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Modulation of One-Carbon Metabolism by

B Vitamins: Implications for Transformation
and Progression of Prostate Cancer
Glenn Tisman

Cancer Research Building, Whittier, CA
USA

1. Introduction
Extensive laboratory, epidemiological and clinical investigations suggest that prostate

cancer might be affected by enhanced folate or B12 ingestion and or other perturbations of
one-carbon (CH3 —) metabolism. Over the last decade, largely due to government mandated

dietary fortification with folic acid (FA), our clinic patients experienced a 4-6-fold increase in
the median level of serum folate (5 ng/ml = 24 ng/ml). The National Health and Nutrition

Examination Surveys (NHANES) confirm similar elevated levels Figure 1 (Dietrich et al,

2005; McDowell et al, 2008; Yang et al, 2010).
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Fig. 1. Median serum/plasma blood folate levels NHANES and GT data.
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Exposure to varying concentrations of FA and other B vitamins may transform benign cells
to malignant and/or accelerate tumor growth. This review explores clinical observations
and biochemistry of B vitamin mediated one-carbon metabolism with general emphasis on
neoplasia and particular focus on prostate cancer.

2. Folic acid found to enhance tumor growth: Historical note

Sidney Farber, a pediatric pathologist practicing in Boston’s Children Hospital in the mid
1940s, is generally given credit for establishing that FA stimulates human leukemia cell
proliferation; however, a careful review of the literature does not confirm that assessment.
In fact, Sidney Farber’s clinical research group’s seminal paper did not include treatment
with FA (Farber et al, 1947). This manuscript, published in 1947 in the popular journal
Science, reported on Farber’s experience with the di- and triglutamate derivatives of
oxidized folic acid (diopterin and teropterin, both supplied by Lederle Laboratories of Pearl
River, NY under the direction of Yellapragada Subba Row, PhD). The fact is that Farber’s
landmark paper, routinely referenced in the literature, never stated FA could accelerate
leukemia or any other malignancy.

Dr. Richard Lewisohn, famous for his excellence in surgery and his 1917 research on citrated
blood as the preferred anticoagulant for transfusion was semiretired in the early 1940’s and
working in a trivial basement laboratory at Mount Sinai Hospital in NYC. At that time, he
was given two folate compounds that were isolated at the Lederle Laboratories: liver L. casei
factor (folic acid) and fermentation L. casei factor. The mislabeling of these compounds was
the source of confusion for his initial paper mistakenly stating that folic acid was an
inhibitor of spontaneous mouse mammary cancer (Leuchtenberger et al, 1945). The
compound he thought was FA was in fact pteroyltriglutamate or teropterin.

Later, Hutchings and Stokstad of Lederle informed Lewisohn’s group that the correct
tentative designation of liver L. casei factor as used in Lewisohn’s first report was actually
fermentation L. casei factor (the triglutamate of pteroylglutamic acid or teropterin (Angier
et al, 1946).

In Lewisohn’s subsequent paper (Lewisohn et al, 1946) he confirmed that the mislabeled
folic acid (liver L. casei factor) was actually fermentation L. casei factor or teropterin.
Clarifying this confusing issue, the initial study revealed that teropterin injection inhibited
spontaneous mouse mammary cancer while folic acid (liver L. casei factor), as confirmed in
subsequent experiments, stimulated mouse mammary primary tumor growth and its
pulmonary metastases while shortening overall survival (Lewisohn et al, 1946). To our
knowledge, this is the first literature-documented study revealing FA stimulation of cancer
cells (mouse mammary cancer) and their metastasis.

Next, in 1948, the hematologist Robert Heinle (Heinle & Welch, 1948) and later in 1950 the
laboratory researcher Howard Skipper (Skipper et al, 1950) were first to document in the
clinic and laboratory respectively that FA stimulated chronic myelogenous leukemia in man
and acute leukemia in the rat.

The first mention that Farber was aware of what he termed an “acceleration phenomenon”
appeared in his work published in 1948 in the NEJM (Farber et al, 1948). In that paper, he
referred back to the Science 1947 manuscript stating that the reported children with
leukemia displayed acceleration of the leukemic process within the marrow in response to
diopterin or teropterin therapy. However, that finding had never been mentioned in the
1947 landmark Science report.
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The idea that B12 could accelerate chronic myelogenous leukemia in a patient with
pernicious anemia and B12 deficiency was first demonstrated by Jose Corcino in 1971 while
working in Dr. Victor Herbert’s lab in the Bronx, NY (Corcino et al, 1971). In 1994, Dr. Ralph
Green confirmed that observation in other patients with pernicious anemia (Green, 1994).
Finally, in 2009, Tisman first demonstrated that B12 administration accelerated the growth
of the epithelial prostate tumor in a patient with pernicious anemia and untreated prostate
cancer, while at the same time correcting his anemia (Tisman et al, 2009).

3. Contemporary observations spur interest in folate, B12 and prostate
neoplasia

In 1998 the US government mandated that the US diet be fortified with FA in an attempt to
prevent birth defects such as spina bifida and anencephaly. Subsequent to government-
mandated fortification of US, Canadian and Chilean diets with FA, numerous reports
appeared documenting a higher incidence of certain cancers (colon, rectum, breast,
prostate), reviewed by Young-In Kim and others (Hirsch et al, 2009; Kim, 2007; Kim, 2007;
Kim, 2008; Smith et al, 2008).

The newest data relate elevated serum and prostate tissue folate to increased Gleason’s grade
and proliferation of prostate tumors compared to normal donor prostate tissue (Tomaszewski
et al, 2011). FA supplementation was associated with a 2.6 fold increase in incidence
(Figueiredo et al, 2009) and stage (Lawson et al, 2007) of prostate tumors. Collin noted serum
folate-related increase in PSA velocity (Collin et al, 2010) enough to advance low-risk prostate
cancer to higher risk with decreased survival (D'Amico et al, 2005) Figure 2.
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Fig. 2. Higher serum/plasma folate, associated with PSA velocity > 2.0 may increase mortality.
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Others related high B12 levels to prostate cancer (Hultdin et al, 2005; Johansson et al, 2009;
Weinstein et al, 2006; Vlajinac et al, 1997). We reported direct stimulation of prostate cancer
by administration of B12 to a B12 deficient patient (Tisman et al, 2009) and by a supplement
containing a combination of B12 and mixed folates Figures 3 and 4 (Tisman & Garcia, 2011).
Patients with prostate cancer frequently ingest a variety of B vitamin-containing
supplements (Velicer & Ulrich, 2008; Bailey et al, 2010) including FA and B12. We confirmed
this almost universal finding in our clinic. Many are oblivious that their supplements
contain larger than needed doses of vitamins. Others take comfort in supplement ingestion
immediately after a cancer diagnosis while some use them in an attempt at prophylaxis
(Holmes et al, 2010). Holmes” group noted folic acid supplement use before a colorectal
cancer diagnosis was 35.4%. This statistic increased to 55.1% after receiving a diagnosis.

We start our review by briefly presenting two of our patients with prostate cancer whose
clinical course was adversely impacted by the administration of B12 and mixed folates. This
is to be followed by a rather in depth review of B vitamin metabolism as relates to
biochemistry that could affect the prostate and its malignant transformation.

3.1 Patient 1

A 75 year-old man presented with prostate cancer and was later found to have pernicious
anemia. After a period of 10 months of expectant surveillance it was noted that he was
anemic; serum vitamin By level was 32 pg/ml (300-900 pg/ml) and holotranscobalamin 0
pg/ml (>70 pg/ml). There was an unexpected rapid progression of Gleason's score during
watchful waiting. Therapeutic injection of vitamin B12 was accompanied by acceleration of
PSA and prostatic acid phosphatase with shortening of prostate-specific antigen doubling
time (Tisman et al, 2009) Figure 3.

Stimulation of prostate cancer by vitamin B12
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Fig. 3. Patient 1,PSA velocity in response to B12
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3.2 Patient 2

A 71 year-old man was diagnosed in 1997 with Stage T1c prostate cancer, Gleason’s score =
3+4 = 7. Primary therapy included intermittent androgen deprivation to resistance. While
receiving docetaxel chemotherapy for 18 weeks with a continually increasing PSA,
withdrawal of ingestion of 10 daily doses of a supplement composed of (500 mcg of vitamin
B12 as cyanocobalamin, and 400 mcg each of folic acid as pteroylglutamic acid and 400 mcg
of L-5-methyltetrahydrofolate = 800 mcg of mixed folates) was associated with a return to
normal of serum prostate specific antigen Figure 4 (in press JMCR).
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Fig. 4. Patient 2, PSA & withdrawal of B12 and folates

4. Mechanisms of modulation of one-carbon metabolism associated with B
vitamin nutrition

Figures 5 and 6 help visualization of the nomenclature and structure of folate vitamers of
the “one-carbon” pool. A normal diet supplies methyl groups through methionine and
choline, however physiological needs exceed dietary intake. Man makes up the difference
by de novo synthesis of methyl groups (CH3—). As illustrated in Figure 7, both dietary
methionine and choline supply CH3— groups. Note the re-methylation of homocysteine
generating methionine, later to be metabolized to S-adenosylmethionine (SAM).
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Six fully reduced folate coenzymes, 5-formyl-THF, 5-formamino-THF, 10-formyl-THF, 5,10-
methenyl-THF, 5,10-methylene-THF, and 5-methyl-THF (Figures) transfer methyl groups
through folate-dependent enzymes. One-carbon fragments in various states of oxidation,
when bound to reduced folate coenzymes, are referred to as the one-carbon pool Figures 5, 6
and 8 and are involved in multiple trans methylation reactions. These include the re-
methylation of homocysteine leading to methionine and S-adenosylmethionine (SAM)
(Figures 7 and 8). SAM is termed the universal methylator, and is involved in more than 100
methylation reactions either directly as in DNA epimethylation or indirectly in the synthesis
of DNA-thymine from dUMP, purines (adenine and guanine) and for methylation of
protein, RNA, histones etc.

5. Folate fortification, some adverse effects

For purposes of this review, B9 refers to folic acid (FA), the pharmaceutically synthesized,
oxidized folic acid (FA) and folate(s) refers to the naturally occurring, usually reduced
vitamers found in green leafy vegetables. Man is incapable of self-synthesis of folates and is
fully dependent on folates provided by bowel flora, diet and supplements. FA is not
normally found in nature, is inexpensive, water-soluble, and an artificial provitamin to
reduced folates. Natural forms of the vitamin exist in nature with appended peptide tails of
gamma linked glutamate amino acids (usually 5-8 in length). Polyglutamate forms are based
mainly on 5-methytetrahydrofolate (CH3 —THF) and account for approximately 90% of the
folates in fresh foods, the majority of the remainder is based on 10-formyltetrahydrofolate
(10-formylTHF) (Butterworth & Santini, 1963; Santini et al, 1964).
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Fig. 8. Folate coenzyme forms, folate-requiring enzymes, important polyglutamates (Gn)
and testosterone effects. 1) gamma-glutamyl hydrolase (enterocyte brush border) 1') PSMA
prostate specific membrane antigen ( 2) dihydrofolate reductase 3) folylpolygamma-
glutamate synthetase 4) Serinehydroxymethyl transferase 5) methylenetetrahydrofolate
reductase 6) gammaglutamyl hydrolase (possibly lysosomal) 6") PSM’ Prostate Membrane
Antigen splice variant 7) cobalamin dependent methionine synthase 8) glycine cleavage
enzyme system 9) glutamate ormimino-transferase 10) formiminotetrahydrofolate
cyclodeaminase 11) methylenetetrahydrofolate dehydrogenase 12)
methenyltetrahydrofolate cyclohydrolase* 13) formyl tetrahydrofolate synthetase 14)
thymidylate synthase 15) formyltetrahydrofolate dehydrogenase 16) phosphoribosyl
glycinamide (GAR) formyl transferase 17) phosphoribosylaminoimidazolecarboxamide
(AICAR) formyl transferase 18) 5-formyl etrahydrofolate cycloligase 19) folate/ methotrexate
transport system 20)** glycinemethyl transferase. Dihydrofolate monoglutamate is a weak
inhibitor with a Kt = 50 pM, while the pentaglutamate is a potent competitive inhibitor with
a Ki of 3.8 pM (Bertrand et al, 1987). Only 5-Me-THFGS5 inhibits this enzyme.

Prior to 1998, folate was primarily delivered by diet while FA was added to multivitamin
products furnished by health food stores. After 1998, because neural tube defects were
related to folate deficiency, US law mandated that FA be added to the food supply.
Fortification has proven 19% effective (Honein et al, 2001) in rescuing approximately ~1500-
2000 live births a year from neural tube anomalies (spina bifida and anencephaly). However,
fortification was followed by reports of reversal of the declining incidence of colorectal
cancer in the US, Canada and Chile (Mason et al, 2007; Hirsch et al, 2009). After FA
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supplementation in the US, there were approximately 15,000 additional cases of colorectal
cancer per year (Mason et al, 2007). In the following years, larger amounts of FA were
ingested to metabolically lower serum levels of the vasculotoxic amino acid, homocysteine.
It was thought that lowering homocysteine would decrease the incidence of arteriosclerotic
cardiovascular disease. However, studies thus far have been inconsistent and not confirmed
this assumption save for a possible benefit in stroke prevention (Chen, J (J), Xu, X (X), et al.,
2010; Wang et al, 2007; Robinson et al, 1998) and thrombophilia.

Alarmingly, there are now laboratory animal (Lindzon et al, 2009; Ly et al, 2011) and
epidemiological reports pointing to excessive malignancy, including prostate (Figueiredo et
al, 2009), breast ({Campbell 2002); Chen et al, 2005; Ericson et al, 2009; Stevens et al, 2010)
colorectal and other cancers (Kim, 2005) associated with both hyper and hypo-sufficiency of
folate and folate enzyme polymorphisms, reviewed by Young-In Kim and others (Kim, 2007;
Kim, 2008; Kim, 2005; Smith et al, 2008) see Table 1.

Study B2 B6 B12 Folate

Kasperzyk Hi B6 less risk of
et al, 2009 death from CaP
Key et al, 1997 Hi B6 Less risk of CaP

. Hi B12
Collin et al, 2010 Hi CaP
Hultdin et al, Hi B12 Hi Fol
2005 Hi risk for CaP |Hi risk for CaP
Johansson et al, Hi B12
2008 Hi risk for CaP
Vlajinac et al, Hi B12
1997 Hi risk for CaP

. Hi B12 Hi Fol
Callimehel, 2000 Hi risk for CaP |Hi risk for CaP
Pelucchi et al, Hi Fol protects
2005 against CaP

. Hi Fol
Collin et al, 2010 Hi risk PSAV > 2
Figueiredo Hi Fol Hi risk for
et al, 2009 CaP 2.7-fold higher
Johansson Hi B2 Hiher
et al, 2009 risk for CaP

Table 1. Significant epidemiological studies relating B vitamins with prostate cancer (CaP)

5.1 Folate fortification: Effects on chemotherapy

5-fluorouracil and capecitabine (a prodrug metabolized to fluoropyrimidines) are active in
breast and colon cancer. In the presence of high serum levels of folate and or in the presence
of certain folate-metabolizing enzyme polymorphisms (Kim, 2009; Maring et al, 2005;
Sharma et al, 2008), their toxicity is greatly magnified (Midgley & Kerr, 2009). This requires
lowering of the recommended dose of folate in the US (Hennessy et al, 2005). This appears
to be due to strengthening of the ternary complex between 5,10 methyleneTHF, F-dUMP
and thymidylate synthase with enhanced inhibition of DNA-thymine synthesis.
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5.2 B vitamin metabolism, malignant transformation and effects of enzyme
polymorphisms on neoplasia

Impaired de novo DNA-thymine synthesis associated with absolute, relative or functional
deficiency of folate coenzymes or folate-metabolizing enzyme concentration shifts may
result in uracil misincorporation into DNA, defective DNA base excision repair, double
strand chromosome breaks, and DNA point mutations resulting in malignant
transformation (Blount et al, 1997; Milic et al, 2010) Figure 9. The resulting chromosomal
breaks are identical to specific breaks found in common cancers (Yunis & Soreng, 1984).

¢ FA metabolism and methylene tetrahydrofolate reductase (MTHFR) (polymorphisms)
B7TC—=>T thermolabile polymorphism with weakenad interaction with B2-NAD cofactor disables MTHFR function by up to
TO% in homozygoies, 15% of population is homozygous (2 inhemted ganaes) 50% is heterozygous [one inherated ganaj, In
the presence of this mutation (877C — »T) when folate is plentitul this pathway provides adequate SAM for DNA methylation
maintenance and shunts more 5,10 methylana THF to support DNA synthisis with less uracil misincorporation into DMA with
S0%decreased incidence of colon cancer and acute lymphocytic leukamia. However, in the presence of the mutation, if
folate is low, then SAM DNA methylation may increase OR decrease and de novo DNA thymidine synthesis may decreass,
There is disruption of normal intracedlular methylated folate forms and all or some of these perturbations faver increased
incidence of colon, breast, gastric, cervical, and prostate cancer, Under most circumstances DMA synthesis through dTMP
generation takes presidence over SAM DNA methylation, Serine hydroxymethyltransferase (SHMT) recently found to shift
folate matabolisen in the diraction favoring e novo DNA-thymine synthesis. B2 |s found to modulate (lessen) effects of

\ MTHFR polymarphisms. Diet and all B vitamin levels medulate various folate pathways and therafore risks for malignancy!

Under folate sufficiency normal metabolism maintains DNA synthesis with de novo
conversion of dUMP —= dTMP via thymidylate synthase (TS). This supports DNA synihesis
for cell division and limits uracil misincorporations into DNA which cause genetic matations
which may overwhelm DNA mismalch repair leading to mallgnancy, DNA thymine miay aiso
b salvaged for new DNA synthesis from surrounding sengscent cells.
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Fig. 9. De novo and salvage pathways to DNA-thymine synthesis, SAM methylation of DNA,
polyamine synthesis and MTHFR polymorphisms

S-adenosylmethionine (SAM) is regulated by multiple factors including the enzyme glycine
N-methyltransferase (GNMT) (Luka et al, 2009; Wang et al, 2011) and is governed in part by
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testosterone, vitamin A and specifically the potent inhibitory folatepentaglutamate, 5-CH3 —
THEFGS see Figure 10. The effects of altered SAM production may result in DNA hypo- and
or hypermethylation thereby changing gene expression, which may result in malignant
transformation (Davis & Uthus, 2004; De Cabo et al, 1995; Duthie, 1999; Duthie et al, 2002;
Duthie, 2010; Esteller et al, 2002; Esteller, 2003; Esteller, 2007; Jones & Baylin, 2002; Ulrey et
al, 2005; Wainfan et al, 1989) Compromised DNA-thymine synthesis ({UMP - TMP) results
in wuracil misincorporation into DNA and hastens malignant transformation, tumor
proliferation and aggressiveness (Chango et al, 2009; Choi et al, 2004; James et al, 2003; Jang
et al, 2005; Liu et al, 2006) Figures 9 and 10.

Additional studies show examples of change due to large doses of dietary FA. Rats fed 40
mg/kg compared to 2 mg/kg FA induced more hepatic SAM in Dams phenotypically
resulting in fetuses of less weight and shortened vertex-coccyx length (Achon et al, 2000).
High FA given to rats worsened experimentally induced liver fibrosis (Marsillach et al, 2008).
Alternatively, folate insufficiency and/or B12 insufficiency slows cell metabolism and division.
This is manifest in the clinic as macroovalocytic anemia with bone marrow megaloblastic
change, and if severe, pancytopenia, as reviewed by Tisman (Tisman, 2005). Abnormal
histones, targets for SAM-mediated epimethylation, are thought responsible for the clock-face

Testosterone, vitamin A and the pentapolyglutamate of CH3-THF modulate glycine N-
methyltransferase (GNMT) activity which requlates DNA methylation by modulating the
concentrations of S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH)
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Fig. 10. GNMT modulation by Testosterone, CH3 — THFG5 polyglutamate and vitamin A,
effects of folates and B12 on polyamines and spermidine and spermine on methionine
synthetase.
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appearance of chromatin within basophilic megaloblasts (Das et al, 2005). Though
megaloblastic change is characteristic of blood cells, similar morphology is noted in other cells
undergoing cell division during B12 and or folate insufficiency. These include enterocytes, oral
and glossal mucosa cells, bronchial mucosa and the uterine cervix (Herbert, 1959).

Exciting work in Young-In Kim’s lab disclosed that high intrauterine and post-weaning
dietary exposure to FA increased the risk of mammary tumors of offspring. They conjecture
the tumor-promoting effect could have been mediated by altered DNA methylation and DNA
methyl transferase activity during pregnancy (Ly et al, 2011). However, other experiments
with rats by this group disclosed that maternal, but not post-weaning, FA supplementation
reduced the odds of colorectal adenocarcinoma by 64% in carcinogen challenged offspring. It
was proposed that the protective effect may have been due to increased global DNA
methylation and decreased epithelial proliferation (Sie et al, 2011). They hint that there may be
tissue-specific and divergent responses to both high and low FA exposure.

Historically, B12 and folate deficiency is associated with malignancy. B12 deficiency of
pernicious anemia is accompanied by a 3-18 fold increase in gastric cancer (Kuster et al,
1972). Approximately 10% of those suffering from celiac disease, which is almost always
associated with folate deficiency, were noted to develop malignancy (Chanarin, 1969;
Dormandy et al, 1963; ). Though B12 and folate may lead to pancytopenia in the short term,
chronic insufficiency or gestational exposure to folate lack or hypersufficiency may lead to
latent neoplastic change.

6. Newer concepts of nutrition: Compartmentalization, organ-specific nutrient
deficiency, nutrient-nutrient interaction and cell kinetic modulation of
nutrient adequacy

Epidemiological analyses measure nutrient consumption through questionnaires, serum levels of

vitamins and metabolites and simultaneous analysis of clinical correlations with hypothesized

relationships. Unfortunately, these studies frequently ignore micronutrient variation over long
periods, presence of one or many interacting enzyme polymorphisms which vary with
different populations, simultaneous variations of multiple interacting vitamers i.e. B12, B9, B2,

B6, Figures 9 and 11 and the kinetic state of cellular metabolism at the time of the study.

As an example of simultaneous B vitamin variation, we present our data from our untreated

cancer patient population as we studied serum levels of B vitamins, Figure 11. Forty-four

percent of patients were found to have at least one of six measured parameters of B vitamin
sufficiency in the abnormal range. Many were simultaneously deficient and or hypersufficient
of several metabolically interacting B vitamins.

To understand how a specific organ such as the prostate may manifest vitamin deficiency

while simultaneously others do not, we review relevant principles of nutrient distribution

and utilization:

1. Clement Finch (Finch et al, 1950) taught that total body cellular iron deficiency appears
gradually. There occurs an orderly decline in body iron starting with loss of plasma
iron, followed by depletion of hepatic and marrow stores, decrease in red cell size
finally culminating in anemia.

2. Victor Herbert expanded Finch’s work demonstrating micronutrient distribution varied
simultaneously from cell to cell and organ-to-organ. Nutrient sufficiency for folate and B12,
he claimed, was compartmentalized and progressed in an orderly fashion (Herbert, 1987)
(see Figures 12 and 13). One cell type could be nutritionally satisfied and in apparent
equilibrium with hepatic, red cell and serum folate. Simultaneously, other more kinetically
active cells could struggle with deficiency. Work in Herbert’s lab by Das showed that the
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adequacy of a cell’s folate and or B12 stores reflected the folate/B12 status at the time the
cell was metabolically active (Das et al, 1980), which is the time that intracellular vitamin
transport is active. Susan Duthie confirmed simultaneous discordance of folate stores
between red blood and buccal mucosal cells (Basten et al, 2004).

3. Bruce Ames’ theory of “micronutrient triage” (Ames, 2006) dovetails with that of
Herbert. He teaches that through allocation and distribution, scarce micronutrients are
triaged to the most metabolically acute process required for cell survival.

4. Finally, Heaney (Heaney, 2003) presented his view of “long-latency disease” whereby a
minimal level of chronic nutrient deficiency would take years before tissue damage
became apparent. As examples, he points to stroke due to folate-related
hyperhomocysteinemia (Wang et al, 2007) and thrombophilia from folate and B6 lack
(Remacha et al, 2002) resulting in thrombosis (Hron et al, 2007).

44% of patients had at least one or more of 6
vitamin/biomarkers outside the normal range
{high and or low)!

# of patients with various combination of B vitamins or their metabolites
(of six measured) that were outside the normal range

# w three
0= Hcyw/B12MeaT(

Number of Patients

Patients with one or more high and or low serum level of 6 vitamins or
metabolites: B2, B6, B12, holotranscobalamin, homocysteine, or folate.
e e e e et ettt et Y|

Fig. 11. Frequency of multiple simultaneous vitamin abnormalities among untreated cancer
patients.

www.intechopen.com



204 Prostate Cancer — From Bench to Bedside

Awareness of these concepts helps in understanding how seemingly unrelated vitamin
metabolism, cellular kinetics and nutrition might simultaneously starve select organs while
others thrive.

7. Cell-specific metabolic preferences in one-carbon metabolism

Herbert demonstrated that patients’” tumors and their own normal bone marrow cells more
often than not differed in degree and preference for de novo and salvage pathways for DNA-
thymine synthesis (Tisman et al, 1973) Figure 9. These inherent metabolic differences
dictated sensitivity to vitamin deficiency and drugs such as fluorinated pyrimidines,
methotrexate and other anti-fols.

Stages Hyper-  Normal Negative Folate Folate Folate-deficient p.omia

sufficiency Balance Depletion Erythropoiesis

Liver Folate—jp- _ "
Serum Folate —§»= : r ! ;
Erythron Folate—§- | 5

Serum Folate .35 ng/ml  5ng/ml  <3-4ng/mi <3ng/ml <3 ng/mi <3ng/ml|

RBC Folate =200 ng/ml =200 ng/ml  >200 ng/ml <160 ng/ml <120 ng/ml <100 ng/mi

dU suppression  Normal Normal Normal Normal  Abnormal  Abnormal

<3.5 <3.5 <3.5 <3.5 >3.5 >3.5
Liver Folate >3 mcg/g >3meglg >3meg/lg  <1.6meglg <i.2meg/g <1.0meg/g
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Mcv  Normal Normal Normal Normal  Normal Elevated

Hemoglobin ~ Normal Normal Normal Normal Normal Low
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! Mormal Normal Normal Increased Increased
of intravenous folate

7-10 10-12 10-12

Homocysteine microM/L microM/L microM/L
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Elevated can:_:n: Likely No Unlikely Possibly  Probably Likely
Fis
Possible

Acceleration of pre- Likely No Unlikely Uniikely No decsleration

and malignant tissue

Fig. 12. Sequential stages of folate deficiency

Young-In Kim’s group studied two colon cancer cell lines, HCT 116 and Caco2 (Hayashi et
al, 2007), both grown in folate-limiting medium. They reported that the Caco?2 line preserved
de novo DNA-thymine synthesis while HCT 116 cells preserved SAM and DNA methylation
pathways.
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Bistulfi’s lab (Bistulfi et al, 2009) studied an example of cell-specific nutrition in prostate
cells. They presented evidence of high folate requirements by prostate cells to maintain
SAM to support extraordinarily large amounts of polyamine synthesis (Figure 14). Folate
insufficiency resulted in increased gene promoter CpG island and DNA-histone
methylation Figure 14. The cell DNA methylome changed to produce the more aggressive
phenotype in vitro; cells became anchorage-independent and showed reduced sensitivity
to folate depletion.
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Balance Depletion Erythropoiesis Anemia

Liver B12
Serum HoIoTCIlg = g g g

RBC + WBC B12
>50-70 <50-70 <12 <12
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Hap % sat >20% >20% >20% <20% <10%
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Erythrocytes Normal Normal Normal ~ Normal = Macro-
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Hemoglobin Normal Normal Normal Normal Low
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Myelin damage  No No No ?

8-12 8-12
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Fig. 13. Sequential stages for B12 deficiency
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Fig. 14. Prostate cells draw heavily of their SAM supply to maintain disproportionate
polyamine synthesis

There is mounting biochemical and epidemiological support that cancers of the prostate
may result in part from micronutrient imbalance leading to mutations and the aberrant
epimethylome triggering abnormal gene expression (van Engeland et al, 2003; Cooper &
Foster, 2009; Diaw et al, 2007; Ernst et al, 2002; Esteller, 2007; Esteller, 2008; Li et al, 2005; Li
& Dahiya, 2007; Maruyama et al, 2002; Perry et al, 2006; Sasaki et al, 2002; Shukeir et al, 2006;
Yegnasubramanian et al, 2008). Folate metabolizing enzyme polymorphisms complicate the
overall picture (Cai et al, 2010) (Figure 9) through interaction with B vitamin metabolism
causing results of epidemiological studies to be inconsistent; this has been extensively
reviewed (Kim, 2007; Kim, 2004; Kim, 2005; Kim, 2009; Sanderson et al, 2007; Smith et al,
2008; Sohn et al, 2009).

8. Mechanisms for B vitamin control of one-carbon metabolism

8.1 Folate polyglutamate length modulation of one-carbon metabolism

Folylpolygammaglutamates are substrates for folate-dependent enzymes and generally
have lower Km values (stronger enzyme binding) than corresponding monoglutamates.
They result from reacting with folylpolygammaglutamyl synthetase (FPGS) (Cook et al,
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1987; Lowe et al, 1993; Moran & Colman, 1984; Shane, 2010; Sun et al, 2001; Ward & Nixon,
1990). Polyglutamate tails increase folate cellular retention and coenzyme activity. Only
folylmonoglutamates traverse cell membranes (Antony, 1992; Alemdaroglu, 2007; Perry &
Chanarin, 1972; Shane, 2010). FPGS is up-regulated in cycling, dividing cells and in folate
deficiency (Freemantle & Moran, 1997) Figure 15.
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Fig. 15. Changes in folate metabolism in deficiency and sufficiency

Polyglutamation increases the affinity of folate forms (Krumdieck et al, 1992; Matthews et
al, 1987) for most folate-dependent enzymes except for dihydrofolatereductase (DHFR)
(Bailey & Ayling, 2009). DHFR is a crucial rate-limiting enzyme responsible for
regenerating reduced tetrahydrofolates from spent dihydrofolates generated after
reduced folates transfer their one-carbon moiety Figure 8. Polyglutamation of 5,10
methyleneTHF results in the potentiation of thymidylate synthase (TS) and thus the
conversion of dUMP to thymidine monophosphate (TMP) by a factor 100-fold greater

www.intechopen.com



208 Prostate Cancer — From Bench to Bedside

than for the monoglutamate (Galivan et al, 1977; Kisliuk et al, 1974; Matthews et al, 1987;
Moran, 1989).

The competing enzyme within intracellular lysosomes, folylpolygammaglutamalhydrolase
(FPH) shortens polyglutamate length by splitting terminal glutamate residues (Krumdieck
et al, 1976; Shane, 2010). FPGS and FPH are competing enzymes. FPH activity is duplicated
in the prostate specific membrane antigen (PSMA) and its splice variants (PSM’) implicated
in prostate cancer carcinogenesis (Yao et al, 2010) Figure 19.

Methyltetrahydrofolate (CH3 —THF) is a poor substrate for FPGS (Perry et al, 1983) and
irreversible trapping of CH3 —THF in B12 deficiency imposes both intracellular CH3 —THF
polyglutamate deficiency and loss of intracellular CH3—THF (Lowe et al, 1993). B12
deficiency was found to limit intracellular transport of CH3—THF (Tisman & Herbert,
1973), an example of B vitamin interaction compounding effects of B12 deficiency.
Irreversible trapping of reduced folate as CH3—THF in B12 deficiency exhausts
regeneration of reduced THF (Figure 9).

9. Sex steroid hormones and modulation of folate metabolizing enzymes and
polyglutamate length

Relevant to the prostate, in rodents, estrogen and progesterone modulation of FPH affects
intracellular polyglutamate length (Krumdieck et al, 1975) and thus folate polyglutamate
concentrations and activity while testosterone impacts folate-metabolizing enzyme activity
of the prostate and seminal vesicles (Bovina et al, 1972; Rovinetti et al, 1972). In women,
estrogen administration to women lowers homocysteine and induces measurable changes of
the epimethylome suggesting an effect on homocysteine remethylation and SAM
methylation of DNA (Friso et al, 2007).

By shortening the folylpolyglutamate tails, increased activity of FPH can induce folate
insufficiency. FPH levels of uteri of castrated rats increase in response to estrogen
replacement (Krumdieck et al, 1975). FPH modulation by estrogen, a hormone active in
prostate cancer, could involve regulation of folate metabolism. Estramustine (Emcyt™) and
diethylstilbestrol might share similar effects on FPH. Orchiectomy and testosterone
replacement induce intracellular folate-dependent enzyme concentration variations (Bovina
et al, 1972; Rovinetti et al, 1972) Figures 8 and 16.

The effects of castration on folate metabolizing enzymes in rat prostate, seminal vesicle and
liver tissue were reported by Rovinetti and Bovina (Bovina et al, 1972; Rovinetti et al, 1972).
They found that for prostate tissue, castration caused reversible changes in content and
tissue distribution of folate coenzymes Figures 8 and 16. Castration caused suppression of
activity of dihydrofolate reductase (DHFR), 10- formyl THF synthase, and serine
hydroxymethyl transferase (SHMT). Cytoplasmic cSHMT in concert with vitamin B6 acts as
a metabolic switch with at least three functions: 1) preferentially supplies one-carbon units
for DNA-thymidine synthesis, Figure 17 circle-number-1, 2) lowers methylene THF used for
SAM synthesis Figure 17 circle-number-3, and 3) sequesters CH3 — THF by adsorption to the
enzyme thus limiting SAM synthesis Figure 17 circle-c. Administration of testosterone
restored castration-related enzymatic activities to near normal and higher than normal
values. The changes described by Rovinetti (Rovinetti et al, 1972) within prostate tissue
could produce powerful metabolic and genetic changes regulated by the testosterone and
folate status of the patient.
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Fig. 16. Folate pathways affected by sex steroid concentrations and FA and other B vitamins.
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10. Modulation of folate polyglutamate tail length by folate hypersufficiency

Raising the folate concentration with FA competes for FPGS binding sites thereby lowering
average polyglutamate length. This can reduce folate coenzyme substrate activity (Cook et
al, 1987; Lowe et al, 1993; Shane, 2010), Figure 18.

As folate polyglutamate coenzymes increase in length, substrate-binding strength for FPGS
decreases and polyglutamates are released from the enzyme limiting the maximum length
to approximately 8 glutamate residues for mammalian cells. Polyglutamate tail length can
change an active folate coenzyme to metabolically inert or to an anti-fol (Allegra et al, 1985;
Kisliuk et al, 1974; Kisliuk & Gaumont, 1983; Kisliuk et al, 1981; Kisliuk, 1981; Matthews et
al, 1987). As indicated in Figure 18, large doses of folate monoglutamates would compete for
folate substrate binding, causing premature release of substrates resulting in shorter, less
active folate coenzymes.

Excess reduced folate monoglutamates compete for Folylpolyglutamyl
synthetase (FPGS) causing the average polyglutamate length to
shortened. Longest polyglutamates bind weakest to FPGS
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Fig. 18. Increasing reduced folatemonoglutamates competes for reduced folate substrate
sites of FPGS tending to decrease overall lengths of folate polyglutamates (Lowe et al, 1993;
Cook et al, 1987).
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11. Modulation of folate activity by pteridine ring oxidation and DHFR
polymorphisms

Matthews showed that several folate-dependent enzymes are inhibited by elevated
concentrations of oxidized folate substrates. Dihydrofolate polyglutamates inhibit
thymidylate synthase, AICAR transformylase and methylenetetrahydrofolate reductase
(Krumdieck et al, 1992; Matthews et al, 1987; Matthews & Haywood, 1979; Ross et al, 1984).
As discussed by Kisliuk, oxidation of the pteridine ring from the active tetrahydro to the
dihydro state can change a stimulatory coenzyme to a powerful anti-fol (Kisliuk, 1981).
10-formylfolic acid is a potent inhibitor of dihydrofolate reductase of rat liver slices (Rauen
et al, 1952; Bertino et al, 1965; D'Urso-Scott et al, 1974; Friedkin et al, 1975; Rauen et al, 1952;
Silverman et al, 1954). However, the literature is inconsistent concerning the in vivo activity
of 10-formylfolic acid in man. Whether this oxidized folate is active in vivo, a natural part of
the diet (Butterworth & Santini, 1963; Konings et al, 2002; Konings et al, 2001) or an artifact
of oxidation when purified is controversial. Pratt (Pratt & Cooper, 1971) and others
(Ratanasthien et al, 1974) conjecture that this folate could be formed within the jejunum by
bacteria and subject to entero-hepatic circulation and jejunal absorption. Long-term feeding
of 10-formylfolic acid produces bioactive folates found to support the growth of chickens
(Gregory III et al, 1984) and produces a relatively weak but measurable hematological
response in humans with pernicious anemia (Spies & Garcia-Lopez, 1948). Needless to say,
more work is needed here.

12. Prostate Specific Membrane Antigen (PSMA), PSMA splice variants
(PSMW’): Putative biology

PSMA, Figure 19, is a prostate cell membrane receptor with extracellular, transmembrane and
intracellular components. The extracellular portion expresses both folylpolyglutamyl
hydrolase and neurocarboxypeptidase activity. PSMA is expressed on epithelial cells of benign
prostate, prostate hyperplasia, premalignant proliferative inflammatory atrophy (PIA),
prostate intraepithelial neoplasia (PIN), and most intensely on high Gleason grade prostate
carcinoma cells. PSMA was successfully targeted for radio-imaging vis-a-vis Prostascint scan
(Taneja, 2004) and immunotherapy of prostate cancer (Bander et al, 2005; Harzstark & Small,
2009). Almost all Gleason grade 4 tumor cells express excessive amounts of surface PSMA.
PSMA staining was positive for 49% of high-grade PIN and only 6% of normal prostate cells
(Marchal et al, 2004). Surprisingly, PSMA, first thought to be specific for prostate cancer cells,
is expressed on endothelial cells of neovessels involved in angiogenesis of most cancers and
with normal wound healing (Chang et al, 1999; Gordon et al, 2008). PSMA expression on
prostate epithelium is decreased by testosterone and increased in patients with prostate cancer
refractory to testosterone withdrawal. As Gleason’s grade and clinical stage increase,
acceleration of cell proliferation requires an increased supply of nutrients and PSMA could
help cells acquire folate by scavenging folatemonoglutamates from surrounding apoptotic
inflammatory cells. Lighter molecular weight, so-called splice variants of PSMA, termed PSM’,
are present in large amounts within the cytoplasm of normal prostate cells. PSM’ and its
congeners are highly expressed in the normal prostate and in low-grade tumors retaining both
FPH and neurocarboxypeptidase enzymatic activity (O'Keefe, Bacich, et al., 2001; Yao et al,
2008). As illustrated in Figure 18, and as suggested by Yao and O’Keefe, extensive expression
of PSM’ makes cells vulnerable to loss of folatemonoglutamates putatively causing
intracellular folate deficiency (O'Keefe, Bacich, et al., 2001; Yao et al, 2008; Yao et al, 2010). Over
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time, it is conceivable that such chronic, cell-specific deficiency could transform cells to a
malignant phenotype (Yao et al, 2008).

Mechanism for increasing
folate supply when PSMA
is over-expressed

Apaoptotic inflammatory cells associated with
PlA, PIN, and progressive prostate cancers leak
folate polyglutamates into microenviornment

PSMA hydrolyzes folate polyglutamates
for prostate cancer cell transport
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Fig. 19. Proposed balance between PSMA and PSM'. Prostate specific membrane antigen
(PSMA) and its splice variant cogeners, PSM’. PSMA supplies intracellular folate
monoglutamates from surrounding degenerating inflammatory cells that supply
polyglutamates. PSM’, present in high concentration in normal prostate cells, through its
FPH activity generates folatemonoglutamates for extracellular transport leaving cells
relatively deficient of folates.
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13. Polyamines

These compounds contain two or more amine groups, such as spermidine and spermine and
function as essential growth factors. The prostate is the major source of polyamine
production and secretion. Metabolic demands for polyamine synthesis divert intracellular
folate methyl groups from other metabolic processes including the synthesis of DNA-
thymine and epimethylation of DNA (Bistulfi et al, 2009) Figure 14.
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Fig. 20. Polyamine metabolism: B12 and FA influence polyamine metabolism and polyamines
may modulate methionine synthase (MS)
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Polyamines regulate cellular growth and participate in the evolution of prostate cancer. As
noted in Figure 20 the enzyme ornithine decarboxylase (ODC) initiates polyamine synthesis.
Testosterone increases the activity of ODC, S-adenosylmethionine decarboxylase and
spermidine synthase of prostate epithelial cells. Figure 20 shows modulation by B12 and
folate of the enzymes of polyamine oxidation, diamine oxidase (DAO) and polyamine
oxidase (PAO). Spermine and spermidine modulate the key Bl2-requiring enzyme,
methionine synthase, illustrating other areas of regulation between B vitamins, one-carbon
transfer and polyamine metabolism critical for prostate cells.

In 1996 Kenyon’s group reported that spermine increased methionine synthase (MS) activity
by 400% and spermidine by 270% (Kenyon et al, 1996). In 2006 Bjelakovic (Bjelakovic et al,
2006) reported effects of mega doses of B12 alone and B12 plus folic acid on the activity of
the polyamine metabolizing enzymes DAO and PAO, Figure 20. Dongmei Sun placed rats
on a low folate diet inducing folate insufficiency and observed hepatic spermidine,
spermine and putrescine increase by 58%, 67% and 27% respectively compared to controls
fed a folate-replete diet (Sun et al, 2002). The polyamine concentrations of the jejunum,
ileum, colon and brain remained stable. There was a tissue-specific polyamine response to
folate deficiency. Low folate (Sun et al, 2002) as well large doses of folic acid alone, B12
alone, or B12 plus folic acid produced increased hepatic levels of spermidine and spermine
(Bjelakovic et al, 2003; Bjelakovic et al, 2006). B12 and folate are thus modulators of
polyamine metabolism and vice versa.

13.1 Other regulatory mediators of one-carbon metabolism: DHFR, SAM, GHMT and
cSHMT

The pentaglutamate of CH3—THF modulates GNMT enzyme activity by non-substrate
binding. CH3—THF, only as the pentaglutamate-G5, strongly inhibits GNMT activity
(Wagner et al, 1985; Yeo et al, 1999). Likewise, cytoplasmic serinehydroxymethyltra-nsferase
(cSHMT), by non-enzymatic sequestration of CH3—THF controls its metabolism to THEF.
These interactions add further diversity to mechanisms for control of one-carbon
metabolism and surely wreak havoc on those trying to study them Figures 10 and 17.

When SAM levels are high, MTHFR is inhibited (Ubbink et al, 1996) and CH3—THF
formation is reduced, resulting in active GNMT, which reduces excess SAM (Wang et al,
2011) Figures 10 and 17. SAM diversion to polyamine synthesis leads to active MTHFR
increasing CH3 —THF, which is polyglutamated to CH3 —THFG5 leading to inhibition of
GNMT (Williams & Schalinske, 2007; Yeo et al, 1999). GNMT catalyzes SAM mediated
methylation of glycine to sarcosine (Rowling et al, 2002) Figures 8 and 10. Testosterone up-
regulates GNMT, producing more sarcosine. Blood and urinary sarcosine has been the
subject of intense debate in the literature. Sarcosine was initially identified as a valuable
marker for aggressive prostate cancer (Sreekumar et al, 2009) but this has not yet been
confirmed by others (Jentzmik et al, 2010; Jentzmik et al, 2011; Struys et al, 2010).

13.2 General genomic and chromosomal structure

Figures 21 and 22 summarize promoter and genomic architecture. The genome includes
both the genes and the non-coding sequences of DNA. The DNA helix coiled around
histones contains the genetic code. DNA coiled around a set of 4 histone dimers is
referred to as a nucleosome (illustrated as a single bead). When the nucleosomes are

www.intechopen.com



216 Prostate Cancer — From Bench to Bedside

loosely packed in a relaxed state and spread apart they are collectively referred to as
"euchromatin" and as such allow "epimethylation", the transfer of methyl groups
delivered by S-adenosylmethionine to the cytosine bases of DNA (some arranged as CpG
islands/ groupings while others are more diffusely scattered about the global genome).
CpG cytosine bases extend out from the DNA helix. Alternatively, tightly packed histones
within chromosomes are termed "heterochromatin" and under this condition access to
methylation of cytosine bases is prohibited. The packed beads of histones (loose or tight)
are further folded into segments called chromosomes of which there are normally 46 in
number.

14. Epigenetics, control of the epigenome, folic acid and malignant
transformation

As a primer on the epigenome, methylation reactions and genetic control, we would
recommend excellent comprehensive reviews (Choi & Friso, 2010; Dobosy et al, 2007; Foley
et al, 2009; Jones & Takai, 2001;Perry et al, 2006). The definition of epigenetics given by Peter
Jones at USC School of Medicine is "the study of heritable changes in gene expression that
occur independent of changes in the primary DNA sequence or genetic code” (Jones &
Laird, 1999; Sharma et al, 2010). The presence of a genetic code within DNA, though
obviously necessary, is not sufficient for gene transcription. Only through gene expression
do observable phenotypic changes become apparent. The prostate is under environmental
controls mediated through DNA and histone methylation (Diaw et al, 2007; Esteller, 2008; Li
& Dahiya, 2007; Li et al, 2005; Perry et al, 2006).

SAM, in concert with methyl transferases, mediates DNA methylation. Transfers of SAM
CH3 —groups occur at the carbon 5 position of cytosine within CpG dinucleotide rich
islands through complex reactions involving cytosine bases that “poke out” of the double
helix Figures 21 and 22. DNA CpG dinucleotide clusters/islands are extensive only at
promoter regions of genes Figures 21 and 22 (Esteller, 2007). Unmethylated promoter status
allows downstream portions of gene exons to be transcribed to m~RNA. The presence of
methylated CpG islands at promoter sites changes regional chromatin geometry by affecting
the binding properties of methylation-sensitive DNA-binding proteins. This ultimately leads
to interference with gene transcription and down-regulation of gene expression.

DNA from normal tissue is globally methylated/epimethylated while their CpG promoter
regions lack such methyl groups. These unmethylated promoter islands turn ON m~RNA
transcription of regulatory genes, some of which are tumor suppressor genes. Global
methylation of normal cells stabilizes genomes, thwarting global genetic expression of
oncogenes. On the other hand, tumors are globally hypomethylated allowing for oncogene
expression while at the same time promoter areas of tumors are hypermethylated turning
OFF transcription (Ehrlich, 2002) of regulatory and tumor suppressor genes. Promoter or
CpG island hypermethylation and global hypomethylation occur during malignant
transformation Figures 21 and 22.

Each tumor subtype can be assigned a DNA hypermethylome profile, a CpG island
hypermethylation pattern that closely defines a specific cancer. It is estimated that each
tumor contains between 100-400 tumor-specific hypermethylated CpG islands (Esteller,
2007). These hypermethylated promoters appear before overt malignancy.
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15. Folate modifies the epigenome

In our opinion the US population suffers from dietary “iatrogenic hyperfolatemia.” Study
of the effects of both high and low concentrations of FA on the epigenome are important.
Linette Pellis (Pellis et al, 2008) exposed colon cancer cells to elevated concentrations of FA,
100 ng/ml, levels routinely achieved by supplement users in the USA and compared growth
to cells chronically exposed to 10 ng/ml. Exposure to FA 100 ng/ml induced greater
proliferation and apoptosis compared to lower doses. Gene expression analysis of the 100
ng/ml cells revealed lower expression of E-cadherin. Rennie pointed to DNA
hypermethylation as an important mechanism in prostate cancer for inactivation of key
regulatory genes including E-cadherin (Rennie & Nelson, 1998). Reduction of E-cadherin
expression in carcinomas correlates positively to the potential for invasion and metastasis.
These changes occur in many tumors including hepatoma, advanced prostate, lobular breast
and others (Hirohashi, 1998).

Studies by Wainfan (Wainfan & Poirier, 1992) disclosed that within seven days of initiating a
methyl-deficient diet, depletion of S-adenosylmethionine pools resulted in DNA
hypomethylation leading to expression of growth regulatory genes. There were decreases in
overall levels of DNA methylation yielding patterns that closely resembled those reported to
occur in livers of animals exposed to hepatoma-inducing carcinogens. Studies such as these
indicate the importance of dietary FA as a regulator of gene expression. The rapidity of
folate-induced changes of the epimethylome is alarming.

Man is not necessarily entirely hostage to fortune. As we learned, epigenetic changes
dictated by diet can turn genes ON and OFF. The epimethylome is dictated in part by
ingestion of nutrients and chemicals including B vitamins, medications, sun exposure
(Vitamin D3), exercise induced decreases in insulin levels (Hsing et al, 2001) and methyl
groups supplied by the diet such as methionine, choline, betaine, B12, folic acid and other
supplements. We are in part a product of our environment, which can be changed (Hayashi
et al, 2007; Kim, 2005; Kim, 2007).

16. DNA methylation and prostate cancer

The link between nutrition, epimethylation and cancer is now well established (Choi et al,
2004; Davis & Uthus, 2004, Esteller, 2007; Friso & Choi, 2005; Mason et al, 2008). In
addition to gene-specific changes, studies of methylation of colonic mucosa indicate that
age-specific, as well as organ site-specific (right or left colon) changes are demonstrable
(Wallace et al, 2010). Genomic DNA aberrant methylation of tumor specific genes is
almost always abnormal in malignant and transforming cells. These changes progress
during carcinogenesis through clinical metastases and are more frequent than
chromosomal mutations (Bastian et al, 2004; Diaw et al, 2007; Li & Dahiya, 2007; Perry et
al, 2006; Sasaki et al, 2002; Song et al, 2002). Epimethylation’s relevance to the genesis of
prostate cancer is illustrated by sequential hypermethylation and hypomethylation of
genes as prostate tumors dedifferentiate and clinically progress over time (Maruyama et
al, 2002). Yegnasubramanian showed that CpG promoter hypermethylation occurs early
in prostate tumors, before global genomic hypomethylation. Genomic hypomethylation
occurs late in metastasis and varies at different metastatic sites (Yegnasubramanian et al,
2008) and is possibly responsible for heterogeneity of the therapeutic response. As
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illustrated in Figure 23 the glutathione S-transferase (GSTP1) gene is methylated early in
the evolution of prostate cancer. GSTP1 codes for proteins involved in processing
carcinogenic metabolites and its dysfunction is understandably associated with malignant
transformation.

Methylation of the GSTP1 promoter area is absent in normal prostate tissue and present in
6.4% of proliferative inflammatory atrophy, the precursor lesion of prostate cancer. GSTP1
hypermethylation is observed in 70% of high-grade PIN and in 90% of prostate cancer
patients. As prostate tissue progresses from proliferative inflammatory atrophy (PIA) and
PIN through hormone refractory metastatic disease a series of hypermethylated genes
appear, see Figure 23 (Li & Dahiya, 2007). As tumors develop androgen independence,
methylation of androgen and estrogen receptor genes becomes evident (Diaw et al, 2007;
Sasaki et al, 2002).
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Fig. 23. Transformation of prostate tissue to malignancy involves sequential aberrant
methylation of the genome.

17. Demethylating agents: Reversal of aberrant methylation in the clinic

Hypomethylation of oncogenes may activate cMYC , H-RAS (Das & Singal, 2004) and K-
RAS (Feinberg & Vogelstein, 1983) contributing to oncogenesis while simultaneous
promoter hypermethylation silences growth regulating tumor suppressor genes.
Hypomethylation of prostate DNA is associated with BPH and metastatic prostate cancer
but remarkably not with localized prostate cancer (Bedford & van Helden, 1987). Keep in
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mind that either high or low (Duthie, 1999) concentrations of folate and its intermediates
may induce simultaneous tissue-specific (Kawakami et al, 2003) and gene-specific
aberrant hyper- and hypo-methylation (Duthie, 1999; Kawakami et al, 2003). Who said life
would be easy?

As is now readily demonstrable in the clinic, 5-azacitidine (Vidaza™) therapy for patients
with myelodysplastic syndromes variably reverses DNA hypermethylation after several
weeks to months of therapy restoring phenotypic expression towards normal vis a’ vis
reversal of severe anemia and life-threatening thrombocytopenia to moderate transfusion-
independent anemia and mild thrombocytopenia. Based on our clinical observations,
responders may have complete reversal of disease for many years, or more often, clinical
symptoms are walked back to a previous, tolerable stage no longer requiring aggressive
blood product support.

5-azacitidine is a demethylating agent capable of activating genes repressed by promoter
hypermethylation. In preclinical studies, demethylating agents reversed acquired androgen
withdrawal-resistance of prostate cancer (Gravina et al, ). Each steroid receptor gene active
in prostate cancer that physicians have successfully targeted in the clinic (ER, PR, AR) may
become inactive by CpG methylation both in prostate cancer tissue and cultured cell lines
(Li et al, 2005; Sasaki et al, 2002).

A phase II clinical trial evaluated 5-azacitidine for men with hormone refractory prostate
cancer that had progressed while on androgen deprivation therapy (Sonpavde et al, 2009).
Patients with PSA doubling times (PSADT) < 3 months were treated with 5-azacitidine 75
mg/m2 subcutaneously on days 1-5 of each 28-day cycle up to 12 cycles or until clinical
progression or severe toxicity. A PSADT > 3 months was attained in 19 patients or 55.8%.
Overall median PSADT was significantly prolonged compared to baseline 2.8 vs. 1.5
months. Fourteen patients had some PSA decline during therapy and 1 patient had a > 30%
decline compared with baseline. It appeared the 5-azacitidine favorably modulated PSA
kinetics and a correlation was made with decreasing plasma DNA methylation.

Braieth (Braiteh et al, 2008), using 5-azacitidine and valproic acid (Depakote™), a histone
deacetylase inhibitor in combination treated a small group of patients with advanced,
pretreated malignancies and observed stable disease lasting 4 to 12 months (median, 6
months) in 14 patients (25%), one of two patients with prostate cancer experienced stable
disease. We caution that demethylating drugs lack gene specificity and may be associated
with unexpected results. In our own clinic we observed decreases in PSA in occasional
patients with myelodysplasia treated with 5-azacitidine without obvious prostate cancer, a
possible lead that should be followed.

Global DNA hypermethylation associated with epigenetic reprogramming resulting in
adriamycin chemotherapy resistance was reversed by the demethylator, hydralazine
(Segura-Pacheco et al, 2006). Sensitivity to taxanes, the most active drugs in hormone
resistant prostate cancer, was found to be a function of aberrant methylation of the CHFR
(checkpoint with forkhead-associated and ring finger) gene in endometrial cancer
(Yanokura et al, 2007). Thus, not only tumor transformation but chemotherapy resistance
and sensitivity may be influenced by ones DNA epimethylome. Such may in part have been
responsible for Patient 2's PSA response while on docetaxel (Taxotere™) after withdrawal of
folate and B12. The therapeutic potential of demethylating agents and their pharmacology is
reviewed by Szyf (Szyf, 2009) and Fenaux (Fenaux, 2005).
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18. Review of epidemiological studies

18.1 Vitamin B12, folic acid, potential toxicity of dietary fortification

As is apparent in Figure 24, it doesn’t take much extra FA to change serum levels to values
demonstrated to impact DNA methylation (Basten et al, 2006; Jacob, 2000; Mokarram et al,
2008; Pufulete et al, 2005; Rampersaud et al, 2000; Smith et al, 2008; Tisman & Garcia, 2011;
Zeisel, 2009). As previously noted, post 1998 serum levels have increased 4-6-fold in select
populations. In the US, a daily bowl of FA-fortified cereal (400 pg FA) plus a routine
multivitamin (400-800 ng FA) plus an afternoon “pick-me-upper” 5-Hour Energy™ drink
(400pg FA+500pg B12+40mg B6), available at almost every gas station, liquor and
convenience store across the US, plus a probiotic supplement supplying lactic acid bacteria-
generated folates LeBlanc et al, 2007 could add up to an additional 40-200ng/ml increment
to the usual basal serum level, which on average in the US is ~12 ng/ml. So, serum levels in
our patient population are often greater than 30 ng/ml, median 24 ng/ml Figure 1. When
reviewing epidemiological studies of folate and other vitamers often there are dose-response
effects that may produce contrasting results, Figure 26.
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Fig. 24. Change in serum/plasma folate as a function of ingested folic acid.

There are epidemiological studies investigating prostate cancer risk based on dietary
ingestion and serum folate. Most find no consistent relation (Hultdin et al, 2005; Johansson
et al, 2008; Stevens et al, 2006, Weinstein et al, 2003) to prostate cancer. In one case control
study by Pelucchi et al. of Italy (Pelucchi et al, 2005), folate ingestion was found to be
protective against prostate cancer. The OR of prostate cancer was 0.66 for the highest versus
the lowest quintile of folate intake.

A large study by Lawson (Lawson et al, 2007) of multivitamin and supplement use and risk
of prostate cancer in the National Institutes of Health-AARP Diet and Health Study revealed
absence of an association between multivitamin use and risk of localized prostate cancer.
However, there was a statistically significant increased risk for advanced and fatal prostate
cancers (RR = 1.32, and RR = 1.98, respectively) among men reporting excessive use of
multivitamins (more than seven times per week) when compared with never users. The
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incidence rates per 100,000 person-years for advanced and fatal prostate cancers for those
who took a multivitamin more than seven times per week were 143.8 and 18.9, respectively,
compared with 113.4 and 11.4 in never users. Also noted was a significant increase in risk of
localized prostate cancer among heavy multivitamin users who consumed a folate
supplement. Use of folate, as an individual supplement independent of a multivitamin,
lacked an association with prostate cancer.

An important clinical study by Figueiredo (Figueiredo et al, 2009) reviewed prostate cancer
occurrence in the Aspirin/Folate Polyp Prevention Study. This was a placebo-controlled
randomized trial of aspirin and folic acid supplementation for the prevention of colorectal
adenomas conducted between July 1994 and December 2006. The US government mandated
folic acid fortification of the food supply by the end of 1998. Participants were followed for
up to 10.8 (median = 7.0) years. Aspirin alone had no effect on prostate cancer incidence, but
there were unexpected and marked differences according to FA treatment. Among the 643
men who were randomly assigned to placebo or daily supplementation with 1000 pg folic
acid, the estimated probability of being diagnosed with prostate cancer over a 10-year
period was 9.7% in the FA group and 3.3% for the placebo group. The age-adjusted hazard
ratio = 2.63 and was found statistically significant with p=0.01.

A troublesome observation by Troen (Troen et al, 2006) among women with a diet low in
folate (< 233 p/d) found that those who used folic acid-containing supplements had
significantly greater natural killer (NK) cytotoxicity (p = 0.01) while those who consumed a
folate-rich diet and used folic acid supplements > 400 pg/d had reduced NK cytotoxicity, p
= 0.02. Ingestion of > 400pg FA is associated with measurable serum FA in addition to usual
CH3—-THF. Troen detected unmetabolized FA in 78% of plasma samples from fasting
participants (Troen et al, 2006). There was an inverse relation between the presence of
unmetabolized FA in plasma and NK cytotoxicity remembering that NK lymphocytes are
important innate immune cells that target cancer cells and those infected with virus. NK
cytotoxicity was 23% lower among women with detectable serum levels of FA (P = 0.04).
Older women greater than 60 years were more susceptible to NK cell suppression.
Complicating the picture, Young-In Kim found decreased NK-mediated cytotoxicity in rats
made folate deficient (Kim et al, 2002).

Absorbed and circulating unmetabolized FA is potentially toxic (Lucock & Yates, 2005; Smith
et al, 2008; Sweeney et al, 2009). Lucock studied three patients ingesting high doses of FA (5
mg/d) to lower serum homocysteine. Under these circumstances, serum folate levels may
exceed 100-200 ng/ml and FA is frequently 50% of total serum folate. HPLC analysis of red
cell folate coenzymes revealed an aberrant distribution from the usual. There was
accumulation of methylene-, methenyl-, formyl- and unsubstituted THF at the expense of the
MTHEFR-downstream folate-coenzyme, CH3 — THF. He conjectured that de novo DNA-thymine
synthesis would be preferred through high intracellular FA direct inhibition of MTHFR
(Lucock & Yates, 2005) Figures 9 and 25. This would limit the production of SAM and possibly
DNA methylation and relative to prostate metabolism, polyamine synthesis. Importantly, he
points out that administration of the recommended daily dose of ~400 pg/d, the neural tube
preventing dose (Daly et al, 1997), is not associated with significant blood levels of the
oxidized provitamin, FA; however, as more FA is ingested, much is circulated as potentially
dangerous FA. John Scott’s group has studied this pharmacology (Sweeney et al, 2009) and
reported no detectable serum FA after doses of 100 or 200 pg FA were ingested for 14 weeks,
however, FA was measurable at the highest level (400 pg) tested (Sweeney et al, 2007). The
review by Smith discusses potential metabolic interference (Kao et al, 2008) and toxicity (Smith
et al, 2008) of the provitamin FA some of which is noted in Figure 25.
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Collin (Collin et al, 2010) measured plasma concentrations of folate, B12 (cobalamin),
holohaptocorrin, holotranscobalamin (“active B12”) total transcobalamin, and total
homocysteine in 1,461 cases and 1,507 controls. They investigated whether both B12 and
folate metabolism were associated with prostate-specific antigen (PSAV) as a proxy
measure of prostate cancer progression in men with localized prostate cancer.
Furthermore, thirteen folate pathway single nucleotide polymorphisms were genotyped
for 311 participants. Post diagnosis PSAV was calculated. Median follow-up time was 2.5
years. Plasma folate was associated with an increased risk of PSAV > 2 ng/mL/yr, OR per
unit increase in loge concentration, OR = 1.57. This study provides some evidence that
higher folate levels may be associated with faster prostate tumor progression. The MTRR
66A>G polymorphism was related to slower progression of localized prostate cancer.
Note that the MTRR 66A>G polymorphism for methionine synthase reductase (MSR)
catalyzes reductive methylation of the co-factor of [MS, B12, SAM], thus activating MS
activity Figures 9 and 25. This polymorphism was associated with a reduced risk (OR,
0.33) for PSAV > 2 ng/ml/yr. The serinehydroxymethyltransferase (SHMT1)
polymorphism (SHMT1 1420C>T) was associated with increased risk (per-allele OR, 1.49)
for PSAV > 2 ng/ml/yr. Their work suggests that in addition to plasma levels of folate,
folate-metabolizing enzyme polymorphisms are associated with the rate at which prostate
tumors secrete PSA (PSAV), which relates to the rate of increase of prostate tumor volume
(Berger et al, 2006). Elevated PSAV >2.0 ng/ml/yr as indicated by D’ Amico increases the
risk of death due to prostate cancer following radiation therapy despite having low-risk
disease, Figure 2 (D'Amico et al, 2005). So it is conceivable that the combination of high
plasma folate with or without associated folate enzyme polymorphisms may affect cure
rates for some patients with prostate cancer.

Observations in our clinic of B12 alone and B12 plus folic acid stimulation of prostate cancer
in two patients, and those of Tomaszewski's group (Tomaszewski et al, 2011) revealing
direct correlation of Gleason’s grade and Ki67 cellular proliferation index with both high
serum and prostate tumor tissue folate, are compelling because they directly identify
specific patients seen in the clinic that are adversely affected by what have largely been
theoretical concepts developed from laboratory animal and large population studies.

19. Epidermal growth factor receptor (EGFR) and FA

Two colon cancer cell lines, Caco-2 and HCT-116, were maintained in medium containing
1pg/ml folic acid and supplemental folic acid was found to inhibit cell proliferation in a dose-
dependent manner (Jaszewski et al, 1999). Pretreatment of the cell lines with supplemental FA
(125 pg/ml) completely abrogated transforming growth factor-a (TGF-a)-induced
proliferation in both. Tyrosine kinase activity and the relative concentration of EGFR were
markedly diminished in both following a 24-h exposure to supplemental FA. FA-mediated
reduced proliferation and EGFR tyrosine kinase pathway appeared to be involved.

To further establish the mechanism(s) by which FA affects EGFR, Nagothu (Nagothu et al,
2004) examined whether and to what extent supplemental FA or its metabolites modulate
basal and serum-induced activation of the EGFR promoter in the HCT-116 colon cancer cell
line. HCT-116 cells were pre-incubated with or without FA 10 pg/ml for 48 hours.
Supplemental FA as well as its metabolites markedly inhibited EGFR promoter activity and
its methylation status. Exposure of cells to 10% fetal bovine serum caused a marked
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stimulation of EGFR promoter activity and EGFR expression, both of which were greatly
abrogated by supplemental FA or CH3 —THF. Their work suggests that FA and CH3 —THF
inhibit EGFR promoter activity in colon cancer cells by enhancing promoter methylation.
This could partly be responsible for FA-mediated inhibition of growth-related processes not
only in colorectal but other neoplasia as well.

20. Effect of combined B vitamin insufficiency on the canonical Wnt kinase
pathway

Inspection of Figures 8, 9 and 25 illustrates at least four different pathways where one-
carbon vitamers of folate coenzymes depend on other B vitamins. Changes in the Wnt
family of genes are prominent in prostate cancer (Yardy & Brewster, 2005; Zhu et al, 2004).
In many tissues, activation of Wnt signaling is associated with neoplasia (Liu et al, 2007).
Wnt-signaling was attenuated by combined B vitamin deficiency but not by singlet folate or
doublet deficiencies. Increased levels of Wnt-11 found in prostate tumors contribute to
tumor progression by promoting neuroendocrine dedifferentiation, tumor cell survival and
cell migration/invasion (Uysal-Onganer et al, 2010). There is a positive correlation between
Wnt-11 expression and PSA levels above 10 ng/ml. Beta-catenin protein, a critical molecular
component of canonical Wnt signaling is capable of promoting androgen signaling through
its ability to bind to the AR in a ligand-dependent (reminiscent of androgen) fashion thus
allowing the beta catenin-AR complex to activate transcription of androgen-regulated genes.
Based on Liu’s study of colon cancer cells, one might expect that multiple deficiencies of B
vitamins could modulate Wnt control of beta catenin in prostate cells. For excellent reviews
of the importance of the Wnt gene and its effects in prostate metabolism, we refer Bisson
and Prowse (Bisson & Prowse, 2009).

Various combinations of B vitamins and their metabolites are frequently elevated and/or
low in untreated cancer patients as illustrated in Figure 11.

21. Conclusion

This review of B vitamin effects on one-carbon metabolism and neoplasia with focus on the
prostate comes at a time when several countries are contemplating fortification of their
nations” food supply with B12 and folic acid due to the known benefit in reducing neural
tube defects in newborns. At the same time, “supplement mania” is rampant in the US and
especially prominent in the prostate cancer patient population. FA-associated cancer
acceleration as first reported by Lewisohn (Lewisohn et al, 1946) for mouse mammary
cancer, Heinle (Heinle & Welch, 1948) for CGL, Tisman Tisman et al, 2009, Figueiredo
(Figueiredo et al, 2009), Collin Collin et al, 2010 and Tomaszewski (Tomaszewski et al, 2011)
for prostate cancer, is of utmost importance to those with potential or manifest occult
prostate disease. Based on this review and our clinical experience we suggest a more
targeted approach to vitamin supplementation, so that the benefit for one demographic does
not come at the expense of another. Until more is learned, it may be best to adjust frequently
abnormal serum levels of B vitamins into the normal range. It is clear that both vitamin
deficiency and hypersufficiency have profound physiological effects that differentially affect
select tissues. In the laboratory, the effects can be measured within days to weeks and have
potential to cause life-threatening results that could have immediate effects on drug efficacy
and toxicity or latent effects which may take years to manifest.
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Intracellular one-carbon transfer reactions are essential for nucleotide (thymidylate from
dUMP) and purine synthesis and diffuse methylation reactions that deliver methyl
(CH3—) groups to DNA, RNA, proteins, and phospholipids. The one-carbon transfer
reactions use intracellular polyglutamated reduced derivatives of FA. CH3-THF is the
predominant form of folate in serum/plasma. The reduced folate carrier (RFC) delivers
most CH3—THF into cells. RFC has a higher affinity for reduced folate and the
chemotherapy folate inhibitor methotrexate than oxidized, pharmaceutical FA, and it
accounts for the transport of most dietary, naturally occurring, reduced folate(s)
(Brzezinska et al, 2000). Membrane-bound folate receptors, including folate receptor (FR)
with very high affinity for pharmaceutical FA, are expressed in epithelial tissues and its
expression is elevated in some malignant tumors. The predominant cytoplasmic folate,
CH3 —THF, donates its one-carbon moiety to methylate homocysteine to methionine,
regenerating usable THF. THF is the much-preferred substrate to folypolygammaglu-
tamyl synthetase (FPGS) that extends the glutamate chain enhancing intracellular
retention and folate substrate binding strength to folate metabolizing enzymes.
Methionine, from methylation of homocysteine and dietary ingestion, is converted to S-
adenosylmethionine (SAM), a universal donor of CH3 — groups to numerous methylation
reactions through methyl transferase enzymes. SAM supplies CH3 — groups to cytosine
bases positioned across from guanine as CpG islands of DNA and histones surrounding
the DNA double helix. The methylation patterns are both heritable and subject to acute
(drug) and chronic dietary effects restricting or enhancing methyl group precursors
responsible for epigenetic control of both tumor suppressor and tumor promoter genes.
The active coenzyme THF acquires a one-carbon moiety from the amino acid serine via
serine hydroxy methyl transferase, a vitamin B6 requiring coenzyme. There are at least
two forms of SHMT enzyme, one active in mitochondria, (mSHMT or SHMT2) and one
active in cytoplasm (cSHMT or SHMT1). This metabolic catalysis of glycine with THF
yields 5,10-methyleneTHF, a critical compound at the center of a switching point of
CH3 — delivery. The cSHMT form shuttles CH3 — methylation reactions in the direction of
the de novo synthesis of thymine from deoxyuridine. cSHMT activity is enhanced by the
heavy chain of ferritin, a compound critical in iron metabolism. Many reactions depend
on genetic coenzyme polymorphisms such as MTHFR C677TT weakening the enzyme's
usual function by up to 70%. Regional B vitamin concentrations (B9, B12, B6, B2) affect
delivery of CH3— from 5,10-methyleneTHF to either dUMP to form DNA
thymine/thymidine (required in rapidly growing cells) or to methylation of homocysteine
via B12-requiring transfer of CH3— from CH3—-THF thus generating more SAM.
Concentrations of SAM and DNA epimethylation enzymes control gene promoter and
global gene epimethylation. This turns ON and OFF various tumor suppressor (TSG) and
tumor associated (TAG) genes.

The robustness of the homocysteine methylation/SAM generation depends on the
concentration and functional state of the methionine synthase-B12-enzyme complex. B12
deficiency from adsorptive, dietary, drug interference, N2O anesthesia inactivation (still
common during routine surgeries) and anomalies of holotranscobalamin will eventually
shut down global methylation through impaired synthesis of SAM and the ternary complex
formed between thymidylate synthase, 5,10-methyleneTHF and dUMP which supplies TMP
for DNA synthesis. This leads to uracil misincorporation into DNA resulting in DNA point
mutations and finally to chromosomal breaks, and malignant transformation.

www.intechopen.com



Modulation of One-Carbon Metabolism by B Vitamins:
Implications for Transformation and Progression of Prostate Cancer 229

22. Acknowledgements

The author acknowledges the extensive assistance in development and organization of this
manuscript by MS Melanie Tisman, B.S.

23. References

Achoén M, Alonso-Aperte E, Reyes L, Ubeda N, & Varela-Moreiras G. (2000). High-Dose folic
acid supplementation in rats: Effects on gestation and the methionine cycle. Br |
Nutr, 83, pp. 177-83

Alemdaroglu (2007) Impact of Folate Absorption and Transport for Nutrition and Drug
Targeting.

Allegra CJ, Drake JC, Jolivet J, & Chabner BA. (1985). Inhibition of phosphoribosylami-
noimidazolecarboxamide transformylase by methotrexate and dihydrofolic acid
polyglutamates. Proc Natl Acad Sci U S A, 82, pp. 4881-5

Ames BN. (2006). Low micronutrient intake may accelerate the degenerative diseases of
aging through allocation of scarce micronutrients by triage. Proc Natl Acad Sci U S
A, 103, pp. 17589-94

Angier RB, Boothe JH, Hutchings BL, Mowat JH, Semb ], Stokstad EL, SubbaRow Y, Waller
CW, Cosulich DB, & Fahrenbach M]J. (1946). The structure and synthesis of the liver
L. Casei factor. Science (New York, NY), 103, 667

Antony AC. (1992). The biological chemistry of folate receptors. Blood, 79, pp. 2807-2820

Bailey SW, & Ayling JE. (2009). The extremely slow and variable activity of dihydrofolate
reductase in human liver and its implications for high folic acid intake. Proc Natl
Acad Sci U S A, 106, pp. 15424-9

Bailey RL, Dodd KW, Gahche ]JJ, Dwyer JT, McDowell MA, Yetley EA, Sempos CA, Burt VL,
Radimer KL, & Picciano MF. (2010). Total folate and folic acid intake from foods and
dietary supplements in the united states: 2003-2006. Am ] Clin Nutr, 91, pp. 231-7

Bander NH, Milowsky MI, Nanus DM, Kostakoglu L, Vallabhajosula S, & Goldsmith SJ.
(2005). Phase I trial of 177lutetium-labeled J591, a monoclonal antibody to prostate-
specific membrane antigen, in patients with androgen-independent prostate cancer.
J Clin Oncol, 23, pp. 4591-601

Basten GP, Duthie SJ, Pirie L, Vaughan N, Hill MH, & Powers HJ. (2006). Sensitivity of
markers of DNA stability and DNA repair activity to folate supplementation in
healthy volunteers. Br | Cancer, 94, pp. 1942-7

Basten GP, Hill MH, Duthie SJ, & Powers HJ. (2004). Effect of folic acid supplementation on
the folate status of buccal mucosa and lymphocytes. Cancer Epidemiol Biomarkers
Prev, 13, pp. 1244-9

Bastian PJ, Yegnasubramanian S, Palapattu GS, Rogers CG, Lin X, De Marzo AM, & Nelson
WG. (2004). Molecular biomarker in prostate cancer: The role of cpg island
hypermethylation. Eur Urol, 46, pp. 698-708

Bates CJ, & Fuller NJ. (1986). The effect of riboflavin deficiency on methylenetetra-
hydrofolate reductase (NADPH) (EC 1.5.1.20) and folate metabolism in the rat. Br |
Nutr, 55, pp. 455-64

Bedford MT, & van Helden PD. (1987). Hypomethylation of DNA in pathological conditions
of the human prostate. Cancer Res, 47, pp. 5274-6

Berger AP, Deibl M, Strasak A, Bektic J, Pelzer A, Steiner H, Spranger R, Fritsche G, Bartsch
G, & Horninger W. (2006). Relapse after radical prostatectomy correlates with

www.intechopen.com



230 Prostate Cancer — From Bench to Bedside

preoperative PSA velocity and tumor volume: Results from a screening population.
Urology, 68, pp. 1067-71

Bertino JR, Perkins JP, & Johns DG. (1965). Purification and properties of
dihydrofolatereductase from ehrlich ascites carcinoma cells. Biochemistry, 4, pp.
839-46

Bertrand R, MacKenzie RE, & Jolivet ]. (1987). Human liver methenyltetrahydrofolate
synthetase: Improved purification and increased affinity for folate polyglutamate
substrates. Biochim Biophys Acta, 911, pp. 154-61

Bisson I, & Prowse DM. (2009). WNT signaling regulates self-renewal and differentiation of
prostate cancer cells with stem cell characteristics. Cell Res, 19, pp. 683-97

Bistulfi G, Diegelman P, Foster BA, Kramer DL, Porter CW, & Smiraglia DJ. (2009).
Polyamine biosynthesis impacts cellular folate requirements necessary to maintain
s-adenosylmethionine and nucleotide pools. FASEB ], 23, pp. 2888-97

Bjelakovic G, Kocic G, Pavlovic D, Nikolic J, Stojanovic I, Bjelakovic BG, Jevtovic T, &
Sokolovic D. (2003). Effects of folic acid on polyamine concentrations and
polyamine oxidase activity in regenerating rat liver. Pteridines, 14, pp. 109-113

Bjelakovic G, Pavlovic D, Jevtovic T, Stojanovic I, Sokolovic D, Bjelakovic GB, Nikolic J, &
Ba\vsic J. (2006). VITAMIN B 12 AND FOLIC ACID EFFECTS ON POLYAMINE
METABOLISM IN RAT LIVER. Pteridines, 17, pp. 90-94

Blount BC, Mack MM, Wehr CM, MacGregor JT, Hiatt RA, Wang G, Wickramasinghe SN,
Everson RB, & Ames BN. (1997). Folate deficiency causes uracil misincorporation
into human DNA and chromosome breakage: Implications for cancer and neuronal
damage. Proc Natl Acad Sci U S A, 94, pp. 3290-5

Bovina C, Tolomelli B, Rovinetti C, & Marchetti M. (1972). Acute effects of testosterone
propionate on folate coenzyme synthesis in the rat. ] Endocrinol, 54, pp. 457-64

Braiteh F, Soriano AO, Garcia-Manero G, Hong D, Johnson MM, Silva Lde P, Yang H,
Alexander S, Wolff ], & Kurzrock R. (2008). Phase I study of epigenetic modulation
with 5-azacytidine and valproic acid in patients with advanced cancers. Clin Cancer
Res, 14, pp. 6296-301

Brzezinska A, Winska P, & Balinska M. (2000). Cellular aspects of folate and antifolate
membrane transport. Acta Biochimica Polonica, 47, pp. 735-749

Butterworth CE, & Santini R. (1963). The pteroylglutamate components of american diets as
determined by chromatographic separation. Journal of Clinical Investigation, 42,

De Cabo SF, Santos ], & Fernandez-Piqueras J. (1995). Molecular and cytological evidence of
s-adenosyl-l-homocysteine as an innocuous undermethylating agent in vivo.
Cytogenet Cell Genet, 71, pp. 187-92

Cai D, Ning L, Pan C, Liu X, Bu R, Chen X, Wang K, Cheng Y, & Wu B. (2010). Association
of polymorphisms in folate metabolic genes and prostate cancer risk: A case-control
study in a chinese population. | Genet, 89, pp. 263-7

Chanarin (1969) The Megaloblastic Anemias, Blackwell Scientific Publications.

Chang SS, O'Keefe DS, Bacich DJ, Reuter VE, Heston WD, & Gaudin PB. (1999). Prostate-
Specific membrane antigen is produced in tumor-associated neovasculature. Clin
Cancer Res, 5, pp. 2674-81

Chango A, Abdel Nour AM, Niquet C, & Tessier FJ. (2009). Simultaneous determination of
genomic DNA methylation and uracil misincorporation. Med Princ Pract, 18, pp. 81-4

www.intechopen.com



Modulation of One-Carbon Metabolism by B Vitamins:
Implications for Transformation and Progression of Prostate Cancer 231

Chen ], Gammon MD, Chan W, Palomeque C, Wetmur JG, Kabat GC, Teitelbaum SL, Britton
JA, Terry MB, Neugut Al, & Santella RM. (2005). One-Carbon metabolism, MTHFR
polymorphisms, and risk of breast cancer. Cancer Res, 65, pp. 1606-14

Chen, J (J), Xu, X (X), et al. (2010)" Folate and Vascular Disease: Epidemiological
Perrspective" in Folate in Health and Disease: Edited by Lynn B. Bailey. Boca
Raton, FL, CRC Press & Taylor and Francis Group, 263-323.

Choi SW, & Friso S. (2010). Epigenetics: A new bridge between nutrition and health.
Advances in Nutrition: An International Review Journal, 1, 8

Choi SW, Friso S, Ghandour H, Bagley PJ, Selhub ], & Mason ]JB. (2004). Vitamin B-12
deficiency induces anomalies of base substitution and methylation in the DNA of
rat colonic epithelium. | Nutr, 134, pp. 750-5

Collin SM, Metcalfe C, Refsum H, Lewis SJ, Davey Smith G, Cox A, Davis M, Marsden G,
Johnston C, Lane JA, Donovan JL, Neal DE, Hamdy FC, Smith AD, & Martin RM.
(2010). Associations of folate, vitamin B12, homocysteine, and folate-pathway
polymorphisms with prostate-specific antigen velocity in men with localized
prostate cancer. Cancer Epidemiol Biomarkers Prev, 19, pp. 2833-8

Collin SM, Metcalfe C, Refsum H, Lewis SJ, Zuccolo L, Smith GD, Chen L, Harris R, Davis
M, Marsden G, Johnston C, Lane JA, Ebbing M, Bonaa KH, Nygard O, Ueland PM,
Grau MV, Baron JA, Donovan JL, Neal DE, Martin RM. (2010). Circulating folate,
vitamin B12, homocysteine, vitamin B12 transport proteins, and risk of prostate
cancer: A case-control study, systematic review, and meta-analysis. Cancer
Epidemiol Biomarkers Prev, 19, pp. 1632-42

Cook ]JD, Cichowicz DJ, George S, Lawler A, & Shane B. (1987). Mammalian folylpoly-
gamma-glutamate synthetase. 4. In vitro and in vivo metabolism of folates and
analogues and regulation of folate homeostasis. Biochemistry, 26, pp. 530-9

Cooper CS, & Foster CS. (2009). Concepts of epigenetics in prostate cancer development. Br |
Cancer, 100, pp. 240-5

Corcino JJ, Zalusky R, Greenberg M, & Herbert V. (1971). Coexistence of pernicious anaemia
and chronic myeloid leukaemia: An experiment of nature involving vitamin B12
metabolism. Br | Haematol, 20, pp. 511-20

Daly S, Mills JL, Molloy AM, Conley M, Lee Y], Kirke PN, Weir DG, & Scott JM. (1997).
Minimum effective dose of folic acid for food fortification to prevent neural-tube
defects. Lancet, 350, pp. 1666-9

D'Amico AV, Renshaw AA, Sussman B, & Chen MH. (2005). Pretreatment PSA velocity and
risk of death from prostate cancer following external beam radiation therapy.
JAMA, 294, pp. 440-7

Das KC, Das M, Mohanty D, Jadaon MM, Gupta A, Marouf R, & Easow SK. (2005).
Megaloblastosis: From morphos to molecules. Med Princ Pract, 14 Suppl 1, pp. 2-14

Das KC, Manusselis C, & Herbert V. (1980). Simplifying lymphocyte culture and the
deoxyuridine suppression test by using whole blood (0.1 ml) instead of separated
lymphocytes. Clin Chem, 26, pp. 72-7

Das PM, & Singal R. (2004). DNA methylation and cancer. | Clin Oncol, 22, pp. 4632-42

Davis CD, & Uthus EO. (2004). DNA methylation, cancer susceptibility, and nutrient
interactions. Exp Biol Med (Maywood), 229, pp. 988-95

Diaw L, Woodson K, & Gillespie JW. (2007). Prostate cancer epigenetics: A review on gene
regulation. Gene Regulation and Systems Biology, 1, pp. 313-325

www.intechopen.com



232 Prostate Cancer — From Bench to Bedside

Dietrich M, Brown CJ, & Block G. (2005). The effect of folate fortification of cereal-grain
products on blood folate status, dietary folate intake, and dietary folate sources
among adult non-supplement users in the united states. | Am Coll Nutr, 24, pp. 266-74

Dobosy JR, Roberts JL, Fu VX, & Jarrard DF. (2007). The expanding role of epigenetics in the
development, diagnosis and treatment of prostate cancer and benign prostatic
hyperplasia. | Urol, 177, pp. 822-31

Dormandy KM, Waters AH, & Mollin DL. (1963). Folic-Acid deficiency in coeliac disease.
The Lancet, 281, pp. 632-635

D'Urso-Scott M, Uhoch ], & Bertino JR. (1974). Formation of 10-formylfolic acid, a potent
inhibitor of dihydrofolate reductase, in rat liver slices incubated with folic acid.
Proc Natl Acad Sci U S A, 71, pp. 2736-9

Duthie SJ. (1999). Folic acid deficiency and cancer: Mechanisms of DNA instability. British
medical bulletin, 55, 578

Duthie SJ. (2010). Folate and cancer: How DNA damage, repair and methylation impact on
colon carcinogenesis. | Inherit Metab Dis,

Duthie SJ, Narayanan S, Brand GM, Pirie L, & Grant G. (2002). Impact of folate deficiency on
DNA stability. | Nutr, 132, pp. 2444S-2449S

Ehrlich M. (2002). DNA methylation in cancer: Too much, but also too little. Oncogene, 21,
pp- 5400-13

Ericson UC, Ivarsson MI, Sonestedt E, Gullberg B, Carlson ], Olsson H, & Wirfalt E. (2009).
Increased breast cancer risk at high plasma folate concentrations among women
with the MTHEFR 677T allele. Am ] Clin Nutr, 90, pp. 1380-9

Ernst T, Hergenhahn M, Kenzelmann M, Cohen CD, Bonrouhi M, Weninger A, Kldren R,
Grone EF, Wiesel M, Giidemann C, Kiister ], Schott W, Staehler G, Kretzler M,
Hollstein M, & Grone HJ. (2002). Decrease and gain of gene expression are equally
discriminatory markers for prostate carcinoma: A gene expression analysis on total
and microdissected prostate tissue. Am | Pathol, 160, pp. 2169-80

Esteller M. (2003). Relevance of DNA methylation in the management of cancer. The lancet
oncology, 4, pp. 351-358

Esteller M. (2007). Cancer epigenomics: DNA methylomes and histone-modification maps.
Nat Rev Genet, 8, pp. 286-98

Esteller M. (2008). Molecular origins of cancer: Epigenetics in cancer. New England Journal of
Medicine, 358, 1148

Esteller M, Gaidano G, Goodman SN, Zagonel V, Capello D, Botto B, Rossi D, Gloghini A,
Vitolo U, Carbone A, & others. (2002). Hypermethylation of the DNA repair gene
o6-methylguanine DNA methyltransferase and survival of patients with diffuse
large b-cell lymphoma. [NCI Journal of the National Cancer Institute, 94, 26

Farber S, Cutler EC, Hawkins JW, Harrison JH, Peirce EC, & Lenz GG. (1947). The action of
pteroylglutamic conjugates on man. Science, 106, pp. 619-21

Farber S, Diamond LK, Mercer RD, Sylvester Jr RF, & Wolff JA. (1948). Temporary remissions
in acute leukemia in children produced by folic acid antagonist, 4-aminopteroyl-
glutamic acid (aminopterin). New England Journal of Medicine, 238, pp. 787-793

Feinberg AP, & Vogelstein B. (1983). Hypomethylation of ras oncogenes in primary human
cancers. Biochem Biophys Res Commun, 111, pp. 47-54

Fenaux P. (2005). Inhibitors of DNA methylation: Beyond myelodysplastic syndromes. Nat
Clin Pract Oncol, 2 Suppl 1, pp. S36-44

www.intechopen.com



Modulation of One-Carbon Metabolism by B Vitamins:
Implications for Transformation and Progression of Prostate Cancer 233

Figueiredo JC, Grau MV, Haile RW, Sandler RS, Summers RW, Bresalier RS, Burke CA,
McKeown-Eyssen GE, & Baron JA. (2009). Folic acid and risk of prostate cancer:
Results from a randomized clinical trial. ] Natl Cancer Inst, 101, pp. 432-5

Finch CA, Hegsted M, Kinney TD, Thomas ED, Rath CE, Haskins D, Finch S, & Fluharty
Rexg. (1950). Iron metabolism: The pathophysiology of iron storage. Blood, 5, 983

Foley DL, Craig JM, Morley R, Olsson CA, Olsson CJ, Dwyer T, Smith K, & Saffery R. (2009).
Prospects for epigenetic epidemiology. Am | Epidemiol, 169, pp. 389-400

Freemantle SJ, & Moran RG. (1997). Transcription of the human folylpoly-gamma-glutamate
synthetase gene. | Biol Chem, 272, pp. 25373-25379

Friedkin M, Plante LT, Crawford EJ, & Crumm M. (1975). Inhibition of thymidylate
synthetase and dihydrofolate reductase by naturally occurring oligoglutamate
derivatives of folic acid. ] Biol Chem, 250, pp. 5614-21

Friso S, & Choi SW. (2005). Gene-Nutrient interactions in one-carbon metabolism. Curr Drug
Metab, 6, pp. 37-46

Friso S, Lamon-Fava S, Jang H, Schaefer EJ, Corrocher R, & Choi SW. (2007). Oestrogen
replacement therapy reduces total plasma homocysteine and enhances genomic
DNA methylation in postmenopausal women. Br | Nutr, 97, pp. 617-21

Galivan J, Maley F, & Baugh CM. (1977). Protective effect of the pteroylpolyglutamates and
phosphate on the proteolytic inactivation of thymidylate synthetase. Arch Biochem
Biophys, 184, pp. 346-54

Gordon IO, Tretiakova MS, Noffsinger AE, Hart ], Reuter VE, & Al-Ahmadie HA. (2008).
Prostate-Specific membrane antigen expression in regeneration and repair. Mod
Pathol, 21, pp. 1421-7

Gravina GL, Marampon F, Di Staso M, Bonfili P, Vitturini A, Jannini EA, Pestell RG,
Tombolini V, & Festuccia C. (5-Azacitidine restores and amplifies the bicalutamide
response on preclinical models of androgen receptor expressing or deficient
prostate tumors. The Prostate,

Green R. (1994). Typical and atypical manifestations of pernicious anemia. Advances in
Thomas Addison's Diseases, 1, pp. 377-90

Gregory III JF, Ristow KA, Sartain DB, & Damron BL. (1984). Biological activity of the
folacin oxidation products 10-formylfolic acid and 5-methyl-5, 6-dihyrofolic acid.
Journal of agricultural and food chemistry, 32, pp. 1337-1342

Harzstark AL, & Small EJ. (2009). Immunotherapeutics in development for prostate cancer.
Oncologist, 14, pp. 391-8

Hayashi I, Sohn KJ, Stempak JM, Croxford R, & Kim YI. (2007). Folate deficiency induces
cell-specific changes in the steady-state transcript levels of genes involved in folate
metabolism and 1-carbon transfer reactions in human colonic epithelial cells. | Nutr,
137, pp. 607-13

Heaney RP. (2003). Long-Latency deficiency disease: Insights from calcium and vitamin D.
Am | Clin Nutr, 78, pp. 912-9

Heinle RW, & Welch AD. (1948). Experiments with pteroylglutamic acid and
pteroylglutamic acid deficiency in human leukemia. | Clin Invest, 27, 539

Hennessy BT, Gauthier AM, Michaud LB, Hortobagyi G, & Valero V. (2005). Lower dose
capecitabine has a more favorable therapeutic index in metastatic breast cancer:
Retrospective analysis of patients treated at M. D. Anderson cancer center and a
review of capecitabine toxicity in the literature. Ann Oncol, 16, pp. 1289-96

Herbert (1959) The Megaloblastic Anemias, New York, New York, Grune and Stratton.

www.intechopen.com



234 Prostate Cancer — From Bench to Bedside

Herbert V. (1987). The 1986 herman award lecture. Nutrition science as a continually unfolding
story: The folate and vitamin B-12 paradigm. Am | Clin Nutr, 46, pp. 387-402

Hirohashi S. (1998). Inactivation of the e-cadherin-mediated cell adhesion system in human
cancers. Am | Pathol, 153, pp. 333-9

Hirsch S, Sanchez H, Albala C, de la Maza MP, Barrera G, Leiva L, & Bunout D. (2009).
Colon cancer in chile before and after the start of the flour fortification program
with folic acid. Eur | Gastroenterol Hepatol, 21, pp. 436-9

Hoffbrand AV, Tripp E, & Lavoie A. (1976). Synthesis of folate polyglutamates in human
cells. Clinical science and molecular medicine, 50, 61

Holmes RS, Zheng Y, Baron JA, Li L, McKeown-Eyssen G, Newcomb PA, Stern MC, Haile
RW, Grady WM, Potter JD, Le Marchand L, Campbell PT, Figueiredo JC, Limburg
PJ, Jenkins MA, Hopper JL, Ulrich CM, & Colon Cancer Family Registry. (2010).
Use of folic acid-containing supplements after a diagnosis of colorectal cancer in the
colon cancer family registry. Cancer Epidemiol Biomarkers Prev, 19, pp. 2023-34

Honein MA, Paulozzi L], Mathews TJ, Erickson JD, & Wong LY. (2001). Impact of folic acid
fortification of the US food supply on the occurrence of neural tube defects. JAMA,
285, pp. 2981-6

Hron G, Lombardi R, Eichinger S, Lecchi A, Kyrle PA, & Cattaneo M. (2007). Low vitamin
B6 levels and the risk of recurrent venous thromboembolism. Haematologica, 92, pp.
1250-3

Hsing AW, Chua S, Gao YT, Gentzschein E, Chang L, Deng ], & Stanczyk FZ. (2001).
Prostate cancer risk and serum levels of insulin and leptin: A population-based
study. | Natl Cancer Inst, 93, pp. 783-9

Hultdin J, Van Guelpen B, Bergh A, Hallmans G, & Stattin P. (2005). Plasma folate, vitamin
B12, and homocysteine and prostate cancer risk: A prospective study. Int | Cancer,
113, pp. 819-24

Jacob RA. (2000). Folate, DNA methylation, and gene expression: Factors of nature and
nurture. American Journal of Clinical Nutrition, 72, 903

James SJ, Pogribny IP, Pogribna M, Miller BJ, Jernigan S, & Melnyk S. (2003). Mechanisms of
DNA damage, DNA hypomethylation, and tumor progression in the folate/ methyl-
deficient rat model of hepatocarcinogenesis. | Nutr, 133, pp. 3740S-3747S

Jang H, Mason ]B, & Choi SW. (2005). Genetic and epigenetic interactions between folate
and aging in carcinogenesis. | Nutr, 135, pp. 29675-2971S

Jaszewski R, Khan A, Sarkar FH, Kucuk O, Tobi M, Zagnoon A, Dhar R, Kinzie J, &
Majumdar AP. (1999). Folic acid inhibition of egfr-mediated proliferation in human
colon cancer cell lines. Am | Physiol, 277, pp. C1142-8

Jentzmik F, Stephan C, Lein M, Miller K, Kamlage B, Bethan B, Kristiansen G, & Jung K. (2011).
Sarcosine in prostate cancer tissue is not a differential metabolite for prostate cancer
aggressiveness and biochemical progression. Journal Urology, 185, pp. 385-6

Jentzmik F, Stephan C, Miller K, Schrader M, Erbersdobler A, Kristiansen G, Lein M, & Jung
K. (2010). Sarcosine in urine after digital rectal examination fails as a marker in
prostate cancer detection and identification of aggressive tumours. Eur Urol, 58, pp.
12-8; discussion 20-1

Johansson M, Appleby PN, Allen NE, Travis RC, Roddam AW, Egevad L, Jenab M, Rinaldi
S, Kiemeney LA, Bueno-de-Mesquita HB, Vollset SE, Ueland PM, Sanchez M]J,
Quirés JR, Gonzalez CA, Larrafiaga N, Chirlaque MD, Ardanaz E, Sieri S, Palli D,
Key TJ. (2008). Circulating concentrations of folate and vitamin B12 in relation to

www.intechopen.com



Modulation of One-Carbon Metabolism by B Vitamins:
Implications for Transformation and Progression of Prostate Cancer 235

prostate cancer risk: Results from the european prospective investigation into
cancer and nutrition study. Cancer Epidemiol Biomarkers Prev, 17, pp. 279-85

Johansson M, Van Guelpen B, Vollset SE, Hultdin J, Bergh A, Key T, Midttun O, Hallmans
G, Ueland PM, & Stattin P. (2009). One-Carbon metabolism and prostate cancer
risk: Prospective investigation of seven circulating B vitamins and metabolites.
Cancer Epidemiol Biomarkers Prev, 18, pp. 1538-43

Jones PA, & Baylin SB. (2002). The fundamental role of epigenetic events in cancer. Nat Rev
Genet, 3, pp. 415-28

Jones PA, & Laird PW. (1999). Cancer epigenetics comes of age. Nat Genet, 21, pp. 163-7

Jones PA, & Takai D. (2001). The role of DNA methylation in mammalian epigenetics.
Science, 293, pp. 1068-70

Kao TT, Wang KC, Chang WN, Lin CY, Chen BH, Wu HL, Shi GY, Tsai JN, & Fu TF. (2008).
Characterization and comparative studies of zebrafish and human recombinant
dihydrofolate reductases--inhibition by folic acid and polyphenols. Drug Metab
Dispos, 36, pp. 508-16

Kasperzyk JL, Fall K, Mucci LA, Hédkansson N, Wolk A, Johansson JE, Andersson SO, &
Andrén O. (2009). One-Carbon metabolism-related nutrients and prostate cancer
survival. Am | Clin Nutr, 90, pp. 561-9

Kawakami K, Ruszkiewicz A, Bennett G, Moore ], Watanabe G, & lacopetta B. (2003). The
folate pool in colorectal cancers is associated with DNA hypermethylation and with
a polymorphism in methylenetetrahydrofolate reductase. Clin Cancer Res, 9, pp.
5860-5

Kenyon SH, Nicolaou A, Ast T, & Gibbons WA. (1996). Stimulation in vitro of vitamin b12-
dependent methionine synthase by polyamines. Biochem ], 316 ( Pt 2), pp. 661-5

Key TJ, Silcocks PB, Davey GK, Appleby PN, & Bishop DT. (1997). A case-control study of
diet and prostate cancer. British journal of cancer, 76, 678

Kim YI. (2004). Folate and DNA methylation: A mechanistic link between folate deficiency
and colorectal cancer?. Cancer Epidemiol Biomarkers Prev, 13, pp. 511-9

Kim YI. (2005). Does a high folate intake increase the risk of breast cancer?. Nutrition
Reviews, 63,

Kim YI. (2005). Nutritional epigenetics: Impact of folate deficiency on DNA methylation and
colon cancer susceptibility. ] Nutr, 135, pp. 2703-9

Kim YI. (2007). Folate and colorectal cancer: An evidence-based critical review. Mol Nutr
Food Res, 51, pp. 267-92

Kim YI. (2007). Folic acid fortification and supplementation — good for some but not so good
for others. Nutrition Reviews, 65, pp. 504-511

Kim YI. (2008). Folic acid supplementation and cancer risk: Point. Cancer Epidemiol
Biomarkers Prev, 17, pp. 2220-5

Kim YI. (2009). Role of the MTHFR polymorphisms in cancer risk modification and
treatment. Future Oncol, 5, pp. 523-42

Kim YI, Hayek M, Mason ]B, & Meydani SN. (2002). Severe folate deficiency impairs natural
killer cell-mediated cytotoxicity in rats. | Nutr, 132, pp. 1361-7

Kisliuk RL. (1981). Pteroylpolyglutamates. Molecular and Cellular Biochemistry, 39, pp. 331-345

Kisliuk L, & Gaumont Y. (1983). An hypothesis on the role of pteroylpolyglutamate
derivatives as coenzymes. Adv Exp Med Biol, 163, pp. 71-4

Kisliuk RL, Gaumont Y, & Baugh CM. (1974). Polyglutamyl derivatives of folate as
substrates and inhibitors of thymidylate synthetase. | Biol Chem, 249, pp. 4100-3

www.intechopen.com



236 Prostate Cancer — From Bench to Bedside

Kisliuk RL, Gaumont Y, Lafer E, Baugh CM, & Montgomery JA. (1981). Polyglutamyl
derivatives of tetrahydrofolate as substrates for lactobacillus casei thymidylate
synthase. Biochemistry, 20, pp. 929-34

Konings EJ, Goldbohm RA, Brants HA, Saris WH, & van den Brandt PA. (2002). Intake of
dietary folate vitamers and risk of colorectal carcinoma: Results from the
netherlands cohort study. Cancer, 95, pp. 1421-33

Konings EJ, Roomans HH, Dorant E, Goldbohm RA, Saris WH, & van den Brandt PA.
(2001). Folate intake of the dutch population according to newly established liquid
chromatography data for foods. Am | Clin Nutr, 73, pp. 765-76

Krumdieck CL, Boots LR, Cornwell PE, & Butterworth CE. (1975). Estrogen stimulation of
conjugase activity in the uterus of ovariectomized rats. Am | Clin Nutr, 28, pp. 530-4

Krumdieck CL, Boots LR, Cornwell PE, & Butterworth CE. (1976). Cyclic variations in folate
composition and pteroylpolyglutamyl hydrolase (conjugase) activity of the rat
uterus. Am | Clin Nutr, 29, pp. 288-94

Krumdieck CL, Eto I, & Baggott JE. (1992). Regulatory role of oxidized and reduced
pteroylpolyglutamates. Ann N Y Acad Sci, 669, pp. 44-57; discussion 57-8

Kuster GG, ReMine WH, & Dockerty MB. (1972). Gastric cancer in pernicious anemia and in
patients with and without achlorhydria. Annals of Surgery, 175, 783

Lawson KA, Wright ME, Subar A, Mouw T, Hollenbeck A, Schatzkin A, & Leitzmann MF.
(2007). Multivitamin use and risk of prostate cancer in the national institutes of
health-aarp diet and health study. | Natl Cancer Inst, 99, pp. 754-64

LeBlanc JG, de Giori GS, Smid EJ, Hugenholtz ], & Sesma F. (2007). Folate production by
lactic acid bacteria and other food-grade microorganisms. Commun Curr Res Educ
Topics Trends Appl Microbiol, 1,

Leuchtenberger R, Leuchtenberger C, Laszlo D, & Lewisohn R. (1945). The influence of "folic
acid" on spontaneous breast cancers in mice. Science, 101, 406

Lewisohn R, Leuchtenberger C, Leucetenberger R, & Keresztesy JC. (1946). The influence of
liver L. Casei factor on spontaneous breast cancer in mice. Science, 104, pp. 436-7

Li LC, Carroll PR, & Dahiya R. (2005). Epigenetic changes in prostate cancer: Implication for
diagnosis and treatment. | Natl Cancer Inst, 97, pp. 103-15

Li LC, & Dahiya R. (2007). Epigenetics of prostate cancer. Frontiers in Bioscience, 12, pp. 3377-
3397

Lindzon GM, Medline A, Sohn K]J, Depeint F, Croxford R, & Kim YI. (2009). Effect of folic
acid supplementation on the progression of colorectal aberrant crypt foci.
Carcinogenesis, 30, pp. 1536-43

Liu Z, Choi SW, Crott JW, Keyes MK, Jang H, & Mason JB. (2006). Mild depletion of vitamin
B2, B6 and B12 superimposed on mild folate depletion: Effects on DNA
methylation, uracil incorporation and gene expression in the mouse colon.
Proceedings of the American Association for Cancer Research, 2006, 916

Liu Z, Choi SW, Crott JW, Keyes MK, Jang H, Smith DE, Kim M, Laird PW, Bronson R, &
Mason JB. (2007). Mild depletion of dietary folate combined with other B vitamins
alters multiple components of the wnt pathway in mouse colon. | Nutr, 137, pp.
2701-8

Lowe KE, Osborne CB, Lin BF, Kim ]S, Hsu JC, & Shane B. (1993). Regulation of folate and
one-carbon metabolism in mammalian cells. II. Effect of folylpoly-gamma-
glutamate synthetase substrate specificity and level on folate metabolism and

www.intechopen.com



Modulation of One-Carbon Metabolism by B Vitamins:
Implications for Transformation and Progression of Prostate Cancer 237

folylpoly-gamma-glutamate specificity of metabolic cycles of one-carbon
metabolism. Journal of Biological Chemistry, 268, 21665

Lucock M, & Yates Z. (2005). Folic acid - vitamin and panacea or genetic time bomb?. Nat
Rev Genet, 6, pp. 235-40

Luka Z, Mudd SH, & Wagner C. (2009). Glycine n-methyltransferase and regulation of s-
adenosylmethionine levels. | Biol Chem, 284, pp. 22507-11

Ly A, Lee H, Chen ], Sie KK, Renlund R, Medline A, Sohn K]J, Croxford R, Thompson LU, &
Kim YI. (2011). Effect of maternal and postweaning folic acid supplementation on
mammary tumor risk in the offspring. Cancer Res, 71, pp. 988-97

Marchal C, Redondo M, Padilla M, Caballero J, Rodrigo I, Garcia J, Quian J, & Boswick DG.
(2004). Expression of prostate specific membrane antigen (PSMA) in prostatic
adenocarcinoma and prostatic intraepithelial neoplasia. Histol Histopathol, 19, pp.
715-8

Maring ]G, Groen HJ, Wachters FM, Uges DR, & de Vries EG. (2005). Genetic factors
influencing pyrimidine-antagonist chemotherapy. Pharmacogenomics |, 5, pp. 226-43

Marsillach J, Ferré N, Camps J, Riu F, Rull A, & Joven J. (2008). Moderately high folic acid
supplementation exacerbates experimentally induced liver fibrosis in rats. Exp Biol
Med (Maywood), 233, pp. 38-47

Maruyama R, Toyooka S, Toyooka KO, Virmani AK, Zochbauer-Miiller S, Farinas AJ, Minna
JD, McConnell ], Frenkel EP, & Gazdar AF. (2002). Aberrant promoter methylation
profile of prostate cancers and its relationship to clinicopathological features. Clin
Cancer Res, 8, pp. 514-9

Mason ]JB, Choi SW, & Liu Z. (2008). Other one-carbon micronutrients and age modulate the
effects of folate on colorectal carcinogenesis. Nutr Rev, 66 Suppl 1, pp. S15-7

Mason JB, Dickstein A, Jacques PF, Haggarty P, Selhub ], Dallal G, & Rosenberg IH. (2007).
A temporal association between folic acid fortification and an increase in colorectal
cancer rates may be illuminating important biological principles: A hypothesis.
Cancer Epidemiol Biomarkers Prev, 16, pp. 1325-9

Matthews RG, & Baugh CM. (1980). Interactions of pig liver methylenetetrahydrofolate
reductase with methylenetetrahydropteroylpolyglutamate substrates and with
dihydropteroylpolyglutamate inhibitors. Biochemistry, 19, pp. 2040-5

Matthews RG, & Daubner SC. (1982). Modulation of methylenetetrahydrofolate reductase
activity by s-adenosylmethionine and by dihydrofolate and its polyglutamate
analogues. Advances in Enzyme Regulation, 20, pp. 123-131

Matthews RG, Ghose C, Green JM, Matthews KD, & Dunlap RB. (1987). Folylpolyglutamates
as substrates and inhibitors of folate-dependent enzymes. Adv Enzyme Regul, 26, pp.
157-71

Matthews RG, & Haywood BJ. (1979). Inhibition of pig liver methylenetetrahydrofolate
reductase by dihydrofolate: Some mechanistic and regulatory implications.
Biochemistry, 18, pp. 4845-51

McDowell MA, Lacher DA, Pfeiffer CM, Mulinare ], Picciano MF, Rader ]I, Yetley EA,
Kennedy-Stephenson ], & Johnson CL. (2008). Blood folate levels: The latest
NHANES results. NCHS Data Brief, pp. 1-8

McNulty H, McKinley MC, Wilson B, McPartlin ], Strain JJ, Weir DG, & Scott JM. (2002).
Impaired functioning of thermolabile methylenetetrahydrofolate reductase is
dependent on riboflavin status: Implications for riboflavin requirements. Am | Clin
Nutr, 76, pp. 436-41

www.intechopen.com



238 Prostate Cancer — From Bench to Bedside

Midgley R, & Kerr DJ. (2009). Capecitabine: Have we got the dose right?. Nat Clin Pract
Oncol, 6, pp. 17-24

Milic M, Rozgaj R, Kasuba V, Orescanin V, Balija M, & Jukic I. (2010). Correlation between
folate and vitamin B;, and markers of DNA stability in healthy men: Preliminary
results. Acta Biochim Pol, 57, pp. 339-45

Mokarram P, Naghibalhossaini F, Firoozi MS, Hosseini SV, Izadpanah A, Salahi H, Malek-
Hosseini SA, Talei A, & Mojallal M. (2008). Methylenetetrahydrofolate reductase
C677T genotype affects promoter methylation of tumor-specific genes in sporadic
colorectal cancer through an interaction with folate/vitamin B12 status.

Moran RG. (1989). Leucovorin enhancement of the effects of the fluoropyrimidines on
thymidylate synthase. Cancer, 63, pp. 1008-1012

Moran RG, & Colman PD. (1984). Mammalian folyl polyglutamate synthetase: Partial
purification and properties of the mouse liver enzyme. Biochemistry, 23, pp. 4580-9

Nagothu KK, Rishi AK, Jaszewski R, Kucuk O, & Majumdar AP. (2004). Folic acid-mediated
inhibition of serum-induced activation of EGFR promoter in colon cancer cells. Am
] Physiol Gastrointest Liver Physiol, 287, pp. G541-6

O'Keefe, Bacich, et al. (2001)" Prostate Specific Membrane Antigen" in Chung, Leland, Isaacs,
William, Simons, Jonathan, (ed.) Prostate Cancer Biology, Genetics, and the New
Therapeutics. Totowa, New Jersey, Humana Press, 307-326.

Pellis L, Dommels Y, Venema D, Polanen A, Lips E, Baykus H, Kok F, Kampman E, & Keijer
J. (2008). High folic acid increases cell turnover and lowers differentiation and iron
content in human HT29 colon cancer cells. Br | Nutr, 99, pp. 703-8

Pelucchi C, Galeone C, Talamini R, Negri E, Parpinel M, Franceschi S, Montella M, & La
Vecchia C. (2005). Dietary folate and risk of prostate cancer in italy. Cancer
Epidemiol Biomarkers Prev, 14, pp. 944-8

Perry ], & Chanarin I. (1972). Observations on folate absorption with particular reference to
folate polyglutamate and possible inhibitors to its absorption. Gut, 13, pp. 544-50

Perry ], Chanarin I, Deacon R, & Lumb M. (1983). Chronic cobalamin inactivation impairs
folate polyglutamate synthesis in the rat. | Clin Invest, 71, pp. 1183-90

Perry AS, Foley R, Woodson K, & Lawler M. (2006). The emerging roles of DNA methylation
in the clinical management of prostate cancer. Endocr Relat Cancer, 13, pp. 357-77

Pratt RF, & Cooper BA. (1971). Folates in plasma and bile of man after feeding folic acid--3h
and 5-formyltetrahydrofolate (folinic acid). | Clin Invest, 50, pp. 455-62

Pufulete M, Al-Ghnaniem R, Rennie JA, Appleby P, Harris N, Gout S, Emery PW, & Sanders
TA. (2005). Influence of folate status on genomic DNA methylation in colonic
mucosa of subjects without colorectal adenoma or cancer. Br | Cancer, 92, pp. 838-42

Rampersaud GC, Kauwell GP, Hutson AD, Cerda ]J, & Bailey LB. (2000). Genomic DNA
methylation decreases in response to moderate folate depletion in elderly women.
Am ] Clin Nutr, 72, pp. 998-1003

Ratanasthien K, Blair JA, Leeming R], Cooke WT, & Melikian V. (1974). Folates in human
serum. Journal of Clinical Pathology, 27, 875

Rauen HM, Stamm W, & Kimbel KH. (1952). [N(12)-formyl-folic acid, a fermentative
metabolic product of folic acid]. Hoppe Seylers Z Physiol Chem, 289, pp. 80-4

Remacha AF, Souto JC, Ramila E, Perea G, Sarda MP, & Fontcuberta J. (2002). Enhanced risk
of thrombotic disease in patients with acquired vitamin B12 and/or folate
deficiency: Role of hyperhomocysteinemia. Ann Hematol, 81, pp. 616-21

www.intechopen.com



Modulation of One-Carbon Metabolism by B Vitamins:
Implications for Transformation and Progression of Prostate Cancer 239

Rennie PS, & Nelson CC. (1998). Epigenetic mechanisms for progression of prostate cancer.
Cancer Metastasis Rev, 17, pp. 401-9

Robinson K, Arheart K, Refsum H, Brattstrom L, Boers G, Ueland P, Rubba P, Palma-Reis R,
Meleady R, Daly L, Witteman ], & Graham I. (1998). Low circulating folate and
vitamin B6 concentrations: Risk factors for stroke, peripheral vascular disease, and
coronary artery disease. European COMAC group. Circulation, 97, pp. 437-43

Ross J, Green ], Baugh CM, MacKenzie RE, & Matthews RG. (1984). Studies on the
polyglutamate specificity of methylenetetrahydrofolate dehydrogenase from pig
liver. Biochemistry, 23, pp. 1796-801

Rovinetti C, Bovina C, Tolomelli B, & Marchetti M. (1972). Effects of testosterone on the
metabolism of folate coenzymes in the rat. Biochem ], 126, pp. 291-4

Rowling M], McMullen MH, & Schalinske KL. (2002). Vitamin A and its derivatives induce
hepatic glycine n-methyltransferase and hypomethylation of DNA in rats. | Nutr,
132, pp. 365-9

Sanderson P, Stone E, Kim YI, Mathers JC, Kampman E, Downes CS, Muir KR, & Baron JA.
(2007). Folate and colo-rectal cancer risk. Br | Nutr, 98, pp. 1299-304

Santini R, Brewster C, & Butterworth CE. (1964). The distribution of folic acid active
compounds in individual foods. Am | Clin Nutr, 14, pp. 205-10

Sasaki M, Tanaka Y, Perinchery G, Dharia A, Kotcherguina I, Fujimoto S, & Dahiya R.
(2002). Methylation and inactivation of estrogen, progesterone, and androgen
receptors in prostate cancer. | Natl Cancer Inst, 94, pp. 384-90

Segura-Pacheco B, Perez-Cardenas E, Taja-Chayeb L, Chavez-Blanco A, Revilla-Vazquez A,
Benitez-Bribiesca L, & Duenas-Gonzélez A. (2006). Global DNA hypermethylation-
associated cancer chemotherapy resistance and its reversion with the
demethylating agent hydralazine. | Transl Med, 4, 32

Shane (2010)" Folate Chemistry and Metabolism" in Folate in Health and Disease: Edited by
Lynn B. Bailey. Boca Raton, FL, CRC Press & Taylor and Francis Group, 1-24.

Sharma R, Hoskins JM, Rivory LP, Zucknick M, London R, Liddle C, & Clarke SJ. (2008).
Thymidylate synthase and methylenetetrahydrofolate reductase gene
polymorphisms and toxicity to capecitabine in advanced colorectal cancer patients.
Clin Cancer Res, 14, pp. 817-25

Sharma S, Kelly TK, & Jones PA. (2010). Epigenetics in cancer. Carcinogenesis, 31, 27

Shukeir N, Pakneshan P, Chen G, Szyf M, & Rabbani SA. (2006). Alteration of the
methylation status of tumor-promoting genes decreases prostate cancer cell
invasiveness and tumorigenesis in vitro and in vivo. Cancer Res, 66, pp. 9202-10

Sie KK, Medline A, van Weel J, Sohn K], Choi SW, Croxford R, & Kim YI. (2011). Effect of
maternal and postweaning folic acid supplementation on colorectal cancer risk in
the offspring. Gut,

Silverman M, Keresztesy JC, & Koval GJ. (1954). Isolation of n-10-formylfolic acid. Journal of
Biological Chemistry, 211, 53

Skipper HE, Chapman ]JB, & Bell M. (1950). Studies on the role of folic acid in the leukemic
process. Cancer, 3, pp. 871-3

Smith AD, Kim YI, & Refsum H. (2008). Is folic acid good for everyone?. Am | Clin Nutr, 87,
pp. 517-33

Sohn KJ, Jang H, Campan M, Weisenberger D], Dickhout ], Wang YC, Cho RC, Yates Z,
Lucock M, Chiang EP, Austin RC, Choi SW, Laird PW, & Kim YI. (2009). The
methylenetetrahydrofolate reductase C677T mutation induces cell-specific changes

www.intechopen.com



240 Prostate Cancer — From Bench to Bedside

in genomic DNA methylation and uracil misincorporation: A possible molecular
basis for the site-specific cancer risk modification. Int | Cancer, 124, pp. 1999-2005

Song JZ, Stirzaker C, Harrison J, Melki JR, & Clark SJ. (2002). Hypermethylation trigger of
the glutathione-s-transferase gene (GSTP1) in prostate cancer cells. Oncogene, 21,
pp- 1048-61

Sonpavde G, Aparicio AM, Zhan F, North B, Delaune R, Garbo LE, Rousey SR, Weinstein
RE, Xiao L, Boehm KA, Asmar L, Fleming MT, Galsky MD, Berry WR, & Von Hoff
DD. (2009). Azacitidine favorably modulates PSA kinetics correlating with plasma
DNA LINE-1 hypomethylation in men with chemonaive castration-resistant
prostate cancer. Urol Oncol,

Spies TD, & Garcia-Lopez G. (1948). Further observations on the specificity of the folic acid
molecule. Blood, 3, pp. 121-6

Sreekumar A, Poisson LM, Rajendiran TM, Khan AP, Cao Q, Yu J, Laxman B, Mehra R,
Lonigro RJ, Li Y, Nyati MK, Ahsan A, Kalyana-Sundaram S, Han B, Cao X, Byun J,
Omenn GS, Ghosh D, Pennathur S, Alexander DC, Chinnaiyan AM. (2009).
Metabolomic profiles delineate potential role for sarcosine in prostate cancer
progression. Nature, 457, pp. 910-4

Stevens VL, McCullough ML, Sun ], & Gapstur SM. (2010). Folate and other one-carbon
metabolism-related nutrients and risk of postmenopausal breast cancer in the
cancer prevention study II nutrition cohort. Am | Clin Nutr,

Stevens VL, Rodriguez C, Pavluck AL, McCullough ML, Thun MJ, & Calle EE. (2006). Folate
nutrition and prostate cancer incidence in a large cohort of US men. Am | Epidemiol,
163, pp. 989-96

Struys EA, Heijboer AC, van Moorselaar ], Jakobs C, & Blankenstein MA. (2010). Serum
sarcosine is not a marker for prostate cancer. Annals of Clinical Biochemistry, 47, 282

Sun X, Cross JA, Bognar AL, Baker EN, & Smith CA. (2001). Folate-Binding triggers the
activation of folylpolyglutamate synthetase. ] Mol Biol, 310, pp. 1067-78

Sun D, Wollin A, & Stephen AM. (2002). Moderate folate deficiency influences polyamine
synthesis in rats. | Nutr, 132, pp. 2632-7

Sweeney MR, McPartlin J, & Scott J. (2007). Folic acid fortification and public health: Report
on threshold doses above which unmetabolised folic acid appear in serum. BMC
Public Health, 7, 41

Sweeney MR, Staines A, Daly L, Traynor A, Daly S, Bailey SW, Alverson PB, Ayling JE, &
Scott JM. (2009). Persistent circulating unmetabolised folic acid in a setting of liberal
voluntary folic acid fortification. Implications for further mandatory fortification?.
BMC Public Health, 9, 295

Szyf M. (2009). Epigenetics, DNA methylation, and chromatin modifying drugs. Annu Rev
Pharmacol Toxicol, 49, pp. 243-63

Taneja SS. (2004). Prostascint(R) scan: Contemporary use in clinical practice. Rev Urol, 6
Suppl 10, pp. S19-28

Tisman (2005)" Pernicious anemia and other megaloblastic anemias: method of Glenn
Tisman" in Conn's Current Therapy. Philadelphia, Elsevier Saunders, 443-448.

Tisman & Garcia (2011) B Vitamins in Cancer Patients are Frequently Abnormal, Stimulate
and Inhibit Prostate Cancer and Modulate Chemotherapy Toxicity. . Advances and
Controversies in Clinical Nutrition, 17.

Tisman G, & Herbert V. (1973). B12 dependence of cell uptake of serum folate: An explanation
for high serum folate and cell folate depletion in B12 deficiency. Blood, 41,

www.intechopen.com



Modulation of One-Carbon Metabolism by B Vitamins:
Implications for Transformation and Progression of Prostate Cancer 241

Tisman G, Herbert V, & Edlis H. (1973). Determination of therapeutic index of drugs by in
vitro sensitivity tests using human host and tumor cell suspensions. Cancer
Chemother Rep, 57, pp. 11-9

Tisman G, Kutik S, & Rainville C. (2009). Coexistence of pernicious anemia and prostate
cancer - 'an experiment of nature' involving vitamin B(12 )modulation of prostate
cancer growth and metabolism: A case report. | Med Case Reports, 3, 9295

Tomaszewski JJ, Cummings JL, Parwani AV, Dhir R, Mason JB, Nelson ]JB, Bacich DJ, &
O'Keefe DS. (2011). Increased cancer cell proliferation in prostate cancer patients
with high levels of serum folate. Prostate,

Troen AM, Mitchell B, Sorensen B, Wener MH, Johnston A, Wood B, Selhub J, McTiernan A,
Yasui Y, Oral E, Potter JD, & Ulrich CM. (2006). Unmetabolized folic acid in plasma
is associated with reduced natural killer cell cytotoxicity among postmenopausal
women. | Nutr, 136, pp. 189-94

Ubbink JB, van der Merwe A, Delport R, Allen RH, Stabler SP, Riezler R, & Vermaak WJ.
(1996). The effect of a subnormal vitamin B-6 status on homocysteine metabolism. |
Clin Invest, 98, pp. 177-84

Ulrey CL, Liu L, Andrews LG, & Tollefsbol TO. (2005). The impact of metabolism on DNA
methylation. Hum Mol Genet, 14 Spec No 1, pp. R139-47

Uysal-Onganer P, Kawano Y, Caro M, Walker MM, Diez S, Darrington RS, Waxman J, &
Kypta RM. (2010). Wnt-11 promotes neuroendocrine-like differentiation, survival
and migration of prostate cancer cells. Mol Cancer, 9, 55

van Engeland M, Weijenberg MP, Roemen GM, Brink M, de Bruine AP, Goldbohm RA, van
den Brandt PA, Baylin SB, de Goeij AF, & Herman JG. (2003). Effects of dietary
folate and alcohol intake on promoter methylation in sporadic colorectal cancer:
The netherlands cohort study on diet and cancer. Cancer Res, 63, pp. 3133-7

Velicer CM, & Ulrich CM. (2008). Vitamin and mineral supplement use among US adults
after cancer diagnosis: A systematic review. | Clin Oncol, 26, pp. 665-73

Vlajinac HD, Marinkovi JM, Ili MD, & Kocev NI. (1997). Diet and prostate cancer: A case-
control study. European Journal of Cancer, 33, pp. 101-107

Wagner C, Briggs WT, & Cook R]J. (1985). Inhibition of glycine n-methyltransferase activity
by folate derivatives: Implications for regulation of methyl group metabolism.
Biochem Biophys Res Commun, 127, pp. 746-52

Wainfan E, Dizik M, Stender M, & Christman JK. (1989). Rapid appearance of
hypomethylated DNA in livers of rats fed cancer-promoting, methyl-deficient diets.
Cancer Res, 49, pp. 4094-7

Wainfan E, & Poirier LA. (1992). Methyl groups in carcinogenesis: Effects on DNA
methylation and gene expression. Cancer Res, 52, pp. 2071s-2077s

Wallace K, Grau MV, Levine A]J, Shen L, Hamdan R, Chen X, Gui J, Haile RW, Barry EL,
Ahnen D, McKeown-Eyssen G, Baron JA, & Issa JP. (2010). Association between
folate levels and cpg island hypermethylation in normal colorectal mucosa. Cancer
Prev Res (Phila), 3, pp. 1552-64

Wang X, Qin X, Demirtas H, Li ], Mao G, Huo Y, Sun N, Liu L, & Xu X. (2007). Efficacy of folic
acid supplementation in stroke prevention: A meta-analysis. Lancet, 369, pp. 1876-82

Wang YC, Tang FY, Chen SY, Chen YM, & Chiang EP. (2011). Glycine-N methyltransferase
expression in hepg?2 cells is involved in methyl group homeostasis by regulating
transmethylation kinetics and DNA methylation. | Nutr,

www.intechopen.com



242 Prostate Cancer — From Bench to Bedside

Ward GJ, & Nixon PF. (1990). Modulation of pteroylpolyglutamate concentration and length
in response to altered folate nutrition in a comprehensive range of rat tissues. |
Nutr, 120, pp. 476-84

Weinstein SJ, Hartman TJ, Stolzenberg-Solomon R, Pietinen P, Barrett M]J, Taylor PR,
Virtamo J, & Albanes D. (2003). Null association between prostate cancer and
serum folate, vitamin B(6), vitamin B(12), and homocysteine. Cancer Epidemiol
Biomarkers Prev, 12, pp. 1271-2

Weinstein SJ, Stolzenberg-Solomon R, Pietinen P, Taylor PR, Virtamo J, & Albanes D. (2006).
Dietary factors of one-carbon metabolism and prostate cancer risk. Am | Clin Nutr,
84, pp. 929-35

Williams KT, & Schalinske KL. (2007). New insights into the regulation of methyl group and
homocysteine metabolism. | Nutr, 137, pp. 311-4

Yang Q, Cogswell ME, Hamner HC, Carriquiry A, Bailey LB, Pfeiffer CM, & Berry RJ. (2010).
Folic acid source, usual intake, and folate and vitamin B-12 status in US adults:
National health and nutrition examination survey (NHANES) 2003-2006. Am | Clin
Nutr, 91, pp. 64-72

Yanokura M, Banno K, Kawaguchi M, Hirao N, Hirasawa A, Susumu N, Tsukazaki K, &
Aoki D. (2007). Relationship of aberrant DNA hypermethylation of CHFR with
sensitivity to taxanes in endometrial cancer. Oncol Rep, 17, pp. 41-8

Yao V, Berkman CE, Choi JK, O'Keefe DS, & Bacich DJ. (2010). Expression of prostate-
specific membrane antigen (PSMA), increases cell folate uptake and proliferation
and suggests a novel role for PSMA in the uptake of the non-polyglutamated folate,
folic acid. Prostate, 70, pp. 305-16

Yao V, Parwani A, Maier C, Heston WD, & Bacich DJ. (2008). Moderate expression of
prostate-specific membrane antigen, a tissue differentiation antigen and folate
hydrolase, facilitates prostate carcinogenesis. Cancer Res, 68, pp. 9070-7

Yardy GW, & Brewster SF. (2005). Wnt signalling and prostate cancer. Prostate Cancer
Prostatic Dis, 8, pp. 119-26

Yegnasubramanian S, Haffner MC, Zhang Y, Gurel B, Cornish TC, Wu Z, Irizarry RA,
Morgan ], Hicks J, DeWeese TL, Isaacs WB, Bova GS, De Marzo AM, & Nelson WG.
(2008). DNA hypomethylation arises later in prostate cancer progression than cpg
island hypermethylation and contributes to metastatic tumor heterogeneity. Cancer
Res, 68, pp. 8954-67

Yeo EJ, Briggs WT, & Wagner C. (1999). Inhibition of glycine n-methyltransferase by 5-
methyltetrahydrofolate pentaglutamate. | Biol Chem, 274, pp. 37559-64

Yunis JJ, & Soreng AL. (1984). Constitutive fragile sites and cancer. Science, 226, 1199

Zeisel SH. (2009). Epigenetic mechanisms for nutrition determinants of later health
outcomes. Am | Clin Nutr, 89, pp. 14885-1493S

Zhu H, Mazor M, Kawano Y, Walker MM, Leung HY, Armstrong K, Waxman J, & Kypta
RM. (2004). Analysis of wnt gene expression in prostate cancer: Mutual inhibition
by WNT11 and the androgen receptor. Cancer Res, 64, pp. 7918-26

www.intechopen.com



Prostate Cancer - From Bench to Bedside
PROSTATE CANCER | Edited by Dr. Philippe E. Spiess

FROM BENCH TO BEDSIDE

At by Philioge L. Seion

ISBN 978-953-307-331-6

Hard cover, 528 pages

" \-Wf 4 Publisher InTech

\ [ "’:, Published online 25, November, 2011
o Published in print edition November, 2011

The present textbook highlights many of the exciting discoveries made in the diagnosis and treatment of
prostate cancer over the past decade. International thought leaders have contributed to this effort providing a
comprehensive and state-of-the art review of the signaling pathways and genetic alterations essential in
prostate cancer. This work provides an essential resource for healthcare professionals and scientists
dedicated to this field. This textbook is dedicated to the efforts and advances made by our scientific
community, realizing we have much to learn in striving to some day in the not too distant future cure this
disease particularly among those with an aggressive tumor biology.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Glenn Tisman (2011). Modulation of One-Carbon Metabolism by B Vitamins: Implications for Transformation
and Progression of Prostate Cancer, Prostate Cancer - From Bench to Bedside, Dr. Philippe E. Spiess (Ed.),
ISBN: 978-953-307-331-6, InTech, Available from: http://www.intechopen.com/books/prostate-cancer-from-
bench-to-bedside/modulation-of-one-carbon-metabolism-by-b-vitamins-implications-for-transformation-and-
progression-of

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBMIERFEK6SS LiEEPrREB ARG DA 4058 TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




