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Abstract
Previous studies on the chemopreventive mechanisms of dietary selenium have focused on its
incorporation into antioxidative selenoproteins, such as glutathione peroxidase and thioredoxin
reductase. Several studies, however, have revealed that dietary selenium in the form of L-
selenomethionine and the 21st amino acid, selenocysteine, also have intrinsic anti-cancer
properties. Biochemical mechanisms previously investigated to contribute to their anticancer
effects involve β- and γ-lyase reactions. Some pyridoxal 5′-phosphate (PLP)-containing enzymes
can catalyze a β-lyase reaction with Se-methyl-L-selenocysteine (MSC) generating pyruvate and
ammonia. Other PLP-enzymes can catalyze a γ-lyase reaction with L-selenomethionine (SM)
generating α-ketobutyrate and ammonia. In both cases, a purported third product is methylselenol
(CH3SeH). Although not directly quantifiable, as a result of its extreme hydrophobicity and high
vapor pressure, CH3SeH has been indirectly observed to act through the alteration of protein-
sulfhydryl moieties on redox-responsive signal and transcription factors, thereby maintaining a
non-proliferative intracellular environment. We have considered the possibility that α-keto acid
analogues of MSC (i.e., methylselenopyruvate; MSP) and SM (i.e., α-keto-γ-
methylselenobutyrate; KMSB), generated via a transamination and/or L-amino acid oxidase
reaction may also be chemoprotective. Indeed, these compounds were shown to increase the level
of histone-H3 acetylation in human prostate and colon cancer cells. MSP and KMSB structurally
resemble butyrate, an inhibitor of several histone deacetylases. Thus, the seleno α-keto acid
metabolites of MSC and SM, along with CH3SeH derived from β- and γ-lyase reactions, may be
potential direct-acting metabolites of organoselenium that lead to de-repression of silenced tumor
suppressor proteins and/or regulation of genes and signaling molecules.
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Introduction: chemopreventive properties of naturally occurring
organoselenium compounds

Epidemiological data and laboratory investigations strongly support the importance of
organoselenium compounds as having a broad spectrum of chemopreventive properties
against several human cancer cells (bladder, prostate, breast, ovarian, colon, liver, lung, and
leukemic) (Combs 2004; Clark et al. 1996; Rudolf et al. 2008; Sanmartín et al. 2008; Suzana
et al. 2009). Over the past several years, important biochemical features of dietary selenium
have emerged that relate directly to its anticarcinogenic mechanisms, namely through
antioxidant effects, anti-androgen activity, growth inhibitory action by regulating signaling
molecules and apoptosis inducers, and by modifying gene expression (Lu and Jiang 2001;
Wang et al. 2002; Zeng et al. 2009). These and other anticancer mechanisms ascribed to
organoselenium are markedly dependent on its chemical form and metabolic
transformations. When consumed in adequate amounts in the diet, organoselenium can
manifest its chemopreventive activity either by conversion to selenometabolites or by
incorporation into select selenoproteins, such as glutathione peroxidase and thioredoxin
reductase. The chemopreventive mechanisms associated with these two redox enzymes and
other selenoproteins have been the subject of several reviews (e.g. Ip 1998; Ganther 1999;
Papp et al. 2007) and will not be considered further in this manuscript. Instead, our
discussion will be limited to the potential anti-cancer properties of metabolites of naturally
occurring organoselenium compounds SM and MSC.

Role of methylselenol (CH3SeH) as an anti-cancer agent
In addition to acting as precursors to a diverse number and variety of biologically important
selenoproteins, the chemopreventive efficacy and anticancer properties of dietary
organoselenium compounds have been postulated to result from in situ formation of
CH3SeH. In mammalian cells both thiol and selenol groups are used to maintain reducing
intracellular redox states acting as antioxidants and reducing agents in redox signaling with
reactive oxygen species. Selenols have a distinct advantage over thiols in having a more
facile reducing capacity (Chen and Maret 2001; Lillig and Holmgren 2007) and CH3SeH has
been proposed to alter cell-signaling pathways, influence protein kinases and induce cellular
apoptosis (Unni et al. 2005; Singh et al. 2008; Zeng et al. 2009). Thus, interaction of selenol
with disulfide domains on proteins has been the topic of mechanistic debates to explain how
CH3SeH manifests its putative anticancer properties by regulating redox-sensitive effector
proteins (Ip et al. 2000). When their disulfide domains become reduced or, conversely, when
their thiol domains become oxidized, these modulating proteins act as rheostats or regulatory
switches that can transmit controlled responses within a multitude of cell signaling
pathways, thus influencing cell proliferation and apoptosis. Two diagrammatic
representations of possible interactions of CH3SeH with proteins are depicted below:

or

However, due to its highly volatile and hydrophobic nature, CH3SeH cannot be directly
administered to cells, but can be generated endogenously, for example following
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intracellular reduction of dimethyldiselenide (DMDSe) or methylseleninic acid (MSA) by
the redox active tripeptide, glutathione, and conceivably by a variety of protein-sulfhydryl
moieties (Spallholz et al. 2001). In fact, MSA has been shown to cause redox changes with
proteins and to have antiproliferative effects through induction of inhibitors of cyclin-
dependent kinases (Jiang et al. 2002; Gasparian et al. 2002; Venkateswaran et al. 2002). For
example, brief exposure of an osteoblast cell line (MC3T3-E1) to MSA decreases the
production of inflammatory gene products normally regulated by the redox-sensitive
transcription factor, nuclear factor-kappa B (NF-κB). Osteoblasts, when subjected to
conditioned media from MDA-MB-231 breast cancer cells, respond by producing
inflammatory factors such as interleukin-6, monocyte chemoattractant protein-1,
cyclooxygenase-2 and inducible nitric oxide synthase, which, in turn, stimulate osteoclast-
induced bone erosion. Chen et al. (2009) showed that this response of osteoblasts was
abrogated following treatment with MSA. Presumably, redox-sensitive switching
mechanisms are involved following interactions of MSA with sulfhydryl domains on either
the ikB-NF-κB protein complex or the upstream iKKα,β,γ inhibitory domains. MSA has also
been shown to down regulate expression of hypoxia-inducible factor-1α (a redox-sensitive
protein), DNA-binding activity and its downstream targets, VEGF and GLUT1 in hormone
refractory prostate cancer cells (Sinha et al. 2009). Thus, mechanisms that govern the
interactions of CH3SeH and MSA with sulfur domains on redox-sensitive signal proteins
need to be further elucidated. It is unknown whether the chemopreventive efficacies of
CH3SeH and MSA are manifested directly by their presence in the cell or through the
process by which they become oxidized and reduced, respectively.

Although not directly quantifiable, CH3SeH has been indirectly determined in urine as
dimethylselenide and, following methylation, as trimethylselenonium. Unfortunately, these
two metabolites of CH3SeH are not useful dietary markers of selenium consumption or
following use of micromolar amounts of MSA as they cannot be determined simultaneously
under physiological intakes of organoselenium compounds, but only after consumption of
toxic to subtoxic doses (Ohta et al. 2009). Thus, the ability to monitor transformation,
function and efficacy of organoselenium using metabolites of CH3SeH under physiological
conditions is currently unfeasible.

Not only can CH3SeH be generated in vivo from the currently aforementioned synthetic
derivatives, DMDSe and MSA, but it can also be generated from MSC and SM. These
seleno-amino acids can be converted to CH3SeH by pyridoxal 5′-phosphate (PLP)-
dependent γ-lyases (Eq. 1) and β-lyases (Eq. 2) acting on SM and MSC, respectively. For
example, Zeng et al. (2009) used L-methionine γ-lyase from Brevibacterium linens BL2 to
generate CH3SeH from SM. Exposure of HT1080 tumor cells in situ to this enzyme-
generated CH3SeH within the culture medium inhibited cell migration and invasion (Zeng et
al. 2009).

(1)

(2)
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Production of CH3SeH from SM and MSC by mammalian liver cystathionine
γ-lyase

A γ-lyase that has been shown to catalyze a γ-elimination reaction with SM is mouse liver
cystathionine γ-lyase (γ-cystathionase) (Okuno et al. 2005). The net products are α-
ketobutyrate [CH3CH2C(O)CO2

−], ammonia and CH3SeH (Eq. 1). However, the specific
activity of the purified enzyme toward SM is, at best, limited, exhibiting reactivity less than
1% that observed with the natural substrate, cystathionine (Okuno et al. 2005).
Cystathionine γ-lyase is very active (when assayed with homoserine or with its natural
substrate cystathionine) in rodent liver cytosol and to a lesser extent in kidney cytosol. It is
absent, or of very low specific activity, in other organs/tissues.

It has long been known that, with an appropriate substrate, cystathionine γ-lyase can
catalyze β-elimination reactions in addition to γ-lyase reactions (Cavallini et al. 1960). For
example, the enzyme can catalyze β-elimination reactions involving cysteine and cystine
(Cavallini et al. 1960). We have now found that MSC is an excellent β-lyase substrate of
highly purified rat liver cystathionine γ-lyase (Krasnikov, Cooper, Pinto, unpublished data).
In fact, the enzyme catalyzed a β-elimination reaction with 10 mM MSC at approximately
the same rate as it catalyzes a γ-elimination from 10 mM cystathionine (Krasnikov, Cooper,
Pinto, unpublished data). Interestingly, the enzyme is incapable of catalyzing a β-lyase
reaction with S-methyl-L-cysteine (Cooper and Pinto 2005). The ability of cystathionine γ-
lyase to cleave the C–Se bond of MSC but not the C–S bond of S-methyl-L-cysteine is due to
the greater leaving group propensity of the –SeCH3 moiety relative to that of the –SCH3
group (see the discussion below).

CH3SeH production from MSC by glutamine transaminase K
Glutamine transaminase K is widely expressed in rat tissues. In the rat, the highest specific
activity is in kidney, but appreciable activity is also present in liver and, to a lesser extent, in
other organs (Cooper 1988; Cooper and Meister 1981). The rat kidney enzyme has broad
specificity (as an aminotransferase) toward glutamine, methionine (and other sulfur-
containing amino acids), aromatic amino acids, and the α-keto acid analogs of most amino
acid substrates (Cooper 1998; Cooper and Meister 1981; Cooper and Anders 1990;
Commandeur et al. 2000).

It is of considerable interest that rat kidney GTK also exhibits appreciable cysteine S-
conjugate β-lyase activity with cysteine S-conjugates that contain a good leaving group
(nucleofuge) in the β position (Cooper 1998, 2004; Stevens et al. 1986; Commandeur et al.
2000). The net reaction is shown in Eq. 3, where XS- becomes the sulfhydryl leaving group.

(3)

This ability of rat kidney GTK to catalyze β-elimination reactions was exploited by
Commandeur et al. (2000). These authors showed that highly purified rat kidney GTK
catalyzes competing transaminating and β-lyase reactions with a large number of L-
selenocysteine Se-conjugates. The β-lyase reaction with these conjugates is shown in Eq. 4.

(4)
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MSC may be regarded as a special case of a selenocysteine Se-conjugate in which X = CH3–
and the eliminated Se-containing fragment is CH3SeH. MSC was among the large number
of selenocysteine Se-conjugates shown to be effective transaminase/β-lyase substrates of
highly purified rat kidney GTK by Commandeur et al. (2000). We have found that MSC is
likewise an effective transamination/β-lyase substrate of highly purified recombinant human
GTK (Cooper et al. 2008).

Intriguingly, Commandeur et al. (2000) showed that the rate of transamination and β-
elimination reactions with L-selenocysteine Se-conjugates catalyzed by highly purified rat
kidney GTK in most cases was at least an order of magnitude greater than that exhibited
with the corresponding L-cysteine S-conjugates. The remarkable increase in reactivity of the
selenocysteine Se-conjugate versus the corresponding cysteine S-conjugate may be due to
subtle differences between the chemistry of sulfur and selenium (Commandeur et al. 2000;
Rooseboom et al. 2002). For a β-lyase reaction to proceed with a cysteine (or
selenocysteine) conjugate, breakage of the C–S (or C–Se) bond must occur. It is well known
that the C–Se bond is considerably weaker than the C–S bond (Wessjohann et al. 2007),
thereby facilitating elimination of CH3SeH from the selenocysteine Se-conjugate relative to
elimination of CH3SH from the corresponding cysteine S-conjugate. Moreover, both the
transamination reaction and the β-elimination reaction require the breakage of the α C–H
bond of the conjugate. This bond appears to be weaker (i.e., more easily cleaved) in the
selenocysteine Se-conjugates relative to that in the cysteine S-conjugates (Commandeur et
al. 2000), thereby facilitating both transamination and β-elimination reactions. It should also
be pointed out that the pKa value of the –SeH group of selenocysteine (pKa = 5.2) is
considerably lower than that of the –SH group of cysteine (pKa = 8.3), and that
selenocysteine is a stronger nucleophile that enhances its reactivity relative to cysteine
(Huber and Criddle 1967; Wessjohann et al. 2007).

The transamination reaction catalyzed by GTK is discussed in more detail below. It is
important to note, however, that if an α-keto acid co-substrate is omitted from the reaction
mixture a half transamination reaction will convert the PLP form of the co-enzyme to the
pyridoxamine 5′-phosphate (PMP) form. The PLP form, but not the PMP form, can support
a β-lyase reaction. Therefore, in order for GTK to continue to catalyze an effective β-lyase
reaction with MSC an α-keto acid co-substrate (or adequate PLP) must be present to ensure
conversion of the PMP form of the enzyme to the PLP form (Cooper 1998; Stevens et al.
1986). In the case of GTK, a particularly effective α-keto acid substrate is α-keto-γ-
methiolbutyrate, the α-keto acid analogue of methionine (Cooper 1998; Cooper and Meister
1981).

Human GTK catalyzes effective transamination with MSC but not with SM
We have investigated the ability of purified recombinant human GTK to catalyze
transamination reactions with MSC. In our original report, for ease of assay, we used
phenylpyruvate as the α-keto acid co-substrate (Cooper et al. 2008). However, we have now
shown that the enzyme readily catalyzes transamination between MSC and α-keto-γ-
methiolbutyrate to yield β-methylselenopyruvate (MSP) and L-methionine (Eq. 5).

(5)

Since L-methionine and S-methyl-L-cysteine are substrates of purified rat kidney GTK
(Cooper and Meister 1981), we reasoned that L-methionine should also be a good substrate
of highly purified recombinant human GTK. This was shown to be the case (Cooper et al.
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2008). Since L-methionine and MSC are good substrates of human GTK, we anticipated that
SM should also be a good aminotransferase substrate. Much to our surprise, SM was an
exceedingly poor substrate of human GTK (<0.1% the activity exhibited with L-methionine)
(Cooper et al. 2008). We will revisit this point later when we discuss the metabolism of
MSC and SM in human prostate cells and the chemopreventive properties of SM relative to
that of MSC. The ability of human GTK to catalyze effective transamination with L-
methionine, S-methyl-L-cysteine and MSC, but not with SM underscores yet again the subtle
differences between the chalcogenide chemistry of S and Se. The covalent radius of Se (1.17
Å) is about 13% larger than that of S (1.04 Å) (Moeller 1963), which may be just enough to
prevent the binding of SM, but not that of methionine or even MSC, which is a single
methylene group shorter than SM, to the active site of human GTK.

Transamination of SM by a bovine liver glutamine transaminase
SM has been reported to be a good substrate of bovine liver glutamine transaminase
(Blarzino et al. 1994). At first glance, this finding appears to contradict our finding that
GTK (a glutamine transaminase) does not effectively catalyze transamination with SM. The
apparent contradiction may be due to species differences (rat enzyme versus bovine
enzyme). More likely, however, the difference in catalytic specificity is due to the fact that
there are at least two distinct glutamine transaminases. Although rat tissue homogenates
were long known to catalyze transamination of glutamine (Meister et al. 1952), it was not
until some time later that rat tissues were shown to contain at least two glutamine
transaminases (Cooper and Meister 1981). As noted above, in the rat, GTK is most active in
kidney, but is widely distributed in other tissues. On the other hand, rat liver possesses a
distinct glutamine transaminase, named glutamine transaminase L (GTL). Unlike GTK
activity which is widespread, this enzyme appears to be largely confined to the liver (Cooper
1988: Cooper and Meister 1981). Unlike GTK, which has been widely studied as an
aminotransferase and cysteine S-conjugate β-lyase, very few studies have been conducted
with GTL. Our laboratory has recently demonstrated that GTL can catalyze transamination
of SM with α-keto-γ-methiolbutyrate to give α-keto-γ-methylselenobutyrate (KMSB) and L-
methionine (Eq. 6) (unpublished data). Unlike rat and human GTK where the
aminotransferase activity toward MSC is much greater than that toward SM, rat liver GTL
exhibits greater aminotransferase activity toward SM than toward MSC.

(6)

Are MSC and SM substrates of mammalian L-amino acid oxidase (LAAO)?
In addition to generation through transamination reactions, MSP and KMSB may
theoretically also arise from MSC and SM by LAAO reactions (Eqs. 7, 8), respectively.

(7)
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(8)

Mammalian tissues contain at least three LAAOs that potentially may convert one or both
selenoamino acids to their corresponding α-keto acids. The first to be discovered is of
highest activity in kidney and liver. The enzyme activity is catalyzed as a side reaction of L-
hydroxy acid oxidase B (Duley and Holmes 1976). The enzyme has a pH maximum (≥9.0)
and is active with L-methionine and other large neutral amino acids. A second LAAO,
purified from mouse milk (Sun et al. 2002), reacts with a broad range of amino acids in the
order of Phe > Met, Tyr > Cys, Leu > His. Due to its dose and time-dependent reactivity
with these amino acids to produce H2O2, the secreted enzyme was shown to be crucial for
host defense against bacterial infection in the mammary gland (Nagaoka et al. 2009). Most
recently, Mason et al. (2004) demonstrated that a mouse B lymphocyte protein, IL4I1, has
unique LAAO properties. Interestingly, the same protein, isolated from a mediastinal
lymphoma B-cell line, was shown to be secreted (Boulland et al., 2007) and to exhibit
LAAO activity which was optimal at physiological pH and primarily directed toward
phenylalanine. Immunohistochemical analysis of secondary lymphoid organs showed
LAAO staining within germinal center macrophages and inflammatory myeloid cells with
the highest staining in mature dendritic cells. Carbonnelle-Puscian et al. (2009) found that
expression of IL4I1 in tumors was very frequent and that it was detectable in tumor-
associated macrophages and in neoplastic cells from follicular lymphoma, classic and
nodular lymphocyte predominant Hodgkin's lymphoma and small lymphocytic lymphoma.
These findings raise the possibility that organoseleno amino acids have the potential of
being converted to their corresponding α-keto acids at or within lymphoid cells. The
possibility of IL4I1 functioning as a pro-activator of selenoamino acids to their
corresponding keto acid forms is currently under investigation in our laboratory. Thus, at
present, it remains uncertain as to the extent to which the leukocyte LAAOs can catalyze in
vivo oxidative deamination of MSC and SM to MSP and KMSB, respectively.

In situ formation of MSP and KMSB with Crotalus adamanteus venom
LAAO

Purified LAAO from the venom of the diamondback rattlesnake (C. adamanteus) has a
remarkably broad specificity toward amino acids (Lichtenberg and Wellner 1968). The
enzyme is, however, most active with large hydrophobic L-amino acids. The most active
substrate is L-methionine (Lichtenberg and Wellner 1968). Based on this specificity, we
predicted that MSC and SM would be excellent substrates, and this was found to be the case
(Lee et al. 2009). The snake venom LAAO can be used as a convenient reagent to prepare
both MSP and KMSB from MSC and SM, respectively. This enzyme is used to produce
batch quantities of both MSP and KMSB for studies involving mechanisms of the histone
deacetylase inhibitory effects of seleno α-keto acids (Lee et al. 2009; Nian et al. 2009b).

MSP and KMSB as histone deacetylase (HDAC) inhibitors
Research in the area of histone acetylation and deacetylation has evolved into a fascinating
theme that encompasses regulation of numerous molecular targets that control cancer
proliferation (Marks and Xu 2009). The literature is replete with reviews and studies that
demonstrate the role of histone proteins in modulating chromatin plasticity, facilitating
protein:DNA interactions and thus manifesting transcriptional control (Giacinti et al. 2008;
Keppler and Archer 2008). Concurrent with the interest in histone acetylation and de-
acetylation, research has focused on identifying compounds that are able to accelerate
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histone acetylation or inhibit histone de-acetylation (Vigushin and Coombes 2004; Bolden et
al. 2006; Dokmanovic et al. 2007; Frew et al. 2009).

In the latter case, the emergence of a number of tools that facilitate the screening of both
molecular targets and therapeutic candidates has led to identifying a variety of compounds
that are associated with inhibition of histone de-acetylation, including short-chain fatty acids
(e.g., butyrate), hydroxamic acids (e.g., SAHA and Trichostatin), epoxyketones (e.g.,
trapoxin), benzamides (Lane and Chabner 2009; Shankar and Srivastava 2008; Richon et al.
2000), and a variety of other chemical families including organosulfur (Nian et al. 2008,
2009a; Myzak et al. 2004) and recently organoselenium compounds (Lee et al. 2009; Nian et
al. 2009b). The structural multiplicity of HDAC inhibitors reflects both the diversity of
substrates for HDACs and the heterogeneity of tumor cell phenotypes.

Since MSP and KMSB strongly resemble a major class of HDAC inhibitors, namely short-
chain fatty acids and in particular, butyric acid, we examined whether seleno α-keto acids
possess selectivity as HDAC inhibitors. Eleven of the eighteen recognized HDACs harbor a
coordinating zinc atom within their active site (Buggy et al. 2000; Vanommeslaeghe et al.
2005). Thus, an intriguing feature of an inhibition by the seleno α-keto acids would be the
proximity and juxtaposition of the highly electronegative selenium moiety with the active-
site zinc atom which may facilitate disruption of the charge relay system within the HDAC
pocket (Nian et al. 2009a, b; Lee et al. 2009).

HDAC inhibitors show promise clinically for the treatment of several human cancers, and
several mechanisms have been proposed (Ungerstedt et al. 2005; Insinga et al. 2005; Xu et
al. 2007). The challenge to identifying the role of organoselenium compounds in HDAC
inhibition is to attribute specific HDAC complexes to cellular function and to identify which
organoselenium metabolite is able to block the activity of these functions. Meeting the
challenge of chemoprevention through nutritional management is likely to produce dietary
regimens involving naturally occurring organoselenium and organosulfur compounds
(Myzak et al. 2004; Nian et al. 2009a, b; Lee et al. 2009) coupled with combinations of other
nutrients such as vitamins A and D (Puccetti et al. 2002). These dietary constituents share
co-repressor activity and selectivity not currently developed with existing cytostatic drugs.
Controlled combinations of these nutrients would have the ability to target the expression of
selected genes and sequester factors involved in the differentiation signaling pathways
usually reserved for biological agents.

The possible metabolic routes for SM and MSC are shown in Fig. 1 and illustrate that the
chemoprotective properties of seleno amino acids reside in the cell's ability to convert them
via lyase reactions to CH3SeH and through transamination or L-amino acid oxidation to their
corresponding seleno α-keto acids metabolites, KMSB and MSP, both of which are now
known to function as effective HDAC inhibitors. Current studies with KMSB and MSP in
both colon (Nian et al. 2009b) and human prostate cancer cells (Lee et al. 2009) by our
group reveal robust, concentration-dependent, HDAC inhibition by seleno α-keto acids and,
coupled with molecular modeling studies, support a mechanism that involves reversible
competitive inhibition. In addition, both cell types have been examined for changes in
growth, apoptosis and expression of p21. In view of the recently aborted Selenium and
Vitamin E Cancer Prevention Trial (SELECT) study (Lippman et al. 2009), a human
prostate cancer prevention trial (see below for more details), this review will focus on
prostate cancer cells rather than on colon cancer cells to illustrate the need to understand the
specificity and selectivity of the biochemical transformations of organoselenium
compounds.
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Human prostate cells are targets for HDAC inhibition
Treatments for prostate cancer include hormone ablation and endocrine therapy that lead to
temporary palliation of the disease, but relapse usually occurs 1–2 years after treatment
(Scher et al. 1996). Although the androgen receptor has been the primary target governing
therapeutic strategies for prostate cancer, androgen-independent mechanisms are involved in
the progression and transformation of prostate cancer and may underlie the cause of the
lingering complications in traditional androgen deprivation therapy (Shah et al. 2004). Thus,
there remains a continuing need to identify novel targets and to develop convenient dietary
agents that may eliminate or slow progression and transformation of both androgen receptor-
positive and -negative prostate cancer cells.

HDACs are under active investigation as novel enzymatic targets that lend themselves to
development of both drug and dietary strategies against androgen-dependent and -resistant
prostate cancers. HDAC inhibitors not only abrogate transcription of androgen receptor
proteins, but also function as transcription inhibitors of target genes of the androgen receptor
thus making them effective against androgen-responsive and -refractory cells (Welsbie et al.
2009). Using a combination of DNA microarray, in situ hybridization, and
immunohistochemical techniques, Wang et al. (2009) demonstrated that HDAC levels are
dysregulated in prostate cancer and that HDAC 1–5 show increased expression. Clark and
Cooper (2009) and Huang and Waknitz (2009) demonstrated that high expression of HDAC
1 in prostate cancers correlates with expression of gene fusion between erythroblastosis
virus E26 transforming sequence (ETS) and androgen-regulated, prostate specific
transmembrane protease serine 2 (TMPRSS2). Thus, for approximately 50% of the prostate
cancer patients who harbor ETS gene fusions, targeting HDAC 1 would be a definite
therapeutic possibility. HDAC3, but not HDAC 1 or 2, interacts with FOXO1, a
transcription factor that functions downstream of the tumor suppressor, phosphatase and
tensin homolog (PTEN) and controls expression of genes involved in apoptosis and cell
cycle progression. HDAC 3 inhibitors can attenuate FOXO1-mediated inhibition of the
androgen receptor (Liu et al. 2008; Yang et al. 2005). A bitter melon protein that contains
Type I ribosome-inactivating proteins inhibits HDAC 1 activity, promotes histone-3 and -4
protein acetylation, and promotes PTEN expression in prostatic intraepithelial neoplasia
(PIN) and prostate cancer cell lines resulting in increased apoptosis (Xiong et al. 2009). The
chemopreventive phytochemical, phenethyl isothiocyanate (PEITC), a constituent of
cruciferous vegetables, induces growth arrest and apoptosis in human prostate cancer cells,
and in rodent xenograft models of prostate cancer, inhibits testosterone-mediated prostatic
growth by regulating the androgen receptor and cell cycle progression. PEITC enhances
histone acetylation and induces selective modification of histone methylation for chromatin
remodeling. The effect of chromatin unfolding thus permits transcription activation of the
tumor suppressor gene, p21 (Wang et al. 2008). Thus, of the variety of aberrant epigenomic
covalent alterations that occurs in prostate cancer and contributes to gene silencing and
carcinogenesis, deficient histone acetylation involving excessive HDAC activity is a
prominent feature. This aberrant increase in histone deacetylation appears to underlie
disruption of the epigenetic control of gene expression in normal prostate cells and plays a
major part in the multistep process of carcinogenesis.

Our recent discovery that KMSB and MSP have potent HDAC inhibitory properties expands
our understanding of the chemopreventive efficacy of organoselenium compounds (Lee et
al. 2009). In addition, insights are emerging that different tissues may show distinctive
responses to, or may have selectivity to metabolize their precursor amino acids namely, SM
and MSC. For example in liver, SM would be rapidly metabolized by GTL to KMSB but
only marginally metabolized to CH3SeH by cystathionine-γ-lyase. In kidney, SM would be
marginally metabolized to KMSB by GTK and marginally converted to CH3SeH by the low
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level of cystathionine-γ-lyase. In the case of exposure to MSC, liver would marginally
convert MSC to MSP by GTL and GTK but rapidly convert it to CH3SeH by the action of
cystathionine-γ-lyase. In kidney, MSC would be marginally converted by GTK and
cystathionine-γ-lyase to MSP and CH3SeH, respectively. Table 1 provides a brief outline of
the enzymes including their relative activities that catalyze reactions with SM and MSC. By
contrast to the substrate selectivity of the glutamine transaminases and cystathionine-γ-lyase
in liver and kidney, which favor one or the other of SM or MSC, tissues such as
lymphocytes that contain an LAAO may have the potential to convert both SM and MSC to
their corresponding α-keto acids. Thus, LAAOs in certain tissues, milk and activated
lymphocytes show promise in oxidizing both MSC and SM to their corresponding keto acids
which then may show selectivity and/or synergy toward different HDAC enzymes with
sensitivity to MSP or KMSB or both. Lastly, the ability of cells to metabolize either SM or
MSC or both may reflect the difference between toxicity and chemopreventive efficacy of
the dietary source. For example, selenium-enriched garlic contains predominately MSC,
which can be metabolized via transamination in most tissues that contain GTK to MSP. In
addition, MSC can be converted to CH3SeH in a competing reaction catalyzed by GTK and
by cystathionine-γ-lyase in the liver. Whereas selenium-enriched yeast which contains
predominately SM can be metabolized to KMSB by liver which possesses high levels of
GTL and only marginally to CH3SeH by hepatic cystathionine-γ-lyase.

Prostate cancer cells metabolize MSC but not SM
We have shown that human prostate cancer cells (LNCaP, LNCaP C4-2, PC-3 and DU 145)
possess GTK activity as assessed by the standard phenylalanine—α-keto-γ-methiolbutyrate
transaminase assay (Lee et al. 2009). However, we were unable to detect cystathionine γ-
lyase activity or L-amino acid oxidase activity. These findings suggest that human prostate
cancer cells in culture are able to metabolize MSC but not SM. This was found to be the
case. With the aid of an HPLC system equipped with a Coul-Array detector, we showed that
human prostate cells in culture metabolize MSC to MSP. The rate of disappearance of MSC
was enhanced in the presence of α-keto-γ-methiolbutyrate. The disappearance of MSC in the
presence of this α-keto acid was associated with appearance of L-methionine as expected
from our specificity studies with purified recombinant human GTK (Cooper et al. 2008).
Also, as expected from these specificity studies, the cells were unable to catalyze
transamination of SM with α-keto-γ-methiolbutyrate even over a 24-h period.

When MSC and SM are separately added to cell culture medium, MSC-treated cells express
increased levels of acetylated histone 3 after 5 h incubation. The finding that LNCaP cells
demonstrated greater accumulation of acetylated histone 3 in the presence of MSC at 50 μM
concentration after 5 h incubation than observed in other prostate cancer cell lines may
reflect the higher specific activity of GTK for MSC in LNCaP compared to LNCaP C4-2
and PC3 cells (Lee et al. 2009). However, cells incubated for up to 48 h with SM failed to
increase acetylated histone levels in any of the cell lines tested, illustrating further that SM is
not transaminated in human prostate cancer cells. By contrast, direct treatment of cells with
the α-keto acid forms of MSC and SM, namely MSP and KMSB, results in elevation of
acetylated histone 3 in all cell lines within 5 h at 50 μM concentration, supporting our
hypothesis that the increased level of acetylated histone 3 following MSC treatment is due to
its metabolite, MSP. Thus, the seleno amino acids, MSC and SM do not affect total histone
3 levels but the corresponding seleno α-keto acids, however, increase the ratio of acetylated
to total histone 3.

Although CH3SeH is regarded as an important chemopreventive metabolite of both SM and
MSC, our data indicate that the corresponding α-keto acid metabolites (especially that
derived from MSC) through their properties of a having HDAC inhibitory effects may be
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just as important, or perhaps even more so (see below). Our findings implicate the central
role of GTK as an in situ generator and contributor to the pool of MSP and a potential
source of CH3SeH. The beneficial effect of MSC toward the prostate may thus be correlated
with the presence of GTK in this organ, which has the potential to endogenously generate
two chemoprotective species, namely CH3SeH and the α-keto acid analogue of MSC (i.e.,
MSP). We have shown that the α-keto acid analogue of SM (i.e., KMSB) also has the
potential to be chemoprotective via inhibition of HDACs. However, since the prostate cells
cannot generate KMSB from SM, for KMSB to be a useful chemoprotectant it would have
to be generated exogenously (perhaps in the liver, kidney or lymphocytes) and transported to
the prostate cells. Work is ongoing in our laboratory to investigate this possibility.

From a comparison of our studies (Cooper and Pinto 2005; Pinto et al. 2007; Sinha et al.
2008; Cooper et al. 2008; Lee et al. 2009) with those of Suzuki et al. (2008) and Tsuji et al.
(2009), we suggest that (a) the α-keto analogues MSP and KMSB of MSC and SM,
respectively, have marked utility as selective HDAC inhibitors, are measurable within
cancer cell models and are at least as effective as CH3SeH as anticancer and
chemopreventive agents, and (b) MSC, because of its ability to be transaminated to an α-
keto acid in a greater variety of tissues than is SM may be a better candidate as an anti-
cancer agent in the whole body than is SM for which transamination may be limited to the
liver. Biologically, this is in accord with the widespread occurrence of GTK, the ability of
GTK to catalyze transamination of MSC, the inability of GTK to catalyze transamination of
SM, and the lack of effective cystathionine γ-lyase and GTL activities in extrahepatic/
extrarenal tissue. These findings corroborate those of Li et al. (2008) who demonstrated a
dose-dependent growth inhibition of prostate cancer xenograft models using MSC and MSA
in a well-tolerated dose range of 3 mg/kg body weight. Similar to our findings in cell culture
systems, SM at the same dosage in the xenograft models was not growth inhibitory.
Interestingly, these authors found differential targeting responses between MSC and MSA
treatments in Du-145 and PC-3 xenografts. Accordingly, despite their presumed common
CH3SeH metabolite, MSC and MSA exhibit differences in apoptotic and angiogenic indices
in Du-145 xenografts while MSC had no effect on these indices in PC-3 xenografts. These
apparently divergent responses may be reflective of differences in GTK activities expressed
in Du-145 and PC-3 cells and their ability to convert portions of the endogenous levels of
MSC to MSP thus contributing to chemopreventive activity through HDAC inhibition.

Overall, our findings together with those of Li et al. (2008) have important implications
when considering the relative chemopreventive activity and mechanisms of action elicited
by MSC, SM as well as MSA and also the efficacy of other dietary sources of
organoselenium as chemopreventive agents.

Enzymological profiles are necessary when assessing epidemiological and
clinical findings with seleno amino acids

In earlier studies, designed to determine the effect of selenium on the incidence of recurrent
nonmelanoma skin cancer in high-risk individuals, the results of a secondary endpoint for
the study showed that consumption of selenium-enriched yeast caused a 63% reduction in
overall incidence of prostate cancer (Clark et al. 1996; Duffield-Lillico et al. 2003). This
sparked the initiation of multiple trials worldwide to elucidate the role of selenium (in
various forms and doses) in the prevention of prostate cancer. Two large-scale double-blind,
placebo-controlled clinical intervention trials that involved selenium supplementation and
the incidence of prostate cancer in healthy men have been conducted: SELECT in the United
States (Klein et al. 2001, 2003; Lippman et al. 2005) and, in Europe, the Danish Prevention
of Cancer by Intervention by Selenium (PRECISE) (Ravn-Haren et al. 2007).
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SELECT examined the use of SM (200 μg/day) alone or in combination with vitamin E (400
IU/day) to monitor development of prostate cancer in healthy men above the age of 50 years
with no history of cancer (Lippman et al. 2009). With regard to the PRECISE study, after 5
years of intervention using selenium-enriched yeast, in which the majority of selenium was
in the form of SM, no effect of Se supplementation was observed on glutathione
metabolizing and selenium-dependent proteins in plasma, RBC and thrombocytes. Neither
were changes observed in gene expression for NAD(P)H:quinone oxidoreductase and aryl
hydrocarbon receptor repressor factors that contribute to chemoprotection against cancer and
chemical toxicity by natural or synthetic compounds (Ravn-Haren et al. 2007).

Early data analysis from the SELECT study showed a non-significant rise in prostate cancer
incidence in men taking only vitamin E. SM alone had no effect on the incidence of prostate
cancer, but did cause a non-significant rise in the incidence of diabetes (Lippman et al.
2009). Although high serum selenium concentrations are associated with higher prevalence
of diabetes coupled with higher fasting plasma glucose and glycosylated hemoglobin levels
(Laclaustra et al. 2009), the mechanisms by which SM possibly increased diabetes in the
SELECT population requires further exploration. The SELECT study was halted in October
2008, but subjects will be continuously followed over the remaining 2 years of the study.
These results do not prove that there is a risk from selenium supplements, but rather point to
the lack of understanding of the organ specificity, selectivity, and sensitivity to different
dietary forms of organoselenium as well as the enzymology controlling their metabolism.
The insignificant increase in prostate cancer in the vitamin E arm and the insignificant
increase in diabetes in the selenium arm of the study may be “due to chance” as stressed by
the co-chairperson of the SELECT scientific steering committee [National Cancer Institute
Cancer Bulletin, November 4, 2008] and the corresponding author on the respective
publication (Lippman et al. 2009). Also, as discussed by El-Bayoumy (2009) the negative
results of the SELECT study do not necessarily discredit the use of organoselenium in trials
of cancer prevention. Questions may arise regarding differences in metabolic in situ
conversion of SM or MSC within pancreas, liver, or prostate. To what extent are these
amino acids converted to their corresponding α-keto acids, KMSB or MSP, which function
as HDAC inhibitors or to CH3SeH which potentially modifies redox- responsive signal and
transcription factors?

As cited previously, differences in tissue distribution of GTK and GTL as well as
differences in their specificities toward MSC and SM may account for the fact that MSC
appears to be a better chemopreventive agent than is SM. Prostate cancer cells lack the
ability to convert SM to its α-keto acid derivative at doses that can be achieved
physiologically (Li et al. 2008) and this seems to correlate with the lack of inhibitory effect
that SM has on growth and proliferation in transformed cells. Unfortunately, this
information was not available prior to initiating the SELECT study and these findings might
have influenced selection of the dietary form of organoselenium. Our findings emphasize the
importance of understanding the enzymological profile of seleno amino acids in order to
correlate their efficacy of intake with successful clinical outcomes or with individuals who
would benefit from their consumption, information that was indirectly derived after the
SELECT study (Lippman et al. 2009; Hatfield and Gladyshev 2009).

Conclusion
Research over the past several decades provides convincing evidence that supports the
hypothesis that diets rich in organoselenium compounds may be protective against the risk
of different types of cancers. Evidence in support of the protective effect of selenium-
enriched vegetables such as garlic and broccoli as well as those of selenized yeast against
cancer risk has been derived from population-based case–control studies as well as from
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animal and cell culture models. These studies have prompted intense research aimed at (1)
elucidating mechanisms by which organoselenium-enriched foods and food components
may prevent cancer, (2) identifying the forms of organoselenium components responsible
for the anticancer effects, and (3) determining their efficacy for prevention of cancer in
animal and cell culture models. The bioactive components responsible for cancer
chemopreventive effects of selenium-enriched vegetables have, for the most part, been
identified as MSC and SM. Selenium-enriched wheat, maize, rice, and yeast contain the bulk
of organoselenium as SM whereas selenized garlic, onions, broccoli florets, broccoli sprouts
and wild leeks contain MSC and an MSC precursor, γ-glutamyl-Se-methylselenocysteine
(Whanger 2004). Since the chalcogenides, selenium and sulfur, demonstrate similar
chemistries, it is likely that the number of naturally occurring organoselenium compounds
may approach that of their organosulfur homologues. The efficacy of these organoselenium
compounds in chemoprevention requires further study.

Unlike cancer chemotherapeutic drugs, which have the effect of causing cell retribution,
organoselenium compounds can selectively target cancer cells at several pathways that
involve antiproliferative and pro-apoptotic processes (Sinha and El-Bayoumy 2004).
Whether a unified molecular theory exists that selectivity explains the anticancer effects of
organoselenium compounds is currently unknown and must await further research. In the
meantime, the overall chemopreventive effects of organoselenium compounds appear to be
multifaceted.

Thus, dietary organoselenium compounds exhibit several chemopreventive functions. In
addition to being incorporated into selenoproteins which exhibit their own intrinsic qualities
as modifiers of redox active signal proteins (thioredoxin reductase) and in an anti-
peroxidative capacity (glutathione peroxidase), they can be metabolized to direct acting
metabolites that exhibit chemopreventive properties by targeting multiple signal
transduction pathways (CH3SeH) and, as recently shown, through HDAC inhibition (MSP
and KMSB). The observational and experimental evidence in support of organoselenium
compounds as chemopreventive agents in a variety of cancers has been encouraging and will
be invaluable to support future clinical trials necessary to determine the efficacy of
selenium-enriched vegetables for prevention of human cancers.

This review provides a summary of the current knowledge on: (1) the key enzymes and
tissue specific sites that metabolize both SM and MSC to proximate bio-active derivatives,
CH3SeH, MSP and KMSB; (2) the function of these metabolites in cancer prevention; and
(3) in human prostate cancer cells, the complexity of the cell signaling pathways and the
multiplicity of chemopreventive possibilities through HDAC inhibition inherent in the
seleno α-keto acid metabolites, MSP and KMSB.
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Abbreviations

DMDSe Dimethyldiselenide

KMSB α-Keto-γ-methylselenobutyrate

GTK Glutamine transaminase K

GTL Glutamine transaminase L

HDAC Histone deacetylase
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LAAO L-Amino acid oxidase

MSC Se-Methyl-L-selenocysteine

MSA Methylseleninic acid

MSP β-Methylselenopyruvate

NaB Sodium butyrate

PBS Phosphate buffered saline

PLP Pyridoxal 5′-phosphate

PMP Pyridoxamine 5′-phosphate

SM L-Selenomethionine
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Fig. 1.
Proposed metabolic pathways for naturally occurring organoselenium compounds. Dietary
seleno amino acids can undergo either β-/γ-elimination reactions with formation of CH3SeH
or transamination/oxidative deamination reactions with formation of seleno α-keto acids.
CH3SeH from the former reaction is a putative anticancer metabolite of organoselenium
compounds which can react with redox sensitive signal proteins. The α-keto acid
metabolites from the latter reaction exhibit HDAC inhibitory properties in human prostate
and colon cancer cells which is symbolized by ⊥
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Table 1

Enzymes, their location, relative specific activity and relative amounts of products derived from L-
selenomethionine (SM) and Se-methyl-L-selenocysteine (MSC)

Enzyme Location/relative specific activity with
natural substrate

Products derived from SM
relative to natural
substrates (+++++)

Products derived from MSC
relative to natural substrates (+
++++)

Cystathionine γ-lyase Liver (+++++); kidney (+++); other
tissues (+ or ND)

α-Ketobutyrate and CH3SeH
(+)

Pyruvate and CH3SeH (++++)

Glutamine transaminase K
(GTK)

Kidney (+++++); liver (+++); other
tissues (++)

KMSB (±)a Pyruvate and CH3SeH (+++)b

MSP (+++)a

Glutamine transaminase L
(GTL)c

Liver (+++++) KMSB (++++) MSP (++)

L-Amino acid oxidase Snake venom (+++++) Crotalus
adamanteus

KMSB (+++++) MSP (+++++)

+++++, greatest amount; +, least amount

ND not detectable, KMSB α-Keto-γ-methylselenobutyrate, MSP β-Methylselenopyruvate

a
<0.1% the activity exhibited with methionine

b
GTK catalyzes competing β-elimination and transamination reactions. The products are pyruvate plus CH3SeH and MSP, respectively

c
GTL is also theoretically capable of catalyzing a β-elimination reaction with MSC. However, this possibility has not yet been investigated
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