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ABSTRACT OF THE DISSERTATION

Defining regulation of prostate cancer initiation, progression, and resistance to
androgen receptor blockade

by
Preston Drake Crowell
Doctor of Philosophy in Molecular Biology

University of California, Los Angeles, 2022
Professor Andrew S. Goldstein, Chair

Prostate cancer is the leading cause of cancer-related death in non-smoking males. Key
factors that contribute to prostate mortality include high incidence and poor survival after
recurrence. Delineating mechanisms of prostate cancer initiation, progression, and
therapy resistance is required to reduce mortality from the disease. Aging is the largest
risk factor for prostate cancer initiation, yet age-related changes to the cell types that can
initiate prostate cancer are poorly defined. Cells that survive treatment enable prostate
cancer progression and therapy resistance, in many cases, by transitioning from therapy-
responsive to therapy-resistant lineages. However, how lineage identity is regulated in
the prostate is not fully understood. Furthermore, uncovering vulnerabilities of cells that
survive treatment remains an area of active research. In this dissertation, | explore the
effects of aging on the cell types of the prostate and identify an age-related expansion of
progenitor-enriched prostate epithelial cells as one mechanism by which aging could
increase prostate cancer incidence. In addition, | define metabolic regulation of lineage
transitions, which enable therapy resistance, and identify targetable treatment-induced
metabolic vulnerabilities. These findings yield new strategies to prevent prostate cancer

initiation and reduce death from resistant disease.
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Chapter 1: Introduction



The prostate gland and cell types

The prostate is a gland that represents one component of the male reproductive system.
Located between the bladder and the penis and encapsulating the urethra, the prostate
secretes seminal fluid, which contributes to semen (Figure 1) '. The muscles that surround
the prostate prevent urine from entering the urethra during ejaculation and ensure that
semen is forcefully expelled outward. The prostate gland contains stromal cells and
epithelial cells (Figure 2) 2. The epithelium is comprised of basal and luminal cells and
rare neuroendocrine cells?. The luminal cells are the secretory cells and reside adjacent
to the lumen of the gland?. Basal cells, which line the basement membrane of the gland,
are encapsulated by the stroma, which contains fibroblasts and smooth muscle cells?.
Lineage tracing studies have revealed that basal and luminal cells are predominately self-
sustained by distinct progenitors under normal physiological conditions; however, basal
progenitor cells have the capacity to form luminal cells during development, tissue
regeneration, inflammation, and prostate cancer initiation32. Basal and luminal prostate
epithelial cells can be efficiently isolated and separated by fluorescence-activated cell

sorting, which enables ex vivo functional characterization of each lineage®1°.

Prostate cancer initiation

Prostate cancer is among the most commonly diagnosed forms of cancer in the world. In
2022, more than 268,490 men in the United States will be diagnosed with prostate
cancer'. Its most common form, prostate adenocarcinoma, affects the prostate glands
and is characterized by expansion of malignant luminal cells and loss of basal cells. Due

to the histology of the disease, prostate cancer was hypothesized to originate from luminal



cells. However, lineage tracing studies in the mouse and in vivo transformation assays
using oncogene-transduced human prostate epithelial cells have identified both basal and
luminal prostate epithelial cells as cells-of-origin for prostate cancer3%912-16_ Basal- and
luminal-derived prostate cancers cannot be distinguished as basal to Iuminal
differentiation precedes prostate cancer initiation from basal cells®'”. Uncontrolled
luminal proliferation in prostate cancer is driven by aberrant activity from the androgen
receptor (AR), an intracellular ligand-dependent steroid hormone receptor that functions
as a transcription factor and regulates the growth of the prostate. Mechanisms of aberrant
AR activity include increased production of its ligand, dihydrotestosterone, AR mutation,
AR amplification, and the expression of constitutively active AR splice variants®1°,
Strategies to target aberrant AR activity to treat prostate cancer will be covered in the

prostate cancer progression and treatment resistance section of the introduction.

Among the greatest risk factors for prostate cancer initiation are aging and chronic
inflammation?%-23, Inflammation-associated luminal cells in the human prostate exhibit
morphological changes known as proliferative inflammatory atrophy (PIA), characterized
by an atrophic appearance, an imbalance between proliferation and apoptosis, and
increased oxidative stress?425, We have shown that PIA-like human luminal cells can be
isolated by low CD38 expression (CD38'°) and are progenitor-enriched and exhibit greater
susceptibility to transformation than other luminal subsets'®. These findings further
implicate chronic inflammation in prostate cancer initiation. Delineating mechanisms of
prostate cancer initiation may reveal approaches to reduce prostate cancer incidence, yet

surprisingly, the effects of aging on prostate epithelial cells are poorly defined.



Aging and progenitor activity

Aging is associated with the functional decline of cells, tissues, and organs, and increased
risk for various diseases?. Aging promotes epigenetic changes that reduce the
regenerative potential of hematopoietic stem cells?’. In addition, aging is associated with
atrophy of muscles, brain, eyes, and thymus, consistent with a decline in progenitor
activity in these tissues?8-33, In many contexts, age-related tissue atrophy and progenitor
cell dysfunction has been attributed to chronic inflammation, as proinflammatory
cytokines have been shown to inhibit stem/progenitor regeneration®3. However, we
have shown that inflammation-associated CD38" luminal cells in the human prostate are
progenitor-enriched, and prostatic aging is associated with growth-related diseases,
rather than atrophy?3. Therefore, the prostate exhibits a distinct response to aging from
other tissues, yet the effects of aging on the gene expression and progenitor activity of

prostate epithelial cells have not been established.

In chapter 2, | discuss our group’s effort to define the effects of aging on prostate epithelial
cells. We found that the ex vivo progenitor activity of mouse prostate epithelial cells is
retained during aging. Using RNA sequencing and flow cytometry, we identified a
progenitor-enriched subset of luminal cells, marked by Trop2, that has since been
validated via single cell RNA sequencing by several groups®-38. Trop2+ luminal cells are
robustly expanded in the aged mouse prostate and exhibit transcriptional similarity to
CD38"° human luminal progenitor cells. Importantly, we found that human luminal

progenitor cells are expanded during aging, suggesting that age-related Iluminal



progenitor cell expansion is conserved across species. It was recently reported that
tumors originating from mouse Trop2+ luminal cells after PTEN deletion develop faster
than tumors derived from other luminal subsets®®. In addition, we have shown that, unlike
other subsets, progenitor-enriched human luminal cells can initiate human prostate
cancer in response to oncogenic transformation'®. Therefore, aging expands the pool of
cells with greater susceptibility to transformation. It is unclear whether aging-associated
immune cell infiltration influences luminal progenitor cell expansion. Future work will seek
to identify key regulators of age-related luminal progenitor cell expansion as interfering

with luminal progenitor cell expansion may reduce prostate cancer incidence.

Aging and metabolic reprogramming

Metabolic reprogramming occurs during aging in various tissues and can contribute to
cancer initiation3°. In chapter 3, | describe our work thus far to define age related changes
to prostate metabolism. We transcriptionally profiled stromal, basal, Trop2+ luminal, and
Trop2- luminal cells isolated from mouse prostate. Motif analysis revealed upregulated
hypoxia-related signaling in old prostate cell types. We identified glutathione and
antioxidant response as commonly enriched across all aged prostatic lineages. Our
findings suggest that a common age-related metabolic signature may be shared by
distinct cell types in the old prostate. More work is necessary to define functional changes
to metabolism in aged cell types using profiling and nutrient tracing approaches. As
chronic inflammation is common in the aged prostate and increases susceptibility to
prostatic disease, it is critical to understand whether inflammation-induced changes to the

microenvironment influence the metabolism of aged prostate cell types2°-22. Upregulation



of glutathione and antioxidant response genes could reflect a cellular response to
inflammation-induced oxidative stress*°. Future work will seek to understand how immune
cell infiltration alters prostate epithelial metabolism and whether aging- and/or

inflammation-induced metabolic features increase susceptibility to prostatic disease.

Prostate cancer progression and treatment resistance

Prostate cancer is the leading cause of cancer-related death in non-smoking males in the
United States™. In 2022, an estimated 34,500 men in the United States will die from
prostate cancer''. Localized or regional prostate cancer has a 5-year survival rate of
greater than 99 percent and is typically treated with surgery and/or radiation therapy''.
The overwhelming majority of prostate cancer mortality occurs from metastatic disease,
which has a 5-year survival rate of only 31 percent'!. Prostate cancer progression from
localized to advanced metastatic disease is driven by aberrant androgen receptor activity
(Figure 3). Accordingly, patients that develop metastatic prostate cancer are treated with
androgen deprivation therapies (ADTs), which reduce AR activity by interfering with the
production of circulating androgens, alone or in combination with chemotherapy*'.
Prostate cancer that responds to ADT is termed castration-sensitive prostate cancer and
prostate cancer that recurs after ADT is termed castration-resistant prostate cancer
(CRPC)#2. As AR activity remains critical for the survival and growth of the majority of
CRPC cells, CRPC is treated with androgen-receptor pathway inhibitors (ARPIs),
including enzalutamide*®. These drugs bind to the ligand binding domain of AR to prevent
ligand binding-induced AR activation*3. Although ARPIs are initially effective, prolonged

ARPI treatment invariably leads to treatment resistance*4. One mechanism of treatment



resistance of particular interest is lineage plasticity, which describes the transition from
an AR-dependent luminal-like lineage to an AR-indifferent lineage that contains basal
and/or neuroendocrine features*+46. As most prostate cancer mortality occurs from
treatment-resistant disease, identifying approaches to prevent, interfere with and/or

reverse treatment-resistance is of utmost importance.

Metabolic regulation of cell fate

Cellular identity is defined and maintained by the epigenome and metabolism has
emerged as a key upstream regulator of the epigenome in recent years (Figure 4) 47
Metabolites such as SAM and alpha-ketoglutarate are important substrates and cofactors
respectively for chromatin-modifying enzymes*®-%°. Furthermore, select metabolic
enzymes facilitate site-specific substrate production for acetylation and methylation
reactions®-%2, Through these mechanisms, metabolic signaling has been shown to
regulate the differentiation of pluripotent stem cells as well as adult progenitor cells
including intestinal and hair follicle stem cells®3-5%. In an effort to better understand lineage
plasticity in prostate cancer, several groups have characterized epigenetic changes
associated with lineage transitions and identified key epigenetic regulators*%6:57,
However, defining upstream metabolic regulation of lineage identity in the prostate has
been challenging due in part to a poor understanding of prostate epithelial cell type-
specific metabolic features. Understanding metabolic regulation of luminal cell identity
could inform new approaches to prevent or reverse lineage plasticity in advanced

metastatic prostate cancer.



In chapter 4, | describe our group’s investigation of metabolic regulation of prostate
epithelial lineage identity. We developed an approach to perform metabolic profiling and
nutrient tracing on basal and luminal prostate epithelial cell isolated from mouse prostate
and identified cell type-specific metabolic features. We validated organoid culture as an
ex vivo model of basal to luminal differentiation and found that luminal differentiation in
prostate organoids is associated with a metabolic shift toward increased glucose
oxidation. These data were corroborated in vivo using lineage tracing approaches
coupled with RNA sequencing. Using genetic and pharmacological approaches, we
identified the mitochondrial pyruvate carrier (MPC) as a key regulator of prostate luminal
identity in both benign and prostate cancer cells. As observed with MPC inhibition, both
lactate supplementation and inhibition of lactate efflux reduced basal to luminal
differentiation in prostate organoids, suggesting that intracellular lactate accumulation
may mediate inhibition of luminal differentiation. Our results provide the first evidence that
distinct prostate epithelial cell types exhibit unique metabolic features and that
metabolism can regulate prostate epithelial lineage identity. Future studies will seek to
identify how to accelerate luminal differentiation using metabolic drugs as restoring the
luminal identity of treatment-resistant cells may sensitize these cells to existing AR

inhibitors.

Therapy-induced metabolic reprogramming in cancer
Metabolic reprogramming is not merely associated with cancer initiation and progression,
but also occurs after treatment where it can interfere with treatment-induced apoptosis

and contribute to treatment resistance®8. For example, increased glutamine metabolism



and glutathione biosynthesis reduce apoptosis by protecting cancer cells from
chemotherapy-induced oxidative stress®%®. In addition, a hyperfused mitochondrial
phenotype has been observed in triple negative breast cancer cells that survive
chemotherapy and enables chemotherapy resistance in gynecological cancers®'-62, In
pancreatic cancer, glutaminase inhibition sensitizes chemo-resistant KRAS-mutant
pancreatic cancer cells to chemotherapy®3. These data support combining standard-of-

care treatments with drugs that interfere with treatment-induced metabolic rewiring.

Metabolic reprogramming occurs during prostate cancer initiation and progression and
several studies suggest that metabolic pathways can be targeted in prostate cancer to
reduce tumor growth®-"1. For example, inhibition of lipogenesis or glutamine metabolism
have been shown to antagonize CRPC®%471. CAMKK2 inhibition disrupts autophagy and
thereby impairs both CSPC and CRPC growth®%70. Furthermore, serine biosynthesis and
lactate export have been targeted to impair tumor growth in neuroendocrine prostate
cancer models®67. Surprisingly, the effect of AR blockade on the metabolic signaling of
prostate cancer cells has not been comprehensively defined. Furthermore, whether
altered metabolism in the cells that survive AR inhibition can be targeted to delay or

prevent prostate cancer progression is poorly understood.

In chapter 5, | detail our group’s effort to define how AR blockade alters prostate cancer
cell metabolism. Using transcriptomics, metabolomics, and bioenergetics approaches, we
found that AR inhibition maintains oxidative mitochondrial metabolism and reduces

glycolytic activity and capacity, through hexokinase Il downregulation and decreased



MYC activity. Elongation of mitochondria via reduced Drp1-driven mitochondrial fission
supports cellular fithess after AR blockade. Furthermore, AR inhibition sensitizes prostate
cancer cells to complex | inhibitors in several models, suggesting that AR blockade
promotes increased reliance on oxidative mitochondrial metabolism. 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. Future work will seek to identify the mechanism by which

mitochondrial elongation supports cell fithess after AR blockade.
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Figure 1. Visualization of prostate within pelvic region.

The prostate encapsulates the urethra, which while allows urine and semen from the
bladder and secretory ducts respectively to travel out of the body. The prostate provides
the fluid component of semen and the muscles that surround the prostate contract to
expel semen outward during ejaculation.
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Figure 2. Schematic of the prostate gland.
The prostate gland is comprised of epithelial and stromal cells (grey). Within the prostate

epithelium are basal (green), luminal (blue), and rare neuroendocrine (red) cells. The
basement membrane is depicted by the dashed line.
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Figure 3. Prostate cancer progression and treatment.

Castration-sensitive prostate cancer that recurs after local therapy is treated with
androgen deprivation therapy (ADT). Prostate cancer that recurs after ADT is termed
castration-resistant prostate cancer and is treated with androgen receptor (AR) pathway
inhibitors (APIs). Resistance to APIs contributes to the vast majority of prostate cancer

lethality.
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Metabolites facilitate epigenetic modifications. Acetyl CoA, generated from citrate or
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adenosylmethionine, generated from the methionine cycle, is the substrate for
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succinate inhibit demethylase activity.
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SUMMARY

Aging is associated with loss of tissue mass and a
decline in adult stem cell function in many tissues.
In contrast, aging in the prostate is associated with
growth-related diseases including benign prostatic
hyperplasia (BPH). Surprisingly, the effects of aging
on prostate epithelial cells have not been estab-
lished. Here we find that organoid-forming progeni-
tor activity of mouse prostate basal and luminal cells
is maintained with age. This is caused by an age-
related expansion of progenitor-like luminal cells
that share features with human prostate luminal pro-
genitor cells. The increase in luminal progenitor cells
may contribute to greater risk for growth-related dis-
ease in the aging prostate. Importantly, we demon-
strate expansion of human luminal progenitor cells
in BPH. In summary, we define a Trop2* luminal
progenitor subset and identify an age-related shift
in the luminal compartment of the mouse and human
prostate epithelium.

INTRODUCTION

As living organisms age, they experience changes that result in
the functional decline of their cells, tissues, and organs,
increasing risk for a range of diseases (Lopez-Otin et al., 2013).
Many aspects of the aging process are thought to contribute
to disease, such as aberrant signaling pathways, defects in auto-
phagy, and shortening of telomeres (Niccoli and Partridge,

2012). Aging is associated with a loss of tissue mass, structural
integrity, and regenerative potential (van Deursen, 2014), which
may be caused by defects in tissue stem and progenitor cells.
Age-related atrophy of muscles, brain, eyes, and thymus has
been well documented (Baumgartner et al., 1998; Klein et al.,
1992; Meier-Ruge et al., 1992; Simpson et al., 1975), consistent
with a decline in progenitor activity in many of these tissues
(Conboy et al., 2003; Molofsky et al., 2006). In contrast, the pros-
tate gland has been shown to undergo expansion with age. Prev-
alence of benign prostatic hyperplasia (BPH), characterized by
enlargement of the prostate, increases with age (Roehrborn,
2005). However, the link between age and progenitor capacity
in the prostate has not been well defined.

Previous observations in old mice have identified age-related
changes in the prostate microenvironment, including stromal
disorganization and increased inflammation (Bianchi-Frias
et al., 2010). We have previously identified a population of pro-
genitor-like luminal cells in the human prostate that are
expanded in regions adjacent to chronic inflammation (Liu
et al., 2016). These CD38" luminal progenitor cells express
prostate stem cell antigen (PSCA) and exhibit an inflammatory
signature. Whether the aging mouse prostate similarly contains
a phenotypically distinct subset of progenitor-like luminal cells
has not been established.

In this study, we performed transcriptional and functional
characterization of epithelial cells from 3-month-old and
24-month-old mice. We found that prostate basal and luminal
cells from old mice surprisingly maintain their progenitor activity.
Luminal cells from old mice exhibit increased expression of
progenitor markers including Trop2 and Psca. Mechanistically,
this is driven by an age-related increase in a distinct Trop2*
luminal progenitor subset capable of generating large organoids.
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Figure 1. Characterization of Adult and Old
Mouse Prostates

(A) Representative images of adult (3-month-old)
and old (24-month-old) mice.

(B) Weights of prostates isolated from adult and old

mice.

(C) Number of dissociated cells per prostate from

each age.

(D) Quantification of the number of branch points in
A gg (m oﬁ?h s) the anterior prostate (AP), dorso-lateral prostate

(DLP), and ventral prostate (VP) lobes isolated from
adult and old mice.

(E) Representative images of branching in AP lobe of
adult and old prostate. Scale bars, 1 mm.

(F) lllustration of the normal mouse prostate gland,
including basal cells (green), luminal cells (blue),
stromal cells (gray), and Lin* immune and endothe-
lial cells (red). Basement membrane is shown as a
dotted line.

(G) Fluorescence-activated cell sorting (FACS) of
whole mouse prostate using surface antibodies
(CD49f and EpCAM) and intracellular staining to
identify basal and luminal populations. Left: gated
ontotal Lin~ cells. Center: gated on K14* basal cells.
Right: gated on K18" luminal cells.

(H and ) Quantification of the number (H) and for-
ward scatter (l) of Lin*, stromal, basal, and luminal
cells in mouse prostates at 3 and 24 months of age.
Data represent mean + SEM of five to seven bio-
logical replicates.

Lin+ (immune & endothelial)

Lin, lineage (CD31, CD45, Ter119); Mo, months of
age. "p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
n.s. = not significant, p > 0.05.

H Loa0- | - See also Figure S1.
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S 1000000 L e == - . icant differences between adult and old
o P e a9 prostates (Figures 1D and 1E).
mo 3 24 3 24 3 24 3 24 mo 3 24 3 24 3 24 3 24 At the histological level, old prostates did

Lin+ Stromal Basal Luminal

In human prostate tissues, we found an increase in PSCA*
luminal cells associated with age and BPH. Defining the cell
types that maintain the prostate with age may shed light on the
mechanisms promoting BPH.

RESULTS

Isolation of Prostate Epithelial Cells from Young Adult
and Old Mice

We aged C57BL/6 (B6) male mice to 24 months and compared
their prostates with post-pubertal 3-month-old young adult
mice, hereafter referred to as adult (Figure 1A). Old mouse
prostates are heavier than adult prostates (Figure 1B) and
contain significantly greater numbers of cells per prostate
(Figure 1C). We hypothesized that increased cell number may
be caused by increased branching during aging. However,
quantification of the number of branch points per lobe (anterior,
dorso-lateral, and ventral) did not reveal any statistically signif-
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not demonstrate features of prostate
adenocarcinoma. However, rare age-
related phenotypes were observed. In
adult mice, prostatic acini are lined by a
cuboidal to columnar epithelium with simple papillary infoldings
and uniform nuclei (Figure S1A). In one lobe of an old prostate,
acini were observed with a proliferation of the epithelium
showing architectural disorganization and increased atypia in
the form of nuclear pleomorphism, features of mouse prostatic
intraepithelial neoplasia (PIN) (Ilttmann et al., 2013) (Figure S1B).
We also observed a single instance of a prostatic lobe with a
markedly cellular mesenchymal proliferation infiltrating the
space between benign prostatic glands, indicative of malignant
sarcomatous features (Figure S1C).

To determine which cell types are responsible for the
increased cell number in old prostates, we utilized fluores-
cence-activated cell sorting (FACS) to distinguish basal, luminal,
stromal, and Lin* cells (expressing immune and endothelial
markers) from adult and old prostates (Figures 1F and 1G). After
depleting Lin* (CD31, CD45, Ter119) cells, we identified basal
and luminal cells based on differential expression of CD49f and
epithelial cell adhesion molecules (EpCAM). Intracellular flow



cytometry for basal (K14, K5) and luminal (K18, K8) keratins
confirmed successful fractionation of basal and luminal cells
within the CD49f" EpCAM* and CD49f° EpCAM* gates, respec-
tively (Figures 1G, S1D, and S1E). Stromal cells, including cells
expressing Desmin, were isolated within the Lin~ CD49f"
EpCAM™ fraction (Figures 1G and S1F).

We observed a dramatic increase in the number of Lin* cells
with age (Figure 1H), consistent with a 3- to 4-fold increase in
the proportion of CD45* cells in old prostates (Figure S1G). We
also noted a minor increase in the number of stromal cells in
old prostates (Figure 1H). No significant change in the number
of basal or luminal epithelial cells was observed. We quantified
forward scatter, a feature of FACS that is associated with cell
size, from each population of cells. Interestingly, both Lin* and
stromal cells exhibited a significant decrease in forward scatter
levels with age, whereas no significant difference was found in
epithelial subsets (Figure 11). These findings suggest age-related
changes in the prostate microenvironment, consistent with a
previous report (Bianchi-Frias et al., 2010).

Mass Cytometry R an Age-F
Prostate-Infiltrating Lymphocytes

Using mass cytometry (cytometry by time-of-flight [CyTOF]) to
comprehensively phenotype immune cells, we stained single-
cell suspensions of total mouse prostate with a panel of metal-
tagged antibodies against cell surface markers (Figure 2A; Table
S1). To confirm that CyTOF can accurately detect immune cell
populations in the prostate, we compared immune-competent
B6 mice and immune-deficient NOD-SCID-IL-R2y™" (NSG)
mice that lack T cells, B cells, and natural killer (NK) cells, but still
have myeloid cells (Ito et al., 2012). B6 mice were found to have
cells staining positive for T cell (CD3, CD4, and CD8), B cell
(CD19), and myeloid (CD11b and F4/80) markers (Figure S2A).
In contrast, NSG mice stained positively for markers of myeloid
cells, but not lymphocytes (Figures S2A-S2C).

We performed CyTOF on FACS-isolated Lin* cells from adult
and old mouse prostate tissue using the markers CD11c,
Ly6C, CD19, CD8, CD25, CD27, B220, CD4, F4/80, CD11b,
CD138, CD3, CD117, and FCER1A. To examine age-related
changes to the gross immune cell composition of the mouse
prostate, we classified CD45" cells into three major groups. Cells
expressing CD3 were classified as T cells. Cells expressing
CD19 or B220 were classified as B cells. Cells expressing at least
one of the markers, CD11b, CD11c, F4/80, and Ly6C, were clas-
sified as myeloid cells. NK and myeloid cells were difficult to
separate based on the markers used, so we chose to group
them together for this analysis. Although myeloid/NK cells
were found to be dominant in both the adult and old mouse pros-
tate immune compartments, T and B cells significantly increased
with age as a proportion of CD45* cells (Figure 2B).

We used t-Stochastic Neighbor Embedding (t-SNE) to visu-
alize high-dimensional CyTOF data on a two-dimensional
scatterplot, where cells with similar expression of surface
markers are grouped closer together (Mair et al., 2016). Visu-
alizing the resulting t-SNE plot as a heatmap of marker
expression, the T cells and B cells are separated from cells ex-
pressing myeloid markers (Figure 2C). Consistent with age-
related changes in the proportion of major immune lineages

ed Increase in

(Figure 2B), T and B cell regions identified in the t-SNE plot ap-
peared more dense in the old mouse prostate (Figure 2D).
These results are also consistent with age-related changes
in Lin* cell size (Figure 1l), because prostate-infiltrating lym-
phocytes exhibit lower levels of forward scatter than myeloid
cells (Figure S2D).

Old Luminal Cells Generate Larger Organoids

Having characterized age-related changes to the prostate
microenvironment, we sought to evaluate the effects of aging
on prostate epithelial cells. We quantified the percentage of
Ki67* epithelial cells in the mouse prostate by flow cytometry,
and found increased proliferation rates in basal cells compared
with luminal cells (Figure S3A). Although proliferation rates did
not change with age in the basal population, old luminal cells
exhibited a significant increase in proliferation rates (Fig-
ure S3A). We next utilized the prostate organoid assay (Kar-
thaus et al., 2014) to measure age-related changes in epithelial
progenitor activity. We isolated basal and luminal cells from
adult and old mice, and measured primary organoid formation,
organoid size, and self-renewal capacity upon re-plating into
secondary organoid culture. Within the basal cells, no signifi-
cant age-related differences were observed based on primary
organoid-forming capacity (Figure 3A), organoid size (diameter)
(Figure 3B), and self-renewal (Figure 3C). Luminal cells from
adult and old mice had no significant difference in primary orga-
noid-forming capacity (Figure 3D). Organoids derived from
aged luminal cells were larger on average (Figure 3E) and con-
tained a significantly greater proportion of large (>400-pm
diameter) organoids than those derived from adult luminal cells
(Figure S3B). No significant differences in self-renewal capacity
were observed upon re-plating into secondary organoid culture
(Figure 3F).

Confocal microscopy was performed to evaluate markers of
each lineage in organoids derived from adult and old basal and
luminal cells. Basal-derived organoids from both adult and old
mice contained multi-layered epithelium with outer layers ex-
pressing high levels of the basal marker p63 surrounding inner
layers expressing high levels of the luminal marker K8 (Fig-
ure 3G). Luminal-derived organoids from both adult and old
mice generally contained a single layer of cells with high
expression of K8 and low-to-undetectable levels of p63 (Fig-
ure 3H). Western blots confirmed expression of basal and
luminal markers in organoids derived from each cell type and
age, indicative of multipotency (Figures S3C and S3D), as has
been reported for adult basal and luminal cells (Chua et al.,
2014; Karthaus et al., 2014).

Aging Is Associated with a Luminal Progenitor Signature

To gain insight into age-related changes associated with
increased luminal organoid size, we performed gene expression
analysis using RNA sequencing (RNA-seq) on epithelial cells iso-
lated from adult and old mouse prostates. Principal component
analysis of RNA-seq expression indicated that each cell type and
age clusters independently, with principal component (PC) #1
separating basal from luminal cells and PC #2 distinguishing
adult from old epithelial cells (Figure 4A). Within each cell type,
significant gene expression changes were determined based
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Figure 2. Mass Cytometry Reveals an Age-Related Increase in Prostate-Infiltrating Lymphocytes
(A) Workflow for mass cytometry (CyTOF) experiments in mouse. Prostates are removed, dissociated to single cells, stained with metal-tagged antibodies, and

run on a mass cytometer.

(B) Frequencies of major immune cell populations in the prostates of adult and old B6 mice detected using CyTOF.

(C and D) t-SNE plots generated by clustering immune cells from adult and old mouse prostates based on expression of 14 surface markers detected with CyTOF.
(C) Heatmaps of t-SNE plot showing expression of eight selected markers, with scale on left. T cell and B cell regions are denoted by dotted line.

(D) t-SNE plots showing equal numbers of immune cells for adult (left), old (center), and both (right).

Data represent mean + SEM of 5 biological replicates. **p < 0.01, **p < 0.001.

See also Figure S2.

and luminal cells from old mice (Figure S4A), including several
metabolic genes (Cyp2f2, Hmox1, Urah). Fourteen genes
were found to be significantly downregulated in both basal and

on greater than 1.5-fold differential expression between adult
and old, using a cutoff of false discovery rate (FDR) <0.1. Inter-
estingly, 10 genes were significantly upregulated in both basal
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Figure 3. Epithelial Progenitor Activity Is
Maintained in Old Mouse Prostate

(A) Primary organoid formation of sorted basal
cells, shown as percentage of basal cells from 3-
and 24-month-old mouse prostates that form or-
ganoids, with representative images shown on the
right. Scale bars, 250 pm.

(B) Quantification of diameter of basal-derived pri-
mary organoids from 3- and 24-month-old mice.
(C) Percentage of single cells dissociated from
primary basal-derived organoids that can generate
secondary organoids.

(D) As in (A), with luminal cells from 3- and 24-
month-old mouse prostates. Scale bars, 250 pm.
(E) As in (B), measuring organoids derived from
luminal cells.

(F) As in (C), with organoids derived from luminal
cells.

(G and H) Representative immunofluorescent and
differential interference contrast (DIC) images of
basal-derived (G) and luminal-derived (H) organo-
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luminal cells from old mice compared with adult mice (Fig-
ure S4B), including several genes related to the extracellular ma-
trix (Col1al, Col1a2, Col3al, Sparc). Reduced expression of
collagen genes in old epithelial cells is consistent with a previous
report (Bianchi-Frias et al., 2010).

Gene Ontology analysis was performed on gene sets
significantly upregulated in each cell type and age, demon-
strating that adult basal cells were enriched in terms
related to cell adhesion and migration (Figure S4C), whereas
the old basal cell signature was associated with ribosome
biogenesis (Figure S4D). Within the luminal cells, the adult
signature was enriched in male sex differentiation and
gonad development (Figure S4E). Several gene ontology
terms of interest were enriched in old luminal cells including
cell motility and migration, angiogenesis, and inflammatory
response (Figure S4F).

Mer]e

ids from adult and old mice. Staining for p63 (red),
K8 (Keratin 8, green), and DAPI (blue) individually
and merged. Scale bars, 100 pm. Note: old luminal
group is zoomed out to include large organoid.
Data represent mean + SEM of three to five bio-
logical replicates.

****p < 0.0001. n.s., not significant, p > 0.05.
Mo, months of age.

See also Figure S3.

months

DIC

3 A similar signature was previously
demonstrated in CD38"°" luminal pro-
genitor cells in the human prostate
(Liu et al., 2016), suggesting that aged
mouse prostate luminal cells may
share features with human luminal pro-
genitor cells. Several markers of human
prostate luminal progenitors, including
elevated Bcl2, Cd74, Pigr, and Psca
and low Cd38, are associated with
aged mouse prostate luminal cells
(Figure 4B). Gene set enrichment anal-
ysis was used to demonstrate that
the aged mouse prostate luminal signature significantly
overlaps with the CD38"°“ luminal progenitor signature
(Figure 4C).

Elevated Expression of Trop2 in Old Luminal Cells
Old luminal cells were found to express elevated transcript
levels of several stem and progenitor cell markers including
Cd44, Itga2, and Tacstd2 (Trop2) (Figure 4B). We performed
flow cytometry to measure mean fluorescence intensity (MFI)
of Trop2 expression on basal and luminal cells from adult
and old mouse prostates. Although Trop2 expression does not
change with age on basal cells, old luminal cells express
significantly higher levels of Trop2 than adult luminal cells
(Figures 4D-4F).

Mechanistically, we wondered whether progenitor genes
including Trop2 are elevated uniformly in old luminal cells
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Trop2 Expression Defines a Subset
of Large Organoid-Forming Luminal
Progenitor Cells

or whether there is an age-related expansion of a pre-existing
progenitor-like luminal population. By flow cytometry, a subset
of luminal cells from both adult and old prostates appeared to
express elevated levels of Trop2 (Figure 4F). We utilized immu-
nohistochemistry to evaluate Trop2 expression in adult and
old prostate tissue. Trop2 expression was observed on the
vast majority of basal cells (Figures 4G and 4H), as well as
on proximally located luminal cells in both adult and old pros-
tates, as we have previously reported (Goldstein et al., 2008).
In distal regions of adult and old prostates, we observed
Trop2-expressing luminal cells in ridges protruding into the
lumen of ducts (Figures 4G and 4H), where distally located la-
bel-retaining luminal cells were reported to reside (Tsujimura
et al., 2002). In old prostates, Trop2-expressing luminal cells
were also observed in rare regions with epithelial hyperplasia
(Figures 4H and S5).

1504 Cell Reports 28, 1499-1510, August 6, 2019

Using FACS, we isolated a subpopulation
of Trop2* luminal cells from preparations
of dissociated adult prostate comprising
approximately 5%-6% of total CD49f"°
EpCAM* luminal cells. Trop2* and Trop2~
luminal cells express comparable levels
of the luminal marker K18 and low or
absent expression of basal markers K5
and K14 (Figures S6A-S6C). Interestingly,
the Trop2* fraction exhibited a greater proportion of Ki67*
cells (Figure 5A), suggesting that Trop2* and Trop2~ subsets
may be functionally distinct. Upon plating both Iluminal
subpopulations from adult prostate into the organoid-forming
assay, we found that Trop2* luminal cells were capable of
forming organoids at a higher rate (Figure 5B). Furthermore, or-
ganoids derived from Trop2* luminal cells were considerably
larger than organoids derived from Trop2~ luminal cells
(Figure 5C). Both Trop2* and Trop2~ luminal cells generated
organoids containing one or two layers of cells with high
expression of K8, whereas Trop2* luminal-derived organoids
tended to express higher levels of p63 than Trop2~ luminal-
derived organoids (Figures 5D and 5E). These differences
in functional capacity suggest that Trop2* Iuminal cells
represent a progenitor-enriched subpopulation from the adult
prostate.
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Figure 5. Trop2* Luminal Cells Represent a
Progenitor-Enriched Subpopulation that Is

A B 10 ek C 500 Expanded with Age
% (A) Percentage of Ki67* cells within the Trop2™~ and
c 15 . 400 Trop2* luminal fractions from adult mice measured
't g-, g : g. using intracellular flow cytometry with three bio-
=
] °o% = 300 logical replicates.
!E X £ 1.0 % 200 (B) Relative percent organoid formation of Trop2
s 5 £ and Trop2* luminal cells isolated from adult mouse
'ﬁ * 05 8 100 prostate, normalized to Trop2~ luminal cells from
E o each replicate experiment.
0.0 0 (C) Quantification of diameter of luminal-derived
v ,‘:‘ ¥ ,13‘ 54 qj‘ primary organoids from Trop2~ and Trop2* luminal
«‘OQ &‘OQ «‘OQ «‘OQ &(OQ &‘OQ cells from adult mice.
(D and E) Representative differential interference
- . o . contrast (DIC, left) and immunofluorescent images
D Trop2- luminal-derived E Trop2+ luminal-derived ( ) g

24-month

F 3-month G
©
£
£
=
+
o
Q
o
4
=

- B
AARN RRARLL A rea bt et e B i e pe i
w2 0 w010 0 T, 0 10°
Trop2-APC

Age-Related Expansion of Trop2* Luminal Progenitor
Cells

The mean percentage of Trop2* luminal cells increased from 6%
in adult to 21% in old prostates (Figures 5F and 5G), indicating a
significant age-related expansion of this subpopulation. Similar
fractions of Trop2* and Trop2~ luminal cells were observed
when comparing total dissociated cells and DAPI-negative
viable cells (Figures S6D and S6E), ruling out the possibility
that the expanded Trop2* fraction in old prostates is a result of
preferential survival during dissociation.

To determine whether luminal subsets defined by Trop2
expression retain their gene signature with age, we performed
RNA-seq on Trop2* and Trop2~ luminal cells from adult and
old mice. When comparing genes that were greater than
1.5-fold enriched in Trop2* luminal cells with a p value <0.05
and FDR < 0.1, we identified 1,121 genes in the adult and
1,252 genes in the old prostate associated with a Trop2* luminal
signature. Importantly, the majority of these genes were shared
by both adult (66%) and old (59%) Trop2* luminal cells (Fig-
ure 6A), suggesting an age-related maintenance of the core
Trop2* progenitor signature. Interestingly, the Trop2* luminal
signature includes Psca (Figures 6B and 6C), a marker of human

N
=] S

-
o

(right) of Trop2~ luminal-derived (D) and Trop2*
luminal-derived (E) organoids stained for p63 (red),
K8 (green), and DAPI (blue). Three small organoids
derived from Trop2~ luminal cells are shown in (D).
Scale bars, 20 pm.

(F) Representative flow cytometry plots illustrating
the percentage of luminal cells that stain positively
for Trop2 in adult and old mouse prostates. SSC-A,
side scatter.

(G) The percentage of luminal cells that express
Trop2 as measured by flow cytometry with six to
seven biological replicates per age. Data represent
mean + SEM.

**p < 0.01, **p < 0.001, ***p < 0.0001.

See also Figure S6.

prostate luminal progenitor cells (Liu et al.,
2016) that was recently shown to define a
distinct luminal subset in prostate tissues
from healthy human donors (Henry et al.,
2018). CD44, a marker of stem and pro-
genitor cells in several epithelial tissues
including prostate (Garraway et al., 2010), was also found in
the Trop2* signature and validated at the protein level by flow
cytometry (Figures 6D and 6E).

Similar analysis of genes enriched in Trop2~ luminal cells re-
vealed considerable overlap between adult (61%) and old
(41%) prostates (Figure 6A). The degree of overlap within Trop2 ™~
luminal cells was lower than that of Trop2* luminal cells, which
may reflect increased responsiveness to age-related signals
from the microenvironment. Alternatively, the Trop2~ luminal
subset may contain a greater degree of heterogeneity that has
yet to be defined.

3 24
months

Trop2* Luminal Cells Maintain Progenitor Activity

with Age

We evaluated the functional capacity of Trop2* and Trop2~
luminal cells from both adult and old mice to determine the
effect of age on progenitor capacity within each phenotypically
defined subset. Both adult and old Trop2* luminal cells form
organoids at similar rates and generate structures of similar
size (Figures 6F-6H), indicating an age-related maintenance of
the progenitor activity from this subpopulation. In contrast,
Trop2~ luminal cells from old prostates have a diminished
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Figure 6. Trop2* Luminal Signature and Progenitor Activity Are Maintained with Age
(A) Venn diagram shows the number of genes that are significantly upregulated in Trop2* luminal cells (left) or Trop2 ™~ luminal cells (right) from adult and old mouse

prostate.

(B) Heatmap showing representative genes in the Trop2* and Trop2~ luminal signatures, with biological replicates of each subset from adult and old mice.
(C) Psca mRNA in basal and luminal cells (left) and Trop2* and Trop2™~ luminal cells (right) shown as reads per kilobase of transcript per million mapped reads

(RPKM).

(D) As in (C), with expression of Cd44 in Trop2* and Trop2~ luminal cells.
(E) Mean fluorescence intensity (MFI) of CD44 in Trop2* and Trop2™~ luminal cells from adult and old mice measured with flow cytometry.
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Figure 7. Human PSCA* Luminal Cells and Inflammatory Cells
Expand in Aging and BPH

(A) The percentage of luminal (CD45~ EpCAM* PDPN~ CD26'°*/*) cells that
express PSCA in dissociated human prostate preparations from 10 men with
BPH and 10 organ donors.

(B) As in (A), but measuring the percentage of total dissociated human prostate
cells expressing CD45 as measured by flow cytometry. Data represent
mean = SEM.

(C) Plots show correlation between the percentage of luminal cells that express
PSCA and patient age.

(D) Plots show correlation between the percentage of prostate cells that ex-
press CD45 and patient age.

**p < 0.01, **p < 0.001.

capacity to form organoids with a trend toward reduced orga-
noid size (Figures 6F-6H). The reduced organoid-forming activity
of old Trop2- luminal cells correlates with a decline in gene
expression associated with gene ontology terms cell division,
mitotic nuclear division, and cell cycle (Figure 6l).

We multiplied the percentage of luminal cells that are Trop2*
or Trop2™~ by the proliferative index (% Ki67") within each luminal
subset to determine the contribution of each subset to total
proliferating luminal cells in the mouse prostate. Whereas the
majority of proliferating luminal cells in the adult prostate are
Trop2~, the majority of proliferating luminal cells in the old pros-
tate express Trop2 (Figure 6J). We quantified the contribution of
Trop2* and Trop2~ cells to total luminal progenitor activity by
multiplying the percentage of Trop2* or Trop2™~ luminal cells by

the rate of organoid formation for each subset. Whereas 8% of
luminal organoids in the young prostate are generated by
Trop2* cells, 64% of luminal organoids in the old prostate arise
from Trop2* progenitor cells (Figure 6K), representing a dramatic
age-related shift in the luminal compartment.

Human PSCA* Luminal Cells and Inflammatory Cells
Expand in Aging and BPH

Having demonstrated a significant overlap in gene expression
between Trop2* luminal cells and human luminal progenitor
cells, we asked whether luminal progenitor cells are expanded
with age in human prostate. Using PSCA as a marker of human
prostate luminal progenitor cells (Liu et al., 2016), we evaluated
the frequency of PSCA* luminal cells (Henry et al., 2018) in hu-
man prostate tissues from young healthy men and older men
with BPH. We observed a significant increase in the percentage
of PSCA* luminal cells in prostates from men with BPH
compared with normal prostates from organ donors (Figure 7A).
Interestingly, we also found a significant increase in the propor-
tion of CD45" immune cells in BPH compared with normal pros-
tates (Figure 7B). Both PSCA* luminal cells and CD45" immune
cells are positively correlated with age in the human prostate
(Figures 7C and 7D).

DISCUSSION

Aging is thought to play an important role in the development of
BPH and prostate cancer. In this study, we examined the
progenitor capacity of the prostate epithelium and found that
basal and luminal cells from old mice maintain their organoid-
forming activity. Luminal cells from old mice exhibit a progeni-
tor-like signature and generate larger organoids than young
adult luminal cells (Figures 3E, 4B, and 4C). We set out to deter-
mine whether luminal cells gain progenitor features with age or
whether there is an age-related expansion of a pre-existing
luminal progenitor subset. We found that Trop2 expression de-
fines a unique subset of luminal cells in the adult prostate that
generate large organoids (Figures 4F, 5B, and 5C). The Trop2*
luminal fraction is dramatically expanded with age and contrib-
utes to the vast majority of luminal progenitor activity in old
mouse prostate (Figures 5F, 5G, and 6K). The age-related
expansion of progenitor-like luminal cells was also found in
the human prostate in men with BPH (Figure 7A), suggesting
that luminal progenitor cells may play a functional role in the
disease. In addition to an age-related expansion of luminal
progenitor cells, we also found an age-related increase in inflam-
matory cells in both mouse and human prostates (Figures 7C
and 7D). Although mice are not known to develop BPH, our

(F) Relative percent organoid formation of Trop2™~ and Trop2* luminal cells isolated from adult and old prostate, normalized to adult prostate from each replicate

experiment.

(G) Quantification of diameter of luminal-derived primary organoids from Trop2~ and Trop2* luminal cells from adult and old mice. Data represent mean + SEM.
(H) Representative images of organoids derived from adult and old Trop2* and Trop2~ luminal cells. Scale bars, 100 um.

(I) Gene ontology terms of gene sets downregulated in old compared with adult Trop2™~ luminal cells.

(J and K) Pie charts representing the contribution of Trop2™~ luminal (blue) and Trop2* luminal (green) cells to total proliferating (Ki67*) luminal cells (J) and total
luminal organoid formation (K). Relative rates of proliferation (J) or organoid formation (K) for Trop2* and Trop2 ™~ luminal cells were multiplied by the percentage of
total luminal cells with a Trop2* or Trop2~ phenotype, and represented as the ratio of total luminal proliferation or organoid formation from each subset.

*p < 0.05, **p < 0.001, ***p < 0.0001. n.s. = not significant, p > 0.05. Mo = months of age.
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results suggest that further study of mouse prostate aging may
reveal mechanisms relevant to BPH.

It remains unclear what mechanisms are responsible for the
age-related expansion of Trop2* luminal cells in the mouse pros-
tate. Basal cells exhibit higher proliferation rates than luminal
cells at both 3 and 24 months of age (Figure S3A), consistent
with results in the human prostate (Moad et al., 2017). Within
the luminal compartment, we observed significantly greater pro-
liferation from the Trop2* subset in adult mice (Figure 5A).
Whether proliferating Trop2* luminal cells undergo self-renewing
divisions or give rise to Trop2~ luminal cells has not been estab-
lished. An age-related expansion of Trop2* luminal cells may
result from a sustained proliferative advantage within this subset
throughout life. Trop2* luminal cells may also be derived from
other epithelial populations, such as basal cells or Trop2™
luminal cells. Lineage tracing will be necessary to distinguish
these possibilities.

One possibility is that systemic or local signals originating
outside of the epithelium may contribute to the age-related
expansion of Trop2* luminal cells. Given that old mice are heav-
ier than adult mice and contain a greater amount of adipose tis-
sue, we hypothesized that increased body fat in adult mice may
replicate the aging phenotype. However, we did not observe an
expansion of Trop2* luminal cells in adult mice fed a high-fat diet
for 3 months (Figures S7A-S7F), suggesting that increased body
fat in old mice is not likely to drive the luminal progenitor expan-
sion. Changes in hormone levels may play a role in the expansion
of Trop2* luminal cells, as we have previously demonstrated a
dramatic increase in Trop2* luminal cells in the castrated mouse
prostate (Goldstein et al., 2008). It remains unclear whether the
increase in Trop2* luminal cells in the castrated prostate arises
out of an expansion of pre-existing Trop2* luminal cells or
through the increased expression of Trop2 in castration-resis-
tant luminal cells. Additional studies will be required to define
the cues that drive an age-related expansion of luminal progen-
itor cells.

The age-related expansion of luminal progenitor cells may
also increase the risk for prostate cancer initiation. Using a
variety of in vivo approaches with mouse and human prostate
tissue, we and others have established that progenitor cells
within both the basal and the luminal layers are capable of initi-
ating prostate cancer in response to genetic alterations (Choi
et al., 2012; Goldstein et al., 2008, 2010; Kwon et al., 2014;
Lawson etal., 2010; Lu et al., 2013; Park et al., 2016; Stoyanova
et al., 2013; Wang et al., 2009, 2013). Therefore, as luminal
progenitor cells expand with age in the prostate, the pool of
potential target cells for transformation likely expands as
well. Future work will be aimed at determining whether aged
prostate epithelial cells are more susceptible to oncogenic
transformation.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti-CD49f-PE BioLegend Cat#313612; RRID: AB_893373

Rat anti-EpCAM-APC/Cy7 BioLegend Cat#118218; RRID: AB_2098648
Rat anti-CD31-FITC BioLegend Cat#102405; RRID: AB_312900

Rat anti-CD45-FITC BioLegend Cat#103107; RRID: AB_312972

Rat anti-Ter119-FITC BioLegend Cat#116205; RRID: AB_313706

Rat anti-ESAM-FITC BioLegend Cat#136205; RRID: AB_2044017
Goat anti-mouse TROP-2-APC R & D Systems Cat#FAB1122A; RRID: AB_2287133
Rat anti-CD44-FITC BioLegend Cat#103021; RRID: AB_493684
Rabbit anti-cytokeratin 5-Alexa Fluor 647 Abcam Cat#ab193895; RRID: AB_2728796
Rabbit anti-cytokeratin 8-Alexa Fluor 488 Abcam Cat#ab192467

Mouse anti-cytokeratin 14-FITC Abcam Cat#ab77684; RRID: AB_2265437
Mouse anti-cytokeratin 18-FITC Abcam Cat#ab52459; RRID: AB_869874
Rat anti-Ki67-FITC BioLegend Cat#652409; RRID: AB_2562140
Goat anti-mouse IgG-Alexa Fluor 488 Invitrogen Cat#A28175; RRID: AB_2536161
Goat anti-rabbit IgG-Alexa Fluor 594 Invitrogen Cat#A11012; RRID: AB_141359
Goat anti-rabbit IgG-Alexa Fluor 647 Invitrogen Cat#A-21244; RRID: AB_141663
Goat anti-mouse IgG-Alexa Fluor 647 Invitrogen Cat#A-21235; RRID: AB_141693
Goat anti-rabbit IgG, HRP-conjugated Invitrogen Cat#31463; RRID: AB_228333
Goat anti-mouse 1gG, HRP-conjugated Invitrogen Cat#31430; RRID: AB_228307
Rabbit anti-goat IgG, HRP-conjugated Invitrogen Cat#31402; RRID: AB_228395
Rabbit anti-keratin 5 BioLegend Cat#905504; RRID: AB_2616956
Goat anti-Tp63 R & D Systems Cat#AF1916-SP; RRID: AB_2207174
Rabbit anti-p63 BioLegend Cat#619002; RRID: AB_2207170
Goat anti-mouse TROP-2 R & D Systems Cat# AF1122-SP; RRID: AB_2205662
Mouse anti-cytokeratin 8 Biolegend Cat#904804; RRID: AB_2616821
Rabbit anti-Prom1 Abnova Cat#PAB12663; RRID: AB_10554766
Rabbit anti-Ki67 Abcam Cat#ab15580; RRID: AB_443209
Mouse anti-tubulin DSHB Cat#12G10; RRID: AB_1157911
TruStain fcX (rat anti-mouse CD16/32) Antibody BioLegend Cat#101319; RRID: AB_1574973
Anti-mouse CD45 (clone 30-F11)-89Y DvVsS Cat#3089005B; RRID: AB_2651152
Anti-mouse CD27 (clone LG.3A10) BioLegend Cat#124202; RRID: AB_1236456
Anti-mouse CD138 (clone 281-2) BioLegend Cat#142502; RRID: AB_10965646
Anti-mouse CD45R (clone RA3-6B2)-144Nd DVS Cat#3144011B

Anti-mouse CD4 (clone RM4-5)-145Nd DVS Cat#3145002B; RRID: AB_2687832
Anti-mouse F4/80 (clone BM8)-146Nd DVS Cat#3146008B

Anti-mouse CD45 (clone 30-F11)-147Sm DVS Cat#3147003B

Anti-mouse CD11b (clone M1/70)-148Nd DVS Cat#3148003B

Anti-mouse CD3e (clone 145-2C11)-152Sm DVS Cat#3152004B; RRID: AB_2687836
Anti-mouse CD25 (clone 3C7) BioLegend Cat#101913; RRID: AB_2562798
Anti-mouse Ly6C (clone HK1.4)-162Dy DVS Cat#3162014B

Anti-mouse CD19 (clone 6D5)-166Er DVS Cat#3166015B; RRID: AB_2687846
Anti-mouse CD8a (clone 53-6.7)-168Er DVS Cat#3168003B

Anti-mouse CD117 (clone 2B8) BioLegend Cat#105802; RRID: AB_313211

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-mouse FceR1a (clone MAR-1)-176Yb DVS Cat#3176006B

Anti-mouse CD11c (clone N418)-209Bi DVS Cat#3176006B

Anti-CD31 (clone WM59) BV421 BioLegend Cat#303123; RRID: AB_2562179
Anti-CD26 (clone BA5b) APC BioLegend Cat#302709; RRID: AB_10913814
Anti-CD271 (clone ME20.4) PE BioLegend Cat#345105; RRID: AB_2282827
Anti-CD326 (clone EBA-1) BB515 BD Cat#565398; RRID: AB_2728107
Anti-CD45 (clone HI30) PerCP/Cy5.5 Tonbo Cat#65-0459; RRID: AB_2621897
Anti-CD200 (clone OX-104) BV711 BioLegend Cat#329223; RRID: AB_2715824
Anti-PDPN (clone NC-08) PE BioLegend Cat#337004; RRID: AB_1595457
Rabbit anti-PSCA Abcam Cat#Ab64919; RRID: AB_1142338
Donkey anti-rabbit IgG BV421 DVS Cat#406410; RRID: AB_10897810
Chemicals, Peptides, and Recombinant Proteins

Collagenase type | GIBCO Cat#17-100-017
Deoxyribonuclease Millipore Sigma Cat#D4263-1VL

TrypLE express enzyme, no phenol red GIBCO Cat#12604-013

16% paraformaldehyde

Y-27632 dihydrochloride

Saponin

Dispase

Trypsin-EDTA

Sodium azide

Cell-ID intercalator-103Rh

Cell-ID cisplatin

Cell-ID intercalator-Ir

Maxpar® fix and perm buffer

Maxpar® cell staining buffer

EQ four element calibration beads
cOmplete protease inhibitor cocktail tablet
Triton X-100

A83-01

Advanced DMEM/F-12

B-27 Supplement (50x), Serum Free
(DiHydro)testosterone (5a-Androstan-17p-ol-
3-one)

GlutaMAX

Matrigel GFR Membrane Matrix
N-acetyl-L-cysteine

Recombinant Human EGF, Animal-Free
Recombinant Human Noggin

Sucrose

4’,6-diamidino-2-phenylindole (DAPI)

Electron Microscopy
Sciences

Tocris Bioscience
Millipore Sigma

GIBCO

GIBCO

Millipore Sigma
Fluidigm

Fluidigm

Fluidigm

Fluidigm

Fluidigm

Fluidigm

Roche

Thermo Fisher Scientific
Tocris Bioscience
Thermo Fisher Scientific
Thermo Fisher Scientific
Millipore Sigma

Thermo Fisher Scientific
Corning

Millipore Sigma
PeproTech

PeproTech

Millipore Sigma

Thermo Fisher Scientific

Cat#15710-S

Cat#1254
Cat#47036
Cat#17105-041
Cat#25300-054
Cat#52271-100
Cat#201103A
Cat#201064
Cat#201192A
Cat#201067
Cat#201068
Cat#201078
Cat#11697498001
Cat#BP151-100
Cat#2939
Cat#12634010
Cat#17504044
Cat#A-8380

Cat#35050061
Cat#CB-40230C
Cat#A9165
Cat#AF-100-15
Cat#120-10C
Cat#S0389-500G
Cat#D1306

Critical Commercial Assays

Anti-Goat HRP-DAB Cell & Tissue Staining Kit
Maxpar X8® multimetal labeling kit

RNeasy Mini Kit

KAPA stranded mRNA-seq kit

R & D Systems
Fluidigm
QIAGEN
Roche

Cat#CTS008; RRID: AB_10052005
Cat#201300

Cat#74104

Cat#07962193001

e2 Cell Reports 28, 1499-1510.e1-e6, August 6, 2019

36

(Continued on next page)



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited Data

Raw and processed RNaseq data (Adult and Old) This paper GEO: GSE122367
Raw and processed RNaseq data (Trop2+ and This paper GEO: GSE128724

Trop2-)

Experimental Models: Organisms/Strains

Mouse: C57BL/6J
Mouse: C57BL/6N

Mouse: NSG

Jackson Laboratories

UCLA Department of Radiation
Oncology Animal Core Facility
Jackson Laboratories and the
UCLA Department of Radiation
Oncology Animal Core Facility

Cat#000664
N/A

Cat#005557

Software and Algorithms

Sequencing Analysis Viewer (SAV)

bcl2fastq Conversion Software V2.17

Bowtie2 V2.1.0

RNA-seq by Expectation-Maximization (RSEM)
V1.2.15

Empirical Analysis of Digital Gene Expression Data
in R (edgeR)
GOseq

Gene Set Enrichment Analysis (GSEA)

lllumina

lllumina

Langmead and Salzberg, 2012

Li and Dewey, 2011

Robinson et al., 2010

Young et al., 2010

Subramanian et al., 2005

https://support.illumina.com/sequencing/
sequencing_software/sequencing_analysis_
viewer_sav.html
https://support.illumina.com/sequencing/
sequencing_software/bcl2fastqg-conversion-
software.html
http://bowtie-bio.sourceforge.net/bowtie2/index.
shtml

http://deweylab.github.io/RSEM/

https://bioconductor.org/packages/release/bioc/
html/edgeR.html

https://bioconductor.org/packages/release/bioc/
html/goseq.html

https://www.broadinstitute.org/gsea

Maxpar Panel Designer Fluidigm http://www.dvssciences.com/paneldesigner/
resources

FlowJo V10 FlowJo LLC https://www.flowjo.com/

Prism V7 GraphPad https://www.graphpad.com/scientific-software/
prism/

Other

58Y1 Test Diet Cat#1810473

35mm micro-dish Ibidi USA Cat#50-305-806

NuPAGE 4-12% Bis-Tris Gel Novex Cat#NP0335BOX

PVDF membrane Millipore Sigma Cat#/PVH00010

Sonic dismembrator Thermo Fisher Scientific Cat#FB120

LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not generate new unique reagents. Further information and requests for resources and reagents should be directed to
and will be fulfilled by the Lead Contact, Andrew S. Goldstein (agoldstein@mednet.ucla.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Work

Immunocompetent male C57BL/6J and C57BL/6N mice (B6) and immunodeficient male NOD.Cg-Prkdcs™@ 112rg"™"i/SzJ (NSG)
mice from Jackson Laboratories and the UCLA Department of Radiation Oncology’s animal core facility were used in experiments.
Mice were bred and maintained under the care of the UCLA Division of Laboratory Animal Medicine (DLAM), using approved proto-
cols. For aging experiments, mice were purchased from Jackson Laboratories at 12 months of age and were maintained at UCLA
until they reached 24 months of age. For high fat diet experiments, 4 week-old B6 mice were fed normal chow or high fat diet

(58Y1, Test Diet) for 14 weeks.
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Collection of Mouse Prostate Tissue

Male mice were euthanized using carbon dioxide asphyxiation, and the urogenital tract was removed and placed into RPMI 1640
(GIBCO) containing 10% fetal bovine serum (FBS) (Corning), 1x penicillin-streptomycin (GIBCO). Under a microscope, seminal ves-
icles, the bladder, the urethra, and fat were removed from the urogenital tract to isolate the prostate. Mouse prostates were weighed,
and weights were recorded.

Collection of Human Prostate Tissue

Prostate specimens used in this study were obtained from 10, 18-47 year old male organ donors whose families were consented at
the Southwest Transplant Alliance from March 2017 to April 2019 under IRB STU 112014-033. After transplantable organs were har-
vested, a cystoprostatectomy was performed and the specimen was transported to UT Southwestern Medical Center for processing.
Ten aged prostate specimens were collected from patients undergoing simple prostatectomy at Clements University Hospital for
lower urinary tract symptoms due to BPH from March 2018 to April 2019 under IRB STU 112014-033.

METHOD DETAILS

Quantification of Branch Points

Branch point of mouse prostate lobes was quantified as described (Lai et al., 2012) with modifications. Briefly, the mouse prostate
lobes were dissected and digested with 10 mg/ml collagenase type | (GIBCO) in RPMI 1640 (GIBCO) with 10% fetal bovine serum
(Corning) for 1 h at 37°C. The ductal structure was exposed with fine forceps and branching points were counted under a dissection
microscope.

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 | (GIBCO),
1 mg/ml dispase (GIBCO), 0.1 mg/mL deoxyribonuclease (GIBCO), and 10uM 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 - 1.5 hiin
5 mL of dissociation media. After centrifugation, the pellet was washed with 1x phosphate buffered saline (PBS, GIBCO). The cell
pellet was resuspended in 2.7 mL of 0.05% Trypsin-EDTA (GIBCO) and incubated at 37°C for 5 min. Trypsin was inactivated with
300 pL of dissociation media. Cells were further dissociated by pipetting with a P-1000 pipette and an 18G syringe. Cells were passed
through a 100 um cell strainer (Corning). Dissociated cells were counted using a hemocytometer.

Human Prostate Processing

Fresh tissue samples less than 24 h post-collection were transported in ice-cold saline and immediately processed in a 4 h enzymatic
digestion into single cells at 37°C using 5 mg/ml collagenase type | (GIBCO), 10 uM ROCK inhibitor Y-27632 (Tocris Bioscience),
1nM DHT (Sigma), Img DNase | (GIBCO), and 1% antibiotic/antimycotic solution (100X, Corning) in HBSS. Single cells were filtered
and cryopreserved in 90% FBS/10% DMSO. For experiments, vials were rapidly thawed, washed, and incubated with antibodies for
flow cytometry as described (Henry et al., 2018). Viable human prostate cells were analyzed by fluorescence activated cell sorting in
the UT Southwestern CRI Flow Cytometry Core on a BD FACSAria FUSION SORP flow cytometer and analyzed with FlowJo software
as performed previously (Henry et al., 2018).

Staining and Sorting Cells from Mouse Prostate

Dissociated cells were stained with directly conjugated primary antibodies: rat anti-CD49f-PE (BioLegend), rat anti-CD326 (EpCAM)-
APC/Cy7 (BioLegend), goat anti-Trop2-APC (R & D Systems), rat anti-CD31-FITC (BioLegend), rat anti-CD45-FITC (BioLegend), and
rat anti-Ter119-FITC (BioLegend) for 20 min on ice. Rat anti-ESAM-FITC (BioLegend) was also added to the Lin panel for some ex-
periments. Rat anti-CD44-FITC (BioLegend) was used for analysis. Cells were stained in media containing RPMI 1640 (GIBCO), 10%
FBS (Corning), 1x penicillin-streptomycin (GIBCO), and 10uM of the p160ROCK inhibitor Y-27632 dihydrochloride (Tocris Biosci-
ence). Sorting was performed on a BD FACS Aria Il (BD Biosciences) and flow cytometry analysis was performed on a BD FACS
Canto (BD Biosciences).

Intracellular Flow Cytometry

Dissociated cells from mouse prostate were stained with rat anti-CD49f-PE (BioLegend), rat anti-CD326 (EpCAM)-APC/Cy7
(BioLegend) and goat anti-Trop2-APC (R & D Systems) for 20 min on ice. Cells were washed with PBS and fixed in 1ml of 2% para-
formaldehyde made from 16% paraformaldehyde (Electron Microscopy Sciences) in PBS for 15 min on ice. Cells were washed with
PBS and permeabilized in 1ml of permeabilization buffer (0.1% Saponin (Sigma-Aldrich), 5% FBS (Corning) in PBS) for 15 min at room
temperature in the dark. Cells were resuspended in 100 pL of permeabilization buffer and stained with either rabbit anti-cytokeratin
5-Alexa Fluor 647 (Abcam) and rabbit anti-cytokeratin 8-Alexa Fluor 488 (Abcam), mouse anti-cytokeratin 14-FITC (Abcam), mouse
anti-cytokeratin 18-FITC (Abcam) or rat anti-Ki67-FITC (BioLegend) for 20 min at room temperature in the dark. Cells were washed
and resuspended in permeabilization buffer for analysis on a BD FACS Canto (BD Biosciences).
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Organoid Culture and Assays

Basal and luminal primary cells from mouse prostate were isolated by fluorescence activated cell sorting. Luminal cell populations
were double-sorted to ensure high purity. Sorted cell populations were plated in a 24-well plate (Corning). Basal cells were plated at a
density of 500 or 1000 cells/well, while luminal cells were plated at a density of 2500 or 5000 cells/well. Prostate organoids were
cultured based on established protocols (Drost et al., 2016). For passaging, primary organoids were dissociated in 1mg/ml dispase
(GIBCO) for 30 min to 1 h prior to treatment with 0.05% Trypsin-EDTA (GIBCO) and re-plating. Single organoids were imaged on a
light microscope and organoid diameter was measured as a readout of organoid size. For confocal microscopy, dispase-treated
organoids were fixed with 4% paraformaldehyde in PBS for 2 h at room temperature, and permeabilized by incubating in blocking
solution (10% fetal bovine serum and 0.2% Triton X-100 (Fisher) in PBS) for 2 h. Whole-mount immunofluorescent staining of organo-
ids was performed by incubating with primary antibodies in blocking solution overnight at 4°C, washing with PBS three times for two h
each, incubating with secondary antibodies and 1 pg/ml 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma) in blocking
solution overnight at 4°C, and washing with PBS three times for two h each. Tissue clearing was done with sucrose series (15%,
30%, 45%, and 60% sucrose with 1% Triton X-100 (Fisher) in PBS, 2 h each), and the organoids were mounted on chambered cov-
erslips (35 mm micro-dish, Ibidi USA). Confocal microscopy with Airyscan was performed with LSM 880 (Zeiss). Primary antibodies
used were rabbit anti-p63 (BioLegend) and mouse anti-K8 (BioLegend). Secondary antibodies used were Alexa Fluor 488 goat anti-
mouse IgG (Invitrogen) and Alexa Fluor 594 goat anti-rabbit IgG.

Immunoblot Analysis

Organoids were collected at day 7 and lysed in RIPA buffer (50mM Tris-HCI pH 8.0, 150mM NaCl, 1% NP-40, 0.5% Sodium
Deoxycholate, 0.1% SDS) containing a cOmplete protease inhibitor cocktail tablet (Roche) and every sample was sonicated with
sonic dismembrator (Fisher). Proteins were run on NUPAGE 4%—-12% Bis-Tris Gel (Novex) and transferred onto PVDF membranes
(Millipore Sigma) and probed with antibodies. Keratin 5 and tubulin were detected via fluorescence using goat anti-rabbit IgG-Alexa
Fluor 647 (Invitrogen) or goat anti-mouse IgG-Alexa Fluor 647 (Invitrogen) and all others using HRP-conjugated antibodies against
rabbit, mouse, or goat IgG (Invitrogen). Immunoblot antibodies: rabbit anti-keratin 5 (Biolegend), goat anti-Tp63 (R & D systems),
mouse anti-cytokeratin 8 (Biolegend), rabbit anti-Prom1 (Abnova), mouse anti-tubulin (DSHB).

Immunohistochemistry

3-month-old and 24-month-old mouse prostate tissue was embedded in paraffin and sectioned at UCLA’s Translational Pathology
Core Laboratory. Sections were incubated at 60°C in a vacuum oven for 45-60 min. Slides were transferred into xylene (Fisher)
3 times, 100% alcohol (Decon Labs) 2 times, 95% ethanol 1 time and 70% ethanol 1 time, each for 3 min. Slides were transferred
into PBS (GIBCO) for 5 min prior to epitope unmasking using a heat antigen retrieval step. Staining of sections was performed using
the manufacturer’s protocol for the Anti-Goat HRP-DAB Cell & Tissue Staining Kit (R & D Systems) with primary antibody goat anti-
mouse Trop2 (R & D Systems) at a 10 pg/ml concentration. Hematoxylin and eosin staining was performed by UCLA'’s Translational
Pathology Core Laboratories. Frozen sections were fixed with 4% paraformaldehyde in PBS for 5 min at room temperature, washed
with PBS, and stained with primary antibodies and stained with the following secondary antibodies: goat anti-mouse IgG-Alexa Fluor
488 and goat anti-rabbit IgG-Alexa Fluor 594.

Antibodies for Mass Cytometry

Antibodies used for mass cytometry experiments were purchased pre-conjugated from the manufacturer (Fluidigm) or conjugated in-
house using MaxPar X8® multimetal labeling kit (Fluidigm) according to manufacturer’s protocol. Panels were checked for signal
tolerance using the Maxpar Panel Designer (Fluidigm). Table S1 shows the antibodies used in the mouse panel.

Cell Surface Staining for Mass Cytometry

Cell staining buffer was prepared with 1x PBS (GIBCO) containing 5% bovine serum albumin (BSA) protease-free (Sigma-Aldrich)
and 0.2% sodium azide (Sigma-Aldrich). From single-cell suspension into tubes, 1 x 10° - 1.5 x 10° cells were aliquoted for the
unstained control, and 3 x 10° - 1.8 x 10° cells aliquoted used for the stained samples. For Live/Dead staining with rhodium,
samples were centrifuged and resuspended at 1 x 10° cells/mL in cell staining buffer containing 1 uM Cell-ID Intercalator-103Rh
(Fluidigm) and incubated at 37°C for 15 min. For Live/Dead staining with cisplatin, samples were centrifuged and resuspended at
1 x 107 cells/mL in cell staining buffer. Stock Cell-ID Cisplatin (Fluidigm) was added to samples for a final concentration of 5 uM,
and samples were incubated for 5 min at room temperature. Live/Dead stain was quenched with 2mL cell staining buffer and centri-
fuged. After Live/Dead staining, the antibody cocktail prepared was diluted to 1 pL of each antibody per 50 pL per sample. Cells were
resuspended in 45 pulL cell staining buffer and 5 pL of 5 ung/mL TruStain fcX (anti-mouse CD16/32) Antibody (BioLegend). Samples
were incubated at room temperature for 10 min, then 50 pL of the antibody cocktail was added. Samples were incubated with an-
tibodies added at room temperature for 30 min then washed twice with cell staining buffer and resuspended in 1 mL Maxpar® Fix and
Perm Buffer (Fluidigm) containing 125 nM Cell-ID Intercalator-Ir (Fluidigm). Samples were incubated for 12 — 48 h at 4°C. Samples
were then washed a total of 3 times with cell staining buffer, 1x PBS (GIBCO), then MilliQ Water (Millipore). Samples were passed
through a 40 um strainer (Corning) between the PBS and MilliQ Water washes. After the final wash, cells were resuspended in a re-
sidual amount of MilliQ Water for mass cytometry.
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Mass Cytometry

Mass cytometry was performed at the UCLA Jonsson Comprehensive Cancer Center (JCCC) and Center for AIDS Research Flow
Cytometry Core Facility. Prior to sample introduction cell pellets were washed twice with Maxpar® cell staining buffer (Fluidigm),
twice with MilliQ Water and resuspended in 10% EQ Four Element Calibration Beads (Fluidigm) containing natural abundance cerium
(140/142Ce), europium (151/153Eu), holmium (165Ho), and lutetium (175/176Lu). Samples were acquired on a Helios® mass cytom-
eter (Fluidigm) at an event rate of 300-500 events/second. Post-acquisition data was normalized using bead-based normalization in
the CyTOF software.

RNaseq

RNA was extracted from the cells using the RNeasy Mini Kit (QIAGEN) following the manufactural 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 ampilification. Different adaptors were used for multiplexing sam-
ples in one lane. Sequencing was performed on lllumina HiSeq 3000 for 1x50 run.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNaseq Analysis

Data quality check was done on lllumina Sequence Analysis Viewer (SAV). Demultiplexing was performed with lllumina Bcl2fastq2
v 2.17 program. The reads were first mapped to the latest UCSC transcript set using Bowtie2 version 2.1.0 (Langmead and Salzberg,
2012) and the gene expression level was estimated using RNA-seq by Expectation-Maximization (RSEM) v1.2.15 (Li and Dewey,
2011). TMM (trimmed mean of M values) was used to normalize the gene expression. Differentially expressed genes were identified
using the Empirical Analysis of Digital Gene Expression Data in R (edgeR) program (Robinson et al., 2010). Genes showing altered
expression with p <0.05, FDR < 0.1 and more than 1.5 fold changes were considered differentially expressed. Gene ontology analysis
was performed using the R package goseq (Young et al., 2010), with gene length corrected. Up- and downregulated genes were
separately tested and all genes that were detected (read count > 0) in at least two samples were used as the background. Gene
ontology terms with p value < 0.05 were considered statistically significant. Gene ontology analysis was also performed using DAVID
Bioinformatics (Huang et al., 2009). Heatmap of candidate genes was generated using the heatmap.2 function in the R package
gplots. Expression values were scaled for each row (gene). GSEA analysis was performed using the GSEA software (https://www.
broadinstitute.org/gsea) (Subramanian et al., 2005). Normalized enrichment score and false discovery rate were calculated.

CyTOF Clustering

Manual gating for live CD45* singlets in each sample was performed in FlowJo V10 (FlowJo LLC). Each sample was given a unique
Sample ID, then all samples were concatenated into a single .fcs file. On this file T-Distributed Stochastic Neighbor Embedding
(t-SNE) in FlowJo V10 was performed on equal numbers of cells from 3- and 24-month-old mouse prostate using all surface markers
besides CD45 and the following settings: Iterations, 3000; Perplexity, 50; Eta (learning rate), 4105. Heatmaps of marker expression
were generated using the Color Map Axis function.

Statistical Analysis

Prism V7 (GraphPad) was used to generate graphs and perform statistical analysis. Correlations were determined by calculating the
Pearson correlation coefficient r. Number of replicates, type of replicate, and type of error bars are listed in figure legends. Unless
otherwise stated, two-tailed Student’s t test assuming unequal variance was performed to determine statistical significance.
*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

DATA AND CODE AVAILABILITY

The data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO
Series accession number GSE122367 and GSE128724.
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Supplemental figure 1, related to figure 1. Characterization of adult and old mouse
prostates. (A-B) Representative epithelial glands from adult (A) and old (B) mouse prostate.
Features of simple papillary infoldings and uniform nuclei are highlighted by arrows in A. PIN-like
features of atypia in the form of nuclear pleomorphism are highlighted by arrows in B. Scale bars,
40 um. (C) Rare instance of sarcomatous proliferation in the mesenchyme surrounding epithelial
glands shown with arrows. Boxed region is magnified on right. Scale bars, 400 um (left) and 40 um
(right). (D) Total dissociated cells stained for CD49f and EpCAM are shown with gates highlighting
stromal, basal and luminal fractions. (E) CD49f and EpCAM staining gated on Keratin 8+ (K8+)
luminal cells in blue and Keratin 5+ (K5+) basal cells in green. (F) CD49f and EpCAM staining
gated on Desmin+ stromal cells. (G) Proportion aptotal dissociated cells staining for CD45 is
shown for adult and old mouse prostate. Data +/- SEM for 3 biological replicates is shown.
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Supplemental figure 2, related to figure 2. Characterizing immune cells in B6 and
NSG mice. (A) Mass cytometry analysis of immune cells in the prostates of B6 and NSG
mice showing expression of surface markers. (B-C) Comparison of lymphocyte (B) and
myeloid (C) marker frequencies in prostate immune cells of B6 and NSG mice detected
using CyTOF. Abbreviations: F4, F4/80; 6C, Ly6C. (D) Forward scatter levels of myeloid
cells and lymphocytes from adult mouse prostate measured with flow cytometry. Data
represent mean +/- SEM of 6 biological replicates.
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Supplemental figure 3, related to figure 3. Characterizing organoids derived from adult
and old mouse prostate epithelial cells. (A) Percentage of Ki67+ cells within the basal and
luminal fractions from adult and old mice measured using intracellular flow cytometry. Mean +/-
SEM for 3 biological replicates is shown. (B) Quantification of organoids from each age
classified into larger than or smaller than 400 um in diameter. (C-D) Western blot analysis of
basal-derived (C) and luminal-derived (D) organoids from 3- and 24-month-old mice. Staining
for basal markers (K5 and p63), luminal markers (K8 and Prom1) and a loading control
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Basal
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Arc, Cyp2f2, Egr1, Elfn1,
Fam107b, Hmox1, Lrg1,
Nabp1, Rasd1, Urah

B up in 3 mo

e Basal
88

Col1a1, Col1a2, Col3a1,
Cxcl14, Gata3, Gprc5b, Igfbp5,
Lrrc75b, Rmnd5a, Scd2, Sirpa,

Sparc, Tagin, Tnfrsf19

GO Terms up in 3 mo basal p value
Extracellular matrix organization 9.78E-06
Cell migration 1.40E-05
Cell adhesion 1.40E-05
Localization of cell 2.26E-05
GO Terms up in 24 mo basal p value
ncRNA metabolic process 2.47E-05
Ribosome biogenesis 2.47E-05
rRNA metabolic process 6.96E-05
Apoptotic process 0.00384
GO Terms up in 3 mo luminal p value
Male sex differentiation 0.01408
Gonad development 0.02293
mammary gland development 0.03130
GO Terms up in 24 mo luminal p value
Positive regulation of cell motility 1.12E-07
Positive regulation of cell migration 5.37E-07
Angiogenesis 7.01E-06
Inflammatory response 7.44E-06
Regulation of cell proliferation 7.44E-06
Vasculature development 9.31E-06
Defense response 1.11E-05
Immune system process 1.20E-05
Response to stimulus 1.43E-05

Supplemental figure 4, related to Figure 4. Gene expression profiles of basal and
luminal cells isolated from adult and old mouse prostate. (A) Venn diagram shows
the number of genes that are significantly upregulated in luminal cells, basal cells, or both
in 24-month-old as compared to 3-month-old mouse prostate. Genes upregulated in both
basal and luminal in 24-month-old are listed below. (B) As in A, showing the number of
genes significantly upregulated in old mouse prostate epithelial cells, with overlapping
genes listed. (C-F) Gene ontology analysis of gene sets upregulated in basal cells from 3-
month-old mice (C), basal cells from 24-month old mice (D), luminal cells from 3-month-
old mice (E) and luminal cells from 24-month-old mice (F).
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Supplemental figure 5, related to Figure 4. Characterization of hyperplastic region
in old mouse prostate. Immunofluorescence of old mouse prostate epithelium
demonstrating expression of basal (K5) and luminal (K8) markers as well as proliferation
(Ki67) within hyperplastic region. Scale bars, 50 um.

46



Trop2- lum

o BD_ Cg_
5 \L Trop2- lum M ,lTropZ lum "
o H\(MFI'949) gy || (MFI:136) =
RN <]
'JIM : E
o] Troﬁp lum EE o
] l1114) | & ]
|~11142 0 102 10? 0t 10 szqs h_qm R
K18 (luminal) K5 (basal) K14 (basal)
D 1004 DS E
2 i Ao n.s. 100
o 80 oo o 1
o . )
T w- i EN
= N 60+
E w- 23 540 n.s. ns
- [ ° < T ° o ® oo
B - O, |4 4 o
5w ns. 5% e EEI
0 T T -Iv. T T T T T 0 ; T E .'.
Total luminal + + + + 8 & >y &
Viable (DAPI-) + + + + ) 8— o 8.
Trop2- Trop2+ Trop2- Trop2+ F e F E
Adult (3 mo) Old (24 mo) 3mo 24mo

Supplemental figure 6, related to figure 5. Analysis of Trop2+ and Trop2- luminal
cells from adult and old mouse prostate. (A-C) Intracellular flow cytometry for luminal
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Supplemental figure 7. High fat diet treatment does not phenocopy aging in the
mouse prostate. (A-C) Analysis of mouse weight (A), prostate weight (B) and percentage
of luminal cells that express Trop2 (C) from adult and old mice. Plot shown in B is identical
to the plot shown in Figure 1B. (D-F) Analysis of mouse weight (D), prostate weight (E) and
percentage of luminal cells that express Trop2 (F) from adult mice treated with control or
high fat diet (HFD) for 3 months. Data represent mean +/- SEM for 4-8 biological replicates.
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Table S1. CyTOF Antibodies for Mouse Prostate Immune Cells. Related to STAR
Methods.

Label Target Clone Conjugation Source
89Y CD45 30-F11 Pre-conjugated DVS
139La CD27 LG.3A10 Maxpar Kit BioLegend
141Pr CD138 281-2 Maxpar Kit BioLegend
144Nd CD45R (B220) RA3-6B2 Pre-conjugated DVS
145Nd CD4 RM4-5 Pre-conjugated DVS
146Nd F4/80 BM8 Pre-conjugated DVS
147Sm CD45 30-F11 Pre-conjugated DVS
148Nd CD11b M1/70 Pre-conjugated DVS
152Sm CD3e 145-2C11 Pre-conjugated DVS
155Gd CD25 3C7 Maxpar Kit BioLegend
162Dy Ly6C HK1.4 Pre-conjugated DVS
166Er CD19 6D5 Pre-conjugated DVS
168Er CD8a 53-6.7 Pre-conjugated DVS
173Yb CD117 2B8 Maxpar Kit BioLegend
176Yb FceR1a MAR-1 Pre-conjugated DVS
209Bi CD11c N418 Pre-conjugated DVS
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Chapter 3: Distinct cell-types in the prostate share an aging
signature suggestive of metabolic reprogramming
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Abstract: Age is a significant risk factor for disease of the prostate. However, the mechanisms by which age increas-
es disease risk have not been well described. We previously reported age-related changes within the inflammatory
and luminal compartments of the mouse prostate. Old mouse prostates exhibit an expansion of the population of
Trop2+ luminal progenitor cells and a reduction in the frequency and functional capacity of Trop2- luminal cells,
indicating that different cell-types have distinct responses to aging. Whether distinct cell-types in the prostate share
a common signature of aging has not been established. We transcriptionally profiled four distinct cell-types in young
adult and old mouse prostates: stromal, basal, Trop2+ luminal progenitor and Trop2- luminal cells. Motif analysis
of genes upregulated in old prostate cell-types pointed to transcriptional regulators of inflammatory and hypoxia-
related signaling. Glutathione metabolism and the antioxidant response emerged as a common signature of ag-
ing across prostatic lineages. Expression of genes implicated in mouse prostate aging, including the antioxidant
response gene Hmox1, correlates with age of diagnosis in primary prostate tumors from the TCGA cohort. These
findings reveal a common signature shared by distinct cell-types in the old prostate reflective of age-associated
metabolic reprogramming.

Keywords: Prostate, stromal, basal, luminal, metabolism, inflammation, hypoxia

Introduction The prostate is a cellular heterogeneous organ,
with two epithelial layers consisting of basal
Aging in the human prostate is strongly associ- and luminal cells, stromal cells, and an inflam-
ated with histological changes including tissue matory component [4]. We and others have
enlargement, or benign prostatic hyperplasia demonstrated a significant increase in pros-
(BPH), which occurs in 70% of men in their 70’s tate-infiltrating inflammatory cells in old mouse
[1]. Risk of prostate cancer also increases with prostates, with a notable expansion in T and
age [2], and histological evidence of malignan- B-lymphocytes [5, 6]. In a recent study, we
cy in the prostate is observed in 50% of men in demonstrated a fundamental age-related shift
their 70’s [3]. As the percentage of men over within the luminal compartment, identifying
65 increases, understanding the fundamental Trop2+ luminal progenitor cells that are rare in
changes that occur with age in the prostate will young mouse prostate and expand in old pros-
be essential to combat disease risk. However, tates [5]. The age-related increase in infla-
the mechanisms by which age increases risk of mmatory cells and luminal progenitor cells is
BPH and prostate cancer is still poorly under- observed not only in mouse prostate but also in
stood. Studies in rodents have begun to shed non-cancerous human prostate, indicating that
light on fundamental mechanisms of aging in discoveries of prostatic aging in rodents can
the prostate. inform mechanisms of human prostate aging.
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Common signatures of prostatic aging

In several tissue systems, aging varies be-
tween cell-types. For example, an age-related
increased frequency of megakaryocyte/eryth-
rocyte progenitor cells and decreased frequen-
cy of common lymphoid progenitors indicates
that not all cells in the blood system age equiv-
alently [7]. This is true in the prostate, where
basal cells and Trop2+ luminal cells maintain
their organoid-forming activity with age, while
Trop2- luminal cell-initiated organoid-forming
capacity diminishes with age [5]. Despite func-
tional differences between cell-types, we
hypothesized that we might gain insight into
prostatic aging by comparing age-related
changes in gene expression profiles across dis-
tinct cell-types.

Inflammation is closely linked with tissue
hypoxia, or low oxygen conditions, and oxida-
tive stress [8]. Interestingly, hypoxia is associ-
ated with aging in the prostate [9], and
increased glutathione, which protects cells
against oxidative stress through scavenging
of reactive oxygen species [10], has been
observed in the old rat prostate [11]. Microdi-
ssection of stromal cells adjacent to prostatic
glands in young and old mice revealed increas-
ed expression of inflammatory and oxidative
stress-related genes [6], which may be caused
by the inflammatory microenvironment in the
aging prostate. We reasoned that shared signa-
tures of aging across multiple distinct cell-
types may reflect cellular responses to the local
microenvironment.

Here we performed RNA-sequencing of stromal
cells, basal cells, Trop2+ luminal progenitor
cells and Trop2- luminal cells from 3-month-
old and 24-month-old mouse prostates and
evaluated age-related changes in gene expres-
sion profiles. Common signatures of aging were
associated with inflammation and glutathione
metabolism. Larger changes in metabolic gene
expression were observed including alterations
in genes that regulate glucose, lactate, gluta-
mine, proline and lipid metabolism in old epi-
thelial cell-types. Shared features of mouse
prostate aging were associated with age of
diagnosis in the TCGA primary prostate cancer
cohort. These findings suggest that distinct
prostate cell-types with distinct functional
capacities share a common aging signature
indicative of metabolic reprogramming as a
response to the microenvironment.
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Materials and methods
Animals

C57BL/6 mice were purchased from Jackson
Laboratories and housed and maintained at
UCLA by the Division of Laboratory Animal
Medicine (DLAM) following approved protocols
for animal care.

Mouse prostate dissociation and cell sorting

Prostates were collected from C57BL/6 mice
aged to 3 or 24 months, dissociated to single
cells, and stained with antibodies for Fluore-
scence Activated Cell Sorting as previously
described [5, 12]. Stromal cells (Lin- EpCAM-
CD49f-), basal cells (Lin- EpCAM+ CD49f"),
Trop2+ luminal (Lin- EpCAM+ CD49f™d Trop2+)
and Trop2- luminal (Lin- EpCAM+ CD49fmd
Trop2-) were isolated on a FACSAria Il cell sorter
(BD Biosciences) as previously described [5].

RNA sequencing and analysis

RNA extraction from cells was carried out using
the RNeasy Mini Kit (QIAGEN) following manu-
facturer’s instructions. RNA-seq Libraries were
prepared using KAPA Stranded mRNA-Seq Kit
(Roche). The workflow was comprised of mRNA
enrichment, cDNA generation, and end repair
to generate blunt ends, A-tailing, adaptor liga-
tion and PCR amplification. Different adaptors
were used to multiplex samples in a single lane.
Sequencing was performed on the lllumina
HiSeq 3000 for 1x50 run. Data analysis was
carried out as previously described [5] and
sequencing data have been deposited in
NCBI's Gene Expression Omnibus and can
be accessed through GEO Series accession
number GSE122367 and GSE128724. Princip-
al component analysis was determined using
iDEP [13] (http://bioinformatics.sdstate.edu/
idep/). Gene set enrichment analysis (GSEA)
was performed as described previously [14,
15] using GSEA 4.0.3 software and MSigDB
hallmark gene sets. Motif analysis was per-
formed using i-cisTarget [16, 17] (https://
gbiomed.kuleuven.be/apps/Icb/i-cisTarget/).
KEGG pathway and Gene Ontology analysis
was performed using DAVID Bioinformatics
[18, 19] (https://david.ncifcrf.gov/). TCGA pri-
mary prostate cancer data [20, 21] was acc-
essed using the cBioPortal [22, 23] (https://
www.cbioportal.org/). Tumors were stratified
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Common signatures of prostatic aging

based on age of diagnosis, and the bottom and
top quartiles were compared for analysis of
relative gene expression.

Results

Prostate stromal cells exhibit age-related tran-
scriptional changes

In our previous analysis of aging prostates, we
found an increase in the number of non-epithe-
lial cells in 24-month-old prostates compared
to 3-month-old young adult prostates, whereas
the total number of basal and luminal cells did
not significantly change with age [5]. Not only
did we find a statistically significant increase in
the number of Lin- EpCAM- CD49f- stromal cells
in old mouse prostates, but we also found a sig-
nificant decrease in stromal cell forward scat-
ter, a measurement of Fluorescence Activated
Cell Sorting (FACS) indicative of cell size. These
findings suggest that aging is associated with
multiple changes in the prostate stromal com-
partment. Here we set out to transcriptionally
profile stromal cells from young adult and old
mouse prostates using RNA-sequencing (RNA-
seq) to gain further insight into age-related
changes within the stromal compartment.

When we looked for genes that were increased
or decreased at least 1.5-fold with a p-value <
0.05, we identified 1520 genes that changed
significantly with age within the stromal com-
partment of the mouse prostate (Figure 1A).
Out of 1520 genes, 1020 were elevated in old
prostates, whereas only 500 were significantly
downregulated with age. Gene set enrichment
analysis showed a significant enrichment for
hallmarks of inflammatory response and inter-
feron signaling (Figure 1B). We performed gene
ontology (GO) and pathway analysis (Figures
1C, 1D, S1A, S1B) on significantly up- or down-
regulated genes. Immune-related GO terms
and pathways were well represented in the
aging signature (Figures 1C, S1A, S1B), consis-
tent with age-related inflammation as we and
others have previously described [5, 6]. We
noted “response to drug” and “drug metabo-
lism” as enriched pathways in old stromal cells
(Figures 1C, S1A, S1B). In contrast, extracellu-
lar matrix (ECM) and adhesion-related terms
and pathways were enriched in genes down-
regulated with age (Figures 1D, S1A, S1B), con-
sistent with previous reports of reduced ECM
stiffness in the aging prostate microenviron-
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ment [6, 24]. The most differentially expressed
genes reflected these major pathways, includ-
ing Stc1, an antioxidant response gene and in-
hibitor of inflammation [25], which was signifi-
cantly elevated in old stromal cells (Figure 1E).
The elastin gene (EIn), which encodes a protein
critical for ECM elastic fibers [26], is the most
significantly reduced gene in the old stromal
compartment (Figure 1E).

We performed motif analysis on the 1020
genes elevated in old prostate stromal cells to
identify candidate transcriptional regulators of
the aging stromal signature. Motif analysis
yielded the transcription factors Arnt, Irf3 and
Egr2 (Figure 1F), suggesting that these tran-
scription factors, or closely related family mem-
bers with similar binding patterns, may be
involved in promoting the aging stromal signa-
ture. We observed elevated mRNA expression
of Arnt2, Irf4, Egrl and Egr2 in old prostate
stromal cells (Figures 1F, S1C). Arnt2 forms a
complex with Hifla under conditions of low
oxygen and activates hypoxia-regulated genes
[27]. Irf4, Egrl and Egr2 are associated with
inflammation and immune function [28-30],
while Egr family members may also be regulat-
ed by hypoxia [31]. These findings suggest that
the aging stromal signature is likely to be influ-
enced by the inflammatory microenvironment.

Prostate basal cells exhibit age-related tran-
scriptional changes

We next looked into age-related changes in
prostate basal cells, which sit adjacent to
stromal cells in the gland. We previously dem-
onstrated that the number and functional
capacity of basal cells does not change signifi-
cantly with age [5]. Using transcriptional profil-
ing, we determined that 855 genes exhibited
at least 1.5-fold differential gene expression
between 3- and 24-month-old prostate basal
cells. Similar numbers of genes were up (432)
and downregulated (423) with age in the basal
cell compartment (Figure 2A). Motif analysis on
the 432 genes increased in old basal cells
revealed enrichment for binding sites of Ets
factors, Cebpb, and Egr1 (Figure 2B). Increased
expression of Egrl, Egr2 and EIf3 in old basal
cells (Figures 2B, 2C, S2A) pointed to a poten-
tial role for these transcription factors in the
aging basal cell signature.

Pathway analysis revealed enrichment for drug
metabolism and glutathione metabolism in
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Figure 1. Age-related transcriptional changes in prostate stromal cells. (A) Heatmap of significantly differentially expressed genes in 3- and 24-month-old prostate
stromal cells. Only genes greater than 1.5-fold enriched in either direction with a p-value < 0.05 are included. (B) Gene set enrichment analysis indicates significant
enrichment for inflammatory response and interferon gamma hallmarks in the old prostate stromal signature. NES: normalized enrichment score. (C, D) KEGG
pathway analysis reveals significantly enriched pathways in 24-month-old (C) or 3-month-old (D) stromal cell signatures. (E) Volcano plot reveals significantly altered
genes based on -log (FDR) and log (fold change). FDR: false discovery rate. (F) Motif analysis reveals transcription factors with binding motif enrichment in the old
prostate stromal signature. NES: normalized enrichment score.
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Figure 2. Age-related transcriptional changes in prostate basal cells. (A) Heatmap of significantly differentially ex-
pressed genes in 3- and 24-month-old prostate basal cells showing genes greater than 1.5-fold enriched in either
direction with a p-value < 0.05. (B) Motif analysis reveals potential transcriptional regulators of the old prostate
basal cell signature. NES: normalized enrichment score. (C) Volcano plot reveals significantly altered genes based
on -log (FDR) and log (fold change). FDR: false discovery rate. (D, E) KEGG pathway analysis reveals significantly
enriched pathways in 24-month-old (D) or 3-month-old (E) basal cell sighatures.

aging basal cells (Figures 2D, S2B, S20).
Pathways downregulated in old basal cells
included ECM interactions and adhesion
(Figures 2E, S2B, S2C), with genes encoding
ECM proteins including Collal, Colla2,
Col18al and Fnl among the most significantly
down with age (Figure 2C). Based on similari-
ties in age-related pathway enrichment and
potential transcriptional regulators in old stro-
mal and basal cells, we set out to evaluate age-
related signatures of additional cell subsets in
the old mouse prostate.

Trop2+ luminal progenitor cells and Trop2- lu-
minal cells share aging signatures

In our previous work, we identified Trop2 as a
marker of luminal progenitor cells that generate
large organoids and expand with age in the
mouse prostate [5]. While Trop2+ luminal pro-
genitor cells maintain their organoid-forming
capacity with age, old Trop2- luminal cells
exhibit reduced functional activity and reduc-
ed expression of cell cycle-related genes. We
asked whether these two distinct luminal sub-
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sets with distinct functional responses to aging
share common signatures of aging. Principal
component analysis distinguished luminal sub-
sets based on cell-type (PCA #1: Trop2+ vs
Trop2-) and age (PCA #2: 3 months vs 24
months), suggesting that both luminal subsets
share an aging signature (Figure 3A).

We evaluated genes that changed significantly
with age in Trop2+ and Trop2- luminal cells
(Figure 3B, 3C) and performed GO analysis on
significantly up and down-regulated genes
(Figures 3D, 3E, S3A-D). Both luminal popula-
tions in old prostates exhibited enrichment for
terms associated with the immune response
(Figure 3D, 3E), consistent with increased
inflammation in old prostates [5, 6]. GO analy-
sis also revealed enrichment for glutathione
metabolism and response to hypoxia in old
luminal cells (Figure 3A, 3B). ER unfolded pro-
tein response was among the common GO
terms enriched for genes downregulated with
age in the two luminal subsets (Figure S3C,
S3D). Motif analysis of significantly upregulated
genes in old Trop2+ and Trop2- luminal cells
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Figure 3. Age-related transcriptional changes in distinct luminal cell subsets. (A) Principal component analysis of
gene signatures of Trop2+ and Trop2- luminal subsets from 3 and 24-month-old mouse prostates. (B, C) Volcano
plots reveal significantly altered genes based on -log (FDR) and log (fold change) in Trop2+ (B) and Trop2- (C) luminal
cells. FDR: false discovery rate. (D, E) Gene Ontology (GO) terms enriched in old Trop2+ (D) and Trop2- (E) luminal
cell signatures. (F, G) Motif analysis reveals potential transcriptional regulators of the old Trop2+ (F) and Trop2- (G)
luminal cell signatures. NES: normalized enrichment score.

revealed immune-related transcription factors
and retinoic acid receptors (Figure 3F, 3G).
Elevated mRNA expression of retinoic acid
receptor family members (Rara, Rarb, Rarg),
and the previously described gene Arnt2, was
also observed in old luminal cells (Figures 3B,
3C, S3E, S3F). Retinoic acid receptors are
upregulated in response to all-trans retinoic
acid (ATRA) and have been associated with
inflammation [32, 33] as well as protection
from oxidative stress caused by hypoxia [34,
35]. These findings suggest that distinct lumi-
nal subsets share common features of aging,
despite differences in age-related functional
capacity.

Glutathione metabolism is a common feature
of aging across distinct epithelial cell-types

We compared the genes significantly upregu-
lated in old basal cells, old Trop2+ luminal
cells, and old Trop2- luminal cells to identify
common age-related changes (Figures 4A,
S4A). Interestingly, 45% (217/484) of the genes
upregulated in old Trop2+ luminal cells were
shared with old basal cells, old Trop2- luminal
cells, or with both. In contrast, 23% (201/888)
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of genes upregulated in old Trop2- luminal cells,
and 23% (101/432) of genes upregulated in old
basal cells were shared by other old epithelial
cell-types. A total of 11 genes were found to be
significantly upregulated in all three epithelial
subsets (Figure 4A). This list included Hmox1,
an antioxidant response gene, and Gclc, a regu-
lator of glutathione synthesis (Figure S4A).
Motif analysis of these common genes revealed
a significant enrichment for the Mef2 family of
transcription factors (Eigure S4B). Mef2d has
been shown to activate Nrf2 [36], a master
regulator of the antioxidant response [37].

We evaluated age-related mRNA expression
of metabolic genes and found consistently
increased expression of many genes involved
in glutathione metabolism in old epithelial
cell-types (Figure 4B-D). We also observed
increased expression of the glycolytic gene
Pkm, the lactate transporter Sic16al (which
encodes Mctl), and Pdk4 (pyruvate dehydroge-
nase kinase 4) in old basal and Trop2+ luminal
progenitor cells. Old Trop2+ and Trop2- luminal
cells exhibited increased expression of the gly-
colytic gene Pfkp and lactate dehydrogenase
b (Ldhb) (Figure 4B-D). Metabolic enzymes
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involved in proline metabolism and lipid metab-
olism were consistently reduced in old epitheli-
al cells (Figure 4B-D), consistent with GO analy-
sis (Figure S3C). These results suggest that
aging in prostate epithelial cells is likely associ-
ated with metabolic reprogramming beyond
glutathione metabolism.

In contrast to old Trop2- luminal cells which
exhibit reduced functional activity, both basal
and Trop2+ luminal cells maintain their progeni-
tor activity with age [5]. We further evaluated
genes elevated in old basal and Trop2+ luminal
cells to identify potential factors regulating the
age-related maintenance of progenitor activity.
Motif analysis revealed enrichment for Rela/
Nfkbl and Sox2 specifically for genes shared
by basal and Trop2+ luminal cells, and these
transcription factors were not significantly
enriched in any other group (Figure S4B). Sox2
is an important regulator of self-renewal and
stemness in many tissues [38, 39] and also
plays a role in prostate cancer progression and
antiandrogen-resistance [40, 41]. Importantly,
Sox2 and Nfkbl were both elevated in basal
cells and in Trop2+ luminal cells at the mRNA
level (Figure S4C, S4D).

Hmox1 and genes associated with aging in the
mouse prostate correlate with age in human
primary prostate cancer

We wondered whether transcriptional features
of aging shared by distinct cell-types in the
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mouse prostate may also be observed in
human prostate cancer. The Cancer Genome
Atlas (TCGA) primary prostate cancer cohort
contains nearly 500 cases of prostate cancer
[20, 21], with age of diagnosis distributed
over 4 decades (41 to 78 years). The antioxi-
dant response gene [42] and Nrf2 target [43]
Hmox1 was correlated with age of diagnosis in
a statistically significant manner (Figure S5).
We evaluated mRNA expression of candidate
genes in the lowest (41-56 years, 123 tumors)
and highest (66-78 years, 124 tumors) quar-
tiles from the TCGA cohort. In addition to
Hmox1, we also observed increased mRNA ex-
pression of candidate regulators of the mouse
prostate aging signature including Rara, Egr2
and several interferon regulatory factors (Irf1,
Irf3, Irf4, Irf5) in the upper quartile (Figure 5A).
In contrast, lipid metabolism genes that are
reduced in old mouse prostate cells (Hmgcr,
Scd), and a regulator of the lipogenic program
(Srebf2) [44], were also reduced in the upper
quartile (Figure 5A). We evaluated the correla-
tion between Hmox1 mRNA and several age-
related genes in the TCGA primary prostate
cancer cohort and found positive correlations
with Egr2, Rara and Irf4 and negative correla-
tions with Hmgcr and Srebf2 (Figure 5B). These
findings suggest an age-related signature in
human primary prostate cancer associated
with increased antioxidant response and
inflammatory response genes and reduced
lipid metabolism genes.
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Discussion

Aging in the prostate is associated with an
increase in inflammatory cell infiltration, most
notably T and B lymphocytes which are relative-
ly rare in the young adult prostate [5, 6]. How
the old inflammatory microenvironment influ-
ences normal prostate stromal and epithelial
cells has not been well described. We evaluat-
ed age-related changes to gene expression
profiles in four distinct cell-types of the mouse
prostate and identified a shared signature of
aging. Stromal cells, basal cells, Trop2+ luminal
progenitor cells, and Trop2- luminal cells ex-
hibited age-related increases in inflammatory/
immune-related and antioxidant/glutathione
metabolism-related signatures. These results
suggest that prostate stromal and epithelial
cells are likely responding to a hypoxic inflam-
matory environment by increasing the antioxi-
dant program. Some of the candidate trans-
criptional regulators of prostate aging signa-
tures in multiple cell-types, including Arnt2,
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Egrl/2, Rara/b, may contribute to protecting
old prostate cells from oxidative stress associ-
ated with an inflammatory and hypoxic environ-
ment. Future studies will be necessary to func-
tionally evaluate the role of various transcrip-
tional and metabolic regulators of prostate

aging.

We previously reported age-related changes to
the stromal compartment [5], based on an
increase in the total number of stromal cells
and a decrease in the forward scatter, a surro-
gate for cell size, in old mouse prostates. We
now show significant age-related changes to
the transcriptional profiles of isolated stromal
cells. Transcriptional changes to the stromal
compartment with age are consistent with a
previous study that used laser capture micro-
dissection to collect RNA from non-epithelial
regions of the young and old mouse prostate
[6]. The stromal subset used in our study is
likely heterogeneous, containing fibroblasts
and smooth muscle cells. One of the most sig-
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nificant upregulated genes in old stromal cells
is Thyl (CD9O) (Figure 1E), which has recently
been shown to mark a distinct subset of pros-
tate stromal cells [45]. It is possible that a
change in the proportion of subsets within the
stromal compartment contributed to the age-
related transcriptional changes observed here,
similar to our previous report that age-related
changes in the bulk luminal signature reflected
an age-related increase in the proportion of
Trop2+ luminal cells. By isolating out these dis-
tinct subsets and comparing their profiles from
young and old mouse prostates, we can further
understand signatures of aging.

In addition to increased glutathione metabo-
lism in old prostate cells, we observed age-
related changes in mRNA expression of meta-
bolic genes encoding enzymes and transport-
ers involved in glucose, lactate, glutamine
and lipid metabolism. Age-related changes to
the microenvironment, including inflammatory
cytokines, hypoxia and nutrient availability, are
capable of altering metabolic gene expression.
Collectively, these results suggest a role for
metabolic reprogramming in prostatic aging.
Interestingly, gene expression patterns of aging
in the mouse prostate were observed in prima-
ry prostate cancers from the TCGA cohort, with
increased mRNA expression of antioxidant and
inflammatory response genes and decreased
expression of lipid metabolism genes in the
oldest quartile by age. Age-related changes to
the human prostate microenvironment may
influence gene expression patterns of prostate
cancer. Hypoxia is associated with increased
genomic instability, mutations in p53, loss of
Pten, and telomere shortening in localized
prostate cancer [46]. This process is believed
to occur through selective pressure on the
tumor, whereby survival clones emerge when
normal oxygen levels are restored. Whether
hypoxia similarly exerts selective pressure on
normal cells in the aging prostate has not been
determined. Differential response to a hypoxic
environment may provide one explanation for
the increase in the proportion of Trop2+ luminal
progenitor cells and the decrease in Trop2-
luminal cells in the old mouse prostate.

In this study, we focused on age-related gene
signatures shared by distinct cell-types, includ-
ing basal and Trop2+ luminal cells that main-
tain progenitor activity with age as well as
Trop2- luminal cells that exhibit functional
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decline with age. We reasoned that these anal-
yses may also elucidate factors that enable
basal and Trop2+ luminal cells to retain their
functional capacity. Motif analysis of genes
upregulated with age in basal and Trop2+ lumi-
nal cells revealed Sox2 and Nfkb1. Importantly,
both Sox2 and Nfkbl are expressed at higher
levels (MRNA) in the populations that maintain
progenitor activity with age as compared to
Trop2- luminal cells. Whether these transcrip-
tion factors contribute to the age-related main-
tenance of progenitor activity will need to be
experimentally determined. Both basal and
luminal progenitor cells are capable of respond-
ing to genetic alterations to initiate prostate
cancer [47-51]. Therefore, understanding how
they maintain their functional activity with age
may yield new strategies to prevent prostate
cancer initiation. In summary, we offer age-
related signatures of distinct stromal and epi-
thelial cell-types as a resource to gain new
insight into mechanisms of aging and increased
risk of disease in the prostate.
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Figure S3. Related to Figure 3. (A, B) Heatmaps of significantly differentially expressed genes in 3- and 24-month-old
Trop2+ luminal (A) and Trop2- luminal (B) cells. Only genes greater than 1.5-fold enriched in either direction with a p-
value < 0.05 are included. (C, D) Gene Ontology (GO) terms for genes significantly downregulated in old Trop2+ lumi-
nal (C) and old Trop2- luminal (D) cells. (E, F) Relative mRNA expression (RPKM: reads per kilobase of transcript, per
million mapped reads) in Trop2+ luminal (E) and Trop2- luminal (F) cells from 3- and 24-month-old mouse prostate.
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Chapter 4: Reciprocal regulation of metabolism and prostate
epithelial lineage identity
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Abstract:

Lineage transitions are a central feature of prostate development, tumorigenesis and
treatment resistance. While epigenetic changes drive prostate lineage transitions,
whether upstream metabolic signaling modulates prostate lineage identity remains
unclear. Here, we develop an approach to perform metabolic profiling and nutrient tracing
on primary prostate epithelial cells and demonstrate that basal and luminal cells exhibit
distinct metabolic features. Furthermore, we show that basal to luminal differentiation in
vivo and in three-dimensional ex vivo culture is accompanied by metabolic changes
consistent with increased glucose oxidation. Using genetic and pharmacological
approaches, we identify the mitochondrial pyruvate carrier (MPC) as a key regulator of
prostate luminal identity. Lactate supplementation or inhibition of lactate efflux
phenocopies the effect of MPC inhibition on lineage-specific gene expression in both
benign and prostate cancer cells. These results indicate that distinct prostate epithelial

cell types exhibit unique metabolic features and changes in metabolism can modulate

prostate lineage.

Introduction:

The prostate epithelium contains basal and luminal cells as well as rare neuroendocrine

cells. Lineage tracing studies have demonstrated that basal and luminal cells are
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predominantly self-sustained by distinct progenitor populations under normal
physiological conditions'. However, luminal differentiation from basal progenitors occurs
during development? 3, tissue regeneration?, inflammation® and prostate cancer initiation
6. Therefore, elucidating key regulators of prostate cell fate is of utmost importance.
Recent work has implicated the epigenome in the establishment and maintenance of
prostate epithelial identity. For example, deacetylation of KLF5 causes excess basal to
luminal differentiation’. Furthermore, de-repression of the histone methyltransferase
enhancer of zeste homolog 2 (EZH2) facilitates a loss of luminal identity and the activation
of pluripotency networks®-"0. Various mutations in FOXA1 alter chromatin accessibility to
drive luminal, mesenchymal or neuroendocrine differentiation phenotypes 2. However,
how upstream signaling contributes to the downstream epigenetic regulation of prostate

lineage identity remains poorly understood.

Metabolism has emerged as a key upstream regulator of the epigenome. Most chromatin-
modifying enzymes require intermediates of cellular metabolism as substrates or
cofactors. For example, S-adenosylmethionine (SAM) is a substrate for histone and DNA
methylation while a-ketoglutarate (a-KG) is a required cofactor for jumonji histone
demethylases. Furthermore, MYC regulates acetyl-CoA generation for use in histone
acetylation through ATP citrate lyase (ACLY) activity's. Through these mechanisms,
metabolic rewiring can drive differentiation in a variety of tissues. Ascorbate regulates
hematopoietic stem cell function and leukemogenesis, in part through Tet2-dependent
DNA de-methylation'. Additionally, serine synthesis stimulates a-KG-dependent

dioxygenases that remove repressive H3K27me3 to activate differentiation in epidermal

68



stem cells'. Chromatin-bound acetyl-CoA synthetase 2 (ACSS2) generates site-specific
acetyl-CoA leading to increased histone acetylation and maintenance of neural function®.
However, the interplay between metabolic signaling and lineage identity in the prostate
remains to be elucidated due in part to a poor understanding of prostate epithelial cell

type-specific metabolic features.

In this study, we developed an approach to perform metabolic profiling and heavy isotope
nutrient tracing on primary prostate epithelial cells and discovered that basal and luminal
cells have unique metabolic signatures. We utilized three-dimensional ex vivo culture as
well as an in vivo lineage tracing model to illustrate that basal to luminal differentiation is
associated with a metabolic shift towards increased pyruvate oxidation. We further
establish the mitochondrial pyruvate carrier (MPC) as a key regulator of prostate luminal
identity in both benign and prostate cancer cells. Pharmacological inhibition of
mitochondrial pyruvate transport, or genetic deletion of Mpc1 impairs basal to luminal
differentiation. As observed with MPC inhibition, both lactate supplementation and
inhibition of lactate efflux block luminal differentiation, suggesting that intracellular lactate
accumulation mediates the effect on lineage identity. Taken together, our results indicate
that (1) prostate epithelial cells have lineage-rooted metabolic features and (2) modulation
of metabolism can govern prostate lineage transitions. In summary, our study establishes

reciprocal regulation of prostate epithelial identity and metabolism.

Results:

Primary basal and luminal prostate cells have distinct metabolic features

69



To investigate the relationship between prostate epithelial cell type and metabolic identity,
we used fluorescence-activated cell sorting (FACS) to isolate primary basal (EpCAM~*
CD49f") and luminal (EpCAM* CD49f°) cells from adult mouse prostate and performed
RNA sequencing, metabolic profiling and glucose tracing (Fig. 1a). Transcriptional
analysis of canonical basal and luminal lineage markers validated successful isolation of
the unique epithelial cell populations (Fig. S1a). Furthermore, gene set enrichment
analysis (GSEA) demonstrated the Smith et al CD49f"s" basal and CD49f°" luminal
signatures'” are enriched in their respective cell populations (Fig. S1b-c). 12 of the top 30
differentially expressed pathways identified by KEGG pathway analysis are metabolism-
related (Fig. S1d). To better elucidate metabolic differences, 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 (Fig. 1b). We also evaluated RNA abundance of key
glycolytic and TCA cycle enzymes and transporters. Basal cells contain upregulation of
several key glycolytic enzymes and transporters, including Glut1, Mct1, Hk2 and Pfkp,
while luminal cells contain upregulation of many key TCA cycle enzymes, such as Pcx,
Idh2, Sdha and Aco2 (Fig. 1c). The abundance of a subset of these enzymes and

transporters was also validated at the protein-level in basal and luminal cells (Fig. S1e).

As transcriptomic analysis identified cell type-specific metabolic features, we sought to
explore functional differences in metabolism. Therefore, we established an approach that
enabled us to perform the first metabolic characterization of distinct prostate epithelial cell

types using metabolic profiling and nutrient tracing. After FACS isolation, primary cells
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were cultured overnight on plates coated with a 1/80 dilution of reduced-growth factor
Matrigel in Advanced DMEM/F-12 to enhance cell attachment prior to metabolite
extraction. Apoptosis analysis illustrated that adherent basal and luminal cells both exhibit
greater than 80% viability after overnight culture (Fig. S1f), validating that metabolomics
was performed on healthy cell populations. Metabolic profiling revealed basal cells have
elevated levels of key glycolytic metabolites including F16BP, G3P, PEP, 3PG, F6P, F1P
and G1P, while luminal cells have elevated levels of TCA cycle intermediates including
isocitrate, aKG and succinate (Fig. 1d). We also performed glucose tracer analysis to
evaluate differences in glucose utilization in basal and luminal cells. Previous studies
established that zinc accumulation in the prostate epithelium inhibits aconitase activity to
prevent citrate oxidation and promote citrate secretion' 9. Interestingly, our [U-
13C]glucose tracing data revealed a significant reduction in incorporation of glucose-
derived carbon from citrate to aconitate specifically in luminal cells (Fig. 1e), suggesting
differential activity of the aconitase (ACO) enzyme between cell types. This metabolic
wiring may enable luminal cells to perform their function to secret seminal fluid that
contains high levels of citrate. Furthermore, [U-'3C]glucose tracer analysis illustrated that
basal cells preferentially generate M2 citrate through pyruvate dehydrogenase (PDH)
activity (Fig. 1f) while luminal cells preferentially generate M3 citrate through pyruvate
carboxylase (PCX) activity (Fig. 1g). These data indicate that basal and luminal cells have

both distinct metabolite abundance profiles and unique nutrient utilization patterns.

Having identified unique metabolic characteristics of basal and luminal cells in the mouse

prostate, we asked whether cell type-specific metabolic features are conserved across
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species. We utilized the Zhang et al dataset which contains RNA sequencing of benign
prostatic basal and luminal epithelial populations from three human prostates to evaluate
the expression of glycolytic and TCA cycle enzymes and transporters?°. All the glycolytic
enzymes and transporters evaluated, except HK2, were enriched in basal cells, while
many TCA cycle enzymes were enriched in luminal cells (Fig. 1h). Taken together, our
data provide the most comprehensive evidence to date that distinct prostate epithelial cell

types contain unique metabolic features.

Basal to luminal differentiation is accompanied by metabolic reprogramming

Our transcriptomics and metabolomics data collectively indicate that cell type dictates
metabolic phenotype. Therefore, we next evaluated a model of basal to luminal
differentiation to investigate whether prostate epithelial lineage transitions are associated
with metabolic reprogramming (Fig. 2a). Features of basal to luminal differentiation have
been reported in prostate organoid culture; however, the kinetics of the induction of
luminal marker expression were previously poorly defined?'. We used Western blot and
flow cytometry approaches to elucidate the kinetics of basal to luminal differentiation in
basal-derived mouse prostate organoids. Western blot analysis revealed that basal-
derived organoids initially express the basal marker p63AN and contain increased
expression of the luminal marker cytokeratin 8 (KRT8) by day five in ex vivo culture (Fig.
2b). Using intracellular flow cytometry, we also tracked the induction of the luminal marker
KRTS8 at single-cell resolution and established that there is uniform upregulation of KRT8

that continues between days six and nine (Fig. S2a).
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Using this ex vivo model of basal to luminal differentiation, we performed metabolic
profiling and [U-'3C]glucose tracer analysis three, five and seven days after plating into
organoid culture. Principal component analysis of both metabolic profiling data and
glucose tracer analysis data illustrate that each timepoint clusters independently (Fig.
S2b, 2c), indicative of metabolic reprogramming. Heatmap visualization also
demonstrates that primary basal-derived organoids have distinct metabolite abundance
profiles at days three, five and seven (Fig. 2Sc). [U-'3C]glucose tracer analysis revealed
that incorporation of glucose-derived carbon into glycolytic metabolites does not
significantly change across timepoints (Fig. 2d). In contrast, fractional contribution to TCA
cycle intermediates increases significantly as basal-derived organoids acquire luminal
features (Fig. 2e). Both fractional contribution to nucleotide intermediates and expression
of the proliferation marker PCNA decrease between days five and seven (Fig. 2f, S2d).
These data indicate that increased pyruvate oxidation is unlikely to be driven
predominantly by organoid growth, but rather represents a shift in metabolism with luminal

differentiation.

To investigate whether there is in vivo evidence of metabolic reprogramming during basal
to luminal differentiation, we used a K5CreER/Rosa-tdTomato in vivo lineage tracing
model to isolate multipotent basal cells and basal-derived luminal cells for RNA
sequencing (Fig. 2g). Multipotent basal cells were isolated from postnatal mice (P10)
based on having EpCAM* Cd49ftidh expression via FACS. As basal cells express
tdTomato upon tamoxifen administration, basal-derived luminal cells can be isolated

distinctly from luminal-derived luminal cells based on having tdTomato* EpCAM* Cd49flow
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expression. 15 of the top 30 differentially expressed pathways identified by KEGG
pathway analysis are metabolism-related (Fig. S2e). Furthermore, GSEA revealed
positive enrichment of KEGG oxidative phosphorylation in basal-derived luminal cells
relative to multipotent basal cells (Fig. 2h). These data illustrate basal to luminal
differentiation is associated with metabolic rewiring that includes a shift towards increased

glucose oxidation.

Inhibition or knockout of the mitochondrial pyruvate carrier prevents basal to luminal

differentiation

Having illustrated that basal to luminal differentiation is accompanied by metabolic
reprogramming, we explored whether altering metabolism modulates prostate epithelial
lineage identity. The mitochondrial pyruvate carrier (MPC) transports pyruvate from the
cytosol to the mitochondria, where it can be oxidized to fuel the TCA cycle??. As basal to
luminal differentiation is associated with increased pyruvate oxidation, we investigated
how inhibiting the MPC with UK5099 alters differentiation. [U-'3C]glucose tracer analysis
confirmed that UK5099 significantly reduced incorporation of glucose-derived carbon into
TCA cycle intermediates in mouse basal-derived organoids, consistent with its on-target
effect (Fig. 3a). To confirm that UK5099 does not alter basal-derived organoid viability,
we showed that UK5099 does not influence the organoid-forming rate (Fig. 3b) or
organoid size (Fig. 3c) of basal-derived organoids. We explored whether UK5099 is toxic
to luminal cells and found that UK5099 does not modulate the organoid-forming rate (Fig.
3Sc) or the expression of proliferation and death markers (Fig. 3Sd) in luminal-derived

organoids.
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Next, we asked how UK5099 treatment alters luminal differentiation in basal-derived
organoids. Remarkably, UK5099 treatment reduced the expression of the Iluminal
markers androgen receptor (AR) and KRT8 and increased the expression of the basal
marker p63AN (Fig. 3d). We evaluated KRT8 expression at single-cell resolution using
intracellular flow cytometry and found uniform downregulation of KRT8 with UK5099
treatment (Fig. 3e-f). Furthermore, we established that UK5099 treatment reduces KRT8
expression in a dose-dependent manner without altering percent organoid formation (Fig.
3Sa-b). To verify that inhibition of luminal differentiation is due to the on-target effect of
UK5099, we used a genetics approach to block pyruvate oxidation. Basal cells were
isolated from Mpc1¥ mice, transduced with Cre recombinase and plated into organoid
culture to establish Mpc? knockout (Mpc1-KO) organoids. [U-'3C]glucose tracer analysis
revealed that Mpc7-KO organoids have reduced incorporation of glucose-derived carbon
into TCA cycle intermediates (Fig. 3g). Western blot analysis demonstrated that Mpc1-
KO, as observed with UK5099, blocks luminal differentiation in basal-derived organoids
(Fig. 3h). In addition, GSEA revealed positive enrichment of the Cd49f°* luminal signature
and negative enrichment of the Cd49f"9" basal signature in vehicle-treated relative to
UK5099-treated organoids (Fig. 3i, 3Se) and Mpc1-KO relative to control organoids (Fig.

3j, 3Sf).

To characterize how the MPC regulates lineage identity with better granularity, we

performed single-cell RNA sequencing (scRNA-seq) on vehicle- and UK5099-treated

organoids. Clustering analysis identified six distinct cell populations (Fig. 3k-I). Distinct
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clusters were annotated based on relative expression of canonical lineage markers. MPC
inhibition significantly decreased the percentage of cells identified as luminal and
increased the percentage of cells identified as mesenchymal (Fig. 3m). Taken together,

these data establish MPC as a key regulator prostate epithelial lineage identity.

MPC inhibition reduces luminal marker expression in prostate cancer

Having established the MPC as a key regulator of luminal differentiation in the benign
prostate epithelium, we next asked whether MPC inhibition is antagonistic towards
luminal identity in prostate cancer organoids. Basal cells were isolated from Pten™ mice
and Pten?™ Rb1%M mice, transduced with Cre recombinase and plated into organoid
culture to establish Pten single knockout (SKO) and Pten, Rb1 double knockout (DKO)
organoids. Western blot analysis validated successful knockout of Pten in SKO organoids
and Pten and Rb1 in DKO organoids (Fig. 4Sa). Furthermore, we found that SKO and
DKO organoids were significantly larger in diameter than control wildtype organoids (Fig.
4Sb). Both SKO and DKO organoids have increased expression of canonical luminal
markers while only DKO organoids have increased expression of canonical
neuroendocrine markers relative to wildtype organoids (Fig. 4Sc). Similarly, SKO and
DKO mouse prostates have increased expression of luminal markers while only DKO
prostates have increased expression of neuroendocrine markers relative to wildtype
prostates® (Fig. 4Sd). These data illustrate that SKO and DKO organoids retain lineage
features observed in their respective primary tissues. We next used these models to
investigate how MPC inhibition alters luminal differentiation in prostate cancer organoids.

We found that UK5099 reduces expression of the luminal markers KRT8 and KRT18 in
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both SKO and DKO organoids (Fig. 4a). RNA sequencing analysis also revealed that
DKO organoids contain reduced expression of canonical luminal markers and increased
expression of canonical basal markers with UK5099 treatment (Fig. 4b). Collectively,
these data establish the MPC as a key regulator of lineage identity in prostate cancer

organoids.

Discussion:

The role of metabolic signaling in regulation of prostate epithelial lineage identity is poorly
defined. In this study, we used metabolic profiling approaches to identify prostate
epithelial cell type-specific metabolic features. Basal cells are enriched for glycolysis
whereas luminal cells contain greater TCA anaplerosis. In addition, basal to luminal
differentiation in both ex vivo prostate organoid culture and in vivo lineage tracing models
is associated with increased glucose oxidation. We found that MPC inhibition via genetic
or pharmacological approaches reduces basal to luminal differentiation in basal-derived
prostate organoids suggesting that MPC is a key regulator of lineage identity in the
prostate. In data that is still in preparation, we found that MPC inhibition reduces luminal
features in prostate cancer and that the effect of MPC inhibition on lineage identity is likely
mediated through lactate accumulation. Our results uncover cell type-specific metabolic
features in the prostate and implicate upstream metabolic signaling in regulation of

prostate epithelial lineage identity.

Prostate cancer is the leading cause of cancer-related death in non-smoking men?3. As

treatment-resistant disease accounts for the vast majority of prostate cancer-related

77



deaths, identifying new strategies to prevent, interfere with and/or reverse treatment-
resistance is critical to reduce prostate cancer mortality. At diagnosis, most prostate
tumors are androgen-driven and rely on ligand-mediated androgen signaling to promote
cell proliferation?4. As follows, therapies targeting the androgen receptor (AR) signaling
axis are initially effective and significantly extend patient survival?4. Ultimately, however,
resistance mechanisms drive disease progression and lethality?®. Differentiation from an
AR-dependent luminal lineage to an AR-indifferent lineage with basal and neuroendocrine
features, termed lineage plasticity, is a common mechanism of resistance to androgen
pathway inhibitors (APIs)® 26. We have established that MPC inhibition reduces luminal
differentiation. However, it remains unclear whether metabolic regulation of lineage
identity can be exploited to promote the reacquisition of luminal features. Future studies
will explore whether MPC overexpression or lactate dehydrogenase inhibition in non-
luminal treatment-resistant prostate cancer organoids drives luminal differentiation and

restores sensitivity to APIs.
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Figure 1. Primary basal and luminal mouse prostate cells have distinct metabolic features
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Figure 1. Primary basal and luminal mouse 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 Reacome 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) Aconitate to citrate
fractional contribution ratio in primary basal and luminal mouse prostate cells fed [U-
13C]glucose tracer for 16 hours. (f-g) Percent M2 citrate (f) and percent M3 citrate (g) from
[U-T3C]glucose in basal and luminal cells. (h) Fold change in glycolytic and TCA cycle

enzymes from RNA sequencing of basal and luminal cells from three human prostates.
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Figure 2. Basal to luminal differentiation is accompanied by metabolic reprogramming
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Figure 2. Basal to luminal differentiation is accompanied by metabolic
reprogramming. (a) 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. (b) Western blot analysis of basal marker
p63AN and luminal marker cytokeratin 8 (KRT8) in basal-derived organoids. (c) Principal
component analysis of fractional contribution from [U-"3C]glucose metabolic tracing data
of basal-derived organoids with three technical replicates per timepoint. Organoids were
cultured with [U-"3C]glucose 48 hours prior to harvesting metabolites at each timepoint.
(d-f) Fractional contribution from [U-'3C]glucose to glycolytic (d), TCA cycle (e) and
nucleotide intermediates (f) in basal-derived organoids with three technical replicates per
timepoint. (g) Schematic of in vivo lineage tracing model of basal to luminal differentiation.
(h) Gene set enrichment analysis showing positive enrichment of KEGG oxidative

phosphorylation in basal-derived luminal cells relative to multipotent basal cells in vivo.
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Figure 3. Inhibition or knockout of the mitochondrial pyruvate carrier prevents basal to luminal
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Figure 3. Inhibition or knockout of the mitochondrial pyruvate carrier prevents
basal to luminal differentiation. (a) [U-'3C]glucose tracer analysis of vehicle- and 10uM
UK5099-treated basal-derived organoids seven days after plating. (b-c) Percent organoid
formation (b) and organoid diameter (c) of vehicle- and 10uM 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 p63AN in vehicle-
and 10uM UK5099-treated basal-derived organoids seven days after plating. (e)
Intracellular flow cytometry of KRT8 and basal marker cytokeratin 5 (KRT5) in vehicle-
and 10uM UK5099-treated basal-derived organoids seven days after plating. (f)
Quantification of mean fluorescence intensity (MFI) of KRT8 from panel e. (g) [U-
13C]glucose tracer analysis of control and MPC1 knockout basal-derived organoids. (h)
Western blot analysis of basal and luminal markers in control, MPC1 knockout, and
UK5099-treated basal-derived organoids. (i) GSEA showing enrichment of CD49f low
luminal signature in vehicle-treated relative to 10uM UKS5099-treated basal-derived
organoids. (j) GSEA showing enrichment of CD49f low luminal signature in control relative
to MPC1 knockout basal-derived organoids. (k) tSNE plot of scRNA-seq data illustrating
distinct cell populations. () tSNE plot of vehicle- and 10uM UK5099-treated cells from
scRNA-seq data. (m) Quantification of percentage of vehicle- and 10uM UK5099-treated

cells in each cluster from scRNA-seq data.
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Figure S1.
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Figure S1. (a) Heatmap of select canonical basal and luminal markers from RNA
sequencing of primary basal and luminal mouse prostate cells with three biological
replicates. (b) Gene set enrichment analysis (GSEA) showing positive enrichment of
CD49f"9" signature in basal cells relative to luminal cells. (c) GSEA showing positive
enrichment of CD49f°¥ signature in luminal cells relative to basal cells. (d) Top 30
significantly enriched pathways identified by KEGG pathway analysis on differentially
expressed (fold change > 2, p-value < 0.05, FDR < 0.2) genes in basal and luminal cells.
Metabolism-related pathways highlighted in green (basal-enriched) and blue (luminal-
enriched). (e) Western blot analysis of select glycolytic and TCA cycle enzymes in basal
and luminal cells. (f) Percentage of AnnexinV-, 7-AAD- primary basal and luminal cells

after overnight culture.
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Figure S2.
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Figure S2. (a) Intracellular flow cytometry analysis of basal marker cytokeratin 5 (KRTS)
and luminal marker cytokeratin 8 (KRT8) in primary basal-derived mouse organoids three,
six and nine days after plating into organoid culture. (b) Principal component analysis of
metabolic profiling data for basal-derived organoids with three technical replicates per
timepoint. (c) Heatmap of metabolite abundance in primary basal-derived mouse
organoids with three technical replicates for each timepoint. (d) Western blot analysis of
proliferation marker PCNA in basal-derived organoids. (e) Top 30 significantly enriched
pathways identified by KEGG pathway analysis on differentially expressed (fold change
> 2) genes in multipotent basal cells and basal-derived luminal cells. Metabolism-related
pathways highlighted in green (multipotent basal-enriched) and blue (basal-derived

luminal-enriched).
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Figure S3.
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Figure S3. (a) Intracellular flow cytometry of KRT8 and KRT5 in basal-derived organoids
treated with 0-40uM UK5099 for seven days. (b) Percent organoid formation of basal-
derived organoids treated with 0-40uM UK5099 . (c) Percent organoid formation of
vehicle- and 10uM UK5099-treated luminal-derived organoids. (d) Western blot analysis
of proliferation markers (Ki67 and PCNA) and apoptosis marker (cleaved caspase-3) in
vehicle- and 10uM UK5099-treated luminal-derived organoids seven days after plating.
(e) GSEA showing enrichment of CD49f high basal signature in 10uM UK5099-treated
relative to vehicle-treated basal-derived organoids. (f) GSEA showing enrichment of

CD49f high basal signature in MPC1 knockout relative to control basal-derived organoids.
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METHODS

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), 1mg/mL collagenase type | (GIBCO),
1mg/ml dispase (GIBCO), 0.1mg/mL deoxyribonuclease (GIBCO), and 10uM of the
p160ROCK inhibitor Y-27632 dihydrochloride (Tocris Bioscience). When chunks were no
longer visible, the samples were incubated at 37C on a nutating platform for 1.5h in 10mL
of dissociation media. After centrifugation at 800g for 5 min, the pellet was washed with
1x phosphate buffered saline (PBS, GIBCO). The cell pellet was resuspended in 2.7mL
of 0.05% Trypsin-EDTA (GIBCO) and incubated at 37C for 5 min. Trypsin was inactivated
with 300mL of dissociation media. Cells were further dissociated by pipetting with a P-
1000 pipette and an 18G syringe. Cells were passed through a 100um cell strainer
(Corning).

Staining and sorting cells from mouse prostate

Dissociated cells were stained with directly conjugated primary antibodies: rat anti-CD49f-
PE (BioLegend), rat anti-CD326 (EpCAM)-APC (BioLegend), rat anti-CD31-FITC
(BioLegend), rat anti-CD45-FITC (BioLegend), rat anti-Ter119-FITC (BioLegend) and rat
anti-ESAM-FITC (BioLegend) for 20 min on ice. Cells were stained in media containing
RPMI 1640 (GIBCO), 10% FBS (Corning), 1x penicillin-streptomycin (GIBCO), and 10uM
of the p160ROCK inhibitor Y-27632 dihydrochloride (Tocris Bioscience). Sorting was
performed on a BD FACS Aria Il (BD Biosciences).

RNA-sequencing

RNA was extracted from the cells using the RNeasy Mini Kit (QIAGEN) following the
manufactural instruction. Libraries for RNA-Seq were prepared with KAPA Stranded
MRNA-Seq Kit (Roche). The workflow consists of mMRNA enrichment, cDNA generation,
and end repair to generate blunt ends, A-tailing, adaptor ligation and PCR ampilification.
Different adaptors were used for multiplexing samples in one lane. Sequencing was
performed on lllumina HiSeq 3000 for 1x50 run. Sequencing data have been deposited
in NCBI's Gene expression Omnibus and can be accessed through GEO Series
accession number GSE122367, GSE206555

Primary cell metabolic profiling and nutrient tracing

12-well plates were coated with a 1/80 dilution of reduced-growth factor 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 media?’ containing [U-'3C]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
500ul cold 80% methanol to each well and removing cells using a cell scrapper. The cell
suspension was transferred to an Eppendorf tube and 10ul 1mM norvaline (Sigma) was
added as an internal standard. Each sample was vortexed for 30 seconds and centrifuged
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at 17000g for 5 min at 1C. 420ul of the supernatant was transferred to an ABC vial (Fisher
Scientific) and evaporated using an EZ-2Elite evaporator (Genevac). Samples were
stored at -80C prior to analysis.

Normalization was performed by resuspending the cell pellet in 300ul lysis solution (0.1M
NaCl, 20mM Tris-HCI, 0.1% SDS, 5mM EDTA in distilled water). Samples were syringed
with a 25G needle to reduce viscosity and 50ul of each sample was transferred to a 96-
well black wall clear bottom tissue culture plate (Corning). 50ul lysis solution was added
to one well for a blank reading. 100ul of 5ug/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 37C 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.

Western blot

Primary basal and luminal cells were sorted and immediately lysed in RIPA buffer (50mM
Tris-HCI 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). Each sample was sonicated for 40 sec 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
RUBY protein blot stain (Fisher Scientific) and membranes were blocked in PBS + 0.1%
Tween-20 (Fisher Scientific) + 5% milk (Fisher Scientific).

Organoid culture and assays

Primary basal cells from mouse prostate were isolated by fluorescence-activated cell
sorting as previously described?8. Sorted cell populations were plated in a 24-well plate
(Corning). Basal cells were plated at a density of 1000 cells/well. Prostate organoids were
cultured based on established protocols?’: 2%, 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

17.5mM [U-"3C]glucose (Cambridge Isotope Laboratories) was added to glucose-free
SILAC Advanced DMEM/F-12 Flex Media (Fisher 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. Prior to metabolite extraction, 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 min at
1C. The supernatant was aspirated and 500ul cold 80% methanol was added to the
organoid pellet. 10ul 1mM norvaline (Sigma) was added as an internal standard. Each
sample was vortexed for 30 seconds and centrifuged at 17000g for 5 min at 1C. 420ul of
the supernatant was transferred to an ABC vial (Fisher Scientific) and evaporated using
an EZ-2Elite evaporator (Genevac). Samples were stored at -80C prior to analysis.
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Normalization was performed as described in primary cell metabolic profiling and nutrient
tracing section above. Proteinase K (Fisher Scientific) was added at a concentration of
500ug/ml to lysis solution to help dissolve organoid pellet.

Intracellular flow cytometry

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 min on ice. Cells were washed with PBS and permeabilized in
1ml of permeabilization buffer (0.1% Saponin (Sigma-Aldrich), 5% FBS (Corning) in PBS)
for 15 min 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)
and rabbit anti-cytokeratin 8-Alexa Fluor 488 (Abcam) for 20 min 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).
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Chapter 5: Androgen receptor inhibition induces metabolic
reprogramming and increased reliance on oxidative mitochondrial
metabolism in prostate cancer

98



Title:
Androgen receptor inhibition induces metabolic reprogramming and increased reliance
on oxidative mitochondrial metabolism in prostate cancer

Authors:

Preston D. Crowell', Jenna M. Giafaglione', Anthony E. Jones?, Nicholas M. Nunley?,
Takao Hashimoto®, Amelie M.L. Delcourt®, Anton Petcherski4, Matthew J. Bernard', Rong
Rong Huang?®, Jin-Yih Low®, Nedas Matulionis’, Xiangnan Guan®, Nora M. Navone®, Joshi
J. Alumkal™, Michael C. Haffner®'", Huihui YeS, Amina Zoubeidi'>'3, Heather R.
Christofk”'41%, Orian S. Shirihai>*16, Ajit S. Divakaruni?, Andrew S. Goldstein314.15.17.18"

Affiliations:

"Molecular Biology Interdepartmental Program, University of California, Los Angeles, Los
Angeles, CA 90095, USA.

2Department of Molecular and Medical Pharmacology, University of California, Los
Angeles, Los Angeles, CA 90095, USA.

3Department of Molecular, Cell, and Developmental Biology, University of California, Los
Angeles, Los Angeles, CA 90095, USA.

“4Division of Endocrinology, Department of Medicine, David Geffen School of Medicine at
UCLA, Los Angeles, CA 90095, USA.

SDepartment of Pathology & Laboratory Medicine, UCLA, 10833 Le Conte Ave, Los
Angeles, CA, 90095, USA.

®Divisions of Human Biology and Clinical Research, Fred Hutchinson Cancer Research
Center, Seattle, WA, USA.

"Department of Biological Chemistry, David Geffen School of Medicine, University of
California, Los Angeles (UCLA), Los Angeles, CA, USA.

8Knight Cancer Institute, Oregon Health and Science University, 3303 SW Bond Ave.,
Portland, OR 97239, USA.

SDepartment of GU Medical Oncology, MD Anderson Cancer Center, Houston, Texas.
""Department of Internal Medicine, Rogel Cancer Center, University of Michigan, Ann
Arbor, Michigan, USA.

""Department of Laboratory Medicine and Pathology, University of Washington, Seattle,
WA, USA.

2Department of Urologic Sciences, University of British Columbia, Vancouver, British
Columbia, Canada.

3Vancouver Prostate Centre, Vancouver, British Columbia, Canada.

4Jonsson Comprehensive Cancer Center, UCLA, Los Angeles, CA, USA.

'Eli and Edythe Broad Stem Cell Research Center, UCLA, Los Angeles, CA, USA.
8Department of Clinical Biochemistry, School of Medicine, Ben Gurion University of The
Negev, Beer-Sheva, Israel.

"Department of Urology, David Geffen School of Medicine, University of California, Los
Angeles, Los Angeles, CA 90095, USA.

"8Molecular Biology Institute, University of California, Los Angeles, Los Angeles, CA
90095, USA.

*Correspondence: agoldstein@mednet.ucla.edu

Lead Contact: Andrew S. Goldstein, agoldstein@mednet.ucla.edu

99



Abstract:

Prostate cancer cells that survive clinical androgen receptor (AR) blockade mediate
disease progression and lethality. Reprogrammed metabolic signaling is one mechanism
by which tumor cells can survive treatment. However, how AR inhibition reprograms
metabolism, and whether altered metabolism can be exploited to eradicate cells that
survive AR blockade, remains unclear. Here, we comprehensively characterized the
effect of AR blockade on prostate cancer metabolism using transcriptomics,
metabolomics, and bioenergetics approaches. AR inhibition maintains oxidative
mitochondrial metabolism and reduces glycolytic signaling, through hexokinase Il
downregulation and decreased MYC activity. Robust elongation of mitochondria via
reduced DRP1 activity supports cell fithess after AR blockade. In addition, AR inhibition
enhances sensitivity to complex | inhibitors in several models, suggesting that AR
blockade increases reliance on oxidative mitochondrial metabolism. Our study provides
an enhanced understanding of how AR inhibition alters metabolic signaling and highlights

the potential of therapies that target metabolic vulnerabilities in AR-inhibited cells.

Introduction:

Prostate cancer is the leading cause of cancer-related death in non-smoking males in the
United States'. Prostate cancer progression from localized to advanced metastatic
disease is driven by aberrant androgen receptor activity. Therefore, patients with
metastatic prostate cancer are treated with androgen deprivation therapies (ADTs), which
dampen AR activity by depleting the levels of circulating androgens, alone or in

combination with chemotherapy?. Prostate cancer that responds to ADT is termed

100



castration-sensitive prostate cancer (CSPC). Prostate cancer that recurs after ADT is
termed castration-resistant prostate cancer (CRPC)3. As AR activation remains critical for
the survival and growth of the majority of CRPC cells, CRPC is treated with androgen-
receptor pathway inhibitors (ARPIs), including enzalutamide which directly interacts with
AR to impair its function*. Although ARPIs are initially effective, prolonged ARPI treatment
invariably leads to treatment resistance and disease progression, ultimately causing
lethality®. New approaches are needed to understand how prostate cancer cells survive
ADT and/or ARPI treatment in order to target them and prevent or delay disease

progression.

Prostate cancer initiation and progression are associated with metabolic reprogramming
and several studies suggest that metabolic pathways can be targeted in prostate cancer
to impair tumor growth®'3. For example, targeting lipogenesis via FASN inhibition or
targeting glutamine metabolism via glutaminase inhibition antagonizes CRPC78.
Additionally, CAMKK2 inhibition impairs CSPC and CRPC growth by disrupting
autophagy®'°. Furthermore, serine biosynthesis activity and lactate export have been
targeted to reduce growth in models of neuroendocrine prostate cancer''3. While
stimulation of AR signaling has been shown to promote anabolic metabolism, the effect
of AR blockade on the metabolic signaling of prostate cancer cells has not been
comprehensively defined. Therefore, it is critical to determine how metabolism is
reprogrammed in the cells that survive AR inhibition in order to exploit therapy-induced

metabolic vulnerabilities to delay or prevent prostate cancer progression.
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In this study, we hypothesized that the metabolic requirements and vulnerabilities of AR-
driven prostate cancer cells may shift as a result of AR inhibition. We utilized a variety of
models and approaches to define how AR blockade alters the metabolic phenotype of
prostate cancer cells. AR inhibition reprograms the metabolome in a consistent manner
in vitro and in vivo. Cells that survive AR blockade are able to maintain oxidative
mitochondrial metabolism while exhibiting reduced glycolysis driven by HK2
downregulation and decreased MYC activity. Mitochondrial elongation, via reduced
DRP1-driven mitochondrial fission, enables AR inhibited cells to better survive AR
blockade. We explored whether AR inhibition results in increased reliance on oxidative
mitochondrial metabolism and observed enhanced sensitivity to complex | inhibitors after
AR blockade. Taken together, our data suggest that AR blockade reprograms cellular

metabolism and increases dependence on oxidative mitochondrial metabolism.

Results:

Transcriptomic and metabolomic profiling reveal AR inhibition-induced metabolic

reprogramming

To gain insight into how prostate cancer cells survive AR inhibition, we evaluated which
pathways are altered after clinical AR blockade using the Rajan et al dataset'™ which
contains transcriptomics data from 7 patient tumors collected prior to and after androgen
deprivation therapy (ADT). 10 of the top 30 significantly altered pathways identified by
KEGG PATHWAY analysis were metabolism-related (Fig. 1a). To model transcriptional
responses to extended AR inhibition, we treated the 16D CRPC cell line' with 10uM

enzalutamide for more than two months, termed LTenza for Long-Term enzalutamide-
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treatment. Gene Set Enrichment Analysis (GSEA) identified negative enrichment of
Hallmark_androgen_response genes in LTenza 16D cells (Supplementary Figure 1a),
validating AR inhibition. Transcriptomics analysis revealed that enzalutamide-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 dataset'* (Fig. 1b). 16D cells
cultured with enzalutamide for up to 48 hours, termed STenza for Short-Term
enzalutamide-treatment, clustered in between naive 16D and LTenza 16D cells
(Supplementary Figure 1b). Both STenza and LTenza 16D cells contained increased
expression of genes upregulated post-ADT in the Rajan et al dataset, with LTenza cells
containing the highest expression of such genes (Fig. 1c). Differential expression analysis
identified 2074 enzalutamide-upregulated and 1498 enzalutamide-downregulated genes
in LTenza 16D cells (Fig. 1d). KEGG PATHWAY analysis on the differentially expressed
genes identified 12 metabolism-related pathways among the top 30 significantly altered
pathways (Fig. 1e). Taken together, these data provide strong evidence that (1) AR
inhibition modulates metabolic gene expression, and (2) enzalutamide treatment of 16D

cells models transcriptional responses to clinical AR blockade.

Having identified transcriptional evidence of AR blockade-induced metabolic
reprogramming, we asked whether enzalutamide treatment of 16D cells alters the
metabolome. NOD SCID IL2Ry™" (NSG) mice bearing subcutaneous 16D tumors were
treated with vehicle or enzalutamide for 10 days prior to tumor harvest, metabolite
extraction, and metabolic profiling by high performance liquid chromatography mass

spectrometry. Enzalutamide-treated tumors exhibited reduced protein expression of PSA,

103



an AR target, and increased expression of NSE, which is repressed by AR, confirming
AR inhibition in vivo (Supplementary Figure 1c). Metabolomic profiling of vehicle- and
enzalutamide-treated tumors identified 47 enzalutamide-increased and 10 enzalutamide-
decreased metabolites (Fig. 1f). We asked whether in vitro enzalutamide treatment
similarly alters the metabolome by performing metabolic profiling on naive and LTenza
16D cells. These analyses revealed that metabolic profiles group based on treatment, as
naive 16D cells cluster with vehicle-treated 16D tumors, whereas LTenza 16D cells
cluster with enzalutamide-treated 16D tumors (Fig. 1g). In addition, we observed a higher
abundance of in vivo enzalutamide-enriched metabolites in LTenza 16D cells compared
to naive 16D cells (Fig. 1h). In vitro metabolomics identified 32 enzalutamide-increased
and 8 enzalutamide-decreased metabolites (Supplementary Figure 1d). 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 lipid

metabolism and the tricarboxylic acid cycle (TCA cycle) (Fig. 1i).

AR blockade maintains oxidative phosphorylation and reduces glycolysis

Having identified enzalutamide-induced changes to the metabolome, we explored
whether AR inhibition of 16D cells alters bioenergetics by measuring oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) in naive and LTenza 16D cells'®'”
(Fig. 2a,b). Although enzalutamide treatment did not significantly alter ATP-linked
respiration (Fig. 2a,c), FCCP-stimulated respiration was increased in enzalutamide-

treated cells (Fig. 2a,d), demonstrating an enhanced maximal capacity for oxidative
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mitochondrial metabolism. We then transformed rates of OCR and ECAR into rates of
mitochondrial and glycolytic ATP production to quantify the redistribution between
oxidative phosphorylation and glycolysis upon enzalutamide treatment’. The
mitochondrial ATP production rate was not altered in LTenza 16D cells (Fig. 2a,e),
whereas the glycolytic ATP production rate was dramatically reduced (Fig. 2b,f). As such,
the total ATP production rate in LTenza 16D cells (Fig. 2g) was substantially reduced,
and oxidative phosphorylation comprised a greater percentage of the overall ATP supply
(Fig. 2h). Consistent with dampened glycolysis, lower steady-state lactate was observed

in LTenza 16D cells (Fig. 2i).

As a complementary approach to respirometry, we performed isotope tracing with U-
13Cs-labeled glucose to confirm a relative shift away from glycolysis and towards
oxidative phosphorylation upon enzalutamide treatment. There was less glucose
enrichment into lactate in LTenza cells, consistent with reduced glycolysis (Fig. 2j). Unlike
the substantial decrease in labeling from glucose into lactate, enrichment into TCA cycle
intermediates was largely maintained between naive and long-term enzalutamide-treated
cells (Fig. 2k — 0). The lone exception was a slight increase in relative flux from glucose
into citrate in naive cells (Fig. 2k), which could be indicative of decreased de novo
lipogenesis upon AR inhibition'. Our data support a model whereby AR inhibition leads
to reduced glycolysis but maintenance of oxidative mitochondrial metabolism.
Interestingly, similar features have been reported in triple negative breast cancer cells
that survive chemotherapy?°, suggesting that LTenza cells may adopt a metabolic

phenotype associated with treatment-resistance in other epithelial tumor types.
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Impaired MYC activity and downrequlation of Hexokinase 2 contribute to AR inhibition-

induced metabolic reprogramming

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 LTenza 16D cells (Fig. 3a). Among the most downregulated genes
were Hexokinase 2 (HK2) and Lactate Dehydrogenase A (LDHA) (Fig. 3a). Western blot
analysis confirmed reduced protein expression of HK2 and LDHA in LTenza 16D cells
(Fig. 3b). In addition, week-long enzalutamide-treated subcutaneous 16D tumors
exhibited robust downregulation of HK2 and LDHA suggesting consistent enzalutamide-
induced downregulation of HK2 and LDHA in vivo and in vitro (Fig. 3c). We performed
immunohistochemistry on tissue sections from 16D tumors and observed relatively
uniform HK2 downregulation in enzalutamide-treated tissues (Supplementary Figure 2a).
To better understand the in vivo regulation of glycolytic enzymes following AR inhibition,
we utilized an AR-positive patient-derived xenograft (PDX) model originating from a
patient with localized CRPC, termed 180-302". We confirmed reduced PSA and increased
NSE expression in 1-week enzalutamide-treated 180-30 tumors (Fig. 3d). Consistent with
our findings in the 16D model, enzalutamide-treated 180-30 tumors contained reduced

expression of HK2 and LDHA (Fig. 3d).

We next asked whether there is evidence of HK2 and LDHA downregulation in clinical

datasets after AR inhibition. Transcriptomics analysis of the Quigley et al dataset??, which

contains enzalutamide-naive and enzalutamide-treated metastatic CRPC biopsies,
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revealed significant HK2 mRNA downregulation and a trend toward reduced LDHA levels
in the enzalutamide-treated samples (Fig. 3e,f). To investigate whether AR inhibition-
induced HK2 and LDHA downregulation is unique to CRPC or if it is broadly associated
with AR blockade, we evaluated HK2 and LDHA levels in castration-sensitive tumors
before and after ADT using the Rajan et al dataset'. HK2 mRNA expression was reduced
in all 7 patients post-ADT (Fig. 3g) while LDHA expression was reduced in 5 of 7 patients
(Fig. 3h). These data suggest that AR inhibition lowers HK2 and LDHA levels across

various disease states.

Previous work suggests that AR can regulate select glycolytic genes®. We analyzed our
previous AR ChlIP-seq datasets in 16D cells®® and did not observe evidence of binding to
the HK2 or LDHA loci, suggesting that these glycolytic enzymes are not direct targets of
AR in 16D cells. To explore an indirect mechanism of HK2 and LDHA downregulation
after AR inhibition, we investigated whether AR blockade alters transcriptional signatures
of MYC, a key regulator of glycolysis®*. GSEA revealed negative enrichment of
Hallmark_Myc_targets in LTenza 16D cells (Fig. 3i). Consistent with these findings, we
observed negative enrichment of Hallmark_Myc_targets in Rajan et al patient samples
post-ADT' (Fig. 3j). In addition, negative enrichment of Hallmark_Myc_targets was
observed after castration in the AR positive LTL331 PDX model?® (Supplementary Figure

2b).

To determine whether reduced MYC activity mediates reduced HK2 and LDHA

expression in AR inhibited cells, we attempted to rescue MYC activity via ectopic MYC
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expression in LTenza 16D cells. GSEA revealed positive enrichment of
Hallmark_Myc_targets in MYC-transduced LTenza cells compared to RFP-transduced
LTenza 16D cells (Supplementary Figure 2c). Furthermore, there was no significant
negative enrichment of Hallmark_Myc_targets between MYC-transduced LTenza cells
and naive 16D cells indicating successful rescue of MYC transcriptional activity
(Supplementary Figure 2d). Western blot analysis revealed increased expression of HK2
and LDHA in MYC-transduced LTenza cells compared to RFP-transduced LTenza 16D
cells. However, HK2 expression remained roughly 50 percent lower in MYC-transduced
LTenza cells than in naive 16D cells (Fig 3k). Targeted bisulfite sequencing identified a
statistically significant increase in the mean percentage of methylated CpGs within the
transcriptional start site of HK2 in LTenza 16D cells suggesting that epigenetic alterations
may cooperate with reduced MYC activity to antagonize HK2 expression (Supplementary

Figure 2e).

Since HK2 is upstream of LDHA and catalyzes the first committed step of glycolysis, we
evaluated whether HK2 knockdown (shHK2) in naive 16D cells is sufficient to reduce
glycolytic activity, compared to a scrambled control shRNA (shScr). HK2 knockdown was
confirmed by Western blot (Fig. 3I). To broadly measure cellular glycolytic capacity, we
measured ECAR after treatment with the ATP synthase inhibitor oligomycin, which will
stimulate an increase in glycolysis due to the loss of oxidative phosphorylation. Whereas
oligomycin stimulated a 2-fold increase in ECAR of shScr-transduced 16D cells (Fig. 3m),
the rate was unchanged in shHK2-transduced 16D cells (Fig. 3n) or LTenza 16D cells

(Fig. 30). Accordingly, shHK2-transduced 16D cells and LTenza 16D cells exhibited
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reduced oligomycin-stimulated ECAR compared to shScr-transduced 16D cells
(Supplementary Figure 2f). These data establish reduced HK2 as one mechanism

contributing to a lower glycolytic capacity in response to AR inhibition.

Enzalutamide induces mitochondrial elongation via reduced DRP1 activity

As mitochondrial dynamics can change in response to cellular and environmental
stresses?®, we explored the effect of AR inhibition on mitochondrial morphology.
Mitochondria were visualized in naive and LTenza 16D cells by staining for the
mitochondria-associated protein TUFM. Immunofluorescence identified robustly
elongated mitochondria in LTenza 16D cells (Fig. 4a). Quantification of mitochondrial
elongation and branching was performed by calculating the mitochondrial aspect ratio,
which is equal to the ratio of the major axis to the minor axis of an object, and form factor,
a value that compensates for irregularity in the shape of an object, respectively?” (Fig.
4b). LTenza 16D cell mitochondria exhibited a higher aspect ratio (Fig. 4c) and lower form
factor (Fig. 4d) compared to naive cell mitochondria, consistent with mitochondrial
elongation and increased branching. Eccentricity, the ratio of the distance between the
foci of an ellipse and its major axis length, was used as a secondary approach to quantify
mitochondrial elongation. Increased mitochondrial eccentricity was calculated in LTenza
16D cells, confirming mitochondrial elongation (Supplementary Figure 3a). Enzalutamide
treatment did not alter mitochondrial size, subtly increased mitochondrial count, and did
not alter mitochondrial volume (Supplementary Figure 3b-d). As mitochondrial elongation

and branching have been associated with enhanced mitochondrial function in certain
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contexts?8, these features may enable cells to compensate for reduced glycolytic activity

after AR inhibition.

Mitochondrial morphology is determined by the relative amounts of mitochondrial fission
and fusion®®. Several reports provide evidence that AR may regulate DRP1%, encoded
by the DNM1L gene, which mediates mitochondrial fission. We therefore explored
whether DRP1 levels are altered in LTenza 16D cells. DRP1 expression was only subtly
reduced in LTenza 16D cells (Fig. 4e). As DRP1 phosphorylation at S616 is required for
DRP1 activity3!, we hypothesized that LTenza 16D cells may exhibit reduced DRP1-S616
phosphorylation. Indeed, DRP1-S616 phosphorylation was dramatically reduced in
LTenza cells compared to naive 16D cells (Fig. 4e). Enzalutamide-treated 16D tumors
contained both reduced total DRP1 expression and reduced DRP1-S616 phosphorylation
(Supplementary Figure 3e,f). Furthermore, we observed both reduced total DRP1
expression and reduced DRP1-S616 phosphorylation in 180-30 PDX tumors suggesting
that the tumor microenvironment may influence the response of DRP1 expression to AR
blockade (Figure 4f). Analysis of 16D AR ChlP-seq data? revealed binding to the DNM1L

locus, suggesting that AR directly regulates DRP1 in this model (Supplementary Figure

39).

To evaluate the functional role of DRP1, we ectopically expressed a constitutively active
DRP1 phosphomimetic?3, DRP15¢16E in naive and LTenza 16D cells (Fig. 4g). DRP1S616E-
transduced LTenza 16D cells contained more fragmented mitochondria than RFP-

transduced LTenza 16D cells (Fig. 4h,i). Apoptosis and cell cycle analyses revealed that
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whereas naive 16D cells are relatively insensitive to DRP156'6E expression, DRP15616E-
transduced LTenza cells exhibit increased apoptosis and reduced proliferation compared
to RFP-transduced LTenza cells (Fig. 4j,k). These data suggest that elongation of
mitochondria may enable LTenza 16D cells to better survive enzalutamide treatment. Our
data are consistent with previous reports that mitochondrial elongation can promote tumor

cell survival during energetic stress?6:31:32,

AR inhibition enhances sensitivity to complex | inhibitors

As enzalutamide-treated 16D cells generate a greater proportion of ATP from oxidative
mitochondrial metabolism and exhibit reduced glycolytic activity and higher respiratory
capacity, we hypothesized that these cells may be increasingly sensitive to inhibition of
oxidative phosphorylation. To test our hypothesis, we treated naive and LTenza 16D cells
with the highly-specific complex | inhibitor IACS-01075933 (IACS). Respirometry and U-
13Cs-glucose tracer analysis were performed to validate the on-target effect of IACS.
IACS reduced the ATP-linked respiration of naive and LTenza 16D cells by roughly 95
percent (Fig. 5a). In addition, IACS treatment significantly reduced M+2 labeling of TCA
cycle intermediates from U-13Ces-glucose in both naive and LTenza 16D cells
(Supplementary Figure 4a,b). Increased M+3-labeled lactate was observed in both naive
and LTenza 16D cells after IACS treatment indicating that both cell types compensate for
reduced complex | activity by increasing glycolysis (Supplementary Figure 4c).
Respirometry revealed that while both naive and LTenza 16D cells increase glycolytic
ATP production in response to IACS, naive cells contain a 2-fold higher IACS-induced

glycolytic ATP production rate compared to LTenza 16D cells (Supplementary Figure 4d).
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Accordingly, IACS treatment reduced the total ATP production of naive cells by just 12%
compared to a 29% reduction of total ATP production in LTenza 16D cells

(Supplementary Figure 4e).

We performed cell cycle analysis to determine the effect of IACS on the proliferation of
naive and LTenza 16D cells and identified robust differential sensitivity (Fig. 5b). Whereas
IACS treatment did not alter the proliferation of naive cells, IACS reduced the proliferation
of LTenza 16D cells by roughly 35 percent in just 72 hours (Fig. 5b and Supplementary
Figure 4f). Apoptosis analysis revealed that while IACS treatment increased apoptosis in
both naive and LTenza 16D cells, the percentage of apoptotic naive cells remained far
below one percent after 72 hours (Fig. 5¢). In contrast, nearly 6% of IACS-treated LTenza
cells were apoptotic after the same period (Fig. 5c). Since AR blockade increases
sensitivity to complex | inhibition, we wondered if IACS treatment of naive 16D cells might
increase enzalutamide sensitivity. 72hr IACS pretreatment significantly enhanced
enzalutamide sensitivity, effectively doubling the growth inhibition caused by
enzalutamide (Fig. 5d). These data demonstrate the potential for combining IACS and
enzalutamide to reduce prostate cancer cell proliferation regardless of which treatment is

initiated first.

We explored whether the clinically viable drug metformin, which has complex | inhibitor
activity in vitro®*, alters the enzalutamide sensitivity of naive 16D cells. Reduced ATP-
linked respiration in metformin-treated 16D cells was confirmed by respirometry

(Supplementary Figure 4g). Cell cycle analysis revealed that, unlike IACS, metformin
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alone was sufficient to impair the proliferation of naive 16D cells (Supplementary Figure
4h). Reduced proliferation in metformin-treated 16D cells was likely caused by known off-
target effects®* as IACS treatment reduced ATP-linked respiration by greater than 95%
without altering EdU labeling. Consistent with IACS pretreatment increasing
responsiveness to AR inhibition, 72hr metformin pretreatment significantly enhanced the

sensitivity of naive 16D cells to enzalutamide (Supplementary Figure 4i).

To better understand the interaction between AR inhibition and complex | inhibition across
various disease states, we explored whether metformin similarly enhances the sensitivity
of LNCaP cells to castration. After validating castration-induced suppression of AR target
gene expression (Supplementary Figure 5a), and demonstrating that castrated LNCaP
cells transcriptionally resemble castrated LTL331 PDX tumors?® and patient tumors post-
ADT" (Supplementary Figure 5b-e), we explored whether castrated LNCaP cells exhibit
altered metabolic gene expression. GSEA revealed negative enrichment of
Hallmark_Myc _targets (Supplementary Figure 5f), and we identified mRNA
downregulation of select glycolytic genes including HK2 and LDHA after castration
(Supplementary Figure 5g). Western blot analysis confirmed lower HK2 and LDHA levels
and identified reduced total DRP1 expression and DRP1-S616 phosphorylation
(Supplementary Figure 5h). Consistent with our findings in the 16D model, metformin
treatment reduced the growth of LNCaP cells and significantly increased castration
sensitivity, from roughly 45 percent to greater than 85 percent (Supplementary Figure

5i,j). These data suggest that AR blockade-induced metabolic changes may be conserved
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across various disease states and that complex | inhibition could broadly enhance

sensitivity to AR inhibition.

After showing that various complex | inhibitors can synergize with AR blockade in vitro,
we explored whether enzalutamide treatment of mice bearing 180-30 PDX tumors
enhances IACS sensitivity. After one week of treatment with vehicle or enzalutamide in
vivo, we analyzed IACS sensitivity using ex vivo culture. Week-long enzalutamide-treated
180-30 PDX tumors contained reduced protein expression of PSA, HK2, and LDHA (Fig.
5e,f). Cell cycle analysis after ex vivo culture of tumor tissue in prostate organoid
conditions confirmed reduced proliferation in enzalutamide-treated 180-30 PDX tumors
(Fig. 5g). Analysis of IACS sensitivity revealed that enzalutamide-treated samples
accounted for 4 of the 5 most IACS-sensitive samples (Fig. 5h). Furthermore, whereas
IACS did not alter the growth of vehicle-treated tumor cells in a statistically significant

manner (Fig. 5i), IACS significantly reduced proliferation of enzalutamide-treated cells

(Fig. 5j).

Discussion:

Therapy-induced metabolic reprogramming has been reported in various cancers where
standard of care therapy can synergize with targeting of reprogrammed metabolism to
impair treatment-resistance??:3%:36, In this study, we comprehensively characterized the
effect of AR blockade on prostate cancer metabolism. Transcriptomic and metabolomic
analyses revealed AR-inhibition-induced changes to metabolic gene expression and

metabolite abundance respectively. We identified sustained oxidative mitochondrial
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metabolism, including increased maximal respiration, and reduced basal and oligomycin-
stimulated glycolysis, after AR inhibition. Mechanistically, decreased MYC activity and
HK2 downregulation contributed to reduced glycolytic activity. Interestingly, we observed
robust elongation of mitochondria driven by lower DRP1 activity in enzalutamide-treated
cells and found that mitochondrial elongation supports cell survival and proliferation after
AR blockade. We explored whether AR inhibition increases reliance on oxidative
mitochondrial metabolism and observed increased sensitivity to complex | inhibitors after
AR blockade. In addition, pre-treatment with complex | inhibitors increased sensitivity to
AR inhibition, demonstrating the effectiveness of combined complex | inhibition and AR

blockade.

Our study identifies mitochondrial elongation as a potential survival mechanism after AR
blockade. Elongation has been shown to protect mitochondria from autophagosomal
degradation during nutrient starvation?632. A hyperfused mitochondrial phenotype has
been observed in triple negative breast cancer cells that survive chemotherapy®” and has
been shown to enable chemotherapy resistance in gynecological cancers®. The
functional impact of mitochondrial morphology on metabolic output has proven to be
highly context dependent. For example, mitochondrial fission drives increased oxidative
mitochondrial metabolism and tumorigenic potential in pancreatic ductal adenocarcinoma
cells®4% and decreased oxidative mitochondrial metabolism in neuroblastoma cells*'.
Future work is needed to understand how mitochondrial elongation enables prostate

cancer cells to better survive AR blockade.
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It is critical to consider the window when complex | inhibition could cooperate with AR
inhibition to improve patient outcomes. Our functional data suggest that complex |
inhibition could be combined with ADT to treat castration-sensitive prostate cancer and/or
ARPIs to treat CRPC. These findings are further supported by our observation from
clinical datasets that HK2 downregulation occurs after both ADT treatment of localized
castration-sensitive disease, and ARPI treatment of metastatic CRPC. While most
prostate tumors initially respond to AR inhibition, they eventually recur in a more
aggressive form, driven by the acquisition of additional somatic mutations such as
disruption of RB1 and TP534?43, Interestingly, knockdown of RB7 and TP53 in LTenza
16D cells was not sufficient to alter enzalutamide-induced metabolic features including
reduced MYC activity and enhanced sensitivity to complex | inhibitors despite increased
neuroendocrine signatures*4-¢ (Supplementary Figure 6). In contrast, in the LTL331 PDX
model®®, which relapses as terminally differentiated neuroendocrine prostate cancer after
castration, relapsed tumors contained robust enrichment of Hallmark_Myc_targets
compared to castrated tumors despite maintenance of low AR activity (Supplementary
Figure 7). These data suggest that rescue of AR activity is not necessary to restore MYC
signaling and that the effectiveness of combined AR blockade and complex | inhibitor
treatment in relapsed ARPI-resistant disease may depend on the tumor phenotype and/or
genetic driver. Future work is necessary to determine whether MYC reactivation is broadly
associated with relapse, and whether increased MYC activity may contribute to prostate

cancer recurrence by restoring glycolytic activity.
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Metformin has been explored as a prostate cancer treatment for functions distinct from
complex | inhibition. Specifically, metformin has been shown to inhibit the proliferation of
prostate cancer cell lines in vitro by reducing AR and cyclin D1 levels*”#8. These effects
may explain why naive 16D cells exhibit sensitivity to metformin, despite lacking
sensitivity to IACS, which reduces mitochondrial respiration by greater than 95 percent.
In addition, metformin has been shown to synergize with bicalutamide in mouse models
by preventing AR blockade-induced hyperinsulinemia, which enhances tumor growth*°.
Accordingly, several observational and clinical trials have been performed and others are
ongoing to determine the efficacy of combined metformin treatment and AR blockade®.
Such trials have thus far been inconclusive regarding metformin use and both recurrence-
free survival and overall survival®'. Importantly, the concentration of metformin required
to inhibit complex | activity in vitro (1mM) is more than 10 times higher than the maximally-
achievable therapeutic concentration (70uM) found in patients®*%2. Therefore, improved
clinically-viable inhibitors of complex | are needed to evaluate the efficacy of combined

AR blockade and inhibition of mitochondrial oxidation in patients.
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Figure 1. Transcriptomic and metabolic profiling identify AR-inhibition-induced
metabolic reprogramming. (a) Top 30 significantly enriched pathways identified by
KEGG PATHWAY analysis on differentially expressed (fold change > 2, FDR < 0.2) Rajan
et al pre-androgen deprivation therapy (Pre-ADT) and post-androgen deprivation therapy
(Post-ADT) genes. Metabolism-related pathways highlighted in red. (b) Naive and LTenza
16D transcriptomics data projected onto principle component analysis (PCA) plot of pre-
ADT and post-ADT samples from Rajan et al data. 95% confidence eclipses for pre- and
post-ADT data are shown in cyan and pink respectively. (c) Violin plot indicating gene z-
scores of 1023 Rajan et al genes enriched post-ADT (fold change > 2, FDR < 0.2) in
naive, 24hr enzalutamide-treated (enza), 48hr enza, and LTenza 16D cells. Data
represent mean +/- SEM. (d) Heatmap of differentially expressed genes (fold change > 2,
FDR < 0.05) in LTenza 16D cells (Enza-treated) compared to naive (Veh-treated) 16D
cells. (e) Top 30 significantly enriched pathways identified by KEGG PATHWAY analysis
on differentially expressed genes (fold change > 2, FDR < 0.05) in naive and LTenza 16D
cells. Metabolism-related pathways highlighted in red. (f) Heatmap of differentially
abundant metabolites (fold change > 1.25, FDR < 0.2) in 1-week enzalutamide-treated
16D tumors compared to vehicle-treated 16D tumors. (g) /n vitro naive 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. (h) Violin plot indicating metabolite z-
scores of 47 in vivo enza-enriched metabolites (fold change > 1.25, FDR < 0.2) in naive
and LTenza 16D cells. Data represent mean +/- SEM. (i) Metabolite Set Enrichment
Analysis (MSEA) on in vivo enzalutamide-enriched metabolites (fold change > 1.25, FDR
< 0.2) and in vitro enzalutamide-enriched metabolites (fold change > 1.25, FDR < 0.05)
identifies commonly-enriched KEGG pathways (p<.2). P-values were calculated from an
unpaired t-test with Welch'’s correction (c and h) and a Fisher’s Exact Test (i). ***p <0.001,
****p < 0.0001.
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Figure 2
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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.

Treatment with Oligomycin (O), FCCP (F), Rotenone and Antimycin A (R/A) are
indicated with arrows. Data represent mean +/- SEM. (¢ 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 of mitochondrial 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
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
experiments. (i) Lactate abundance in naive and LTenza 16D cells from 3 biological
replicate experiments. (j - o) Moles percent enrichment (MPE) of U-13Ce-labeled
glucose in lactate (j), citrate (k), alpha-ketoglutarate (aKG) (I), succinate (m), fumarate
(n), and malate (0) in naive and LTenza 16D cells from 3 biological replicate experiments.
P-values were calculated from a ratio paired t-test. *p < 0.05, **p < 0.01, ****p < 0.0001,

n.s. = not significant, p > 0.05.
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Figure 3
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Figure 3. HK2 downregulation after AR inhibition contributes to reduced glycolytic
capacity. (a) Heatmap showing the mRNA expression of glycolytic genes from RNA
sequencing of 3 technical replicates of naive and LTenza 16D cells. (b-d) Western blots
indicating the expression of PSA, NSE, HK2, LDHA, and Actin (control) in lysates from
naive and LTenza 16D cells cultured in vitro (b), vehicle (veh) and 1-week enzalutamide-
treated (1w enza) 16D tumors in vivo (c), and veh and 1w enza 180-30 patient derived
xenografts in vivo (180-30 PDX) (d). (e and f) HK2 (e) and LDHA (f) mRNA expression in
unmatched enzalutamide-naive (Pre-enza) and enzalutamide-treated (Post-enza)
metastatic CRPC biopsies from Quigley et al dataset. Data represent the mean +/- SEM.
(g and h) HK2 (g) and LDHA (h) mRNA expression in matched pre- and post-androgen
deprivation therapy (ADT) biopsies from the Rajan et al dataset. (i and j) GSEA of
Hallmark_Myc_targets in naive and LTenza 16D cells (i), and Rajan et al pre-ADT and
post-ADT samples (j) showing normalized enrichment scores (NES) and false discovery
rates (FDR). (k) Western blot indicating expression of MYC, HK2, LDHA, PSA, and Actin
(control) in naive (-/-), RFP-transduced LTenza (+/-), and MYC-transduced (+/+) LTenza
16D lysates. (I) Western blot detecting HK2, PSA and Actin (control) in shScr-transduced
naive, shHK2-transduced naive, and LTenza 16D lysates. (m - o) Relative Extracellular
Acidification Rate (ECAR) of shScr-transduced naive (m), shHK2-transduced naive (n),
and LTenza 16D cells (o) treated +/- Oligomycin. Data represent the mean +/- SEM of 5
technical replicates from a representative experiment (n=2). P-values were calculated
from an unpaired t-test with Welch’s correction (e, f, m, n, and o) and a ratio paired t-test
(g and h). **p < 0.01, ***p < 0.001, n.s. = not significant, p > 0.05.
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Figure 4
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Figure 4. AR blockade elongates mitochondria via reduced DRP1 activity. (a)
Representative immunofluorescent images of naive and LTenza 16D cells stained for
TUFM (green) and DAPI (blue). Scale bars, 5 um. (b) Schematic illustrating calculation of
aspect ratio and form factor. (c and d) Quantification of mitochondrial aspect ratio (c) and
mitochondrial form factor (d) from TUFM stains from 20 images per treatment group. Data
represent the mean +/- SEM. (e and f) Western blots detecting DRP1 phosphorylation at
S616 (DRP1-P616), DRP1, PSA, and Actin (control) in naive and LTenza 16D lysates
(e), and vehicle (veh) and 1-week enzalutamide-treated (1w enza) 180-30 PDX tumor
lysates (f). (g) Western blot indicating DRP1-P616, DRP1, PSA, and Actin (control)
expression in lysates from RFP- or DRP15¢'6E-transduced naive and LTenza 16D cells.
(h) Representative immunofluorescent images of RFP- and DRP1S8'E-transduced
LTenza 16D cells stained for TUFM (green) and DAPI (blue). Scale bars, 10 um. (i)
Quantification of mitochondrial aspect ratio from TUFM stains from at least 28 cells per
treatment group. Data represent the mean +/- SEM. (j) Apoptosis analysis to identify the
percentage of Annexin V-positive cells (% Annexin V*) in each transduced line after 48
hours of culture. Data represent the mean +/- SEM of 4 technical replicates. (k) Cell cycle
analysis to quantify the relative sensitivity of naive and LTenza 16D cells to ectopic
DRP1S816E expression. Data represent the mean +/- SEM of 4 technical replicates from a
representative experiment (n=2). P-values were calculated from an unpaired t-test with
Welch’s correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. = not
significant, p> 0.05.
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Figure 5
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Figure 5. AR blockade enhances sensitivity to complex | inhibition. (a) ATP-linked
respiration of naive and LTenza 16D cells treated with vehicle (DMSO) or 30nM IACS-
010759 (IACS) for 24 hrs. Data represent the mean +/- SEM of 5 technical replicates. (b)
Cell cycle analysis to quantify the relative sensitivity of naive and LTenza 16D cells to
30nM IACS. Data represent the mean +/- SEM of 4 technical replicates from a
representative experiment (n=3). (c) Apoptosis analysis to identify the percentage of
Annexin V-positive cells (% Annexin V*) in naive and LTenza 16D cells treated with
DMSO or 30nM IACS for 48 hours. Data represent the mean +/- SEM of 8 technical
replicates. (d) Cell cycle analysis to quantify the relative sensitivity of DMSO- and 72hr
30nM IACS-treated naive 16D cells to enzalutamide. Data represent the mean +/- SEM
of 4 technical replicates. (e and f) Western blot detecting HK2, LDHA, PSA, and Actin
(control) expression in lysates from 5 vehicle-treated and 5 1-week enzalutamide-treated
180-30 PDX tumors (e) and associated quantification (f). Data represent the mean +/-
SEM. (g) 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. (h) Waterfall
plot indicating the ex vivo sensitivity of 180-30 PDX tumor tissue from veh- and 1w enza-
treated tumors to 30nM IACS. Data represent the percent change in EdU positivity (%
change EdU") relative to the respective vehicle. (i and j) Cell cycle analysis of the
sensitivity of vehicle-treated (i) or enza-treated (j) 180-30 PDX tumor tissue to ex vivo
culture +/- 30nM IACS. Data represent the mean +/- SEM of 5 tumor samples per
treatment group. P-values were calculated from an unpaired t-test with Welch’s correction
(a-d, f and g) and a ratio paired t-test (i and j). *p < 0.05, **p < 0.01, ****p < 0.0001, n.s.
= not significant, p > 0.05.
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Supplementary Figure 1 (related to Figure 1)
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Supplementary Figure 1. Validation of in vitro 16D model, in vivo enzalutamide
delivery and heatmap from in vitro metabolomics. (a) Gene Set Enrichment Analysis
(GSEA) of Hallmark_androgen_response genes in naive and LTenza 16D cells showing
normalized enrichment score (NES) and false discovery rate (FDR). (b) Naive, 24hr
enzalutamide-treated (enza), 48hr enza, and LTenza 16D transcriptomics data projected
onto principle component analysis (PCA) plot of pre-androgen deprivation therapy (pre-
ADT) and post-ADT samples from Rajan et al data. (c) 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. (d) Heatmap of differentially abundant
metabolites (fold change > 1.25, FDR < 0.05) in LTenza 16D cells (Enza-treated)

compared to naive (Veh-treated) 16D cells.
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Supplementary Figure 2 (related to Figure 3)
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Supplementary Figure 2. Reduced MYC activity and reduced glycolysis through
HK2 downregulation in anti-androgen treated cells. (a) 3, 3'-diaminobenzidine
staining indicates HK2 expression in representative tissue sections from vehicle- and 10-
day enzalutamide-treated (10d enza) 16D tumors. Scale bars, 100um. (b) GSEA of
Hallmark_Myc_targets in pre-castration (pre-Cx) and 8-week post-castration (8 wk post-
Cx) LTL331 tumor samples from the Akamatsu et al dataset. (c) GSEA of
Hallmark_Myc_targets in RFP-transduced LTenza (RFP LTenza) and MYC-transduced
LTenza (MYC LTenza) 16D cells. (d) GSEA of Hallmark_Myc_targets in naive 16D and
MYC LTenza 16D cells. (e) Mean percentage of methylated CpGs within the HK2 locus
of naive and LTenza 16D cells. (f) Oligomycin-stimulated Extracellular Acidification Rate
(ECAR) of shScr-transduced naive, shHK2-transduced naive, and LTenza 16D cells.
Data represent the mean +/- SEM of 5 technical replicates from a representative
experiment (n=2). Significance was evaluated (b-d) using normalized enrichment scores
(NES) and false discovery rates (FDR). P-values were calculated from an unpaired t-test
with Welch'’s correction (e and f). **p < 0.01, ***p < 0.0001.
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Supplementary Figure 3 (related to Figure 4)
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Supplementary Figure 3. Quantification of mitochondrial parameters in naive 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 naive or LTenza 16D cells.
Data represent the mean +/- SEM. (d) Quantification of the mitochondrial volume of naive
and LTenza 16D cells from 3-dimensional reconstruction of 10 z-stack images per
treatment group. Data represent the mean +/- SEM. (e and f) Western blot indicating AR,
PSA, NSE, HK2, LDHA, DRP1, DRP1 phosphorylation at S616 (DRP1-P616), and Actin
(control) expression in lysates from 3 vehicle-treated and 5 10-day enzalutamide-treated
(10d Enza-treated) 16D tumors (e) and associated quantification (f). Data represent the
mean +/- SEM. (g) 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. P-values were
calculated from an unpaired t-test with Welch'’s correction. *p < 0.05, **p < 0.01, ****p <
0.0001, n.s. = not significant, p > 0.05.
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Supplementary Figure 4 (related to Figure 5)
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Supplementary Figure 4. Validation of complex | inhibitors and sensitivity of
enzalutamide-treated cells to complex | inhibition. (a and b) Relative M+2-labeling of
citrate (cit), alpha-ketoglutarate (aKG), succinate (succ), fumarate (fum), and malate after
24hr U-13Ce-glucose tracer analysis of DMSO- and 30nM |IACS-010759-treated naive (a)
or LTenza 16D cells (b). Data represent the mean +/- SEM of 3 technical replicates. (c)
Percentage of M+3-labeled lactate in naive 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 naive 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 naive and LTenza 16D cells to 30nM IACS. Data
represent the mean +/- SEM of 5 technical replicates. (f) Cell cycle analysis measuring
the proliferation (% EdU") of vehicle-, 3-day (3d), and 6d 30nM |ACS-treated naive 16D
cells. Data represent the mean +/- SEM of 4 technical replicates from a representative
experiment (n=3). (g) ATP-linked respiration of naive 16D cells treated with DMSO or
2mM metformin (Met) for 24 hrs. Data represent the mean +/- SEM of 3 technical
replicates. (h) Cell cycle analysis measuring the percentage of EQU" cells of vehicle-, 3d,
and 6d 2mM Met-treated naive 16D cells. Data represent the mean +/- SEM of 4 technical
replicates. (i) Cell cycle analysis to quantify the relative sensitivity of DMSO- and 72hr
2mM Met-treated naive 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 >
0.05.
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Supplementary Figure 5 (related to Figure 5)
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Supplementary Figure 5. 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 Akamatsu et al genes enriched pre-Cx (fold change > 3, row mean > 1, 2710 genes)
(b), or 8 weeks post-Cx (fold change > 3, row mean > 1, 3371 genes) (c) in veh and 72-
hour Cx LNCaP cells. Data represent mean +/- SEM. (d and e) Violin plots indicating gene
z-scores of Rajan et al genes enriched pre-ADT (fold change > 2, FDR < 0.2, 911 genes)
(d) or post-ADT (fold change > 2, FDR < 0.2, 1023 genes) (e) in veh and 72-hour Cx
LNCaP cells. Data represent mean +/- SEM. (f) GSEA of Hallmark_Myc_targets genes in
veh and 72-hour Cx LNCaP cells showing NES and FDR. (g) Heatmap showing the
MRNA expression of select glycolytic genes from RNA sequencing of 3 technical
replicates of veh, 72-hour Cx, and 72-hour enzalutamide-treated (enza) LNCaP cells. (h)
Western blot detecting DRP1 phosphorylation at S616 (DRP1-P616), DRP1, HK2, LDHA,
NSE, PSA, and Actin (control) in veh and 72-hour Cx LNCaP lysates. (i) 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. (j) 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. 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 6
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Supplementary Figure 6. AR inhibition-induced metabolic hallmarks are retained in
enzalutamide-treated 16D cells after knockdown of RB71 and TP53. (a) mRNA
expression of RB17 and TP53 in naive, shScr-transduced (shScr) LTenza, and
shRB1_shTP53-transduced (DKD) LTenza 16D cells. Data represent the mean +/- SEM
of 3 technical replicates. (b and c) Violin plots indicating gene z-scores of Pan-
neuroendocrine tumor (Pan-NET) associated genes defined by Guo et al (b) and
treatment-emergent small-cell neuroendocrine prostate cancer (INEPC) associated
genes (fold change > 1.5, 330 genes) from the Aggarwal et al dataset (c) in naive, shScr
LTenza, and DKD LTenza 16D cells. Data represent mean +/- SEM. (d) GSEA of
Beltran_NEPC_UP genes in DKD LTenza and shScr LTenza 16D cells. (e and f) GSEA
of Hallmark_Myc_targets in DKD LTenza and naive 16D cells (e), or DKD LTenza and
shScr LTenza 16D cells (f). (g) Heatmap of select glycolytic genes from 3 technical
replicates per line. (h) Western blot detecting DRP1 phosphorylation at S616 (DRP1-
P616), DRP1, PSA, and Actin (control) in naive, shScr LTenza, and DKD LTenza 16D
lysates. (i-k) Maximal respiration (i), mitochondrial (Mito) ATP production (j), and glycolytic
ATP production (k) in naive, shScr LTenza, and DKD LTenza 16D cells from 4 biological
replicate experiments. (I) Total ATP production, represented as the sum of mitochondrial
ATP production (Mito ATP) and glycolytic ATP production (Glyco ATP), of naive, shScr
LTenza, and DKD LTenza 16D cells from 4 biological replicate experiments. Statistics
refer to comparison of total ATP levels. Data represent mean +/- SEM. (m) Percentage of
total ATP production from mitochondrial ATP production (% ATP from Mito) of naive,
shScr LTenza, and DKD LTenza 16D cells from 4 biological replicate experiments. (n)
Relative sensitivity of the proliferation of naive, shScr LTenza, and DKD LTenza 16D cells
to 72-hour treatment with 30nM IACS. Significance was evaluated (d-f) using normalized
enrichment scores (NES) and false discovery rates (FDR). P-values were calculated from
an unpaired t-test with Welch'’s correction (a-c, | and n). *p < 0.05, **p <0.01, ***p < 0.001,
****p < 0.0001, n.s. = not significant, p > 0.05.
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Supplementary Figure 7

a

Akamatsu et al, Cell Reports (2015)
Hallmark_Myc_targets

NES =2.16

FDR g-value = 0.001

Relapsed 12 wk post-Cx

Akamatsu et al, Cell Reports (2015)
Hallmark_androgen_response

°
°

1

+/NES = -1.53
s/FDR g-value = 0.001

Enrichment score

0.
0.
0.3
-0
0.

L

12 wk post-Cx

Relapsed

b

150

Akamatsu et al, Cell Reports (2015)
Hallmark_Myc_targets

NES =0.81
FDR g-value = 0.80

g 0.25
8 o020
D 015
-

€ 010

|

Relapsed Pre-Cx

Akamatsu et al, Cell Reports (2015)
Hallmark_androgen_response

205 NES =-2.09
5 °¢ FDR g-value = 0.001

I

Pre-Cx

Relapsed



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 and b) GSEA of Hallmark_Myc_targets in relapsed and 12-week post-
castration (12 wk post-Cx) LTL331 tumor samples (a) and relapsed and pre-castration
(Pre-Cx) samples (b) from the Akamatsu et al dataset. (c and d) GSEA of
Hallmark_androgen_response genes in relapsed and 12 wk post-Cx LTL331 tumor
samples (c) and relapsed and pre-Cx samples (d) from the Akamatsu et al dataset.
Significance was evaluated (a-d) using normalized enrichment scores (NES) and false
discovery rates (FDR).
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MATERIALS AND METHODS

13C isotope tracing

Naive 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 10 mM uniformly labeled 13C6-glucose (Cambridge Isotope
Laboratories), 10% (v/v) FBS, 2 mM glutamine, 100 units/mL penicillin, and 100 pg/mL
streptomycin.

24 hours after the addition of U-13Ce-glucose, cells were harvested and extracted for
GC/MS analysis using established methods. 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 uL water containing 1 ug of the internal standard norvaline.
Cells were then scraped and placed in 1.5 mL centrifuge tubes kept on ice. Next, 500 uL
of chloroform was added, after which samples were vortexed for 1 min and then spun at
10,000g for 5 min at 4C. 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 pL of 2% (w/v) methoxyamine in pyridine and
incubated at 37C for 45 minutes. This was followed by addition of 20 pyL of MTBSTFA +
1%  TBDMSCI  (Ntert-Butyldimethylsilyl-N-methyltrifluoroacetamide  with 1%
tertButyldimethylchlorosilane), mixing, and incubation for an additional 45 minutes at 37C.
Samples were run as previously described', 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 standards?.

Animal work

All animal work was performed using IACUC approved protocols under the supervision
of veterinarians from the Division of Laboratory Animal Medicine at UCLA. 7 million 16D
cells were implanted subcutaneously with 100 ul Matrigel (Corning) into NSG mice to form
primary tumors. Primary tumors were harvested, minced, and re-implanted (20 - 80 mg
of minced tumor tissue with 100ul 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. 180-
30 PDX tumors were maintained by serial implantation of 20 - 80 mg of minced tumor
tissue. Treatment with vehicle or enzalutamide was initiated one week after implantation
and performed using the approach described above. Tumors were collected after 7 days
of treatment and prepared for protein extraction and ex vivo organoid culture.

Apoptosis analysis

Cells were seeded at 40 percent confluence and cultured in 6-well dishes for 48 hours
prior to apoptosis analysis. No media changes were performed to preserve all material.
Cell culture media and wash media were collected and pooled with quenched trypsin-
containing media containing cells and apoptosis analysis was performed using an
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apoptosis detection kit (BioLegend, 640922) according to the provided protocol. Flow
cytometry was performed to quantify the percentage of annexin V* cells. In experiments
using transduced lines, analysis was restricted to the transduced cells which were
identified via flow cytometry by analyzing RFP florescence.

Bioenergetic assays

Oxygen consumption and extracellular acidification rates were measured using an Agilent
Seahorse XF96 or XF®96 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
2 UM oligomycin, FCCP (two sequential pulses of 500nM), and 0.2uM rotenone with 1 uM
antimycin A. All respiratory parameters were calculated as previously described in3.
Where indicated, cells were treated with 5uM UK5099, 5uM etomoxir, or 1uM CB-839 15
minutes prior to recording the initial measurements.

Rates of ATP produced from oxidative phosphorylation and glycolysis were calculated as
previously described*. 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 2 yM oligomycin 15 minutes prior to recording
the initial measurements.

Cell cycle analysis

Cells were seeded at 30 percent confluence and cultured in 6-well dishes for 72 hours
prior to cell cycle analysis. Media changes were performed 48 hours after plating. After
72 hours of culture, cell cycle analysis was performed using a 5-ethynyl-2’-deoxyuridine-
based (EdU) kit (ThermoFisher, C10635) according to the specified protocol. EdU
labeling was performed for 2 hours in LNCaP and 16D cells, and for 5 hours in 180-30
PDX organoids. For experiments that contained small molecule inhibitors, fresh
inhibitor(s) were adding during each media change. PDX 180-30 organoids were
dissociated after EdU labeling prior to fixation for cell cycle analysis. In select
experiments, the 1ug/ml Hoechst 33342 DNA stain (ThermoFisher, 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 100 pg/mL streptomycin. Enzalutamide treatment
was performed by adding 10uM enzalutamide (Selleck Chemicals, S1250) every 48
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hours. For LNCaP castration experiments, LNCaP cells were grown in RPMI base media
+ 10% CSS (v/v) (Sigma, F6765) + 100 units/mL penicillin, and 100 pg/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 8ug/ml Polybrene (Fisher, 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-CRW?. Plasmid vectors for
shHK2, and DRP1S616E were obtained from VectorBuilder. The target sequence for HK2
is TGACGACAGCATCATTGTTAA. shScramble (FU-shScr-CRW) and shRB1-shTP53
(FU-shTP35-shRB1-CRW) vectors were cloned as follows. First, the pBSPacl shuttle
vector was made by inserting an adaptor oligonucleotide AG220: 5'-
AATTCTTTAATTAAAG-3’ at the EcoRI site of pBluescript Il KS(+) (Stratagene). The
pPass1 shuttle was cloned as follows. Annealed oligonucleotides AG232: 5'-
CCTTAATTAAGCGATCGCACTGGGTACCTGGGCC-3 and AG233: 5'-
CAGGTACCCAGTGCGATCGCTTAATTAAGGGTAC-3’' were inserted between Kpnl
and Apal sites of pBluescript Il KS(+). Then, annealed oligonucleotides AG234: 5'-
CTTAATTAAACTGGGGAGCTCCGC-3’ and AG235: 5'-
GGAGCTCCCCAGTTTAATTAAGAGCT-3’ were inserted between Sacl and Sacll sites.
This creates a Pacl-AsiSI-[Multiple cloning sites]-Pacl cassette. Annealed
oligonucleotides AG218: 5’-GACGATGATTAATTAA-3’, and AG220 (above) were ligated
with Kfll-EcoRI fragment of shp53 pLO1 pure (Addgene) and inserted into Pacl site in
pBSPacl (pBSPacl-shTP53). Pacl fragment of pBSPacl-shTP53 was then inserted into
the AsiSI site in pPassl (pPass1-shTP53). The Pacl-Pacl fragment of FU-shRB1-AR-
CGW was blunted and digested with Hindlll creating a HindlllI-blunt fragment of H1-
shRB1 cassette. This cassette was inserted between Hindlll and EcoRYV sites in pPass1-
shTP53 (pPass1-shTP53-shRB1). Pacl fragment of pPass1-shTP53-shRB1 was then
inserted into the Pacl 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/UG vector (Invitrogen). Then, the BamHI-Xbal fragment was purified and inserted
between BamHI and Xbal sites in pBSPacl (pBSPacl-shScr21A). The Pacl fragment from
pBSPacl-shScr21A was inserted at the Pacl site in FU-CRW (FU-shScr-CRW).
Concentrated viral aliquots were produced either by VectorBuilder or UCLA Integrated
Molecular Technologies Core.

ChIP sequencing

AR ChlP-seq bigwig files were generated using deeptools program suite®. AR binding
profiles of LNCaP-Ctrl, LNCaP-R18817, 16D® samples at genomic loci (namely LDHA,
HK2 and DNM1L) were analyzed by visualizing AR ChlIP-seq bigwig tracks using IGV®.

DNA methylation analysis
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Bisulfite sequencing was carried out as described previously'. In brief, genomic DNA
was bisulfite converted using the EZ DNA methylation kit (Zymo Research, Orange, CA,
USA) and amplified using primers specific to the promoter of HK2 (F-5'-
AGTTGAGTTTTAGTGATTTTGTGGT -3, R-5'-
AACTTACCTTCTACACTTAATCATAATTAA -3). All PCR reactions were carried out in
40 pl volume containing 20ng of bisulfite converted DNA, 1 x Platinum Taqgbuffer
(Invitrogen), 1.5U Platinum Taq (Life Technologies), 250 uM each dNTPs, 1.5mM
MgCI2, 0.25 pg/ul bovine serum albumin, 2 pl dimethyl sulfoxide, 400 nM forward primer,
and 400 nM reverse primer. Cycling conditions were 95C for 3 min, 36 cycles of 95C for
30s, 55C for 30s, and 72C for 30 s, followed by a 7 min extension step at 72C. PCR
products were gel purified after electrophoresis on a 2% agarose gel. Amplicons were
sequenced to an average coverage of 27,380x using established amplicon sequencing
protocols (Azenta). Raw bisulfite amplicon sequencing fastq reads were first trimmed
using Trim Galore version 0.6.6 and then aligned to UCSC hg19 reference genome using
Bismark version 0.23.0"". 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

16D tumor tissue from vehicle- and 10-day enzalutamide-treated mice 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-um 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 97C for 15 minutes. Primary Rabbit anti-Human HK2 monoclonal
antibody (Cell Signaling, 28675), clone C64G5, was added at a 1:600 dilution and
incubated for 60 minutes at room temperature. Sections were then incubated for 5
minutes with the EnVision Flex+ Rabbit linker (Agilent, SM805) prior to a 5-minute
treatment with the Polymer Flex/HRP (Agilent, SM802) reagent. Negative control slides
received the Flex Rabbit Negative Control Immunoglobulin fraction (Agilent, IR600)
instead of primary antibody. Slides were developed in Envision Flex DAB+Chromogen
and counterstained with Mayer’'s hematoxylin.

In vivo metabolomics

After tumor dissection, a maximum of 30mg of tissue was weighed, snap frozen, and
stored at -80C until metabolite extraction. To extract metabolites, weighed tumor tissue
was added to a bead tube (Fisher) containing 1ml 80% methanol plus 10mM potassium
trifluoromethanesulfonate (TMSO) internal standard on ice. Samples were homogenized
for 1 minute at max speed on a bead homogenizer (Fisher). Bead tubes were spun at
170009 at 4C for 10 minutes. The supernatant was transferred to an Eppendorf tube and
spun at 17000g at 4C for 10 minutes. A volume of extraction equivalent to 3mg of tumor
tissue was transferred to an ABC vial (Fisher). All volumes were normalized to 500ul with
80% methanol containing TMSO internal standard. 80% MeOH was evaporated from the
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ABC vials using the EZ-2Elite evaporator (Genevac) and samples were stored at -80°C
until analysis.

Dried metabolites were reconstituted in 100 puL of a 50% acetonitrile (ACN) 50% dH20
solution. Samples were vortexed and spun down for 10 min at 17,000g. 70 yL of the
supernatant was then transferred to HPLC glass vials. 10 uL of these metabolite solutions
were injected per analysis. Samples were run on a Vanquish (Thermo 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 yL/min on a SeQuant ZIC-pHILIC Polymeric column
(2.1 x 150 mm 5 pym, EMD Millipore) at 35°C. Separation was achieved with a linear
gradient from 20% A to 80% A in 20 min followed by a linear gradient from 80% A to 20%
A from 20 min to 20.5 min. 20% A was then held from 20.5 min to 28 min. The UHPLC
was coupled to a Q-Exactive (Thermo Scientific) mass analyzer running in polarity
switching mode with spray-voltage=3.2kV, sheath-gas=40, aux-gas=15, sweep-gas=1,
aux-gas-temp=350°C, and capillary-temp=275°C. For both polarities mass scan settings
were kept at full-scan-range=(70-1000), ms1-resolution=70,000, max-injection-
time=250ms, and AGC-target=1E6. MS2 data was also collected from the top three most
abundant singly-charged ions in each scan with normalized-collision-energy=35. Each of
the resulting “.RAW"’ files was then centroided and converted into two “.mzXML” files (one
for positive scans and one for negative scans) using msconvert from ProteoWizard 2.
These “mzXML” files were imported into the MZmine 2 software package'. lon
chromatograms were generated from MS1 spectra via the built-in Automated Data
Analysis Pipeline (ADAP) chromatogram module'* and peaks were detected via the
ADAP wavelets algorithm. Peaks were aligned across all samples via the Random
sample consensus aligner module, gap-filled, and assigned identities using an exact
mass MS1(+/-15ppm) and retention time RT (+/-0.5min) search of our in-house MS1-RT
database. Peak boundaries and identifications were then further refined by manual
curation. Peaks were quantified by area under the curve integration and exported as CSV
files. If stable isotope tracing was used in the experiment, the peak areas were additionally
processed via the R package AccuCor' 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.

In vitro metabolomic profiling

Cells were seeded at 30 percent confluence and cultured in 6-well dishes for 72 hours
prior to metabolite extractions. Media was aspirated and cells were washed with cold
150mM ammonium acetate pH 7.3. Metabolite extractions were performed by adding
500ul 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 4C for 5
minutes at maximum speed to pellet the insoluble fraction before 420ul of the soluble
fraction was transferred to ABC vials (Fisher). 80% MeOH was evaporated from the ABC
vials using the EZ-2Elite evaporator (Genevac) and samples were stored at -80°C until
analysis.
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Dried metabolites were resuspended in 50% ACN:water and 1/10" was loaded onto
a Luna 3um NH2 100A (150 x 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 pl/min. A linear gradient from
15% A to 95% A over 18 min was followed by 9 min 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).

Normalization was performed by resuspending the insoluble fraction in 300ul of lysis
solution (0.1M NaCl, 20mM Tris-HCI, 0.1% SDS, 5mM EDTA in distilled water) and
proceeding with DNA measurement. Samples were syringed with a 25G needle to reduce
viscosity and 50ul of each sample was transferred to a 96-well black wall clear bottom
tissue culture plate (Corning). 50ul lysis solution was added to one well for a blank
reading. 100ul of 5ug/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 37C 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.

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 100 pg/mL streptomycin, 1mg/mL collagenase type I, 1mg/ml dispase,
0.1mg/mL deoxyribonuclease, and 10uM of the p160ROCK inhibitor Y-27632
dihydrochloride (Tocris Bioscience). When chunks were no longer visible, the samples
were incubated at 37C on a nutating platform for 45 minutes in 10mL of dissociation
media. After centrifugation at 800g for 5 min, the pellet was washed with 1x phosphate
buffered saline. The cell pellet was resuspended in human organoid media'® and passed
through a 100um 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 37C for 1 hour, 500ul human organoid media was added
to each well. Each vehicle- and enzalutamide-treated sample was cultured +/- 30nM
IACS-010759 (ChemieTek) for 72 hours.

RNA sequencing

RNA was extracted from samples using the RNeasy Mini Kit (QIAGEN). Library
preparation was performed using the KAPA Stranded mRNA-Seq Kit (Roche). The
workflow consists of mMRNA 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 lllumina HiSeq 3000 was used to perform
sequencing for 1x50 run.
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Visualization of mitochondria

Cells were cultured in u-Slide Well (Ibidi) and fixed with 4% PSA/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) (Invitrogen, A11001) and
4',6-diamidino-2-phenylindole (DAPI) (Sigma, D8417). Signals were visualized using
Zeiss LSM 880 confocal scanning microscope with Airyscan with 100x oil immersion
objectives.

Western blot

Cells were lysed in RIPA buffer (50mM Tris-HCL pH8.0, 150nM NaCl, 1% NP-40, 0.5%
Sodium Deoxycholate, 0.1% SDS) containing a phosphatase inhibitor cocktail (Halt,
78428) and a protease inhibitor cocktail (Millipore Sigma, 11697498001). Sonication was
performed with a sonic dismembrator (Fisher, FB120) to improve membranous and
nuclear protein yield. For extraction of protein lysate from tumor samples, tumors were
minced with a razor blade prior to transfer to pre-filled bead mill tubes (Fisher, 15-340-
153) and resuspension in the lysis solution described above. Homogenization was
performed for 2 minutes at max intensity using a Bead Mill 4 homogenizer (Fisher, 15-
340-164). Samples were run on NUPAGE 4%-12% Bis-Tris Gels (Fisher, NP0335) and
protein was transferred to PVDF transfer membranes (Fisher, IPV00010). Total protein
was visualized using the SYPRO RUBY protein blot stain (Fisher, S11791) and
membranes were blocked in PBS +.1% Tween-20 (Fisher, BP337-500) + 5% milk (Fisher,
BC9121673). Proteins were probed with primary antibodies followed by chromophore-
conjugated  anti-mouse  (Invitrogen, A21235) or anti-rabbit secondary
antibodies (Invitrogen, A21244) or HRP-conjugated anti-mouse (Thermo, 31430) or anti-
rabbit secondary antibodies (Thermo, 31463) and detected via florescence or HRP
chemiluminescence respectively. Primary antibodies used were beta-Actin (Invitrogen,
MA1-140), Androgen Receptor (Cell Signaling, 5153S), Hexokinase Il (Cell Signaling,
28675), DRP1 (Cell Signaling, 5391S), Phospho-DRP1 (Ser616) (Cell Signaling, 3455S),
Anti-LDH-A (MilliporeSigma, MABC150), Recombinant-Anti-c-MYC (Abcam, ab32072),
NSE (Proteintech, 66150-1-1g), and PSA/KLK3 (Cell Signaling, 5877).

QUANTIFICATION AND STATISTICAL ANALYSIS

Metabolomics analysis

For projection plots, principal component analysis (PCA) was performed with the scikit-
learn, NumPy, pandas, and Matplotlib libraries in Python. Feature selection was done
based on shared features between differing datasets. Count/abundance matrices were
sorted along their respective feature-axis to ensure features were listed in the same order.
After performing z-score scaling, the coordinates from the in vitro samples were merged
onto a PCA plot with the values from in vivo samples. 95% confidence ellipses were
generated from PCA-transformed coordinates using a script from Matplotlib
(https://github.com/Nick-Nunley/PCA-for-AR-induced-metabolic-reprogramming-in-
CRPCa). Heatmaps were generated by plotting row z-scores in GraphPad Prism Version
7. To generate the average z-score plot, an in vivo enza-enriched metabolite signature
was defined. Row z-scores of in vivo enza-enriched metabolites were calculated from the
in vitro metabolomics dataset. Row z-scores from three technical replicates from a
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representative experiment (n=3) were averaged and represented on a dot plot. MSEA
was generated using Metaboanalyst 5.0
(https:/lwww.metaboanalyst.ca/MetaboAnalyst/home.xhtml).

Mitochondrial content and morphology

Mitochondrial elongation was expressed as aspect ratio (long axis/short axis ratio) and
eccentricity, calculated as the ratio of the distance between the foci of an ellipse and its
major axis length. Branching was expressed as form factor ((4rn(area))/Perimeter?).
Mitochondrial parameters were determined from mitochondrial TUFM staining. Image
analysis was performed using ImageJ v1.53c and CellProfiler v2.0'8. For mitochondrial
volume quantification, z-stack images were processed with Imaris software (Oxford
Instruments) to identify TUFM-positive regions and calculate TUFM-positive volume.

RNA sequencing analysis

KEGG pathway analysis was performed using DAVID Bioinformatics'®?°, GSEA was
performed as described previously using GSEA_4.0.3 software?"-?2. 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-seqg?. Alignment to hg38-decoy
reference was performed using STAR aligner (version 2.5.0b) with per-gene counts
quantification on the basis of lllumina RNA-seq alignment app Version 1.1.0%.

Western blot quantification

Western blots were quantified using Imaged software. Background values were
subtracted from the mean gray value for each band. Each band was normalized to its
respective loading control.

DATA AND CODE AVAILABILITY

The data discussed in this publication have been deposited in NCBI's Gene Expression
Omnibus and are accessible through GEO Series accession numbers GSE202885,
GSE202755, and GSE202897.
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Prostate cancer is among the most common causes of cancer-related death’.
Understanding mechanisms of prostate cancer initiation, progression, and treatment
resistance is required to reduce mortality from the disease. The work presented in this
thesis represents our efforts to (1) understand how age-related changes to prostate
epithelial cells increase susceptibility to prostate cancer initiation, (2) define how
metabolism regulates lineage transitions, which drive progression to therapy-resistant
disease, and (3) identify treatment-induced metabolic alterations that can be targeted to

eradicate the cells that survive treatment.

Aging and progenitor activity

Whereas aging in many tissues is associated with atrophy and a decline in
stem/progenitor cell function, aging in the prostate is associated with growth-related
diseases such as benign prostatic hyperplasia and prostate cancer?3. Prior to our work,
the effects of aging on the gene expression and progenitor activity of prostate epithelial
cells were poorly defined. In chapter 2, | described our effort to identify key age-related
phenotypes in the mouse and human prostate. We found that ex vivo progenitor activity
of mouse basal and luminal prostate epithelial cells is maintained during aging. We
explored the mechanism by which aged luminal cells form larger organoids and identified
an age-related expansion of progenitor-enriched luminal cells in the mouse prostate that
is conserved in human prostate. Single cell RNA sequencing by several groups has since
confirmed that mouse Trop2+ progenitor-enriched luminal cells cluster separately from

other luminal subsets*®. As progenitor-enriched luminal cells in both human and mouse
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exhibit greater susceptibility to transformation, our data provide one mechanism by which

aging could increase risk for prostatic disease*”.

The mechanism by which progenitor-enriched luminal cells are expanded during aging
remains unclear. Within the luminal compartment, we observed a higher proliferation rate
in Trop2+ luminal cells than Trop2- luminal cells. One possibility is that Trop2+ luminal
cells may be expanded during aging due to a sustained proliferative advantage within this
subset throughout life. Alternatively, Trop2+ luminal cells may be expanded due to
asymmetric cell division from multipotent basal cells. Progenitor-enriched luminal cells
share several markers with basal cells including Trop2 and PSCA. Lineage tracing of
multipotent basal cells could reveal if basal to luminal differentiation contributes to Trop2+

luminal cell expansion.

The impact of age-related changes to the microenvironment on the prostate epithelium
remains poorly defined. As older mice are heavier and contain more prostate-associated
adipose tissue, we explored whether adult mice fed a high fat diet replicate the prostate
aging phenotype. Prostates from mice fed a high fat diet for 3 months did not contain an
expansion of Trop2+ luminal cells. Using flow and mass cytometry approaches, we
identified an age-related increase in lymphocytes. Whether aging-associated lymphocyte
infiltration favors Trop2+ luminal cell expansion remains unclear. Depletion of
lymphocytes could help to uncover the role of these cells in the expansion of progenitor-

enriched luminal cells. Understanding how progenitor-enriched Iluminal cells are
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expanded during aging could enable us to explore whether preventing the expansion of

these cells reduces the incidence of prostatic disease.

Aging and metabolic reprogramming

Aging in various tissues is associated with metabolic reprogramming, which can
contribute to cancer initiation®. In chapter 3, | described our preliminary work to uncover
age-related changes to prostate metabolism. We transcriptionally profiled stromal, basal,
Trop2+ luminal, and Trop2- luminal cells isolated from adult and old mouse prostate.
Hypoxia-related signaling, glutathione metabolism, and antioxidant response were
enriched in all aged prostatic lineages suggesting that a common age-related metabolic

signature may be shared by distinct cell types in the old prostate.

Future work will seek to identify key regulators of age-related changes to metabolic gene
expression. The transcription factors that mediate age-related changes to metabolic gene
expression remain unclear. As NRF2 regulates the cellular response to oxidative stress,
increased NRF2 activity could promote increased glutathione and antioxidant gene
expression in the old mouse prostate®. Using NRF2 knockout mice, we will explore the
role of NRF2 in facilitating age-related changes to metabolic gene expression.
Importantly, how age-related changes to the prostate microenvironment alter the
metabolic signaling of distinct prostate cell types remains poorly understood. As aging is
associated with chronic inflammation, we will explore if inflammation-induced changes to
the microenvironment influence the metabolism of aged prostate cell types using immune

cell-specific depletion approaches'®'2. Whether age-related changes to metabolic gene
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expression aid age-related maintenance of progenitor activity, perhaps by protecting cells
from oxidative stress, remains unclear. ldentifying key regulators of age-related changes
to metabolic gene expression will enable us to investigate if interfering with age-related
altered gene expression influences progenitor activity and/or susceptibility to prostatic

disease.

Metabolic regulation of cell fate

Basal to luminal differentiation occurs during development, tissue regeneration, and
prostate cancer initiation from basal cells'*-'8, In addition, loss of luminal identity drives
treatment resistance in metastatic CRPC'%?'. Recent studies have characterized
epigenetic regulation of prostate epithelial lineage identity, yet defining upstream
metabolic regulation of lineage identity has been challenging due to an incomplete
understanding of cell type-specific metabolic features'®2223, In chapter 4, | described our
effort to delineate prostate cell type-specific metabolic signatures and investigate
metabolic regulation of prostate epithelial lineage identity. Using metabolic profiling and
isotope-labeled nutrient tracer analysis we identified prostate epithelial cell type-specific
metabolic features, including enrichment of glycolytic activity in basal cells. We defined
metabolic changes associated with basal to luminal differentiation in the ex vivo prostate
organoid model and found that luminal differentiation in prostate organoids is associated
with increased glucose oxidation. Our findings were corroborated in vivo using lineage
tracing approaches in combination with RNA sequencing. We explored the effect of
interfering with MPC activity using genetic and pharmacological approaches and found

that MPC inhibition reduces luminal differentiation in both benign and prostate cancer
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organoids. Intracellular lactate accumulation may mediate MPC inhibition-induced
reduced luminal differentiation. Our results implicate upstream metabolic signaling in

regulation of prostate epithelial lineage identity.

It remains unclear how MPC inhibition alters the epigenome to reduce Iluminal
differentiation, and whether altering metabolism to promote luminal differentiation in
treatment-resistant prostate cancer that exhibits loss of luminal features would be
sufficient to restore sensitivity to anti-androgen therapies. Future studies will be
necessary to define MPC inhibition-induced changes to the epigenome using a number
of approaches including ATAC sequencing, ChIP sequencing, and bisulfite sequencing.
In addition, future studies will explore whether MPC overexpression in non-luminal
treatment-resistant prostate cancer organoids promotes reacquisition of luminal features
and enhances sensitivity to AR blockade. As treatment-resistant disease accounts for the
vast majority of prostate cancer-related death, uncovering new strategies to target

treatment-resistant prostate cancer cells is of utmost importance.

Therapy-induced metabolic reprogramming in cancer

Rewiring of metabolic signaling occurs in many tissues during cancer initiation and
progression, and can contribute to therapy resistance?*. Studies from several groups
provide evidence of metabolic reprogramming in prostate cancer, yet the effect of AR
blockade on prostate cancer metabolism had not been well defined?-32, In addition,
whether altered metabolism in cells that survive AR inhibition could be targeted to prevent

disease progression was previously unclear. In chapter 5, | described our effort to
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determine how AR blockade alters prostate cancer cell metabolism. We found that AR
inhibition maintains oxidative mitochondrial metabolism and reduces glycolytic activity
and capacity, via decreased MYC activity and HK2 downregulation. Mitochondrial
elongation supports cellular fitness after AR blockade. In addition, AR inhibition increases
the sensitivity of prostate cancer cells to complex | inhibitors, suggesting that AR blockade
increases reliance on oxidative mitochondrial metabolism. Our findings identify altered
metabolic signaling as a resistance mechanism and provide an example of how therapy-
induced altered metabolism can be targeted to eradicate the cells that survive AR

inhibition.

Our finding that mitochondrial elongation supports cell survival after AR blockade is
consistent with findings in breast and gynecological cancers where mitochondrial
elongation enabled chemotherapy resistance3334. Interestingly, elongation has been
shown to protect mitochondria from autophagosomal degradation induced by nutrient
deprivation3%36. Importantly, the functional consequence of mitochondrial activity on
metabolic output is highly context dependent. For example, mitochondrial fragmentation
drives increased oxidative metabolism and accelerates cancer progression in pancreatic
cancer models, whereas fragmentation reduces oxidative metabolism in neuroblastoma
cells3”39, Future work will seek to define the mechanism by which elongation of

mitochondria supports cell fitness after AR inhibition.

It is important to consider when combining complex | inhibition with AR blockade could

improve patient outcomes. Our data support combining complex | inhibitors with ADT in
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CSPC or ARPIs to treat CRPC. It remains unclear whether lineage transitions that support
ARPI resistance alter ARPI-induced metabolic phenotypes including increased complex
| sensitivity. Among the most common causes of ARPI-induced lineage plasticity is
disruption of RB7 and TP53'%20, We found that knockdown of RB7 and TP53 in LTenza
16D cells was not sufficient to alter MYC activity or sensitivity to complex | inhibitors.
However, in the LTL331 patient-derived xenograft model, where relapsed tumors contain
neural features, relapsed tumors contain enrichment for MYC targets despite retaining
low AR activity. These data suggest that the effectiveness of combined AR blockade and
complex | inhibition to treat relapsed prostate cancer may depend on tumor phenotype
and/or the genetic driver. Future work is needed to determine whether restored MYC
activity enables prostate cancer recurrence, perhaps through restored glycolytic

signaling.

Several observational studies and clinical trials have been performed to explore the
efficacy of combined complex | inhibition via metformin treatment and AR inhibition with
inconclusive results regarding both recurrence-free survival and overall outcome?*%4!.
Importantly, metformin has known off-target effects, and does not reach concentrations
in plasma of patients sufficient to inhibit complex | activity*>*3. Therefore, improved
clinically-viable inhibitors of oxidative metabolism are needed to test whether AR

blockade can synergize with metabolic drugs to improve patient outcomes.
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