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Abstract: Cancer cell metabolism differs significantly from the metabolism of non-transformed cells.
This altered metabolic reprogramming mediates changes in the uptake and use of nutrients that
permit high rates of proliferation, growth, and survival. The androgen receptor (AR) plays an essential
role in the establishment and progression of prostate cancer (PCa), and in the metabolic adaptation
that takes place during this progression. In its role as a transcription factor, the AR directly affects
the expression of several effectors and regulators of essential catabolic and biosynthetic pathways.
Indirectly, as a modulator of the one-carbon metabolism, the AR can affect epigenetic processes,
DNA metabolism, and redox balance, all of which are important factors in tumorigenesis.
In this review, we focus on the role of AR-signaling on one-carbon metabolism in tumorigenesis.
Clinical implications of one-carbon metabolism and AR-targeted therapies for PCa are discussed in
this context.

Keywords: one-carbon metabolism; androgen receptor; epigenetics; methylation; polyamine
metabolism; transsufluration

1. Introduction

Prostate cancer (PCa) is the most frequently diagnosed non-skin cancer and the fifth leading
cause of cancer death in men worldwide [1]. Clinically, PCa is a heterogeneous disease, ranging from
an indolent disease, requiring no treatment, to highly aggressive PCa that develops into metastatic
disease. Despite this heterogeneity, prostate tumor growth is, almost always, dependent upon the
androgen receptor (AR) pathway [2—-4], explaining the efficacy of androgen deprivation therapies
(ADT) or anti-androgens for the treatment of hormone-naive PCa [5,6]. However, most patients relapse
following ADT and the disease progresses to castration-resistant prostate cancer (CRPC), which is
lethal [7-9]. Central to the development of CRPC is the reactivation/adaptation of AR signaling to
function under low androgen levels. Therefore, the AR and the processes downstream of the AR remain
as targets for therapeutic intervention throughout the different stages of the disease. Recent results
indicate that the AR drives a distinct transcriptional program in CRPC, and that changes in AR activity
are critical to drive disease progression [10,11]. Efforts to identify clinically relevant, AR-modulated,
transcriptional networks have established a link between the AR and cellular metabolism, consistent
with the changes in metabolism that occur with disease progression [12,13]. Recent data indicate that
expression of the constitutively active AR-V7 variant in CRPC has novel metabolic functions that may
be specifically targeted [14].

In PCa, the one-carbon metabolism pathway is modulated by the AR. This pathway is comprised
of several connected pathways that promote the folate-mediated transfer of one-carbon units necessary
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for essential cellular processes including DNA synthesis and repair and the maintenance of redox
status. Because one-carbon metabolism is also the major source of methyl groups, as a modulator
of this pathway, the AR also plays critical roles in histone and DNA methylation and in epigenetic
mechanisms that are known to be relevant in oncogenesis [15-17]. Studies in PCa cell lines demonstrate
AR-regulation of one-carbon metabolism enzymes, and altered cellular methylation potential in
response to androgens [18-21]. In PCa clinical samples, accumulation of sarcosine, a methylated
metabolite of the one-carbon pathway, correlates with disease progression [20]. Changes in several
other metabolites also correlate with PCa risk [22]. These findings illustrate the role of the AR in PCa
tumorigenesis by controlling metabolism, and the value of integrating metabolomic profiling and gene
expression analysis for the identification of new biomarkers and therapeutic targets.

In this review, we will focus on the role of the AR on one-carbon metabolism and the implications
for disease progression. The first two sections focus on the relevance of one-carbon metabolism and
its link to cancer. The third section outlines how AR-signaling modulates the expression and activity
of enzymes involved in one-carbon metabolism, and how it affects methylation-mediated epigenetic
processes in PCa. The final section discusses targeting one-carbon metabolism in PCa, and the potential
effects of current AR-targeting therapeutic modalities on one-carbon metabolism.

2. The One-Carbon Metabolism Network

One-carbon metabolism involves a complex network with two central cycles: (1) the folate cycle;
and (2) the methionine cycle (Figure 1). In the folate cycle, tetrahydrofolate (THF) acts as a carbon
carrier donor for the synthesis of purines and thymidilates, which are vital for DNA synthesis and
repair. The transfer of methyl groups from 5-methylTHF to homocysteine to form methionine links the
two cycles. Methionine is then converted to S-adenosyl-methionine (SAM), the universal methyl donor
for protein and DNA methyltransferase reactions. By donating a methyl group, SAM is converted to
S-adenosyl-homocysteine (SAH), and subsequently to homocysteine to close the cycle [17,23-25].
In addition to being recycled back to methionine, homocysteine can also be shunted to the
transsulfuration pathway where it is converted into cystathionine, a precursor of glutathione,
an important cofactor in oxidation/reduction (redox) reactions that regulate the cellular redox state.
SAM can also contribute to the synthesis of polyamines, which are small organic cations that regulate
multiple biological processes, including, translation and proliferation, linking the methionine cycle
with polyamine synthesis [26,27]. Since one-carbon metabolism regulates essential processes including
DNA synthesis and repair, epigenetic methylation reactions, redox homeostasis, and protein synthesis,
the balanced flux through these four pathways (folate cycle, methionine cycle, transsulfuration
pathway, polyamine synthesis) is essential for cellular homeostasis. In fact, disruptions in that balance
contribute to the pathogenesis of many diseases, including cancer [28].

Balance within the one-carbon metabolism network is maintained in part by interactions involving
substrates and enzymes from these pathways (Figure 2). SAM inhibits methylene-tetrahydrofolate
reductase (MTHEFR), the enzyme that catalyzes formation of 5-methylTHF, a necessary cofactor to
regenerate methionine and, ultimately, SAM levels [17]. 5-methylTHF is an inhibitor of glycine
N-methyltransferase (GNMT), the enzyme that catalyzes formation of sarcosine from glycine,
which eventually donates methyl groups back to the THF in a reaction catalyzed by sarcosine
dehydrogenase (SARDH) [29,30]. SAM also stimulates cystathionine beta-synthase (CBS), the enzyme
that shuttles homocysteine into the transsulfuration pathway [31,32]. Additionally, folate regulates
enzymes involved in polyamine metabolism [33,34]. These interactions maintain an exquisite balance
between one-carbon metabolism and its associated pathways to maintain cellular homeostasis.
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Figure 1. One-carbon metabolism and associated pathways. One-carbon metabolism involves the
transfer of methyl groups to various substrates and cofactors within the folate and methionine cycles,
and the polyamine biosynthetic and transsulfuration pathways. Methyl groups are utilized in the
synthesis of nucleotides, and polyamines, as well as, DNA and protein methylation reactions. Enzymes
are depicted in bold, while metabolites/substrates/cofactors are in regular font. Enzyme abbreviations
are as follows: DHFR: Dihydrofolate reductase; SARDH: Sarcosine Dehydrogenase; SHMT: Serine
hydroxymethyltransferase; GLDC: Glycine decarboxylase; GNMT: Glycine-N-methyltransferase;
MTHEFR: Methylene tetrahydrofolate reductase; MS: Methionine synthase; MAT: Methionine
adenosyltransferase; AMD1: Adenosylmethionine decarboxylase; ODC: Ornithine decarboxylase;
AHCY: S-adenosylhomocysteine hydrolase; CBS: Cystathionine beta-synthase.
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Figure 2. Regulation of the one-carbon metabolism maintains a balanced flux between the folate
and methionine cycles and associated pathways. Metabolites produced within the folate and
methionine pathways regulate the activity of the enzymes within the one-carbon metabolism network
to maintain the balance of methyl groups and metabolites within the folate and methionine cycles and
associated pathways and to allow for changes in response to cellular demands or growth conditions.
See text for details. Enzymes are in bold, and substrates/cofactors are depicted in regular font.
Black arrows indicate the directionality of reactions, red lines indicate inhibition, and the green arrow
indicates activation. Enzyme abbreviations are as follows: SARDH: Sarcosine dehydrogenase; MTHFR:
Methylene tetrahydrofolate reductase; CBS: Cystathionine beta-synthase; MTFs: Methyltransferases;
GNMT: Glycine-N-methyltransferase.
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3. One-Carbon Metabolism in Cancer

Cancer creates a demand and dependency on one-carbon metabolism. Proliferation of tumor
cells not only requires increased DNA synthesis, but can also result in increased levels of reactive
radical oxygen species (ROS), which are cytotoxic unless neutralized [35,36]. Methyl group availability
for methyltransferases that modulate gene expression via epigenetic mechanisms is influenced by
flux within the folate cycle and methionine cycles [15,16]. In addition, synthesis of polyamines,
which have been suggested to have oncogenic functions through regulating protein synthesis and
proliferation [37,38], is SAM-dependent.

Several enzymes within the folate cycle are potentially oncogenic and are dysregulated in cancer.
Serine hydroxymethyltransferase (SHMT) and glycine decarboxylase (GLDC) donate methyl groups to
the folate pathway in sequential steps via the catabolism of serine and glycine, respectively [15].
SHMT, in concert with GLDC, drives tumorigenesis possibly by fueling the folate cycle and
driving proliferation [39]. Thymidylate synthase (TS), another enzyme involved in the folate
cycle, catalyzes the methylation of deoxyuracil-monophosphate to deoxythymidine-monophosphate,
in a 5,10-methylene-THF-dependent reaction that is necessary for DNA synthesis and repair.
The overexpression of TS is sufficient to induce a tumorigenic phenotype in NIH3T3 cells in vivo,
and elevated TS expression correlates with a poor prognosis in multiple cancer types [40—46].
Furthermore, the TS inhibitor, 5-fluorouracil (5-FU), is used in the treatment of multiple cancers,
especially colon cancer [47].

Paradoxically, although folate is necessary for cancer cell proliferation, multiple studies have
reported a positive correlation between folate deficiency and disease risk for multiple cancers,
especially breast and colon cancers [48-51]. Additionally, higher folate intake reduces the increased
breast cancer risk associated with elevated alcohol consumption; this relationship may be due
in part to the antagonistic effect of alcohol on folate absorption, metabolism and transport [51].
Aberrant uracil incorporation and chromosomal breaks can both be induced by folate deficiency, thus
providing a potential mechanism by which folate deficiency can contribute to tumorigenesis [52,53].
Additionally, the MTHFR C677T polymorphism may be associated with increased breast cancer
risk [49,54-58]. The C677T polymorphism reduces MTHEFR activity, thus lowering 5-methyl-THF
levels and decreasing methionine regeneration [59]. Not only can folate deficiency contribute to
mutations during replication [53,60], but folate deficiency or MTHFR polymorphisms may also
decrease methionine regeneration and SAM levels, thereby, reducing the ability of the cell to maintain
DNA and histone methylation. Importantly, cancer cells often exhibit global DNA hypomethylation,
a phenotype that may be linked to genomic instability [52,61,62].

In contrast, folate depletion blocked tumor progression in vivo and induced genetic instability in
cells in vitro, in the Transgenic Adenocarcinoma of the Mouse Prostate (TRAMP) model for PCa [63,64].
Further, folate supplementation has been shown to drive tumor growth in some mouse and rat
cancer models [65-67]. However, the timing of folate supplementation in disease progression is likely
critical, as studies indicate that folate may be both protective against neoplastic lesion formation and
a promoter of growth within established lesions [67-69]. These studies highlight a widely supported
“double-edged sword” hypothesis for the role of the folate cycle in cancer: Folate depletion may
contribute to initial transformation by inducing global DNA hypomethylation and subsequent genomic
instability, while higher folate levels may promote the growth of transformed cells by enabling
an increased rate of DNA synthesis [68,69].

Even in the presence of global DNA hypomethylation, many cancer cells contain gene specific
hypermethylation, a silencing mechanism. The tumor suppressor Rb was the first gene found to
be silenced by DNA hypermethylation during tumorigenesis [70]. Since then, numerous tumor
suppressor genes have found to be silenced by DNA hypermethylation in cancer. Unlike DNA
mutations, epigenetic aberrations—including DNA methylation—can be reversed by inhibiting the
enzymes responsible for the epigenetic marks. This is one reason why targeting epigenetic enzymes
has gained traction in cancer therapy [71].
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Histone methylation is a SAM-dependent epigenetic process. Several methyl histone marks are
dysregulated in many cancer types, and depending on the target residue, these methylated histones can
contribute to gene activation or repression [72-77]. The enhancer of zeste homolog 2 (EZH2), DOT1L
and mixed-lineage leukemia (MLL) methyltransferases are among the histone methyltransferases
(HMTs) found to play important roles in driving a tumorigenic epigenome, which is similar to that of
stem cells [78-86] HMTs use SAM as a methyl donor, and many HMTs are inhibited by SAH (Figure 2),
a byproduct of methyltransferase reactions; therefore, one-carbon metabolism flux has a profound
impact on the activity of these enzymes [87-89].

SAM not only serves as a cofactor for methyltransferases, but it is also shunted from one-carbon
metabolism and utilized in polyamine synthesis. Polyamines have been implicated in cancer, and their
oncogenic function may be linked to their roles in protein synthesis and cell cycle regulation [27,37,90].
Ornithine decarboxylase (ODC) catalyzes the formation of putrescine from ornithine, a rate-limiting
step in the polyamine biosynthetic pathway. ODC is a MYC-regulated oncogene that is critical for cell
cycle progression, in part by promoting MYC-induced p21 degradation [91,92].

Another shunt from the methionine cycle is the transsulfuration pathway, which is important
for cellular redox homeostasis. The high intracellular oxygen levels required for aerobic respiration
create an environment that produces highly reactive ROS. While physiological levels of ROS are
essential for cell survival, an excess of ROS can have a wide range of detrimental effects, including
DNA and protein damage. To prevent damage, the cell tightly regulates a series of antioxidant
systems to restore redox homeostasis. One of the major antioxidants made within cells is glutathione,
which is a product of the transsulfuration shunt of one-carbon metabolism. Reduced glutathione acts
a cofactor for redox and conjugation reactions catalyzed by glutathione peroxidases and glutathione
transferases to reduce hydrogen peroxide, a reactive product of initial superoxide neutralization,
and neutralize toxins and carcinogens. Interestingly, in multiple cancers, glutathione peroxidases
and glutathione transferases are silenced by DNA hypermethylation suggesting that the reduced
activity of the enzymes drives tumorigenesis, likely through increased DNA damage [93-98].
However, the overexpression of glutathione peroxidases and glutathione transferases, along with
elevated levels of reduced glutathione, has been observed to correlate with therapy resistance in
multiple cancers [99-101]. This evidence suggests that the glutathione-dependent reduction and
neutralization reactions may have complex pro-tumor and anti-tumor effects by improving survival
and reducing DNA damage.

Interestingly, elevated homocysteine may promote oxidative stress by inhibiting the expression
and activity of glutathione peroxidases. Elevated plasma homocysteine levels, a condition that may
also be associated with folate deficiency, is often seen in the setting of malignancy [48,102-107].
In addition to being a metabolite that is utilized in glutathione synthesis, homocysteine regulates
the activity of enzymes that use glutathione as a cofactor. By controlling glutathione synthesis and
utilization, changes in one-carbon metabolism flux can have a profound impact on redox metabolism,
and therefore, potentially tumorigenesis and cancer progression.

Taken together, alterations in one-carbon metabolism may contribute to tumorigenesis by
fueling DNA synthesis, changing the DNA and histone methylomes, promoting protein translation,
driving cell cycle progression and modulating redox balance. These changes can in turn promote
sustained proliferation, induce tumorigenic gene expression changes, contribute to genomic instability,
and promote survival—all important processes in tumorigenesis and cancer progression.

4. Androgen Signaling Modulates One-Carbon Metabolism and Epigenetics

In the prostate, androgens and the AR regulate the activity /expression of several enzymes
involved in the one-carbon metabolism pathways, specifically enzymes involved in SAM homeostasis
(GNMT and SARDH) and the entry into the transsulfuration (CBS) and polyamine synthesis (ODC)
pathways (Figure 1 and Table 1). This suggests that the changes in the AR activity that occur during
PCa progression may have profound effects on global one-carbon metabolism and the epigenetics of
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this disease. In this section, we review the role of androgens/AR signaling in these checkpoints of
the one-carbon metabolism network, with an emphasis on the effect on gene expression and focusing
on the best characterized genes. Based on the impact of the one-carbon metabolism in epigenetics,
we will also discuss the effect of androgen signaling on the activity/expression of methyltransferases
and epigenetic processes in PCa

Table 1. Androgen responsive genes of the one carbon metabolism network. * Data from the androgen
responsive gene database (available online: http:/ /argdb.fudan.edu.cn/index_info.php). MTHFD:
methylenetetrahydrofolate dehydrogenase; SMS: spermine synthase; SAT: spermine/spermidine
N1-acetyl transferase; CTH: cystathione gamma-lyase or gamma-cystathionase; GPX: glutathione
peroxidase; GSR: glutathione reductase. Other names as in legend of Figures 1 and 2.

Androgen Responsive Genes *

Folate Methionine Polyamine Transulfuration
SHMT MAT OoDC CBS
SARDH AHCY SMS CTH
GLDC SAT GPX
DHFR AMD1 GSR
MTHFD
MTHFR
GNMT

5. Androgen Signaling Regulates the Expression of Enzymes Involved in the One-Carbon
Metabolism Network

The AR is a nuclear receptor that is essential for prostate differentiation and homeostasis and
for PCa initiation and progression. Binding of androgen, its major ligand, triggers a conformational
change that promotes AR homodimerization and translocation to the nucleus, where it binds to
the regulatory regions of its target genes, affecting their transcription [108]. Studies directed to
identify AR transcriptional networks in different models of PCa have demonstrated an involvement
of the AR in global metabolism by directly targeting enzymes involved in several metabolic
processes [12,13,109,110]. Below we focus on several specific AR targets involved in one-carbon
metabolism and their role in PCa.

5.1. GNMT, SARDH and Sarcosine Metabolism

GNMT catalyzes the transfer of a methyl group from SAM to glycine to form SAH and sarcosine.
The reverse reaction involves the oxidative demethylation of sarcosine into glycine, and it is catalyzed
by mitochondrial SARDH or peroxisomal PIPOX [19,111]. It has been proposed that the “sarcosine
cycle” and GNMT in particular regulate the SAM:SAH ratio, and therefore the methylation potential
of the cell [111]. Methyltransferases are inhibited by SAH [87], GNMT is allosterically inhibited
by 5-methylTHF [30], and SAM inhibits MTHFR and therefore formation of 5-methylTHF [111].
When SAM levels are low, this regulatory loop promotes release of the inhibition of MTHER, resulting
in de novo synthesis of 5-methylTHF and therefore ensuring inhibition of GNMT so that SAM will
be saved for physiologically essential methylation reactions. High levels of SAM block formation of
5-methylTHF, releasing the inhibition of GNMT, which will convert excess SAM into sarcosine [111].
Because of the relevance of GNMT and the sarcosine cycle in methylation, changes in their expression or
activity can have profound effects in essential cellular processes. The AR and the TMPRSS2-ERG fusion
product (present in over 50% of localized PCa and whose expression is controlled by the AR) are known
to coordinately regulate GNMT and SARDH expression [20,21]. Therefore, as expression/activity of
these transcription factors changes with disease progression, so does the methylation potential of the
cell. In fact, the role of GNMT and SARDH in PCa has gained recent interest, as both are dysregulated
during tumorigenesis and control the metabolism of sarcosine. Sarcosine is a metabolite that increases
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during PCa progression to metastasis, and has been proposed as a potential non-invasive urine
biomarker [20]. Using PCa cell lines, Sreekumar et al. [20] demonstrated that the enzymes involved in
sarcosine metabolism act as regulators of cell invasion and are therefore potential therapeutic targets
for prostate cancer. The addition of sarcosine or knockdown of SARDH in benign prostate epithelial
cells enhanced their invasiveness. Recently, we demonstrated that sarcosine metabolism, not merely
its concentration, and thus one-carbon availability, is responsible for the changes in invasion observed
in PCa cells [18].

While controversy remains regarding whether the levels of GNMT in clinical PCa samples are
downregulated [112] or upregulated [113], it is clear that dysregulation of GNMT may reflect changes
in AR activity and ERG fusion status during PCa establishment and progression. Metabolomic
analyses indicate that androgen supplementation results in elevated amino acid metabolism and
increased methylation activity in PCa cells [114,115]. Interestingly, in breast cancer, the expression
of sarcosine-related enzymes has been shown to vary according to cancer subtype [115]. A parallel
with GNMT could be established with studies conducted on Nicotinamide N-methyltransferase
(NNMT) [116]. NNMT, which catalyzes the transfer of a methyl group from SAM to nicotinamide
to generate 1-methylnicotinamide (1-MNA) and SAH, and its products, are overexpressed in several
aggressive cancer cell lines (e.g., ovarian, lung, and kidney) and in clinical samples [117]. Similar
to sarcosine, 1-MNA does not have a known physiological role, but has been proposed to act as
a sink for methyl groups, reducing the SAM:SAH ratio and the methylation potential of the cell [116].
The authors demonstrated that NNMT overexpression led to decreased methylation of proteins
including histones, and associated changes in gene expression. It is possible that when GNMT is
overexpressed and SARDH is underexpressed or its activity is decreased (as previously postulated for
aggressive behavior in PCa; [20]), overproduction of sarcosine can exert a similar “methyl sink” effect.
In this regard, we have previously demonstrated that the transmembrane protein with epidermal
growth factor and two follistatin domains 2 (TMEFF2) is a tumor suppressor that cooperates with
SARDH to modulate one-carbon metabolism in PCa cells [18,118] suggesting that additional factors
may play a role in the activity of these enzymes. Metabolic changes in a TMEFF2 transgenic mouse
model support this conclusion [119].

5.2. CBS and the Transsulfuration Pathway

As discussed above, homocysteine can enter the transsulfuration pathway in a reaction that
involves condensation with serine, resulting in cystathionine. In mammals, this first and committed
step of the pathway is catalyzed by CBS. The second step, the hydrolysis of cystathionine to cysteine,
is catalyzed by the enzyme y-cystathionase [120]. Cysteine is a limiting factor for glutathionine
synthesis, but can also be catabolized via other routes, including a non-oxidative route that produces
hydrogen sulfide (H2S). H2S plays a role in the regulation of many physiological processes, such as
the cellular stress response, inflammation and energy metabolism [121-124], and it modulates AR
activity [125]. Based on its roles in homocysteine homeostasis and H2S and glutathione generation,
altered CBS activity /expression contributes to numerous diseases, including cancer [126-128].

The activity of CBS is stimulated by SAM binding [31,32,129], so that homocysteine metabolism
can be directed towards remethylation when methionine/SAM levels are low, and towards the
transsulfuration pathway when SAM levels are high. Studies using LNCaP, an androgen-dependent
prostate cancer cell line, suggest that CBS expression may be downregulated by androgens via
a currently unknown posttranscriptional mechanism and that this effect is accompanied by a decrease
in glutathionine levels [130,131]. Reduced levels of CBS have also been reported in the metastatic
PCa cell line PC3. However, this cell line does not express the AR, and the low levels of CBS
did not seem to correlate with the cancer phenotype [132]. In addition, lower levels of plasma
cysteine have been observed as a result of prostate tumor progression in mouse xenografts [133].
The above findings that suggest an impaired flux through the transsulfuration pathway in PCa
are not supported by clinical metabolomic data. In a study analyzing metabolite levels in serum
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of patients who developed recurrent disease after primary treatment vs. patients that remained
recurrence-free, the levels of homocysteine and cystathionine were significantly higher in the recurrent
group than in the recurrence-free group [134]. Increased levels of homocysteine and methylated
metabolites, with concomitant decrease in SAM, were observed in androgen-responsive PCa cells
when compared with PCa cells that were non-responsive to androgens [114]. The levels of H2S
are also significantly higher in patients with localized PCa than in patients with benign prostatic
hyperplasia or healthy individuals [135]. These results suggest an androgen-mediated increase of
methylation activity and an increased flux through the transsulfuration pathway in PCa and with the
progression to aggressive disease. Reconciling these seemingly opposite results requires determining
the role of transsulfuration metabolites in cancer, analyzing differences in methylation potential across
individuals, and establishing the role of SAM and androgen signaling changes with disease progression
in the one-carbon metabolism and transsulfuration pathways.

As we discussed earlier, the AR plays a role in regulation of GNMT. Thus, in modulating GNMT
activity, the AR indirectly control homocysteine levels and the SAM:SAH ratio, critical to methylation
reactions and to the level of CBS. H2S inhibits the activity of the AR [125] providing a feedback
loop by which excess cysteine and, therefore H2S, modulates AR activity and the methylation and
transsulfuration pathways. In hepatic and lymphocytic cells, androgens have been demonstrated to
regulate expression of glutathione S-transferase Pi (GSTP), an enzyme with a role in detoxification,
by catalyzing the conjugation of many compounds to reduced glutathione [136-138]. Consequently,
the AR can play a role in detoxification not only by regulating CBS levels, and thus glutathione,
but also by regulating/modulating the activity of enzymes that act downstream of glutathione.
Changes in ROS are known to have a role in the etiology and progression of PCa [139].

5.3. ODC, SAM and Polyamine Synthesis

The relevance of polyamines to cellular physiology is illustrated by the fact that knockout
of several enzymes of the pathway are embryonic lethal in the mouse [140] and dysregulation of
polyamine metabolism leads to disease [141]. Increased levels of polyamine synthesis and ODC
levels have been associated with cancer and other hyperproliferatives diseases [37,91,142-144].
ODC catalyzes the initial and rate limiting step in the biosynthesis of polyamines, a conversion
of ornithine to putrescine. Sequential reactions catalyzed by spermidine and spermine synthase
convert putrescine into spermidine and spermine, respectively. These reactions require dcSAM, which
is obtained from the decarboxylation of SAM in a reaction catalyzed by SAM-decarboxylase (AMD1;
Figure 1).

The prostate has exceptionally high levels of polyamines, which are synthesized in the epithelium
for normal growth and for secretion into the seminal fluid [26,38,145-148]. The high level is due, in part,
to the high expression of ODC and AMDI1 [145,146,149-151]. Both enzymes, together with spermidine
synthase, are induced transcriptionally by androgens/AR signaling in the prostate in a coordinated
way [152-156]. Moreover, ODC is higher in PCa than in benign tissue, tissue from patients with benign
prostate hyperplasia (BPH), or tissue from normal volunteers [149,157], indicating that changes that
occur to the AR during PCa progression affect enzyme levels and polyamine synthesis. Providing
further evidence for this notion, androgen-blocking therapies, inhibit production of spermine and
spermidine [158,159].

The high polyamine requirements observed in the prostate, which are increased in PCa, sensitize
the cells to folate levels [160]. Blocking polyamine synthesis by inhibiting AMD1 increases SAM levels
and reduces the sensitivity to low levels of folate [160]. Interestingly, mild folate deficiency does not
negatively impact polyamine levels, but does affect DNA methylation and cell growth, suggesting
that maintaining polyamine pools is favored over maintaining SAM pools [63,160]. Due to the high
demand for polyamines in the prostate and in PCa, changes in AR-mediated polyamine biosynthesis
enzyme levels can create an imbalance in SAM levels and nucleotide pools, having profound effects
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on DNA damage, DNA methylation, and other epigenetic changes, leading to tumorigenesis and/or
playing a role in disease progression (see below).

6. The Role of Androgen Signaling on Methyltransferases and the Epigenetics of PCa

DNA and histone methylation are important epigenetic mechanisms that contribute to initiation
and progression of PCa [75,161-164]. Based on the link between these epigenetic mechanisms and
one-carbon metabolism, in this section we briefly review the role of methylation in PCa and discuss
how the AR modulates the epigenetics of PCa, indirectly controlling one-carbon metabolism and
directly affecting the expression and activity of methyltransferases.

6.1. DNA and Histone Methyltransferases in PCa

In PCa, changes in DNA methylation are detected before the cancer becomes invasive and are
maintained throughout disease progression [165,166]. These observations underscore the relevance of
epigenetic mechanisms to PCa and suggest that epigenetic changes are early events that may even be
responsible for PCa tumor initiation. The best-characterized epigenetic alteration in PCa is gene-specific
DNA hypermethylation [167,168]. Aberrant hypermethylation of numerous genes including cell
cycle control genes, detoxification and genes involved in apoptosis and DNA repair [166-176] and
the AR itself [172,177-180] has been described. Correspondingly, expression and activity of DNA
methyltransferase 1 (DNMT1), the methyltransferase that is primarily responsible for maintaining the
DNA methylation pattern, is higher in localized, metastatic, and hormone-resistant PCa samples than
in benign prostate hyperplasia (BPH) or normal tissue. DNMT1 level can predict disease recurrence
after prostatectomy [167,168,175,180-183]. Changes in the level of DNMT1 with disease progression
have also been reported in studies using the TRAMP mouse model [184]. Using this model, it was also
demonstrated that inhibition of DNMT1 by 5-azacitidine treatment prevented tumorigenesis [185],
underscoring the relevance of DNMT1 and hypermethylation to the establishment and progression
of PCa. Expression of other enzymes involved in regulating DNA methylation (DNMT3, MBD4) is
also increased in PCa and metastatic disease [74,186]. It is important to point out that global and gene
specific hypomethylation changes are also associated with increased Gleason score and metastatic
disease [161,187]. In Alzheimer’s disease, demethylase activity is affected by one-carbon metabolism
(SAM:SAH ratio) [188], however, to our knowledge, similar studies have not been conducted in PCa.

Histone methylation changes are also common in PCa. Studies using immunohistochemical
methods have reported an overexpression of H3K27me3 global levels in metastatic prostate tumors
compared with non-malignant prostate tissues [72]. Although other histone methylation changes
have been reported in PCa, changes in H3K27 methylation are receiving more attention since EZH2,
the histone methyltransferase responsible for H3K27 methylation, is overexpressed during prostate
tumorigenesis and is associated with biochemical recurrence in patients with PCa [78,80,189-193].
Upregulation of EZH2 is associated with repression of tumor suppressor genes, high proliferation
rates, and increased tumor aggressiveness in PCa [78]. It is also directly involved in DNA methylation
through interaction with DNA methyltransferases [190,194], and can target genes for de novo
methylation in cancer [195]. Although this review focusses on processes that are affected by one-carbon
metabolism, changes in demethylases are also relevant to PCa. Several reviews have been recently
published [196-198].

6.2. Androgen Signaling Regulates the Expression and Activity of Methyltransferases in PCa

DNA and histone methyltransferases utilize SAM as substrate leading to SAH production,
an inhibitor of methyltransferases [199]. Therefore, methylation reactions are largely dictated by
the SAM:SAH ratio and the level of expression of the methyltransferases. For in depth coverage of
the effect of SAM levels on activity and specificity of methyltransferases, the reader is referred to
an excellent review by Mentch and Locasale [16].
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The AR and androgen signaling play a role in controlling methylation, modulating the expression
of methyltransferases and/or their activity. As discussed above, the AR has important roles in
regulating GNMT and the metabolism of sarcosine and the enzymes involved in the diversion of methyl
groups into the transsulfuration and polyamine synthesis pathways. Increased GNMT expression
leads to increased levels of the methyltransferase inhibitor SAH [200]. Therefore, changes in AR
activity indirectly affect methyltransferase activity by modulating the SAM:SAH ratio. In clinical
samples of PCa, increased GNMT expression significantly correlates with high Gleason score and
reduced disease-free survival [113]. These effects could partly be due to inhibition of DNA and histone
methylation. Global DNA hypomethylation has been correlated with high Gleason score and metastatic
PCa [161,187]. In addition to this indirect effect, the AR has a direct effect on methyltransferase activity
by binding to these enzymes and, in some cases, promoting their recruitment into specific regions on
the chromatin. For example, the AR interacts with and recruits EHZ2, increasing H3K27 methylation
and epigenetic silencing and leading to oncogenic transformation [201,202]. Similarly, using the protein
Menin as a bridge, the AR recruits MLL, a SET-like H3K4 histone methyltransferase [84], promoting
AR-mediated transcription [203]. Interaction of the AR with demethylases has also been described.
For example, JHDM2A, a H3K9 demethylase, binds to and is recruited to AR target genes upon
androgen stimulation, resulting in H3K9 demethylation and transcriptional activation [204]. Similarly,
the AR can directly interact with LSD1 on many AR-repressed genes. LSD1 is a lysine demethylase that
has a repressive function by demethylating H3K4mel and H3K4me?2 in response to androgen [205].
Interestingly, the AR is a target for LSD1. Since DNA /chromatin methylation influences AR activity,
these examples illustrate the fact that by modulating methyltransferase/demethylase activity and/or
expression, the AR can also control its own expression and/or activity (Figure 3).

>
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Figure 3. The impact of AR in prostate epigenetics. AR/androgen signaling can control the prostate
epigenome: (1) indirectly by controlling expression of key enzymes involved in one-carbon metabolism
and therefore the methylation potential of the cell (broken lines); or (2) directly by controlling the
expression and activity of DNA and histone methyltransferases (solid lines).

Changes in the one-carbon metabolism affecting methyltransferases (SAM:SAH ratio) also
modulate DNA and chromatin methylation affecting the activity and/or expression of the AR.
In addition, direct post-translational modification of the AR and/or co-activators by methyltransferases
also occurs. The AR is directly methylated by the histone methyltransferase SET9 on lysine K632
resulting in enhanced transcriptional activity [206]. Interestingly, in CRPC, EZH2 functions as
a coactivator for transcription factors including the AR. The activating function of EZH?2 requires the
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methyltransferase domain, and it has been suggested that it functions by altering the AR-associated
lysine methylation [207].

Finally, AR signaling can regulate expression of enzymes involved in histone methylation. It has
been reported that androgens modulate expression of EZH?2 in a concentration-dependent manner
(EZH2 is repressed at 1 nM or higher). This effect requires a functional AR and is mediated by the
binding of retinoblastoma (RB) and p130-associated proteins to the EZH2 promoter. While both
mechanisms seem to be synergistic, their androgen dependence varies. RB-E2F1 are themselves
regulated by androgens in PCa cells. p130 and its partner proteins bind to the EZH2 promoter in
androgen-treated, but not in control treated cells [208,209]. Finally, expression of EZH2 can be repressed
by miRNA101, which is regulated by androgens [210,211].

In summary, AR/androgen signaling has an important role in PCa epigenetics, both indirectly by
controlling expression of key enzymes involved in one-carbon metabolism and associated pathways,
and directly by controlling the expression and activity of DNA and histone methyltransferases. These
effects can ultimately affect AR expression, which is also epigenetically controlled by DNA and
histone methylation, or activity. These observations emphasize the precise link between the AR and
one-carbon metabolism, and the potential effects that changes in AR signaling, that can occur with
disease progression, may have on essential cellular processes (Figure 3).

7. Therapeutic Approaches to Prostate Cancer: Targeting the One-Carbon Metabolism

The accelerated proliferation of cancer cells places a robust demand on one-carbon metabolism,
which can be exploited for anticancer therapies. The antifolate, aminopterin, originally used by Sydney
Farber to treat pediatric patients with acute lymphoblastic leukemia, was the first successful anticancer
chemotherapeutic agent [212]. Today, multiple drugs targeting enzymes within the folate cycle are
FDA-approved to treat a variety of cancer types [15]; however, these drugs have had mixed reports for
the treatment of PCa. While early studies indicated that the antifolate, MTX, might have been beneficial
in the treatment of CRPC, subsequent studies failed to support the original findings [213-215]. Because
AR inhibition during ADT decreases polyamine synthesis, which may in turn increase methyl group
availability in the folate cycle, it has been suggested that MTX may be more beneficial in the treatment
of PCa at earlier stages of the disease [63,160].

Other branches of the one-carbon metabolism network have been explored as therapeutic targets.
As we discussed previously, the natural polyamines, putrescine, spermine and spermidine are
ubiquitous molecules; however, their requirements are particularly high in rapidly growing tissues
during normal growth and development, and in tumors [37,216-218]. Several reports have described
increased polyamine levels in the blood and/or urine of cancer patients [219-223] and elevated levels
correlate with more advanced disease and worse prognosis [216,224-227]. Increased polyamine levels
are associated with increased cell proliferation, decreased apoptosis and increased expression of genes
affecting tumor invasion and metastasis [37,228]. More recently, it has been shown that increased
polyamine levels indirectly lead to immunosuppressive conditions facilitating tumor spread [228].

Changes in polyamine levels have been reported in PCa [143,218,225,229-231]. Underscoring the
clinical relevance of polyamines to prostate cancer, preclinical data suggest that inhibition of polyamine
synthesis blocks the progression of the disease [232-237]. All together these observations validate the
polyamine pathway as chemopreventive and chemotherapeutic for PCa. Several trials have focused on
targeting the polyamine pathway as a strategy for chemoprevention in patients at risk for aggressive
PCa using difluoromethylornithine (DFMO), an inhibitor of ODC [238,239]. The results of those trials
indicated that DMFO treatment results in decreased levels of putrescine, decreased rate of prostate
growth, and a trend towards decreased PSA doubling time. A recent clinical trial demonstrated that
DEMO caused nearly complete depletion of putrescine (97.6%) but not of spermidine and spermine
(73.6% and 50.8%, respectively) [150], and while very well tolerated [143], it seemed to be largely
ineffective as a chemotherapeutic agent. The lack of effectiveness could be in part due to compensatory
mechanisms such as increased polyamine uptake from circulation, or upregulation of other enzymes
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involved in the pathway. Supporting this, it was shown that polyamine reduced diet induced or
maintained the quality of life of patients with CRPC [151]. In addition, studies in cell lines and
xenografts indicate increased efficacy when using DMFO in combination with polyamine transport
inhibitors [234]. Increased levels of SAM-dc [142] and spermine synthase [150] have been observed in
patients with PCa. Other pathway inhibitors including polyamine analogs [142,143,240] or SAM-dc
inhibitors [143] have been previously pursued in clinical trials; however, they have demonstrated high
toxicity or only partial responses.

In addition to drugs targeting one-carbon metabolism itself, methyltransferase inhibitors are
also used to treat a variety of cancers, and several inhibitors are currently being investigated for
cancer therapy [241]. 5'Azacitidine is a DNA methyltransferase inhibitor that is commonly used
to treat myelodysplastic syndromes [242]. Importantly, epigenetic alterations, including DNA
methylation, have been found to play an important role in therapy resistance, and 5'Azacitidine,
and other demethylating agents, have been shown to be effective in combination therapy to improve
chemosensitivity in other cancer types [243-248]. In PCa, for example, 5’ Azacitidine improved
chemosensitivity to docetaxel in patients with metastatic CRPC in phase I/1I clinical trials [248].

Histone methyltransferases are also prime targets in epigenetic cancer therapy. EZH2, MLL,
and DOTIL are potentially attractive targets in PCa, as all three modulate the activity of the
AR [203,207,249]. MI-503 (MLL inhibitor) inhibits AR activity, and both DZNeP and MI-503 inhibit
CRPC growth in mouse xenograft models [203,250]. Because EZH?2 is overexpressed in metastatic
CRPC and it drives a transcriptional signature that is associated with this stage of the disease,
the potential use of EZH2 inhibitors in the treatment of CRPC is of particular interest [207,251].
Furthermore, EZH2 seems to have a role in both AR positive and AR negative CRPC, making EZH2
a versatile potential target in advanced PCa [207,251]. It is possible that therapeutics targeting
one-carbon metabolism could work synergistically with direct methyltransferase inhibition to block
the oncogenic functions of EZH2 and/or other methyltransferases in CRPC; however, this hypothesis
remains to be tested.

8. Summary and Conclusions

The one-carbon metabolism network integrates several pathways that, together, play central roles
in the biosynthesis of nucleic acids and lipids, amino acid and vitamin metabolism, the maintenance
of redox status, methylation reactions and polyamine biogenesis. Because of the relevance of these
pathways to cell growth and proliferation, they are critical not only for cellular homeostasis but also
for tumorigenesis, and are therefore significant therapeutic targets.

The tight dependency among the pathways of the one-carbon metabolism network imposes
an exquisite regulation to allow rapid responses to changes in cellular demands. The AR and androgen
signaling regulate key enzymes involved in these pathways, including the ones that control the
methylation potential of the cell and the entrance into the glutathione and polyamine biosynthetic
pathways. Therefore, changes that occur in the AR levels or activity will have profound effects on
the activity and output of the one-carbon metabolism network and downstream processes (Figure 4).
ADT designed to decrease the levels of circulating androgens, or AR-directed therapies, are the
mainstay treatments against advanced PCa, and are also used as adjuvants for local treatment of
high risk disease. Because of their effect on AR signaling, these therapies affect the balance of the
one-carbon metabolism. For example, it has been described that neo-adjuvant androgen blockade
using an LHRH agonist, together with an anti-androgen, leads to decreased spermine and spermidine
levels of the normal glands [158]. While in some instances the ADT-mediated effect on one-carbon
metabolism may be beneficial, i.e., lowering the high levels of polyamines observed in cancer cells may
help decrease their proliferative capacity, it is conceivable that it may also have a detrimental outcome.
For instance, the blockade of polyamine synthesis would alter the flux of methyl groups toward other
branches of the one-carbon metabolism network including the folate cycle, which potentially may lead
to reduced sensitivity to the anti-folate methotrexate as discussed previously [63,160]. In addition,
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ADT or AR blockade would reduce the levels of GNMT, leading to increased SAM/SAH ratios
and methyltransferase activity, a condition that maybe conducive to aggressive PCa (i.e., increased
EZH2 levels in CRPC [78,191,193]). Finally, since the AR negatively regulates expression of CBS,
an AR-signaling blockade would increase the flux towards the transsulfuration pathway, an effect that
has been linked with increased therapeutic resistance [99-101]. Taken together these observations point
to potential detrimental effects of ADT on one-carbon metabolism flux, and suggest that combination
drug therapy in a precise order and timing may be helpful in the design of future clinical trials,
and critical for successful treatment of PCa patients.
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Figure 4. The AR impacts one-carbon metabolism and downstream processes by modulating the
expression of specific associated enzymes. Green and red arrows/lines indicate reactions that are
respectively activated and repressed by the AR via the modulation of enzyme expression. Enzymes
include ODC1 (involved in polyamine synthesis), GNMT (catalyzes the conversion of glycine to
sarcosine) and CBS (involved in glutathione synthesis). Metabolites increased and decreased by the
AR in this manner are indicated in green and red, respectively. Black color depicts the one-carbon
metabolism pathways and some other metabolites derived from it. Cellular processes potentially
affected by AR-mediated one-carbon metabolism modulation are indicated in blue. By inhibiting
AR, ADT (grey box) likely blocks many of these metabolic alterations in PCa cells, thus producing
potentially beneficial and deleterious effects as discussed in the text.
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