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BACKGROUND. Single nucleotide polymorphisms (SNPs) have been associated with a
variety of malignancies including prostate carcinoma (PCa). Since a high percentage of PCa
patients have low risk disease, of particular interest is not whether SNPs are associated with
localized PCa, but whether they are associated with aggressive, potentially lethal disease.
Herein, we explored the role of SNPs in cell cycle genes to determine if they were associated with
advanced PCa.
METHODS. Nine previously implicated SNPs in six cell cycle genes were evaluated in a
European-American cohort of 186 patients with advanced PCa and 222 cancer-free controls.
All patients received hormone ablation and had either a PSA >50 ng/ml or documented
metastatic disease. Controls were all 75 years of age or older, had a negative DRE and had a PSA
<4.0 ng/ml. All genotypes were determined using PyrosequencingTM assays.
RESULTS. One of nine (CDKN1A c10791t) was statistically different (P< 0.05) and an
additional two of nine (CCND1 a870g and MDM2 tSNP309g) approached significance (P< 0.1).
Analysis of genotypes revealed that presence of at least one copy of the t allele of MDM2
tSNP309g was associated with an increased risk of advanced PCa (OR 2.26: 95% CI¼ 1.15–4.46)
which was particularly strong in androgen-independent disease (OR 2.28: 95% CI¼ 1.01–5.12)
and younger age of diagnosis (OR 2.61: 95% CI¼ 1.05–6.46).
CONCLUSION. These results suggest that in a European-American population, SNPs within
cell cycle genes are promising markers for aggressive PCa. Larger studies will be needed to
confirm these findings. Prostate 68: 1179–1186, 2008. # 2008 Wiley-Liss, Inc.

KEY WORDS: prostate carcinoma; cell cycle; risk assessment; cancer susceptibility;
metastatic disease

INTRODUCTION

Prostate cancer is the most common malignancy
and second most common cause of cancer death in the
United States with an estimated 218,890 new cases and
27,050 deaths in 2007 [1]. Despite these grim statistics
there is increasing evidence that many men diagnosed
with prostate cancer are unlikely to ever be caused
harm by the disease. Studies examining surgical speci-
mens have estimated that between 6% and 27% of
patients undergoing radical prostatectomy have
tumors similar to the tumors identified incidentally at
autopsy [2–4]. While surgery has clearly altered the

natural history of the disease in these studies, it is
believed that many of these tumors were of no clinical
significance. Clinical data from both the United States
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and Europe support this conclusion. Etzioni et al. [5]
and Draisma et al. [6] used mathematical models to
analyze PSA screening data and estimated the risk of
over detection was 18–56%. Since a large number of
men are being diagnosed with clinically unimportant
tumors, markers of clinically important disease would
be of clear utility.

Genetic factors contribute substantially to the
development of sporadic prostate cancer [7]. Therefore
there is increasing interest in the role that genetic
variants such as single nucleotide polymorphic
variants (SNPs) play in prostate cancer risk. These
genes do not cause carcinoma, but in certain environ-
ments or in concert with other genetic alterations,
influence disease development and progression. While
research on genetic polymorphisms has predominately
focused on risk of developing prostate cancer, the
concept that host genotype contributes not only to
tumor initiation but also to tumor progression is
supported by animal data [8]. Taken to its logical
conclusion, cancer patient’s genetic background has
a similar potential to influence risk for metastasis [9].
If true, analysis of the individuals germline DNA
could provide an easily accessible metastasis risk
signature.

Cell cycle dysregulation plays a central role in a
variety of malignancies including prostate cancer and
contributes to an increased risk of metastatic disease in
part by altering the cell’s ability to respond appro-
priately to DNA damage [10,11]. As a result, cells
accumulate genetic defects, which in turn promote the
development of a more aggressive phenotype. There-
fore, alterations in expression or function of cell cycle
regulators may not only allow the tumor to grow in an
uncontrolled fashion, but may also contribute to meta-
stasis [12]. Polymorphic variants within cell cycle genes
are therefore candidate risk modifiers of cancer
initiation and progression.

Polymorphic variants in cell cycle regulators
have already been found to have functional signi-
ficance [13–17], and a number of studies have linked
alleles in these genes to increased cancer risk and/
or decreased survival in breast [18–20], colorectal
carcinoma [21] bladder cancer [22], head and
neck [23,24] lung [25,26] and prostate cancer [27–31].
Specifically polymorphisms in TP53 (P72R) [18,19,26,
28,29], CCND1 (a870g) [20–23,27], CDKN1A (c10791t
and S31R) [24,30], CDKN1B (V109G and c-79t) [30,31],
CDKN2A (c540t and c500g) [25] and MDM2
(tSNP309g) [26] have all been associated with
carcinoma. We hypothesize that these nine previously
implicated variants in cell cycle genes might ex-
plain some of the risk of developing prostate
carcinoma in general and aggressive prostate cancer
specifically.

SUBJECTSANDMETHODS

Subjects andControls

Prostate cancer patients were recruited from the
urology and oncology clinics at our institution during
the period from May 2000 until March 2005. Criteria
for inclusion of cases with advanced disease were as
follows: patient must have evidence of metastatic
disease (either pathologic or radiologic) or a PSA of
greater than 50 ng/ml. A positive family history was
defined as any 1st or 2nd degree relative with a
reported history of prostate cancer.

The control group was identified from the urology
and medicine clinics at our institution during the same
period of time. The primary reason for presentation
was prostate cancer screening. All were males greater
than 75 years old with no history of prostate carcinoma,
PSA less than 4.0 ng/ml, and a benign digital rectal
examination. These criteria were designed so that
controls were at minimal risk of having or ever
developing clinically important prostate carcinoma.

All study subjects provided informed consent
under a protocol approved by the Human Research
Protection Office. All patients and controls were
of European descent and residents of the St. Louis
metropolitan area. Genomic DNA was prepared from
peripheral blood leukocytes and extracted using the
Puregene DNA purification kit (Gentra Systems,
Minneapolis, MN).

GenotypingMethods

PyrosequencingTM assays were designed and
performed as per manufacture’s recommendations
(PyrosequencingTM Inc. homepage http://www.
pyrosequencing.com). PCR primers were designed
flanking the SNP of interest with adjacent sequencing
primers (see Table I for primers). PCR was carried out
with 5 ng of genomic DNA, forward and reverse
oligonucleotide PCR primers (one of which is biotiny-
lated; Integrated DNA Technologies, Coralville, IA),
and 1� AmpliTaq Gold PCR Master Mix (Applied
Biosystems). Representative samples and water controls
were resolved by gel electrophoresis to confirm the
PCR products were of the correct size.

Following PCR, bound biotinylated single-stranded
DNA was generated using protocols recommended
by the manufacturer (PSQTM HS 96A System Sample
Preparation Kit; Pyrosequencing AB) and as described
elsewhere [32]. The PSQ HS 96A System, an automated
PyrosequencingTM instrument, and proprietary soft-
ware (Pyrosequencing AB) were used to genotype
all samples. All samples were visually reviewed to
confirm results. The assay was repeated in 10% of DNA
samples to confirm results.
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DataAnalysis

Maximum likelihood estimates of SNP allele fre-
quencies were obtained by direct gene counting. Allele
frequencies between cases and controls were tested
using a proportion test [33]. Hardy–Weinberg equili-
brium was determined for all SNPs with minor
allele frequencies greater than 1% using a w2-test on
1 degree of freedom [34]. Haplotype frequencies were
estimated using the EM algorithm as implemented in
the ASSOCIATE program [35]. Subsequent statistical
analysis of genotype frequencies was only performed
for SNPs with P< 0.1 on analysis of allele frequencies
and the allele frequency in the control population
exceed 5%. Odds ratios (OR) were calculated using the
logistic procedure from SAS 8.2 (SAS Institute Inc.,
Cary, NC). The study was designed with a power of
80% with an alpha of 0.05 to detect a difference in
allele frequency between patients and controls. Since
the allele frequency varied for each polymorphism
studied, the difference in allele frequency to achieve
this power varied for each. Difference in allele
frequency for TP53 (P72R) was 8.1%; CCND1 (a870g)
9.9%; CDKN1A (c10791t and S31R) 5% and 4.5%,
respectively; CDKN1B (V109G and c-79t) 8.4% and
7.6%, respectively; CDKN2A (c540t and c500g) 4.7%
and 6.5%, respectively; and MDM2 (tSNP309g) 9.2%.

RESULTS

Patient andControl Population

One hundred eighty-six patients and 222 cancer-free
controls were enrolled in the study (Table II for patient
characteristics). Patients were actively followed and
only the highest disease state during follow-up is listed.
One hundred sixty cases (86.0%) had radiographic
or pathologic evidence of metastatic disease and in
115 cases (61.8%) the disease had progressed to
androgen independence. Eighty-four cases (45.2%)
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TABLE II. Patient Characteristics

Criteria for inclusion in study
PSA> 50 ng/ml only 26 (14.0%)
Pelvic lymph node metastasis 12 (6.5%)
Distant metastatic disease 33 (17.7%)
Androgen-independent 51 (27.4%)
Dead from prostate carcinoma 64 (34.4%)
Total 186 (100%)

Treated with curative intent 96 (51.6%)
Mean age at diagnosis (years) 64 (�8.9)
Median age at diagnosis (years) 63 (range 38–88)
Family history of prostate Ca 49 (26.3%)

Criteria are most advanced disease state following enrollment in
study.
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presented with metastatic disease, while 102 cases
(54.8%) presented with localized disease that sub-
sequently progressed. The mean age at presentation
with prostate carcinoma was 64.3 years (age range
38–88). The mean age at enrollment was 71.8 years
(age range 39–93) for cases and 78.9 years (age range
75–90) for controls. Forty-nine (26.3%) of the cases had
a family history of prostate carcinoma compared to
30 (13.5%) in the controls (w2, P¼ 0.02).

Analysis of Allele Frequencies

The allele frequencies of all nine SNPs are presented
in Table III. All nine SNPs were in Hardy–Weinberg
equilibrium in both the case and control cohort.
Significant (P< 0.05) allele differentiations between
cases and controls were observed in one SNP
(CDKN1A c10791t) and two additional SNPs (CCND1
a870g and MDM2 tSNP309g) had P values in the 0.05–
0.10 range. Haplotype analysis of SNPs from the same
gene (CDKN1A, CDKN1B, and CDKN2B) revealed
they were in strong linkage disequilibrium but failed to
demonstrate a high-risk haplotype for any gene except
CDKN1A. For CDKN1A c10791t and S31R SNPs there
was weak evidence (P¼ 0.02) that the distribution
of haplotypes was different in cases and controls.
However, this association was not stronger than the
association between the c10791t alone and prostate
cancer risk.

Analysis of Genotype Frequencies

Logistic regression analysis of genotypes was
performed for the three SNPs with allele frequencies
in the control population that exceeded 5% and a
P-value of 0.1 or less for the comparison of cases and
controls. This demonstrated a significant increase or
decrease in OR in two of the three compared to the

reference genotype (Table IV). Adjusting for family
history in our model did not substantially change our
results. The strongest associations were for having
either the tt or gt genotype of MDM2 tSNP309g (OR
2.3 95% CI¼ 1.2–4.5, tt, gt vs. gg) and having the cc
genotype of CDKN1A c10791t (OR 1.9 95% CI¼ 1.1–
3.5, cc vs. ct, tt).

Whereas all patients had advanced disease, some
had more aggressive disease as demonstrated by
development of androgen-independent disease and
eventual death from prostate cancer. Stratification of
the patients into those with more aggressive metastatic
disease (androgen-independent disease or death from
metastatic prostate carcinoma) and less aggressive
metastatic disease (documented metastasis or PSA
>50 ng/ml but controlled with hormone ablation)
demonstrated that the MDM2 high-risk genotypes (gt
and tt) were more strongly associated with androgen-
independent disease (OR 2.28; 95% CI, 1.01–5.12). No
association could be identified for CDKN1A c10791t
(Table V).

Another marker of clinically important prostate
carcinoma is the age at onset. Stratification of patients
into a cohort younger and older than median age of
diagnosis revealed that the MDM2 high-risk genotypes
(gt and tt) were more strongly associated with younger
age of diagnosis (OR 2.61; 95% CI, 1.05–6.46). CDKN1A
c10791t appeared to be more strongly associated with
older age of onset (Table V).

DISCUSSION

In the present study we identified three cell cycle
SNPs as potential markers of aggressive prostate
carcinoma. Cell cycle dysfunction alters the cells ability
to respond appropriately potential carcinogenic events.
The potential effect is that cells with subtle cell cycle

The Prostate

TABLE III. Cell CycleGene SingleNucleotide Polymorphisms Studied

Gene
Common

SNP Namea Locationb Type of SNP RS number

Minor allele frequency

Case Control P value

CCND1 a870g Ex4-1 a> g Splice site rs603965 202 (54.6%) 208 (48.2%) 0.08
CDKN1A c10791t Ex3þ 70 c> t 30 UTR rs1059234 20 (5.4%) 41 (9.3%) 0.03

S31R Ex2þ 98 c> a Nonsyn rs1801270 24 (6.5%) 33 (7.7%) 0.41
CDKN1B V109G Ex1-150 t> g Nonsyn rs2066827 85 (23.1%) 121 (27.4%) 0.16

c-79t Ex1þ 387 c> t promoter rs34330 90 (23.9%) 115 (26.1%) 0.34
CDKN2A c540t Ex4þ 83 c> t 30 UTR rs3088440 26 (7.0%) 37 (8.3%) 0.48

c500g Ex4þ 43 c> g 30 UTR rs11515 60 (16.0%) 66 (15.3%) 0.77
MDM2 tSNP309g IVSIþ 309 t> g Intron rs2279744 114 (30.5%) 162 (36.8%) 0.06
TP53 P72R Ex4þ 119 g> c Nonsyn rs1042522 104 (27.8%) 114 (25.7%) 0.16

aAmino acids are in capitals and nucleotide bases are in lower case.
bMinor allele is second base pair and is underlined.

1182 Kibelet al.



defects accumulate genetic defects which promote the
development of a more aggressive phenotype and, in
turn, contribute to metastasis [12]. All the variants
we studied had been previously implicated in cancer
and some have been found to affect function. The
significance of these functional alterations has not been
fully elucidated. Our results support the hypothesis
that subtle dysregulation of cell cycle genes at the
genetic level are markers of risk for developing
aggressive prostate carcinoma. Since our study only
examined patients with advanced disease, we cannot
determine if they are associated with initiation
of aggressive phenotype from normal prostatic urothe-

lium or if they are associated with progression from
indolent to aggressive disease.

The most promising association identified was
between MDM2 SNP309 and aggressive disease.
MDM2 tightly controls p53 activity by regulating its
location, stability and transcriptional activity [36].
The polymorphism studied lies within the MDM2
promotor (SNP309) and appears to result in increased
affinity for the transcription factor Sp1. This results in
higher MDM2 levels, less p53 activity and a decrease
in multiple p53-dependent genes. In patients with Li
Fraumeni syndrome the high-risk gg genotype was
associated with an earlier age of onset and multiple

The Prostate

TABLE IV. Associations Between ProstateCancer Risk andGenotype for SNPs inCell Cycle Genes

SNP Genotype/mode

Cases Controls
Crude OR
(95% CI)

Adjusted OR
(95% CI)an (%) n %

CCND1 a870g aa 40 22 62 29 1.0 (ref) 1.0 (ref)
ga 88 48 100 46 1.4 (0.8–2.2) 1.3 (0.8–3.8)
gg 56 30 54 25 1.6 (0.9–2.8) 1.6 (0.9–2.8)

Recessive (gg vs. ga, aa) 1.3 (0.8–2.0) 1.4 (0.9–2.1)
Dominant (gg, ga vs. aa) 1.4 (0.9–2.3) 1.4 (0.9–2.2)

CDKN1A c10791t cc 167 90 181 82 1.0 (ref) 1.0 (ref)
ct 18 9 39 17 0.5 (0.3–0.9) 0.5 (0.3–0.9)
tt 1 1 1 1 1.1 (0.1–17.5) 1.3 (0.1–20.3)

Recessive (cc vs. ct, tt) 1.9 (1.1–3.5) 1.9 (1.1–3.5)
Dominant (cc, ct vs. tt) 1.2 (0.1–19.2) 1.4 (0.1–22.3)

MDM2 tSNP309g gg 13 7 32 15 1.0 (ref) 1.0 (ref)
gt 88 47 98 45 2.2 (1.1–4.5) 2.2 (1.1–4.4)
tt 85 46 90 41 2.3 (1.1–4.7) 2.2 (1.1–4.6)

Recessive (tt vs. gt, gg) 1.2 (0.8–1.8) 1.2 (0.8–1.8)
Dominant (tt, gt vs. gg) 2.3 (1.2–4.5) 2.2 (1.1–4.4)

aAdjusted for family history.

TABLE V. SubsetAnalysis

CDKN1A (c10791t) cc ct tt OR (95% CI) (cc vs. ct, tt)

Cases (n¼ 186) 167 (90) 18 (10) 1 (0.5) 1.94 (1.08–3.49)
ADD (n¼ 115) 102 (88) 12 (10) 1 (0.9) 1.73 (0.89–3.39)
AID (n¼ 71) 65 (92) 6 (8) 0 (0) 2.39 (0.97–5.91)
Age� 64 (n¼ 98) 83 (85) 14 (14) 1 (1) 1.22 (0.64–2.34)
Age> 64 (n¼ 88) 84 (95) 4 (5) 0 (0) 4.64 (1.61–13.39)
Controls (n¼ 221) 181 (82) 39 (18) 1 (0.5) 1.0 (ref)

MDM2 (tSNP309g) tt gt gg OR (95% CI) (tt, gt vs. gg)

Cases (n¼ 186) 85 (46) 88 (47) 13 (7) 2.26 (1.15–4.46)
ADD (n¼ 115) 49 (43) 58 (50) 8 (7) 2.25 (0.84–6.01)
AID (n¼ 71) 36 (51) 30 (42) 5 (7) 2.28 (1.01–5.12)
Age� 64 (n¼ 98) 49 (50) 43 (44) 6 (6) 2.61 (1.05–6.46)
Age> 64 (n¼ 88) 36 (41) 45 (51) 7 (8) 1.97 (0.84–4.65)
Controls (n¼ 220) 90 (41) 98 (45) 32 (15) 1.0 (ref)

AID, androgen-independent disease; AD, androgen-dependent disease.

Cell Cycle SNPs andAdvanced PCa 1183



tumor types [17]. Subsequent work has demonstrated
that the gg genotype is associated with an increased risk
of lung [26] and squamous cell carcinoma [37]. To our
knowledge this variant has not been studied in prostate
carcinoma. Our study also demonstrated that the
SNP309 was linked to an increased risk of carcinoma.
The association was particularly strong in the cohort of
patients who had progressed to androgen-independent
disease or death and the cohort of patients under the
median age of diagnosis.

While previous work has implicated the g allele, it is
important to note that our study found that the t was the
high-risk allele. Ours is not the first to note that the t
allele is associated with an increase risk of disease.
Schmidt et al. [38] examined the MDM2 SNP309
polymorphism in a cohort of sporadic breast cancer
patients. They found that the gg genotype was
protective (OR 0.88: 95% CI¼ 0.79–0.99). This is in
contrast to prior work which demonstrated an asso-
ciation between the gg genotype and increased risk of
breast cancer in Li-Fraumeni patients [39]. This raises
the possibility each variant (t or g) may be associated
with increased risk for a particular disease or for a
specific patient genetic background. This is consistent
with previous work examining the TP53 P72R variant.
The TP53 variant has been associated with changes in
gene function [15,40] and increased risk of carcinoma
[18,19,28,29]. However, studies have demonstrated
that both the proline variant [19,28] and the argine
variant [18,29], are associated with prostate carcinoma.
Importantly, functional studies have demonstrated
that the arginine variant is more efficient at inducing
apoptosis while the proline variant is enhances G1
arrest [15]. The effect of MDM2 variants may be
similarly complex; it is possible that in a particular
environment or a genetic background, the MDM2
variant may protect, while in another the same variant
may predispose the cell to malignant transformation.

While it is speculative, the effect of the tt genotype
may be influenced by the hormonal milieu. Bond et al.
demonstrated a link between the upregulation of the
estrogen signaling pathway and the increased risk
associated with the MDM2 gg genotype. The authors
hypothesize that women with a gg genotype would
preferentially benefit from lower estrogen levels which
could retard the progression of their disease [41]. While
no data on androgen signaling was presented, the effect
of the MDM2 SNP309 gg genotype may also be
dependent on hormonal signaling, while the tt geno-
type may not. Given the strong association between the
androgen axis and development of aggressive disease,
the gg genotype may identify a patient population
whose disease is responsive to the androgen axis, and
in contrast the tt genotype identifies patients whose
disease is less influenced by androgens.

It has been demonstrated that patients with low
androgen levels develop more aggressive carcinoma
disease [42]. Therefore it is entirely possible that
patients with a genetic background that is less res-
ponsive to androgens may in effect be hypogonadal
at the cellular level. In addition, the gg genotype
may identify a population of patients whose disease
is controlled by androgen deprivation, while the tt
genotype may identify an androgen resistant patient
population. This would be consistent with the results of
our study which demonstrated that the association
between the tt genotype was strongest in patients who
developed androgen-independent disease.

The second association of interest was with CCND1
a870g SNP. We identified an association with the g allele
which approached statistical significance (P¼ 0.08) but
failed to identify a high-risk genotype. The adenosine
to guanine substitution at base pair 870 (a870g) has
functional significance; the a variant increases the
transcription of the alternative spliced gene product
(CCND1b), while the g variant increases the tran-
scription of CCND1a [13,14]. Previous groups found
associations between the aa genotype and carcinoma in
general [21–23] and prostate cancer specifically [27,43].
Our results support a role for this CCND1 SNP and
prostate cancer risk. However, in contrast to prior work,
the high-risk allele for a870g in our study was not
adenosine but guanine. Both of the prior studies in
prostate cancer have been in Japanese populations and
may not reflect the genetic risk factors in a European-
American population [27,43]. In addition, the g allele
may predispose patients to aggressive disease. Shu et al.
[20] examined breast cancer patients and found that
despite a correlation between the aa genotype and
breast cancer risk, overall and disease free survival was
worse with the gg genotype particularly in estrogen/
progesterone receptor negative disease.

Interestingly, the effect of the CCND1 genotype
may also be affected by the hormonal background.
Hormonal levels, including testosterone, correlated
with CCND1 genotype, implying an interaction
between disease stage, CCND1 genotype and the
hormonal milieu. In addition, there is a direct inter-
action between CCND1 and the androgen receptor.
Laboratory data in prostate cancer cells demonstrates
that CCND1a (the splice variant preferentially tran-
scribed for the g SNP) both transcriptionally represses
androgen receptor expression [44] and directly pre-
vents formation of the active androgen receptor by
binding to the receptor’s N terminus [45]. This raises
the possibility that this tripartite interaction between
CCND1, androgen receptor and androgen may be
relevant in clinical prostate carcinoma as well.

The remaining polymorphisms examined do not
appear to be important in this patient sample. The most
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promising were the CDKN1A c10791t SNP and the
CDKN1B V109G. We previously found that the t allele
of c10791t and the V allele of V109G were both
associated with an increased risk of advanced prostate
carcinoma [30]. In this validation study, we found no
association with the CDKN1B V109G SNP and while
we did identified an association in CDKN1A c10791t, in
contrast to our prior work the t allele appeared to have a
protective effect. Since both studies were in similar,
though not identical, populations, we can only con-
clude that neither SNP is associated with advanced
disease. We also failed to replicate others work
examined two other variants in these genes: a promotor
variant (c-79t) in CDKN1B implicated by Chang et al.
[31] and a nonsynonymous variant (S31R) in CDKN1A
implicated by Huang et al. [46]. Lastly, we did not
demonstrate an association between TP53 P72R, nor
either of the CDKN2A variants c500g and c540t.

While the most likely explanation for the failure to
find associations is these are not risk alleles, it is
possible that the study was not large enough to detect
true associations. This appears to be most likely for the
CDKN1B variants. The previous work implicated the
valine allele for V109G and the C allele for c-79t. Our
work presented here demonstrates that both are over
represented in the case population (Table III). It is
possible with a larger study that these would demon-
strate an association which is statistically significant.

In summary, our study provides evidence that
selected cell cycle gene SNPs are associated with
advanced prostate cancer in a European-American
population. Analysis of these genotypes could be
potentially useful in determining which patients are
at risk for developing and dying of metastatic prostate
carcinoma. Since we only examined patients with
metastatic disease, it is unknown if these variants are
associated with development of aggressive disease
or progression from indolent to aggressive disease.
However, in either case, early identification of patients
at increased risk for lethal prostate carcinoma has the
potential allow targeted, aggressive screening, prophy-
laxis, and/or treatment in this patient population.
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