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The phosphoinositide-3 kinase (PI3K)–AKT– mammalian target of
rapamycin (mTOR) pathway is an important cellular pathway con-
trolling cell growth, tumorigenesis, cell invasion and drug response.
We hypothesized that genetic variations in the PI3K–AKT–mTOR
pathway may affect the survival in muscle invasive and metastatic
bladder cancer (MiM-BC) patients. We conducted a follow-up study
of 319 MiM-BC patients to systematically evaluate 289 single-
nucleotide polymorphisms (SNPs) of 20 genes in the PI3K–
AKT–mTOR pathway as predicators of survival. In multivariate
Cox regression, AKT2 rs3730050, PIK3R1 rs10515074 and
RAPTOR rs9906827 were significantly associated with survival.
In combined analysis, we found a cumulative effect of these three
SNPs on survival. With the increasing number of unfavorable gen-
otypes, there was a significant trend of higher risk of death in
multivariate Cox regression (P for trend <0.001) and shorter me-
dian survival time in Kaplan–Meier estimates (P log rank <0.001).
This is the first study to evaluate the role of germ line genetic
variations in the PI3K–AKT–mTOR pathway genes as predictors
of MiM-BC clinical outcomes. These findings warrant further
replication in independent populations and may provide informa-
tion on disease management and development of target therapies.

Background

Bladder cancer is the second most common genitourinary malignancy
in the USA with an increasing incidence in recent years (1). Over 90%
of bladder cancers are transitional cell carcinomas (TCCs) with 70%
of TCC being non-muscle-invasive tumors (stages Ta, Tis and T1).
The remaining TCCs are either muscle-invasive tumors (stages T2
and T3; 25%) or metastatic tumors (stage T4; 5%) (2). Radical cys-
tectomy with bilateral pelvic lymph node dissection remains the gold
standard for the treatment of muscle-invasive bladder cancer (3,4).
Radiotherapy and chemotherapy may also be applied to these patients
(3,4). For metastatic bladder cancer, systemic chemotherapy is the
only treatment option (3,4). Despite these treatments, the overall me-
dian survival time (MST) for metastatic bladder cancer is �14 months
(5). The majority of muscle invasive and metastatic bladder cancer
(MiM-BC) patients will die of metastasis within 3 years (6). There-
fore, identification of prognostic biomarkers is important in the

achievement of molecular-based targeted therapy therefore prolonged
survival of MiM-BC patients.

The phosphoinositide-3 kinase (PI3K)–AKT–mammalian target of
rapamycin (mTOR) pathway is an important cellular pathway in-
volved in cell growth, tumorigenesis, cell invasion and drug response
(7–9). This pathway is frequently activated in many cancers and un-
controlled PI3K–AKT–mTOR signaling may also result in poor clin-
ical outcome in lung, cervical, ovarian and esophageal cancers
(7,8,10–12). In bladder cancer, it was reported that this pathway may
regulate tumor invasion (13). Therefore, we hypothesize that genetic
variations in this pathway may affect bladder cancer survival. There
have been no studies to assess the association between germ line
variations in the PI3K–AKT–mTOR pathway and clinical outcomes
of bladder cancer. Herein, we applied a pathway-based approach to
systematically evaluate single-nucleotide polymorphisms (SNPs) in
PI3K–AKT–mTOR pathway genes as predictors of MiM-BC prognosis.

Materials and methods

Study subjects

Bladder cancer patients were recruited from the University of Texas M. D.
Anderson Cancer Center and Baylor College of Medicine through a daily re-
view of computerized appointment schedules as a part of an ongoing bladder
cancer case–control study since 1995. As described previously (14), patients
were all newly diagnosed within 1 year prior to recruitment, histologically
confirmed and previously untreated with chemotherapy and radiotherapy.
Patients with a long history (.1 year) of non-muscle-invasive disease before
referral to M. D. Anderson or with a prior medical history of recurrence were
excluded. There were no age, gender and stage restrictions on case recruitment.
In our population, because .99% were pure TCCs, and 90.6% were Cauca-
sians, all analyses were limited to TCC and Caucasians. In this paper, we
restricted the study subjects to the muscle invasive and metastatic bladder
cancer patients (stages T2–T4) accounting for �40% of the total bladder
cancer patient of our program.

Epidemiological and clinical data collection

Epidemiological data were collected by M.D. Anderson interviewers during
a 45 min interview for demographics, family history and smoking status.
Immediately after each interview, a 40 ml blood sample was collected into
heparinized tubes for lymphocyte isolation and DNA extraction. The partici-
pation rate was 92%. The clinical data was collected from our clinical station
system by trained chart reviewers as described previously (15). Standard forms
and tables were used for abstracting clinicopathological variables including
tumor grade, size, stage, as well as treatment variables such as chemotherapy,
radiotherapy, surgery, toxicity data were also abstracted using standard forms
and tables. The end point of study was overall survival, which was calculated
from the date of diagnosis to death or the date of last follow-up whichever
came first. All of the human participation procedures were approved by the
University of Texas M. D. Anderson Cancer Center and Baylor College of
Medicine institutional review boards. Written consent forms were obtained
from patients before interview.

Genotyping

Genomic DNA was isolated from peripheral blood using the QIAamp DNA
blood Maxi Kit (QIAGEN, Valencia, CA) according to the manufacturer’s
protocol. We combined literature exploration and database mining to select
candidate genes in the PI3K–AKT–mTOR pathway following a procedure
as described previously (16). A total of 289 SNPs, including haplotype
tagging SNPs and potential functional SNPs from 20 PI3K–AKT–mTOR
pathway genes were selected for genotyping. Among them, 185 SNPs were
genotyped previously as part of our genome-wide association study of
bladder cancer risk using Illumina’s Human-Hap610 BeadChips. The gen-
otyping of the remaining SNPs was done using Illumina’s iSelect custom
SNP array platform together with other cancer-related pathway SNPs ac-
cording to the manufacturer’s Infinium II assay protocol (Illumina, San
Diego, CA). All of the patients’ genotypes were called and exported using
BeadStudio software (Illumina). The average call rate for the SNP array was
99.7%.

Abbreviations: CI, confidence interval; HR, hazard ratio; MST, median
survival time; MiM-BC, muscle invasive and metastatic bladder cancer;
PI3K–AKT–mTOR, phosphoinositide-3 kinase (PI3K)–AKT–mammalian tar-
get of rapamycin (mTOR); SNP, single-nucleotide polymorphism; TCC, tran-
sitional cell carcinoma.
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Statistical analysis

Most statistical analyses were performed using the Intercooled Stata 10 statis-
tical software package (Stata Co. College Station, TX). Pearson’s v2 test or
Fisher’s exact tests was used to compare the difference in distribution of
categorical variables, and Wilcoxon rank-sum test or the Student’s t-test was
used for continuous variables where appropriate. For the main effect of in-
dividual SNP on overall survival, hazard ratios (HRs) and 95% confidence
intervals(CIs) were estimated by multivariate Cox proportional hazard regres-
sion, adjusting for age, gender, smoking status, tumor grade, tumor stage and
treatments. The patients who lost to follow-up were censored. Since many
SNPs and tests were performed in the analysis, the Q value, a measure of
significance in terms of the false discovery rate, was used to adjust the signif-
icance level for individual SNPs (17–19). We calculated Q value by the Q value
package implemented in the R software. We applied a bootstrap resampling
method to internally validate the results. We generated 100 bootstrapped sam-
ples. Each time, a bootstrap sample was drawn from the original dataset and the
P value was obtained for each SNP among the dominant, recessive and additive
models. All statistical analyses were two sided. For the cumulative effect of
multiple variants, unfavorable genotypes were collapsed together. Taking the
low-risk group carrying none of these unfavorable genotypes as the reference
group, the HRs and 95% CIs were calculated for the other groups using mul-
tivariate Cox regression. Kaplan–Meier curve were plotted by each genotypes,
and log rank tests were applied to compare the difference between the survival
time of each genotype or group.

Results

Subject characteristics

There were 319 MiM-BC patients included in this study. The median
follow-up time was 49.7 months. During the follow-up period, 134
patients had died and 185 were alive. We compared the demographic
and clinical variables between groups of patients who had died and
those surviving in Table I. The mean age of the patients who were

dead was 69.1 (SD: 11.1) years compared with 64 (SD: 9.7) years in
surviving patients. Clinical variables significantly associated with
survival status included tumor stage (P , 0.001), grade (P 5 0.05)
and treatments (P 5 0.001).

Single SNP effect on survival

We assessed the association of each individual SNP with overall
survival using multivariate Cox model, adjusting by age, sex, smoking
status, stage, grade and treatments. We found that four SNPs, AKT2
rs3730050, PIK3R1 rs10515074, RAPTOR rs9906827 and RAPTOR
rs7208502, were significantly associated with survival (Table II) and
remained significant after correction for multiple comparison testing.
Among them, RAPTOR rs9906827 and rs7208502 were in strong
linkage disequilibrium (r2 5 0.99, D# 5 1.00), thus we only in-
cluded RAPTOR rs9906827 in the subsequent joint analysis. Com-
pared with the homozygous wild-type, the AKT2 rs3730050
heterozygous and homozygous variant showed 1.51-fold (95% CI:
1.02–2.23) and 2.99-fold (95% CI: 1.65–5.42) increased risk of death,
respectively (P for trend,0.001). There was a significant trend of shorter
MST as the number of variant allele increased (P log rank 5 0.006, data
not shown). For PIK3R1 rs10515074, carriers of at least one variant
allele showed a 1.83-fold (95% CI: 1.24–2.69) increased risk of death.
RAPTOR rs9906827 variants were observed to confer a protective
effect on death with a HR of 0.55 (95% CI: 0.37–0.81) and longer
MST (81.9 months, data not shown) compared with the wild-type ge-
notype (MST, 32.3 months, P log rank 5 0.013, data not shown). To
internally validate the associations, we performed bootstrap sampling.
The overall odds ratios and 95% CIs generated by bootstrapping were
consistent with our initial results. Table II lists the number of times that
the bootstrap-generatedP value was 0.05, 0.001 or 0.0001 for each SNP.
In 100 bootstrap samplings, each of the SNPs reached significance at the
P 0.05 level in .80% of the samplings. This indicates that the results for
these SNPs are unlikely to be due to chance alone.

Cumulative effect on survival

We defined genotypes with increased risks of death as unfavorable
genotypes, which included RAPTOR rs9906827 wild-type, AKT2
rs3730050 variant and PIK3R1 rs10515074 variant genotypes, to per-
form the cumulative analysis. When we combined these unfavorable
genotypes, there was a significant trend for an increasing risk of death
with an increasing number of unfavorable genotypes. In Figure 1,
compared with the reference (group 1 without any unfavorable gen-
otypes), the HRs for individuals with 1 (group 2), 2 (group 3) and 3
(group 4) unfavorable genotypes were 2.17 (95% CI: 1.23–3.85), 3.34
(95% CI: 1.83–6.09) and 7.64 (95% CI: 3.40–17.21), respectively. In
Kaplan–Meier estimates, there was a significant trend for shorter MST
with the increasing number of unfavorable genotypes (log rank
P value ,0.001). The MSTs for groups 1–4 were .122.3, 58.8,
36.3 and 19.4 months, respectively.

Discussion

This study evaluated effects of genetic variations of the PI3K–AKT–
mTOR pathway on survival in MiM-BC patients. SNPs AKT2
rs3730050, PIK3R1 rs10515074 and RAPTOR rs9906827 were asso-
ciated with overall survival. Moreover, a gene-dosage effect was ob-
served, with the increasing number of unfavorable SNPs associated
with an increased risk of death and shorter MST.

MiM-BC patients are a disease with poor clinical outcome. Cur-
rently, only clinicopathological variables, such as grade, stage, vas-
cular and lymphatic extension and treatments, are used to predict
prognosis and guide clinical management (20). Previous laboratory
and population studies (5,15,21–24) have suggested that molecular
markers in several pathways including DNA repair, apoptosis and
inflammation may provide independent prognostic values for bladder
cancer. Some putative molecular markers have been incorporated in
the contemporary nomograms for predicting bladder cancer outcomes
and are undergoing validation in large population (25). However, the

Table I. Demographic and clinical variables for MiM-BC patients

Variables Death N (%) Alive N (%) P�

Yes (N 5 134) No (N 5 185)

Sex
Male 102 (76.1) 147 (79.5) 0.48
Female 32 (23.9) 38 (20.5)

Age (years)
Mean (SD) 69.1 (11.1) 64.0 (9.7) <0.001

Smoking statusa

Never 27 (20.2) 49 (26.5) 0.42
Former 71 (53.0) 89 (48.1)
Current 36 (26.8) 47 (25.4)

Stage
T2 71 (54.6) 147 (81.2) <0.001
T3 30 (23.1) 23 (12.7)
T4 29 (22.3) 11 (6.1)

Grade
G1 0 0 0.05
G2 1 (0.8) 9 (4.9)
G3 129 (99.2) 174 (95.1)

Treatmentsb

1 35 (26.1) 67 (36.2) 0.001
2 27 (20.1) 11 (5.9)
3 33 (24.6) 63 (34.1)
4 14 (10.5) 14 (7.6)
5 25 (18.7) 30 (16.2)

aSmoking status: individuals who had smoked .100 cigarettes in their
lifetime were defined as ever-smokers; others were never-smokers. Smokers
included current smokers and former smokers. Individuals who had quit
smoking at least 1 year before diagnosis were categorized as former smokers.
bTreatments: 1, Transurethral resection (TUR) þ cystectomy; 2, TUR þ
chemotherapy; 3, TUR þ cystectomy þ chemotherapy; 4, TUR only; 5,
others.
�P values were derived from Pearson’s v2 test or Fisher’s exact test for
categorical variables and Student’s t-test for continuous variables. The
significant P values (less than 0.05) were in bold.
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predictive ability for prognosis and drug response is not optimal and
many of the suggested markers needs further validation. To improve
the prediction accuracy, there is still a need to identify molecular
markers for MiM-BC clinical outcomes.

The PI3K–AKT–mTOR pathway is a candidate pathway for many
human cancers. Inhibition of the PI3K–AKT signaling abrogated blad-
der cancer cell line invasiveness (13) indicating that this pathway may
affect the natural history and prognosis of bladder cancer. Therefore, we
evaluated germ line genetic variations in this pathway as predictors of

prognosis in MiM-BC patients. The most interesting finding in this
study is that the variant A allele of AKT2 rs3730050 was significantly
associated with increased risk of death and shorter survival time. AKT,
the cellular homologue of the retroviral oncogene v-AKT, is a serine/
threonine kinase, which has three homologues, AKT1, AKT2 and
AKT3 in mammals (26). Once, cells are stimulated by extracellular
signals, such as hormones, growth factors and extracellular matrix com-
ponents, PI3K kinase phosphorylates a second messenger, phosphatidy-
linositol (3–5)-trisphosphate, which directly anchors AKT to the cell

Table II. SNPs associated with survival for MiM-BC patients

SNP’s genes Genotypes Death/alive HRa (95% CI) Pb Bootstrapc

134/185 P , 0.0001 P , 0.001 P , 0.05

rs3730050 AKT2 (G.A) ww 52/97 Ref.
wv 57/69 1.51 (1.02–2.23) 0.05
vv 16/11 2.99 (1.65–5.42) 2 � 10�4

Dominant 1.68 (1.16–2.44) 6 � 10�3

Additive P for the trend 4 3 1024 34 54 94
rs10515074 PIK3R1 (A.G) ww 65/108 Ref.

wv 56/61 1.88 (1.27–2.78) 2 � 10�3

vv 4/6 1.37 (0.48–3.94) 0.56
Dominant 1.83 (1.24–2.69) 2 3 1023 24 42 85
Additive P for the trend 7 � 10�3

rs9906827 RAPTOR (G.A) ww 46/45 Ref.
wv 50/83 0.55 (0.36–0.84) 6 � 10�3

vv 29/46 0.54 (0.34–0.88) 0.01
Dominant 0.55 (0.37–0.81) 2 3 1023 19 43 85
Additive 0.72 (0.56–0.92) 0.01

rs7208502 RAPTOR (G.A) ww 46/45 Ref.
wv 50/84 0.55 (0.36–0.84) 6 � 10�3

vv 29/46 0.54 (0.33–0.87) 0.01
Dominant 0.54 (0.37–0.80) 2 3 1023 15 37 82
Additive 0.72 (0.56–0.92) 9 � 10�3

The results of best genetic models are in bold.
aAdjusted by age, sex, smoking status, stage, grade and treatments using Cox proportional hazard regression.
bRemain significant after multiple comparison adjustment by Q test with false discovery rate at 10% level.
cWe did internal validation of the results choosing from the best genetic model using bootstrap 100 times.

Fig. 1. Cumulative effect of unfavorable genotypes on survival of MiM-BC patients.
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member to be activated by other kinases. Phosphatase and tensin ho-
molog is a phosphatase that can inhibit this process (26). AKT is in-
volved in a number of cancer cell-acquired phenotypes as follows: for
survival, AKT can interact with BCL2-associated agonist of cell death,
nuclear factor kappaB and P53 and exert anti-apoptosis functions; for
proliferation, AKT can regulate cell cycle machinery and for cell
growth, AKT can activate mTOR-mediated biosynthesis. Constitutive
amplification of AKT2 has been found in ovarian, pancreatic, breast
cancers (27,28) and in �55% primary bladder cancers (13). Particularly,
AKT2 activation was associated with high grade and more aggressive
phenotypes (29). In addition, AKTamplification was reported to mediate
cisplatin resistance in lung, cervical and ovarian cancer (7–10). A recent
study on esophageal cancer also reported that SNPs in AKT2 were
associated with poor prognosis (30). Therefore, it is biologically plau-
sible that variations of AKT2 modulate survival of MiM-BC patients.
The function of AKT2 rs3730050 remains to be elucidated. This SNP is
an intronic SNP that may regulate gene expression. Alternatively, it may
represent a tagging SNP in linkage with the real causal SNP from the
same haplotype block.

Phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1) is the reg-
ulatory subunit of PI3K, which is the upstream kinase of AKT. It di-
rectly associates with tyrosine kinases or through indirect interactions
with tyrosine receptor kinases by insulin receptor substrate. PIK3R1
constitutively binds and inhibits the release of catalytic subunit p110 of
PI3K. Mutation of PIK3R1 has been observed in ovarian and colon
cancer (31), and higher kinase activity was detected in breast cancer
(32). Compared with normal adjacent epithelium, primary bladder tu-
mors of all stages had PI3K overexpression and 5- to 20-fold increased
kinase activity (33). rs10515074 is located in intron 1 of PIK3R1. It
may be a functional SNP or a surrogate marker for the causative SNP.

The function of RAPTOR is not fully understood. Raptor is a regu-
latory protein of mTOR, which is downstream of PI3K–AKT path-
way. It may modify the mTOR activity or effectors of biosynthesis.
rs9906827 is located in intron 3 of RAPTOR. Future studies are war-
ranted to validate these three significant SNPs in independent popu-
lation and to perform fine mapping in the vicinity of these gene
regions to identify potential causal variants.

Recently, there has been an increasing application of the pathway-
based approach in cancer genetic and association studies (34,35). In
colorectal cancer, mutations of single genes in the PI3K–AKT path-
way were only observed in 4% of the tumors. In contrast, mutations of
multiple genes in the same pathway were detected in 40% of the
patients (34). Studies from mouse models showed that single gene
dysfunction in the PI3K–AKT pathway is insufficient to cause cancer
(36). Evidences from epidemiological studies demonstrate that com-
bining multiple variants would result in greater predictive power of
disease risk and clinical outcomes (37–39). When we combined the
three significant SNPs in different genes identified in this study, we
found a 7.64-fold increased risk of death for patients with three un-
favorable genotypes compared with those with no unfavorable geno-
types, providing further support for the application of pathway-based
approach in association studies.

This is the first study to evaluate the association between germ
line genetic variations in the PI3K–AKT–mTOR pathway and sur-
vival in MiM-BC patients. We found that three significant SNPs
(AKT2 rs3730050, PIK3R1 rs10515074, and RAPTOR rs9906827)
and a cumulative effect of these three SNPs were associated with
survival in MiM-BC patients. Although we adjusted for multiple
testing and performed bootstrap sampling to internally validate
these associations, we could not rule out the possibility of false-
positive findings. Independent external patient cohorts are needed to
validate our findings. If validated, these SNPs may be valuable bio-
markers to complement clinicopathological variables in predicting
prognosis of MiM-BC and to facilitate physicians in making individ-
ualized treatment decisions.
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