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Abstract: Circulating vitamin B12 (cobalamin/B12) and total transcobalamin (tTC) have been associated with increased
and reduced risk, respectively, of prostate cancer. Mendelian randomization has the potential to determine whether
these are causal associations. We estimated associations of single nucleotide polymorphisms in B12-related genes
(MTR, MTRR, FUT2, TCN2, TCN1, CUBN, and MUT) with plasma concentrations of B12, tTC, holo-transcobalamin, holohaptocorrin, folate, and homocysteine and with prostate cancer risk in a case-control study (913 cases, 895 controls)
nested within the UK-wide population-based ProtecT study of prostate cancer in men age 45-69 years. Instrumental
variable (IV) analysis was used to estimate odds ratios for effects of B12 and tTC on prostate cancer. We observed
that B12 was lower in men with FUT2 204G>A (rs492602), CUBN 758C>T (rs1801222) and MUT 1595G>A
(rs1141321) alleles (Ptrend<0.001); tTC was lower in men with the TCN2 776C>G (rs1801198) allele (Ptrend<0.001).
FUT2 204G>A and CUBN 758C>T were selected as instruments for B12; TCN2 776C>G for tTC. Conventional and IV
estimates for the association of loge (B12) with prostate cancer were: OR=1.17 (95% CI 0.90-1.51), P=0.2 and
OR=0.60 (0.16-2.15), P=0.4, respectively. Conventional and IV estimates for the association of loge (tTC) with prostate cancer were: OR=0.81 (0.54-1.20), P=0.3 and OR=0.41 (0.13-1.32), P=0.1, respectively. Confidence intervals
around the IV estimates in our study were too wide to allow robust inference. Sample size estimates based on our
data indicated that Mendelian randomization in this context requires much larger studies or multiple genetic variants
that explain all of the variance in the intermediate phenotype.
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Introduction
Circulating concentrations of vitamin B12 have
been associated with an increased risk of prostate cancer in a meta-analysis based on 6 studies, including a case-control study nested within
the UK-wide, population-based Prostate testing
for cancer and Treatment (ProtecT) study of PSA
-detected prostate cancer (pooled OR=1.10;
95% CI 1.01, 1.19 per 100 pmol/L increase in
B12; P=0.002) [1]. Haptocorrin and transcobala-

min are B12 transport proteins to which total
circulating B12 is bound, as holo-haptocorrin and
holo-transcobalamin respectively, in an approximate 80:20 ratio [2]. Holo-transcobalamin is
the fraction of circulating B12 which is available
for cellular uptake. Data from ProtecT revealed
a positive association of holo-haptocorrin with
prostate cancer risk (OR=1.21; 95% CI 1.01,
1.44; P=0.04), but no detectable evidence of an
association of holo-transcobalamin with prostate cancer risk (OR=0.99; 95% CI 0.86, 1.14;
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P=0.9) [1]. This suggests that the positive association of total B12 with prostate cancer risk
could be due to reverse causation or confounding, rather than reflecting the action of bioavailable B12. ProtecT data also suggested an
inverse association of total transcobalamin (tTC)
with prostate cancer risk (OR=0.76; 95% CI
0.55, 1.05; P=0.10).
Mendelian randomization (MR) uses genotypes as instrumental variables (IVs) to test
and estimate the causal effect of phenotypes on disease-related outcomes, and can
overcome unmeasured confounding [3, 4].
To be valid instruments the genotypes should
fulfill the IV assumptions that: (a) the genotype
is robustly associated with the phenotype; (b)
the genotype is independent of factors confounding the association between the phenotype and outcome, which is in general justified
by Mendel’s laws [5]; (c) the genotype is associated with the outcome only through the intermediate phenotype, does not have a direct effect
on the outcome and does not modify the effect
of the phenotype on the outcome [3]. MR studies can require large samples to overcome imprecision in IV estimates arising from the combined variances of the genotype-phenotype and
phenotype-outcome associations [6]. Here we
use data from ProtecT to assess singlenucleotide polymorphisms (SNPs) in B12 and tTC
-related genes as potential instrumental variables for determining causal associations of
circulating concentrations of vitamin B12 and tTC
with the risk of PSA-detected prostate cancer.
Materials and methods
The study population, ethical approval, blood
sample handling, biochemical analyses, DNA
extraction and genotyping are as previously
described [1,7]. In brief, ProtecT
(ISRCTN20141297) is a UK-wide, populationbased study of PSA testing for prostate cancer
with an embedded randomized controlled trial
of treatments for localized prostate cancer. Between 1999 and 2009, men aged 45-69 years
from 337 general practices around nine centres
were invited to have a PSA test [8]. Participants
with a PSA level ≥ 3.0ng/mL were invited for
digital rectal examination and 10-core transrectal ultrasound-guided biopsy. A diagnosis of
localized prostate cancer was defined as a positive biopsy, clinical stage T1-T2, NX, M0; advanced prostate cancer was defined as positive
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biopsy, clinical stage T3-T4 or N1 or M1.
The present study is based upon two casecontrol series: in the first (genotype series),
blood samples from 1,607 cases (1,319 (82%)
localized, 288 (18%) advanced) and 3,058 controls (including 1,203 'low PSA' (< 0.5ng/ml)
controls that were selected for a genome-wide
association study [9]) were genotyped for 13
folate and B12-pathway SNPs [7]; in the second
(phenotype series), blood samples from 1,461
cases (1,298 (89%) localized, 163 (11%) advanced) and 1,507 controls were assayed for
plasma concentrations of folate, B12, tTC, holotranscobalamin (hTC) and total homocysteine
(tHcy), as described previously [1]. Holohaptocorrin (hHC) concentration was calculated
by subtracting hTC concentration from total B12
concentration, hence does not include cobalamin analogues. In both case-control series,
cases were selected at random from among all
men diagnosed with localized or advanced cancer who had consented to a blood sample for
research. Eligible controls were randomlyselected from men who had a PSA level < 3 ng/
mL, or who had a PSA level ≥ 3 ng/mL and a
negative biopsy result, and who had consented
to provide a research blood sample. Controls
were stratum-matched to cases by five-year age
group and by the primary care practice from
which they were recruited. Our MR analysis is
based on 913 cases (809 (89%) localized, 104
(11%) advanced) and 895 controls with genotype and phenotype data (Figure 1). The B12 and
tTC-related genes use in this analysis are described in Table 1.
Genotype-disease and genotype-phenotype
associations
We tested whether genotype frequencies in controls in the genotype case-control series were in
Hardy-Weinberg Equilibrium (HWE) using the
Pearson Chi-squared test. We assessed genotype-disease associations in the genotype casecontrol series by estimating the odds of prostate
cancer using logistic regression in an additive
(per minor allele) effect model in which genotype was coded A/A=0 (reference), a/A=1, a/
a=2. We used an additive effect model with a
quadratic term for the minor allele to test
whether there was any departure from a linear
(additive) effect by observing the P-value and
odds ratio (OR) for the quadratic term (OR<1
indicating a dominant effect; OR>1 a recessive
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Figure 1. Selection of cases and controls from the ProtecT study for use in our Mendelian randomization analysis.

effect). Odds ratios for associations with advanced and localized cancer were compared
using a multinomial logistic regression model.
This model provides a statistical test for heterogeneity in odds ratios comparing associations of
each genotype with localized vs advanced prostate cancers. We assessed genotype-phenotype
associations by estimating per allele (additive)
genotypic effects on median plasma vitamin
and metabolite concentrations (and PSA levels)
in controls using a non-parametric test-for-trend
of medians.
IV analysis
F-statistics indicating the strength of a genotype
as a potential instrument were estimated by
linear regression of loge-transformed plasma
concentrations of B12 and tTC in cases and controls against genotype in a weighted additive
model. Weights were created by 5-year age
group (45-49, 50-54, 55-59, 60-64, 65-69) and
study centre to map cases and controls back to
their proportions in the population. IV estimates
based on weak instruments (F < 10) will be biased towards the conventional (confounded)
phenotype-outcome association [6]. We assessed the suitability of each SNP as an instru-
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mental variable by: i) considering the F-statistic
for each SNP (to ensure a sufficiently strong
instrument); ii) eliminating SNPs which were
strongly associated with folate or homocysteine
(to avoid SNPs with effects on prostate cancer
via pathways independent of B12 and tTC
(horizontal pleitropy); iii) testing for interaction
between each SNP and plasma B12 or tTC in
logistic regression models with prostate cancer
as the outcome. IV analyses of the effects of B12
and tTC on prostate cancer risk were performed
using two consecutive stages of regression [10,
11]. In the first stage, we obtained residuals
from the weighted regression of logetransformed circulating B12 or tTC concentration
on the genotype. The residuals estimate the
variation in levels of circulating B12 or tTC attributable to unmeasured, and potentially confounding, factors. In the second stage, we used
a logistic regression model incorporating logetransformed B12 or tTC concentration and the
respective first-stage residual to estimate (with
robust standard errors) causal odds ratios for
prostate cancer per loge B12 or tTC concentration.
We estimated the IV analysis sample size required to achieve 90% power (5% level of signifi-
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cance) to detect causal associations of B12 or
tTC (exposure, denoted “X”) with prostate cancer (outcome, denoted “Y”) using a single instrument (genotype, denoted “G”, coded as a recessive or dominant binary effect) using the following method:
1) calculate genotype-outcome effect with Equation 1;

ORGY  ORXY 



Eq. 1

2) calculate genotype frequency in cases with
Equation 2:

f1  f 0ORGY 1  f 0  f 0ORGY 

Eq. 2

3) use f0 and f1 to estimate sample size using
the Stata command sampsi (where ORXY is the
odds ratio for a given increase Δ in exposure, δ
is the difference in mean exposure between the
two genotypes, and f0 is the frequency of the
rarer genotype in controls). This method is
based on the Wald-type estimate of the causal
odds ratio [12] and assumes that, for a sufficiently strong instrument, uncertainty in the
genotype-phenotype association can be ignored
relative to uncertainty in the genotype-outcome
association. All statistical analyses were performed using Stata Release 11 (StataCorp.
2009, College Station, TX).
Results
Associations of B12-related polymorphisms with
plasma concentrations of total B12, total
transcobalamin, holo-transcobalamin, holohaptocorrin, folate, and homocysteine
Three B12-related SNPs were strongly associated (Ptrend<0.001) with lower plasma concentrations of B12: FUT2 204G>A (rs492602);
CUBN 758C>T (rs1801222); and MUT
1595G>A (rs1141321) (Table 2). FUT2 204G>A
(rs492602) was strongly associated with reduced hHC (Ptrend<0.001) but had no detectable
effect on hTC, whereas CUBN 758C>T and MUT
1595G>A were strongly associated
(Ptrend=0.004) with reduced hHC and reduced
hTC. FUT2 204G>A was weakly associated with
increased folate (Ptrend=0.05) and reduced tTC
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(Ptrend=0.05); MUT 1595G>A was strongly associated with increased tHcy (Ptrend=0.003).
TCN2 776C>G (rs1801198) was strongly associated with reduced plasma tTC and hTC levels
(Ptrend<0.001) and TCN1 372T>C (rs526934)
was strongly associated with reduced plasma
hHC levels (Ptrend<0.001) and weakly associated
with reduced total B12 (Ptrend = 0.03). MTR
2756A>G (rs1805087) was weakly associated
with reduced tHcy (Ptrend=0.04); this SNP did not
affect levels of B12, but it was weakly associated
with increased hTC (Ptrend=0.07). None of the
polymorphisms were associated with PSA levels
in controls.
Associations of B12-related polymorphisms with
prostate cancer risk
All SNPs were in HWE in controls. None of the
SNPs had an effect on risk of prostate cancer
(Table 3), and there were no departures from a
linear (per minor allele) effect. There were no
differences in associations of any of the SNPs
with advanced vs localized prostate cancer
other than borderline heterogeneity
(P heterogeneity =0.05) for MUT 1595G>A
(ORlocalized=1.04; 95% CI 0.95, 1.15; P=0.4 vs
ORadvanced=0.86; 95% CI 0.72, 1.04; P=0.1).
Assessment of IV assumptions
Of the three SNPs associated with B12, FUT2
204G>A (F=29.8) and CUBN 758C>T (F=13.1)
were deemed eligible as instrumental variables.
MUT 1595G>A (F=13.9) was strongly associated with increased tHcy (Ptrend=0.003) which
could in turn be causally associated with prostate cancer on a pathway independently from
that directly linking B12 with prostate cancer.
Hence, we decided that MUT 1595G>A could
not be used as an instrument for the association of B12 with prostate cancer. TCN2 776C>G
was the only SNP strongly associated with
plasma tTC (F=122.1) and was not associated
with any other phenotype except hTC (F=16.2).
There were no interactions between FUT2
204G>A and B12 (Pheterogeneity=0.5), CUBN
758C>T and B12 (Pheterogeneity=0.4), or TCN2
776C>G and tTC (Pheterogeneity=0.9).
IV estimates
IV estimates for the causal effects of B12 and
tTC on prostate cancer risk using FUT2 204G>A,
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Table 1. Single nucleotide polymorphisms investigated as potential instrumental variables for this study
Gene

Name

Variant

SNP ID

Chr

MTR

5-methyltetrahydrofolatehomocysteine
methyltransferase

2756A>G

rs1805087

1q43

MTRR

66A>G

rs1801394

5p15.3

I22M,
I49M

FUT2

5-methyltetrahydrofolatehomocysteine
methyltransferase
reductase
Fucosyltransferase 2

204A>G

rs492602

19q13

A68A

TCN2

Transcobalamin II

776C>G

rs1801198

22q11

R259P,
R232P

TCN1

Transcobalamin I

372C>T

rs526934

11q11

CUBN

Cubilin

758C>T

rs1801222

10p12

F253S

MUT

Methylmalonyl Coenzyme A mutase

1595G>A

rs1141321
(rs9473558)

6p21

R532H

320

Residue
change
D919G

Phenotype & disease associations
Previously named “methionine synthase”, this enzyme catalyzes the de-methylation of 5-methyltetrahydrofolate to tetrahydrofolate and the re-methylation of homocysteine to methionine, using methylcobalamin(III) as an intermediate carrier of the methyl group. The 2756A>G polymorphism occurs in the
activation domain of MTR which contains the binding site for S-adenosylmethionine (AdoMet), in close
proximity to the adjacent cobalamin-binding domain [29]. Inconsistent evidence of associations of MTR
A2756G with phenotypes and cancers [30].
Previously named “methionine synthase reductase”, this enzyme re-methylates inactive cobalamin (II) to
the active methyl-cobalamin(III) form using a methyl group donated by AdoMet. Inconsistent evidence of
associations of MTRR A66G with phenotypes and cancers.
One of two genes encoding the galactoside 2-L-fucosyltransferase enzyme, a Golgi stack membrane
protein involved in the creation of a precursor of the H antigen, which is required for the final step in the
soluble A and B antigen synthesis pathway. The 204G allele is associated with higher circulating
concentrations of B12, possibly due to its strong linkage disequilibrium with the FUT2 W154X polymorphism
that determines gastrointestinal mucosal ABO antigen secretor status [16,25].
Encodes transcobalamin (TC, TCII), a transport protein to which approximately 20% of B12 is bound in
circulation, representing the fraction of B12 that is available for uptake by cells. Although TCN2 is widely
expressed, there is some evidence that the vascular endothelium is a primary source [31]. The 776G allele
is associated with lower circulating concentrations of TC [32].
Encodes haptocorrin (HC, R-binder, TCI), a glycoprotein secreted by salivary glands and parietal cells to
which approximately 80% of B12 is bound in circulation [33]. TCN1 372C>T has been associated with lower
circulating concentrations of HC and B12 [25,34].
CUBN functions as a receptor of B12 bound to intrinsic factor (IF), facilitating endocytic absorption of the
B12-IF complex by intestinal ileal mucosal cells [27]. CUBN 758C>T has been associated with lower
circulating concentrations of B12 [25].
MUT is a mitcochondrial enzyme that converts methylmalonyl Co-enzyme A (CoA) to succinyl-CoA using
adenosylcobalamin as co-factor. MUT 1595G>A has been associated with lower circulating concentrations
of B12 [25] and with higher levels of tHcy [28,25].
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Table 2. Total B12, bound B12, total transcobalamin, folate and total homocysteine concentrations [median (5th - 95th percentile)] in co
Gene

Variant

SNP

Allele

Allele
frequency
(%)

Total B12
(pmol/L)

Holo-haptocorrin
(pmol/L)

MTR

2756A>G

rs1805087

MTRR

66A>G

rs1801394

FUT2

204G>A

rs492602

TCN2

776C>G

rs1801198

TCN1

372C>T

rs526934

CUBN

758C>T

rs1801222

MUT

1595G>A

rs1141321

A/A
A/a
a/a
P*
A/A
A/a
a/a
P*
A/A
A/a
a/a
P*
A/A
A/a
a/a
P*
A/A
A/a
a/a
P*
A/A
A/a
a/a
P*
A/A
A/a
a/a
P*

65.6%
30.4%
4.0%
31.9%
49.9%
18.2%
25.5%
49.6%
24.9%
30.7%
49.7%
19.6%
49.9%
43.0%
7.1%
40.3%
47.2%
12.5%
41.1%
45.4%
13.4%
-

300 (161 – 538)
305 (171 – 494)
300 (169 – 631)
0.3
320 (161 – 535)
294 (162 – 525)
292 (165 – 554)
0.2
329 (194 – 576)
300 (163 – 514)
286 (159 – 473)
<0.001
296 (162 - 516)
313 (164 - 536)
315 (158 - 541)
0.2
308 (173 - 536)
301 (160 - 508)
283 (151 - 548)
0.03
323 (164 - 550)
304 (165 - 528)
291 (143 - 496)
<0.001
323 (164 - 550)
301 (159 - 524)
293 (151 - 522)
<0.001

245 (121 - 446)
247 (136 - 423)
248 (122 - 401)
0.7
252 (122 - 443)
245 (124 - 457)
246 (125 - 430)
0.4
286 (150 - 513)
240 (123 - 417)
230 (119 - 382)
<0.001
231 (125 - 410)
250 (126 - 446)
258 (121 - 463)
<0.001
250 (138 - 452)
235 (125 - 411)
214 (110 - 417)
<0.001
254 (125 - 479)
243 (130 - 441)
231 (110 - 406)
0.003
256 (127 - 452)
242 (122 - 430)
236 (128 - 437)
0.004

Holotranscobalami
n
(pmol/L)
56 (22 – 131)
58 (25 – 117)
63 (38 – 151)
0.07
57 (24 – 125)
56 (22 – 124)
59 (20 – 135)
0.8
57 (22 – 130)
57 (23 – 125)
56 (22 – 119)
0.8
63 (24 - 128)
56 (23 - 124)
53 (18 - 101)
<0.001
56 (24 - 116)
60 (24 - 131)
61 (16 - 123)
0.10
59 (22 - 131)
57 (22 - 116)
50 (21 - 100)
<0.001
60 (24 - 124)
56 (22 - 118)
54 (20 - 121)
<0.001

Totaltranscobalamin
(pmol/L)

Folate
(nmol/L)

Total
homocysteine
(μmol/L)

871 (602 – 1274)
907 (614 – 1298)
852 (594 – 1384)
0.2
870 (599 – 1317)
899 (614 – 1298)
865 (590 – 1256)
0.7
886 (614 – 1274)
893 (612 – 1317)
864 (595 – 1238)
0.05
983 (685 - 1462)
859 (610 - 1243)
782 (564 - 1095)
<0.001
873 (599 - 1278)
886 (619 - 1308)
880 (602 - 1215)
0.9
876 (615 - 1314)
869 (609 - 1294)
875 (612 - 1288)
1.0
881 (609 - 1293)
869 (612 - 1312)
875 (597 - 1272)
0.2

16.6 (6.6 – 53.3)
15.8 (6.2 – 50.8)
18.5 (5.8 – 44.4)
0.7
17.2 (6.5 – 53.6)
15.0 (6.1 – 50.8)
18.8 (6.4 – 53.4)
0.8
16.5 (6.5 – 45.0)
16.8 (6.5 – 52.0)
17.8 (6.4 – 54.3)
0.05
16.3 (6.4 - 51.5)
15.7 (6.0 - 50.3)
16.7 (6.7 - 54.2)
0.5
16.7 (6.4 - 51.5)
16.5 (6.4 - 52.2)
16.6 (6.1 - 56.4)
0.5
16.3 (6.1 - 53.1)
16.0 (6.4 - 48.7)
16.9 (6.1 - 54.2)
0.9
16.8 (6.1 - 51.3)
16.2 (6.2 - 51.2)
14.8 (5.9 - 56.1)
0.06

11.1 (7.7 – 17.9)
10.8 (7.7 – 17.3)
9.5 (7.3 – 21.0)
0.04
11.0 (7.7 – 17.5)
11.2 (7.7 – 18.7)
10.6 (7.1 – 17.5)
0.6
11.1 (7.8 – 17.4)
10.9 (7.5 – 17.9)
11.0 (7.8 – 17.4)
0.5
11.1 (7.9 - 17.7)
11.2 (7.7 - 18.3)
11.0 (7.7 - 17.5)
0.8
11.1 (7.7 - 17.9)
10.8 (7.7 - 17.4)
11.1 (7.7 - 18.7)
0.8
11.1 (7.7 - 17.6)
11.1 (7.7 - 18.0)
11.5 (7.8 - 18.5)
0.4
11.0 (7.8 - 17.6)
11.1 (7.7 - 18.0)
11.8 (8.2 - 17.9)
0.003

*non-parametric test-for-trend
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Table 3. Odds ratios for prostate cancer by genotype (additive effect model)*
Gene
Variant
SNP
All cases vs controls
Localized cases vs controls
Advanced cases vs controls
Pheterogeneity**
MTR
2756A>G
rs1805087 1.01 (0.90, 1.12), P=0.9
1.00 (0.89, 1.12), P=1.0
1.04 (0.84, 1.29), P=0.7
0.8
MTRR
66A>G
rs1801394 0.94 (0.86, 1.03), P=0.2
0.93 (0.84, 1.02), P=0.1
1.01 (0.85, 1.21), P=0.9
0.3
FUT2
204A>G
rs492602
0.98 (0.90, 1.07), P=0.7
0.98 (0.89, 1.07), P=0.6
1.01 (0.85, 1.20), P=0.9
0.7
TCN2
776C>G
rs1801198 1.06 (0.98, 1.16), P=0.2
1.07 (0.98, 1.17), P=0.2
1.08 (0.91, 1.29), P=0.4
0.8
TCN1
372C>T
rs526934
0.95 (0.86, 1.05), P=0.3
0.96 (0.87, 1.07), P=0.5
0.92 (0.75, 1.12), P=0.4
0.7
CUBN
758C>T
rs1801222 0.97 (0.89, 1.06), P=0.5
0.96 (0.87, 1.05), P=0.4
1.03 (0.86, 1.24), P=0.7
0.4
MUT
1595G>A
rs1141321 1.01 (0.92, 1.10), P=0.9
1.04 (0.95, 1.15), P=0.4
0.86 (0.72, 1.04), P=0.1
0.05
*Genotype dataset comprises 1,607 cases (1,319 localised, 288 advanced) and 3,058 controls (including 1,203 low PSA controls)
**Wald test comparing coefficients for localized and advanced prostate cancer estimated by multinomial logistic regression

Table 4. Odds ratios (OR) for prostate cancer per unit increase in logetransformed plasma concentrations of vitamin B12 and total
transcobalamin by conventional and instrumental variable (IV) analyses
Phenotype
Vitamin B12

Analysis
Conventional*
IV using FUT2 204G>A
IV using CUBN 758C>T
IV using both SNPs

OR (95% CI)
1.17 (0.90, 1.51)
0.96 (0.21, 4.42)
0.24 (0.03, 2.23)
0.60 (0.16, 2.15)
0.81 (0.54, 1.20)

P-value
0.2
1.0
0.2
0.4

0.3
Conventional*
IV using TCN2 776C>G 0.41 (0.13, 1.32)
0.1
*Conditional logistic regression matching on 5-year age group and recruiting
centre, further adjusted for exact age

Total transcobalamin
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CUBN 758C>T and TCN2 776C>G, respectively,
as instrumental variables are shown in Table 4.
The effect sizes obtained by conventional logistic regression for the associations of B12 and tTC
with risk of prostate cancer (OR=1.17; 95% CI
0.90, 1.51; P=0.2 and OR=0.81; 95% CI 0.54,
1.20; P=0.3) were similar in magnitude to the
previously reported associations (OR=1.19;
95% CI 0.98, 1.43; P=0.08 and OR=0.76; 95%
CI 0.55, 1.05; P=0.1) observed in a larger dataset [1], but are less precisely estimated. The IV
estimates for B12 using FUT2 204G>A
(OR=0.96; 95% CI 0.21, 4.42; P=1.0), CUBN
758C>T (OR=0.24; 95% CI 0.03, 2.23; P=0.2),
and both SNPs together in a multiple IV analysis
(OR=0.60; 95% CI 0.16, 2.15; P=0.4) are consistent with no causal effect (OR=1) and with
the estimate obtained by the conventional
analysis (OR=1.17). The IV estimate for tTC
(OR=0.41; 95% CI 0.13, 1.32; P=0.1) is also
consistent with the null and with the conventional estimate (OR=0.81).
Sample size estimates based on the pooled
odds ratio from our previously reported metaanalysis of B12-prostate cancer associations
(ORXY=1.10, 95% CI 1.01-1.19 per 100 pmol/L
increase in B12) [1] using a recessive effect of
FUT2 204G>A on B12 (Fstat=14.2, δ=43.3 pmol/
L, Δ=100 pmol/L, f0=0.255) indicated that approximately 65,000 cases and the same number of controls would be needed to detect with
90% power (5% level of significance) the genotype-prostate cancer association that would be
expected if the B12-prostate cancer association
were a true (unconfounded) causal effect. To
detect an effect consistent with the upper
bound of the 95% confidence interval
(ORXY=1.19) would require approximately
20,000 cases and 20,000 controls. The sample
size in our study (approximately 1,000 cases
and 1,000 controls) would have enabled us to
detect with 90% power a doubling in the true
causal odds of prostate cancer risk (OR=2.1 per
100 pmol/L increase in B12) given the observed
difference in mean B12 levels between genotypes of 43.3 pmol/L. In ProtecT controls, such
an increase is roughly equivalent to 1 standard
deviation (SD) of B12 levels (mean=315 pmol/L,
SD=119 pmol/L). Sample size estimates based
on the previously reported association of tTC
with prostate cancer in ProtecT (ORXY=0.91;
95% CI 0.83, 1.00 per SD) [1], using a dominant effect of TCN2 776C>G (Fstat=171.7, δ=144 pmol/L, Δ=308 pmol/L, f0=0.693), indi-
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cated that sample sizes for 90% power of approximately 51,000 cases and 51,000 controls
would be required to substantiate the point estimate, and 13,000 cases and 13,000 controls
to substantiate the lower bound of the 95% confidence interval.
Discussion
We have replicated several strong genotypephenotype effects which may be of importance
in future research into associations of blood
levels of B12 and tTC with diseases in humans.
Although the results of our IV analysis were insufficiently precise to provide a definitive answer as to the roles of B12 and tTC in prostate
cancer, we were able to estimate the sample
sizes that would be required to obtain precise IV
estimates based on observed genotypephenotype and phenotype-disease associations.
As previously reported [13, 6, 14], these tend to
be very large unless the phenotype-disease association is of a clinically significant magnitude,
e.g. a doubling in risk of prostate cancer per
100 pmol/L increase in circulating B12, or multiple genetic markers that explain all of the variance in the intermediate phenotype are used
[15].
The precise mechanism by which genetic variation in FUT2 affects circulating concentrations
of B12 has not been established. The FUT2
W154X (rs601338) SNP with which FUT2
204G>A (rs492602) is in perfect linkage disequilibrium [16] determines gastrointestinal
mucosal ABO antigen secretor status [17, 18].
Secretor vs non-secretor status has been associated with increased susceptibility to Helicobactor pylori infection [19] and Crohn’s Disease
[20] possibly leading to gastric atrophy and reduced intestinal absorption of B12. The weak
associations of FUT2 204G>A with increased
plasma folate and reduced total transcobalamin
are unlikely to alter the validity of this polymorphism as an instrument for circulating concentrations of B12. We excluded MUT 1595G>A as
an instrument for B12 on the basis of its strong
positive association with tHcy, although this
association is plausibly on the same genotypephenotype-cancer pathway as B12 (vertical pleitropy) rather than being on an alternative pathway (horizontal pleitropy). Adding MUT
1595G>A to the two-SNP IV analysis made little
difference to the IV estimate (OR=0.48; 95% CI
0.16, 1.44; P=0.2).
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Our IV analysis suggested an inverse association of tTC with risk of prostate cancer, although
the confidence interval did not exclude a null
effect. We have reported evidence of a recessive positive association of the TCN2 776G allele with prostate cancer risk (OR=1.15; 95% CI
0.99, 1.34; P=0.06) [7]. In the present analysis,
this effect was not substantiated as a departure
from a linear (per allele) effect (quadratic term
OR=1.07; 95% CI 0.95, 1.21; P=0.3). However,
it is consistent with our previously-reported inverse association of tTC with prostate cancer
risk (OR=0.71; 95% CI 0.50, 0.99 per loge concentration; P=0.05) [1], because circulating
concentrations of tTC are lower with the TCN2
776G allele. We have also reported a positive
association of the TCN2 776G allele with PSA
velocity in men in the ProtecT study who were
under active monitoring following a diagnosis of
localized prostate cancer (per allele change in
mean PSA velocity=0.61; 95% CI 0.08, 1.14 ng/
mL/y; P=0.02) [21], which is consistent with our
findings for TCN2 776G, tTC and risk of prostate
cancer. The TCN2 776G allele was not associated with PSA levels in controls, hence we do
not suspect bias due to men with this allele being more likely to proceed to biopsy in the ProtecT study. The TCN2 776G allele has been associated with higher gene promoter CpG island
methylation in colorectal cancer [22] and with
increased risk of colorectal adenoma [23], but
not colorectal cancer [24]. However, tTC has
rarely been studied in relation to cancer risk,
and no plausible causal mechanisms linking
transcobalamin with carcinogenesis were forthcoming from the literature. Replication of our
finding in a much larger study is needed.
Our findings that CUBN 758C>T (rs1801222),
MUT 1595G>A (rs1141321) and (less strongly)
TCN1 372C>T (rs526934) were inversely associated with levels of B12 are the first reported
replications of the original findings for these
SNPs [25]; for FUT2 204G>A (rs492602) the
second replication of its reported association
with lower concentrations of circulating B12
[16,25]. We have already discussed the possible mechanism linking FUT2 with B12 absorption. That FUT2 204G>A was inversely associated with tTC may also be a consequence of
gastric atrophy due to H pylori infection in ABO
antigen secretors [26], but its positive association with folate is the opposite of observed effects in patients infected with H pylori [26].
CUBN functions as a receptor of B12 bound to
intrinsic factor (IF), facilitating endocytic absorp-
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tion of the B12-IF complex by intestinal ileal mucosal cells [27]. The effect on this function of
the CUBN 758C>T polymorphism was less dramatic than the effect of the FUT2 204G>A polymorphism and CUBN 758C>T was of less utility
as an instrument for circulating B12. We found
novel associations of CUBN 758C>T, MUT
1595G>A and TCN2 776C>G with holohaptocorrin and holo-transcobalamin, and of
FUT2 204G>A and TCN1 372C>T with holohaptocorrin. These findings are unsurprising
given the various associations of these SNPs
with B12, transcobalamin and haptocorrin. The
association of MUT 1595G>A with increased
tHcy has been reported previously [28, 25].
MUT is a mitcochondrial enzyme that converts
methylmalonyl Co-enzyme A (CoA) to succinylCoA using adenosylcobalamin as co-factor, and
our findings suggest a mechanism whereby
MUT 1595G>A causes depletion of circulating
B12 leading to increased levels of tHcy, whereas
CUBN 758C>T and FUT2 204G>A are associated with lower total B12 but do not affect tHcy.
An inverse association of MTR 2756A>G with
tHcy has been consistently reported in the literature; its positive association with holotranscobalamin, although weak, is a novel finding.
Some caveats to Mendelian randomization
must be considered, namely: unknown linkage
disequilibrium between our SNPs and other
causal variants; unknown horizontal pleitropy;
and developmental changes that compensate
for genetic variation (canalization) [3]. Our Mendelian randomization approach to investigating
associations of plasma B12 and tTC with risk of
prostate cancer was inconclusive. Our sample
size estimates highlight the need for this approach to be based on much larger studies
when effects are of modest magnitude or multiple genetic variants that explain all of the variance in the intermediate phenotype. The ProtecT genome-wide association study could be
used as a first stage in identifying such variants,
using levels of B12 and tTC as quantitative traits,
although a replication sample would be needed.
With these caveats in mind, we have identified
three promising gene variants for Mendelian
randomization studies of the role of B12 and tTC
in prostate cancer aetiology.
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