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Abstract

The most common somatic alteration in primary prostate cancer is the TMPRSS2:ERG

gene fusion, which may be caused or promoted by distinct etiologic factors. The

objective of this systematic review was to assess epidemiologic evidence on etiologic

factors for prostate cancer by tumor TMPRSS2:ERG fusion status in human popula-

tions. Of 3071 publications identified, 19 cohort or case–control studies from six dis-

tinct study populations were included in this systematic review. Etiologic factors

included germline genetic variants, circulating hormones, and dietary and lifestyle fac-

tors. Taller height, higher total and free testosterone levels, and fewer trinucleotide

repeats in AR were possibly associated with higher risk of TMPRSS2:ERG-positive

prostate cancer. Excess body weight, greater vigorous physical activity, higher lyco-

pene intake, and the use of calcium channel blockers were associated with lower risk

of TMPRSS2:ERG-positive prostate cancer. Diabetes and family history of prostate

cancer were associated with both TMPRSS2:ERG-positive and TMPRSS2:ERG-negative

prostate cancer. Prostate cancer germline variants had suggestive differential
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associations with TMPRSS2:ERG-positive or TMPRSS2:ERG-negative prostate cancer.

However, results were based on few distinct study populations and generally had low

precision, underscoring the need for replication. In conclusion, prostate cancer with

TMPRSS2:ERG fusion is an etiologically distinct subtype that may be, in part, prevent-

able by addressing modifiable and hormonally acting etiologic factors that align with

the established mechanistic role of TMPRSS2:ERG in androgen, insulin, antioxidant,

and growth factor pathways.
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etiology, gene fusion, prostate cancer, systematic review, TMPRSS2:ERG

What's New?

The most common somatic alterations in primary prostate cancer are gene fusions involving

TMPRSS2 and ERG. TMPRSS2:ERG-positive cancers may be etiologically distinct from cancers

without this fusion. This study sought to better understand etiologic factors underlying

TMPRSS2:ERG fusion in prostate cancer via systematic review of epidemiologic studies. Of the

etiologic factors for tumors with the TMPRSS2:ERG fusion, most were not associated with

TMPRSS2:ERG-negative prostate cancer risk. Observed differences in relation between etiologic

factors and TMPRSS2:ERG-positive prostate cancer require further investigation but offer novel

insight into diverse etiologies of prostate cancer subtypes and mechanisms of carcinogenesis.

1 | INTRODUCTION

The most common somatic alterations in primary prostate cancer are

gene fusions between TMPRSS2 and members of the oncogenic E26

transformation specific (ETS) transcription factor family, most com-

monly ERG.1–4 As many as 140,000 individuals may be diagnosed with

TMPRSS2:ERG-positive prostate cancer annually among the 300,000

newly diagnosed patients in the United States.5–7

TMPRSS2:ERG and other ETS fusions are typically clonal events

that occur early in carcinogenesis. Etiologic factors may act by initiat-

ing the gene fusion or creating a milieu conducive to the promotion or

progression of tumors with such fusions.2,3,8 In a cell line, the fusion

results under irradiation when androgens induce chromosomal prox-

imity of these two genes.9 By bringing the oncogene ERG under tran-

scriptional control of androgen-regulated TMPRSS2, TMPRSS2:ERG

fusions have a profound impact on the tumor transcriptome and

metabolome, with hundreds of transcripts and dozens of signaling

pathways reproducibly differentially expressed between tumors with

TMPRSS2:ERG fusions and those without ETS fusions.10–14 Rewired

amino acid and fatty acid metabolism are particularly notable, includ-

ing differences in expression of the insulin-like growth factor 1 (IGF-

1) and insulin receptors.14–17

Considering these notable differences, TMPRSS2:ERG-

positive prostate cancers may have etiologies that are distinct

from tumors lacking the fusion. An understanding of etiology

according to molecular subtypes, as well as any heterogeneity in

risk factor associations, could inform the development of preven-

tion strategies. This systematic review aimed to synthesize evi-

dence on etiologic factors for TMPRSS2:ERG-positive prostate

cancers in human populations and elucidate the extent to which

this molecular subtype is etiologically distinct from cancers with-

out the fusion.

2 | MATERIALS AND METHODS

The protocol was registered at PROSPERO on August 15, 2019

(#133254). A search of Ovid MEDLINE was done from 1946 through

October 21, 2020, as well as Embase and Web of Science from incep-

tion through October 21, 2020. An updated search was performed on

March 15, 2023. The search strategy was developed together with a

reference librarian to identify studies broadly related to the TMPRSS2:

ERG gene fusion and prostate cancer. Search terms included,

“TMPRSS2”, “TMPRSS2:ERG”, “Transmembrane protease serine 2”,
“T2ERG”, “T2E”, “ETS-related gene”, “ETS gene fusions”, “ERG posi-

tive” coupled with “prostatic cancer”, “prostate cancer”, “prostatic
neoplasia”, “prostate neoplasia”, among others (Table S1).

Abstract and title screening based on pre-determined criteria con-

sidered all studies without date or language restriction (e.g., papers,

book chapters, conference abstracts). Records were excluded if:

(1) they were about non-human species, (2) TMPRSS2:ERG status was

not confirmed by established biomarker methods, (3) the study did

not assess an association between a potential etiologic factor and risk

of prostate cancer with or without the TMPRSS2:ERG fusion, or (4) the

study was restricted to patients with a prostate cancer diagnosis

(case-only design). Titles and abstracts were independently screened

using Covidence software by a combination of two reviewers (MVN,

CHP, LAM, CBM, MRS) and conflicts were resolved by discussion with

a third reviewer. All retained records underwent full-text screening by

a combination of two reviewers (CBM, CHP, LAM, MRS).
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Data extraction using a Covidence form was performed indepen-

dently by a combination of two reviewers (CBM, CHP, AHS, MRS),

and a consensus was reached after comparing data that were

extracted manually for all included manuscripts. The data extracted

included study characteristics (e.g., design/type, population), risk fac-

tor measurement, confounders, outcome ascertainment, tumor sub-

typing assay methods, and estimates of association.

Because simple scoring systems cannot adequately capture

bias,18,19 each study was reviewed for information bias, selection bias,

confounding (with predefined confounders age, race, and prostate-

specific antigen [PSA] screening), statistical modeling aspects, and

consideration of effect modification.

2.1 | Statistical analysis

Numeric results from included original articles were extracted and dis-

played in tables. No additional statistical analyses were conducted, with

the exception of inverting estimates from one study to match the direc-

tion reported in the second study examining this same risk factor.20,21

3 | RESULTS

3.1 | Systematic review and study characteristics

A total of 3504 articles were identified on systematic literature

search, of which 3071 were unique. After title and abstract screening,

90 records were retrieved for full-text screening (Figure 1). All

included studies had a full manuscript available.

Of the 19 studies that met inclusion criteria,20–38 eight were

cohort studies and 11 were case–control studies (Table 1). Of the

case–control studies, five were nested in longitudinal studies, three

sampled controls from population registers, and one used cumula-

tive incidence sampling from a randomized control trial. Study popu-

lations overlapped between several of the included studies. Eight

studies were in the Health Professionals Follow-up Study (HPFS), a

prospective cohort of 51,529 men working in health professions in

the United States aged 40–75 years at enrollment.39,40 Five addi-

tional studies included both the HPFS and the Physicians' Health

Study (PHS), initially a randomized-controlled trial of aspirin and

micronutrients among 22,071 men working as physicians aged 40–

84 years at enrollment.41 In these two cohorts, 46%–51% of tumors

were TMPRSS2:ERG-positive by immunohistochemistry. Three addi-

tional studies were based in two population-based case–control

studies among Black and White men in King County, Washington.

Cases were identified via the Seattle-Puget Sound Surveillance, Epi-

demiology, and End Results (SEER) cancer registry, of which 49%–

52% were TMPRSS2:ERG-positive by fluorescence in situ hybridiza-

tion (FISH). Controls were recruited via random digit dialing with

frequency matching by age and calendar year. The remaining three

populations were from case–control studies in the Prostate Cancer

Prevention Trial (PCPT, 50% TMPRSS:ERG-positive by FISH), at the

University of Ulm, Germany (68% TMPRSS2:ERG-positive by FISH),

and in the Collaborative Oncological Gene–environment Study

(COGS) Consortium from five study centers in Finland, Germany,

the United Kingdom, the United States, and Portugal (54%

TMPRSS2:ERG-positive by FISH or quantitative real-time polymerase

chain reaction).

3.2 | Bias assessment

In terms of information bias, exposure assessment was generally ade-

quate for the included lifestyle exposures, with use of repeated mea-

sures to reduce measurement error in the prospective studies. While

inherently imperfect, reliability and validity for several lifestyle factors

and circulating hormonal biomarkers have been formally assessed.

The type of assay used to assess TMPRSS2:ERG status varied across

studies; reliability and validity were generally considered high given

the inherently high signal-to-noise ratio of ERG overexpression14 and

the rarity of other 50 fusion partners (e.g., SLC45A3, NDRG1). In terms

of selection bias, all studies were restricted to surgically treated

patients with available tissue from prostatectomy or transurethral re-

section of the prostate, except one case–control study, which used

biopsy tissue.20 The use of inverse-probability weights to address

selective missingness of tissue in two cohort studies26,28 did not

materially change results, suggesting limited impact of potential selec-

tion bias for that cohort and etiologic factor. In terms of confounding

control, studies controlled for age, race, and PSA screening by multi-

variable adjustment or restriction of study populations, except for

studies examining germline genetic factors and one study25 that did

not control for PSA screening. Additional confounders related to spe-

cific exposures were also adjusted for across studies. Modeling typi-

cally used logistic regression or Cox models for competing events,

depending on the study design; sparse data presumably affected esti-

mates of some studies.

Studies were restricted to the United States, with predominantly

White men included (93% or more), as well as select European coun-

tries. The HPFS and PHS cohorts further restricted by educational

attainment, which could impact generalizability but inherently controls

for confounding by many socioeconomic factors.

3.3 | Body size, diabetes mellitus, and physical
activity

Body size as an etiologic factor was assessed in two independent

studies (Table 2), a cohort study in the HPFS cohort and a case–

control study in King County, Washington.23,26 The study in the HPFS

cohort found an association for higher body mass index (BMI)

assessed early in life but after puberty (rate ratio [RR] per 5 kg/m2

0.87, 95% confidence interval [CI] 0.73–1.03) and current BMI

(RR per 5 kg/m2 0.86, 95% CI 0.74–1.00) with lower rates of

TMPRSS2:ERG-positive prostate cancer.26 Similarly, the study con-

ducted in the King County, Washington population reported BMI in
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early-life but after puberty (RR per 5 kg/m2 0.83, 95% CI 0.68–1.03)

and current BMI (RR per 5 kg/m2 0.86, 95% CI 0.73–1.00) was associ-

ated with lower rates of TMPRSS2:ERG-positive prostate cancer.23

In both studies, associations between early-life BMI and current

BMI with TMPRSS2:ERG-negative prostate cancer were null. Simi-

larly, greater waist circumference, a measure of central adiposity,

was inversely associated with TMPRSS2:ERG-positive prostate can-

cer (RR per 5 inches 0.85, 95% CI 0.72–1.02), but not TMPRSS2:

ERG-negative prostate cancer (RR per 5 inches 1.06, 95% CI 0.90–

1.25) in one study.26

In the cohort study that examined adult height,26 taller height

was positively associated with TMPRSS2:ERG-positive prostate cancer,

(RR per 5 inches 1.24, 95% CI 1.03–1.50) with evidence of a linear

trend. Taller height was not associated with TMPRSS2:ERG-negative

prostate cancer (RR per 5 inches 0.98, 95% CI 0.82–1.18).

Diabetes mellitus was associated with lower rates of prostate cancer

in one study, without heterogeneity by TMPRSS2:ERG (Table 2).24

Total physical activity was not associated with either TMPRSS2:

ERG-positive or TMPRSS2:ERG-negative prostate cancer (Table 2).35

Vigorous physical activity was inversely associated with TMPRSS2:

ERG-positive prostate cancer (RR 0.71, 95% CI 0.52–0.97 comparing

quintile 5 to quintile 1), but not TMPRSS2:ERG-negative prostate can-

cer (RR 1.05, 95% CI 0.78–1.40).

3.4 | Family history and common genetic variation
in the germline

The genetic susceptibility to TMPRSS2:ERG-positive and TMPRSS2:

ERG-negative prostate cancer was assessed both using family history

F IGURE 1 PRISMA flowchart
of study selection using defined
screening criteria.
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TABLE 1 Characteristics of the included studies on risk factors for prostate cancer by TMPRSS2:ERG status, through March 2023.

First author, year Design Study Base N ERG+ N ERG� ERG Assay Risk factor(s)

Graff, 2018 Prospective cohort HPFS 439 474 IHC Height, BMI, waist circumference

Egbers, 2015 Population-based case–control King County, WA 295 268 FISH BMI

Feng, 2020 Prospective cohort HPFS 452 497 IHC Diabetes mellitus

Pernar, 2019 Prospective cohort HPFS 449 496 IHC Physical activity

Khan, 2020 Prospective cohort HPFS 325 371 IHC Baldness

Hashim, 2020 Prospective cohort HPFS 417 471 IHC Family history of prostate cancer

Graff, 2016 Nested case-controla HPFS and PHS 94 106 IHC Sex hormones

Figg, 2014 Case-controlb PCPT 97 98 FISH AR trinucleotide repeat length

Yoo, 2014 Nested case-controla HPFS and PHS 147 144 IHC AR trinucleotide repeat length

Luedeke, 2009 Case–control University of Ulm 32 15 FISH 13 variants in DNA repair genes

Luedeke, 2016 Case-control COGS 296 256 FISH, qPCR 27 prostate cancer risk variants

Penney, 2016 Nested case-controlb HPFS and PHS 227 260 IHC 39 prostate cancer risk variants

Allott, 2020 Prospective cohort HPFS 417 471 IHC Statin use

Stopsack, 2018 Prospective cohort HPFS 439 473 IHC Aspirin use

Wright, 2016 Population-based case–control King County, WA 171 175 FISH Aspirin use, NSAID use

Geybels, 2017 Population-based case-control King County, WA 295 268 FISH Calcium channel blocker use

Graff, 2016 Prospective cohort HPFS 426 458 IHC Lycopene, tomato sauce

Graff, 2017 Nested case-controlb HPFS and PHS 179 191 IHC Antioxidants

Feng, 2021 Nested case-controlb HPFS and PHS 128 149 IHC Metabolites

Abbreviations: BMI, body mass index; COGS, Collaborative Oncological Gene–environment Study; HPFS, Health Professionals Follow-up Study; IHC,

immunohistochemistry; FISH, fluorescence in-situ hybridization; qPCR, quantitative real-time polymerase chain reaction; NSAID, non-steroidal anti-

inflammatory drug; PCPT, Prostate Cancer Prevention Trial; PHS, Physicians' Health Study.
aNested in a prospective cohort study.
bWith cumulative incidence sampling from a randomized-controlled trial.

TABLE 2 Summary of associations between risk factors including body size, diabetes mellitus, physical activity and prostate cancer by
TMPRSS2:ERG status.

Risk factor(s) Study
ERG-positive ERG-negative

p-heterogeneityRR (95% CI) RR (95% CI)

Body mass index (BMI)

Current, per 5 kg/m2 Egbers, 2015 0.86 (0.73 to 1.00) 0.93 (0.80 to 1.09) NR

Current, per 5 kg/m2 Graff, 2018 0.86 (0.74 to 1.00) 1.03 (0.90 to 1.18) 0.07

At age 18–29 years, per 5 kg/m2 Egbers, 2015 0.83 (0.68 to 1.03) 0.96 (0.78 to 1.19) NR

At age 21 years, per 5 kg/m2 Graff, 2018 0.87 (0.73 to 1.03) 0.96 (0.81 to 1.12) 0.43

Maximum, per 5 kg/m2 Egbers, 2015 0.87 (0.75 to 1.01) 0.95 (0.82 to 1.10) NR

Height

Per 5 inches Graff, 2018 1.24 (1.03 to 1.50) 0.98 (0.82 to 1.18) 0.07

Waist circumference

Per 5 inches Graff, 2018 0.85 (0.72 to 1.02) 1.06 (0.90 to 1.25) 0.07

Diabetes mellitus

Present (vs. absent) Feng, 2020 0.72 (0.46 to 1.12) 0.63 (0.42 to 0.95) 0.67

Physical activity

Total activity, quintile 5 (vs. quintile 1) Pernar, 2019 1.13 (0.82 to 1.57) 1.04 (0.78 to 1.38) 0.20

Vigorous activity, quintile 5 (vs. quintile 1) Pernar, 2019 0.71 (0.52 to 0.97) 1.05 (0.78 to 1.40) 0.50

Abbreviations: CI, confidence interval; NR, not reported; RR, rate ratio (hazard ratio or odds ratio that estimates a rate ratio).
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of prostate cancer as well as germline variants. Family history of pros-

tate cancer was assessed in a single cohort study (Table 3).30 A posi-

tive family history of prostate cancer was associated with higher rates

of both TMPRSS2:ERG-positive and TMPRSS2:ERG-negative prostate

cancer, with similar results for family history in the father, a brother,

or both.30

Germline genetic single nucleotide polymorphisms (SNPs) at pros-

tate cancer risk loci were assessed in two studies (Table S2).32,34

These studies assessed a partially overlapping set of some of the

earliest-identified prostate cancer risk SNPs, some of which had stron-

ger associations with TMPRSS2:ERG-positive prostate cancer than

TMPRSS2:ERG-negative prostate cancer, or vice versa. A subset of risk

variants assessed in both studies was replicated by meeting the

null-hypothesis significance testing threshold in both individual stud-

ies.32,34 A third, earlier study assessed a distinct set of germline vari-

ants in DNA repair genes.33

3.5 | Sex hormones and androgen receptor
signaling

Sex hormones measured in pre-diagnostic blood were evaluated in

one case–control study nested in a prospective cohort (Table 3).29 Eti-

ologic heterogeneity was seen with free testosterone levels, which

were positively associated with TMPRSS2:ERG-positive prostate can-

cer (odds ratio [OR] per 1 standard deviation [SD] 1.37, 95% CI 1.05–

1.77), but not with TMPRSS2:ERG-negative cancer (OR per 1 SD 1.09,

95% CI 0.86–1.38). Results for other sex hormones were null for both

subtypes, and confidence intervals were wide. Baldness patterns, a

trait influenced by androgens, were not associated with either

TMPRSS2:ERG-positive or TMPRSS2:ERG-negative prostate cancer

(Table 3).31

Genetic variation in AR includes a trinucleotide repeat that influ-

ences androgen receptor-driven transcription. Shorter trinucleotide

repeat length, leading to higher androgen receptor (AR) activity, was

positively associated with TMPRSS2:ERG-positive prostate cancer in

one study (OR per 1 fewer repeat 1.07, 95% CI 1.00–1.14),21 while a

second study had compatible results but closer to null (OR per 1 fewer

repeat 1.03, 95% CI 0.96–1.10; Table 3).20 The association with

TMPRSS2:ERG-negative cancer was null in both studies.

3.6 | Medications

Commonly used medications were assessed in four studies

(Table 4).22,25,36,37 In the case–control studies from King County,

Washington, use of calcium channel blockers (RR 0.38, 95% CI 0.19–

0.78),25 aspirin (RR 0.63, 95% CI 0.43–0.93),37 and non-aspirin non-

steroidal anti-inflammatory drugs (NSAIDs; RR 0.65, 95% CI 0.37–

1.14)37 were associated with lower rates of TMPRSS2:ERG-positive

prostate cancer, but not associated with TMPRSS2:ERG-negative can-

cer. Null associations, albeit with limited precision, were observed for

TABLE 3 Summary of associations between risk factors involving hormonal factors and heritability, including baldness, circulating sex
hormone levels, CAG repeat length, family history of prostate cancer, and prostate cancer by TMPRSS2:ERG status.

Risk factor(s) Study
ERG-positive ERG-negative

p-heterogeneityHR (95% CI) HR (95% CI)

Family history of prostate cancer Hashim, 2020

In brother or father (vs. none) 1.49 (1.13 to 1.95) 2.15 (1.71 to 2.70) 0.04

In father (vs. none in father) 1.30 (0.96 to 1.76) 2.09 (1.64 to 2.66) 0.01

In brother (vs. none in brother) 1.96 (1.16 to 3.29) 1.71 (1.03 to 2.86) 0.72

Baldness Khan, 2020

Frontal baldness (vs. no baldness) 1.22 (0.94 to 1.58) 1.03 (0.80 to 1.32) 0.38

Vertex baldness (vs. no baldness) 0.89 (0.68 to 1.17) 1.00 (0.78 to 1.27)

OR (95% CI) OR (95% CI)

Sex hormones, per 1 standard deviation Graff, 2016

Total testosterone 1.20 (0.95 to 1.52) 1.12 (0.90 to 1.38) 0.63

Free testosterone 1.37 (1.05 to 1.77) 1.09 (0.86 to 1.38) 0.17

Dihydrotestosterone 1.04 (0.80 to 1.35) 1.03 (0.81 to 1.30) 0.93

Androstanediol glucuronide 1.11 (0.90 to 1.37) 1.22 (0.99 to 1.49) 0.51

Estradiol 1.07 (0.84 to 1.35) 0.95 (0.78 to 1.16) 0.44

Sex hormone-binding globulin 1.12 (0.88 to 1.44) 1.14 (0.91 to 1.42) 0.94

Germline variation in the androgen receptor

Per 1 fewer CAG repeat in AR Figg, 2014 1.03 (0.96 to 1.10) 0.96 (0.90 to 1.03) NR

Per 1 fewer CAG repeat in AR Yoo, 2014 1.07 (1.00 to 1.14) 0.99 (0.93 to 1.05) NR

Abbreviations: CAG, cytosine-adenine-guanine; CI, confidence interval; HR, hazard ratio; NR, not reported; OR, odds ratio.

6 MCGRATH ET AL.
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acetaminophen.37 In the HPFS cohort, null results were observed

for aspirin and TMPRSS2:ERG-positive prostate cancer (RR 1.02, 95%

CI 0.85–1.23).36 Use of cholesterol-lowering statin medications was

not associated with TMPRSS2:ERG-positive or TMPRSS2:ERG-negative

prostate cancer.22

3.7 | Dietary factors and metabolites

Two studies prospectively investigated dietary or circulating levels

of antioxidants in prediagnostic blood samples (Table 5).27,28 One

study found inverse associations between higher dietary intakes of

tomato sauce (hazard ratio [HR] 0.54, 95% CI 0.37–0.81) and the

antioxidant lycopene (HR 0.65, 95% CI 0.47–0.89) with TMPRSS2:

ERG-positive prostate cancer, comparing extreme categories of

intake.28 In the same study population, results for pre-diagnostic

circulating blood levels of lycopene and TMPRSS2:ERG-positive

cancer were inconclusive (HR 0.86, 95% CI 0.54–1.39, comparing

quartile 4 to quartile 1),27 as were results for associations with

TMPRSS2:ERG-negative prostate cancer. Associations for the anti-

oxidants α-carotene, α-tocopherol, β-cryptoxanthin, γ-tocopherol,

lutein, retinol, and selenium were also null with wide confidence

intervals for both TMPRSS2:ERG-positive and TMPRSS2:ERG-

negative cancer.27

Pre-diagnostic circulating blood metabolites levels were assessed

in one study (data not shown).38 Using enrichment analysis, three lipid

TABLE 4 Summary of associations between medication use and prostate cancer by TMPRSS2:ERG status.

Risk factor(s) Study

ERG-positive ERG-negative

p-heterogeneityRR (95% CI) RR (95% CI)

Statin use

Current use (vs. non-use) Allott, 2020 0.99 (0.74 to 1.33) 1.01 (0.78 to 1.31) NR

Aspirin and non-aspirin NSAID use

Current non-aspirin NSAID use (vs. non-use) Wright, 2016 0.65 (0.37 to 1.14) 1.04 (0.64 to 1.67) NR

Current aspirin use (vs. non-use) Wright, 2016 0.63 (0.43 to 0.93) 0.99 (0.69 to 1.42) NR

Current aspirin use (vs. non-use) Stopsack, 2018 1.02 (0.85 to 1.23) 1.09 (0.91 to 1.30) 0.63

Acetaminophen use

Current use (vs. non-use) Wright, 2016 0.93 (0.43 to 1.98) 1.12 (0.58 to 2.18) NR

Calcium channel blocker use

Ever use (vs. never use) Geybels, 2017 0.38 (0.19 to 0.78) 1.05 (0.65 to 1.69) NR

Abbreviations: CI, confidence interval; NR, not reported; NSAID, non-steroidal anti-inflammatory drug; RR, rate ratio (hazard ratio or odds ratio that

estimates a rate ratio).

TABLE 5 Summary of associations between pre-diagnostic circulating blood levels or dietary intakes of antioxidants and prostate cancer by
TMPRSS2:ERG status.

Risk factor(s) Study
ERG-positive ERG-negative

p-heterogeneityOR (95% CI) OR (95% CI)

Blood levels, quartile 4 (vs. quartile 1) Graff, 2017

Alpha-carotene 0.99 (0.62 to 1.56) 0.81 (0.53 to 1.26) 0.35

Beta-carotene 0.67 (0.39 to 1.15) 0.94 (0.56 to 1.59) 0.73

Alpha-tocopherol 0.76 (0.48 to 1.20) 1.03 (0.66 to 1.61) 0.13

Gamma-tocopherol 1.16 (0.75 to 1.78) 1.25 (0.80 to 1.96) 0.58

Beta-cryptoxanthin 1.08 (0.69 to 1.68) 1.26 (0.82 to 1.92) 0.89

Lutein 0.62 (0.38 to 1.01) 0.82 (0.53 to 1.27) 0.63

Lycopene 0.86 (0.54 to 1.39) 1.00 (0.65 to 1.53) 0.95

Retinol 0.92 (0.51 to 1.66) 1.16 (0.65 to 2.07) 0.40

Selenium 1.59 (0.78 to 3.25) 1.56 (0.74 to 3.31) 0.87

HR (95% CI) HR (95% CI)

Dietary Lycopene, cumulative average intake Graff, 2016

Quintile 5 (vs. quintile 1) 0.65 (0.47 to 0.89) 0.80 (0.59 to 1.09) 0.79

Tomato sauce, cumulative average intake Graff, 2016

≥2 servings/week (vs. <1 serving/month) 0.54 (0.37 to 0.81) 0.96 (0.62 to 1.50) 0.04

Abbreviations: CI, confidence interval; HR, hazard ratio; OR, odds ratio.

MCGRATH ET AL. 7

 10970215, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijc.35279 by A

rea Sistem
i D

ipart &
 D

oc, W
iley O

nline L
ibrary on [13/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



classes—sphingomyelins, ceramides, and phosphatidylethanolamines—

tended to be associated with TMPRSS2:ERG-positive prostate cancer,

and none with TMPRSS2:ERG-negative prostate cancer, but confi-

dence intervals were wide.38

4 | DISCUSSION

This systematic review summarizes evidence for heterogeneity in the

etiology of TMPRSS2:ERG-positive and TMPRSS2:ERG-negative pros-

tate cancer. The rationale for etiologic heterogeneity between tumor

molecular subtypes is established in other cancers, such as breast

cancer, where tumors have distinct risk factor profiles depending

on molecular subtype.42 In prostate cancer, the 19 studies in this

systematic review provide evidence for etiologic factors specifi-

cally for TMPRSS2:ERG-positive tumors and often null associations

with TMPRSS2:ERG-negative tumors, except germline genetic fac-

tors and family history. Etiologic factors for TMPRSS2:ERG-positive

prostate cancer were assessed via germline variants, circulating

blood levels, and questionnaire-based information. Those with at

least suggestive evidence include body composition, sex hor-

mones, vigorous physical activity, certain antioxidants, and com-

monly used medications.

Etiologic heterogeneity by TMPRSS2:ERG fusion status is moti-

vated by the profound tumor molecular differences induced by the

gene fusion.2,10,13,14 These differences, among others, include

the insulin and IGF-1 signaling pathway. Higher IGF-1 blood levels are

consistent etiologic factors for overall and aggressive prostate can-

cer.43,44 Likewise, dietary and lifestyle factors associated with hyper-

insulinemia are associated with prostate cancer risk.45 Notably,

TMPRSS2:ERG directly regulates IGF-1 receptor in vitro,17 and

ETS/ERG-positive tumors have higher expression of IGF1R and insulin

receptor than TMPRSS2:ERG-negative tumors.15–17,46 Among the etio-

logic factors in this systematic review, adult height in part reflects

IGF-1 levels during adolescence, which may partially explain the posi-

tive association between height and TMPRSS2:ERG-positive prostate

cancer, but not with TMPRSS2:ERG-negative cancer.26 While also lim-

ited in precision, associations of circulating lipid metabolites and risk

of TMPRSS2:ERG-positive prostate cancer are consistent with other

lines of evidence on metabolic influences on TMPRSS2:ERG-positive

tumors.11–14

Sex hormones and AR signaling are a second set of mechanisms

motivating several etiologic factors in the included studies, given that

the fusion brings ETS genes under control by the androgen-regulated

gene TMPRSS2,47 and in light of potential estrogen sensitivity of

TMPRSS2:ERG.10 The studies in this systematic review on pre-

diagnostic circulating levels of free testosterone and trinucleotide

repeat length in AR partially support this connection.20,21 In estab-

lished tumors, however, differences in androgen receptor signaling by

ETS status are more complex.13

The hypothesis that oxidative stress promotes formation of the

gene fusion48 motivated studies on the antioxidant lycopene. While

corresponding dietary intakes appeared to be protective factors for

TMPRSS2:ERG-positive prostate cancer in one study,28 results

for plasma antioxidant levels in another small study were null with

wide confidence intervals.27 Inflammation and oxidative stress may

also be influenced by commonly used anti-inflammatory medications,

including aspirin and NSAIDs, but results of the included studies36,37

are heterogeneous.

Several etiologic factors are likely reflective of multiple mecha-

nisms. For example, adult height reflects both IGF-1 and androgen sig-

naling.49 Adiposity alters multiple signaling pathways. While

adiposity-induced hyperinsulinemia increases free or bioactive IGF-1,

adiposity also decreases androgen levels including free testosterone.50

Higher levels of free testosterone are related to higher risk of aggres-

sive prostate cancer.51 Two studies in independent populations con-

sistently reported an inverse association between higher BMI and

TMPRSS2:ERG-positive prostate cancer and null associations for

TMPRSS2:ERG-negative prostate cancer.23,26 These findings suggest

that the established inverse association of adiposity and overall pros-

tate cancer risk52 could be driven by fewer TMPRSS2:ERG-positive

tumors in a low-androgen environment; however, additional data on

tumors with non-ERG ETS fusions and on the etiology of non-ETS

tumors are needed. Physical activity reduces IGF-1 and insulin,50 and

the study in this review suggested an inverse association of vigorous

physical activity and TMPRSS2:ERG-positive prostate cancer.35 These

associations may suggest that effects of physical activity on TMPRSS2:

ERG-positive prostate cancer are not primarily mediated via body

weight.

Finally, beyond individual mechanisms, several included studies

evaluated etiologic heterogeneity by tumor subtype based on germ-

line genetics. Prostate cancer is a highly heritable cancer, with 58% of

variation in incidence explained by germline genetic factors (95% CI

52–63),53 and the omnibus measure of family history was associated

with both TMPRSS2:ERG-positive and TMPRSS2:ERG-negative pros-

tate cancer.30 In contrast, studies evaluating individual SNPs sug-

gested that at least some underlying germline variants predispose

specifically to TMPRSS2:ERG-positive prostate cancer but not

TMPRSS2:ERG-negative prostate cancer, and vice versa. Similar find-

ings have been obtained in case-only studies, not included in this

review,54,55 and in a study published after completion of the system-

atic search.56 However, these studies still had limited precision, likely

leaving a substantial amount of germline predisposition to subtypes

undetected, and there is a need for larger genome-wide association

studies of prostate cancer subtypes.

This systematic review focused on etiologic factors for incidence

of prostate cancer subtypes defined by TMPRSS2:ERG status. Studies

that evaluated the prevalence of risk factors between the subtypes

among prostate cancer cases were not eligible for inclusion. Such

studies can, however, be informative about etiologic heterogeneity,

for example, by implying common54,55 and rare germline genetic varia-

tion in the etiology of TMPRSS2:ERG-positive tumors.57 We further

did not consider age and race as potential etiologic factors, as neither

have a causal interpretation, and instead assessed whether studies

controlled for them as confounders. The prevalence of TMPRSS2:ERG-

positive tumors among diagnosed cases differs by race and is lower
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among Black men than White men.6 In addition, TMPRSS2:ERG-

positive tumors tend to be diagnosed at a slightly younger age than

TMPRSS2:ERG-negative tumors.5,58 Identifying the underlying etio-

logic factors for tumor subtypes is necessary to understand which

causes manifest in such differences by age and race.

A key limitation of the evidence in this systematic review is lim-

ited sample sizes in the underlying original studies, resulting in low

precision of subtype-specific associations and weak formal statistical

evidence for heterogeneity between subtype-specific associations.

Further, most of the etiologic factors were assessed in one or two

separate and demographically homogenous study populations. It is

critical that findings be replicated with larger sample sizes, that studies

include more non-White men to assess generalizability, and that addi-

tional etiologic factors be considered.

Tumors with the TMPRSS2:ERG fusion are transcriptomically similar

to those with other ETS fusions,14 which account for one in seven pros-

tate tumors.52 Studies should thus disaggregate TMPRSS2:ERG-negative

tumors into those with non-ERG ETS fusions and tumors without any

ETS fusions, and further subtype the latter. A plausible but unstudied

hypothesis is that tumors with non-ERG ETS fusions have a similar etiol-

ogy to those with fusions involving ERG. Strikingly, none of the included

studies reported etiologic factors for TMPRSS2:ERG-negative tumors

beyond certain germline risk variants and the etiologic factors that did

not have heterogeneity by ERG status. This absence of specific risk fac-

tor associations for TMPRSS2:ERG-negative tumors may reflect the fact

that the term “ERG-negative” summarizes a heterogeneous collection of

tumor subtypes defined by non-ERG ETS fusions, SPOP or FOXA1

mutations,4 as well as other, more rare drivers with presumably different

etiologies. Expecting that “ERG-negative prostate cancer” has a specific

etiology would be akin to considering all subtypes of prostate cancer as

a single entity. A question for further investigation related to the current

review is the extent to which tumors with the TMPRSS2:ERG fusion and

other prostate cancers differ by factors such as PSA kinetics or imaging

features, which might help further tailor prostate cancer screening.

5 | CONCLUSIONS

Etiologic factors for TMPRSS2:ERG-positive prostate cancer, as sum-

marized in this review, largely align with biological characteristics of

this tumor subtype. If confirmed, at least a subset of prostate cancer

is amenable to prevention approaches, as many of the etiologic

factors are modifiable. More broadly, the preliminary evidence sum-

marized here may motivate further research into the etiologies of dif-

ferent subtypes of prostate cancer to uncover subtype-specific

mechanisms of carcinogenesis.
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