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Statement of translational relevance:

Mounting evidence supports a role for the cholesterol-lowering statins in reducing the
risk of advanced and aggressive prostate cancer. Lethal prostate cancer, arguably the
most clinically-relevant endpoint, is understudied given the need for large prospective
studies with long follow-up to ascertain sufficient numbers of lethal cases. Using data
from the Health Professionals Follow-up Study, a large prospective cohort with 24 years
follow-up, we report that statin users had a 24% reduced risk of being diagnosed with a
lethal prostate cancer, with an even stronger association among longer-term statin
users. Substantially lower risk of poor-prognosis PTEN-null tumors in statin users, and
altered immune/inflammatory gene expression in the tumor-adjacent normal prostate
tissue of statin users, provide potential mechanistic explanations for this finding. Our
findings could guide the selection of relevant biomarkers to serve as endpoints for future
observational studies and clinical trials testing a role for statins in lethal prostate cancer

prevention.
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Abstract

Background: Statins are associated with lower risk of aggressive prostate cancer, but
lethal prostate cancer is understudied and contributing mechanisms unclear. We
prospectively examined statins and lethal prostate cancer risk in the Health
Professionals Follow-up Study (HPFS), tested associations with molecular subtypes,

and integrated gene expression profiling to identify putative mechanisms.

Methods: Our study included 44,126 men cancer-free in 1990, followed for prostate
cancer incidence through 2014, with statin use recorded on biennial questionnaires. We
used multivariable Cox regression to examine associations between statins and
prostate cancer risk overall, by measures of clinically-significant disease, and by ERG
and PTEN status. In exploratory analysis, age-adjusted gene set enrichment analysis
identified statin-associated pathways enriched in tumor and adjacent normal prostate

tissue.

Results: During 24 years follow-up, 6,305 prostate cancers were diagnosed and 801
(13%) were lethal (metastatic at diagnosis or metastatic/fatal during follow-up). Relative
to never/past use, current statin use was inversely associated with risk of lethal prostate
cancer (HR 0.76; 95%CI 0.60-0.96) but not overall disease. We found a strong inverse
association for risk of PTEN-null cancers (HR 0.40; 95%CI 0.19-0.87) but not PTEN-
intact cancers (HR 1.18; 95%CI 0.95-1.48; p-heterogeneity=0.01). Associations did not
differ by ERG. Inflammation and immune pathways were enriched in normal prostate of

statin ever (n=10) versus never users (n=103).
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Conclusion: Molecular tumor classification identified PTEN and inflammation/immune
activation as potential mechanisms linking statins with lower lethal prostate cancer risk.
These findings support a potential causal association and could inform selection of

relevant biomarkers for statin clinical trials.
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Introduction

Mounting epidemiologic evidence supports an inverse association between statins and
risk of advanced prostate cancer, particularly with longer duration of use.>? Relatively
consistent evidence from different populations, together with laboratory data identifying
mechanisms linking statins with reduced prostate tumor growth, supports a potential

causal association.?

Given prostate cancer heterogeneity, studies of tumor subtypes could improve
understanding of prostate cancer risk factors. In particular, tumors containing the
androgen-driven TMPRSS2:ERG gene fusion, the most common subtype of primary
prostate cancer, may have distinct etiology.** Androgen pathway signaling brings the
TMPRSS2 and ERG genomic loci into proximity, thereby favoring their fusion.® Given
the role for cholesterol in intratumor androgen synthesis,® we hypothesized that the
cholesterol-lowering statins would be associated with lower risk of TMPRSS2:ERG
fusion-positive prostate cancer via reduced prostate androgen signaling in statin users.
Furthermore, cholesterol metabolism and phosphoinositide 3-kinase (PI13K) signaling
are tightly linked. Activation of the PI3K pathway drives intracellular cholesterol
accumulation’ and cholesterol, in turn, is a positive regulator of PI3K/Akt signaling, an
effect which can be offset by statin treatment of cell lines.® Moreover, the PTEN
promoter has been shown to be regulated by statins, resulting in upregulation of PTEN
at the transcriptional level.® We therefore hypothesized that statin use would be
associated with lower risk of PTEN-null prostate cancer via reduced cholesterol
signaling, increased PTEN expression and lower PI3K pathway activation in statin

users.
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Using data from the Health Professionals Follow-up Study (HPFS), we updated our
previous analysis of statins and prostate cancer risk'® with over a decade of additional
follow-up. This substantial increase in follow-up produced sufficient numbers of cases
for our a priori focus on the clinically-relevant outcome of lethal prostate cancer.
Moreover, we incorporated immunohistochemistry data for ERG (to detect
TMPRSS2:ERG gene fusion) and PTEN to identify molecular subgroups of prostate
cancer most impacted by statin use. In exploratory analysis, we analyzed gene
expression data from tumor and adjacent normal prostate tissue to identify statin-

associated biological pathways.

Materials and Methods
Study population

HPFS is an ongoing cancer epidemiology cohort of 51,529 men who enrolled by
responding to a baseline questionnaire in 1986 when aged 40-75. Demographic and
lifestyle factors, in addition to medical history, is collected on self-reported biennial
guestionnaires, with semi-quantitative food-frequency questionnaires included every

four years. The overall questionnaire response rate is >90%.

To encompass the statin era we began follow-up in 1990, excluding men who died
before returning the 1990 questionnaire (N=1,145) or who did not complete that

questionnaire (N=2,996). We excluded 3,216 men with a cancer diagnosis (excluding
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non-melanoma skin cancer) before 1990, and 46 men missing birth or cancer diagnosis

dates, for a final sample size of 44,126.

Institutional review boards at Harvard T.H. Chan School of Public Health and Partners
Health Care approved the study. The study was conducted in accordance with the US

Common Rule, and all participants provided written informed consent.
Statin use assessment

Men reported cholesterol-lowering medications every two years, beginning in 1990.°
The 2000 questionnaire was the first to ask specifically about statins, when 91% of
cholesterol-lowering drugs were statins.® We treated cholesterol-lowering drugs as
statins prior to 2000, as statins likely constituted the majority of cholesterol-lowering
drugs given their US prevalence.'! Duration of use was calculated by summing use
across the two-year periods encompassed by the biennial questionnaires, and
categorized as <5 vs. 25 years.'® Dose was unavailable. HPFS started asking about
type of statin use in 2004. At that time, the majority of statin use was either atorvastatin
(48% of statin users) or simvastatin (32% of statin users), with lower frequencies of

lovastatin (5%), pravastatin (10%) and rosuvastatin use (3%).
Prostate cancer ascertainment

From 1990-2014, 6,305 incident prostate cancers were diagnosed. Cancers were
initially self-reported and subsequently confirmed via medical and pathology records.
Deaths were reported by family, or identified through the National Death Index, with
>08% sensitivity. We retrieved archival prostate tumor tissue from approximately half of

HPFS participants diagnosed with prostate cancer who underwent radical

Downloaded from clincancerres.aacrjournals.org on November 25, 2019. © 2019 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on November 21, 2019; DOI: 10.1158/1078-0432.CCR-19-2853
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

prostatectomy (RP; 95%) or transurethral resection of the prostate (TURP; 5%). For
these specimens, central histopathologic review by study pathologists provided
standardized tumor grading. We classified tumors as localized (stage T1a-T2b and
NOMO; n=4,783) or advanced (stage T3b-T4, N1, or M1; n=485) at diagnosis (with stage
3a tumors omitted to maximize differences between localized and advanced groups); as
low grade (Gleason sum <3+4; n=3,918) or high grade (24+3; n=1,421); and lethal
(n=801) if distant metastases were present at diagnosis or occurred during follow-up, or

if prostate cancer was the cause of death.
ERG and PTEN immunohistochemistry

We leveraged tumor ERG and PTEN immunohistochemistry data (available for 888 and
715 cases, respectively) from tissue microarrays (TMAS), constructed using at least
three 0.6-mm cores per case from the primary tumor nodule or nodule with highest
Gleason grade.'? The presence of ERG staining was assessed within prostate epithelial
cells and staining in the vasculature endothelium served as an internal positive control.
Tumors were classified as ERG positive if any TMA cores for a given case had positive
ERG staining within prostate cancer epithelial cells, as previously described.*? Images

of ERG staining in HPFS are shown in Flavin et al.*®

ERG immunohistochemistry status
is strongly associated with fusion status assessed by fluorescence in situ
hybridization.** Tumors were classified as PTEN-null if PTEN immunohistochemistry
expression was markedly decreased (1+ intensity) or entirely lost (0O+ intensity) across

>10% of tumor cells compared with surrounding benign glands or stroma, which serve

as internal positive controls for tumor PTEN expression.* Images of PTEN staining in
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HPFS are shown in Ahearn et al.*> PTEN immunohistochemistry status is strongly

associated with PTEN homozygous genetic deletion.*>*®

Gene expression profiling

Whole genome gene expression was measured in tumor and adjacent normal prostate
using whole-transcriptome amplification (WT-Ovation FFPE system, v2, NUGEN) paired
with microarray technologies (Affymetrix GeneChip HumanGene 1.0ST microarray).*’
We processed the data, totaling 20,254 genes from tumor (n=229, of which n=30 were
ever statin users) and normal adjacent (n=113, of which n=10 were ever statin users)
tissues, as previously described.'® Data are available through the Gene Expression

Omnibus (GSE79021).
Statistical analysis

We compared age-standardized demographic and lifestyle factors by statin use in 2002.
We selected this year to be midway through follow-up, as prevalence of statin use
increased markedly over time. We counted person-years of follow-up from the 1990
guestionnaire return date until date of diagnosis, death, or end of follow-up, whichever
came first. We used Cox proportional hazards regression to calculate age-adjusted and
multivariable-adjusted hazard ratios (HR) and 95% confidence intervals (Cls) for
associations between statin use and risk of prostate cancer overall, by clinical measures
of tumor aggressiveness, and by molecular tumor characteristics. Statin use was
treated as time-varying, as previously described,*® where the reference group was past

or never use. Models were adjusted for covariates listed in Table footnotes.

10
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For analyses of total prostate cancer risk by ERG and PTEN status, cases lacking
biomarker status were censored at diagnosis. We tested for heterogeneity in
associations between statins and prostate cancer risk by subtype using likelihood ratio
tests. Prostate tissue was available for cases diagnosed through July 2009; therefore

we ended follow-up at that time for subtype-stratified analyses.

In sensitivity analyses, we truncated follow-up for our main analyses in 2009 to enable
direct comparison of results with those from biomarker analyses. We restricted our main
analyses to cases with available biomarker data and found similar associations. We
excluded men diagnosed with stage T1a disease (n=263), as they tend to be diagnosed
incidentally and are susceptible to detection bias, but found similar results. To
investigate potential confounding by PSA testing, we restricted to men reporting high-
intensity PSA testing (testing in >50% of possible time periods, lagged by one period to
avoid counting diagnostic PSA tests). We explored associations between type of statin
use, categorized as lipophilic (lovastatin, simvastatin, atorvastatin) and hydrophilic
(pravastatin, rosuvastatin), and risk of overall, high-grade and low-grade prostate
cancer, but findings did not vary by statin type and are not presented. We lacked
sufficient numbers of advanced, lethal and PTEN-defined prostate cancer cases to

examine these outcomes in association with type of statin use.

Gene set enrichment analysis (GSEA) was conducted™® to test the association between
statin use and expression of Kyoto Encyclopedia of Genes and Genomes (KEGG) gene
sets from the Molecular Signature Database (version 6.1, Broad Institute)

(http://software.broadinstitute.org/gseal/index.jsp). To remove age-related confounding

in gene expression, we obtained gene expression residuals from linear regression on

11
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age at diagnosis. Given the relatively small numbers of statin users included in this
analysis, in addition to the lack of knowledge regarding potential confounders of the
association between statin use and altered gene expression pathways in the prostate,
we did not adjust the GSEA for any other variables. Genes were ranked on a signal-to-
noise metric comparing ever versus never statin users. An enrichment score (ES) was
calculated for each gene set using a weighted Kolmogorov-Smirnoff statistic.
Significance was estimated with 1,000 phenotype-based permutations. The normalized

ES and false-discovery rate (FDR) identified the top statin-associated KEGG pathways.

Analyses were conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC) and R
version 3.1.0. All statistical tests were two-sided, with p<0.05 considered statistically

significant.

Results

Participant characteristics by statin use

Midway through follow-up in 2002, 24% of men reported current statin use (Table 1).
Relative to non-users, current statin users were slightly older, with higher BMI, and less
likely to be physically active. Men using statins were more likely to have a history of
diabetes, hypertension and high cholesterol, and more likely to have undergone PSA
testing than non-users. Current statin users reported higher rates of other medication

use, including aspirin (Table 1).

12
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Statins and prostate cancer risk, by clinical and pathologic tumor characteristics

In keeping with our previous findings,*° statin use was unrelated to overall, localized, or
low-grade prostate cancer risk (Table 2). While long-term statin use was suggestively
inversely associated with risk of advanced prostate cancer, the association was not
statistically significant. However, current statin use was associated with 24% reduced
risk of lethal prostate cancer, relative to non-use (HR 0.76; 95% CI 0.60-0.96). The
association between statin use and risk of lethal prostate cancer was similar, though
slightly attenuated, when statins were categorized as ever vs. never use (HR 0.83; 95%
Cl1 0.66-1.04). The association was stronger in long-term statin users where, relative to
never use, =5 years of use was associated with substantially lower risk of lethal prostate

cancer (HR 0.65; 95% CI 0.47-0.90).

Associations between statins and prostate cancer risk were similar when we ended
follow-up in 2009, to match available follow-up for biomarker analyses (Supplementary
Table 1). We observed similar, albeit slightly attenuated, inverse associations between
statins and risk of lethal disease when restricting to men reporting high intensity PSA
screening (Supplementary Table 2). Omitting PSA screening history and intensity from
multivariable models produced effect estimates which lay between those from age-

adjusted and fully-adjusted models (data not shown).
Statins and prostate cancer risk, by molecular tumor characteristics

Neither current nor long-term statin use was associated with risk of ERG-defined
prostate cancer (Figure 1). However, relative to non-use, current statin use was

associated with significantly reduced risk of PTEN-null cancer (HR 0.40; 95% CI 0.19-
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0.87). In contrast, current use was not significantly associated with risk of PTEN-intact
disease (HR 1.18; 95% CI 0.95-1.48; p-heterogeneity=0.01). Longer duration of statin
use was suggestively inversely associated with risk of PTEN-null prostate cancer (HRper
year 0.88; 95% CI 0.76-1.03), but not PTEN-intact disease (HRper year 1.00; 95% CI 0.96-

1.03; p-heterogeneity=0.06; Supplementary Table 3).
Gene expression pathways associated with statin use

Nine gene sets were enriched in tumor-adjacent normal prostate tissue of ever vs.
never statin users at FDR <0.25 (Figure 2; Supplementary Table 4). Among these top-
ranking pathways, we observed enrichment for immune activation and inflammatory
signaling. Four of the top-ranking gene sets (Leismania infection, asthma, systemic
lupus erythematosus and immune network for IgA production) showed significant
overlap of genes, further supporting inflammation and immune activation as the
common underlying biologic pathways. T-cell receptor signaling was the top-ranking
pathway whether statin use was categorized either as ever (n=10) vs. never (n=103), or
as current (n=6) vs. never/past (n=107; Supplementary Table 5). In addition, we
explored duration of statin use, categorizing length of statin use as 2 years (n=6), 4
years (n=2), 6 years (n=1) and 8 years (n=1), versus never use (n=103). T-cell receptor
signaling remained the top-ranking pathway in this continuous analysis, and 6 out of 9
top-ranking pathways were identical to the results from our categorical analysis of statin
ever vs. never use. Interestingly, no pathways were altered in prostate tumor tissue (all

FDR >0.7; Supplementary Table 6).
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Discussion

A little over a decade ago, HPFS findings were the first prospective data to demonstrate
an association between statins and reduced risk of advanced, but not overall prostate
cancer.'® This finding has now been replicated in >20 observational studies across
different populations.? Together with mechanistic data supporting anti-tumor effects of
statins, this growing body of evidence has led to interest in statin trials for prostate
cancer.??° With over 10 years additional follow-up now available in the HPFS, the
number of lethal prostate cancer cases has more than tripled since our original analysis,
enabling our current a priori focus on this clinically-relevant subgroup. While several
previous studies among men diagnosed with prostate cancer reported lower prostate

cancer-specific mortality in statin users,?*?®

prospective examination of lethal prostate
cancer risk in cancer-free men has been highly challenging due to the large size and
long duration of study needed to ascertain sufficient numbers of cases for a well-
powered analysis.'®?* Using data from a large prospective cohort of initially cancer-free
men followed for 24 years, the present analysis reports a significant and substantial
reduction in the risk of developing lethal prostate cancer among statin users, particularly
longer duration users. Moreover, we integrate rich tissue biomarker data to elucidate

potential mechanisms underlying the association, with a view to identifying potential

biomarkers for use in statin clinical trials.

Prostate cancer is heterogeneous, and recent efforts have identified molecular and
genetically-distinct subgroups. Common genetic aberrations include loss or inactivation

of the tumor suppressor, PTEN, and presence of the TMPRSS2:ERG gene fusion.?®

15
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Several risk factors have been more strongly associated with ERG-positive disease,
including height and obesity®® and lycopene.® Formation of the TMPRSS2:ERG gene
fusion can be driven by androgen signaling,® reduced in obesity, and by free radical-
induced DNA double-strand breaks,?’ offset by anti-oxidant properties of lycopene,
lending biologic plausibility to these associations. While tumor ERG status was
previously found to modify the association between statins and prostate cancer
recurrence,?® no epidemiologic studies have investigated the association between
statins and risk of molecular prostate cancer subtypes. We hypothesized that lowering
cholesterol, the precursor for androgen synthesis, would reduce formation of the
androgen-mediated TMPRSS2:ERG gene fusion. In contrast to our hypothesis, statins

were not associated with ERG status in the present analysis.

This is the first study to our knowledge to report that the risk reduction associated with
statin use was specific to PTEN-null prostate cancer. If confirmed, our findings suggest
that lower incidence of this poor-prognosis subgroup™ in statin users may contribute to
the inverse association between statins and lethal disease. In HPFS and other cohorts,
patients whose prostate tumors had higher cholesterol synthesis were more likely to
develop lethal disease.?® Results from prostate cancer mouse models support a role for
PI3K signaling, a key oncogenic pathway negatively regulated by PTEN, in cholesterol-
driven tumor growth.2% In a transgenic mouse model of PTEN-null prostate cancer,
serum cholesterol reduction lowered tumor androgens and slowed tumor proliferation.>*
In breast cancer, PI3K signaling inhibition blocked intratumor cholesterol synthesis,*?
while prostate tumor cells with PTEN loss and subsequent PI3K signaling upregulation

showed enhanced cholesterol uptake and tumor growth.” Moreover, statins upregulated
16
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PTEN transcription giving rise to higher PTEN protein levels in a dose-dependent
manner in breast cancer cell lines,’*® an effect also observed in PTEN haploinsufficient
lipoma cells.** We observed a non-significant suggestion of increased risk of PTEN-
intact prostate cancer in association with statin use which should be tested in other
studies. In sum, there is extensive experimental data in multiple tumor types indicating a
tight interconnection between cholesterol synthesis and PTEN/PI3K/Akt signaling,3*3>%’
suggesting that inhibition of cholesterol synthesis (for example with statins) may
abrogate a tumor’s selective advantage from such signaling. Future studies should

determine whether patients with PTEN-null tumors, potentially uniquely susceptible to

cholesterol and/or PI3K pathway targeting, might benefit from post-diagnosis statin use.

In addition to cholesterol-dependent effects of statins described above, there is also
evidence for cholesterol-independent statin effects. Our exploratory analyses identified
inflammation/immune pathway enrichment in tumor-adjacent normal prostate tissue of
statin users. Cardiovascular disease trials have demonstrated anti-inflammatory
properties of statins, independent of cholesterol-lowering.*®3° A short-term randomized
trial in prostate cancer reported no effect of atorvastatin on intraprostatic inflammation
after approximately 1 month of treatment.*® However, observational studies have
suggested that statins may influence histologic inflammation within the prostate.*#2
Immunomodulatory properties of statins have also been reported, particularly in
increasing circulating levels and enhancing function of regulatory T cells.*® Of note, we
observed enrichment for inflammation and immune signaling in normal, but not tumor,

prostate tissue. Recent data have highlighted an important role for the prostate

microenvironment in driving prostate cancer outcomes.** As such, emerging evidence
17
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that statins could impact normal prostate biology may indeed be relevant to lethal
prostate cancer prevention efforts. In support of our observation of altered
immune/inflammation in the tumor-adjacent normal prostate tissue of statin users, we
previously reported lower levels of histologic inflammation in benign prostate tissue from
negative prostate biopsies of statin users.*” Indeed, lower prostate inflammation in statin
users is thought to contribute to the observation that statin users have lower PSA levels,
a finding shown among cancer-free men.*>*® Our data, in addition to those of others,
suggest that statins may directly impact prostate biology. Collectively, our findings,
together with these results from previous studies, point to a potential role for the tumor
microenvironment in mediating biological effects of statins. Given the exploratory nature

of this analysis, future studies will be needed to validate our findings.

Strengths of our study include its prospective design and large size. With 24 years
follow-up for cancer incidence and mortality, we were able to evaluate lethal prostate
cancer risk with considerable statistical power. We ended follow-up at prostate cancer
diagnosis, and therefore did not consider post-diagnosis statin use. Therefore, this
study tests the potential for statins in the prevention of lethal prostate cancer rather than
in the treatment of initially localized disease. Repeated assessment of statin use as well
as demographic and lifestyle characteristics throughout follow-up enabled us to
consider the time-varying nature of these factors. Detailed PSA testing history allowed
us to consider the potential influence of PSA screening. Another unigue strength is the
linkage of this cohort with a tissue biorepository, as the study of molecular tumor
subtypes associated with statins may be less susceptible to screening and detection

biases than studies of overall or high-grade prostate cancer risk.
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The HPFS is comprised primarily of white men, potentially limiting generalizability to
other racial groups. Although studies in racially-diverse cohorts are few, several have

reported similar magnitudes of inverse association between statin use and risk of

47,48 |24

aggressive and fatal”” prostate cancer in white and African American men. While
these data may support the generalizability of our findings, future studies in racially-
diverse cohorts are needed. ERG and PTEN-stratified analyses were based on cases
that underwent RP or TURP with sufficient tissue for TMA construction. However,
clinical and demographic differences between cases with and without biomarker data
were minimal, and therefore molecular features of tumors would also be expected to be
non-differentially distributed between these groups. Moreover, previous HPFS analyses
reported similar findings when differences were balanced using inverse probability
weighting, indicating that the subcohort with tissue biomarker data is representative of
the whole.>?® Despite the large size of the cohort, limited numbers of cases with
available data for PTEN and ERG status prevented further stratification of our analyses
by tumor grade/lethality. As such, we could not formally test what proportion of the
inverse association between statins and lethal prostate cancer risk may be through
lower risk of poor prognosis PTEN-null disease. We hope that future cohort studies with
access to tissue biomarkers will pool the results in order to investigate this hypothesis.
However, our findings are the first to show a potential role for statins in preventing
PTEN-null prostate cancer. Our epidemiological findings are in keeping with
experimental observations that PI3K pathway activation leads to enhanced uptake and

accumulation of intracellular cholesterol,” while statin use and cholesterol reduction

upregulate PTEN expression and reduce PI3K activation, respectively.2* Finally,
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analysis of statin-associated gene expression was based on a relatively small sample
size and should be considered exploratory. However, the HPFS is unique in integrating
detailed exposure data with gene expression on tumor and normal tissue and, to our
knowledge, there are currently no appropriate validation cohorts. Combining current
(n=6) with former (n=4) users may have attenuated our findings, as it is unknown
whether statins could have any lasting effect on prostate biology after discontinuation.
However, substantial overlap between pathways with inflammatory/immune
components in the present analysis, together with published observations that statin
users have lower levels of histologic prostate inflammation and evidence from the
cardiovascular disease literature demonstrating a role for statins in inflammation and

immune modulation, supports the biologic plausibility of our findings.

To conclude, our results from the largest prospective analysis of statins and lethal
prostate cancer risk to date support a role for statins in lethal prostate cancer
prevention. Of note, rather than advocating that all men start statin therapy for lethal
prostate cancer prevention, our study highlights potential additional benefits of statins
for existing users. The inverse association between statin use and prostate cancer risk
was strongest for PTEN-null disease, a subtype with poor clinical outcomes.™ Future
studies should examine the potential effect of post diagnosis statin use on prostate
cancer outcomes in PTEN-null patients, potentially uniquely susceptible to cholesterol-
lowering. Exploratory gene expression analysis identified inflammation and immune
modulation as additional potential biologic mechanisms linking statins with lower risk of
lethal disease, and future studies should attempt to further disentangle drug-specific

effects of statins from their cholesterol-lowering effects. If confirmed, our findings

20

Downloaded from clincancerres.aacrjournals.org on November 25, 2019. © 2019 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on November 21, 2019; DOI: 10.1158/1078-0432.CCR-19-2853
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

provide support for a potential causal effect of statins on lethal prostate cancer risk and
could help to inform the selection of appropriate biomarkers for use in statin clinical

trials.
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Tables

Table 1. Age-standardized characteristics of statin users and nonusers in the Health
Professionals Follow-up Study, mid-way through follow-up in 2002

Statin use
Never/past Current
N 26,845 (76%) 8,642 (24%)
Mean age? years (SD) 68.0 (9.2) 68.9 (8.4)
White race, % 95.9 96.0
Mean height, inches (SD) 70.3 (2.7) 70.0 (2.6)
Mean BMI, kg/m? (SD) 26.1 (3.8) 26.8 (3.7)
Mean BMI at age 21, kg/m? (SD) 23.0 (2.9) 23.1(2.8)
Family history of prostate cancer, % 12.5 11.6
?/IS%a;n physical activity, MET hours/week 27.8 (22.4) 26.0 (19.4)
Smoking status, %
Never 39.0 38.3
Former, quit >10 years 31.1 39.1
Former, quit <10 years 8.4 9.0
Current 5.1 3.3
Missing 16.4 10.3
History of diabetes, % 8.3 14.4
History of hypertension, % 42.4 58.3
History of high cholesterol, % 43.5 92.6
Had PSA test®, %
1994 35.8 47.6
2000 72.6 87.8
2004 67.4 86.3
Mean tomato sauce intake, 1.1 (0.9) 1.1 (0.8)
servings/week (SD) A A
Mean coffee intake, cups/day (SD) 1.6 (1.4) 1.7 (1.3)
Mean calorie intake, kcal/day (SD) 2001 (538) 1929 (505)
Statin use duration, years (SD) 0.3(1.3) 5.6 (3.5)
Current medication use, %
Aspirin 33.4 65.5
Beta-blockers 9.3 27.7
Calcium channel blockers 4.8 11.8
Diuretics 7.8 16.0
Other anti-hypertensives 8.6 19.3

Abbreviations: BMI, body mass index; MET, metabolic equivalent tasks, PSA, prostate-specific

antigen; SD, standard deviation

4Age comparisons are not age-standardized
Reported having a PSA test in the 2 years before the questionnaire date indicated
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Table 2: Hazard ratios and 95% confidence intervals of the association between statin

use and risk of prostate cancer subgroups defined by tumor characteristics in the Health
Professionals Follow-up Study, 1990-2014

Cases, n HR? (95% CI) HR" (95% CI)

All cases 6,305
Current statin use

Never/past 4,807 1.00 (ref) 1.00 (ref)

Current 1,498 1.10 (1.03-1.17) 1.00 (0.93-1.08)
Ever statin use

Never 4,515 1.00 (ref) 1.00 (ref)

Ever 1,790 1.08 (1.01-1.14) 0.99 (0.92-1.06)
Duration of statin use

Never 4,515 1.00 (ref) 1.00 (ref)

<5 years 914 1.09 (1.01-1.17) 1.02 (0.94-1.10)

=5 years 876 1.06 (0.98-1.15) 0.95 (0.87-1.04)
Per year of statin use 6,305 1.01 (1.00-1.02) 1.00 (0.99-1.01)
Localized cases® 4783
Current statin use

Never/past 3,572 1.00 (ref) 1.00 (ref)

Current 1,211 1.14 (1.07-1.23) 1.01 (0.93-1.09)
Ever statin use

Never 3,350 1.00 (ref) 1.00 (ref)

Ever 1,433 1.11 (1.03-1.18) 0.99 (0.91-1.07)
Duration of statin use

Never 3,350 1.00 (ref) 1.00 (ref)

<5 years 725 1.12 (1.03-1.21) 1.02 (0.93-1.12)

>5 years 708 1.10 (1.00-1.20) 0.94 (0.85-1.04)
Per year of statin use 4,783 1.01 (1.00-1.02) 1.00 (0.99-1.01)
Advanced cases® 485
Current statin use

Never/past 409 1.00 (ref) 1.00 (ref)

Current 76 0.87 (0.67-1.13) 0.98 (0.73-1.31)
Ever statin use

Never 388 1.00 (ref) 1.00 (ref)

Ever 97 0.92 (0.72-1.17) 1.06 (0.80-1.41)
Duration of statin use

Never 388 1.00 (ref) 1.00 (ref)

<5 years 62 1.08 (0.82-1.43) 1.24 (0.91-1.68)

=5 years 35 0.69 (0.47-1.00) 0.80 (0.53-1.20)
Per year of statin use 485 0.97 (0.93-1.00) 0.98 (0.94-1.02)
Low grade cases® 3.918
Current statin use

Never/past 2,948 1.00 (ref) 1.00 (ref)
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Current 970 1.14 (1.05-1.23) 1.00 (0.91-1.09)
Ever statin use

Never 2,775 1.00 (ref) 1.00 (ref)

Ever 1,143 1.10 (1.02-1.18) 0.97 (0.89-1.05)
Duration of statin use

Never 2,775 1.00 (ref) 1.00 (ref)

<5 years 577 1.08 (0.99-1.19) 0.99 (0.89-1.09)

25 years 566 1.11 (1.01-1.23) 0.94 (0.84-1.05)
Per year of statin use 3,918 1.01 (1.00-1.02) 1.00 (0.99-1.01)
High grade cases' 1,421
Current statin use

Never/past 1,064 1.00 (ref) 1.00 (ref)

Current 357 1.07 (0.94-1.22) 1.01 (0.87-1.16)
Ever statin use

Never 989 1.00 (ref) 1.00 (ref)

Ever 432 1.06 (0.99-1.02) 1.02 (0.88-1.17)
Duration of statin use

Never 989 1.00 (ref) 1.00 (ref)

<5 years 221 1.13 (0.97-1.31) 1.08 (0.92-1.28)

25 years 211 0.99 (0.84-1.17) 0.94 (0.78-1.12)
Per year of statin use 1,421 1.00 (0.99-1.02) 1.00 (0.98-1.01)
Lethal cases® 801
Current statin use

Never/past 695 1.00 (ref) 1.00 (ref)

Current 106 0.71 (0.57-0.88) 0.76 (0.60-0.96)
Ever statin use

Never 662 1.00 (ref) 1.00 (ref)

Ever 139 0.76 (0.63-0.93) 0.83 (0.66-1.04)
Duration of statin use

Never 662 1.00 (ref) 1.00 (ref)

<5 years 88 0.90 (0.71-1.13) 0.96 (0.75-1.23)

25 years 51 0.59 (0.43-0.80) 0.65 (0.47-0.90)
Per year of statin use 801 0.95 (0.92-0.98) 0.96 (0.93-0.99)

adjusted for age and calendar time

badjusted for age, calendar time, race (white, African American, Asian American, other), family
history of prostate cancer in father/brother (yes, no), height (<68, >68-70, >70-72, >72 inches),
body mass index (BMI) at age 21 (<20, 20-<22.5, 22.5-<25, 225 kg/m?), current BMI (<21, 21-
<25, 25-<30, =230 kg/mz), smoking (never, former/quit >10 years, former/quit <10 years, current),
history of high cholesterol (yes, no), history of hypertension (yes, no), history of diabetes (yes,
no), PSA testing in the two years prior to the questionnaire date (yes, no, lagged by one period
to avoid counting diagnostic PSA tests), PSA testing in >50% of possible time periods (yes, no,
lagged by one period to avoid counting diagnostic PSA tests), aspirin use (yes, no), physical
activity (quintiles of metabolic equivalent hours/week), and total calories (quintiles of kcal/day)
‘Localized cases defined as stage Tla - T2b and NO, MO0 at diagnosis

dAdvanced cases defined as stage T3b - T4, N1, or M1 at diagnosis
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°Low grade cases defined as <Gleason 3+4 at diagnosis
"High grade defined as =Gleason 4+3 at diagnosis
9Lethal cases defined as M1 at diagnosis or distant metastasis / fatal during follow up
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Figure legends

Figure 1: Forest plot showing associations between current statin use and risk of
prostate cancer, overall and by ERG and PTEN status. Hazard ratios are represented

by the square and 95% confidence intervals by the line.

Figure 2: Age-adjusted gene set enrichment analysis showing gene sets enriched in
tumor-adjacent normal prostate tissue of ever statin users (n=10) versus never users
(n=103), with a false-discovery rate < 0.25. KEGG terms are ordered by the normalized
enrichment score, with the number of genes enriched in each biological process

indicated next to each bar.
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Figure 2

Normalized Enrichment Score
1.5 1.6 1.7 1.8 1.9 2

T_CELL_RECEPTOR_SIGNALING_PATHWAY I 108
INTESTINAL_IMMUNE_NETWORK_FOR_IGA_PROD... HE — 46
LEISHMANIA_INFECTION = m—— 70
PRIMARY_IMMUNODEFICIENCY I —— 35
ASTHMA I 29
PRION_DISEASES mE—— 35
REGULATION_OF_ACTIN_CYTOSKELETON ~m—— 209
SYSTEMIC_LUPUS_ERYTHEMATOSUS m— 128
VIRAL_MYOCARDITIS ~m——— 69

Downloaded from clincancerres.aacrjournals.org on November 25, 2019. © 2019 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on November 21, 2019; DOI: 10.1158/1078-0432.CCR-19-2853
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

AAC_R American Association
for Cancer Research

Clinical Cancer Research

Statin use is associated with lower risk of PTEN-null and lethal
prostate cancer

Emma H. Allott, Ericka M Ebot, Konrad H. Stopsack, et al.

Clin Cancer Res Published OnlineFirst November 21, 2019.

Updated version

Supplementary
Material

Author
Manuscript

Access the most recent version of this article at:
doi:10.1158/1078-0432.CCR-19-2853

Access the most recent supplemental material at:
http://clincancerres.aacrjournals.org/content/suppl/2019/11/16/1078-0432.CCR-19-2853.DC1

Author manuscripts have been peer reviewed and accepted for publication but have not yet been
edited.

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/early/2019/11/16/1078-0432.CCR-19-2853.

Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on November 25, 2019. © 2019 American Association for Cancer

Research.



http://clincancerres.aacrjournals.org/lookup/doi/10.1158/1078-0432.CCR-19-2853
http://clincancerres.aacrjournals.org/content/suppl/2019/11/16/1078-0432.CCR-19-2853.DC1
http://clincancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://clincancerres.aacrjournals.org/content/early/2019/11/16/1078-0432.CCR-19-2853
http://clincancerres.aacrjournals.org/

	Article File
	Figure 1
	Figure 2

