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Abstract

African American (AA) men have a 60% higher incidence and two times greater risk of dying of prostate cancer (PCa) than
European American men, yet there is limited insight into the molecular mechanisms driving this difference. To our
knowledge, metabolic alterations, a cancer-associated hallmark, have not been reported in AA PCa, despite their importance
in tumor biology. Therefore, we measured 190 metabolites across ancestry-verified AA PCa/benign adjacent tissue pairs
(n¼33 each) and identified alterations in the methionine-homocysteine pathway utilizing two-sided statistical tests for all
comparisons. Consistent with this finding, methionine and homocysteine were elevated in plasma from AA PCa patients us-
ing case-control (AA PCa vs AA control, methionine: P¼ .0007 and homocysteine: P< .0001), biopsy cohorts (AA biopsy positive
vs AA biopsy negative, methionine: P¼ .0002 and homocysteine: P< .0001), and race assignments based on either self-report
(AA PCa vs European American PCa, methionine: P¼ .001, homocysteine: P< .0001) or West African ancestry (upper tertile vs
middle tertile, homocysteine: P< .0001; upper tertile vs low tertile, homocysteine: P¼ .002). These findings demonstrate
reprogrammed metabolism in AA PCa patients and provide a potential biological basis for PCa disparities.

Studies focusing on the biological mechanism of prostate can-
cer (PCa) disparities are underrepresented despite reports indi-
cating that African American (AA) PCa patients exhibit higher
tumor volume and involvement, in addition to lower 5-year bio-
chemical recurrence survival, than their European American
(EA) counterparts (1–3). To address this gap in knowledge, we
examined metabolite levels in AA PCa using three distinct
cohorts of deidentified clinical samples, all obtained with insti-
tutional review board approval and appropriate patient consent.

These included (1) matched pairs of AA PCa (n¼ 33, all genetic
ancestry examined) and adjacent benign tissues from a prosta-
tectomy cohort (Supplementary Table 1, available online); (2)
plasma and urine samples from age-matched AA and EA partic-
ipants with extensive clinical, epidemiological, and dietary data
(refer to Supplementary Methods, available online, for question-
naire) recruited into the NCI-Maryland Prostate Cancer Case-
Control Study (4) (plasma: 52 AA PCa and 51 EA PCa with 25 AA
and 23 EA control subjects, respectively; 66 AA and 58 EA were
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genetic ancestry verified, Supplementary Table 2, available on-
line; urine: 20 AA PCa and 18 EA PCa with 19 AA and EA control
subjects; 27 AA and 31 EA were ancestry verified;
Supplementary Table 3, available online); and, (3) plasma
obtained from a biopsy cohort of AA patients (43 biopsy nega-
tive and 80 biopsy positive; all genetic ancestry verified;
Supplementary Table 4, available online). Genetic ancestry esti-
mates were determined using Ancestry Informative Markers.
Tissue samples were examined for 190 metabolites using mass
spectrometry-based multiple reaction monitoring (MRM)
(Figure 1A; Supplementary Tables 5 and 6, available online,
show MRM transitions) using pooled samples to monitor repro-
ducibility (coefficient of variation of pool samples are described
in Supplementary Table 7, available online). Metabolic profiles
were examined using a two-sided paired t test to determine al-
tered metabolites, and Network Gene Set enrichment Analysis
[NetGSA (5)] to identify pathways in AA PCa relative to benign
adjacent tissue. Relative levels of key altered metabolites,
namely methionine and homocysteine, were examined in
plasma and urine samples using MRM and analyzed for statisti-
cal significance using a two-sided Wilcoxon test. Linear regres-
sion-based multivariable analysis was used on the plasma data
to study associations between methionine and homocysteine
levels with West African ancestry in PCa cases. Expression of
homocysteine metabolizing enzymes, Betaine-Homocysteine S-
Methyltransferase (BHMT) and cystathionine beta synthase
(CBS), were examined using tissue microarray analysis (TMA),
immunostained with commercially available BHMT and CBS
antibodies. TMAs were scored for both intensity and extent of
staining on a scale of 0 to 9, by a genitourinary pathologist, and
was analyzed using a two-sided Wilcoxon test. In all cases, in-
cluding NetGSA, Benjamini-Hochberg method was used to com-
pute the false discovery rate (FDR). A detailed description of all
methods can be found in the Supplemental section (available
online).

A total of 73 of 190 metabolites examined were statistically
significantly altered (P< .05, FDR � 0.3) in AA PCa relative to ad-
jacent benign tissue (refer Supplementary Table 8, available on-
line for raw P values). This included higher levels of metabolites
in the methionine-homocysteine and other amino acid path-
ways (Figure 1A, red font). NetGSA of all statistically significant
metabolites (P< .05, FDR � 0.3) revealed multiple amino acid
pathways, with cysteine-methionine metabolism being the
most enriched biochemical pathway (Figure 1B; Supplementary
Table 9, available online).

In light of the above findings, we examined levels of methio-
nine and homocysteine in plasma obtained from case-control
and biopsy cohorts. Interestingly, median circulating levels of
methionine and its by-product homocysteine were statistically
significantly elevated in AA PCa cases vs control subjects (me-
thionine: 3.34 [range ¼ 2.97–3.77] vs 3.11 [range ¼ 2.55–3.65],
P¼ .007, Figure 1C; and homocysteine: 6.31 [range ¼ 0.89–17.90]
vs 1.27 [range ¼ 0.24–4.44], P< .0001, Figure 1F; refer to
Supplementary Figure 1, available online, for data in genetic an-
cestry-verified samples). Similar analyses revealed a statisti-
cally significant increase in median methionine and
homocysteine levels in AA biopsy positive vs biopsy negative
control subjects (methionine: 4.89 [range ¼ 4.38–5.1] vs 4.80
[range ¼ 4.05–5.03], P¼ .0002, Figure 1D; and homocysteine: 4.78
[range ¼ 0.43–7.96] vs 3.10 [range ¼ 0.83–5.72], P< .0001,
Figure 1G; refer Supplementary Figure 2, available online, for
data on biopsy cohort after 2 years of follow-up). Furthermore,
levels of these metabolites in AA PCa were statistically signifi-
cantly higher than EA PCa (methionine: 3.34 [range ¼ 2.97–3.77]

vs 3.16 [range ¼ 2.54–3.39], P¼ .001, Figure 1E; and homocyste-
ine: 6.31 [range ¼ 0.89–17.90] vs 1.26 [range ¼ 0.23–16.92],
P< .0001, Figure 1H). Methionine and homocysteine levels were
not statistically significantly different between EA PCa and con-
trol subjects or AA control subjects and EA control subjects
(Supplementary Figure 3, available online).

To evaluate potential associations between West African an-
cestry and metabolite levels, we stratified the case-control cohort
into tertiles based on percent West African ancestry.
Homocysteine levels were statistically significantly (P< .0001) el-
evated in the upper (n¼ 38 self-reported AA, median ¼ 4.57
[range ¼ 0.54–16.67]) vs middle tertile (n¼ 46, 30 self-reported AA
and 16 self-reported EA, median ¼ 1.57 [range ¼ 0.24–17.90]) and
upper vs bottom tertile (n¼ 41 self-reported EA, median ¼ 1.46
[range ¼ 0.23–16.92], P¼ .002, Figure 2A). In addition, we also car-
ried out a nonparametric Spearman Rank Correlation analysis to
obtain insights into potential associations between elevated lev-
els of methionine and homocysteine with West African ancestry
in an unstratified manner. Interestingly, we observed a positive
correlation between methionine levels and West African ancestry
only in PCa cases (rho ¼ 0.44, P¼ .01; Supplementary Figure 4A,
available online). Homocysteine levels were also correlated with
West African ancestry across all samples (rho ¼ 0.46, P< .001;
Supplementary Figure 4B, available online) and among PCa cases
(rho¼ 0.45, P< .0001; Supplementary Figure 4C, available online).

Because methionine is an essential amino acid, additional
analyses of dietary data collected within the case-control
study were examined to determine if this could account for
the observed differences in circulating levels of methionine
and homocysteine between AA and EA samples. A multivari-
able linear regression analysis controlling for body mass index,
age at diagnosis, socioeconomic status (education, income, and
number of individuals in the household), and either meat done-
ness or fish or bacon fat consumption was done separately for
PCa cases and control subjects. This analysis further confirmed
that in PCa cases, self-reported AA race is independently associ-
ated with plasma methionine and homocysteine levels
(Supplementary Tables 10–12, available online). This relationship
was weaker among the control subjects. Other factors that
showed associations with plasma methionine and homocysteine
levels included body mass index, income, and meat doneness
(Supplementary Tables 10–12, available online).

Methionine is converted to homocysteine, which is either
remethylated back to methionine by BHMT or committed to the
trans-sulfuration pathway by CBS (Figure 2B). Tissue microarray
analysis was performed on tissues obtained from a prostatec-
tomy cohort and revealed statistically and biologically signifi-
cant reductions of BHMT (P¼ .0003; Figure 2C), and CBS
(P< .0001; Figure 2D) in AA PCa relative to EA PCa, thereby vali-
dating accumulation of homocysteine in AA PCa
(Supplementary Figure 5, available online, shows the cumula-
tive frequency of TMA scores).

Elevated levels of homocysteine are consistent with earlier
findings that describe increased methylation in AA PCa (6), which
is reflected by higher levels of sarcosine, an N-methyl derivative
of the amino acid glycine, in AA PCa compared with benign adja-
cent tissue (Figure 1A). Statistically significant increases in me-
dian levels of sarcosine were also found in urine samples (clinical
data in Supplementary Table 3, available online) of all PCa vs con-
trol subjects (0.05 [range ¼ 0.01–0.50] vs 0.03 [range ¼ 0.005–0.15]).
Sarcosine levels were also statistically higher in AA PCa vs AA
control subjects (AA PCa: 0.06 [range ¼ 0.01–0.5] vs AA control
subjects: 0.03 [range ¼ 0.005–0.15]) and AA PCa vs EA PCa (0.04
[range¼ 0.015–0.26]; Supplementary Figure 6, available online).
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Figure 1. Methionine-homocysteine levels in African American (AA) prostate cancer (PCa). (A) Heat map showing altered metabolites in localized PCa (n¼33) and

matched adjacent benign tissue in ancestry-verified AA patients. Shades of yellow and blue represent an increase or decrease of a metabolite relative to median me-

tabolite levels (false discovery rate [FDR] ¼ 0.3), respectively (refer to color key). Metabolites marked in red belong to the methionine-homocysteine pathway.

(B) Network-based Gene Set Analysis map showing differential metabolic pathways between AA PCa and adjacent benign tissue. Pathways enriched at FDR-corrected P

value less than .001 are shown in solid circles. The circumference of the circle is correlated to the pathway connectivity. Red and green circles indicate enriched path-

ways that are up- and downregulated in AA PCa, respectively. Red circles with blue borders indicate the most enriched pathways (P<10�5). Association between

enriched pathways are delineated by the bridges. Components of the methionine-homocysteine pathway are indicated in red font. Boxplots comparing the plasma me-

thionine levels between (C) AA PCa and control subjects (n¼ 24 each), (D) AA biopsy-positive (n¼78) samples and biopsy-negative control subjects (n¼43), and (E) AA

and EA PCa (n¼24 each). Boxplots comparing the plasma homocysteine levels between (F) AA PCa (n¼52) and control subjects (n¼25), (G) AA biopsy positive (n¼80)

and biopsy negative (n¼43), and (H) AA PCa (n¼52) and EA PCa (n¼51). Two-sided P values for all the comparisons were calculated using Wilcoxon rank sum test.
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Notably, higher homocysteine levels are known to promote
the formation and degeneration of bone matrix (7), which are
integral events associated with PCa-associated bone metastasis
(8). It is thus intriguing to speculate that higher levels of homo-
cysteine found in AA patients with PCa may promote tumor cell
homing to the bone, a premise that warrants further
investigation.

In summary, for the first time we have shown that both self-
reported and ancestry-stratified AA PCa is characterized by
alterations in the methionine-homocysteine pathway, resulting
in accumulation of methionine and homocysteine in tissue,
plasma, and a clinically relevant biopsy patient population. In
support of these findings, elevated homocysteine levels were
associated with West African ancestry in men with PCa in a
case-control setting. Lastly, in AA PCa, the expression of
enzymes responsible for recycling and trans-sulfuration of

these metabolites was statistically and biologically significant
reduced. Overall, this first-in-field metabolic assessment of AA
PCa provides biological insights that could contribute to PCa
disparities.
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