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Abstract
Background—rs10993994, a single nucleotide polymorphism (SNP) at the genetic locus encoding
ß-microseminoprotein (β-MSP), is associated with both prostate cancer risk and levels of blood
prostate-specific antigen (PSA), a biomarker used in prostate cancer screening. Therefore, we wished
to determine the association between SNPs at MSMB, the gene encoding β-MSP, and levels of the
prostate-produced biomarkers β-MSP, PSA, and human kallikrein 2 (hK2) in blood and semen.

Methods—Blood and semen from 304 healthy young Swedish men (aged 18-21) were assayed for
β-MSP, PSA and hK2. SNPs around MSMB were genotyped from matched DNA and analyzed for
quantitative association with biomarker levels. Empirical p-values were multiple test corrected and
independence of each SNP’s effect was determined.

Results—rs10993994 is significantly associated with blood and semen levels of β-MSP (both
p<1.0×10−7) and PSA (p=0.00014 and p=0.0019), and semen levels of hK2 (p=0.00027). Additional
copies of the prostate cancer risk allele resulted in lower β-MSP but higher PSA levels, and singly
explained 23% and 5% of the variation seen in semen β-MSP and PSA. Additional SNPs at MSMB
are associated with β-MSP and PSA independently of rs10993994.

Conclusions—SNPs at MSMB correlate with physiological variation in β-MSP and PSA levels in
the blood and semen of healthy young Swedish men. In particular, rs10993994 has a strong effect
on β-MSP levels.

Impact—Our results suggest a mechanism by which rs10993994 may predispose to prostate cancer
and raise the possibility that genetic variation may need to be considered in interpreting levels of
these biomarkers.
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Introduction
While the etiology of prostate cancer remains largely unknown, recent genome-wide
association studies (GWAS) have identified numerous single nucleotide polymorphisms
(SNPs) associated with prostate cancer risk, including one, rs10993994, located near the gene
MSMB (1,2). MSMB codes for β-microseminoprotein (ß-MSP), also known as PSP94, a 94-
amino acid protein that is one of the three major proteins secreted by the prostate gland (3).
Though the physiological functions of ß-MSP are unknown, it has been detected in other
mucosal secretions and in the sera of both men and women (4-6). Blood serum levels of ß-
MSP are significantly correlated with seminal plasma levels of ß-MSP, with r2=0.50 (7). ß-
MSP displays characteristics of a tumor suppressor, as decreased expression is observed as
prostatic tissue progresses from benign epithelium to metastatic cancer (8-10) and ß-MSP has
been observed to inhibit growth of prostate cancer cell lines in vitro and in a xenograft model
(11,12). ß-MSP may also be useful as a prostate cancer biomarker, as lower levels of blood ß-
MSP are correlated with higher tumor grade (13).

Several lines of evidence support the hypothesis that the prostate cancer risk SNP rs10993994
is associated with levels of various prostate secretory products. rs10993994 is located 57
nucleotides upstream of the transcription start site for MSMB. In in vitro reporter assays the
risk allele for prostate cancer, T, results in lower gene expression as opposed to the protective
allele, C (14,15). A recent study of 60 Chinese men with prostate cancer found that patients
with the CC genotype at rs10993994 have higher levels of serum β-MSP than patients with the
CT/TT genotypes (16). rs10993994 is associated with prostate specific antigen (PSA) levels
in healthy older men (17). PSA is another of the three major secretory products of the prostate
(3) and is heavily utilized as a biomarker in prostate cancer screening and diagnosis (18). PSA
is a member of the kallikrein family of peptidases and is related to human kallikrein 2 (hK2),
which is secreted by the prostate as well. rs10993994 is also associated with blood levels of
hK2 (19).

The role of genetic variation at MSMB in determining natural levels of prostate secretions in
healthy young men not at risk for developing prostate cancer, even undiagnosed subclinical
prostate cancer, has not been thoroughly explored. Therefore, we undertook a detailed and
systematic study of SNPs around the MSMB locus, including rs10993994, and their association
with prostate biomarker levels. Here, we report that rs10993994 is significantly correlated with
levels of blood and semen ß-MSP, free and total PSA, and semen levels of hK2 in young
Swedish men. We have also discovered novel associations between additional SNPs at
MSMB with blood and semen ß-MSP and semen PSA levels. Our efforts demonstrate that
common genetic variation at the MSMB locus controls physiological levels of prostate secreted
proteins and provide evidence that this susceptibility locus warrants further functional
exploration.

Materials and Methods
Study Subjects

304 healthy Swedish males, aged 18-21 years (mean age of 18.1), were enrolled originally in
a study of reproductive function (20), as approved by the Ethical Review Board at Lund
University. Blood and ejaculate samples were collected from the study subjects and analyzed
for levels of biomarkers, as described previously (7).
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Blood and Semen Measurements
Collected blood samples were analyzed for blood serum levels of biomarkers (labeled “blood”),
while collected semen samples were centrifuged and seminal plasma analyzed for semen levels
of biomarkers (labeled “semen”).

Blood and semen levels of β-MSP were assayed using rabbit anti-human MSP serum and goat
anti-rabbit antibodies as described previously (7). Blood and semen hK2 were measured as
previously described in (21). Blood and semen levels of free and total PSA were obtained as
previously described in (21,22), with the commercially available Prostatus™ PSA Free/Total
kit, Delfia™ Reagents (Wallac Oy, Turku, Finland) assay.

SNP Selection and Genotyping
The coding and promoter regions of the MSMB gene were resequenced in DNA derived from
12 men with prostate cancer. No exonic variants were observed; three variants sites in the
promoter were found (rs12770171, rs10993994, and rs41274660). Therefore, in addition to
these three SNPs an additional 22 SNPs were manually selected from dbSNP and the
International HapMap project to cover the MSMB gene and upstream regulatory region. In total
25 SNPs, spanning from 34kb upstream of MSMB’s transcription start site to immediately
proximal to the final exon (chr10: 51185540-51231805), were selected for genotyping.
Genomic DNA was isolated from peripheral leukocytes and genotyped with Sequenom’s
MassARRAY MALDI-TOF as previously described (19). Of these 25 SNPs, 3 failed the
successful genotyping cutoff of 95%, 4 were monomorphic in the study population, and 2 had
minor allele frequencies under 0.01. The total genotyping rate after removal of low quality
SNPs was 96%. The remaining 16 SNPs were used in subsequent association analyses (Figure
1).

Statistical and Association Analyses
Statistical analyses were performed in PLINK v1.0.5 (23), STATA v10 (StataCorp, College
Station, TX), and Prism v5.00 (GraphdPad Software, San Diego California USA). Exact
commands used in PLINK and STATA are noted in italics.

Quantitative association analyses of blood and semen measurements with 16 SNPs at the
MSMB locus were performed in PLINK. All SNPs passed Hardy-Weinberg equilibrium testing
with p>= 0.01 (--hwe 0.01).

Univariate tests of association between a SNP and biomarker level was performed using linear
regression. Empirical p-values were determined through label-swapping permutation testing
with 10 million iterations, which corrects for the testing of multiple SNPs but not multiple
phenotypes (--mperm 10000000 --assoc).

While the empirical estimation of p-values for the univariate tests does not assume normality,
we wished to use tests that assume normality for further analyses. Normality of each phenotype
was determined through both visually analyzing quantile-quantile plots against a normal
distribution and the Shapiro-Wilk’s test for normality (qnorm and swilk in STATA). Where
possible, nonparametric tests were performed on untransformed data, but where analysis
required assumptions of normality, the following transformations were applied in order until
the transformed data passed the aforementioned normality tests; log transformation (to blood
and semen β-MSP), box-cox transformation (bcskew0 in STATA, to blood hK2, semen total
PSA, free PSA and hK2 with λ=0.51, 0.15, 0.16, and 0.34 respectively), or a rank order
transformation in which all individuals are ranked for the individual phenotype with ties split
evenly and assigned a Z-score corresponding to the matching percentile of an ideal normal
distribution (to blood free PSA and total PSA).
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The independence of each SNP’s effect from another was ascertained through conditional
haplotyping analysis (--chap in PLINK) on normalized data; all significant SNPs were
individually paired with the most significant SNP and tested for independent effects. If more
than one test was performed, multiple test correction was accomplished with Sidak’s
correction. Haplotype blocks were identified and visualized through Haploview 4.1 (24)

Correlations were calculated via Spearman’s rho nonparametric method on the original, non-
transformed data (spearman in STATA).

To determine fraction of variance explained by SNP genotypes, linear regression was
performed between normalized values of each phenotype with each SNP genotype rewritten
as 0, 1, or 2, depending on the number of copies of the minor allele in our population
(regress in STATA).

To account for correlation between individual quantitative phenotypes in resulting in an
association signal, linear regression with normalized values of the presumed dependent
phenotype (e.g. blood or semen PSA and hK2) was performed with the non-transformed value
of the presumed independent phenotype (e.g. blood or semen β-MSP).

Results
A cohort of 304 healthy young men was genotyped for 25 SNPs around the MSMB locus and
assayed for β-MSP, free and total PSA and hK2 levels in subject matched samples of blood
serum and seminal plasma. Genotyping results and SNP characteristics are described in
[Supplementary Table 1], while biomarker characteristics are described in Table 1.

rs10993994 is strongly associated with blood and semen β-MSP levels
We first asked if rs10993994 is associated with β-MSP levels. We found strong evidence that
this SNP is associated with both blood and semen β-MSP levels (p<1.0×10−7 for each).
Additional copies of the risk allele for prostate cancer, T, correlated with lower levels of β-
MSP in both blood and semen (Table 2), with average semen β-MSP levels in the cohort
dropping from 955 mg/L to 602 mg/L to 298 mg/L in men with CC, CT, and TT genotypes at
rs10993994, respectively (Figure 2). Blood β-MSP levels showed a significant trend in the
same direction, with averages dropping from 16.1μg/L to 12.7μg/L to 6.7μg/L (Figure 2), for
men with CC, CT, and TT genotypes respectively. This SNP singly explains 38% and 23% of
the variance in blood and semen β-MSP levels respectively among our cohort.

Additional SNPs at MSMB are independently associated with β-MSP levels
To determine whether other genetic variants at MSMB influence levels of β-MSP, we tested
15 nearby SNPs besides rs10993994 for association with β-MSP levels in blood and semen
(Figure 1). Due to linkage disequilibrium in the genomic region, additional SNPs may appear
to be associated with β-MSP levels simply because they are strongly correlated with
rs10993994. To identify SNPs that are independently associated with β-MSP levels, we tested
each SNP for association with each phenotype independent of its linkage disequilibrium with
rs10993994 (25) and then applied Sidak’s correction to correct for multiple testing. We found
rs7098889 to be significantly associated with semen levels of β-MSP (p=0.029, corrected). A
related SNP, rs10763588, was nominally associated with blood levels of β-MSP (p=0.013,
uncorrected), but this association was not significant after considering all 16 SNPs analyzed
in the study (p=0.19, corrected). Both of these associations are independent of rs10993994
(Table 3). These two SNPs are essentially concordant at r2=0.99 and exist as part of a larger
block of linkage disequilibrium in our study population (Figure 1). In our data, this block spans
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33 kb upstream of the MSMB transcription start site. The addition of either rs10763588 or
rs7098889 explained 2.8% of the variance in semen β-MSP levels.

rs10993994 is associated with PSA and hK2 levels
It has been observed that rs10993994 is associated with blood PSA levels in healthy older men
(17,19). Thus we asked if SNPs near MSMB are associated with kallikrein levels in the blood
and semen in young men (Table 2; Supplementary Table 2). Significant associations were
found between rs10993994 and blood levels of free and total PSA (p=4.9×10−5and p=0.00014)
as well as semen levels of free and total PSA (p=0.0024and p=0.0019). The prostate cancer
risk allele is consistently correlated with increased free and total PSA levels (Figure 2).
rs10993994 genotype is estimated to account for 1% of the variation in blood levels of free
and total PSA and 5% for semen levels of free and total PSA.

rs10993994 is also associated with semen, but not blood levels of hK2 (p=0.0045 for semen,
p=0.36 for blood) (Table 2). rs10993994 explained an estimated 5% of the physiologically
normal variation within semen hK2 levels, and additional copies of the risk allele correlate
with higher semen hK2 levels (Figure 2).

A previous report using the same cohort reported here found that semen levels of β-MSP are
positively correlated with semen PSA (r2=0.65) and blood levels of free PSA (r2=0.29) (7).
We found that semen levels of β-MSP correlate positively with seminal levels of hK2
(rho=0.37). Blood and semen β-MSP are both correlated with blood hK2 levels (rho=0.21 and
rho=0.20, respectively), but blood β-MSP is not correlated with semen hK2 levels.

We then asked if the effects of MSMB SNPs on PSA and hK2 levels could be explained by
correlation between the biomarkers. We tested for association between SNP genotype and PSA
or hK2 levels using matched β-MSP levels as a covariate. Correlation with blood β-MSP levels
may explain the association between blood PSA measurements and rs10993994 genotype
(p=0.10 and p=0.065 for free and total, respectively). However, correlation between semen
levels of free PSA, total PSA, and hK2 with rs10993994 appears to exist independently of
semen β-MSP levels (p<0.001).

rs17178655 is correlated with PSA levels after adjusting for rs10993994
The SNP rs17178655 was found to be associated with semen levels of both free and total PSA
independent of rs10993994 (p=0.0027 for both, adjusting for rs10993994 and correcting for
16 SNPs tested). rs17178655 explains an additional 4% of variation in semen free and total
PSA levels. rs17178655 resides within an intronic region of MSMB between exon 3 and 4, and
is not in linkage disequilibrium with rs10993994 or other SNPs further upstream of rs10993994
(Figure 1). Interestingly, rs17178655 is not associated with β-MSP levels (empirical p-
value=1).

Discussion
The recent discovery of rs10993994 as a consistently replicated prostate cancer susceptibility
SNP has raised questions regarding the role of MSMB in the etiology of prostate cancer. The
SNP’s location in the proximal promoter of a gene whose protein product is secreted in large
quantities by the prostate and may have tumor suppressive properties suggests that the SNP
may contribute to prostate cancer by down-regulating MSMB expression. Here, we have shown
that genetic variation at the MSMB locus, in particular, rs10993994, is significantly associated
with levels of the prostate-secreted proteins β-MSP, PSA and hK2. Since the study cohort
consisted of young and healthy men, who should not have subclinical undiagnosed prostate
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cancer or other prostate abnormalities associated with age, the effect size seen is likely
reflective of normal physiological variation in this Swedish population.

rs10993994, by itself, explains a large fraction of the variance in both blood and semen β-MSP
levels – 38% and 23% respectively. These findings support those of Waters et al. in a
multiethnic population (paper co-submitted); rs10993994 also explained 38% of the variance
in blood β-MSP levels in an ethnic-pooled analysis, with the same direction and magnitude of
effect although this study made use of a different design of the immunoassay for β-MSP.
Together, our complementary findings attest to the robustness of this association.

That rs10993994 showed the strongest evidence for association with β-MSP out of all the SNPs
tested in our study, and that the magnitude of the per-allele effect is so large, gives credence
to the hypothesis that rs10993994 is the functional genetic variant responsible for the difference
in β-MSP levels and not merely a tag SNP in linkage disequilibrium with the true functional
variant. This is supported by in vitro differential reporter gene expression experiments showing
that the risk allele for prostate cancer, T, causes lower reporter gene expression as compared
to the protective allele, C, in numerous cell lines (14,15,26) (Xu and Klein, unpublished). We
hypothesize that the T allele leads to lower promoter activity by abrogating a functional CREB
binding site (26) (Xu and Klein, unpublished). Interestingly, the correlation between
rs10993994 genotype and β-MSP levels in blood is slightly stronger than that seen in semen.
β-MSP is also secreted from other mucosal tissues, albeit to a lower extent. The contribution
of these other tissues to levels of β-MSP in blood is unknown.

We have also identified a novel set of SNPs, tagged either by rs10763588 or rs7098889, that
is associated with blood and semen levels of β-MSP independent of rs10993994 genotype. We
believe these two SNPs should be treated as equivalent. They are in extremely strong LD
(r2=0.99) and both SNPs show similar association with blood and semen β-MSP levels
independent of rs10993994. We attribute the observed difference between the two to minor
sampling and genotyping errors. These SNPs are located in a linkage disequilibrium block that
encompasses the upstream regulatory region of MSMB. As these two SNPs are several
kilobases away from the transcription start site, an enhancer element in this region may contain
a functional SNP. Alternatively, these SNPs may be in LD with another functional promoter
SNP closer to the transcriptional start site. rs10763588/rs7098889 was not found to be
associated with prostate cancer risk independent of rs10993994 (15). However, these genetic
variants explain a much lower fraction of the variance in β-MSP levels. Considering the already
low odds ratio of rs10993994 in prostate cancer risk, even if β-MSP is a true etiologic agent
of prostate cancer, these SNPs probably influence prostate cancer risk to such a small
magnitude that current association studies would be underpowered to detect an association.
The biological significance of genetic variation in this haplotype will have to be determined
from replication and functional studies.

The observation that rs10993994 is associated with decreased levels of β-MSP in healthy young
men is consistent with the hypothesis that rs10993994 may influence prostate cancer risk by
reducing the amount of β-MSP naturally produced by the prostate. Since the risk allele at
rs10993994 is very common, with an allele frequency of 38% in our cohort and up to 80% in
the HapMap Yoruban population (27), yet prostate cancer is nowhere near that common, lower
levels of β-MSP are likely not the sole initiating event in prostate cancer. Instead, we
hypothesize that decreased β-MSP may be only one factor that contributes to tumorigenesis.
Much work is needed on the functional characterization of both the regulatory pathways
affecting rs10993994 and MSMB expression, and β-MSP’s potential mechanism of action in
prostate cancer development.
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rs10993994 also has a moderate but statistically significant effect on both blood and semen
levels of PSA. We have replicated a previous report of association of rs10993994 with blood
plasma levels of PSA in older men without prostate cancer (17) and extended it into younger
men. We also report a novel association of rs10993994 with semen levels of PSA; the
magnitude of effect is similar to that of blood and exists for both total and free PSA. Our data
indicates that rs10993994 affects PSA levels independently of the correlation between β-MSP
and PSA. Similarly, we have replicated the association of rs10993994 with hK2 levels (19), a
kallikrein highly similar to PSA and another candidate for a diagnostic biomarker.
Additionally, we have identified a novel association between rs17178655, a SNP located in
the intron between exons 3 and 4 of MSMB, and semen levels of PSA. Though these findings
require replication, they suggest that there may be complex interactions between the genetic
mechanisms controlling proteins secreted by the prostate. Further studies will be required to
elucidate the regulatory mechanisms affecting natural variation in levels of prostate secreted
proteins

A population-wide standard PSA threshold in prostate cancer screening has been suggested to
have no to low efficacy in reducing mortality due to prostate cancer (28,29). Common genetic
variation causes physiological variation in PSA levels; incorporation of SNPs such as
rs10993994 and those at the kallikrein locus on chromosome 19 into a prostate cancer mortality
risk prediction model may improve current screening tactics (19,30).

In conclusion, our results indicate that common genetic variation at the MSMB locus,
particularly the prostate cancer associated SNP rs10993994, affects levels of prostate secretions
detectable in the blood and semen of healthy young men. We add further epidemiological
evidence to the hypothesis that rs10993994 alters β-MSP levels in vivo. This alteration in β-
MSP levels is possibly at least partially responsible for the subsequent difference in prostate
cancer risk due to the polymorphism at rs10993994. Immediate future studies to determine the
functional significance of differing β-MSP levels in prostate cancer etiology will help fully
flesh out the hypothetically causal relationship between res10993994, β-MSP levels, and
prostate cancer development.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The MSMB locus, as visualized with the UCSC Genome Browser and HaploView
The genotyped SNPs are illustrated in their chromosomal position. The triangle plot shows
pairwise linkage disequilibrium, with the numerals in each square indicating 100* r2. Darker
shading indicates higher D’.
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Figure 2. Blood and Semen Biomarker Levels Grouped by rs10993994 Genotype
Scatter plots of individual subjects’ biomarker levels as grey dots, with mean and 95%
confidence interval marked in black lines.
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Table 1

Biomarkers Analyzed in Study. Biomarker listed with origin, units of measurement, number of subjects examined
for this specific measurement, mean and standard deviation, and median and interquartile range

Biomarker n Mean (SD) Median (IQR)

Blood

β-MSP (μg/L) 204 13 (6) 12.2 (8.86-15.7)

Total PSA (μg/L) 302 0.64 (0.84) 0.5 (0.35-0.67)

Free PSA (μg/L) 302 0.29 (0.73) 0.19 (0.135-0.27)

hK2 (μg/L) 302 0.039 (0.02) 0.036 (0.0255-0.05)

Semen

β-MSP (mg/L) 204 690 (520) 526 (322-938)

Total PSA (mg/L) 201 690 (420) 629 (393-911)

Free PSA (mg/L) 201 680 (410) 618 (388-895)

hK2 (mg/L) 201 7.2 (4.6) 6.09 (4-9.20)
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Table 3

Novel SNPs at the MSMB locus are Associated with MSP and PSA levels

Biomarker SNP ID
p

(unadjusted)
p (conditioned

on rs10993994)
p (conditioned and Sidak

multiple test corrected)

Blood β-MSP rs10763588* 3.7E-05 0.013 0.19

Semen β-MSP rs7098889* 0.0034 0.0018 0.029

Semen Total PSA rs17178655 0.018 0.00017 0.0027

Semen Free PSA rs17178655 0.019 0.00017 0.0027

Significant associations between SNPs and specific phenotypes, after adjusting for rs10993994 using conditional haplotype tests, are listed. Unadjusted
p-values are taken from the empirical univariate test and do not consider rs10993994. The p conditioned on rs10993994 was computed using paired
locus conditional haplotype testing; the raw result for the test of independence is reported, as well the multiple test-corrected version.

*
rs10763588 and rs7098889 are highly correlated with each other (r2=0.99) and are essentially the same locus.
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