welch’s correction. 
 

Lactate accumulation results in chromatin remodeling 

We next sought to elucidate the mechanism by which MPC inhibition antagonizes luminal lineage 

identity. We hypothesized that MPC inhibition may result in lactate accumulation due to increased 

availability of pyruvate in the cytosol. Metabolic footprinting and metabolic profiling revealed that 

both extracellular and intracellular lactate abundance are increased with UK5099 treatment 

(Figure 5a, Extended Data Figure 7a, Supplementary Table 4). Therefore, we asked if lactate 

supplementation would be sufficient to reduce luminal features in basal-derived prostate 

organoids. We first validated that 20mM sodium lactate supplementation increased extracellular 

and intracellular lactate abundance (Extended Data Figures 7b-c, Supplementary Table 4). 

Lactate supplementation reduces the protein abundance of KRT8 and increases the protein 

abundance of p63 (Figure 5b). To uncouple the effect of extracellular and intracellular lactate 

accumulation, we used a monocarboxylate transporter 1 (MCT1) inhibitor, AZD3965. As expected, 

AZD3965 treatment reduces extracellular lactate abundance and results in intracellular lactate 

accumulation (Extended Data Figures 7d-e, Supplementary Table 4). Western blot analysis 

revealed that AZD3965 treatment reduces luminal features (Extended Data Figure 7f), 

suggesting that intracellular lactate accumulation drives the effect on lineage identity.  

 

To understand how prostate organoid cells are utilizing supplemented lactate, we performed 

heavy isotope nutrient tracing on organoids cultured with 20mM [U-13C]lactate. Heavy isotope 

carbons were detected in metabolites representing various pathways including choline 

metabolism, pyrimidine synthesis and glutathione metabolism (Extended Data Figure 7g, 

Supplementary Table 4). Supplemented lactate fuels the TCA cycle through conversion to 

pyruvate and entry into the mitochondria (Extended Data Figure 7h, Supplementary Table 4). 

Since MPC inhibition and lactate supplementation antagonize luminal identity but have largely 
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opposing effects on metabolism, we hypothesized that the mechanism may be epigenetic in 

nature. Lactate has been reported to inhibit histone deacetylase (HDAC) activity33. We validated 

the on-target effect of two HDAC inhibitors, Trichostatin A (TSA) and sodium butyrate (Extended 

Data Figure 7i) and found that inhibition of HDAC activity antagonizes luminal identity and 

enhances basal features in prostate organoids (Figures 5c-d).  

 

To determine if HDAC inhibition and MPC inhibition have similar effects on gene expression, we 

performed RNA sequencing on primary mouse prostate organoids treated with vehicle, UK5099, 

sodium butyrate, or UK5099 and sodium butyrate in combination (Extended Data Figure 8a). 

Using two-factor, two-level general linear models, we identified genes influenced by each 

treatment alone and evaluated potential synergy between them. Significantly more genes were 

influenced by sodium butyrate than UK5099 (1,120 vs. 674), and there were few interactions, 

mostly of small effect-size (Extended Data Figure 8b) and reflecting saturation effects rather 

than synergy (Extended Data Figure 8c). We found that 60% of genes affected by UK5099 were 

also affected by sodium butyrate (Extended Data Figure 8d) and with very similar effect-sizes 

(Figure 5e). The 25 genes most associated with basal phenotypes and the 25 most associated 

with luminal phenotypes strongly distinguished the groups, with basal genes like p63 and Krt5 

being upregulated after both treatments (Extended Data Figure 8e). Genes upregulated by either 

treatment were preferentially involved in development and differentiation (Extended Data 

Figures 8f,h-i) while those downregulated tended be involved in immune pathways (Extended 

Data Figure 8g). Taken together, these data suggest that MPC inhibition and the subsequent 

accumulation of lactate may modulate lineage identity through alterations to histone acetylation. 

Therefore, we performed assay for transposase-accessible chromatin using sequencing (ATAC-

seq) on organoids treated with UK5099 or lactate to elucidate how these metabolic manipulations 

alter chromatin accessibility. We identified 1,712 genes with increased accessibility and 766 

genes with decreased accessibility in UK5099-treated organoids (Figure 5f, Supplementary 
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Table 6). Lactate-supplemented organoids contain 1,147 hyper-accessible genes and 336 hypo-

accessible genes (Figure 5g, Supplementary Table 7). The global increase in chromatin 

accessibility observed with UK5099 treatment and lactate supplementation is consistent with the 

phenotype being mediated by inhibition of HDAC activity.  

 

To identify potential regulators of the shift in lineage identity following lactate accumulation, we 

performed HOMER transcription factor motif analysis on differentially accessible regions in 

organoids treated with UK5099 or supplemented with lactate. Of the 47 transcription factor motifs 

significantly less accessible after lactate supplementation, 44 were also significantly less 

accessible with UK5099 treatment (Extended Data Figures 9a-c, Supplementary Table 8). 

HOXB13, a master regulator of prostate luminal identity34, is one of the most significantly less 

accessible binding motifs in both UK5099-treated and lactate-supplemented organoids 

(Supplementary Table 8). Furthermore, we found that the promoter of the luminal marker Prom1 

is hypo-accessible in both UK5099-treated and lactate-supplemented organoids (Extended Data 

Figure 9d). We also identified transcription factor binding motifs in regions that become hyper-

accessible after UK5099 treatment and lactate supplementation (Figures 5h-i). We found that 36 

of the 40 transcription factor motifs significantly more accessible with lactate supplementation are 

also significantly more accessible with UK5099 treatment (Figure 5j, Supplementary Table 9). 

One such motif is p63, a master regulator of basal identity35. The p63 promoter itself is also 

significantly more accessible in organoids treated with UK5099 and exogenous lactate (Figure 

5k). From RNA sequencing data, we generated a set of 2,000 genes that are most significantly 

enriched in primary mouse prostate basal cells relative to luminal cells (Supplementary Table 

10). We found that 1,507 of the 2,000 basal cell-enriched genes are more accessible in both 

UK5099-treated and lactate-supplemented prostate organoids (Figure 5l). Collectively, these 

data suggest that MPC inhibition and lactate supplementation facilitate large-scale chromatin 

remodeling of key lineage-specific transcription factors and genes.   
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Figure 5. Intracellular lactate accumulation results in large-scale chromatin remodeling of 
key lineage-specific transcription factors 
(a) Extracellular lactate abundance in primary basal-derived mouse organoids treated with vehicle 
or 10μM UK5099 for seven days (n=6 independent biological replicates). Error bars represent 
SEM. p-value was calculated using an unpaired two-tailed t-test with Welch’s correction. (b-d) 
Western blot analysis of the luminal marker KRT8 and the basal marker p63 in basal-derived 
organoids treated with vehicle or 20mM sodium lactate (b), 10nM TSA (c), or 1mM sodium 
butyrate (d) for seven days. (e) Spearman’s correlation between log2Coefficients of UK5099 and 
Butyrate effects for each gene (r = 0.58, p-value < 2.2 x 10-16). Each hexagonal bin represents a 
region of the plot with the color denoting the number of genes that fall within that region. The red 
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dotted line represents x = y. (f) Heatmap of 1,712 hyper-accessible genes and 766 hypo-
accessible genes (fold change ³ 1.5 or fold change ≤ 0.5) in basal-derived mouse organoids 
treated with vehicle or 10μM UK5099 for seven days. (g) Heatmap of 1,147 hyper-accessible 
genes and 336 hypo-accessible genes (fold change ³ 1.5 or fold change ≤ 0.5) in basal-derived 
mouse organoids treated with vehicle or 20mM sodium lactate for seven days. (h-i) Seven most 
significantly enriched transcription factor binding motifs in more accessible regions in organoids 
treated with 10μM UK5099 (h) or 20mM sodium lactate (i). The false discovery rate (FDR) was 
controlled using the Benjamini-Hochberg method. (j) Venn diagram depicting overlap in 
significantly enriched transcription factor binding motifs in more accessible regions in UK5099-
treated and lactate-supplemented organoids. (k) Browser track depicting ATAC-seq peaks in p63 
gene in vehicle-treated, UK5099-treated, and lactate-supplemented organoids. (l) Heatmap of 
chromatin accessibility of 2,000 basal signature genes in vehicle-treated, UK5099-treated, and 
lactate-supplemented organoids.  
 

Lactate metabolism modulation alters antiandrogen response 

Given that plasticity from a luminal lineage to a cell state with stem-like, basal and/or 

neuroendocrine features is associated with resistance to androgen pathway inhibitors27, we 

evaluated whether MPC expression is also associated with response to therapy. We used the 

Tewari et al. dataset36, which contains RNA sequencing of pre-treatment localized prostate cancer 

biopsies from 43 patients enrolled in neoadjuvant trials of androgen pathway inhibition, and the 

Alumkal et al. dataset37, which contains RNA sequencing of metastatic castration-resistant 

prostate cancer biopsies from 25 patients enrolled in a clinical trial of androgen pathway inhibition. 

Exceptional responders (ER) to therapy exhibit increased RNA abundance of KRT8 and KRT18 

relative to non-responders to therapy (Extended Data Figures 10a-b), consistent with 

exceptional responders to therapy having tumours with luminal features. ERs exhibit increased 

RNA abundance of both MPC1 and MPC2 relative to non-responders (Figures 6a-d). Taken 

together, these data illustrate that high MPC RNA abundance is positively correlated with 

increased luminal features and better response to androgen pathway inhibition.  

 

Since lactate accumulation antagonizes luminal lineage identity, we hypothesized that metabolic 

manipulations that increase lactate abundance would lead to increased resistance to the 

antiandrogen Enzalutamide. We first confirmed that MPC inhibition or lactate supplementation 
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does not alter proliferation or apoptosis in the castration-resistant 16D prostate cancer cell line. 

(Extended Data Figures 10c-f). We discovered that vehicle-treated cells exhibit sensitivity to 

Enzalutamide, but pretreatment with UK5099 significantly reduces Enzalutamide sensitivity 

(Extended Data Figure 10g). Furthermore, the reduction in proliferation and increase in 

apoptosis induced by Enzalutamide is dampened with lactate accumulation (Extended Data 

Figures 10h-i). In organoids derived from the castration-resistant MDA PCa 203-A PDX model 

(Figure 6e), treatment with UK5099 and lactate reduce AR signaling, increase expression of 

neuroendocrine-like markers (Extended Data Figure 10j) and reduce Enzalutamide sensitivity 

(Figure 6f). These data suggest that increasing intracellular lactate abundance can modulate 

response to antiandrogen treatment.  

 

 

Figure 6. Modulation of lactate metabolism alters antiandrogen response in prostate 
cancer 
(a-b) RNA abundance of MPC1 (a) or MPC2 (b) in non-responders (NR) or exceptional 
responders (ER) from the Tewari et al. dataset36, which contains RNA sequencing of pre-treatment 
localized prostate cancer biopsies from 43 patients enrolled in neoadjuvant trials of androgen 
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pathway inhibition. (c-d) mRNA abundance of MPC1 (c) or MPC2 (d) in non-responders (NR) or 
exceptional responders (ER) from the Alumkal et al.dataset37, which contains RNA sequencing of 
metastatic castration-resistant prostate cancer biopsies from 25 patients enrolled in neoadjuvant 
trials of androgen pathway inhibition. (e) Representative phase contrast images of MDA PCa 203-
A PDX-derived organoids treated with vehicle, 10μM UK5099, or 20mM sodium lactate for seven 
days. (f) Percent change in luminescence signal with 10μM Enzalutamide treatment from 
CellTiter-Glo assay in castration-resistant MDA PCa 203-A PDX-derived organoids treated with 
vehicle, 10μM UK5099, or 20mM sodium lactate for seven days before beginning 10μM 
Enzalutamide treatment (n=4 independent biological replicates). For all panels, error bars 
represent SEM. p-values were calculated using an unpaired two-tailed t-test with Welch’s 
correction. 
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Discussion 
Recent work has implicated the epigenome in the establishment and maintenance of prostate 

epithelial cell fate8–11, 27. Metabolism is a key upstream regulator of the epigenome13–16; however, 

the interplay between metabolic signaling and lineage identity in the prostate was previously 

poorly understood. Previous studies have demonstrated that modulation of pyruvate and lactate 

metabolism mediates differentiation phenotypes through a metabolic-epigenetic axis38,39. We 

discovered that both MPC inhibition and exogenous lactate supplementation promote increased 

chromatin accessibility and global chromatin remodeling of lineage-specific transcription factors 

in prostate epithelial cells (Figure 5). We also illustrated that inhibition of HDAC activity 

antagonizes luminal identity (Figure 5). Future experiments will be necessary to elucidate which 

specific epigenetic modifications are responsible for antagonizing luminal differentiation.  

 

At diagnosis, most prostate tumours rely on androgen receptor (AR) signaling to promote 

proliferation40. As a result, therapies targeting the AR signaling axis are initially effective and 

extend patient survival41. The loss of luminal identity is associated with resistance to AR 

inhibition27, 42. We established that MPC inhibition and intracellular lactate accumulation 

antagonize luminal differentiation (Figures 3-5). It remains unclear whether metabolic regulation 

of lineage identity can be exploited to promote the reacquisition of luminal features and restore 

sensitivity to AR inhibition in prostate cancer. 

 

Low oxygen, or hypoxia, is a common feature of prostate tumours and is associated with poor 

outcome43. Furthermore, lactate accumulation in prostate tumours increases with Gleason 

grade44. Hypoxia has also been shown to induce prostate cancer plasticity and neuroendocrine 

differentiation45. Under hypoxic conditions, cellular metabolism is rewired towards a glycolytic 

program with increased lactate production46. Therefore, our work may provide insight into one 

potential mechanism by which hypoxia and lactate accumulation could promote lineage plasticity. 
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Distinct cancer types have differing dependencies on the MPC and glycolytic metabolism47,48. In 

prostate cancer, high MPC activity is required for lipogenesis and oxidative phosphorylation, while 

MPC inactivation suppresses tumour growth49. Furthermore, disrupting lactate-dependent lipid 

rewiring in prostate cancer cells reduces growth and metastasis50. Our data suggest MPC 

inhibition and lactate accumulation may make prostate tumours more resistant to AR inhibition 

(Figure 6). It will be critical to consider how targeting metabolic enzymes and transporters may 

influence prostate cancer plasticity and response to therapy.  
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Methods 

All experiments, including animal studies, were conducted in compliance with federal and state 

government guidelines and followed approved protocols by the Institutional Biosafety Committee 

and the Institutional Animal Care and Use Committee at the University of California, Los Angeles. 

 

Animal work 

All mice are housed under 12 h:12 h light–dark cycle, with room temperature maintained at 73°F 

and relative humidity level of 30-70%. Mouse cages include clean bedding and enrichment 

materials consistent with Institutional Animal Care and Use Committee regulations. According to 

the Animal Research Committee policy on humane treatment and endpoints, mice must be 

sacrificed if tumors become ulcerated, necrotic, and/or impair normal function. All experiments 

were terminated before tumors reached this stage. 

 

For experiments described below, animals were housed under the care of the Division of 

Laboratory Animal Medicine at the University of California, Los Angeles, using protocols approved 

by the Animal Research Committee (ARC #2017-020). Prostates from three- to six-month-old 

immunocompetent male C57BL/6J mice from Jackson Laboratories were used for primary basal 

and luminal cell experiments. Mpc1 floxed male mice were of mixed C57BI/6N and C57BI/6J 

genetic background51. For in vivo UK5099 experiments, twelve million 16D cells were 

subcutaneously implanted with 100 μl Matrigel (Corning) into the right flank of NOD-scid-IL2Rgnull 

male mice through a 25 gauge needle under inhalation anesthesia with 2-3% isoflurane. The mice 

were fed with either control chow or chow containing 0.08 mg/kg UK5099 (OpenStandard Diet 

with 15 kcal% Fat with Blue Dye Irradiated (10 to 20 kGy), Research Diets Inc.) until tumours 

were formed and harvested. Patient-derived xenograft (PDX) MDA PCa 203-A and MDA PCa 

183-A tumours were obtained from MD Anderson Cancer Center52. Both 203-A and 183-A PDX 
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models were derived from 58-year-old males. When these PDX models were originally generated, 

written informed consent was obtained from patients before sample acquisition, and all samples 

were processed according to a protocol approved by the Institutional Review Board of the 

University of Texas MD Anderson Cancer Center. The studies were conducted in accordance with 

the Belmont Report and the US Common Rule. Patients were not compensated, and they cannot 

be identified from data provided in this manuscript. A tumour tissue piece of 50 to 200 mg was 

implanted in the right flank of NOD-scid-IL2Rgnull mice subcutaneously through a 5 mm skin 

incision under inhalation anesthesia with 2-3% isoflurane. After closing the wound with a surgical 

clip, 100 mL of Matrigel (Corning 354234) was injected at the implantation site. Carprofen was 

administered subcutaneously at a dose of 5 mg/kg after surgery. The surgical clip was removed 

1 to 2 weeks later. When the tumour was grown larger than 500 mm3, the mouse was euthanized 

and the tumour was excised, trimmed, and either processed for the experiments, re-implanted, or 

cryopreserved. Cryopreservation of the tissue was done in the media with 50% fetal bovine 

serum, 40% Dulbecco’s Modified Eagle Medium, and 10% dimethyl sulfoxide.  

 

The experiments described below were conducted in compliance with European guidelines 

regarding animal research and ethical protocols (under protocol numbers 671N and 673N) were 

approved by the local ethical committee for animal welfare (CEBEA). All animals were housed 

under standard laboratory conditions in a certified animal facility receiving food and water ad 

libitum. Prostates used for isolation of multipotent basal cells and basal-derived luminal cells were 

collected from CD1 mice purchased from the Jackson Laboratory. The experimental mice used 

were males of mixed background and at P10-P12 age.  

 

Pten floxed and Pten;Rb1 floxed three-month-old male mice were of mixed C57BL/6:129/Sv:FVB 

genetic background27 and housed at Harvard Medical School under IACUC approved protocols. 
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Mouse prostate dissociation to single cells 

Using a razor blade, individual mouse prostates were mechanically dissociated in dissociation 

media comprised of RPMI 1640 (Gibco) containing 10% fetal bovine serum (Corning), 1x 

penicillin-streptomycin (Gibco), 1 mg/mL collagenase type I (Gibco), 1 mg/mL dispase (Gibco), 

0.1 mg/mL deoxyribonuclease (Gibco), 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 1.5 hours in 10 mL of dissociation media. After 

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

(PBS). The cell pellet was resuspended in 2.7 mL of 0.05% Trypsin-EDTA (Gibco) and incubated 

at 37°C for 5 minutes. Trypsin was inactivated with 300 mL of dissociation media. Cells were 

further dissociated by pipetting with a P-1000 pipette and an 18G syringe. Cells were passed 

through a 100μm cell strainer (Corning).  

 

Staining and sorting cells from mouse prostate for isolation of primary basal and luminal 

cells 

Dissociated cells were stained with directly conjugated primary antibodies: rat anti-CD49f-PE 

(BioLegend 313612, 1:100), rat anti-CD326 (EpCAM)-APC (BioLegend 324207, 1:100), rat anti-

CD31-FITC (BioLegend 102405, 1:100), rat anti-CD45-FITC (BioLegend 103108, 1:100), rat anti-

Ter119-FITC (BioLegend 116205, 1:100) and rat anti-ESAM-FITC (BioLegend 136205, 1:100) for 

20 minutes on ice. Cells were stained in media containing RPMI 1640 (Gibco), 10% FBS 

(Corning), 1x penicillin-streptomycin (Gibco), and 10μM of the p160ROCK inhibitor Y-27632 

dihydrochloride (Tocris Bioscience). Sorting was performed on a BD FACS Aria II (BD 

Biosciences). 
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Bulk RNA sequencing  

These methods apply to Figure 1b-c, Figure 1f-g, Extended Data Figure 1b-e, Figure 3j, Extended 

Data Figure 4f-h, Figure 4b, Extended Data Figure 6d, Extended Data Figure 8. RNA was 

extracted from the cells using the RNeasy Mini Kit (QIAGEN) following the manufacturer’s 

instruction. Libraries for RNA-seq were prepared with 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. Sequencing was performed on Illumina HiSeq 3000 for single-

end 1x50 run (Figure 1b-c, Extended Data Figure 1b-e, Extended Data Figure 2d-e, Figure 3j, 

Extended Data Figure 4f-h, Figure 4b, Extended Data Figure 6d) and paired-end 2x50 run 

(Extended Data Figure 8). 

 

Bulk RNA sequencing analysis 

These methods apply to Figure 1b-c, Figure 1f-g, Extended Data Figure 1b-e, Figure 3j, Extended 

Data Figure 4f-h, Figure 4b, and Extended Data Figure 6d. Sequencing quality metrics were 

generated during sequencing runs using Illumina Sequencing Analysis Viewer (SAV). 

Demultiplexing was performed with Illumina Bcl2fastq (v2.19.1.403) software. The reads were 

mapped by STAR 2.7.9a53 and read counts per gene were quantified using the mouse Ensembl 

GRCm39.105 GTF file. In Partek Flow v7.0, read counts were normalized by CPM 1.0 x 10-4. All 

results of differential expression analysis utilized the statistical analysis tool, DESeq2 (v1.40.2)54. 

KEGG pathway analysis was performed using DAVID Bioinformatics55, 56. GSEA was performed 

as described previously using GSEA_4.0.3 software57, 58. 
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Significance testing of RNA sequencing of UK5099- and sodium butyrate-treated 

organoids  

These methods apply to Extended Data Figure 8. To measure the RNA abundance, RNA-seq 

reads were trimmed using fastp (v0.20.1)59 with default parameters, then mapped to the mouse 

Ensembl GRCm38-EBI102 using STAR (v2.7.10a)53. STAR alignment was carried out using 

default settings with an additional argument to include the minimum length of 10 bp for chimeric 

junction segment. Aligned reads were quantified using rsem-calculate-expression program 

(v1.3.3)60 for TPM calculation with default settings. We also performed read level quality control 

metrics using FastQC (v0.11.8). 

 

To test the combination effect of UK5099 and Butyrate, we constructed the following two-factor, 

two-level linear model: 

 

𝑌 ~ 𝛼!  +  𝛼"  ∙  𝑈𝐾5099  +  𝛼#  ∙  𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒  +  𝛼$  ∙  𝑈𝐾5099: 𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒 

 

Here, Y refers to the abundance level of a gene, which is log2 transformation of TPM values; 𝛼! 

refers to the basal abundance level of that gene; UK5099 indicates “UK5099-dependent, 

Butyrate-independent” abundance changes; Butyrate indicates “Butyrate-dependent, UK5099-

independent” abundance changes; UK5099-Butyrate captures “UK5099-dependent, Butyrate-

dependent” abundance changes. 

 

We used R package limma (v3.17)61 in R (v4.2.2) to fit each gene in the RNA sequencing to the 

model. The model was adjusted using empirical Bayes moderation for standard error, and the 

false discovery rate (FDR) was controlled using the Benjamini-Hochberg method62. Genes 

exhibiting significant changes were identified based on the adjusted p-value < 0.01 and 

|log2(Coefficient)| > 1 threshold. Venn diagrams representing the overall and directional effects 
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were generated using the VennDiagram package in R (v1.7.3)63. The hierarchical clustering 

heatmap of gene TPM was constructed using R package BoutrosLab.plotting.general (v7.0.8)64.  

 

Functional Enrichment Analysis 

These methods apply to Extended Data Figure 8. For genes with differential mRNA abundance 

calculated based on the coefficient from the general linear model, we ranked the genes according 

to their log2(Coefficient) from high to low. Gene set enrichment analysis was then performed using 

the R package clusterProfiler (v3.17)65. Gene ontology enrichment analysis was conducted for 

both up-regulated genes (log2(Coefficient) > 1, -log10(FDR) > 1) and down-regulated genes 

(log2(Coefficient) < -1, -log10(FDR) > 1) using R package clusterProfiler (v3.17). The results of 

both GSEA and GO enrichment analyses were visualized using the BoutrosLab.plotting.general 

(v7.0.8)64.  

 

Single cell RNA sequencing (scRNA-seq) 

Basal cells were isolated from Ptenfl/fl;Rb1fl/fl mouse prostates and infected with FU-CRW (RFP) 

lentivirus. Lentiviral spinfections were done by culturing the cells with virus in 200 μL RPMI 1640 

(Gibco) containing 10% fetal bovine serum (Corning), 1x penicillin-streptomycin (Gibco), and 

10μM of the p160ROCK inhibitor Y-27632 dihydrochloride (Tocris Bioscience) (RPMI 10% FBS 

1% P/S +RI) plus 8 μg/mL polybrene for 30 minutes at 37°C then spinning at 300g for 90 minutes. 

After spinfection, 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. Organoids were cultured as 

previously described66 and passaged every 7-10 days. After >4 passages, organoids were treated 

with vehicle (DMSO) or 10μM UK5099 for 3 days. Organoids were removed from Matrigel by 

incubating in Advanced DMEM/F-12 (Gibco) containing 1 mg/mL dispase (Gibco) and 10μM of 

the p160ROCK inhibitor Y-27632 dihydrochloride (Tocris Biosciences) for 1 hour at 37°C. After 

centrifugation at 800g for 5 minutes, the pellet was washed with 1x phosphate buffered saline 
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(PBS, Gibco). Organoids were resuspended in 800 μL 0.05% Trypsin-EDTA (Gibco) and 

incubated at 37°C for 5 minutes. The Trypsin was quenched with 200 μL RPMI 10% FBS 1% P/S 

+ ROCK inhibitor and organoids were pipetted up and down ten times to dissociate to single cells 

and passed through a 100μm cell strainer (Corning). Samples were counted using Countess II 

Automated Cell Counter (Thermo Fisher Scientific) and hemocytometer for cell concentration and 

viability using Trypan Blue stain 0.4% (Invitrogen). Cells were loaded to form GEMs and barcode 

individual cells. GEMs were treated according to manufacturer’s instructions. Single cell gene 

expression libraries were created using Chromium Next GEM Single Cell 3' (v3.1 Chemistry) (10x 

Genomics), Chromium Next GEM Chip G Single Cell Kit (10x Genomics), and Single Index Kit T 

Set A (10x Genomics) according to the manufacturer’s instructions. Paired-end sequencing was 

done using Illumina Novaseq 6000 at a sequencing depth of 492,915,641 and 555,876,242 read 

pairs for vehicle and UK5099 samples, respectively, with read length of 151 for both read 1 and 

read 2, and with an 8 bp index read for multiplexing. Basecalling was done using Illumina Casava 

(v1.7) software. CellRanger (v5.1) count was used to create an RNA abundance matrix with --

expect-cells=1000 and Mus musculus (mm10) from Ensembl database as a reference genome67. 

RNA abundance matrices from vehicle- and UK5099-treated samples were loaded into the Seurat 

(v3.2.2) R package68. DoubletDcon (v1.1.2) was used to remove potential doublets69. Additionally, 

cells were filtered based on the number of genes (≥250), unique molecular identifiers (UMIs; ≥500) 

and percent of mitochondrial genes (<20%). After quality control, log2 normalization was 

performed within each sample using NormalizeData function with default parameters. The top 

2,000 variable genes were selected using FindVariableFeatures. The two samples were 

integrated together with FindIntegrationAnchors and IntegrateData functions which incorporate 

canonical correlation analysis to align cells with similar transcriptomic patterns across samples. 

Principal component analysis (PCA) was performed after the integration. The top 20 PCs were 

used to construct the k-nearest neighbor graph, followed by Louvain algorithm to cluster cells 

based on similar gene expression patterns. Cell clusters were visualized using t-distributed 
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stochastic neighbor embedding (tSNE). After, markers for each cluster were determined using 

FindAllMarkers with average log2 fold change > 0.25 and minimum percent difference > 0.25. Cell 

types were determined by comparing canonical markers with cluster-specific markers. After cell 

type identification, cell type proportions were calculated with the number of cells in each cell type 

divided by the total number of cells in each sample. To see the effect of UK5099 in the luminal 

cluster, DotPlot in Seurat was used to visualize the expression of luminal markers, basal markers, 

glycolytic enzymes, lipid metabolism genes, and inflammatory signaling genes. 

 

Cell lysis and Western blot 

Primary basal and luminal cells were sorted and immediately lysed in RIPA buffer (50mM Tris-HCl 

pH 8.0, 150mM NaCl, 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS, Fisher Scientific) 

containing a cOmplete protease inhibitor cocktail tablet (Roche) and Halt Phosphatase Inhibitor 

(Fisher Scientific). Organoids were removed from Matrigel by incubating in Advanced DMEM/F-

12 (Gibco) containing 1 mg/mL dispase (Gibco) and 10μM of the p160ROCK inhibitor Y-27632 

dihydrochloride (Tocris Biosciences) for 1 hour at 37°C. After centrifugation at 800g for 5 minutes, 

the pellet was washed with 1x phosphate buffered saline (PBS) and immediately lysed in RIPA 

buffer containing a cOmplete protease inhibitor cocktail tablet and Halt Phosphatase inhibitor. For 

tumour lysis, tumour tissue was added to a bead tube (Fisher, 15-340-153) containing 1 mL RIPA 

buffer containing a cOmplete protease inhibitor cocktail tablet and Halt Phosphatase inhibitor on 

ice. Samples were homogenized for 1 minute at max speed twice on a bead homogenizer 

(Fisher). 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. Each sample was sonicated for 

40 seconds at 20kHz with a sonic dismembrator (Fisher Scientific) to improve membranous and 

nuclear protein yield. Samples were run on NuPAGE 4–12% Bis-Tris Gel (Invitrogen) and 

transferred onto PVDF membranes (Millipore Sigma). Total protein was visualized using SYPRO 
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RUBY protein blot stain (Fisher Scientific) and membranes were blocked in PBS + 0.1% Tween-

20 (Fisher Scientific) + 5% milk (Fisher Scientific). Proteins were probed with primary antibodies 

followed by chromophore-conjugated anti-mouse (Invitrogen A21235, 1:1000) or anti-rabbit 

secondary antibodies (Invitrogen A21244, 1:1000) or HRP-conjugated anti-mouse (Thermo 

31430, 1:10000) or anti-rabbit secondary antibodies (Thermo 31463, 1:10000) and detected by 

florescence or HRP chemiluminescence respectively. Primary antibodies used were anti-

Cytokeratin 5 (Biolegend 905504, 1:3000), anti-Probasin (Santa Cruz sc-393830, 1:1000), anti-

Glut1 (Abcam ab115730, 1:10,000), anti-Glut3 (Abcam ab191071, 1:1000), anti-Hexokinase 2 

(Cell Signaling 28675, 1:1000), anti- Phosphofructokinase (Abcam ab204131, 1:5000), anti-

Pyruvate carboxylase (Abcam ab128952, 1:1000), anti- Pyruvate dehydrogenase E1 component 

subunit alpha (Proteintech 18068-1-AP, 1:1000), anti-Aconitase 2 (Abcam ab110321, 1:1000), 

anti-Histone H3 (Cell Signaling 9717S, 1:1000), anti-Cytokeratin 8 (Biolegend 904804, 1:1000), 

anti-p63 (Biolegend 619002, 1:1000), anti-beta Actin (Fisher MA1-140, 1:15000), anti-

Proliferating cell nuclear antigen (Fisher 13-3900, 1:1000), anti-Androgen receptor (Abcam 

ab133273, 1:1000), anti-Mitochondrial pyruvate carrier 1 (Cell Signaling 14462, 1:1000), anti-Ki-

67 (Abcam ab15580, 1:1000), anti-cleaved caspase-3 (Cell Signaling 9661L, 1:500), anti-

Cytokeratin 18 (Fisher MA5-12104, 1:100), anti-Vinculin (Abcam Ab129002, 1:1000), anti-

Phosphatase and tensin homolog (Cell Signaling 9559, 1:1000), anti-Retinoblastoma protein 1 

(Abcam ab181616, 1:1000), anti-Acetyl-histone H3 (Lys9) (Cell Signaling 9649, 1:1000), anti-

Pan-acetyl histone H3 (Active Motif 61637, 1:1000), anti-Histone H4 (Abcam ab10158, 1:1000), 

anti-Pan-acetyl histone H4 (Abcam ab177790, 1:1000), anti-prostate-specific antigen (Cell 

Signaling 5877, 1:1000), anti-neuron-specific enolase (Proteintech 66150-1-Ig, 1:3000), anti-

synaptophysin (Cell Signaling 5461, 1:1000), anti-Sox2 (Cell Signaling 14962, 1:1000). 
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Apoptosis assay 

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 manufacturer instructions. Flow cytometry was performed to 

quantify the percentage of annexin V-, 7-AAD- cells. 

 

Primary cell metabolic profiling and nutrient tracing 

12-well plates were coated with a 1/80 dilution of growth factor reduced Matrigel (Corning) in 

RPMI-1640 (Gibco) to enhance cell attachment. The 1/80 Matrigel coating was aspirated before 

primary basal and luminal cells were seeded at a density of 200,000 cells/well and 140,000 

cells/well respectively. Cells were cultured overnight in mouse organoid media66 containing [U-

13C]glucose (Cambridge Isotope Laboratories). Prior to metabolite extraction, tracer-containing 

media was aspirated and cells were washed with cold 150mM ammonium acetate pH 7.3. 

Metabolite extractions were performed by adding 500 μL cold 80% methanol to each well and 

removing cells using a cell scrapper. The cell suspension was transferred to an Eppendorf tube 

and 10 μL 1mM norvaline (Sigma) was added as an internal standard. Each sample was vortexed 

for 30 seconds and centrifuged at 17000g for 5 minutes at 1°C. 420 μL of the supernatant was 

transferred to an ABC vial (Fisher Scientific) and evaporated using an EZ-2Elite evaporator 

(Genevac). Samples were stored at -80°C prior to analysis.  

 

The LC separation utilizing an Ion Chromatography System (ICS) 5000 (Thermo Scientific) was 

performed on a Dionex IonPac AS11-HC-4μm anion exchange column. The gradient was 5-95 

mM KOH over 13 minutes, followed by 5 minutes at 95mM, before re-equilibration to 5mM. Other 

LC parameters: flow rate 350 µl/min, column temperature 35°C, injection volume 5 μL. The Q 

Exactive mass spectrometer (Thermo Scientific) was operated in negative ion mode for detection 

of metabolites using a resolution of 70,000 at m/z 200 and a scan range of 70-900 m/z. Data were 
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extracted using Tracefinder 3.1 (Thermo Scientific). Metabolites were identified based on accurate 

mass (±5 ppm) and previously established retention times of pure standards. 

 

Normalization was performed by resuspending the cell pellet in 300 μL lysis solution (0.1M NaCl, 

20mM Tris-HCl, 0.1% SDS, 5mM EDTA in distilled water). 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 

reading. 100 μL of 5 μg/mL Hoechst 33342 (Invitrogen) 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. 

 

In vivo basal to luminal differentiation RNA sequencing 

Cell preparation from postnatal prostates 

Prostate tissue of mice at P10-P12 was microdissected under a stereoscope to separate the 

different lobes. The ventral lobe was used to further separate (by cutting) the tips from the main 

ducts. The ventral lobes of 20 mice at P10-P12 were used. Tissues were collected in 24-well 

plates and chopped. Minced tissues were digested in 5 mg/mL Collagenase Type I (Sigma-

Aldrich, diluted in HBSS) for 2 hours at 37°C under agitation. Physical dissociation using a P1000 

pipette was performed every 20 minutes throughout the enzymatic digestion. Collagenase activity 

was blocked by adding EDTA (5 mM) for 2 minutes, followed by 0.25% trypsin-EDTA for 5 minutes. 

Cells were rinsed in HBSS supplemented with 10% FBS and the cell suspensions were filtered 

through a 70μm cell strainers (BD Bioscience), followed by two successive washes in HBSS 

supplemented with 2% FBS. 
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Cell labelling, flow cytometry and sorting from postnatal prostates 

Samples were incubated in 200 μL PBS supplemented with 2% FBS with fluorochrome-

conjugated antibodies for 30 minutes on ice protected from light, with shaking every 10 minutes. 

Antibodies were washed with 2% FBS/PBS and cells were resuspended in 2.5 mg/mL DAPI 

(Invitrogen, D1306) before analysis. The following antibodies were used: PE-conjugated anti-

CD45 (rat, clone 30-F11, dilution 1:100, BD Biosciences Cat#553081), PE-conjugated anti-CD31 

(rat, clone MEC 13.3, dilution 1:100, BD Biosciences Cat#553373), PE-conjugated anti-CD140a 

(rat, clone APA5, dilution 1:100, BD Biosciences Cat#624049), APC-conjugated anti-CD49f (rat, 

clone GoH3, dilution 1:100, eBioscience Cat#17-0495), APC-Cy7-conjugated anti-EpCAM (rat, 

clone G8.8, dilution 1:100, BioLegend Cat#118218). Living cells were selected by forward and 

side scatter, doublets discriminating and DAPI dye exclusion. CD45+, CD31+ and CD140a+ cells 

were excluded (Lin+) before analysis of the epithelial basal (EpCamhigh/CD49fhigh) and luminal 

(EpCamhigh/CD49flow) cells. Fluorescence-activated cell sorting and analysis were performed 

using FACSAria and LSRFortessa, using FACSDiva software (BD Bioscience). Sorted cells were 

collected in lysis buffer for RNA extraction (RLT buffer, QIAGEN). The following samples were 

collected in replicates from P10-P12 prostates: 1702 basal cells and 1626 luminal cells from the 

tips. 

 

RNA extraction and RNA sequencing 

These methods apply to Figure 2b and Extended Data Figure 3a. RNA extraction from FACS 

isolated cells was performed using RNeasy micro kit (QIAGEN) according to the manufacturer´s 

recommendations. Prior to sequencing the quality of RNA was evaluated by Bioanalyzer 2100 

(Agilent). Indexed cDNA libraries were obtained using the Ovation Solo RNA-seq Systems 

(NuGen) following manufacturer’s recommendations. The multiplexed libraries (11 pM/18 pM) 

were loaded on flow cells and sequences were produced using a NovaSeq 6000 S2 Reagent Kit 

(200 cycles from Novaseq 6000 System, Illumina) on a NovaSeq 6000 System (Illumina). Reads 
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were mapped against the mouse reference genome (Grcm38/mm10) using STAR software to 

generate read alignments for each sample. Annotations for Mus_musculus.GRCm38.87.gtf were 

obtained from ftp.Ensembl.org. After transcripts assembling, gene level counts were obtained 

using HTseq and normalized to 20 millions of aligned reads. Genes with individual sample 

expression levels lower than 10 and replicate average abundance levels lower than 20 were 

filtered out. The fold changes of average gene abundance for the replicates were used to calculate 

the level of differential gene abundance between different cell populations. Genes with a fold 

change greater or equal to 2 were considered as up-regulated and those with a fold change lower 

or equal to 0.5 were considered down-regulated. 

 

Organoid culture of primary basal- and luminal-derived mouse organoids 

Basal cells were plated at a density of 1000 cells/well and luminal cells were plated at a density 

of 20,000 cells/well. 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. 

 

Viral vectors 

A Cre recombinase cassette was inserted into a red fluorescent protein-expressing FU-CRW 

lentivirus vector70 by restriction digestion and ligation at the EcoRI site to make FU-Cre-CRW. 

Insertion of the Cre cassette was confirmed by DNA sequencing. Concentrated viral preps of FU-

Cre-CRW and FU-CRW were made by the UCLA Vector Core facility and the Cre recombinase 

activity was validated by infecting HEK 293T cells transduced with a Cre-reporter plasmid 

(Addgene #62732)71. 
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Generation of Mpc1-KO, Pten single knockout (SKO) and Pten;Rb1 double knockout (DKO) 

organoids 

Basal cells were isolated from Mpc1fl/fl, Ptenfl/fl, and Ptenfl/fl;Rb1fl/fl mouse prostates and infected 

with RFP (FU-CRW) or Cre-RFP (FU-Cre-CRW) lentivirus. Lentiviral spinfections were done by 

culturing the cells with virus in 200 μL RPMI 1640 (Gibco) containing 10% fetal bovine serum 

(Corning), 1x penicillin-streptomycin (Gibco), and 10μM of the p160ROCK inhibitor Y-27632 

dihydrochloride (Tocris Bioscience) (RPMI 10% FBS 1% P/S +RI) plus 8 μg/mL polybrene for 30 

minutes at 37°C then spinning at 300g for 90 minutes. After spinfection, 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 one week of culture, organoids were dissociated to single cells. 

Organoids were removed from Matrigel by incubating in Advanced DMEM/F-12 (Gibco) 

containing 1 mg/mL dispase (Gibco) and 10μM of the p160ROCK inhibitor Y-27632 

dihydrochloride (Tocris Biosciences) for 1 hour at 37°C. After centrifugation at 800g for 5 minutes, 

the pellet was washed with 1x phosphate buffered saline (PBS). Organoids were resuspended in 

800 μL 0.05% Trypsin-EDTA (Gibco) and incubated at 37°C for 5 minutes. The Trypsin was 

quenched with 200 μL RPMI 10% FBS 1% P/S + ROCK inhibitor and organoids were pipetted up 

and down ten times to dissociate to single cells and passed through a 100μm cell strainer 

(Corning). After centrifugation at 800g for 5 minutes, the pellet was washed with 1x phosphate 

buffered saline (PBS) and resuspended in RPMI 10% FBS 1% P/S +RI. RFP-positive cells were 

isolated by FACS. All prostate organoids were cultured based on established protocols66, 72. Single 

organoids were imaged on a light microscope and organoid diameter was measured as a readout 

of organoid size.  

 

Organoid metabolic profiling and nutrient tracing 

For glucose tracer analysis experiments, 17.5mM [U-13C]glucose (Cambridge Isotope 

Laboratories) was added to glucose-free SILAC Advanced DMEM/F-12 Flex Media (Fisher 



 85 

Scientific). Arginine, lysine and alanine were also added back to the SILAC base media at the 

same concentrations found in Advanced DMEM/F-12 (Fisher Scientific). Organoids were grown 

in mouse organoid media made with the SILAC base media. For lactate tracer analysis 

experiments, organoids were cultured with 20mM [U-13C]Lactate (Cambridge Isotope 

Laboratories, CLM-1579-0.5) for 24 hours prior to metabolite extraction. To extract metabolites, 

tracer-containing media was aspirated. Organoids were repeatedly blasted with cold 150mM 

ammonium acetate pH 7.3 using a P-1000 pipette until the Matrigel ring was dislodged. The 

suspension was transferred to an Eppendorf tube and centrifuged at 800g for 5 minutes at 1°C. 

The supernatant was aspirated and 500μL cold 80% methanol was added to the organoid pellet. 

10μL 1mM norvaline (Sigma) was added as an internal standard. Each sample was vortexed for 

30 seconds and centrifuged at 17000g for 5 minutes at 1°C. 420μL of the supernatant was 

transferred to an ABC vial (Fisher Scientific) and evaporated using an EZ-2Elite evaporator 

(Genevac). Samples were stored at -80°C prior to 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 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 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 Scientific) was used to quantify the targeted metabolites by 

area under the curve using expected retention time and accurate mass measurements (<5 ppm). 

For labeled datasets, relative amounts of metabolites were calculated by summing up the values 

for all isotopologues of a given metabolite. Metabolite Isotopologue Distributions were corrected 

for natural C13 abundance.  
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Normalization was performed by resuspending the cell pellet in 300 μL lysis solution (0.1M NaCl, 

20mM Tris-HCl, 0.1% SDS, 5mM EDTA, 500 μg/mL Proteinase K (Fisher Scientific) in distilled 

water). 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 reading. 100 μL of 5 μg/mL Hoechst 33342 (Invitrogen) 

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. 

 

Principal component analysis 

Principal component analysis (PCA) was performed using metabolite abundance and fractional 

contribution data in the Python programming language (v3.9.12). Data was processed using the 

NumPy (v1.22.4), pandas (v1.4.2), and scikit-learn (v1.0.2) libraries and visualized using the 

Matplotlib library (v3.5.1). Feature scaling was done along the metabolite dimension using the 

StandardScaler class from scikit-learn which employs z-score normalization. 95% confidence 

ellipses were generated with a script provided by Matplotlib. 

 

Intracellular flow cytometry 

Organoids were removed from Matrigel by incubating in Advanced DMEM/F-12 (Gibco) 

containing 1 mg/mL dispase (Gibco) and 10μM of the p160ROCK inhibitor Y-27632 

dihydrochloride (Tocris Biosciences) for 1 hour at 37°C. After centrifugation at 800g for 5 minutes, 

the pellet was washed with 1x phosphate buffered saline (PBS). Organoids were resuspended in 

800 μL 0.05% Trypsin-EDTA (Gibco) and incubated at 37°C for 5 minutes. The Trypsin was 

quenched with 200 μL RPMI 10% FBS 1% P/S + ROCK inhibitor and organoids were pipetted up 

and down ten times to dissociate to single cells and passed through a 100μm cell strainer 
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(Corning). Dissociated cells from mouse prostate organoids were washed with PBS and fixed in 

1mL of 2% paraformaldehyde made from 16% paraformaldehyde (Electron Microscopy Sciences) 

in PBS for 15 minutes on ice. For experiments including EpCAM surface staining, cells were 

stained with EpCAM-APC/Cy7 (BioLegend 118218, 1:100) in RPMI 10% FBS 1% P/S + ROCK 

inhibitor for 15 minutes prior to fixation. Cells were then washed with PBS and permeabilized in 1 

mL of permeabilization buffer (0.1% Saponin (Sigma-Aldrich), 5% FBS (Corning) in PBS) for 15 

minutes at room temperature in the dark. Cells were resuspended in 100 mL of permeabilization 

buffer and stained with rabbit anti-cytokeratin 5-Alexa Fluor 647 (Abcam Ab193895, 1:100) and 

rabbit anti-cytokeratin 8-Alexa Fluor 488 (Abcam Ab192467, 1:100) for 20 minutes at room 

temperature in the dark. Cells were washed with permeabilization buffer and resuspended in PBS 

for analysis on a BD FACS Canto (BD Biosciences). 

 

Organoid immunofluorescence 

Organoids were removed from Matrigel by incubating in Advanced DMEM/F-12 (Gibco) 

containing 1 mg/mL dispase (Gibco) and 10μM of the p160ROCK inhibitor Y-27632 

dihydrochloride (Tocris Biosciences) for 1 hour at 37°C. After centrifugation at 800g for 5 minutes, 

the pellet was washed with 1x phosphate buffered saline (PBS) three times. Organoids were then 

fixed in 4% paraformaldehyde (PFA) in PBS for 15 minutes. After fixation, organoids were washed 

with PBS three times. Organoids were then blocked in 2% donkey serum in 0.25% Triton X-100 

for 1 hour. Organoids were washed once with PBS and stained with anti-Cytokeratin 8 (Biolegend 

904804, 1:500) antibody and anti-p63 (Biolegend 619002, 1:500) antibody in 0.5% BSA 0.25% 

Triton X-100 at 4°C overnight. Organoids were then washed with PBS three times, with the last 

wash lasting six hours. Secondary antibody staining was performed overnight at 4°C using goat 

anti-rabbit IgG-AlexaFluor647 (ThermoFisher 21245, 1:1000) and goat anti-mouse IgG-

AlexaFluor488 (ThermoFisher 11001, 1:1000) in 0.5% BSA 0.25% Triton X-100 with one drop of 

NucBlue. Organoids were washed with PBS three times and placed in PBS + 0.1% Tween-20 
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until imaging on a Nikon Ti-E Fluorescence Motorized DIC Microscope (Nikon) with RCM1 

confocal box (Confocal.nl) using Nikon NIS Elements Imaging Software and Nikon CFI Apo LWD 

Lambda S 20XC WI objective, material number MRD77200.  

 

Cell lines 

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 cells 

were received from Dr. Amina Zoubeidi and cultured in RPMI base media (Gibco) + 10% FBS 

(v/v) + 100 units/mL penicillin, and 100μg/mL streptomycin. LuCaP35 cells were received from 

Dr. Eva Corey and Dr. Peter Nelson and cultured in DMEM base media (Gibco, 11965-092) + 

10% FBS (v/v) + 100 units/mL penicillin, 100μg/mL streptomycin, and 1x GlutaMAX. LAPC4 cells 

were received from Dr. Rob Reiter and cultured in IMDM (Gibco, 31980-030) + 5% FBS (v/v) + 

100 units/mL penicillin, and 100μg/mL streptomycin. UK5099 treatment was performed by adding 

10μM or 30μM UK5099 (Sigma, PZ0160) every 48 hours.  

 

Histone extractions 

Histone extractions were performed using a histone extraction kit (Abcam, Ab113476) according 

to manufacturer instructions. 

 

Assay for transposase-accessible chromatin using sequencing (ATAC-seq) 

Cells were harvested and frozen in culture media containing FBS and 5% DMSO. Cryopreserved 

cells were sent to Active Motif to perform the ATAC-seq assay. The cells were then thawed in a 

37°C water bath, pelleted, washed with cold PBS, and tagmented as previously described73, with 

some modifications74. Briefly, cell pellets were resuspended in lysis buffer, pelleted, and 

tagmented using the enzyme and buffer provided in the Nextera Library Prep Kit (Illumina). 
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Tagmented DNA was then purified using the MinElute PCR purification kit (Qiagen), amplified with 

10 cycles of PCR, and purified using Agencourt AMPure SPRI beads (Beckman Coulter).  

Resulting material was quantified using the KAPA Library Quantification Kit for Illumina platforms 

(KAPA Biosystems) and sequenced with PE42 sequencing on the NovaSeq 6000 sequencer 

(Illumina). Reads were aligned using the BWA algorithm (v0.7.12; mem mode; default settings). 

Duplicate reads were removed, only reads mapping as matched pairs and only uniquely mapped 

reads (mapping quality ≥ 1) were used for further analysis. Alignments were extended in silico at 

their 3’-ends to a length of 200 bp and assigned to bins 32 nucleotides in size along the genome. 

The resulting histograms (genomic “signal maps”) were stored in bigWig files. Peaks were 

identified using the MACS 2.1.0 algorithm at a cutoff of p-value 1 x 10-7, without control file, and 

with the –nomodel option. Peaks that were on the ENCODE blacklist of known false ChIP-Seq 

peaks were removed. Signal maps and peak locations were used as input data to Active Motif’s 

proprietary analysis program, which creates Excel tables containing detailed information on 

sample comparison, peak metrics, peak locations and gene annotations. For differential analysis, 

reads were counted in all merged peak regions (using Subread), and the replicates for each 

condition were compared using DESeq2 (v1.24.0)54.  

 

HOMER transcription factor motif analysis 

Identification of sites with differential ATAC-Seq signal 

After identifying merged regions as part of the standard analysis pipeline, the DESeq2 software 

was ran on the unnormalized BAM files (without duplicates). In brief, the DESeq2 software 

generates normalized counts specifically for the merged regions, and the shrunken log2 fold-

change and adjusted p-values for each merged region are calculated. For the subsequent steps 

of the analysis, we consider any region as differential if the adjusted p-value is less than 0.1. 
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HOMER-based motif analysis 

BED files listing the significantly increased (“DESeq2_Up_difpeaks.bed”) and decreased 

(“DESeq2_Down_difpeaks.bed”) regions are generated for each comparison. Each BED file was 

then sorted by the shrunken log2 fold change and the 2500 regions with the largest absolute fold 

changes were selected. We then performed HOMER motif analysis (findMotifsGenome.pl) on the 

200 bp sequence centered around the midpoint of the differential region (+100 bp, -100 bp). 

During this analysis, common repeats are masked as this can affect the discovery of de novo 

motifs. The analysis identifies motifs that are enriched across all sequences, individual peak 

regions are not annotated with specific motifs.  

 

Patient-derived xenograft Enzalutamide sensitivity assay 

Using a razor blade, MDA PCa 203-A PDX and MDA PCa 183-A PDX tumours were mechanically 

dissociated in dissociation media comprised of RPMI 1640 (Gibco) containing 10% fetal bovine 

serum (Corning), 1x penicillin-streptomycin (Gibco), 1 mg/mL collagenase type I (Gibco), 1 mg/mL 

dispase (Gibco), 0.1 mg/mL deoxyribonuclease (Gibco), and 10μM of the p160ROCK inhibitor Y-

27632 dihydrochloride (Tocris Bioscience). When large chunks were no longer visible, the 

samples were incubated at 37°C on a nutating platform for 15 minutes in 20 mL of dissociation 

media. After centrifugation at 800g for 5 minutes, the pellet was washed with 1x phosphate 

buffered saline (PBS, Gibco). The cell pellet was resuspended in Advanced DMEM/F-12 and 

passed through a 100μm cell strainer (Corning). After centrifugation at 800g for 5 minutes, the 

pellet was resuspended in human organoid media and plated in 75% growth factor reduced 

Matrigel (Corning) based on established protocols66. After seven days of culture with either 

vehicle, 10μM UK5099 (Sigma, PZ0160), or 20mM sodium lactate (Sigma, L7022-5G), organoids 

were removed from Matrigel by incubating in Advanced DMEM/F-12 containing 1 mg/mL dispase 

and 10μM of the p160ROCK inhibitor Y-27632 dihydrochloride for 1 hour at 37°C. After 

centrifugation at 800g for 5 minutes, the pellet was washed with 1x phosphate buffered saline. 
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Organoids were then plated into rings in a 96-well black-wall clear-bottom plate (Fisher, 07-200-

588) in 75% growth factor reduced Matrigel with or without 10μM Enzalutamide (Selleck 

Chemicals, S1250). After five days of culture, a CellTiter-Glo assay (Promega, G7571) was 

performed according to manufacturer instructions and relative luminescence signal was quantified 

on a Tecan Infinite M1000 plate reader. 

 

Cell line Enzalutamide sensitivity assays 

After seven days of culture with either vehicle, 10μM UK5099 (Sigma, PZ0160), 30μM UK5099, 

or 20mM sodium lactate (Sigma, L7022-5G), cells were plated into a 96-well black-wall clear-

bottom plate (Fisher, 07-200-588) with or without 10μM Enzalutamide (Selleck Chemicals, 

S1250). The 96-well plate was coated with 0.01% (v/v) Poly-L-Lysine (Sigma, P4832) diluted 1/20 

in distilled water and washed with PBS prior to plating cells to enhance cell attachment. After two 

days of culture, a CellTiter-Glo assay (Promega, G7571) was performed according to 

manufacturer instructions and relative luminescence signal was quantified on a Tecan Infinite 

M1000 plate reader. For the EdU cell cycle assay, 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. For experiments that contained small 

molecule inhibitors, fresh inhibitor(s) were adding during each media change. Flow cytometry 

analysis identified the percentage of EdU-positive.  

 

Statistics and Reproducibility 

Prism v8.3.0 (GraphPad) was used to generate graphs and perform statistical analyses. All in 

vitro experiments shown were repeated at least three times with similar results obtained, and 

representative data are shown unless otherwise indicated. No statistical method was used to 
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predetermine sample size but our sample sizes are similar to those reported in previous 

publications21. Data distribution was assumed to be normal but this was not formally tested. No 

data were excluded from the analyses. Data collection and analysis were not performed blind to 

the conditions of the experiments. For animal experiments, mice were randomly divided into 

cages. For in vitro experiments, samples were not randomized as this was not relevant for the 

individual assays. 

 

Data availability 

Bulk RNA-seq, scRNA-seq and ATAC-seq data that support the findings of this study have been 

deposited in the Gene Expression Omnibus (GEO) under accession codes GSE221023, 

GSE222786, GSE236573, GSE206555 and GSE221442. Previously published RNA-seq data 

that were re-analyzed here are available under accession codes GSE122367 and GSE67070. 

The SMMU, Beltran et al., and TCGA datasets were accessed on cBioPortal 

(https://www.cbioportal.org/). Ensembl database were accessed from 

http://useast.ensembl.org/Mus_musculus/Info/Index. An interactive scRNA-seq tSNE plot is 

available at: https://singlecell.broadinstitute.org/single_cell/study/SCP1234/prostate-organoid-

vehicle-uk5099. All other data supporting the findings of this study are available from the 

corresponding author on reasonable request. 

 

Code availability 

The code used to generate the PCA plots can be accessed at https://github.com/Nick-

Nunley/Metabolism-and-lineage-PCA.git. 
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Extended Data Figure 1. (a) Gating scheme for isolating primary basal and luminal cells from 
mouse prostate. (b) Heatmap of select canonical basal and luminal markers from RNA 
sequencing of primary basal and luminal mouse prostate cells with three biological replicates. 
(c) Gene set enrichment analysis (GSEA) showing positive enrichment of CD49fhigh signature in 
basal cells relative to luminal cells. (d) GSEA showing positive enrichment of CD49flow 
signature18 in luminal cells relative to basal cells. (e) 30 pathways most enriched in differentially 
abundant genes (log2(fold change) ³ 1, FDR < 0.2) in basal and luminal cells identified by 
KEGG pathway analysis. Metabolism-related pathways highlighted in green (basal-enriched) 
and blue (luminal-enriched). (f) Western blot analysis of select glycolytic and TCA cycle 
enzymes in basal and luminal cells.  
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Extended Data Figure 2. (a-b) Analysis of glycolytic (a) and TCA cycle (b) enzymes in Karthaus 
et al.25 and Crowley et al.20 mouse single cell RNA sequencing data. (c) Percentage of Annexin 
V-, 7-AAD- primary basal and luminal cells after overnight culture (n=3 independent biological 
replicates). Error bars represent SEM.  p-values were calculated using an unpaired two-tailed t-
test with Welch’s correction. 
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Extended Data Figure 3. (a) 30 pathways most enriched in differentially abundant genes 
(log2(fold change) ³ 1) in multipotent basal cells and basal-derived luminal cells identified by 
KEGG pathway analysis. Metabolism-related pathways highlighted in green (enriched in 
multipotent basal-enriched) and blue (enriched in basal-derived luminal-enriched). (b) Intracellular 
flow cytometry analysis of the basal marker cytokeratin 5 (KRT5) and the luminal marker 
cytokeratin 8 (KRT8) in primary basal-derived mouse organoids three, six and nine days after 
plating into organoid culture. (c) Principal component analysis of metabolic profiling data for basal-
derived organoids with three technical replicates per timepoint. (d) Heatmap of metabolite 
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abundance in primary basal-derived mouse organoids (n=3 independent biological replicates per 
timepoint). (e) Fractional contribution from [U-13C]glucose to M2 and M3 citrate in basal-derived 
organoids (n=3 independent biological replicates per timepoint). Error bars represent SEM. (f) 
Western blot analysis of proliferation marker PCNA in basal-derived organoids. 
 
 
 

 
 
Extended Data Figure 4. (a) Intracellular flow cytometry of KRT8 and KRT5 in basal-derived 
organoids treated with 0-40μM UK5099 for seven days. (b) Percent organoid formation of basal-
derived organoids treated with 0-40μM UK5099 (n=3 independent biological replicates). (c) 
Percent organoid formation of vehicle- and 10μM UK5099-treated luminal-derived organoids (n=3 
independent biological replicates). (d) Western blot analysis of proliferation markers (Ki67 and 
PCNA) and apoptosis marker (CC3, cleaved caspase-3) in vehicle- and 10μM UK5099-treated 
luminal-derived organoids seven days after plating. (e) Correlation analysis of [U-13C]glucose 
fractional contribution comparing Mpc1-KO and 10μM UK5099-treated basal-derived organoids 
(n=3 independent biological replicates). (f) GSEA showing negative enrichment of CD49flow 
luminal signature18 in 10μM UK5099-treated relative to vehicle-treated basal-derived organoids. 
(g) GSEA showing enrichment of CD49fhigh basal signature18 in vehicle-treated relative to 10μM 
UK5099-treated basal-derived organoids. (h) GSEA showing enrichment of CD49fhigh basal 
signature18 in control relative to Mpc1 knockout basal-derived organoids. For all panels, error bars 
represent SEM. p-values were calculated using an unpaired two-tailed t-test with Welch’s 
correction. Correlation analysis was performed using Spearman’s correlation. 
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Extended Data Figure 5. (a) Representative flow cytometry plots illustrating EPCAM+ KRT8+ 
(red), EPCAM+ KRT8- (green), and EPCAM- KRT8- (blue) populations in primary and quaternary 
organoids. (b) Expression level (log2(read count)) of canonical basal, luminal, epithelial and 
epithelial-mesenchymal transition (EMT-like) markers in distinct cell populations from scRNA-seq 
data to validate cluster identification. (c) Dot plot of glycolytic enzymes, lipid metabolism genes, 
canonical basal markers, inflammatory genes and canonical luminal markers with vehicle or 
UK5099 treatment within the phenotypic luminal cluster. (d) Flow cytometry gating scheme for 
apoptosis analysis in panel (e). (e) Quantification of percent of AnnexinV+ cells in quaternary 
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organoids treated with vehicle, 10μM UK5099 for one day, or 10μM UK5099 for three days (n=3 
independent biological replicates). Error bars in represent SEM. 
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Extended Data Figure 6. (a) Western blot validation of knockout of Pten in single knockout (SKO) 
and double knockout (DKO) mouse prostate organoids and validation of knockout of Rb1 in DKO 
organoids. (b) Organoid diameter (micrometers) of wildtype (WT), SKO and DKO organoids (n=25 
independent biological samples). Error bars represent SEM. (c) Heatmap of canonical luminal 
and neuroendocrine markers in WT, SKO and DKO mouse prostates from RNA sequencing data 
published in Ku et al.22 (d) Heatmap of canonical luminal and neuroendocrine markers in WT, 
SKO and DKO mouse organoids from RNA sequencing data. (e-i) Western blot analysis of lineage 
markers AR, PSA, KRT8, KRT18, NSE, SYP, and SOX2 in human 16D cell line (e), LuCaP35 cell 
line (f), LAPC4 cell line (g), 183-A PDX organoids (h), and 16D subcutaneous tumours (i). (j) 
Quantification of Western blot in panel I (n=4 independent tumors). Data are shown as mean ± 
SEM. (k-l) Correlation analysis of z-score expression of the luminal marker KRT8 (k) or KRT18 (l) 
with MPC1 in 499 primary prostate carcinomas from The Cancer Genome Atlas (TCGA)67. (m-n) 
Correlation analysis of z-score expression of the luminal marker KRT8 (m) or KRT18 (n) with 
MPC2 in 499 primary prostate carcinomas from TCGA67. Correlation analysis was performed 
using Spearman’s correlation with a two-tailed p-value. p-values in (b) were calculated using an 
unpaired two-tailed t-test with Welch’s correction. 
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Extended Data Figure 7. (a-b) Intracellular lactate abundance in primary basal-derived mouse 
organoids treated with vehicle or 10μM UK5099 (a) or 20mM sodium lactate (b) for seven days 
(n=6 independent biological replicates). (c) Extracellular lactate abundance in organoids treated 
with vehicle or 20mM sodium lactate (n=6 independent biological replicates). (d-e) Intracellular 
(d) and extracellular (e) lactate abundance in organoids treated with vehicle or 10μM AZD3965 
(n=6 independent biological replicates). Error bars in panels (a-e) represent SEM. (f) Western blot 
analysis of the luminal marker KRT8 and the basal marker p63 in basal-derived organoids treated 
with vehicle or 10μM AZD3965 for seven days. (g) Heatmap of fractional contribution of [U-
13C]lactate tracing data from organoids treated with 20mM sodium lactate for six days followed by 
treatment with 20mM [U-13C]lactate for 24 hours. (h) Fractional contribution from [U-13C]lactate to 
TCA cycle intermediates in organoids treated with 20mM sodium lactate for six days followed by 
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treatment with 20mM [U-13C]lactate and vehicle or 10μM UK5099 for 24 hours (n=3 independent 
biological replicates). Data are shown as mean ± SEM. p-values were calculated using an 
unpaired two-tailed t-test with Welch’s correction. (i) Western blot analysis of pan-acetyl histone 
H4 (pan-acetyl HH4), total histone H4 (HH4), H3K9Ac, pan-acetyl histone H3 (pan-acetyl HH3) 
and total histone H3 (HH3) in histone extracts from basal-derived organoids treated with vehicle, 
1mM sodium butyrate or 10nM TSA for seven days. 
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Extended Data Figure 8. (a) The distribution of gene abundance (n = 13687) among 12 samples. 
The primary heatmap color represents the Z-score normalized TPM value of each gene. Missing 
values were omitted. Hierarchical clustering has been applied to both samples (columns) and 
genes (rows). The top covariate heatmap indicates the treatment status of each sample. (b) 
Genes with significant differential RNA abundance were identified based on coefficient and 
adjusted p-value values (|log2(Coefficient)| > 1, adjusted p-value < 0.01). Genes with 
downregulated RNA abundance are denoted by blue dots, while genes with upregulated RNA 
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abundance are represented by red dots. Grey dots represent genes without a significant 
difference. Labeled genes have either the least adjusted p-values or the greatest 
|log2(Coefficient)| values. (c) Significant genes (adjusted p-value < 0.01) were selected to show 
univariate effects under different treatments. The primary strip plot shows raw TPM distribution 
among selected genes with dot colors indicating treatment types. The dotmap above presents the 
effect sizes and significance of each gene under different treatments. The dot size represents 
log2Coefficient values, while background color is indicative of the adjusted p-value. (d) The Venn 
diagram illustrates the overlap between effects, as reflected by the number of significant genes 
(n = 1,394; |log2(Coefficient)| > 1, adjusted p-value < 0.01). The model was adjusted using 
empirical Bayes moderation for standard error, and the false discovery rate (FDR) was controlled 
using the Benjamini-Hochberg method. (e) The distribution of top basal and luminal gene 
abundance (n = 50) among 12 samples. The color in the primary heatmap signifies the Z-score 
normalized TPM value for each gene. Missing values were omitted. Hierarchical clustering has 
been applied to both samples (columns) and genes (rows). The top covariate heatmap indicates 
the treatment status for each sample, while the right covariate heatmap identifies the canonical 
marker type for each gene. (f) Top 15 enriched gene ontology terms in UK5099, Butyrate, and 
UK5099:Butyrate effects. The direction of regulation is calculated by the normalized enrichment 
score and is denoted by different colors: orange indicates upregulation, while blue represents 
downregulation. The dot size corresponds to the number of genes enriched in each gene set, 
while the background shading indicates the -log10adjusted p-value. (g) Top 15 enriched GSEA 
gene sets in UK5099, Butyrate, and UK5099:Butyrate effects. The direction of regulation is 
calculated by the normalized enrichment score (NES) and denoted by different colors: orange 
(upregulation), and blue (downregulation). The dot size corresponds to the number of genes 
enriched in each gene set, while the background shading indicates the -log10p-value. (h) 
Epidermis development gene set enrichment results. Genes were ranked from high to low based 
on log2Coefficient of UK5099 or Butyrate effect in the general linear model. (i) Keratinocyte 
differentiation gene set enrichment results. Genes were ranked from high to low based on 
log2Coefficient of UK5099 or Butyrate effect in the general linear model. 
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Extended Data Figure 9. (a-b) Seven most significantly enriched transcription factor binding 
motifs in less accessible regions in organoids treated with 10μM UK5099 (a) or 20mM sodium 
lactate (b). The false discovery rate (FDR) was controlled using the Benjamini-Hochberg method. 
(c) Venn diagram depicting overlap in significantly enriched transcription factor binding motifs in 
less accessible regions in UK5099-treated and lactate-supplemented organoids. (d) Browser 
track depicting ATAC-seq peaks in Prom1 gene in vehicle-treated, UK5099-treated, and lactate-
supplemented organoids. 
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Extended Data Figure 10. (a-b) Seven most significantly enriched transcription factor binding 
motifs in less accessible regions in organoids treated with 10μM UK5099 (a) or 20mM sodium 
lactate (b). The false discovery rate (FDR) was controlled using the Benjamini-Hochberg method. 
(c) Venn diagram depicting overlap in significantly enriched transcription factor binding motifs in 
less accessible regions in UK5099-treated and lactate-supplemented organoids. (d) Browser 
track depicting ATAC-seq peaks in Prom1 gene in vehicle-treated, UK5099-treated, and lactate-
supplemented organoids. 
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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 pheno-
types prior to the outgrowth of treatment-resistant disease. Here, we comprehensively characterize the ef-
fects of AR blockade on prostate cancer metabolism using transcriptomics, metabolomics, and bioener-
getics 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 glyco-
lytic activity and prevents sensitivity to complex I inhibition. Our study provides insight into the regulation of
treatment-induced metabolic phenotypes and vulnerabilities in prostate cancer.

INTRODUCTION

Prostate cancer is the leading cause of cancer-related death in
non-smoking males in the United States.1 Prostate cancer pro-
gression from localized to advanced metastatic disease is driven
by aberrant androgen receptor (AR) activity. Therefore, patients
with metastatic prostate cancer are treated with androgen depri-

vation therapy (ADT) to dampen AR activity.2 While many
advanced tumors initially respond to ADT, nearly all tumors recur
as castration-resistant prostate cancer (CRPC).3 CRPC is treated
with AR pathway inhibitors (ARPIs), including enzalutamide,4

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

Cell Reports 42, 113221, October 31, 2023 ª 2023 The Author(s). 1
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Figure 1. Transcriptomic and metabolic profiling identifies AR-inhibition-induced metabolic reprogramming
(A) Top 30 significantly enriched pathways identified by KEGG pathway analysis on differentially expressed (fold change R2, false discovery rate [FDR] <0.2)

Rajan et al.18 pre-androgen deprivation therapy (Pre-ADT) and post-androgen deprivation therapy (Post-ADT) genes. Metabolism-related pathways are high-

lighted in red. Also see Table S1.

(legend continued on next page)
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in themajority of CRPCpatients.5,6 Unfortunately, prolongedARPI
treatment invariably results in disease progression, which is ulti-
mately lethal.7 New approaches are needed to understand how
prostate cancer cells initially respond to AR-targeted therapies
prior to relapse inorder toexploit treatment-inducedvulnerabilities
and prevent or delay disease progression.
Metabolic requirements and vulnerabilities evolve during can-

cer progression,8 and several studies suggest that metabolic
pathways can be targeted in prostate cancer to impair tumor
growth.9–16 Short-term AR blockade (24–96 h) increases reliance
on electron transport chain complex I activity and glutaminase
activity.17 However, the mechanisms that govern AR-inhibition-
induced metabolic rewiring have not been clearly defined. In
this study, we comprehensively characterize how prostate can-
cer 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 oxida-
tive phosphorylation and exhibit reduced glycolysis, resulting in
increased reliance on oxidative mitochondrial metabolism. We
establish phosphorylation of DRP1-S616 as a key regulator of
altered mitochondrial dynamics following AR blockade. Further-
more, MYC signaling is reduced following AR blockade, and
overexpression ofMYC restores glycolytic activity and glutamine
metabolism. Finally, rescuing MYC is sufficient to reverse sensi-
tivity to complex I inhibitors after AR inhibition. Taken together,
our data suggest that AR blockade reprograms cellular meta-
bolism and increases dependence on oxidative mitochondrial
metabolism through reduced MYC.

RESULTS

Transcriptomic and metabolomic profiling reveals AR-
inhibition-induced metabolic reprogramming
To gain insight into how prostate cancer cells survive AR inhibi-
tion, we evaluated which pathways are altered after clinical AR
blockade using the dataset of Rajan et al.,18 which contains tran-
scriptomics data from seven patient tumors collected prior to
and after ADT. Ten of the top 30 significantly altered pathways
were metabolism related (Figure 1A; Table S1). To model tran-
scriptional responses to AR inhibition in a system that is better
suited to broad metabolic characterization, we treated the 16D
CRPC cell line19 with 10 mM enzalutamide for 48 h, termed
STenza (short term), or up to 2 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.18 clinical dataset, with LTenza cells
containing the highest expression of such genes (Figure S1A).

Principal-component projection analysis revealed that naive
(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 anal-
ysis (GSEA) identified negative enrichment of Hallmark_andro-
gen_response genes in LTenza 16D cells (Figure S1B), validating
AR inhibition. Furthermore, cell-cycle analysis illustrated that
LTenza 16D cells are still sensitive to enzalutamide treatment
(Figure S1C). KEGG pathway analysis on the differentially ex-
pressed genes (Figure S1D) identified 12 metabolism-related
pathways among the top 30 significantly altered pathways (Fig-
ure 1C; Table S2). 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 enzaluta-
mide treatment of 16D cells alters the metabolome. NOD SCID
IL2Rgnull (NSG) mice bearing subcutaneous 16D tumors were
treated with vehicle or enzalutamide for 10 days prior to tumor
harvest, metabolite extraction, andmetabolic profiling. Enzaluta-
mide-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 (Figure S1E).
Metabolomic profiling of vehicle- and enzalutamide-treated tu-
mors identified 47 enzalutamide-increased and 10 enzaluta-
mide-decreasedmetabolites (Figure 1D). After performing meta-
bolic profiling on in vitro naive and LTenza 16D cells, we found
that metabolic profiles were grouped based on treatment, as
naive 16D cells clustered with vehicle-treated 16D tumors,
whereas LTenza 16D cells clustered with enzalutamide-treated
16D tumors (Figure S1F). In addition, we observed a higher abun-
dance of in vivo enzalutamide-enriched metabolites in LTenza
16D cells compared with naive 16D cells (Figure S1G).
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 (Fig-
ure S1H). We explored how enzalutamide treatment alters lipid
metabolism and found that there is a significant reduction in lipid
droplet content within 96 h of beginning enzalutamide treatment
(Figures S1I–S1K). Furthermore, lipid droplets begin to accumu-
late upon removal of enzalutamide (Figure S1L).
To evaluate how various methods of AR inhibition alter meta-

bolism, we performed [U-13C]glucose tracing, [U-13C]glutamine
tracing, and metabolic profiling on 16D cells treated with two

(B) Naive, 24 h enzalutamide-treated (Enza), 48 h Enza, and LTenza 16D transcriptomics data projected onto principal-component analysis (PCA) plot of pre-ADT

and post-ADT samples from Rajan et al.18 data.

(C) Top 30 significantly enriched pathways identified by KEGG pathway analysis on differentially expressed genes (fold change R2, FDR <0.05) in naive and

LTenza 16D cells. Metabolism-related pathways are highlighted in red. Also see Table S2.

(D) Heatmap of differentially abundant metabolites (fold change R1.25, FDR <0.2) in 1 week enzalutamide-treated 16D tumors compared with vehicle-treated

16D tumors.

(E and F) PCA of [U-13C]glucose (E) or [U-13C]glutamine (F) fractional contribution data from 16D cells treated with vehicle, 10 mM enzalutamide, 10 mM apa-

lutamide, or 0.5 mM ARCC-4 for 9 days prior to addition of [U-13C]glucose or [U-13C]glutamine for 24 h.

(G) Venn diagram illustrating overlap in metabolites with increased abundance (fold changeR1.5) 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, 10 mM enzalutamide, 10 mM apalutamide, or 0.5 mM ARCC-4 for 9 days.
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ARPIs (10 mM enzalutamide and 10 mM apalutamide) and an AR
degrader (0.5 mM 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 (Figure S1M). Principal-component analysis of fractional
contribution illustrates that enzalutamide, apalutamide, and
ARCC-4 similarly alter glucose and glutamine utilization
(Figures 1E and 1F). Furthermore, changes to metabolite abun-
dance were highly consistent across treatments (Figures 1G,
1H, and S1N). MSEA revealed that commonly enriched path-
ways include aminoacyl-tRNA biosynthesis, pyrimidine/purine
metabolism, and valine/leucine/isoleucine synthesis (Fig-
ure S1O). Collectively, these data demonstrate that enzaluta-
mide, 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 metabo-
lome, we explored whether enzalutamide treatment alters bioen-
ergetics by measuring oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) in naive and enzaluta-
mide-maintained 16D cells20,21 (Figures 2A and 2B). Although en-
zalutamide treatment did not significantly alter ATP-linked respi-
ration (Figures 2A and 2C), carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP)-stimulated respiration was increased in
enzalutamide-treated cells (Figures 2A and 2D), demonstrating
an enhancedmaximal capacity for oxidative mitochondrial meta-
bolism. We then transformed OCR and ECAR into rates of mito-
chondrial and glycolytic ATP production to quantify the redistri-
bution between oxidative phosphorylation and glycolysis.22 The
mitochondrial ATP production rate was not altered in enzaluta-
mide-treated 16D cells (Figures 2A and 2E), whereas the glyco-
lytic ATP production rate was reduced (Figures 2B and 2F).
As such, the total ATP production rate in enzalutamide-treated
16D cells was reduced (Figure 2G), and oxidative phosphoryla-
tion 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 a model whereby AR inhibition
leads to reduced glycolysis but maintenance of oxidative mito-
chondrial 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 hypothe-
sized that these cells may be increasingly sensitive to inhibition
of oxidative phosphorylation. To test our hypothesis, we cultured
naive and enzalutamide-treated 16D cells with the highly specific
complex I inhibitor IACS-01075923 (IACS). Respirometry and
[U-13C]glucose tracer analyses were performed to validate the
on-target effects of IACS. IACS reduced the ATP-linked respira-
tion of naive and enzalutamide-treated 16D cells by roughly 95%
(Figure 3A) and significantly reduced M+2 labeling of tricarbox-
ylic acid (TCA) cycle intermediates by [U-13C]glucose in both
groups (Figures S2A and S2B). Increased M+3-labeled lactate
was observed in both naive and enzalutamide-treated 16D cells
after IACS treatment, indicating that both cell types compensate

for reduced complex I activity by increasing glycolysis (Fig-
ure S2C). Respirometry revealed that, while both naive and enza-
lutamide-treated 16D cells increase glycolytic ATP production
in response to IACS, naive cells contain a 2-fold higher IACS-
induced glycolytic ATP production rate compared with enzaluta-
mide-treated 16D cells (Figure S2D). Accordingly, IACS treat-
ment reduced the total ATP production of naive cells by just
12% compared with a 29% reduction of total ATP production
in enzalutamide-treated 16D cells (Figure S2E).
We performed cell-cycle analysis (Figure S2F) to determine

the effects of IACS on proliferation. Whereas IACS treatment
did not reduce the proliferation of naive cells, IACS reduced
the proliferation of enzalutamide-treated 16D cells by roughly
35% in just 72 h (Figure 3B). IACS treatment significantly
increased apoptosis in enzalutamide-treated cells after 72 h
(Figure 3C). Furthermore, 16D cells treated with apalutamide
or ARCC-4 also exhibited enhanced sensitivity to IACS (Fig-
ure 3D). Since AR blockade increases sensitivity to complex I in-
hibition, we wondered if IACS treatment of naive 16D cells might
increase enzalutamide sensitivity. IACS pre-treatment signifi-
cantly enhanced enzalutamide sensitivity, effectively doubling
the growth inhibition caused by enzalutamide (Figure S2G).
The clinically viable drug metformin, which has complex I in-

hibitor activity in vitro,24 reduced ATP-linked respiration in met-
formin-treated 16D cells (Figure S2H). Unlike IACS, metformin
alone was sufficient to impair the proliferation of naive 16D cells
(Figure S2I). Reduced proliferation in metformin-treated 16D
cells was likely caused by known off-target effects,24 as IACS
treatment reduced ATP-linked respiration by greater than 95%
without altering EdU labeling. Consistent with IACS pre-treat-
ment increasing responsiveness to AR inhibition, metformin
pre-treatment significantly enhanced the sensitivity of naive
16D cells to enzalutamide (Figure S2J).
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 dihydrotestoster-
one (DHT). We first confirmed that LNCaP cells grown without
DHT transcriptionally resemble patient tumors post-ADT18

(Figures S3A–S3C). 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% to greater than 85% (Figures S3D and S3E).
After showing that various complex I inhibitors can synergize

with AR blockade in vitro, we explored whether enzalutamide
treatment of mice bearing patient-derived xenograft (PDX) tu-
mors enhances IACS sensitivity. We utilized an AR-positive
PDX model originating from a patient with localized CRPC,
termed MDA-PCa 180-30.25 Week-long enzalutamide-treated
180-30 PDX tumors exhibited reduced protein expression of
PSA (Figures S3F and S3G). After treatment with vehicle or en-
zalutamide 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 under prostate or-
ganoid conditions confirmed reduced proliferation in enzaluta-
mide-treated 180-30 PDX tumors (Figure S3H). Analysis of
IACS sensitivity revealed that enzalutamide-treated samples
accounted for four of the five most IACS-sensitive samples

4 Cell Reports 42, 113221, October 31, 2023

Article
ll

OPEN ACCESS



 114 

 

(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 originated from a pa-
tient with localized treatment-naı̈ve prostate cancer, to deter-
mine if complex I inhibition further decreases the growth of cas-
trated 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 and 3I). The 173-2 PDX tumors grown in intact
mice exhibited a 53% reduction in proliferation in response to
IACS, whereas 173-2 PDX tumors grown in castrated mice ex-
hibited an 80% reduction in proliferation in response to IACS
(Figure S3I). Collectively, these data suggest that AR inhibition
and complex I inhibition can cooperate to decrease growth
across disease states.
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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 naive and LTenza 16D cells.

Treatments with oligomycin (O), FCCP (F), and rotenone and antimycin A (R/A) are indicated with arrows. Data represent the mean ± SEM.

(C and D) ATP-linked respiration (C) and maximal respiration (D) of naive and LTenza 16D cells from 10 biological replicate experiments.

(E and F) Mitochondrial (Mito) ATP production (E) and glycolytic ATP production (F) of naive and LTenza 16D cells from 10 biological replicate experiments.

(G) Total ATP production as the sum ofmitochondrial ATP production (Mito ATP) and glycolytic ATP production (Glyco ATP) of naive and LTenza 16D cells from 10

biological replicate experiments. Statistics refer to comparison of total ATP levels. Data represent the mean + SEM.

(H) Percentage of total ATP production from mitochondrial ATP production (% ATP from Mito) of naive and LTenza 16D cells from 10 biological replicate ex-

periments.

(I) Lactate abundance in naive and LTenza 16D cells from three biological replicate experiments. The p values were calculated from a ratio paired t test; *p < 0.05,

**p < 0.01, ****p < 0.0001; n.s., not significant, p R 0.05.
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Figure 3. AR blockade enhances sensitivity to complex I inhibition
(A) ATP-linked respiration of naive and LTenza 16D cells treated with vehicle (DMSO) or 30 nM IACS-010759 (IACS) for 24 h. Data represent the mean ± SEM of

five technical replicates.

(B) Cell-cycle analysis to quantify the relative sensitivity of naive and LTenza 16D cells to 30 nM IACS. Data represent the mean ± SEM of four technical replicates

from a representative experiment (n = 3).

(C) Apoptosis analysis to identify the percentage of Annexin V-positive cells (% Annexin V+) in naive and LTenza 16D cells treated with DMSO or 30 nM IACS for

48 h. Data represent the mean ± SEM of eight technical replicates.

(D) Cell-cycle analysis to quantify the relative sensitivity of 16D cells treated with 10 mMenzalutamide, 10 mMapalutamide, or 0.1 mMARCC-4 to 30 nM IACS. Data

represent the mean ± SEM of three technical replicates.

(E) Waterfall plot indicating the ex vivo sensitivity of 180-30 PDX tumor tissue from vehicle- and 1 week Enza-treated tumors to 30 nM IACS. Data represent the

percentage change in EdU positivity (% change EdU+) relative to the respective vehicle.

(F andG) Cell-cycle analysis of the sensitivity of vehicle-treated (F) or Enza-treated (G) 180-30 PDX tumor tissue to ex vivo culture ±30 nM IACS. Data represent the

mean ± SEM of five tumor samples per treatment group.

(H) Immunohistochemical analysis of representative 173-2 PDX tumors grown in intact or castrated mice and treated with or without 7.5 mg/kg/day IACS for

5 days stained for Ki67. Scale bars, 50 mm.

(I) Quantification ofKi67 staining area fromsix representative imagesof 173-2 PDX tumors grown in intact or castratedmice and treatedwith orwithout 7.5mg/kg/day

IACS for 5 days. The 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 R 0.05.
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Figure 4. AR blockade elongates mitochondria via reduced DRP1 activity
(A) Representative immunofluorescence images of naive and LTenza 16D cells stained for TUFM (green) and DAPI (blue). Scale bars, 5 mm.

(B) Schematic illustrating calculation of aspect ratio and form factor.

(C and D) Quantification of mitochondrial aspect ratio (C) andmitochondrial 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, 10 mM

enzalutamide, 10 mM apalutamide, or 0.5 mM ARCC-4 for 9 days (E) and 183-A PDX organoids treated with vehicle or 10 mM enzalutamide for 1 week (F).

(G) Representative immunofluorescence images of RFP- and DRP1S616E-transduced LTenza 16D cells stained for TUFM (green) and DAPI (blue). Scale bars,

10 mm.

(H) Quantification of mitochondrial aspect ratio from TUFM stains from at least 28 cells per treatment group. Data represent the mean ± SEM.

(legend continued on next page)
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Enzalutamide induces mitochondrial elongation via
reduced DRP1 activity
Asmitochondrial dynamics can change in response to cellular and
environmental stresses,26 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 (Fig-
ure 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
anobject, and formfactor, a value thatcompensates for irregularity
in the shapeof anobject, respectively27 (Figure4B). Enzalutamide-
treated 16D cell mitochondria exhibited a higher aspect ratio (Fig-
ure 4C) and lower form factor (Figure 4D) comparedwith naive cell
mitochondria, consistent with mitochondrial elongation and
increased branching. Eccentricity, the ratio of the distance be-
tween the foci of an ellipse and its major axis length, was elevated
in mitochondria from enzalutamide-treated 16D cells, confirming
mitochondrial elongation (Figure S4A). Enzalutamide treatment
did not alter mitochondrial size, subtly increased mitochondrial
count, and did not alter mitochondrial volume (Figures S4B–S4D).

Mitochondrial morphology is determined by the relative
amounts of mitochondrial fission and fusion.28 Several reports
provide evidence that ARmay regulate expression of DRP1,29 en-
coded by theDNM1L gene, whichmediatesmitochondrial fission.
Analysis of LNCaP and 16D AR chromatin immunoprecipitation-
sequencing (ChIP-seq) data30 revealed binding to the DNM1L
locus (Figure S4E). We therefore explored whether DRP1 levels
are altered in 16D cells treated with various AR inhibitors. Surpris-
ingly, DRP1 expressionwas only subtly reduced in enzalutamide-,
apalutamide-, and ARCC-4-treated 16D cells (Figure 4E). We
evaluated DRP1 phosphorylation at S616, which mediates
DRP1 activity,31 and found a dramatic reduction in enzaluta-
mide-, apalutamide-, and ARCC-4-treated 16D cells (Figure 4E)
and in enzalutamide-treated LAPC4 cells (Figure S4F). When en-
zalutamide was removed from enzalutamide-maintained 16D
cells for 10 days, DRP1-S616 phosphorylation returned to levels
present in naive cells (Figure S4G). In addition, in organoids
derived from the MDA-PCa 183-A PDX model, which originated
from a patient with metastatic treatment-naive prostate cancer,
enzalutamide treatment results in decreased DRP1-S616 expres-
sion (Figure 4F). Enzalutamide-treated 16D tumors (Figures S4H
and S4I), 180-30 PDX tumors (Figure S4J), and 173-2 PDX tumors
(Figures S4K–S4L) containedboth reduced total DRP1expression
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 (Figure S4M).

To evaluate the functional role of DRP1, we ectopically ex-
pressed RFP, or a constitutively active DRP1 phosphomimetic31

DRP1S616E, in enzalutamide-maintained 16D cells (Figure S4M).
Expression of DRP1S616E was sufficient to reduce mitochondrial
elongation and increase mitochondrial fission (Figures 4G and
4H). We evaluated IACS sensitivity using cell-cycle analysis and
found that constitutive expression of DRP1 partially rescues enza-
lutamide-induced IACS sensitivity (Figures 4I and 4J). 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 en-
zalutamide-treated 16D cells, including Hexokinase 2 (HK2) and
Lactate Dehydrogenase A (LDHA) (Figure 5A). Western blot anal-
ysis confirmed reduced protein expression of HK2 and LDHA
in enzalutamide-, apalutamide-, and ARCC-4-treated 16D cells
(Figure 5B) and LAPC4 cells (Figure S4E), but not in enzaluta-
mide-resistant AR+ 22Rv1 cells (Figure S4L). Upon removal of en-
zalutamide, HK2 and LDHA abundance increased in 16D cells
(Figure S4G). In addition, HK2 and LDHA were reduced in enzalu-
tamide-treated 16D tumors, enzalutamide-treated180-30PDX tu-
mors, and 173-2PDX tumorsgrown in castratedmice (Figures 5C,
5D, S4J, S4K, and S5A). In LNCaP cells, glycolytic enzyme
expression was similarly reduced as a result of enzalutamide
treatment or DHT deprivation (Figures 5E and S5B). We also
analyzed glycolytic enzyme expression in four clinical transcrip-
tomic datasets: the Rajan et al. dataset18 (seven locally advanced
or metastatic prostate cancer tumors biopsied before and after
ADT; Figure S5C), the Reiter trial (NCT01990196) (seven tumor-
rich prostatic biopsies collected prior to and after ADT and enza-
lutamide treatment; Figure S5D), the Long et al. dataset32 (six
tumor-rich prostatic biopsies collected prior to and after ADT
and bicalutamide treatment; Figure S5E), and the Wilkinson
et al. dataset33 (36 prostatic biopsies collected prior to and after
ADT and enzalutamide treatment; Figure S5F). We found that
SLC16A1 was reduced in all datasets after AR inhibition, while
ENO1 and TPI1 were reduced in three of the four datasets
(Figures S5C–S5F). In the Rajan et al.18 and Reiter trial
(NCT01990196) HK2 mRNA expression was reduced after AR
blockade in all patients (Figures 5F and 5G). These data suggest
that AR inhibition lowers expression of key glycolytic enzymes
across various AR inhibition-responsive disease states.

ReducedMYC signaling regulates AR inhibition-induced
metabolic phenotypes
We hypothesized that downregulation of HK2 following AR inhibi-
tionmaymediate reducedglycolyticactivityandsensitivity tocom-
plex 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

(I) Western blot indicating expression of DRP1-P616, DRP1, NSE, PSA, and actin (loading control) in RFP- and DRP1S616E-transduced 16D cells maintained with

or without 10 mM enzalutamide for 1 week.

(J) Cell-cycle analysis to quantify the relative sensitivity of RFP- andDRP1S616E-transduced 16D cells maintained in 10 mMenzalutamide for 1week to 30 nM IACS.

Data represent the mean ± SEM of four technical replicates from a representative experiment (n = 2). The 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 R 0.05.
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(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 downregu-
lated after AR inhibition, we investigated whether AR blockade
alters transcriptional signatures of MYC, a key regulator of glycol-
ysis34 and an AR target gene.35 GSEA revealed negative enrich-
ment of Hallmark_Myc_targets in the Rajan et al.,18 Reiter trial
(NCT01990196), Long et al.,32 and Wilkinson et al.33 patient sam-
ples after AR blockade (Figures 6A and S6A–S6C). In addition,

negative enrichment of Hallmark_Myc_targetswas 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 (Figure S6D).
To determine whether reduced MYC activity mediates reduced

glycolytic enzyme expression in AR-inhibited cells, we attempted
to rescueMYCtranscriptional activityviaectopicMYCexpression.
GSEA revealed positive enrichment of Hallmark_Myc_targets in

A B C D
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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 three technical replicates of naive 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, 10 mM en-

zalutamide, 10 mM apalutamide, or 0.5 mMARCC-4 for 9 days (B), 16D tumors treated with vehicle (Veh) or enzalutamide (Enza) for 1 week in vivo (C), and 180-30

PDX tumors treated with Veh or Enza for 1 week in vivo (D).

(E) Heatmap showing the mRNA expression of select glycolytic genes from RNA sequencing of three technical replicates of Veh, 72 h castrated (Cx), and 72 h

Enza-treated LNCaP cells.

(F and G) HK2 mRNA expression in matched pre- and post-AR blockade biopsies from the Rajan et al.18 (F) and Reiter trial (NCT01990196) (G) datasets.

(H) Western blot indicating expression of HK2, PSA, and actin (loading control) in RFP- and HK2-transduced 16D cells maintained with or without 10 mMEnza for

1 week.

(I) Cell-cycle analysis to quantify the relative sensitivity of RFP- andHK2-transduced 16D cells maintained in 10 mMEnza for 1 week to 30 nM IACS. Data represent

the mean ± SEM of four technical replicates from a representative experiment (n = 2). The p values were 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 R 0.05.
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MYC-transducedenzalutamide-treatedcells comparedwithRFP-
transduced enzalutamide-treated 16D cells (Figure 6D). Further-
more, there was no significant negative enrichment of Hallmark_
Myc_targets in MYC-transduced enzalutamide-treated cells rela-
tive to naive 16D cells, indicating successful restoration of MYC
transcriptional activity (FigureS6E).Westernblot analysis revealed

increased expression ofHK2 and LDHA inMYC-transduced enza-
lutamide-treated cells compared with RFP-transduced enzaluta-
mide-treated 16D cells (Figure 6E). While ectopic MYC effectively
rescued LDHA expression to levels observed in naive 16D cells,
HK2 expression remained roughly 50% lower inMYC-transduced
enzalutamide-treated cells compared with naive 16D cells

A B C
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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.18 pre-ADT and post-ADT samples (A), Akamatsu et al.36 pre-castration (pre-Cx) and 12 weeks post-

castration (post-Cx) (B), naive and LTenza 16D cells (C), and RFP- and MYC-transduced LTenza cells (D) showing normalized enrichment scores (NESs) and

FDRs.

(E) Western blot indicating expression of MYC, HK2, LDHA, PSA, and actin (loading control) in naive, RFP-transduced LTenza, andMYC-transduced LTenza 16D

lysates.

(F) Cell-cycle analysis to quantify the relative sensitivity of naive and RFP- andMYC-transduced LTenza 16D cells to 30 nM IACS. Data represent themean ±SEM

of four technical replicates from a representative experiment (n = 3).

(G) mRNA expression of RB1 and TP53 in naive, shScr-transduced (shScr) LTenza, and shRB1_shTP53-transduced (DKD) LTenza 16D cells. Data represent the

mean ± SEM of three technical replicates.

(H) GSEA of Hallmark_Myc_targets in naive and DKD LTenza cells.

(I) Cell-cycle analysis to quantify the relative sensitivity of naive and DKD LTenza 16D cells to 30 nM IACS. Data represent the mean ± SEM of four technical

replicates from a representative experiment (n = 2). The 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 R 0.05.

10 Cell Reports 42, 113221, October 31, 2023

Article
ll

OPEN ACCESS



 120 

 

 

A B C D

FE G

H I

J

(legend on next page)

Cell Reports 42, 113221, October 31, 2023 11

Article
ll

OPEN ACCESS



 121 

 

 

(Figure 6E). Similarly, removal of enzalutamide resulted in a com-
plete rebound in LDHA but only a partial increase in HK2 expres-
sion (FigureS4G). Targetedbisulfite sequencing identified a statis-
tically 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 expres-
sion (Figure S6F). We used cell-cycle analysis (Figure S6G) to
explore whether rescuing MYC activity influences the response
to complex I inhibition and found thatMYC restoration in enzaluta-
mide-treated cells eliminates sensitivity to IACS (Figure 6F). These
results suggest that MYC activity regulates reliance on mitochon-
drial oxidative metabolism in cells that survive AR inhibition.

To evaluate whether genetic alterations associated with pros-
tate cancer progression alter AR inhibition-induced metabolic
phenotypes, we knocked down RB1 and TP53, two tumor sup-
pressors that are commonly dysregulated in aggressive disease
variants, including neuroendocrine prostate cancer.37 Knock-
down of RB1 and TP53 in enzalutamide-treated 16D cells (Fig-
ure 6G) increased neuroendocrine signatures38–40 (Figures S6H–
S6J) but did not rescue MYC transcriptional activity (Figures 6H
and S6K), glycolytic enzyme expression (Figure S6L), glycolysis
(Figures S6M–S6P), 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
Wehypothesized thatmaintenance ofMYC activity during enzalu-
tamide 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 enzaluta-
mide-mediated reduction in HK2, LDHA, and DRP1-P616 expres-
sion (Figure 7A); restore glycolytic ATP production to levels
observed in vehicle-treated cells (Figure 7B); and partially rescue
theenzalutamide-mediated increase in thepercentageofATPpro-
ducedbymitochondrial oxidativemetabolism (Figure 7C).Wealso
performed [U-13C]glucose tracing, [U-13C]glutamine tracing, and
metabolic profiling on RFP- and MYC-transduced 16D cells
culturedwith orwithout enzalutamide. SustainedMYCexpression
reverses enzalutamide-induced changes to glucose and gluta-

mine utilization (Figures 7D–7H) but does not rescue enzaluta-
mide-mediated reduction in neutral lipid content (Figure S7A).
Ectopic MYC expression significantly increased enzalutamide

resistance in16Dcells (Figure7I). To investigate if there isevidence
ofMYC-associated resistance to AR blockade in clinical samples,
we analyzed theWestbrook et al. dataset,41 which contains RNA-
sequencing data of 21 mCRPC tumors before and after enzaluta-
mide treatment.We found that seven patients had positive enrich-
ment of Hallmark_Myc_targets with enzalutamide treatment. Of
these seven patients, three were characterized as nonresponders
to enzalutamide, three were characterized as having lineage plas-
ticity with conversion to a double-negative phenotype, and one
was characterized as having an unknown response to enzaluta-
mide (Figure 7J). In contrast, 7 of the 14 patients exhibiting
negative enrichment of Hallmark_Myc_targets with enzalutamide
treatment exhibited a clinical response. Thesedatacorrelate upre-
gulation of MYC activity with clinical enzalutamide resistance. In
addition, in the LTL331 PDXmodel,36 which relapses as terminally
differentiated neuroendocrine prostate cancer after castration,
relapsed tumors contain robust enrichment of Hallmark_Myc_
targets compared with castrated tumors (Figures S7B and S7C)
despite maintenance of low AR activity (Figures S7D and S7E).
These data suggest that rescue of AR activity is not necessary to
restoreMYC signaling and support our hypothesis thatMYC reac-
tivation may promote resistance to AR blockade.

DISCUSSION

Therapy-induced metabolic reprogramming has been reported
in various cancers where standard-of-care therapy can syner-
gize with targeting of reprogrammed metabolism to impair
treatment resistance.42–44 In this study, we comprehensively
characterized the effects of AR blockade on prostate cancer
metabolism. Transcriptomic and metabolomic analyses re-
vealed AR-inhibition-induced changes to metabolic gene
expression andmetabolite abundance, respectively. Using bio-
energetic assays, we identified sustained oxidative mitochon-
drial metabolism, including increased maximal respiration,
and reduced basal and oligomycin-stimulated glycolysis, after
AR inhibition. These AR-blockade-induced metabolic alter-
ations confer sensitivity to complex I inhibition. Mechanistically,
reduced phosphorylation of DRP1-S616 and MYC signaling

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

with or without 10 mM enzalutamide for 1 week.

(B and C) Glycolytic ATP production (B) and percentage of total ATP production from mitochondrial ATP production (% ATP from Mitochondria) (C) of RFP- and

MYC-transduced 16D cells maintained with or without 10 mM enzalutamide for 1 week. Data represent the mean ± SEM of four technical replicates.

(D and E) Principal-component analysis (PCA) of [U-13C]glucose (D) or [U-13C]glutamine (E) fractional contribution data fromRFP- andMYC-transduced 16D cells

maintained with or without 10 mM enzalutamide for 6 days prior to addition of [U-13C]glucose or [U-13C]glutamine for 24 h.

(F andG) Fractional contribution forM3 serine,M3 lactate,M2 citrate, andM2malate from [U-13C]glucose (F) or M5 glutamate, M5 a-ketoglutarate, M4 succinate,

andM4malate (G) in RFP- andMYC-transduced 16D cells maintained with or without 10 mMenzalutamide for 6 days prior to addition of [U-13C]glucose or [U-13C]

glutamine for 24 h.

(H) Heatmap of differentially abundant metabolites (fold change R1.5, p < 0.05) in RFP- and MYC-transduced 16D cells maintained with or without 10 mM

enzalutamide for 7 days.

(I) Cell-cycle analysis to quantify the relative sensitivity of RFP- and Myc-transduced 16D cells to 10 mM enzalutamide. Data represent the mean ± SEM of four

technical replicates from a representative experiment (n = 2).

(J) GSEA of Hallmark_Myc_targets in 21 mCRPC tumors before and after enzalutamide treatment from the Westbrook et al.41 dataset. The 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 R 0.05.

12 Cell Reports 42, 113221, October 31, 2023

Article
ll

OPEN ACCESS



 122 

 

 

both play key roles in mediating AR-inhibition-induced meta-
bolic 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
chemotherapy.46,47 The functional impact of mitochondrial
morphology on metabolic output has proven to be highly context
dependent.48–51 Future work is needed to understand how AR in-
hibition alters DRP1 phosphorylation and how the subsequent
mitochondrial elongation influences other metabolic phenotypes.
Previous studies have demonstrated that MYC overexpres-

sion accelerates prostate cancer progression toward a metasta-
tic, castration-resistant state by antagonizing the canonical AR
transcriptional program.52MYC has also been shown to promote
androgen-independent prostate cancer growth.53 We show that
reactivation ofMYC 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
cancer,54,55 has an effect on metabolism similar to that of MYC
reactivation.
Consistentwithprior studies, our results suggest thatmitochon-

drial oxidative metabolism contributes to prostate cancer growth
and survival. Our findings also suggest theremay be a therapeutic
windowafter AR inhibition to targetmitochondrialmetabolism. Tu-
mor locationmustalsobeconsidered, asmetabolicdependencies
can differ based on site of implantation.56 Trials to determine the
efficacy of combined metformin treatment and AR blockade
have been inconclusive.57,58 Importantly, the concentration of
metformin required to inhibit complex I activity in vitro (1 mM) is
more than 10 times higher than the maximally achievable thera-
peutic concentration (70 mM) found in patients.24,59 Metformin
has been shown to reduce AR and cyclin D1 levels.60,61 These ef-
fects may explain why naive 16D cells exhibit sensitivity tometfor-
min, despite lacking sensitivity to IACS, which reduces mitochon-
drial respiration by greater than 95%. In addition, metformin has
been shown to synergize with bicalutamide in mouse models by
preventing AR-blockade-induced hyperinsulinemia.62 Further-
more, IACS-010759 has recently been shown to have dose-
limiting toxicities inpatients.63Therefore, itwill becritical 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 reli-
ance on mitochondrial oxidative metabolism. While metabolic
profiling was performed both in vitro and in vivo, the technical
challenges of performing in vivometabolic assays limited our ca-
pacity to fully define the in vivo metabolic response to AR inhibi-
tion. While our findings were relatively consistent across a range
of AR+ models, the heterogeneity of clinical prostate cancer is
likely to increase the complexity ofmetabolic phenotypes and vul-
nerabilities. We evaluated metabolic gene expression before and
after AR inhibition in four clinical datasets representative of local-
ized and locally advanced or metastatic prostate cancer, but we
lack sufficient clinical data to define treatment-induced metabolic
changes in a larger cohort of advanced metastatic prostate can-

cer. Finally, we showed that MYC activity regulates DRP1 phos-
phorylation, butwewerenot able todefine the precisemechanism
by which S616 is phosphorylated in prostate cancer cells.
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(2003). PGC-1alpha-responsive genes involved in oxidative phosphoryla-

tion are coordinately downregulated in human diabetes. Nat. Genet. 34,

267–273. https://doi.org/10.1038/ng1180.

75. Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S.,

Batut, P., Chaisson, M., and Gingeras, T.R. (2013). STAR: ultrafast univer-

sal RNA-seq aligner. Bioinformatics 29, 15–21. https://doi.org/10.1093/

bioinformatics/bts635.

76. Cordes, T., andMetallo, C.M. (2019). Quantifying IntermediaryMetabolism

and Lipogenesis in Cultured Mammalian Cells Using Stable Isotope

Tracing and Mass Spectrometry. Methods Mol. Biol. 1978, 219–241.

https://doi.org/10.1007/978-1-4939-9236-2_14.

77. Trefely, S., Ashwell, P., and Snyder, N.W. (2016). FluxFix: automatic isoto-

pologue normalization for metabolic tracer analysis. BMC Bioinf. 17, 485.

https://doi.org/10.1186/s12859-016-1360-7.

78. Desousa, B.R., Kim, K.K.O., Hsieh, W.Y., Jones, A.E., Swain, P., Morrow,

D.H., Ferrick, D.A., Shirihai, O.S., Neilson, A., Nathanson, D.A., et al.

(2022). Calculating ATP production rates from oxidative phosphorylation

and glycolysis during cell activation. Preprint at bioRxiv. https://doi.org/

10.1101/2022.04.16.488523.

79. Zhang, A., Zhao, J.C., Kim, J., Fong, K.W., Yang, Y.A., Chakravarti, D., Mo,

Y.Y., and Yu, J. (2015). LncRNA HOTAIR Enhances the Androgen-

Receptor-Mediated Transcriptional Program and Drives Castration-

Resistant Prostate Cancer. Cell Rep. 13, 209–221. https://doi.org/10.

1016/j.celrep.2015.08.069.
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summarize analysis results for multiple tools and samples in a single

report. Bioinformatics 32, 3047–3048. https://doi.org/10.1093/bioinfor-

matics/btw354.

89. Bray, N.L., Pimentel, H., Melsted, P., and Pachter, L. (2016). Near-optimal

probabilistic RNA-seq quantification. Nat. Biotechnol. 34, 525–527.

https://doi.org/10.1038/nbt.3519.

90. Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold

change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15,

550. https://doi.org/10.1186/s13059-014-0550-8.

91. P’ng, C., Green, J., Chong, L.C., Waggott, D., Prokopec, S.D., Shamsi, M.,

Nguyen, F., Mak, D.Y.F., Lam, F., Albuquerque, M.A., et al. (2019). BPG:

Seamless, automated and interactive visualization of scientific data.

BMC Bioinf. 20, 42. https://doi.org/10.1186/s12859-019-2610-2.

92. Quigley, D.A., Dang, H.X., Zhao, S.G., Lloyd, P., Aggarwal, R., Alumkal,

J.J., Foye, A., Kothari, V., Perry, M.D., Bailey, A.M., et al. (2018). Genomic

Hallmarks and Structural Variation inMetastatic Prostate Cancer. Cell 174,

758–769.e9. https://doi.org/10.1016/j.cell.2018.06.039.

93. Sud, M., Fahy, E., Cotter, D., Azam, K., Vadivelu, I., Burant, C., Edison, A.,

Fiehn, O., Higashi, R., Nair, K.S., et al. (2016). Metabolomics Workbench:

An international repository for metabolomics data and metadata, metabo-

lite standards, protocols, tutorials and training, and analysis tools. Nucleic

Acids Res. 44, D463–D470. https://doi.org/10.1093/nar/gkv1042.

Cell Reports 42, 113221, October 31, 2023 17

Article
ll

OPEN ACCESS



 127 

 

 

STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-TUFM Atlas Antibodies Cat#AMAb90966; RRID: AB_2665738
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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

Chemicals, peptides, and recombinant proteins

Trypsin-EDTA GIBCO Cat#25300-054

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

5a-Androstan-17b-ol-3-one (DHT) Sigma Cat#A8380-1G

Fetal bovine serum, charcoal

stripped
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cOmplete protease inhibitor
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

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

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-iTTM Plus EdU Alexa

FluorTM 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
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

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

Figures S1FS-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

5’-AATTCTTTAATTAAAG-3’ This paper N/A

5’-CCTTAATTAAGCGATC

GCACTGGGTACCTGGGCC-3’

This paper N/A

5’-CAGGTACCCAGTG

CGATCGCTTAATTAAGGGTAC-3’

This paper N/A

5’-CTTAATTAAACTGGGGAGC

TCCGC-3’

This paper N/A

5’-GGAGCTCCCCAGTTTAATT

AAGAGCT-3’

This paper N/A

5’-GACGATGATTAATTAA-3’ This paper N/A

5’-CACCGAATTCTTCC

ATAGAGCTCGTCAAGAGCGA

GCTCTATGGAAGAATTC-3’

This paper N/A
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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
d 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 sup-
port 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.

d Code for generating PCA projection plots can be found at https://github.com/Nick-Nunley/PCA-for-AR-induced-metabolic-
reprogramming-in-CRPCa

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

5’-AAAAGAATTCTTCC

ATAGAGCTCGCTCTTGACGAG

CTCTATGGAAGAATTC-3’

This paper N/A

F-50- AGTTGAGTTTTAGTGATT

TTGTGGT -30
This paper N/A

R-50- AACTTACCTTCTACACTT

AATCATAATTAA -30
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.io/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.babraham.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

Prism v8 GraphPad https://www.graphpad.com/scientific-

software/prism/

Other

Sonic dismembrator Thermo Fisher Scientific Cat#FB120
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d 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 Labora-
tory Animal Medicine at UCLA.

7 million 16D cells were implanted subcutaneously with 100 ml Matrigel (Corning) into male NSG mice to form primary tumors. Pri-
mary tumors were harvested, minced, and re-implanted (20 - 80 mg of minced tumor tissue with 100 ml 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 weremaintained by serial implantation of 20 – 80mg ofminced 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 castratedmice. Nine days after implantation, tumorswere treated by oral gavagewith 7.5mg/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 har-
vested dissociated to plate into organoid culture as described in the ‘‘Organoid culture’’ section.

METHOD DETAILS

In vitro metabolic profiling and 13C isotope tracing
These methods refer to Figure 2I and Figures S2A–S2C. Naı̈ve 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 mg/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 mL
of ice-cold MeOH and 200 mL water containing 1 mg of the internal standard norvaline. Cells were then scraped and placed in 1.5 mL
centrifuge tubes kept on ice. Next, 500 mL of chloroformwas added, after which samples were vortexed for 1minute 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 mL of 2% (w/v) methoxyamine in pyridine and incubated at 37!C for 45 minutes. This
was followed by addition of 20 mL of MTBSTFA + 1% TBDMSCl (Ntert-Butyldimethylsilyl-N-methyltrifluoroacetamide with 1% tert-
Butyldimethylchlorosilane), mixing, and incubation for an additional 45minutes 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
Thesemethods refer to Figures 1E–1H, 7D–7H and Figures S1F–S1H, Figures S1N, and S1O. Cells were seeded at 30 percent conflu-
ence 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 mg/mL streptomycin or glutamine-free
RPMI 1640 plus 2mM U13C-glutamine (Cambridge Isotope Laboratories), 10% (v/v) FBS, 100 units/mL penicillin, and 100 mg/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 500ml 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 ml of the soluble fraction
was transferred to ABC vials (Thermo Fisher Scientific). 80% MeOH was evaporated from the ABC vials using the EZ-2Elite evapo-
rator (Genevac) and samples were stored at -80!C until analysis.

Driedmetabolites were resuspended in 50%ACN:water and 1/10th was loaded onto a Luna 3umNH2 100A (1503 2.0mm) 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 ml/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
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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 ml 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 ml of each sample was transferred to a 96-well black wall clear bottom tissue culture plate (Corning). 50 ml lysis so-
lution was added to one well for a blank reading. 100 ml of 5mg/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 flores-
cence 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. Nomedia changes
were performed to preserve all material. Cell culture media and wash media were collected and pooled with quenched trypsin-con-
taining media containing cells and apoptosis analysis was performed using an apoptosis detection kit (BioLegend, 640922) accord-
ing 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 2mM
oligomycin, FCCP (two sequential pulses of 500nM), and 0.2mM rotenone with 1mM 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 2mM 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 changeswere
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 in-
hibitor(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 1mg/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 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
100mg/mL streptomycin. Enzalutamide treatment was performed by adding 10mM 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 100mg/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 8mg/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’-AATTCTTTAAT
TAAAG-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’-CAGGTACCCAGTGCGATCGCTTAATTAAGGGT
AC-3’ were inserted between KpnI and ApaI sites of pBluescript II KS(+). Then, annealed oligonucleotides AG234: 5’-CTT
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AATTAAACTGGGGAGCTCCGC-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’-GACGATGATTAATTA
A-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-CGWwas 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 Sci-
entific). Then, the BamHI-XbaI fragment was purified and inserted between BamHI and XbaI sites in pBSPacI (pBSPacI-shScr21A).
The PacI 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-50- AGT
TGAGTTTTAGTGATTTTGTGGT -30, R-50- AACTTACCTTCTACACTTAATCATAATTAA -30). All PCR reactions were carried out in
40 ml volume containing 20 ng of bisulfite converted DNA, 1 3 Platinum Taqbuffer (Thermo Fisher Scientific), 1.5 U Platinum Taq
(Life Technologies), 250 mM each dNTPs, 1.5mM MgCl2, 0.25 mg/ml bovine serum albumin, 2 ml 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 electropho-
resis 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-mm 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 EnVi-
sion 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.

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
10mMpotassium trifluoromethanesulfonate (TMSO) internal standard on ice. Samples were homogenized for 1minute 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 volumeswere normalized to 500 ml with 80%methanol containing TMSO
internal standard. 80%MeOHwas evaporated from the ABC vials using the EZ-2Elite evaporator (Genevac) and sampleswere stored
at -80!C until analysis.

Dried metabolites were reconstituted in 100 mL of a 50% acetonitrile (ACN) 50% dH20 solution. Samples were vortexed and spun
down for 10 minutes at 17,000g. 70 mL of the supernatant was then transferred to HPLC glass vials. 10 mL of these metabolite solu-
tions 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 mL/min on a SeQuant ZIC-pHILIC Poly-
meric column (2.13 150 mm 5 mm, 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
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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-injec-
tion-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 Auto-
mated 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 alignermodule, 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 identifica-
tions were then further refined by manual curation. Peaks were quantified by area under the curve integration and exported as CSV
files. If stable isotope tracingwas used in the experiment, the peak areaswere 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.

Neutral lipid analysis
Cells were trypsinized, washed with PBS, and stained with 2mMBODIPY 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 100mg/mL streptomycin, 1mg/mL collagenase type I, 1mg/ml dispase, 0.1mg/mL
deoxyribonuclease, and 10mM of the p160ROCK inhibitor Y-27632 dihydrochloride (Tocris Bioscience). When chunks were no longer
visible, the sampleswere incubated at 37!Con a nutating platform for 45minutes in 10mLof dissociationmedia. 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 100mm 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 ml 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
RNAwas 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 1x50 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 armswere used in this study. Only post-ADT samples treatedwith Enzalutamide andDegarelix

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.

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 con-
verting 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
RNAdata processing stepswere common to all datasets. RNA sequencing readswere aligned toGRCh38.13 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
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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 theMolecular 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.

Visualization of mitochondria and lipid droplets
Cells were cultured in m-SlideWell (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 mg/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, 150nMNaCl, 1%NP-40, 0.5%SodiumDeoxycholate, 0.1%SDS) containing a
phosphatase inhibitor cocktail (Halt, 78428) and a protease inhibitor cocktail (MilliporeSigma, 11697498001). Sonicationwasperformed
with a sonic dismembrator (ThermoFisher Scientific, FB120) to improvemembranous and nuclear protein yield. For extraction of protein
lysate from tumor samples, tumorsweremincedwith a razor bladeprior to transfer to pre-filled beadmill tubes (ThermoFisherScientific,
15-340-153) and resuspension in the lysis solution described above. Homogenization was performed for 2 minutes at max intensity us-
ing 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 an-
tibodies (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.

Metabolomics analysis
For projection plots, principal component analysis (PCA) was performed with the scikit-learn, NumPy, pandas, and Matplotlib li-
braries 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 weremerged 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
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Version 7. To generate the average z-score plot, an in vivo Enzalutamide-enrichedmetabolite 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 tech-
nical 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 dis-
tance between the foci of an ellipse and its major axis length. Branching was expressed as form factor ((4p(area))/Perimeter2). Mito-
chondrial 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 Instru-
ments) 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 quantifi-
cation 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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Supplementary Figure 1. Validation of in vitro 16D model, in vivo enzalutamide delivery and heatmap 
from in vitro metabolomics. (A) Violin plot indicating gene z-scores of 1023 Rajan et al. genes enriched post-

ADT (fold change ³ 2, FDR < 0.2) in naïve, 24hr Enzalutamide-treated (Enza), 48hr Enza, and LTenza 16D cells. 

Data represent mean +/- SEM. (B) Gene Set Enrichment Analysis (GSEA) of Hallmark_androgen_response 

genes in naïve and LTenza 16D cells showing normalized enrichment score (NES) and false discovery rate 

(FDR). (C) Cell cycle analysis performed on naïve 16D cells, LTenza 16D cells, and LTenza 16D cells grown in 

the absence of Enzalutamide for 10 days. Data represent the mean +/- SEM of 4 technical replicates. (D) 

Heatmap of differentially expressed genes (fold change ³ 2, FDR < 0.05) in LTenza 16D cells (Enza-treated) 

compared to naïve (Veh-treated) 16D cells. (E) Western blot analysis of NSE, PSA, and Actin (loading control) 

in lysates from vehicle-treated (Veh) and 10-day (10d) enzalutamide-treated subcutaneous 16D tumors. (F) In 

vitro naïve and LTenza 16D metabolomics data projected onto PCA plot of vehicle-treated and Enza-treated 

samples from in vivo 16D metabolomics. 95% confidence eclipses for vehicle- and Enza-treated in vivo data are 

shown in cyan and pink respectively. (G) Violin plot indicating metabolite z-scores of 47 in vivo Enza-enriched 

metabolites (fold change ³ 1.25, FDR < 0.2) in naïve and LTenza 16D cells. Data represent mean +/- SEM. (H) 

Metabolite Set Enrichment Analysis (MSEA) on in vivo Enzalutamide-enriched metabolites (fold change ³ 1.25, 

FDR < 0.2) and in vitro Enzalutamide-enriched metabolites (fold change ³ 1.25, FDR < 0.05) identifies 

commonly-enriched KEGG pathways (p < 0.2). (I) Representative fluorescent staining images of naïve and 

LTenza 16D cells stained for BODIPY (green) and DAPI (blue). Scale bars, 20µm. (J-K) Quantification of 

BODIPY mean fluorescence intensity (MFI) (J) or number of lipid droplets per cell (K) in 16D cells treated with 

vehicle or 10µM Enzalutamide for 24 hours, 48 hours, 96 hours, or 86 days. (L) Quantification of number of lipid 

droplets per cell in naïve 16D cells and LTenza 16D cells after removal of Enzalutamide for 48 hours, 96 hours, 

or 1 week. (M) Western blot analysis of AR, PSA, or ACTIN (loading control) in 16D cells treated with vehicle, 

10µM Enzalutamide, 10µM Apalutamide, or 0.5µM ARCC-4 for nine days. (N) Venn diagram illustrating overlap 

in metabolites with decreased abundance (fold change ³ 1.5) in Enzalutamide-, Apalutamide-, or ARCC-4-

treated 16D cells relative to vehicle-treated 16D cells. (O) MSEA on metabolites commonly enriched with 

Enzalutamide, Apalutamide, or ARCC-4 treatment (fold change ³ 1.5) identifies commonly-enriched KEGG 

pathways. P-values were calculated from an unpaired t-test with Welch’s correction (C and G) and a Fisher’s 

Exact Test (H). ***p < 0.001, ****p < 0.0001. 
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Supplementary Figure 2. Validation of complex I inhibitors and sensitivity of Enzalutamide-treated cells 
to complex I inhibition. (A-B) Relative M+2-labeling of citrate (cit), alpha-ketoglutarate (aKG), succinate (succ), 

fumarate (fum), and malate after 24hr U13C-glucose tracer analysis of DMSO- and 30nM IACS-010759-treated 

naïve (A) or LTenza 16D cells (B). Data represent the mean +/- SEM of 3 technical replicates. (C) Percentage 

of M+3-labeled lactate in naïve and LTenza 16D cells treated with DMSO or 30nM IACS for 24 hours. Data 

represent the mean +/- SEM of 3 technical replicates. (D) Glycolytic ATP production of naïve and LTenza 16D 

cells treated with DMSO or 30nM IACS for 24 hours. Data represent the mean +/- SEM of 5 technical replicates. 

(E) Relative sensitivity of the total ATP production of naïve and LTenza 16D cells to 30nM IACS. Data represent 

the mean +/- SEM of 5 technical replicates. (F) Representative flow cytometry plots illustrating gating scheme 

for cell cycle analysis. (G) Cell cycle analysis to quantify the relative sensitivity of DMSO- and 72hr 30nM IACS-

treated naïve 16D cells to enzalutamide. Data represent the mean +/- SEM of 4 technical replicates. (H) ATP-

linked respiration of naïve 16D cells treated with DMSO or 2mM Metformin (Met) for 24 hrs. Data represent the 

mean +/- SEM of 3 technical replicates. (I) Cell cycle analysis measuring the percentage of EdU+ cells of vehicle-

, 3d, and 6d 2mM Met-treated naïve 16D cells. Data represent the mean +/- SEM of 4 technical replicates. (J) 

Cell cycle analysis to quantify the relative sensitivity of DMSO- and 72hr 2mM Met-treated naïve 16D cells to 

Enzalutamide. Data represent the mean +/- SEM of 4 technical replicates. 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 ³ 0.05. 
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Supplementary Figure 3. AR inhibition-induced metabolic hallmarks are observed in LNCaP cells after 
castration. (A) GSEA of Hallmark_androgen_response genes in control (veh) and 72-hour castrated (Cx) 

LNCaP cells showing normalized enrichment score (NES) and false discovery rate (FDR). (B and C) Violin plots 

indicating gene z-scores of Rajan et al. genes enriched pre-ADT (fold change ³ 2, FDR < 0.2, 911 genes) (B) or 

post-ADT (fold change ³ 2, FDR < 0.2, 1023 genes) (C) in veh and 72-hour Cx LNCaP cells. Data represent 

mean +/- SEM. (D) Cell cycle analysis measuring the % EdU+ cells of veh, 3-day (3d), and 6d 2mM Metformin-

treated (Met) LNCaP cells. Data represent the mean +/- SEM of 4 technical replicates. (E) Cell cycle analysis to 

quantify the relative sensitivity of veh and 72hr Met LNCaP cells to castration. Data represent the mean +/- SEM 

of 4 technical replicates. (F and G) Western blot detecting HK2, LDHA, PSA, and Actin (loading control) 

expression in lysates from 5 vehicle-treated and 5 1-week Enzalutamide-treated 180-30 PDX tumors (F) and 

associated quantification (G). (H) Cell cycle analysis to quantify the proliferation (% EdU+) of vehicle-treated 

(veh) and 1w Enza-treated 180-30 tumors after 3-day ex vivo culture in organoid conditions. Data represent the 

mean +/- SEM of 5 tumor samples per treatment group. (I) Percent change in Ki67 staining in 173-2 PDX tumors 

grown in intact or castrated mice treated with 7.5 mg/kg/day IACS for five days relative to vehicle. Data represent 

the mean +/- SEM. P-values were calculated from an unpaired t-test with Welch’s correction. **p < 0.01, ****p < 

0.0001. 
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Supplementary Figure 4. Quantification of mitochondrial parameters in naïve and LTenza 16D cells and 
DRP1 expression in vehicle- and enzalutamide-treated 16D tumors. (A-C) Quantification of mitochondrial 

eccentricity (A), mitochondrial size (B), and mitochondrial count (C) from TUFM stains from 20 images of naïve 

or LTenza 16D cells. Data represent the mean +/- SEM. (D) Quantification of the mitochondrial volume of naïve 

and LTenza 16D cells from 3-dimensional reconstruction of 10 z-stack images per treatment group. Data 

represent the mean +/- SEM. (E) AR binding of LNCaP-Ctrl, LNCaP-R1881 and 16D at the DNM1L genomic 

locus was analyzed by visualizing AR ChIP-seq bigwig tracks. Red arrow indicates sharp peak called by macs 

to demonstrate binding of AR. (F) Western blot analysis of MYC, HK2, DRP1-P616, DRP1, and ACTIN (loading 

control) in LAPC4 cells treated with vehicle or 10µM Enzalutamide for one week. (G-H) Western blot indicating 

AR, PSA, NSE, HK2, LDHA, DRP1, DRP1 phosphorylation at S616 (DRP1-P616), and ACTIN (loading control) 

expression in lysates from three vehicle-treated and five 10-day Enzalutamide-treated (10d Enza-treated) 16D 

tumors (G) and associated quantification (H). Data represent the mean +/- SEM. (I) Western blot of DRP1-P616, 

DRP1, PSA, and ACTIN (loading control) in vehicle- and Enzalutamide-treated 180-30 PDX tumors. (J-K) 

Western blot indicating AR, PSA, HK2, LDHA, DRP1-P616, DRP1, and ACTIN (loading control) expression in 

lysates from 173-2 PDX tumors grown in intact or castrated mice (J) and associated quantification (K). (L) 

Western blot of MYC, HK2, LDHA, DRP1-P616, DRP1, and ACTIN (loading control in vehicle- or Enzalutamide-

treated 22Rv1 cells. (M) Western blot indicating DRP1-P616, DRP1, PSA, and Actin (loading control) expression 

in lysates from RFP- or DRP1
S616E

-transduced naïve and LTenza 16D cells. 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 ³ 0.05.  
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Supplementary Figure 5. HK2 immunohistochemistry and evaluation of glycolytic enzymes in LNCaP 
cells. (A) Immunohistochemistry of HK2 in subcutaneous 16D tumors treated with vehicle or 10µM Enzalutamide 

for 10 days. (B) Western blot indicating HK2, LDHA, NSE, PSA, and Actin (loading control) in LNCaP cells +/- 

72 hours castration (Cx). (C-F) RNA abundance of glycolytic enzymes in Rajan et al. (C), Reiter clinical trial (D), 

Long et al. (E), and Wilkinson et al. (F) clinical datasets. For C-F, statistical significance was determined using 

the Wilcoxon U test. P values were combined using Fisher’s method and corrected for multiple comparisons 

using the Bonferroni method. 
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Supplementary Figure 6. AR inhibition-induced metabolic hallmarks are retained in enzalutamide-
treated 16D cells after knockdown of RB1 and TP53. (A-C) GSEA of Hallmark_Myc_targets in Reiter trial 

(A), Long et al. (B), and Wilkinson et al. (C) clinical datasets showing NES and FDR. (D-E) GSEA of 

Hallmark_Myc_targets genes in veh and 72-hour Cx LNCaP cells (D) and naïve and Myc-transduced LTEnza 

16D cells (E) showing NES and FDR. (F) Mean percentage of methylated CpGs within the HK2 locus of naïve 

and LTenza 16D cells. (G)� Representative flow cytometry plots indicating gating strategy for cell cycle 

assays. (H-I) Violin plots�indicating gene z-scores of Pan-neuroendocrine tumor (Pan-NET) associated genes 

defined by Guo et al. (H)� and treatment-emergent small-cell neuroendocrine prostate cancer (tNEPC) 

associated genes (fold change ³ 1.5, 330 genes) from the Aggarwal et al. dataset (I) in naïve, shScr LTenza, 

and DKD LTenza 16D cells. Data� represent mean +/- SEM. (J) GSEA of Beltran_NEPC_UP genes in DKD 

LTenza and shScr LTenza 16D cells.(K)�GSEA of Hallmark_Myc_targets in DKD LTenza and naïve 16D cells. 

(L) Heatmap of select glycolytic genes� from 3 technical replicates per line. (M-N) Mitochondrial (Mito) ATP 

production (M) and glycolytic ATP production�(N)� in naïve, shScr LTenza, and DKD LTenza 16D cells from 4 

biological replicate experiments. (O) Total ATP� production, represented as the sum of mitochondrial ATP 

production (Mito ATP) and glycolytic ATP production�(Glyco ATP), of naïve, shScr LTenza, and DKD LTenza 

16D cells from 4 biological replicate experiments.�Statistics refer to comparison of total ATP levels. Data 

represent mean +/- SEM. (P) Percentage of total ATP�production from mitochondrial ATP production (% ATP 

from Mito) of naïve, shScr LTenza, and DKD LTenza 16D�cells from 4 biological replicate experiments. 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 ³ 0.05.
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Supplementary Figure 7. MYC target gene expression is restored in LTL331 model of relapsed castration-
resistant prostate cancer despite maintenance of low AR activity. (A) BODIPY mean fluorescence intensity 

in RFP- and MYC-transduced 16D cells maintained +/- 10µM Enzalutamide for 1 week. (B-C) GSEA of 

Hallmark_Myc_targets in relapsed and 12-week post-castration (12 wk post-Cx) LTL331 tumor samples (B) and 

relapsed and pre-castration (Pre-Cx) samples (C) from the Akamatsu et al. dataset. (D-E) GSEA of 

Hallmark_androgen_response genes in relapsed and 12 wk post-Cx LTL331 tumor samples (D) and relapsed 

and pre-Cx samples (E) from the Akamatsu et al. dataset. Significance was evaluated using normalized 

enrichment scores (NES) and false discovery rates (FDR). 
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KEGG Pathway Fold enrichment p-value
Neuroactive ligand-receptor interaction 2.658 2.35E-07
Arginine and proline metabolism -4.870 2.28E-05
Mineral absorption -5.073 3.99E-05
Metabolic pathways -1.482 5.79E-05
cAMP signaling pathway 2.444 1.56E-04
Protein digestion and absorption 3.347 2.30E-04
Pathways in cancer 1.873 4.24E-04
Dilated cardiomyopathy 3.256 5.45E-04
Renin-angiotensin system -6.176 6.67E-04
Biosynthesis of antibiotics -2.201 6.79E-04
Fructose and mannose metabolism -5.073 7.53E-04
Basal cell carcinoma 3.896 8.68E-04
Calcium signaling pathway 2.233 1.96E-03
Amino sugar and nucleotide sugar metabolism -3.805 2.10E-03
Fatty acid metabolism -3.805 2.10E-03
Steroid biosynthesis -6.088 2.34E-03
ECM-receptor interaction 2.902 2.53E-03
Glutamatergic synapse 2.583 2.74E-03
Renin secretion 3.287 2.97E-03
Hypertrophic cardiomyopathy (HCM) 2.967 3.55E-03
Arrhythmogenic right ventricular cardiomyopathy (ARVC) 3.140 4.07E-03
Protein export -5.294 4.49E-03
Circadian entrainment 2.657 5.05E-03
PPAR signaling pathway -3.029 5.15E-03
Serotonergic synapse 2.464 6.06E-03
Biosynthesis of amino acids -2.818 8.28E-03
Focal adhesion 1.940 8.68E-03
Retinol metabolism 2.958 1.02E-02
Morphine addiction 2.543 1.05E-02
Glutathione metabolism -3.183 1.17E-02

Supplementary Table 1. KEGG PATHWAY analysis: Rajan et al. Top 30 significantly 
enriched pathways
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KEGG Pathway Fold enrichment p-value
Axon guidance 2.835 1.04E-06
Glutamatergic synapse 2.707 1.64E-05
Ras signaling pathway 1.991 1.24E-04
Cell adhesion molecules (CAMs) 2.264 2.11E-04
Cholinergic synapse 2.433 2.95E-04
Alcoholism 2.034 4.88E-04
Pathways in cancer 1.636 5.21E-04
Calcium signaling pathway 2.011 5.84E-04
Pentose and glucuronate interconversions -4.446 6.57E-04
Steroid hormone biosynthesis -3.373 6.58E-04
Basal cell carcinoma 3.095 7.07E-04
Neuroactive ligand-receptor interaction 1.764 7.11E-04
Drug metabolism - cytochrome P450 -3.116 7.48E-04
Circadian entrainment 2.436 8.94E-04
Ascorbate and aldarate metabolism -4.830 9.30E-04
cGMP-PKG signaling pathway 2.034 1.05E-03
Focal adhesion 1.873 1.16E-03
Aldosterone synthesis and secretion 2.540 1.23E-03
ErbB signaling pathway 2.365 2.58E-03
Phenylalanine metabolism -5.753 2.81E-03
Protein digestion and absorption 2.338 2.90E-03
Proteoglycans in cancer 1.800 3.12E-03
Chemical carcinogenesis -2.649 3.18E-03
AMPK signaling pathway -2.253 3.22E-03
Tyrosine metabolism -3.726 4.61E-03
Serotonergic synapse 2.085 4.98E-03
Renin secretion -2.802 5.10E-03
Retinol metabolism -2.802 5.10E-03
Metabolic pathways -1.284 5.28E-03
cAMP signaling pathway 1.753 5.36E-03

Supplementary Table 2. KEGG PATHWAY analysis: 16D cells Top 30 
significantly enriched pathways
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Cellular metabolism is involved in energy production, biosynthesis of macromolecules, the 

regulation of signaling pathways, and epigenetic processes. Rewiring of metabolic pathways has 

been shown to alter lineage identity in several tissues and contribute to therapy resistance in 

many cancer types1–5. Furthermore, reprogrammed energy metabolism can often be exploited to 

impair cancer cell growth6–8. Prostate cancer is the leading cause of cancer-related death in non-

smoking men with an estimated 34,700 deaths in 2023 in the United States alone9. In this 

dissertation, I explored the relationship between lineage identity, metabolism, and response to 

therapy in prostate cancer. In Chapter 2, I described our efforts to further optimize prostate 

organoid culture methods. In Chapter 3, I established that inhibition of mitochondrial pyruvate 

uptake results in large-scale chromatin remodeling, influencing both lineage-specific transcription 

factors and response to treatment. Finally in Chapter 4, I defined treatment-induced metabolic 

alterations and vulnerabilities in prostate cancer and identified molecular mechanisms that 

regulate these phenotypes. These discoveries yield insights into how manipulating metabolism 

can impact prostate cancer progression and inform novel strategies for treatment.  

 

Regulation of prostate cell fate through a metabolic-epigenetic axis  

Prostate epithelial lineage transitions occur during development10, 11, tissue regeneration12, 

inflammation13, prostate cancer initiation14, 15, and treatment resistance16–20. Recent studies have 

identified the epigenome as a regulator of prostate cell fate16, 21–23, yet how upstream metabolic 

signaling contributes to the establishment and maintenance of lineage identity is poorly defined. 

In Chapter 3, I described our efforts to investigate the metabolic regulation of differentiation in the 

prostate and evaluate how the modulation of metabolism can impact response to treatment. To 

delineate prostate epithelial cell type-specific metabolic features, we developed an approach to 

perform metabolomics on primary basal and luminal cells. Using this approach, we discovered 

that basal and luminal cells of the prostate exhibit distinct metabolomes and nutrient utilization 

patterns. Furthermore, we establish that basal to luminal differentiation is accompanied by 
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increased pyruvate oxidation. The mitochondrial pyruvate carrier (MPC) and subsequent lactate 

accumulation emerged as regulators of prostate luminal identity. Inhibition of the MPC or 

supplementation with exogenous lactate reprogram the chromatin landscape of key lineage-

specific transcription factors and modulate response to antiandrogen treatment. These results 

establish reciprocal regulation of metabolism and prostate epithelial lineage identity. 

 

Previous studies have demonstrated that modulation of pyruvate and lactate metabolism can 

mediate differentiation phenotypes through a metabolic-epigenetic axis. For example, deletion of 

the MPC drives CD8+ T cell differentiation toward a memory phenotype due to increased acetyl-

coenzyme-A production and enhanced histone acetylation of pro-memory genes24. Lactate 

supplementation has been shown to promote a stem-like phenotype in CD8+ T cells through 

histone deacetylase (HDAC) inhibition25. In prostate organoids, we found that HDAC inhibition 

antagonizes luminal differentiation, that MPC inhibition and HDAC inhibition have similar effects 

on gene expression, and that the two treatments do not synergize to alter gene expression. Future 

studies will investigate if lactate is binding to HDACs and if this binding is required for the reduction 

in luminal differentiation. Additional ChIP sequencing and bisulfite sequencing is also necessary 

to further elucidate the epigenetic impact of MPC inhibition.  

 

Metabolic manipulation of lineage identity to promote antiandrogen sensitivity 

Resistance to androgen receptor (AR) inhibition is a major cause of disease progression and 

prostate cancer-associated lethality. The loss of luminal identity is associated with resistance to 

AR inhibition18, 19. We established that MPC inhibition and intracellular lactate accumulation 

antagonize luminal differentiation. However, it remains unclear whether metabolic regulation of 

lineage identity can be exploited to promote the reacquisition of luminal features and restore 

sensitivity to AR inhibition in prostate cancer. Future studies will explore whether MPC 

overexpression, lactate dehydrogenase inhibition, or increased pyruvate oxidation via pyruvate 
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dehydrogenase kinase inhibition in non-luminal treatment-resistant prostate cancer organoids 

promotes the reacquisition of luminal features and enhances sensitivity to AR blockade. As 

treatment-resistant disease accounts for the vast majority of prostate cancer-related death, 

developing new strategies to target treatment-resistant prostate cancer is critical. 

 

Metabolic heterogeneity in prostate cancer 

Metabolic transformation during tumor progression plays a pivotal role in sustaining tumor growth 

and is influenced by a complex interplay between the tumor mutational landscape, epigenetic 

alterations, and microenvironmental factors. Elucidating the heterogeneity in tumor metabolic 

dependencies may provide novel biomarkers for personalized therapy or new strategies to 

improve cancer treatment efficacy. Using two independent cohorts, we found that prostate cancer 

patients who fail to respond to AR inhibition exhibit lower MPC expression than do exceptional 

responders26, 27. Future studies will be necessary to identify novel treatment strategies for patients 

that have tumors with low MPC expression. Furthermore, future studies will be required to identify 

additional metabolic determinants that can predict which patients are likely to respond and which 

patients are likely to develop resistance to AR inhibition. Additional work will also be required to 

define how prostate cancer driver mutations alter metabolic properties and whether they confer 

sensitivity to unique metabolic vulnerabilities.  

 

Therapy-induced metabolic reprogramming and vulnerabilities in prostate cancer 

Metabolic rewiring occurs in many tissues during cancer initiation and progression and can 

contribute to therapy resistance. In many cases, altered energy metabolism can be leveraged for 

the diagnosis, monitoring, and/or treatment of cancer. Several studies demonstrate that metabolic 

pathways can be targeted to impair prostate cancer cell growth28–34. Furthermore, AR inhibition 

has been shown to increase reliance on electron transport chain complex I activity and 
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glutaminase activity34; however, the mechanisms that govern AR inhibition-induced metabolic 

reprogramming have not been elucidated. Defining the molecular mechanisms that regulate how 

prostate cancer cells respond to AR-targeted therapies is critical in order to develop approaches 

to prevent or delay disease progression. In Chapter 4, I describe our effort to determine how AR 

blockade alters prostate cancer metabolism and metabolic vulnerabilities. Using transcriptomic, 

metabolomics, and bioenergetic approaches, we comprehensively define how prostate cancer 

metabolism is altered by AR blockade. Following AR inhibition, cells reduce glycolytic activity and 

maintain oxidative phosphorylation, resulting in increased reliance on complex I of the electron 

transport chain. We establish DRP1 activity and MYC signaling as mediators of AR blockade-

induced metabolic phenotypes. Our findings identify altered metabolic signaling as a resistance 

mechanism and provide an example of how therapy-induced metabolic rewiring can be targeted 

to eradicate the cells that survive AR inhibition. 

 

Our results suggest that mitochondrial oxidative metabolism is required for prostate cancer growth 

and survival following AR blockade. Several observational and clinical trials have been performed 

to determine the efficacy of combined Metformin treatment and AR blockade but have thus far 

been inconclusive regarding recurrence-free and overall survival35, 36. Importantly, the maximally-

achievable therapeutic concentration (70µM) found in patients is more than 10 times lower than 

the concentration (1mM) necessary to inhibit complex I activity37, 38. Furthermore, IACS-010759 

has been shown to have dose-limiting toxicities in patients, limiting the potential of complex I 

inhibition as a therapeutic strategy39. Therefore, clinically-viable inhibitors of oxidative metabolism 

are needed to test whether AR blockade can synergize with inhibition of mitochondrial metabolism 

to improve patient outcomes. Alternatively, identifying tumor-specific regulators of oxidative 

metabolism may limit toxicity in patients and enable the impairment of prostate cancer cell growth. 
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Role of altered mitochondrial dynamics following AR inhibition 

In Chapter 4, we identify increased maximal respiration, decreased DRP1 phosphorylation at 

S616, and mitochondrial elongation following AR blockade. Elongation has been shown to protect 

mitochondria from autophagosomal degradation during nutrient starvation40. In several contexts, 

including breast and gynecological cancers, hyperfused mitochondrial networks enable 

chemotherapy resistance41, 42. Importantly, the functional consequence of mitochondrial 

morphology on metabolic activity is highly context dependent. For example, mitochondrial 

fragmentation increases oxidative metabolism in pancreatic cancer models43, whereas 

mitochondrial fragmentation reduces oxidative metabolism in neuroblastoma cells44. Future work 

is necessary to thoroughly evaluate how altered mitochondrial dynamics influence metabolic 

phenotypes and response to AR blockade in prostate cancer. It remains unknown if other proteins 

involved in the regulation of mitochondrial dynamics, such as PGC-1α, MFN2, and OPA1, 

influence metabolic characteristics in prostate cancer. Furthermore, additional experiments are 

necessary to elucidate how AR inhibition results in decreased DRP1 phosphorylation. It also 

remains unknown whether the increased maximal respiration observed following AR blockade 

has functional implications for therapy resistance and treatment-induced metabolic vulnerabilities.  

 

Influence of genetic drivers of lineage plasticity on metabolism 

Previous studies have demonstrated that increased MYC activity antagonizes the canonical AR 

transcriptional program, accelerates prostate cancer progression toward a castration-resistant 

state, and promotes androgen-independent growth45, 46. In Chapter 4, we demonstrate that 

maintenance of MYC activity prevents AR blockade-induced reduction in glycolysis, 

phosphorylation of DRP1-S616, and glutamine utilization. Future studies are necessary to 

investigate whether N-MYC overexpression, which has been shown to promote lineage plasticity 

in prostate cancer16, 17, has a similar effect on metabolism as MYC reactivation. Furthermore, 

additional studies are required to elucidate whether distinct genetic drivers of lineage plasticity 
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converge on similar metabolic phenotypes or if distinct genetic drivers impart unique metabolic 

phenotypes. Metabolic vulnerabilities may be dependent on tumor lineage phenotype. 

Alternatively, elucidating driver-specific metabolic vulnerabilities may enable a personalized 

medicine approach to treating prostate cancer. 
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