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Abstract

The most common somatic event in primary prostate cancer is a fusion between the androgen-

related TMPRSS2 gene and the ERG oncogene. Tumors with these fusions, which occur early 

in carcinogenesis, have a distinctive etiology. A smaller subset of other tumors harbor fusions 

between TMPRSS2 and members of the ETS transcription factor family other than ERG. To assess 

the genomic similarity of tumors with non-ERG ETS fusions and those with fusions involving 

ERG, this study derived a transcriptomic signature of non-ERG ETS fusions and assessed this 

signature and ERG-related gene expression in 1,050 men with primary prostate cancer from three 

independent population-based and hospital-based studies. While non-ERG ETS fusions involving 
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ETV1, ETV4, ETV5, or FLI1 were individually rare, they jointly accounted for one in seven 

prostate tumors. Genes differentially regulated between non-ERG ETS tumors and tumors without 

ETS fusions showed similar differential expression when ERG tumors and tumors without ETS 

fusions were compared (differences explained: R2 69–77%), including ETS-related androgen 

receptor (AR) target genes. Differences appeared to result from similarities among ETS tumors 

rather than similarities among non-ETS tumors. Gene sets associated with ERG fusions were 

consistent with gene sets associated with non-ERG ETS fusions, including fatty acid and amino 

acid metabolism, an observation that was robust across cohorts.

Implications: Considering ETS fusions jointly may be useful for etiologic studies on prostate 

cancer, given that the transcriptome is profoundly impacted by ERG and non-ERG ETS fusions in 

a largely similar fashion, most notably genes regulating metabolic pathways.
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Introduction

The TMPRSS2:ERG gene fusion is the most common somatic event in primary prostate 

cancer, occurring in ~50% of tumors in men of European ancestry (1). It involves the 

fusion of androgen-regulated TMPRSS2 and the oncogene ERG, a member of the ETS 

family of transcription factors (2,3). The fusion occurs less frequently in tumors from men 

of African and Asian ancestry than of European ancestry (1). A number of nonmodifiable 

and modifiable risk factors are associated specifically with TMPRSS2:ERG-positive versus 

negative prostate cancer, suggesting that this fusion is a distinct etiologic subtype of prostate 

cancer (4–10). ERG-positive tumors have higher protein expression of insulin receptor (IR), 

insulin-like growth factor 1 receptor (IGF-1R), adiponectin receptor 2 (AdipoR2), and fatty 

acid synthase (FASN) (11), which suggests specific metabolic sensitivities.

Fusion events of TMPRSS2 with members of the ETS gene family other than ERG also 

occur in prostate cancer, although with a lower prevalence (12,13). The extent to which these 

somatic events have similar causes and consequences as compared to TMPRSS2:ERG is 

unclear.

In the present study, we used the transcriptome as a global measure to address three 

questions regarding molecular subtypes defined by ETS fusions in prostate cancer. First, 

we assessed to what extent tumors with fusions involving ERG were transcriptionally similar 

to or distinct from those with ETS fusions other than ERG. Second, we quantified to 

what extent ERG-associated genes from a published ETS transcriptomic signature (14) and 

associated gene sets could be validated across cohorts with different inclusion criteria and 

approaches to transcriptome profiling. Third, given the differences in prevalence of the 

fusion by race and ancestry, and racial disparities in prostate cancer incidence and mortality 

rates (15), we examined how transcriptomic profiles of ETS fusions differed between Black 

and White men.
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Methods

The Cancer Genome Atlas (TCGA)

Analyses contrasting ETS subtypes and assessments of expression differences by race were 

done in the TCGA prostate adenocarcinoma (PRAD) study of primary prostate cancer (16), 

which was based on fresh-frozen tissue from radical prostatectomy. RNA sequencing was 

performed using Illumina HiSeq, mapping to 20,180 unique gene symbols, and quantified 

reads per kilobase of transcript. ERG, ETV1, ETV4, and FLI1 gene fusions were identified 

through the FusionSeq algorithm using RNA sequencing data. TCGA prostate cancer data 

were retrieved via cBioPortal on February 19, 2019.

Health Professionals Follow-up Study (HPFS) and Physicians’ Health Study (PHS)

Analyses validating ERG-related gene expression were done in a transcriptome substudy 

of participants from the HPFS and PHS cohorts with prostate cancer. HPFS is an ongoing 

cohort study of 51,529 health professionals followed since 1986 (17). PHS I and II began 

in 1982 and 1997 respectively as randomized primary prevention trials of aspirin and 

supplements among 29,067 physicians (18,19). Incident prostate cancer diagnoses during 

prospective follow-up of these two studies were confirmed by review of medical records, 

pathology reports, and re-review of tumor specimens. The study was conducted in in 

accordance with the U.S. Common Rule, and the study protocol was approved by the 

institutional review boards at Brigham and Women’s Hospital and Harvard T.H. Chan 

School of Public Health, and those of participating registries as required. The current study 

examines tumors with available ERG immunohistochemistry and RNA expression profiling.

Archival formalin-fixed paraffin-embedded prostate tissue specimens from radical 

prostatectomy or transurethral resection of the prostate retrieved from treating hospitals 

were centrally re-reviewed. All available samples were included on tissue microarrays, using 

at least three 0.6 mm cores of tumor per case. Tissue microarrays were characterized for 

ERG protein expression, using immunohistochemistry as a proxy for the TMPRSS2:ERG 
fusion (20). Endothelial ERG staining served as a positive internal control, and tumors were 

considered to have an ERG fusion when staining was positive in at least one core.

RNA expression profiling was done in tumors selected using cumulative incidence case-

control sampling of lethal cases (participants who developed metastases/died from prostate 

cancer at any time) and non-lethal controls (participants with prostate cancer but no 

metastases >8 years after diagnosis). Profiling used the GeneChip Human Gene 1.0 ST 

microarray (Affymetrix) with a resulting 20,254 unique gene symbols (Gene Expression 

Omnibus, GSE79021) (21,22).

Johns Hopkins Hospital prostatectomy cohort (Hopkins)

Analyses validating ERG- and non-ERG ETS-related gene expression and of differences by 

race were also done among tumors from men with intermediate/high-risk primary prostate 

cancer who were part of two partially overlapping radical prostatectomy studies at Johns 

Hopkins Hospital, oversampled for adverse clinical outcomes (23–25).

Stopsack et al. Page 3

Mol Cancer Res. Author manuscript; available in PMC 2023 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Formalin-fixed paraffin-embedded prostate tissue specimens were assayed for 

TMPRSS2:ERG fusions in a comparable fashion as HPFS/PHS, using ERG 

immunohistochemistry with the same primary antibody (26). Endothelial ERG staining 

served as a positive internal control, and tumors were considered to have an ERG fusion 

when staining was positive in at least one core. In addition, fusions involving ETV1, 

ETV4, and ETV5 were detected using chromogenic RNA in-situ hybridization with the 

RNAscope FFPE kit 2.5 (Advanced Cell Diagnostics, Hayward, CA), using separately 

validated probes (27), as previously described (26). Tumors were classified into mutually 

exclusive groups as non-ERG ETS if ERG protein expression was known and negative 

(26 tumors were excluded from this analysis because of uninterpretable or heterogeneous 

ERG status between cores) and RNA in-situ hybridization was positive for ETV1, ETV4, or 

ETV5; the remainder was classified as ERG or non-ETS.

RNA expression profiling used the Human Exon 1.0 ST microarrays (Affymetrix) in 

a Clinical Laboratory Improvement Amendments (CLIA)-certified clinical laboratory 

(Decipher Biosciences, San Diego, CA), as previously described (24,25), resulting in 46,052 

gene symbols.

Statistical analysis

Regression-based differential gene expression analyses with empirical Bayes adjustment 

were conducted using the Bioconductor package limma (version 3.44.3) (28). In TCGA, 

heteroskedasticity in the count data from RNA sequencing were addressed via precision 

weighting using the voom function.

The primary signature of ETS-related genes was previously developed by Berglund et 
al. (14) and consists of 413 genes (one of which not profiled in TCGA) that were both 

differentially expressed by ETS status in TCGA and by inferred ETS status in a clinical 

microarray series of 10,275 tumors. For consistency with this signature, low-abundance 

transcripts were included in all analyses.

To develop a signature of non-ERG ETS tumors in TCGA, genes were identified that were 

differentially expressed between tumors with non-ERG ETS fusions and tumors without 

ETS fusions of any type at a transcriptome-wide Benjamini-Hochberg false-discovery rate 

(FDR) of <0.001.

Three types of gene-level comparisons were conducted. First, Berglund et al. ETS genes 

and the non-ERG ETS genes identified in the preceding step were compared in their 

expression between ERG and non-ERG ETS transcriptomes, each in reference to non-ETS 

tumors, in TCGA and in the Hopkins cohort (Figure 1). Overall similarity was expressed 

as variance explained (R2, the square of Pearson correlations). Second, for validation, the 

ETS genes associated with ERG status in TCGA at p < 0.05 were tested against ERG status 

in HPFS/PHS and the Hopkins cohort; no null hypothesis-preserving FDR correction was 

used because the null hypothesis of no differences by ERG status was unlikely to be true. 

Third, differences by self-reported race in expression ratios of ETS genes between ETS and 

non-ETS tumors were explored in tumors from White and Black men in TCGA and the 

Hopkins cohort, assessing a multiplicative interaction term between race and ETS status in 
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a regression model that also included main effects for race and ETS status. FDR correction 

was calculated among the ETS genes tested.

Androgen receptor (AR) transcriptional activity was summarized as a más-o-menos score 

(29) of a well-characterized AR signature (30). In addition, we assessed the expression of 

99 ETS-related AR target genes identified based on ChIP-seq by Berglund et al. (14) after 

excluding genes in their “ETS+/− Up” group that did not differ by ETS status. Similarity in 

expression profiles of ETS-related AR target genes was compared as described above for the 

ETS and non-ERG ETS genes.

In competitive gene set analyses, gene sets with greater differential expression than other 

gene sets were identified for comparisons (Figure 1) of ERG vs. non-ERG tumors (in all 

three cohorts separately), for ETS vs. non-ETS tumors (TCGA, Hopkins), and for non-ERG 
ETS vs. non-ETS tumors (TCGA, Hopkins). These analyses were based on the main-effect 

regression models described above and were performed using the Camera approach (31) 

implemented in the limma package. Hallmark and KEGG pathway gene sets from the 

Molecular Signature Database version 6.2 were used (32,33), with FDR correction among 

all 236 gene sets.

Data Availability

Microarray gene expression data are available on Gene Expression Omnibus under accession 

numbers GSE79021, GSE79957, GSE79958, and GSE51066. Additional data from the 

Johns Hopkins cohort are available on request from the authors; HPFS and PHS prostate 

cancer data are available through an HPFS project request (https://sites.sph.harvard.edu/hpfs/

for-collaborators).

Results

Study populations

This study included 332 men with sufficient quality of tumor RNA sequencing-based 

transcriptome and gene fusion calls from the TCGA study, 379 men with ERG protein 

and microarray gene expression data in the HPFS and PHS cohorts, and 339 men with ERG 

immunohistochemistry and ETV1/4/5 RNA in-situ hybridization data from Johns Hopkins 

Hospital radical prostatectomy cohorts. Most men (TCGA 84%, HPFS/PHS 98%, Hopkins 

90%) self-identified as White, and ETS fusions tended to be more common among White 

men (Table 1). Tumor characteristics by ETS status were similar across studies (Table 1).

In TCGA, 197 tumors had ETS fusions (59%), including 151 at ERG (45%) and 46 non-

ERG ETS fusions (14%) involving ETV1, ETV4, or FLI1 (Figure 1A). No ETV5 fusions 

were detected.

HPFS and PHS participants tended to be diagnosed at an older age with lower clinical 

stage, compared to TCGA, but had similar tumor characteristics in terms of Gleason score 

and prostate-specific antigen (PSA) at diagnosis. 187 tumors (49%) were positive for ERG 

protein expression (Figure 1A). Other ETS subtypes were not characterized.
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Patients from Johns Hopkins Hospital tended to have lower clinical stage (98% T1/T2) than 

TCGA; other tumor characteristics were largely comparable. 172 tumors had ETS fusions 

(51%), including 129 that were positive for ERG protein expression (38%) and 43 non-ERG 
ETS fusions (13%) involving ETV1, ETV4, or ETV5 (Figure 1A). FLI1 was not assayed.

ERG and non-ERG ETS transcriptomes

The Berglund et al. ETS signature of 412 genes (Figure 1B–D) was developed in a study 

population that included TCGA, where 76% of ETS fusions involved ERG. Indeed, 400 of 

the ETS genes were expressed differentially by ERG vs. non-ERG status at p < 0.05, and 

the remaining 12 genes had associations with ERG status in the same direction as with ETS 

status in the original study (Supplementary Table 1).

A new signature of non-ERG ETS fusions was generated in TCGA by contrasting the 

46 tumors with non-ERG ETS fusions to the 135 tumors without any ETS fusions. 

Interestingly, of the 774 genes identified at FDR < 0.001, 164 genes (21%) were among 

the 412 Berglund ETS genes.

To address the possibility that additional genes among the 774 non-ERG ETS genes 

were reflective of a broader transcriptional difference between ETS and non-ETS tumors, 

differences in gene expression in tumors with ERG fusions and in tumors with non-ERG 
ETS fusions were contrasted against non-ETS tumors in TCGA (Figure 1B, Figure 2) and 

the Johns Hopkins cohort (Figure 1D, Figure 2). Overall, as compared to non-ETS tumors, 

ERG and non-ERG ETS tumors showed broadly similar transcriptional features, both among 

the 412 Berglund ETS genes (Figure 2A, C) and among the signature of 774 non-ERG ETS 

genes (Figure 2B, D). For the 412 Berglund et al. ETS genes, transcriptional differences 

between ERG and non-ETS tumors explained 76% of the variance (95% CI 72–80) in 

transcriptional differences between non-ERG ETS tumors and non-ETS tumors in TCGA 

(Figure 2A) and 53% in the Hopkins cohort (95% CI 46–60; Figure 2C). Likewise, for 

the 774 non-ERG ETS genes in TCGA, transcriptional differences between ERG and non-

ETS tumors explained 77% of the variance (95% CI 74–80) in transcriptional differences 

between non-ERG ETS tumors and non-ETS tumors in TCGA (Figure 2B) and 69% in the 

Hopkins cohort (95% CI 65–72; Figure 2D).

Despite these similarities, some ETS genes (Figure 2A, C) and some non-ERG ETS genes 

(Figure 2B, D) were expressed differently between ERG and non-ERG ETS tumors, as 

compared to non-ETS tumors. These included, as expected, ERG and ETV1, as well as some 

of the genes among the 774 non-ERG ETS genes that are part of a 15-gene non-ERG ETS 

signature generated by Tomlins et al. (2015) to separate such tumors transcriptionally from 

ERG and non-ETS tumors (Figure 2B, D, asterisks).

Comparisons of ETS-related, ERG-related and non-ERG ETS related gene expression used 

the same comparison group of non-ETS tumors, raising the possibility that gene expression 

differences may have been driven by the transcriptome of a subset of non-ETS tumors. 

Notably, when stratifying the comparison group of non-ETS tumors in TCGA into 37 

non-ETS SPOP-mutated tumors (11%), the most common known subtype that is mutually 

exclusive with ETS fusions, and 98 non-ETS non-SPOP tumors (30%), the expression 
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differences in the Berglund et al. ETS genes between ETS tumors were highly consistent (R2 

86%, 95% CI 83–88) between these two groups of non-ETS comparators (Supplementary 

Figure 1).

ETS-related androgen receptor (AR) transcriptome

In these cohorts of men with primary prostate cancer who were generally not hormonally 

treated before surgery, the overall transcriptional output of AR appeared comparable 

between ETS subtypes (Supplementary Figure 2, Supplementary Table 2). Among 99 

AR target genes that have been reported to be ETS-dependent (14), overall patterns of 

expression were similar among ERG and non-ERG ETS tumors and contrasted with non-

ETS tumors (Supplementary Figure 3). For the ETS-related AR target genes, transcriptional 

differences between ERG and non-ETS tumors explained 79% of the variance (95% CI 

70–85) in transcriptional differences between non-ERG ETS tumors and non-ETS tumors in 

TCGA and 60% in the Hopkins cohort (95% CI 46–71).

Replication of the ERG transcriptome across studies

With at least 400 of the 412 ETS genes associated with ERG status in TCGA, replication of 

the ERG transcriptome was assessed in HPFS/PHS (Figure 3A). Of the 400 gene symbols, 

expression of 354 genes (88%) was quantified on the microarray, and 308 of those genes 

(87%) were associated with ERG status at p < 0.05 and in the same direction as in TCGA 

(Supplementary Table 3). Similarly, in the Hopkins cohort, expression of 374 was quantified 

on the microarray, and 355 of those genes (95%) were associated with ERG status at p < 

0.05 and in the same direction as in TCGA (Figure 3B; Supplementary Table 3).

Differences in the ETS transcriptome by race

To evaluate whether the transcriptome of ETS fusions differed by race, ratios in expression 

by ETS status of the 412 Berglund et al. genes were compared between tumors from White 

men and Black men in TCGA (Figure 3C; Supplementary Table 4). Expression ratios were 

largely concordant by race (n = 43 Black men, 16 with ETS fusions). Among 36 genes 

with pinteraction by race of < 0.05, not adjusted for multiple comparisons, two genes (IL5RA, 

DLGAP1) had directionally consistent race differences in ETS-related gene expression 

differences at pinteraction < 0.05 in the Hopkins cohort (n = 27 Black men, 6 with ETS 

fusions; Figure 3D). Underrepresentation of Black men precluded analyses according to 

ETS subtypes.

Gene sets associated with ERG, ETS, and non-ERG ETS fusions

Among all Hallmark and KEGG gene sets in TCGA, the 7 gene sets that were more strongly 

associated with ERG vs. non-ERG tumors than other gene sets included KEGG pathways 

for fatty acid metabolism and amino acid metabolism (valine, leucine, and isoleucine 

degradation; beta-alanine metabolism; Table 2). The gene sets identified when comparing 

ETS vs. non-ETS tumors and when comparing non-ERG ETS tumors vs. non-ETS tumors 

in TCGA included 6 of the 7 ERG gene sets (all but KEGG Systemic Lupus Erythematosus) 

with the same directionality, as well as up to 22 additional pathways at FDR < 0.05 

(Supplementary Table 5).
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The 7 gene sets from the comparison of ERG vs. non-ERG from TCGA all had the 

same direction, with varying FDR, in both HPFS/PHS and the Hopkins cohort (Table 2). 

Similarly, the top-10 gene sets from the comparison of ETS vs. non-ETS tumors and from 

comparing non-ERG ETS tumors vs. non-ETS tumors were also consistent for all but one 

gene set in the Hopkins cohort (Table 2, Supplementary Table 5).

Discussion

In this study, we evaluated to what extent the transcriptome of the common ETS fusions in 

prostate cancer differs between fusions including the ERG oncogene and individually less 

common fusions involving other members of the ETS gene family. Overall, we observed that 

ERG and non-ERG ETS tumors had relatively similar transcriptional differences relative to 

non-ETS tumors. Differences between ETS and non-ETS tumors dominated, which likely 

resulted from the ETS fusions rather than from a distinct transcriptional signal from a subset 

of non-ETS tumors. We found high consistency of ERG-associated genes from a published 

ETS signature, and of ERG- and ETS-associated gene sets, upon validation in separate 

population-based and hospital-based studies. Our results provide additional validation for an 

ETS-related broad transcriptional program, which suggests that the transcriptomic impact of 

this family of fusions is profound and that it might be conserved across study populations 

and tumors with different characteristics. Against the background of lower prevalence of 

ETS fusions in tumors from Black men than White men, we did not reliably observe 

differences in the transcriptional program of ETS fusions between tumors from White and 

Black men.

ETS-associated gene sets included fatty acid and amino acid metabolic pathways. The 

findings of a robust transcriptional program encompassing metabolic pathways provide 

further molecular rationale why ERG-positive prostate tumors have been shown to be 

particularly susceptible to hormonally-acting cancer risk factors, including adiposity (11,4,5) 

and physical inactivity (10). The study by Berglund et al. (14), which additionally included 

tumors from the GenomeDX GRID database but did not separate ERG and non-ERG ETS 

fusions, also identified differences by ETS status that were not apparent in our analysis but 

that have strong support from other lines of evidence, such as androgen signaling (34,35), 

cholesterol homeostasis, and estrogen response (36). Our findings corroborate that ETS 

fusions, including the TMPRSS2:ERG gene fusion, mark a molecularly distinct subtype 

of prostate cancer with prominent transcriptional and metabolic rewiring of amino acid 

and fatty acid metabolism. Interestingly, transcriptome patterns are aligned with multiple 

tissue-based metabolomics studies, which found TMPRSS2:ERG fusions to be associated 

with enrichment of amino acids, complex lipids, and fatty acids (37–40).

We additionally asked to what extent ETS fusions of genes other than ERG differ in 

their transcriptomic program from tumors with ERG fusions. This question is particularly 

relevant for population-based studies of cancer etiology, which have so far typically relied 

on immunohistochemical quantifications of ERG protein expression, as our two validation 

sets did. Non-ERG ETS fusions, like those involving ETV1, ETV4, ETV5, and FLI1, are 

relatively rare, even collectively, which prohibited disentangling their transcriptomes further. 

This prevalence would also greatly limit the precision of epidemiologic studies on etiologic 
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heterogeneity and will likely render such studies on non-ERG ETS fusions in isolation 

infeasible for years to come.

Molecular and structural biology evidence suggests that ERG and other non-ERG ETS 

fusion transcription factors all have a similar DNA binding motif (12,2,13). Almost all 

ETS fusions involve TMPRSS2, which has oncogenic function irrespective of ETS fusions 

(41). Nevertheless, contributions to neomorphic transcriptional reprogramming may differ 

between ETS transcription factors. Although ERG, ETV1, ETV4, FLI1 were all shown 

to interact with BAF chromatin remodeling complexes (Boulay et al. 2017; Sandoval et 

al. 2018), it is possible that different ETS transcription factors recruit BAF complexes 

to different genomic loci. In addition, chromosomal locations of ETS genes can also 

impact transcriptional consequences. TMPRSS2 and ERG are located within proximity of 

each other on human chromosome 21q22, and the TMPRSS2:ERG fusion may cause a 

loss of the interstitial region containing multiple genes, which promotes prostate cancer 

progression in mice (42). In contrast, ETV1, ETV4, and FLI1 are located on entirely 

different chromosomes, and thus these non-ERG ETS fusions could reasonably have an 

impact on many other genes. A signature of non-ERG ETS tumors was developed by 

Tomlins et al. (43), and some non-ERG ETS genes are regulated differently by ERG 
status (44), such as mRNA expression of ETV1 itself. While a study suggested that ERG 

would not interact with PTEN loss and AR activation in the same manner as ETV1 (45), 

other studies have supported such interactions (46–48). Our data were not suggestive of 

major differences in AR transcriptional output between ETS subtypes, and differences 

in expression of ETS-related AR target genes between ERG and non-ETS tumors were 

mirrored by similar differences between non-ERG ETS and non-ETS tumors.

Our observation of broad similarities in transcriptional patterns of non-ERG ETS fusions 

to tumors with ERG fusions was thus not fully predictable. Importantly, this observation 

suggests that non-ERG ETS tumors could reasonably be expected to be susceptible 

to and influenced by similar etiologic factors as tumors with ERG fusions. While the 

molecular mechanisms through which fusions form may differ (13), how early tumor 

cell clones can adapt to selective pressure may be influenced by the interaction of their 

genomic profile and the risk factor milieu. As one example, ETS fusions in both prostate 

cancer (TMPRSS2:ERG) and Ewing sarcoma (EWS:FLI1) may sensitize tumors to the 

insulin/insulin-like growth factor-1 (IGF-1) signaling axis (11,49). Assessing ERG status 

alone misclassifies tumors with non-ERG ETS fusions together with non-ETS tumors as 

“ERG-negative,” which would be expected to attenuate between-subtype heterogeneity for 

etiologic factors and prognostic differences between subtypes. Comparisons by ERG status 

led to similar inference about the top transcriptional pathways but did not identify the 

additional transcriptome pathways that were detectable when separating non-ERG ETS 

tumors from non-ETS tumors (Table 2; Supplementary Table 5).

An ostensible limitation of the current study are the different approaches to measuring ETS 

status and gene expression in the three study populations. For example, the higher similarity 

between ERG and non-ERG ETS in TCGA (variance explained, 77%) than in the Hopkins 

cohort (69%) may be the result of larger measurement error from the microarray technology 

used in the latter study. Further, transcriptomes of tumors are modified by myriad other 
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factors that we did not consider, including patient characteristics and other DNA alterations 

associated with ERG fusions, such as PTEN loss. That most genes and gene sets were 

validated despite these differences should be considered additional evidence for the broad 

impact of ETS fusions on the transcriptome. Not all transcriptional differences may be 

reflected on the protein level, and it should not be inferred from this study that all individual 

target proteins would follow the overall transcriptional patterns. Protein expression of 

fatty acid synthase (FASN) was previously shown to be higher in ERG-positive than ERG-

negative tumors in a larger sample from HPFS and PHS (11). Further, the small number 

of tumors from Black men is an obvious limitation. Our lack of detection of statistically 

significant differences by race in ETS-related transcriptomes should not be interpreted as 

proof of their absence. Binding intensity of the AR transcription factor at certain targets, 

including at lipid metabolism genes, may differ between Black and White men (50), and 

considering ETS fusions with their different prevalence by race could be informative in 

this regard. However, instead of attempting to identify racial differences with larger sample 

size, a more informative next step would be to identify what etiologic factors cause prostate 

cancers with ETS fusions in the first place, which may lead to insights into potential 

prevention strategies and might ultimately explain their different race-specific incidence 

rates.

In conclusion, ETS fusions, involving ERG and non-ERG ETS genes, are a unique 

molecular subtype in primary prostate cancer, providing a rationale for differential 

associations of emerging prostate cancer risk factors that may act through hormonal or 

metabolic effects specifically with tumors harboring ERG fusions. Our results also suggest 

that non-ERG ETS tumors as a group are transcriptionally largely similar to tumors with 

ERG fusions and could be expected to be influenced by similar risk factors as tumors with 

ERG fusions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Subtypes of prostate cancer defined by ETS fusions and their combinations in The Cancer 

Genome Atlas (TCGA), a subset of prostate cancers with gene expression profiling from 

the Health Professionals Follow-up Study (HPFS) and the Physicians’ Health Study (PHS), 

and the natural history/biochemical recurrence study at Johns Hopkins University (Hopkins). 

Numbers in the bars are counts of tumors and proportions (A). Heatmaps show expression 

of Berglund et al. ETS genes in TCGA (B), HPFS/PHS (C), and Hopkins (D), capped at the 

3rd and 97th within-gene percentiles to reduce influence of outliers and scaled within genes 

Stopsack et al. Page 14

Mol Cancer Res. Author manuscript; available in PMC 2023 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to [−2, 2]. Tumors are on the x axis, sorted by ETS/ERG status but without further clustering 

to avoid overfitting; genes are on the y axis, sorted by expression ratios by ETS status in 

TCGA.
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Figure 2. 
Ratios of gene expression between non-ERG ETS tumors vs. non-ETS tumors (x axis) 

are compared with ratios of gene expression between ERG tumors vs. non-ETS tumors (y 
axis) in TCGA (A, B) and in the Johns Hopkins cohort (C, D). Genes compared are the 

412 Berglund et al. ETS genes (A, C) and the 776 non-ERG ETS genes (B, D), of which 

11 genes (indicated by asterisks) were also part of a non-ERG ETS signature by Tomlins 

et al. (2015). The left upper and right lower quadrants contain genes that are regulated 

in a different direction between the comparisons. Grayscale indicates the false-discovery 
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rate (FDRint) for expression differences between ERG and non-ERG ETS (i.e., within ETS 

tumors only). Genes with directionally discordant expression ratios at FDRint < 0.05, the 5 

genes with the lowest FDRint and concordant directionality, and two outliers by expression 

ratio (NEFH in C and AMACR in D) are labeled.
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Figure 3. 
Gene expression ratios between ERG vs. non-ERG tumors in TCGA one the x axis and in 

HPFS/PHS (A) or the Hopkins cohort (B) on the y axis; note the different scale because of 

dynamic ranges of RNA sequencing and RNA microarrays. Grayscale indicates p-value by 

ERG status in HPFS/PHS or the Hopkins cohort. Highlighted are genes with the strongest 

associations (by product of p-values in both cohorts per panel). C and D, Gene expression 

ratios ETS vs. non-ETS tumors in White men (x axis) and Black men (y axis) in TCGA 

(C) and in the Hopkins cohort (D). Grayscale indicates the FDRinteraction for race and ETS 
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status. The two genes with directionally concordant ratios and pinteraction < 0.05 in both 

cohorts (but FDR ≥ 0.21 in TCGA or FDR ≥ 0.34 in Hopkins) are highlighted.
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Table 1.

Characteristics of men with primary prostate cancer and high-quality gene expression data in The Cancer 

Genome Atlas (TCGA, left; n = 332), the Health Professionals Follow-up Study and Physicians’ Health 

Study (HPFS/PHS, middle; n = 379), and the natural history/biochemical recurrence study at Johns Hopkins 

University (Hopkins, right; n = 339).
1

TCGA HPFS/PHS Hopkins

Fusion status
ERG Non-ERG 

ETS
Non-ETS ERG Non-ERG ERG Non-ERG 

ETS
Non-ETS

N 151 46 135 187 192 129 43 167

Age at diagnosis 
[years]

61 (55, 66) 62 (55, 66) 62 (57, 66) 65 (62, 69) 66 (62, 70) 60 (55, 64) 60 (56, 64) 59 (56, 64)

 Unknown 1

Self-reported 
race

 White 131 (89%) 41 (89%) 98 (77%) 177 (98%) 185 (98%) 122 (95%) 41 (95%) 140 (85%)

 Asian 4 (3%) 1 (2%) 3 (2%) 0 (0%) 3 (2%)

 Black 12 (8%) 4 (9%) 27 (21%) 1 (1%) 1 (1%) 4 (3%) 2 (5%) 21 (13%)

 Other 0 (0%) 0 (0%) 0 (0%) 2 (1%) 0 (0%) 2 (2%) 0 (0%) 4 (2%)

 Unknown 4 0 7 7 3 1 0 2

PSA at diagnosis 
[ng/ml]

7.2 (5.2, 
10.3)

8.0 (4.8, 
14.4)

8.2 (5.1, 
14.6)

8.0 (5.4, 
11.6)

7.3 (5.4, 
13.0)

7.5 (5.4, 
12.6)

8.9 (6.5, 
13.3)

8.8 (5.7, 
13.1)

 Unknown 58 24 64 23 32

Gleason grade

 <7 27 (18%) 8 (17%) 30 (22%) 25 (13%) 33 (17%) 8 (6.2%) 3 (7.0%) 20 (12%)

 3+4 46 (30%) 13 (28%) 42 (31%) 77 (41%) 52 (27%) 53 (41%) 20 (47%) 66 (40%)

 4+3 41 (27%) 12 (26%) 25 (19%) 44 (24%) 53 (28%) 32 (25%) 10 (23%) 29 (17%)

 8 16 (11%) 6 (13%) 23 (17%) 19 (10%) 22 (11%) 18 (14%) 4 (9.3%) 25 (15%)

 9–10 21 (14%) 7 (15%) 15 (11%) 22 (12%) 32 (17%) 18 (14%) 6 (14%) 27 (16%)

Clinical stage

 T1/T2 87 (71%) 17 (47%) 86 (76%) 158 (89%) 167 (90%) 127 (99%) 41 (95%) 164 (98%)

 T3 10 (8%) 8 (22%) 9 (8%) 11 (6%) 7 (4%) 1 (1%) 2 (5%) 3 (2%)

 T4/N1 25 (20%) 10 (28%) 18 (16%) 1 (1%) 3 (2%)

 M1 0 (0%) 1 (3%) 0 (0%) 8 (5%) 9 (4%)

 Unknown 29 10 22 9 6 1 0 0

1
Data are median (interquartile range) or n (%). ERG is from TMPRSS2:ERG fusion calls based on RNA sequencing (TCGA) or from genomically 

validated immunohistochmistry for ERG protein expression (HPFS/PHS, Hopkins); non-ERG ETS fusions are from RNA sequencing (TCGA) or 
RNA in-situ hybridization (Hopkins).
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Table 2.

Gene set analysis for Hallmark gene sets associated with ERG vs. non-ERG (top), ETS vs. non-ETS (middle), 

and non-ERG ETS vs. non-ETS status (bottom). All gene sets beyond the top 10 are shown in Supplementary 

Table 5.

TCGA HPFS/PHS Hopkins

# Gene Set Genes
1 Direction FDR

2 Direction FDR
2 Direction FDR

2

ERG vs. non-ERG 3 

1 KEGG Valine Leucine and Isoleucine 
Degradation

44/44/42/44 Down 0.009 Down <0.001 Down <0.001

2 Hallmark Myogenesis 200/200/200/200 Down 0.009 Down 0.20 Down 0.13

3 KEGG Oxidative Phosphorylation 135/116/125/116 Down 0.026 Down 0.11 Down 0.37

4 KEGG Systemic Lupus Erythematosus 140/127/113/121 Down 0.026 Down 0.039 Down 0.55

5 KEGG Fatty Acid Metabolism 42/40/42/40 Down 0.039 Down 0.039 Down 0.003

6 KEGG Beta Alanine Metabolism 22/22/22/22 Down 0.048 Down 0.001 Down 0.002

7 KEGG Spliceosome 128/114/122/112 Up 0.026 Up 0.82 Up 0.86

ETS vs. non-ETS 4 

1 KEGG Valine Leucine and Isoleucine 
Degradation

44/44/--/44 Down <0.001 Down <0.001

2 Hallmark Myogenesis 200/200/--/200 Down <0.001 Down 0.12

3 KEGG Fatty Acid Metabolism 42/40/--/40 Down <0.001 Down 0.008

4 KEGG Beta Alanine Metabolism 22/22/--/22 Down 0.002 Down 0.002

5 KEGG Oxidative Phosphorylation 135/116/--/116 Down 0.003 Up 0.94

6 KEGG Glutathione Metabolism 50/50/--/48 Down 0.008 Down 0.004

7 KEGG Drug Metabolism Cytochrome P450 72/71/--/69 Down 0.019 Down <0.001

8 KEGG Spliceosome 128/114/--/112 Up 0.005 Up 0.041

9 Hallmark MYC Targets V1 200/195/--/194 Up 0.011 Up <0.001

10 KEGG RNA Degradation 59/57/--/57 Up 0.035 Up 0.07

Non-ERG ETS vs. non-ETS 5 

1 KEGG Valine Leucine and Isoleucine 
Degradation

44/44/--/44 Down <0.001 Down 0.46

2 KEGG Fatty Acid Metabolism 42/40/--/40 Down <0.001 Down 0.35

3 KEGG Beta Alanine Metabolism 22/22/--/22 Down <0.001 Down 0.15

4 KEGG Glutathione Metabolism 50/50/--/48 Down <0.001 Down 0.49

5 Hallmark Androgen Response 101/101/--/100 Down <0.001 Down 0.86

6 Hallmark Myogenesis 200/200/--/200 Down <0.001 Down 0.48

7 KEGG Limonene and Pinene Degradation 10/10/--/10 Down 0.003 Down 0.58

8 Hallmark MYC Targets V1 200/195/--/194 Up 0.009 Up <0.001

9 KEGG Spliceosome 128/114/--/112 Up 0.010 Up <0.001

10 KEGG RNA Degradation 59/57/--/57 Up 0.023 Up 0.001

1
Total number of genes in this geneset / Genes measured in TCGA with RNA sequencing / Genes measured on HPFS/PHS Affymetrix microarray / 

Genes measured on Hopkins Affymetrix microarray
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2
False-discovery rate among all 236 gene sets.

3
All 7 gene sets with FDR < 0.05 in TCGA.

4
Top 10 gene sets out of 18 gene sets with FDR < 0.05 in TCGA.

5
Top 10 gene sets out of 28 gene sets with FDR < 0.05 in TCGA.
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