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Abstract

Many organs experience a loss of tissue mass and a decline in regenerative capacity during aging.
In contrast, the prostate continues to grow in volume. In fact, age is the most important risk factor
for prostate cancer. However, the age-related factors that influence the composition, morphology
and molecular features of prostate epithelial progenitor cells, the cells-of-origin for prostate
cancer, are poorly understood. Here, we review the evidence that prostate luminal progenitor cells
are expanded with age. We explore the age-related changes to the microenvironment that may
influence prostate epithelial cells and risk of transformation. Finally, we raise a series of questions
about models of aging and regulators of prostate aging which need to be addressed. A fundamental
understanding of aging in the prostate will yield critical insights into mechanisms that promote the
development of age-related prostatic disease.

1. Introduction

Aging is a significant risk factor for disease in many tissues, including the prostate. Unlike
tissues that atrophy with age, the prostate gland undergoes expansion. Prostatic enlargement
or benign prostatic hyperplasia (BPH) causes lower urinary tract symptoms such as
increased urinary frequency, urinary incontinence and, more rarely, renal failure[1]. BPH

is the most common benign neoplasm of aging men. Autopsy studies have revealed that
approximately 20% of men in their 40s and 50-60% of men in their 60s have histological
evidence of BPH[2]. Furthermore, roughly 80% of men in their 70s exhibit symptoms of
BPH[3]. Risk of prostate cancer also increases with age. Prostate cancer incidence increases
from 1 in 20,000 for men younger than 39 to 1 in 45 for men aged 40-59 and to 1 in 7 for
men aged 60-79[4]. As 64% of prostate cancer diagnoses are made in men over the age of
65 and the number of men in this age cohort is predicted to increase 4-fold by 2050, there
will be a growing population requiring management[5]. Understanding the molecular and
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cellular mechanisms that underlie age-associated changes in the prostate will be essential to
combat disease risk.

Recent DNA sequencing studies have established mutational landscapes in normal adult
tissues, including somatic mutations in cancer-associated genes that increase in frequency
with age[6-9]. These findings suggest an evolutionary process from normal cells to
morphologically indistinguishable precancerous cells toward rare clones that become
cancers. Epigenetic profiling has also revealed age-related changes in multiple human
tissues, suggesting that epigenetic and genetic changes accumulate simultaneously and
jointly contribute to aging[10-12]. Clonality is increased with age in blood and other
adult tissues[13, 14], suggesting that aged tissues are maintained by fewer progenitor
cells. The process of cell competition that enables normal epithelial cells to replace
neighboring mutated cells[15], also termed epithelial defense against cancer, declines with
age[14]. Similarly, age-related immune dysfunction may reduce efficiency of immune
surveillance[16, 17], enabling the survival and expansion of pre-malignant cells.

2. Age-related accumulation of mutations in the prostate

Many studies have demonstrated that aging, but histologically-normal, cells in adult tissues
gradually accumulate mutations[18]. Indeed, we and others discovered mutagenic fields

in histologically-normal prostate tissue from patients diagnosed with localized prostate
tumors[19]. These fields contain comparable numbers of single nucleotide variants (SNVS)
to frank prostate cancers, along with significant numbers of copy number aberrations
(CNAs) and genomic rearrangements (GRs). This, along with phylogenetic evidence of
similar mutational histories of prostate cancers of differing grades[20-22], suggests that
prostate cancers emerge from specific subclones in a broader mutagenic field. If this
hypothesis were correct, it would suggest significant age-associated variability in prostate
cancer mutational and evolutionary profiles. Two broad types of strategies have been used to
search for this variability. First, there have been systematic genomic studies of age-related
outliers: those rare prostate cancers that arise in men under the age of 55. Second, there
have been studies of age-related trends in prostate cancer molecular features across large
populations of sporadic disease. These have each revealed intriguing features.

Studies of early-onset prostate cancer (EOPC) have been relatively few compared to

the multiple large cohorts of typical late onset prostate cancer. The largest study of

EOPC evaluated 203 distinct tumors with germline and tumor whole-genome sequencing
(WGS), along with methylome and RNA-seq profiling of tumor tissue[23]. Whilst many
mutational features were shared between early and late onset prostate cancers, intriguing
differences occurred. EOPCs were preferentially monoclonal, and showed less evolutionary
diversification — consistent with a shorter lifespan. EOPCs showed similar frequencies of
many driver events, but with a few intriguing differences. For example, chromosome 3p14
deletion (centered at FOXP1) was common in EOPC, but is relatively rare in later-onset
prostate cancer. By contrast, while point mutations in SPOP were moderately prevalent
(~10%) in late-onset cancers, they are rare in EOPC. Further, as anticipated EOPC showed
a lower total burden of point mutations, and the mutational processes generating them
showed an apparent age-association. Thus prostate cancers in very young men share
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many mutational features with those in older men, but with a reduction in mutations and
evolutionary diversity consistent with a shorter natural history, and a small number of
age-divergent driver mutations hinting at novel mechanisms of tumorigenesis.

In a similar way, several groups have considered how the number of mutations of each type
present in a prostate tumor vary as a function of age. Remarkably, a linear relationship has
been observed for effectively all types of mutations studied. For example, the sensitivity of
point mutations in the nuclear genome (measured as point mutations per Mbp sequenced)
rises by about 0.01 for each year of age at diagnosis[24]. For a 3,000 Mbp genome, this
corresponds to 30 extra point mutations. Considering that a typical prostate cancer has a
mutation rate of ~0.5 per Mbp sequenced[25], this corresponds to an annual 2% rise the
year of diagnosis alone. A smaller, but still linear, increase with age is seen in the ~16

kbp mitochondrial genome, and linear increases in the numbers of translocations, inversions,
deletions and gains have all been described[23, 24]. Point mutations in particular are biased
towards classic deamination trinucleotide signatures that have been associated with age in
several other cancer types[21, 23].

Besides age, several other factors are associated with the accumulation of mutations in the
prostate. Strongest of these is the association between the germline genome and prostate
cancer evolution. Rare deleterious germline variants in DNA Damage Repair (DDR) genes
like BRCAZ are associated with both an increased rate of evolution[26] and with adverse
clinical outcomes[27]. Similarly, common germline variants are strongly associated with
both risk of a prostate cancer diagnosis[28, 29] and with tumor evolution[30, 31]. Similarly,
ancestry is strongly associated with prostate cancer phenotype[32-35]. It is wholly unknown
how these features relate to prostatic aging, and it is unclear if the observations in large
cohorts of Caucasian men will fully generalize to different ancestry groups. Nevertheless,
accumulating evidence suggests that localized prostates are continually accumulating
somatic mutations, and it is unclear how this links to their clinical manifestations. A pair of
recent pan-cancer surveys have recapitulated several of these observations in diverse cancer
types[36, 37].

3. Aging of prostate progenitor cells

3.1 Prostate stem and progenitor cells as the cells-of-origin for prostate cancer

As prostate cancers arise from epithelial cells that accumulate mutations with age, it is
essential to understand which cell-types are proficient for transformation. The epithelium of
the prostate is a double layer comprised of basal cells adjacent to the basement membrane
and luminal cells adjacent to the fluid-filled lumen, in addition to a rare population of
neuroendocrine cells[38]. Postnatal mouse prostate development is mediated by multipotent
basal stem and progenitor cells as well as unipotent luminal progenitor cells[39, 40]. In
contrast, post-pubertal adult mouse prostate epithelium is maintained predominantly by
distinct pools of unipotent basal progenitor cells and unipotent luminal progenitors[41, 42].
In response to inflammation[43], high fat diet[44], or luminal cell death[45], basal cells

can exhibit multipotency. Multipotency has also been demonstrated in a subset of castration-
resistant luminal cells[46] in mouse prostate using lineage tracing approaches. Using
mitochondrial mutations to track clonality in human prostate, Moad et a/. demonstrated
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that multipotent basal stem and progenitor cells maintain epithelial glands, with a minor
contribution from rare unipotent luminal progenitor cells[47].

Mouse models of prostate cancer have demonstrated roles for both basal and luminal cells
in prostate cancer initiation. Upon loss of the tumor-suppressor PTEN, adult prostate basal
cells undergo luminal differentiation[41, 48, 49], giving rise to phenotypically luminal
cancer cells. Recent studies suggest that distinct subpopulations of luminal cells residing

in distinct prostate microenvironments can initiate prostate cancer with different functional
activity[50, 51]. For example, prostate cancer arising from proximally-located progenitor-
enriched Sca-1+ luminal cells exhibit a greater capacity for neuroendocrine differentiation
following androgen ablation than distally-located Sca-1- luminal cells[52]. Single cell RNA
sequencing studies have better defined luminal heterogeneity, revealing a progenitor-like
luminal subset expressing stem/progenitor genes including Sca-1, 7ropZ2, Prostate stem

cell antigen (Psca) and Keratin 4 (Krt4)[53-56]. Lineage tracing using Krt4 or Psca
promoters confirms the progenitor features of self-renewal and differentiation in progenitor-
like luminal cells[56]. Prfen deletion in Krt4+ cells confirms that prostate cancer can arise in
transformed luminal progenitor cells[56].

We and others have utilized an approach to transform primary benign human prostate
epithelial cells and evaluate the capacity of distinct cell-types to initiate cancer in immune-
deficient mice[57, 58]. Basal cells from primary naive human prostate tissue can be
transformed by multiple combinations of oncogenes to initiate prostate adenocarcinoma[58,
59] and small cell prostate cancer[60, 61]. In contrast, luminal cells from primary

naive human prostate tissue are not easily transformed. To enhance luminal cell survival
and expansion prior to transformation, 3D organoid culture has been utilized, revealing

that oncogene-expressing luminal cell-derived organoids can initiate human prostate
cancer[62]. Further studies identified a subset of human prostate luminal cells characterized
by low protein expression of CD38 and high protein expression of PSCA that are

enriched for progenitor-like organoid-forming capacity and can serve as cells-of-origin

for human prostate cancer[63]. These luminal progenitor cells are expanded in regions

with inflammation and share features with Proliferative Inflammatory Atrophy, a proposed
precursor for prostate cancer[64]. Collectively these studies using mouse and human tissue
show that basal cells and luminal progenitor cells are likely to be the cells most at risk for
developing into prostate cancer. It should be noted that a wide range of approaches and
markers have been used to identify and characterize luminal progenitor cells in mouse and
human prostate, reviewed in detail by Zhang et al[65], underscoring the importance of this
subset in development, homeostasis and disease.

3.2 Age-related changes in the prostate epithelial compartment defined by an increase in
luminal progenitor cells

As stem and progenitor cells are preferred cells-of-origin for prostate cancer, it is critical
to evaluate the effects of aging on progenitor activity. We defined age-related changes to
prostate epithelium by profiling epithelial cells isolated from 3-month old and 24-month old
mouse prostate. Unlike in muscle[66] and brain[67], aging in the prostate is associated with
maintenance of progenitor activity. Aging does not diminish the progenitor-like primary
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organoid forming capacity of basal and luminal cells. Furthermore, aging does not affect
the self-renewing capacity of basal and luminal cells upon re-plating into secondary
organoid culture[68]. Luminal cells from aged mice form larger organoids on average and
generate a greater proportion of large organoids. In addition, these cells share features with
human luminal progenitor cells defined by low CD38 expression including elevated mRNA
expression of Bcl2, CD74, Pigr, and Psca, and low Cd38 mRNA expression[68].

Recent studies have better specified luminal heterogeneity, defining a progenitor enriched
subset identified by 7ropZ2, Psca, and Krt4[53, 54, 56]. These luminal cells exhibit increased
capacity to generate organoids compared to other luminal subsets and can be cells-of-origin
for prostate cancer[56]. Since aged luminal cells exhibit increased mMRNA expression of
Trop2, Psca, and Krt4, we evaluated whether the luminal progenitor signature in aged
mouse prostate arises from uniform upregulation of progenitor markers, or an age-related
expansion of a pre-existing progenitor population. Flow cytometry analysis revealed the
mean percentage of Trop2+ luminal cells increased from 6% in adult prostates to 21% in
old prostates[68]. This finding supports a model where the luminal aging signature arises
from an age-related expansion of Trop2+ luminal progenitor cells (Figure 1). A recent study
identified an age-related expansion of progenitor-like luminal cells in the mouse mammary
gland[69]. These findings suggest that age-related changes to prostate epithelium may be
conserved in other epithelial tissues.

As the proportion of Trop2+ luminal progenitors increases during aging, we investigated
whether luminal cells exhibit a heterogeneous response to aging. Gene expression analysis
revealed that the adult Trop2+ signature is largely retained in old Trop2+ luminal cells,
whereas less overlap was observed between the adult and old Trop2- cells[68]. Organoid
assays revealed that while the organoid-forming capacity of Trop2+ cells is retained with
age, the organoid-forming capacity of Trop2- cells is significantly diminished. Consistent
with diminished organoid capacity, gene ontology analysis of genes downregulated in old
Trop2- cells returned terms related to cell cycle and cell division[68]. These findings
suggest that distinct luminal subsets exhibit altered responses to aging. Whereas progenitor-
like luminal cells retain their capacity, mature luminal cells exhibit diminished capacity
resulting in a dramatic age-related shift in the luminal compartment. Similar findings have
recently been reported in the mouse brain where microglial subsets have a heterogeneous
response to aging, resulting in the expansion of pro-inflammatory microglial cells[70].

Since we observed significant overlap in gene expression between mouse Trop2+ luminal
progenitor cells and human luminal progenitor cells defined by low CD38 and high
PSCA[63], we explored whether human luminal progenitor cells are expanded with age.
Using normal prostates obtained from organ donors through the Southwest Transplant
Alliance and UT Southwestern, we found a significant correlation between age and

the percentage of PSCA+ luminal progenitor cells[68]. These findings suggest that the
expansion of luminal progenitors during aging is a conserved feature across species.

When transcriptional profiles of three distinct epithelial cell-types (basal, Trop2+
luminal progenitor, and Trop2- luminal cells) were evaluated, each cell-type exhibited
common age-related changes reflective of metabolic reprogramming and an altered
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microenvironment[71]. Increased glutathione and antioxidant metabolism in aging epithelial
cells suggests a response to tissue hypoxia, while increased inflammatory signaling likely
reflects a response to prostatic inflammation. Further evaluation of the aged prostate
microenvironment may provide insight into the extrinsic factors regulating epithelial aging.

4. Aging of the prostate microenvironment

4.1 Age-related reprogramming of prostate stromal cells and the extracellular matrix

Prostate aging and disease pathogenesis is associated with the expansion of stromal
cells[72], which is an important factor contributing to tissue growth and dysregulation

of aging epithelial progenitor cells. Numerous studies have defined crosstalk between

the prostate stroma and adjacent epithelium[73]. Furthermore, there is emerging evidence
that age-related changes to the prostatic stroma influence the growth of the prostatic
epithelium[74]. Conditioned media from fibroblasts isolated from younger prostates, but
not from older prostates, has been shown to suppress prostate epithelial cell growth[75],
suggesting that young fibroblasts secrete different factors than aged fibroblasts. Aging has
also been shown to influence the prostate extracellular matrix (ECM), which is primarily
comprised of fibrillar collagen[73]. Collagen abundance is relatively conserved between
younger and older prostates, whereas an age-related decrease in ECM organization occurs in
addition to emergence of rough and fragmented fibrils[74]. RNA profiling of the aging
prostatic stroma revealed a reduction in several collagen genes including Co/Zal and
Col3a1[74]. Similar age-related changes to the ECM have been observed in other tissues,
such as the skin, where a reduction in mechanical stimulation leads to reduced collagen
synthesis[76].

Consistent with earlier work[74], we have defined age-related changes in prostate stromal
cell morphology and gene expression. Dissociated cells from the aged stromal compartment
exhibit reduced forward scatter levels as measured by Fluorescence Activated Cell Sorting
(FACS), indicative of a reduction in cell size[68]. In addition to reduced collagen gene
expression, aged stromal cells also exhibit reduced expression of the elastin gene (£/n),
which is critical for the formation of ECM elastic fibers[71]. While ECM-related genes
exhibit reduced mRNA expression levels in aged stromal cells, inflammatory-related genes
are increased with age[71, 77-79].

4.2 Increased infiltration of lymphocytes in aged prostate

A loss of ECM integrity in the aged prostate may enable increased infiltration of
inflammatory cells into the prostate microenvironment, leading to increased inflammatory
cytokines that influence both stromal and epithelial cells. Alternatively, aged stromal or
epithelial cells may upregulate pro-inflammatory signals to enhance immune cell infiltration
into the old prostate. Using immunohistochemistry, Bianchi-Frias et al., demonstrated
increased infiltration of myeloid and lymphocyte cells into aged mouse prostate[74]. More
recently, we have utilized mass cytometry to comprehensively characterize age-related
changes to the prostate immune compartment, revealing a significant increase in the
proportion of B and T lymphocytes in aged prostates[68]. Upon further investigating the
timeline where the shift within the immune compartment takes place, we found a significant
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increase in lymphocyte infiltration arising between 6 and 12 months of age[80]. This age-
related phenotype occurs much earlier than previously reported, indicating that “inflamm-
aging” may contribute to other age-related processes in the prostate including expansion of
the pool of luminal progenitor cells[68]. The presence of chronic inflammation in the benign
human prostate nearly doubles the risk for developing prostate cancer[81]. Furthermore,
experimentally promoting inflammation in rodent models can increase prostatic epithelial
cell proliferation[43, 44, 82]. These findings suggest that an age-related increase in
inflammatory cells may contribute to disease pathogenesis.

4.3 Local hypoxia may influence the aging prostate

Aging in the prostate is associated with increased prostatic mass. Therefore, we
hypothesized that aged prostates may feature localized hypoxic regions that emerge

due to lack of sufficient vasculature. Consistent with this hypothesis, motif analysis on
genes upregulated in aged prostate epithelial cells identified transcriptional regulators

of hypoxia[71]. Exposure to hypoxia has been shown to modulate several processes

that may contribute to the prostate epithelial aging phenotype. For example, hypoxia
increases normal prostate epithelial cell resistance to apoptosis[83]. Hypoxia can alter

the differentiation capacity of tissue progenitor cells[84] and promote local tissue
regeneration[85]. Importantly, exposure to hypoxia can promote antioxidant metabolism
and recent studies demonstrate that upregulation of antioxidant capacity is sufficient

for oncogenic transformation[86]. In cancer cells, hypoxia has been shown to facilitate
survival and propagation of tumor cells by inducing intracellular signaling pathways
including PI3K/AKT/mTOR, MAPK/ERK and NFkB[87]. Studies comparing hypoxic and
normoxic tumors suggest that hypoxic tumors preferentially accumulate specific types of
mutations[88, 89], such as disruption of p53or over-expression of Bcl-2 which impairs
the apoptotic response[90]. As normal epithelial cells accumulate mutations with age, a
hypoxic microenvironment in the aging prostate may similarly select for certain subclones
or cell populations with intrinsic resistance to hypoxic stress. In support of this, hypoxic
prostate cancers preferentially form specific sub-histologies[91] and are more often visible
to modern MRI protocols[92]. Future studies should define cellular mechanisms or somatic
mutations that may provide a fitness advantage for aging prostate epithelial cells under
hypoxic conditions.

4.4 Age-related changes in circulating factors that may influence the prostate

During aging, changes to the concentration of various circulating factors including
hormones, metabolites and inflammatory cytokines have been reported[93]. In males, an
age-related decrease in testosterone[94] likely alters the estrogen to testosterone ratio.
Estrogen can modulate the prostate ECM[95] as well as the pool of prostate progenitor
cells[96], both of which are altered with age. Upon analyzing circulating metabolites,
Gomes et al., identified higher levels of methylmalonic acid, a known mediator of tumor
progression, in the serum of older patients[97]. Conversely, NAD*: NADH and NADP™:
NADPH plasma ratios, which are crucial to a range of cellular processes, are decreased
with age[98]. A decrease in NAD* has been correlated with reduced mitochondrial- and
nuclear-function and increased age-associated pathogenesis[99]. NAD™* supplementation
may counter age-related phenotypes in the prostate as has been shown in other organs[100-
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102]. Age-related changes in hormones and other factors may be caused in part by increased
body weight of older mice, as obesity in humans is associated with reduced testosterone
levels[103]. Body weight and conditions of obesity should be considered when evaluating
circulating factors in old mice. A deeper understanding of the factors that regulate prostate
aging will require investigation into how epithelial and non-epithelial cells of the prostate
are regulated by circulating hormones, metabolites and cytokines that change in abundance
with age.

5. Unanswered questions in the area of prostate epithelial aging and

cancer risk

Despite the importance of age in risk of cancer incidence, our knowledge of prostate
epithelial aging is limited and many important questions remain unanswered. In the
following section, we will raise open questions that need to be addressed to better resolve
the role of aging in progenitor cell activity and to elucidate the factors that mediate age-
related prostate cancer risk.

1. Do aging progenitor cells accumulate somatic mutations in a different manner than
mature prostate cells?

Recent studies utilizing deep sequencing of non-cancerous tissues including the skin,
esophagus and colon during aging have revealed an accumulation of mutations with age[7-
9, 104]. The rate of accumulation of somatic mutations varies between individuals and, in
the liver, between stem cells and differentiated cells[18]. This suggests that different cells in
the same tissue can accumulate mutations at different rates. Based on our recent findings that
distinct luminal subsets in the mouse prostate age differently, distinct cell-types in the aging
prostate may accumulate mutations at different rates, or even accumulate different types of
mutations as a function of their differential epigenetic context, chromatin architecture and
capacities for repairing specific types of DNA damage.

2. What are the origins of increased luminal progenitor cells with age?

Luminal progenitor cells in the human prostate, defined by high PSCA expression and

low CD38 expression[63, 105] exhibit increased organoid-forming activity and are capable
of responding to oncogenic insults to initiate human prostate cancer[63]. Importantly,

the percentage of luminal progenitor cells increases with age in human prostate. High
Trop2 protein expression marks Psca+ luminal cells in the mouse prostate with enhanced
organoid-forming progenitor activity[56, 68]. The proportion of luminal cells with a Trop2+
progenitor phenotype was elevated three- to four-fold in old prostates[68], confirming
expansion of the population of luminal progenitor cells in aging mouse prostate. Deletion
of Ptenin luminal progenitor cells leads to tumor initiation[56], further demonstrating that
luminal progenitor cells are cells-of-origin for prostate cancer. Collectively, these studies
suggest age-related dysregulation of epithelial heterogeneity increases the number of cells
at risk for transformation. How luminal progenitor cells are expanded in aging prostates

has not been established. Aging luminal progenitor cells may arise as a result of enhanced
self-renewal from pre-existing luminal progenitor cells, or through increased differentiation
of aging basal cells. Alternatively, microenvironmental cues may direct the dedifferentiation
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of mature luminal cells into luminal progenitor cells. Lineage tracing experiments would be
necessary to distinguish these possibilities.

3. Does prostatic “inflamm-aging” modulate progenitor expansion and transformation?

Chronic inflammation increases with age and correlates with disease risk[81]. In human
prostate tissue, progenitor cells are often found in close proximity to immune cells and
exhibit an inflammatory signature including NFkB activation[63], suggesting an interaction
between immune cells and epithelial progenitor cells. We and others have defined age-
related changes to the inflammatory compartment characterized by increasing immune

cells as well as a shift toward an increased proportion of T and B lymphocytes[68,

80]. Signatures of old prostate epithelial and stromal cells reveal elevated inflammatory
signaling[71], suggesting that inflammatory cues likely influence aging epithelial cells.
However, it is not known whether age-related inflammation plays a role in protecting
against or promoting the risk of transformation. Immune cell-secreted cytokines can increase
epithelial proliferation and reduce apoptosis[43, 44, 106], which may contribute to epithelial
cell survival and risk of transformation through activation of Toll-like receptors, NFkB or
JAK/STAT pathways[107-109]. Conversely, immune cell surveillance might eliminate cells
that accumulate somatic mutations. Functional studies will be required to delineate the
precise role of immune cells in the aging prostate and how anti-inflammatory approaches
would alter prostate epithelial aging and transformation.

4. What is the role of antioxidant/glutathione metabolism in aging prostate epithelial

cells?

The antioxidant response emerged as a common signature of prostate aging across multiple
distinct cell-types[71]. Nuclear factor E2-related factor 2 (Nrf2) is considered a master
regulator of the antioxidant response to counteract oxidative stress and prevent DNA damage
through the activation of enzymes that coordinate glutathione metabolism[110]. Importantly,
modulation of Nrf2 is sufficient to alter lifespan in model organisms[111]. In several

tissues including liver and muscle, Nrf2-mediated glutathione metabolism declines with

age and is predicted to contribute to an age-related decline in tissue function[112, 113]. The
elevated glutathione metabolism signature in aging prostate epithelial cells may simply be
an indicator of oxidative stress and the natural cellular response to this threat. The activation
of Nrf2 signaling may protect aging epithelial cells from DNA damage and mutagenesis,
reducing the risk of transformation. Alternatively, the antioxidant response may promote
survival of mutated epithelial cells and sustain progenitor capacity in the aging prostate.
Loss-of-function or gain-of-function studies will be necessary to determine the precise role
of Nrf2 and glutathione metabolism during prostate epithelial aging.

5. Is the wild-type mouse prostate a good model of prostatic aging?

Prostate cancer does not spontaneously develop in aging mice as it does in aging humans.
In fact, the commonly used C57BL/6 mouse strain is generally refractory to tumorigenesis.
Therefore, it is important to evaluate whether the mouse prostate can be used effectively

to study prostatic aging. Our recent findings that both luminal progenitor cells and CD45+
immune cells accumulate in aging mouse and human prostate tissue suggest that certain
features of aging are conserved across species[68]. These results support the use of mouse
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prostate to study factors that regulate these conserved aging phenotypes. For example,

could interventions that delay aging and extend lifespan in model organisms, such as

caloric restriction or treatment with metformin[114, 115], alter the trajectory of prostate
aging phenotypes? It will be critical to understand why aging mouse prostates exhibit
progenitor expansion without transformation while aging human prostates exhibit frequent
BPH and are at risk for tumor initiation. Several important distinctions can be made
between mouse and human prostate. Basal cells form a continuous layer around luminal
cells in human prostate forming a stratified epithelium, while the basal cell layer is more
sporadic in mouse prostate consistent with a pseudostratified epithelium[116]. Differences in
telomere length between inbred mouse strains and humans may also contribute to aging and
transformation[117]. Additionally, while the human prostate is separated into distinct zones,
the mouse prostate is made up of distinct lobes with varying transcriptional profiles between
lobes[54]. In mouse models of prostate cancer, cancer lesions can initiate in distinct lobes
depending on the genetic event, construct used, or mouse strain[118]. As recent studies used
total mouse prostate and did not distinguish between lobes[68, 71], future studies should
address whether progenitor cells and inflammatory cells vary between aging prostate lobes.
Determining whether prostate aging can be best modeled in one or another lobe of the
mouse prostate will enable better inter-species comparisons.

6. How does aging in the prostate compare to other adult tissues?

A recent study on age-related changes to the mammary gland defined several aging
phenotypes that we have previously reported in the prostate[68, 71]: (1) an increase in

the proportion of progenitor-like luminal cells within the epithelium, (2) reduced expression
of ECM genes in aging epithelial and stromal cells, and (3) an increase in the lymphocyte
proportion within the immune compartment[69]. Similar to prostate cancer, age is a risk
factor for breast cancer[119]. These findings suggest that studies of aging in one tissue

may inform mechanisms driving age-related changes in other tissues. We have reported
changes in gene expression that reflect metabolic reprogramming in aging epithelial
cells[71], consistent with reports of age-related metabolic reprogramming in several tissues
contributing to aging phenotypes[120-122]. However, not all aging phenotypes in the
prostate are shared by other tissues. While we have found that old prostates maintain their
progenitor capacity[68], stem and progenitor activity is reduced in other aging tissues[123,
124]. Comparing distinct tissues with different phenotypic responses to aging may aid in our
understanding of the cell-intrinsic and extrinsic factors that maintain progenitor capacity in
the aging prostate.

6. Summary

Fundamental to understanding prostate disease pathogenesis is a deeper understanding of
age-related prostate biology. To a certain extent, the field of prostate aging research is

still in its infancy, with an initial focus on characterizing age-related phenotypes before
defining important mechanisms that drive those age-related changes. The prostate is a
heterogeneous tissue, with multiple epithelial and non-epithelial components, each of which
is likely to exhibit distinct aging phenotypes. In this review article, we have focused on

the epithelial progenitor cells that are cells-of-origin for prostate cancer and the influences
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on those cells in particular. Moving forward, researchers should continue to address the
ways in which heterogeneous cell-types age individually and collectively within a shared
aging microenvironment. Defining interventions to interfere with or delay prostate aging
may enable significant progress in reducing disease pathogenesis in the prostate.
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Figure 1. Features of aging in the prostate.

Aging in the prostate is characterized by an increased proportion of progenitor-like luminal
cells, which are phenotypically defined by high expression of Trop2 and Psca (left).
Reported age-related changes in the prostate epithelium, the prostate microenvironment,

and plasma (circulation) are listed (right).
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