
Abstract. Background/Aim: This study aimed to identify the
genes that cause biochemical recurrence (BCR) following
radical prostatectomy (RP) in men with localized prostate
cancer. Patients and Methods: A two-stage genetic association
study of 19 single-nucleotide polymorphisms in 11 key cell
cycle regulation genes was carried out. BCR-free survival after
RP was evaluated in a discovery cohort of 458 patients with
prostate cancer, and replication was investigated in another
cohort of 185 patients. Results: A consistent association was
found between BCR and rs2290291 (discovery: p=0.008;

replication: p=0.029). rs2290291 is located in the tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation
protein zeta (YWHAZ), and was predicted to possess a
regulatory function that affected YWHAZ expression.
Furthermore, YWHAZ expression was frequently up-regulated
in advanced tumours, and associated with poorer survival in
patients with prostate cancer. Conclusion: YWHAZ rs2290291
was found to be associated with BCR. YWHAZ may function
as a putative oncogene during prostate cancer progression.

Prostate cancer is one of the most common cancers occurring
in men, and an estimated 31,620 men will die of prostate
cancer in the United States in 2019 (1). For the treatment of
localized prostate cancer, radical prostatectomy (RP) remains
a viable and commonly used option for curative treatment,
but approximately 20-40 percent of men experience a
biochemical recurrence (BCR) within 10 years after RP (2,
3). Owing to the heterogeneous nature of prostate cancer, it
is a continuing challenge to determine risk stratification to
facilitate a personalized treatment. In addition to the classical
clinicopathological features indicating patient prognosis, it
is necessary to define the specific genetic and molecular
characteristics, which provide a more definitive insight into
tumour biology and the optimization of individualized
treatment. 
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The cell cycle is a sequence of events that regulate the
replication, division, differentiation, and death of cells. It is
controlled by a set of checkpoints that monitor completion
of critical events and a cascade of protein phosphorylation
that relays progression to the next stage (4). Dysregulation
of this regulatory system is associated with carcinogenesis,
tumour growth, metastasis, and the efficacy of anti-cancer
treatments (5). Single nucleotide polymorphisms (SNPs) are
the most frequent variations in the human genome.
Accumulating evidence has demonstrated that SNPs in cell
cycle regulators have functional significance and are linked
to increased risk of a more aggressive disease in a variety of
malignancies, including prostate cancer (6-10). However,
little is known about the relationship between SNPs in cell
cycle regulatory genes and inter-individual variations in
influencing the risk of disease recurrence after prostate
cancer surgery.

We hypothesized that genetic variants in the cell cycle
regulation pathway might influence prostate cancer
progression. Thus, we systematically evaluated the
prognostic values of 19 SNPs in 11 key cell cycle regulators
in a discovery cohort of 458 prostate cancer patients with
BCR and investigated replication in an independent cohort
of 185 patients. Further functional analyses supported the
involvement of YWHAZ in prostate cancer progression.

Patients and Methods

Patient recruitment and data collection. In total, 643 patients were
enrolled in the study from three medical centres in Taiwan:
Kaohsiung Medical University Hospital, Kaohsiung Veterans
General Hospital, and National Taiwan University Hospital, as
described previously (11). All patients were unrelated, belonged to
the Han Taiwanese population, confirmed to have prostate cancer
based on histopathological information, and had undergone RP
without adjuvant hormone therapy or radiotherapy. The study
population was randomly divided into discovery and replication sets
with a 7:3 ratio as shown in Table I, and the positive SNPs found
in the discovery set were further confirmed in the replication set to
reduce false discovery. Clinical data, including age at diagnosis,
prostate-specific antigen (PSA), pathologic Gleason score, stage,
surgical margin, and BCR status, were collected from patients’
medical records. BCR was defined as two consecutive PSA
measurements of 0.2 ng/ml or more following RP (12-15). BCR-
free survival was defined as the time period between the RP and the
last follow-up or BCR. The institutional review board of Kaohsiung
Medical University Hospital approved this study (IRB no:
KMUHIRB-2013132), and all participants provided written
informed consent in accordance with the institutional guidelines.

SNP selection and genotyping. Based on the Kyoto Encyclopaedia
of Genes and Genomes database, we selected 11 genes involved in
cell cycle progression, including BUB1 mitotic checkpoint
serine/threonine kinase (BUB1), BUB1 mitotic checkpoint
serine/threonine kinase B (BUB1B), cyclin A2 (CCNA2), cyclin B1
(CCNB1), cyclin B2 (CCNB2), cell division cycle 20 (CDC20),

cyclin-dependent kinase 1 (CDK1), PTTG1 regulator of sister
chromatid separation, securing (PTTG1), TTK protein kinase (TTK),
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation
protein gamma (YWHAG), and tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein zeta (YWHAZ). We
initially selected 25 haplotype tagging SNPs (htSNPs) in these
genes using SNPinfo (16) with a threshold - minor allele frequency
of >0.05 in the HapMap CHB (Han Chinese in Beijing) population
and a pairwise linkage disequilibrium squared correlation coefficient
(r2) of >0.8. Genomic DNA was extracted from the peripheral blood
of participants using the QIAamp DNA Blood Mini Kit (Qiagen,
Valencia, CA, USA), and SNP genotyping was conducted using
Agena Bioscience iPLEX matrix-assisted laser desorption/ionization
time-of-flight mass-spectrometry technology at the National Centre
for Genome Medicine, Taiwan, as described previously (17).
Negative controls and 35 blind duplicates were used to control
genotyping quality. The average genotype call rate for SNPs was
99.3%, and the concordance rate was 99.9%. Any SNP that failed
the assay design (N=1), having a genotyping call rate of <80%, and
deviated from Hardy-Weinberg equilibrium (p<0.01, N=4), or was
non-polymorphic (N=1), was removed, leaving a total of 19 htSNPs
for further analyses.

Bioinformatics analysis. We used HaploReg v4.1 (18) to investigate
whether the risk SNP, rs2290291, possessed potential regulatory
functions. The Genotype-Tissue Expression (GTEx) portal (19) was
used to assess the correlation between rs2290291 and YWHAZ
mRNA expression. The prognostic effects of YWHAZ on prostate
cancer were analysed using publicly available microarray datasets
from Taylor et al. (20), Sboner et al. (21), and The Cancer Genome
Atlas (TCGA) (22).

Statistical analysis. Kaplan–Meier analyses and log-rank tests were
used to examine differences in BCR-free survival across different
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Table I. Clinicopathologic characteristics of the study populations.

Characteristics                                         Discovery              Replication

N of patients                                                 458                         185
Age at diagnosis                                                                              
  Median, years (IQR)                            66 (61-70)              66 (61-70)
  <66                                                        211 (46.1)               80 (43.2)
  ≥66                                                        247 (53.9)              105 (56.8)
PSA at diagnosis, N (%)                                                                 
  Median, ng/ml (IQR)                        11.1 (7.1-17.5)       11.0 (6.9-18.7)
Pathologic Gleason score, N (%)                                                   
  2-7                                                         392 (86.5)              155 (85.6)
  8-10                                                        61 (13.5)                26 (14.4)
Pathologic stage, N (%)                                                                  
  T1/T2                                                     303 (67.2)              127 (70.6)
  T3/T4/N1                                              148 (32.8)               53 (29.4)
Surgical margin, N (%)                                                                  
  Negative                                                241 (72.6)              104 (75.4)
  Positive                                                   91 (27.4)                34 (24.6)
Biochemical recurrence, N (%)             184 (40.2)               90 (48.6)
  Median follow-up, months                         54                           74

IQR: Interquartile range; PSA: prostate-specific antigen.



genotypes or gene expression groups. Univariate and multivariate
Cox regression analyses were used to calculate the crude and
adjusted hazard ratios (HRs) and their 95% confidence intervals
(CIs) either without or with adjustment for age, PSA at diagnosis,
pathologic Gleason score, stage, and surgical margin. A meta-
analysis was performed to combine the normalized effect size of the
expression quantitative trait loci (eQTL) in 9745 samples across 43
human tissues from the GTEx database. Statistical analyses were
performed using Statistical Package for the Social Sciences software
(SPSS), version 19.0.0 (IBM, Armonk, NY, USA). A two-sided p-
value <0.05 was considered statistically significant.

Results

The baseline clinical and pathological characteristics of
patients in the discovery and replication sets are presented
in Table I. No significant differences in these clinical
features were observed between the discovery and replication
sets. PSA at diagnosis, pathologic Gleason score, stage, and
surgical margin were significantly associated with BCR-free
survival in both sets.

Among the 19 SNPs evaluated in the discovery study,
CCNA2 rs769240 and YWHAZ rs2290291 were associated
with BCR-free survival (p≤0.038, Table II and Figure 1A).
This association was consistently observed for YWHAZ
rs2290291 in the replication set (p=0.029, Table III and
Figure 1B). In a combined analysis, the YWHAZ rs2290291

G>A exhibited adverse outcomes for BCR-free survival, and
the association remained significant in multivariate Cox
analysis after adjusting for clinical risk factors, including
age, PSA at diagnosis, pathologic Gleason score, stage, and
surgical margin (adjusted HR=1.27, 95%CI=1.02-1.59,
p=0.033, Table III and Figure 1C). 
YWHAZ rs2290291 was not in linkage disequilibrium with

other SNPs, and was found to overlap with promoter histone
marks, DNase hypersensitivity sites, and protein binding
sites in a variety of cell types according to the functional
annotation of HaploReg (Table IV). The eQTL was
investigated using GTEx data, and a trend was found
involving decreased expression of YWHAZ for rs2290291
A>G transition in a meta-analysis of 9745 samples across 43
human tissues (p<0.001, Figure 2A). These findings
indicated that up-regulation of YWHAZ expression in
individuals carrying rs2290291A might result in the observed
association with worse BCR-free survival.

To evaluate the role of YWHAZ in prostate cancer, we
investigated the association between the YWHAZ expression
and prostate cancer prognosis using TCGA datasets. Up-
regulation of YWHAZ expression was found to be correlated
with higher Gleason scores and advanced stage tumours
(p<0.001, Figures 2B and C). Patients with a higher
expression of YWHAZ also had significantly poorer overall
survival than those with lower expression (p=0.019, Figure
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Table II. Genotyped SNPs and the p-Values of their association with BCR after RP.

Gene                   SNP ID          Chromosome          Position                  MAF                    HWE                                                 BCR

                                                                                                                                                                        Additive              Dominant            Recessive

BUB1              rs11900983                  2                 110668761               0.084                    0.703                   0.950                    0.877                       -
BUB1B              rs876821                  15                  40156498                0.213                    0.642                   0.406                    0.656                       -
CCNA2             rs3217773                   4                 121817966               0.232                    0.705                   0.222                    0.101                   0.798
CCNA2              rs769242                    4                 121821062               0.060                    0.988                   0.357                    0.393                       -
CCNA2             rs3217772                   4                 121818028               0.384                    0.252                   0.143                    0.315                   0.147
CCNA2              rs769240                    4                 121822912               0.231                    0.591                   0.038                    0.246                       -
CCNB1              rs164386                    5                  69164575                0.458                    0.507                   0.871                    0.221                   0.264
CCNB2             rs8039514                 15                  59114382                0.442                    0.597                   0.401                    0.235                   0.904
CDC20              rs710251                    1                  43360641                0.438                    0.717                   0.803                    0.490                   0.706
CDK1                 rs10711                   10                  60794716                0.361                    0.391                   0.478                    0.606                   0.496
CDK1               rs3213067                 10                  60790256                0.147                    0.349                   0.234                    0.450                       -
CDK1               rs1060373                 10                  60794742                0.096                    0.840                   0.625                    0.720                       -
PTTG1             rs2910200                   5                 160422984                0.111                    0.188                   0.898                    0.573                       -
TTK                   rs672372                    6                  80037636                0.321                    0.046                   0.457                    0.433                   0.708
TTK                  rs1897870                   6                  80010569                0.399                    0.424                   0.607                    0.820                   0.503
YWHAG          rs10241401                  7                  76346110                0.158                    0.460                   0.351                    0.527                       -
YWHAG            rs6465111                   7                  76362061                0.060                    0.451                   0.587                    0.811                       -
YWHAZ            rs3134353                   8                 100935225               0.322                    1.000                   0.542                    0.512                   0.797
YWHAZ            rs2290291                   8                 100952672               0.490                    0.026                   0.008                    0.005                   0.157

SNP: Single nucleotide polymorphism; BCR: biochemical recurrence; RP: radical prostatectomy; MAF: minor alleles frequency; HWE: Hardy-
Weinberg equilibrium. p-Values for log-rank test; p<0.05 are in bold.



2D). Consistently, there was a correlation of higher YWHAZ
expression with decreased overall and BCR-free survival in
another two independent prostate cancer microarray datasets
(p≤0.012, Figures 2E and F).

Discussion

We conducted a two-stage study to identify the association
between genetic variants in the cell cycle regulation pathway
and prognosis of prostate cancer patients following RP.
YWHAZ rs2290291 was consistently associated with BCR-
free survival across both stages of the study. According to

the GTEx dataset, rs2290291 is an eQTL that affects the
expression of YWHAZ. Importantly, YWHAZ overexpression
was observed in most advanced cancer tissues and correlated
with shorter survival rates for prostate cancer patients. 

YWHAZ, also known as 14-3-3ζ, belongs to the 14-3-3
protein family, which mediates signal pathways and controls
many biological processes, including protein trafficking,
metabolism, cell proliferation, migration, apoptosis, and cell
cycle regulation, by binding to phospho-serine/threonine
containing proteins (23). Elevated expression of YWHAZ has
been linked to aggressive tumours, drug resistance, and poor
prognosis in a variety of tumour types, including prostate
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Figure 1. Kaplan–Meier survival curves of biochemical recurrence-free survival, according to YWHAZ rs2290291 genotypes in the (A) discovery
set, (B) replication set, and (C) combined analysis. Numbers in parentheses indicate the number of patients.

Table III. SNPs associated with BCR in prostate cancer patients receiving RP.

Gene SNP                                                  Discovery                                    Replication                                   Combined                                            

Genotype                          N         BCR        p-Value        N         BCR             p-Value        HR (95% CI)          p-Value         HR (95%CI)a        p-Valuea

CCNA2 rs769240                                                                                                                                                                                                              
  AA                               264         99                             114          53                                                                                                                                
  AC                               167         66                               64          33                                                                                                                                
  CC                                 22         15                                 7            4                                                                                                                                
  AC/CC vs. AA                                           0.246                                             0.730                                                                                                     
  Trend                                                          0.038                                             0.713                                                                                                     
YWHAZ rs2290291                                                                                                                                                                                                           
  GG                               104         30                               39          15                                            1.00                                               1.00                      
  GA                               250       103                             106          52                                  1.64 (1.18-2.29)          0.004         1.56 (1.04-2.34)        0.033
  AA                                 95         45                               40          23                                  1.91 (1.31-2.79)          0.001         1.68 (1.05-2.68)        0.031
  GA/AA vs. GG                                          0.005                                             0.108       1.71 (1.24-2.36)          0.001         1.59 (1.07-2.36)        0.021
  AA vs. GG/GA                                          0.157                                             0.062       1.33 (1.01-1.75)          0.042         1.21 (0.86-1.72)        0.281
  Trend                                                          0.008                                             0.029        1.36 (1.14-1.62)          0.001         1.27 (1.02-1.59)        0.033

SNP: Single nucleotide polymorphism; BCR: biochemical recurrence; MST: median BCR-free survival time; RP: radical prostatectomy; HR: hazard
ratio; CI: confidence interval. aAdjustment for age, PSA at diagnosis, pathologic Gleason score, stage, and surgical margin. p<0.05 are in bold.
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Figure 2. Functional analyses of YWHAZ rs2290291. (A) Forest plot for meta-analysis of the correlation between rs2290291 and YWHAZ expression
in 9745 tissue samples from the GTEx dataset. Correlation of YWHAZ expression with prostate cancer progression. (B) High Gleason score and
(C) high stage prostate cancers displayed significantly higher mRNA expression. Increased YWHAZ expression was significantly associated with
poor (D) overall survival in the TCGA dataset, (E) overall survival in the dataset from Sboner et al. (2010), and (F) BCR-free survival in the dataset
from Taylor et al. (2010). Patients were classified into low- and high-risk groups by an optimization algorithm for the minimum p-value. Numbers
in parentheses indicate the number of patients. Rho: Spearman’s rank correlation coefficient.



cancer (24). Further, increased frequency of YWHAZ gene
amplification in castration-resistant prostate cancer was found,
when compared with localized disease (25). YWHAZ has been
shown to be a direct androgen-responsive gene (26). Increased
expression of YWHAZ promoted prostate cancer cell
proliferation, migration, survival, and resistance to apoptosis,
whereas YWHAZ knock-down significantly affected cancer
cell aggressiveness (25, 27). Mechanistic studies have found
that YWHAZ possessed oncogenic potential through
interaction with a large group of regulatory proteins that were
critical for cell proliferation and survival, such as PI3K,
FOXO3a, BAD, and Raf-1 (28-30). Activation of PI3K/AKT
signalling has been shown to promote cell survival by
phosphorylation of FOXO3a, cytoplasmic sequestration of
FOXO3a by binding YWHAZ, and consequently prevention
of FOXO3a-induced proapoptotic transcriptional regulation
(31). HaploReg data suggested that the genomic region
containing the risk SNP rs2290291 might be regulatory, and
rs2290291 was not in linkage disequilibrium with other SNPs,
which indicated that this variant itself could play a role in
prostate cancer. Therefore, rs2290291 could affect YWHAZ
expression and influence PI3K/AKT/FOXO3a signalling,
ultimately having an impact on prostate cancer cell survival.
However, the exact role of YWHAZ in prostate cancer
progression requires clarification in future studies.

There were some limitations in this study. The relatively
small sample size of both cohorts did not allow for a more
stringent level of statistical significance. Both of the study

cohorts were Taiwanese; therefore, our findings may not be
generalized to other ethnicities. There may be some other
important cell cycle regulation genes that contributed to
prostate cancer progression, which were not evaluated in this
study. We were unable to provide proof that YWHAZ
rs2290291 affected BCR in our study populations because
the target tissues of the study participants were unavailable,
thus warranting further study.

In summary, by using genetic association analysis and
functional analyses, we highlighted the importance of YWHAZ
in prostate cancer patient prognosis. Our results suggested that
rs2290291 G>A may increase YWHAZ expression, resulting in
poor prognosis, and could be a potential biomarker to predict
clinical outcomes of RP in prostate cancer. However, the
detailed molecular mechanisms underlying the role of YWHAZ
in prostate cancer progression require further investigation.
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Table IV. Regulatory annotation of YWHAZ rs2290291.

Chromosome    Position     LD       SNP       Reference   Alternate      ASN                Promoter                         DNAse              Proteins         dbSNP 
                                            (r2)         ID            allele          allele     frequency        histone marks              hypersensitivity         bound          function
                                                                                                                                                                                                                              annotation

8                      100952672     1     rs2290291         A                G            0.38        ESC, ESDR, LNG,     ESC, ESDR, ESDR,     POL2,         YWHAZ
                                                                                                                                IPSC, FAT, STRM,     ESDR, ESDR, ESC,      YY1           intronic
                                                                                                                               BRST, BLD, MUS,      LNG, IPSC, IPSC,
                                                                                                                                BRN, SKIN, VAS,      BRST, BLD, BLD, 
                                                                                                                             LIV, GI, ADRL, KID,    BLD, BLD, BLD, 
                                                                                                                            PANC, PLCNT, THYM,  BLD, BLD, SKIN, 
                                                                                                                               HRT, OVRY, SPLN,    SKIN, SKIN, SKIN, 
                                                                                                                                   CRVX, BONE         ADRL, BRN, BRN, 
                                                                                                                                                                      HRT, GI, GI, KID, 
                                                                                                                                                                      LNG, MUS, MUS, 
                                                                                                                                                                     PLCNT, GI, THYM, 
                                                                                                                                                                      GI, OVRY, PANC, 
                                                                                                                                                                        MUS, GI, LNG, 
                                                                                                                                                                      BLD, CRVX, LIV, 
                                                                                                                                                                     BRST, MUS, MUS, 
                                                                                                                                                                       VAS, BLD, BLD, 
                                                                                                                                                                           BRN, SKIN, 
                                                                                                                                                                            SKIN, LNG

LD: Linkage disequilibrium; SNP: single nucleotide polymorphism; ASN: East Asia.
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