
Prostate Cancer and Prostatic Diseases (2021) 24:558–566
https://doi.org/10.1038/s41391-020-00314-z

ARTICLE

Clinical Research

Early-onset metastatic and clinically advanced prostate cancer is a
distinct clinical and molecular entity characterized by increased
TMPRSS2–ERG fusions

Zachary R. Chalmers 1
● Michael C. Burns 1

● Ericka M. Ebot2 ● Garrett M. Frampton2
● Jeffrey S. Ross 2,3

●

Maha H. A. Hussain 1
● Sarki A. Abdulkadir 1

Received: 19 October 2020 / Revised: 19 November 2020 / Accepted: 4 December 2020 / Published online: 8 January 2021
© The Author(s), under exclusive licence to Springer Nature Limited 2021

Abstract
Background Men with early-onset prostate cancer are at increased risk for cancer-related mortality, yet the prevalence and
spectrum of molecular alterations in this patient population is unknown. Here, we analyze comprehensive genomic profiling
data to characterize the molecular drivers of early-onset prostate cancer in patients with clinically advanced and metastatic
disease.
Methods Next-generation sequencing was ordered as a part of routine clinical care for 10,189 patients with prostate cancer
between 02/2013 and 03/2020 using commercially available comprehensive genomic profiling.
Results Deidentified genomic data for 10,189 unique patients with prostate cancer were obtained (median age= 66 y,
range= 34–90 y). 439 patients were ≤50 y (4.3%), 1928 patients were between ages of 51 and 59 y (18.9%), and 7822
patients were ≥60 y (76.8%). Of metastatic biopsy sites, lymph node, liver, and bone were the most common in all groups,
accounting for 60.2% of all specimens. Overall, 97.4% of patients harbored pathologic genomic alterations. The most
commonly altered genes were TP53, TMPRSS2–ERG, PTEN, AR, MYC, MLL2, RAD21, BRCA2, APC, SPOP, PIK3CA,
RB1, MLL3, CDK12, ATM, and CTNNB1. Patients ≤50 y harbored significantly more TMPRSS2–ERG fusions than patients
≥60 y, while AR copy number alterations as well as SPOP and ASXL1 mutations were significantly less frequent.
Conclusions Clinically advanced and metastatic early-onset prostate cancer is a distinct clinical subgroup with characteristic
genomic alterations including increased frequency of TMPRSS2–ERG fusions and fewer AR, SPOP, and ASXL1 alterations.

Introduction

Prostate cancer (PC) is the leading cancer diagnosis among
men in the United States with an estimated 191,930 new
cases expected in 2020 and remains the second most
common cause of cancer death for men in the United States,
responsible for an estimated 33,330 deaths in 2020 [1].
While patients with local and regional disease are treated
with curative intent and carry an excellent 5-year overall
survival of nearly 100%, a significant portion of patients
suffer from more aggressive disease with poor outcomes
despite advances in systemic therapy [2, 3]. These data have
led to the realization that PC is a heterogeneous disease that
includes both indolent disease in the elderly and aggressive
phenotypes such as clinically advanced early-onset PC [4].
The clinical and molecular features of early-onset PC are
not well described on a large scale.

Patients with clinically advanced early-onset PC represent
an increasing proportion of men diagnosed each year [4].
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From 2004 to 2013 the proportion of patients ≤75 y pre-
senting with metastatic PC rose from 2.7 to 4.0%, and
during the same period the proportion of patients presenting
with intermediate- and high-grade disease rose significantly,
from 46.3 to 56.4% (p < 0.01) [5]. Furthermore, for men
with early-onset PC, high Gleason grade or locally advanced
cancer at diagnosis carries a particularly poor prognosis [6].
These patterns highlight a clinically advanced early-onset
PC phenotype of increasing clinical importance.

While the incidence is low, clinically advanced early-
onset PC represents a clinical subgroup of PC patients that
are challenging to manage. There are limited studies
describing this disease phenotype and management relies
heavily on data from older patients. Early-onset PC patients
have a lower prevalence of cancer risk factors, and their
tumors may be enriched for genetic alterations that speci-
fically increase susceptibility to early-onset disease [7].
Understanding the genomic alterations specific to this
population offers the potential to better risk-stratify patients
and identify those who may benefit from early systemic
interventions [8–10]. Improved characterization is needed to
define the optimal treatment strategy and identify novel
interventional approaches to care for these young cancer
patients. To improve our understanding of the biology and
our ability to deliver optimally managed care, herein we
detail the landscape of molecular alterations that drive
clinically advanced early-onset PC.

Methods

Design

We analyzed patient age at time of tissue specimen col-
lection and disease spread together with comprehensive
genomic profiling data. Patients were stratified by age and
tissue site, and the frequency of molecular alterations
including point mutations, copy number alterations, gene
fusions, and genomic instability markers were characterized
across groups.

Patients data

Approval for this study, including a waiver of informed
consent and a HIPAA waiver of authorization, was obtained
from the Western Institutional Review Board (Protocol No.
20152817). Deidentified genomics data for 10,189 men
with metastatic and clinically advanced PC were obtained
from Foundation Medicine, Inc. (Cambridge, MA). Testing
was ordered as part of routine clinical care between Feb-
ruary 2013 to March 2020. Pathologic classification of
tumor specimens sent for testing included the following:
prostate acinar adenocarcinoma (n= 9808), prostate

undifferentiated carcinoma (n= 226), prostate ductal ade-
nocarcinoma (n= 148), prostate carcinosarcoma (n= 5),
and prostate basal cell carcinoma (n= 2).

Sample collection

Both fresh biopsy and archival tissue samples were ana-
lyzed. Patient age at specimen collection and the anatomic
location of the biopsied tissue was obtained from accom-
panying sample records. For patients with multiple speci-
mens, the first sample passing sequencing quality metrics
was chosen. Pathology review of tissue was performed by
board-certified pathologists to confirm tumor content and
diagnosis.

Tumor sequencing

Comprehensive genomic profiling was performed by
Foundation Medicine, Inc. as previously described [11].
Tumor mutational burden (TMB), microsatellite instability
(MSI), and patient ancestry were determined as previously
described [12–14]. TMB cutoffs were defined as: low TMB
(<6.0 Mutations/Mb), intermediate TMB (6–19Mutations/
Mb), and high TMB (≥20Mutations/Mb).

Results

Patient characteristics

Tissue samples from 10,189 unique patients were submitted
for comprehensive genomic profiling as part of routine
clinical care for metastatic and clinically advanced PC
between 02/2013 and 03/2020. Archived tissue was allowed
with samples collected between 09/1998 and 03/2020.

Median age at the time of biopsy was 66 y (range
34–90 y) (Fig. 1A and eTable 1). The majority of patients
were from European ancestry (n= 6435), while African
ancestry (n= 983) and other/unknown (n= 2771) were less
frequent. In comparison to patients with European ancestry,
patients with African ancestry were significantly younger,
with a median age of 64 y (range 35–90 y) compared to a
median age of 67 y (range 34–90 y) for patients of Eur-
opean ancestry (p < 0.0001, eFig. 1). Samples from patients
for genomic profiling included tissue biopsies from both
primary prostate (n= 5386, median age= 64 y) and meta-
static sites (n= 4092, median age= 69 y) (eTable 2).
Locally invasive sites (n= 711) were excluded from pri-
mary versus metastatic analyses.

Patients were stratified into early (≤50 y), intermediate
(51–59 y), and typical (≥60 y) age cohorts to compare
clinical characteristics and molecular drivers of disease.
Overall, 439 patients had early-onset disease with a
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diagnosis prior to 51 y, 1928 patients were between 51 and
59 y, and 7822 patients were ≥60 y (eTable 1). Genomic
profiling for patients with early-onset disease was more
likely to be sent from primary prostate tissue than metastatic
sites when compared to patients in the intermediate or
typical age cohorts 73% vs. 66% vs. 48% respectively
(Fig. 1B). Lymph node, liver, and bone were the three most
common metastatic sites sent for testing, accounting for
60.2% of all metastatic site specimens, although a broad
diversity in the location of metastatic disease sites were
reported by the ordering provider (eTable 2).

Genomic alterations in prostate cancer

Overall 97.4% of patients harbored a pathologic mutation
with an average of 4.1 mutations per tumor. Frequent
genomic alterations were observed in TP53 (40.2%),
TMPRSS2–ERG (30.1%), PTEN (29.7%), AR (17.9%),
MYC (10.7%), MLL2 (10.5%), RAD21 (10.4%), BRCA2
(8.6%), APC (8.3%), SPOP (7.3%), PIK3CA (6.6%), RB1
(6.4%), MLL3 (5.7%), CDK12 (5.6%), ATM (5.2%), and
CTNNB1 (5.2%) (eTable 3). Other pathways of interest with
alterations in genes that were less frequent than 5% include:
FGF19 (3.2%), FGF3 (3.1%), FGF4 (2.9%), FGFR1
(2.0%); AKT1 (2.3%), PIK3R1 (2.2%), PIK3CB (2.0%),
PIK3C2B (1.9%); BRAF (2.1%), and KRAS (1.9%).

By alteration type, the most common short variants were
in TP53 (37.8%), MLL2 (10.4%), PTEN (7.8%), APC

(7.5%), and SPOP (7.3%) (eTable 4). Copy number
alterations occurred most frequently in PTEN (22.0%), AR
(13.0%), MYC (10.7%), and RAD21 (10.3%) (eTable 5).
Notable gene rearrangements occurred with TMPRSS2
(32.3%) and BRAF (1.3%) (eTable 6). TMPRSS2 rearran-
gements most commonly occurred with ERG as a fusion
partner (93.1%) although rare fusions with ETV1/4/5 were
also observed (1.9%, 1.9%, and 0.8%, respectively).
Additionally, TMPRSS2 fusions and SPOP alterations
showed significant mutual exclusivity; only 20 out of 3065
(0.7%) patients with a TMPRSS2–ERG rearrangement have
an SPOP alteration, and 20 out of 743 (2.7%) samples with
an SPOP alteration have a TMPRSS2–ERG rearrangement
(p < 0.0001).

Age-associated genomic alterations

Median age for patients harboring a given genomic altera-
tion ranged from 63 to 69 y for primary prostate samples
(Fig. 2A) and 67–73 y for metastatic samples (Fig. 2B). An
increased number of frequently altered genes (>2%) were
observed in metastatic disease (47 genes) compared to
primary prostate lesions (24 genes). Alterations in gene
copy number, single nucleotide variations, and gene fusions
were broadly observed across all ages.

Overall, alterations increased with age with an average
mutation rate of 3.4 mutations/tumor (median 3, range
0–17) in the early-onset cohort compared to 3.5 (median 3,
range 0–41) in the intermediate and 4.3 (median 4, range
0–60) in the typical age cohort, a finding partially driven by
the increased rate of metastasis in the typical aged cohort
(eTable 7). Patients ≥60 y harbored significantly more
alterations in AR (FDR= 4.0 × 10−12), SPOP (FDR= 5.2 ×
10–4), and ASXL1 (FDR= 0.03) compared to patients ≤50 y
(Fig. 3A, eTable 3). Specifically, for short variants, the
change in frequency of these alterations was 3.0 vs. 8.2%
for SPOP, 1.6 vs. 6.7% for AR, and 1.1 vs. 3.9% for ASXL1
when comparing patients ≤50 y to those ≥60 y (eTable 4).
There were no significant differences in the frequency of
TP53, PTEN,MYC,MLL2, RAD21, BRCA2, APC, PIK3CA,
RB1, and CDK12 alterations between the three age cohorts.
While most alterations in individual genes showed a ten-
dency to increase in frequency with age, TMPRSS2 fusions
were significantly more common in patients ≤50 y com-
pared to patients ≥60 y, and the alteration rate was inversely
associated with age. For patients ≤50 y, 38.7% had
TMPRSS2 fusion compared to 34.1% in patients 51–59 y
and 31.5% for patients ≥60 y (FDR= 0.03, eTable 6). The
observed age-related variation in AR alterations among all
samples was primarily driven by differences in alteration
frequency observed in metastatic disease as no difference in
AR alteration frequency was observed between age cohorts
for primary prostate biopsies (Fig. 3B vs. Fig. 3C).

Fig. 1 Clinical characteristics of 10,189 men with prostate cancer.
A Histogram of patient age at the time of sample collection for all sites
superimposed with only primary prostate biopsies. B Distribution of
tumor biopsy sites observed in patients with early- (≤50 y), inter-
mediate- (51–59 y), and typical- (≥60 y) onset prostate cancer. All
other includes sites with <2.0% representation.
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Oncogenic alterations were further assessed by grouping
genes into 11 clinically relevant pathways (eTable 8) [15].
Mutation frequency in each pathway tended to increase
with age (Fig. 4A), and this trend was observed in both
primary prostate biopsies and distant metastatic site biop-
sies (Fig. 4B, C). As in the individual gene analysis,
alterations in TMPRSS2 were significantly more likely to
occur in patients with early-onset PC compared to typical
aged patients (Fig. 4A). Unlike other pathways, a wide age-
related variation in alteration frequency for TMPRSS2 was
observed across the entire dataset, as well as in both pri-
mary prostate biopsies and metastatic disease site biopsies
(Fig. 4B, C). Similar alteration frequencies in TMPRSS2
were observed regardless of biopsy site (primary vs.
metastatic). Alterations in androgen receptor axis signaling,
SPOP, and mismatch repair proteins were more likely to
occur in patients with increased age. In contrast to
TMPRSS2, the increase in AR pathway alterations is largely
driven by alterations in metastatic disease, and/or exposure
to systemic therapies, as no age-related difference was
observed in biopsies from primary prostate tumors
(Fig. 4B, C).

No significant age-associated differences were observed
in the PI3K—(PTEN, PIK3CA, AKT, and mTOR), WNT—
(CTNNB1, APC, RNF43, and AXIN1), and MAPK—(RAS,
RAF, and MEK) signaling pathways. Additionally, no age-
related variation was observed in DNA repair pathway
genes including BRCA1/2 as well as other genes with a
direct or indirect role in homologous recombination that
may confer sensitivity to PARP inhibitor therapy or plati-
num agents for metastatic PC (Fig. 4A) [16–18].

TMB and MSI

MSI status and TMB were assessable for 9677 cases
(95.0%) and 8137 cases (79.9%), respectively. Overall
2.6% of patients with assessable MSI status were found to
have MSI-H tumors with a higher rate in metastatic disease
(3.3%) compared to primary site (1.8%). Similarly, 3.1% of
patients had a TMB high phenotype with a frequency of
3.7% and 2.2% observed in metastatic and primary sites,
respectively (eTable 7). Of the 249 patients with high TMB,
191 (77%) were also MSI-H, and conversely, 191 of 249
MSI-H patients (77%) were also TMB high, showing
marked, but incomplete overlap of these two instability
biomarkers. In localized (Fig. 5A, B) and metastatic
(Fig. 5C, D) patients, increasing TMB and MSI status were
significantly associated with increasing patient age. Inde-
pendent of tumor site, the average age of patients with TMB
high or MSI-H was significantly greater (eFig. 2), and the
frequency of instability biomarkers in the typical-onset age
group was significantly higher (eFig. 3), consistent with
prior studies that have shown increased genomic instability
in later-onset disease [12, 19].

Discussion

Patients with early-onset, clinically advanced and metastatic
PC are challenging to manage due to the paucity of litera-
ture characterizing their disease, the requirement for mul-
tiple lines of therapy, and the absence of data guiding
optimal management. Herein, we reported genomic

Fig. 2 Trends in patient age
for patients harboring a
known oncogenic alterations.
Genomic alterations with at least
2% frequency are shown for
(A) primary and (B) metastatic
prostate cancer. The white point
indicates median age, the black
box represents the interquartile
range, and the violin shows age
distribution for all patients with
the indicated alteration, colored
by alteration class. Median age
of all patients is indicated with
the black line. The total number
of patients with each alteration is
shown along the x-axis. Gray all
patients, Green short variant,
Red copy number, Blue fusion.
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alterations that drive disease in this clinical subgroup. In our
analyses of genomics data collected during routine clinical
care, we compared three cohorts by age and identified early-
onset PC as a molecular subtype of disease driven more
frequently by TMPRSS2 fusions and less commonly by
alterations in AR, SPOP, and ASXL1. Secondary findings
include an increase in AR alterations with age, a finding
partially attributable to metastasis and systemic therapy
exposure. MSI and increased TMB were both associated
with increasing age.

Strengths of this study include a large, comprehensive
dataset encompassing real-world patient genomics. Limita-
tions include restricted access to treatment data, over
representation of patients with European ancestry, and a
retrospective cohort study design. The set of genes

sequenced in this study have known or likely clinical/
prognostic significance, however, an unbiased approach to
sequence less well-known genes and germline variants
underlying familial PC may provide additional insights
[20]. The data presented for young patients accurately
reflects that which is observed in clinical practice, where
despite a low incidence, early-onset disease is frequently
encountered as these patients may survive for years and
often require multiple lines of systemic therapy. Clinical
management of these patients is challenged by a lack of
literature describing early-onset PC, with health care pro-
viders often relying on data from older populations of PC
patients to determine how to manage this disease. While this
study is reflective of real-world molecular alterations
observed by physicians in the clinic, conclusions regarding

Fig. 3 Frequency of known
oncogenic alterations in
patients with early- and
typical-onset prostate cancer.
Comparison of the frequency of
genomic alterations in the
indicated gene between early-
(≤50 y) and typical- (≥60 y)
onset groups for (A) all patients,
(B) only primary, and (C) only
metastatic cases. Colored
markers indicate an FDR-
corrected p value < 0.05.
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alteration frequency before or after treatment require further
investigation.

Consistent with clinical practice, specimens in this
study would commonly be sent for genomic testing when a
patient presents with metastatic disease or when a patient
progresses on a line of systemic therapy. Tissue diagnosis
prior to initiation of systemic therapy is a cornerstone of
oncology practice, and neoadjuvant therapy is not cur-
rently recommended in PC. Therefore, prostate biopsies,
including samples from radical prostatectomy, were likely
collected prior to exposure to systemic therapies including
androgen deprivation therapy, and represent hormone
sensitive PC. Metastatic sites include both hormone sen-
sitive and castration resistant disease states, and are more
likely to be tested after progression on systemic therapy,
reflecting alterations that arise with disease evolution.
Limited access to patient level clinical data prevented
further subclassification of patients. Data to support this
include the increased frequency of AR mutations with age
and in metastatic samples, a finding known to be asso-
ciated with exposure to systemic therapies including
androgen deprivation therapy [21–23]. The increased
TMPRSS2 alteration frequency in younger patients is
notable in that it is present regardless of biopsy site, and

therefore unlikely attributed to prior systemic therapy
exposure or metastasis.

Baseline demographics in this study may not be repre-
sentative of the national/global diversity of patients with
PC, and there is evidence reported in the literature of dis-
tinct driver mutations within different ancestries [1, 14, 24].
Molecular differences in PC are reported in men of East
Asians and African decent compared to men of European
decent, and PC carries an increased risk of morbidity and
mortality in African Americans [25]. Together, these studies
highlight the need for further investigations into the envir-
onmental and social determinants contributing to differ-
ences in outcomes by race, including in patients with early-
onset PC.

These data bolster findings from a whole genome
sequencing study of 11 patients with early-onset PC
(median age 47 y) who had frequent TMPRSS2–ERG
fusions compared to patients with typical-onset PC (median
age 65 y) [26, 27]. The TMPRSS2–ERG fusion is an early
event in PC pathogenesis, and there is increasing evidence
that TMPRSS2–ERG fusions represent a unique molecular
subtype of PC [16, 28, 29]. Consistent with data reported
here, the TMPRSS2–ERG fusion is seen in both primary and
metastatic PC sites; however, the clinical significance of the

Fig. 4 Pathway alterations in
early-onset prostate cancer.
Frequency of an alteration in
select genes or pathways related
to prostate cancer for (A) all
patients, (B) primary disease, or
(C) metastatic disease. FDR-
corrected two-sided Fisher’s
exact test used in all cases to
compare early and typical
groups: ns not significant; *p <
0.05; **p < 0.01. Gene pathways
are listed in eTable 8.
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rearrangement, and of specific fusion constructs, is less
clear [30, 31].

The prognostic significance of TMPRSS2 fusions, and
their suitability as therapeutic targets, in advanced PC has
been described by multiple studies and reviewed recently
[32–36]. The data presented here adds to this body of work
with increasing statistical power to define a distinct clinical
subgroup of young patients with aggressive disease driven
more frequently by TMPRSS2–ERG alterations. It also
points to the need for further studies on the prognostic value
of TMPRSS2–ERG alterations in this population, the pos-
sibility of early PC-related mortality due to early-onset
disease, and optimal sequencing of systemic therapies in
this distinct molecular subtype.

As evidenced here, significant molecular and clinical
heterogeneity exists in PC with respect to age in addition to
environmental exposures, family history, and germline pre-
dispositions [37, 38]. In an era of precision medicine, stra-
tifying PC patients into specific clinical and molecular
subgroups is of increasing importance as it provides insights
into disease course and permits tailored clinical management
[16]. TMPRSS2–ERG rearrangements have been shown to
be mutually exclusive with SPOP mutations, suggesting
divergent driver events leading to PC tumorigenesis [39], as
we have verified. SPOP mutations, CDK12 loss, and
homologous recombination repair pathway alterations are
associated with clinical outcomes allow molecularly guided
systemic therapies in PC [17, 18, 40–42]. Further clinical

Fig. 5 Age-related variation of
MSI and TMB status. Samples
from primary (A, B) and
metastatic (C, D) prostate
cancer are shown. The white
point indicates median age,
black box represents the
interquartile range, and the
violin shows age distribution for
all patients of the indicated
phenotype. Total number of
patients shown along the x-axis.
MSS microsatellite stable, MSI-
H microsatellite-instable, TMB
tumor mutational burden, low:
TMB < 6, intermediate: 6 ≤
TMB < 20, high: TMB ≥ 20.
Two-sided Student’s t test used
to compare indicated groups:
ns not significant; *p < 0.05;
**p < 0.01; ***p < 0.001,
****p < 0.0001.
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and molecular subclassification of PC, including at the gene
and pathway level, may aid in identifying additional
alterations to guide personalized therapy.

This study demonstrates the genomic heterogeneity of
PC across the temporal spectrum of the disease, and
describes the genomic landscape in the largest collection of
early-onset cases reported. Patients with early-onset PC
represent a clinical subgroup with disease driven by an
increased frequency of TMPRSS2–ERG fusions and fewer
AR, SPOP, and ASXL1 alterations. Prospective controlled
trials, specifically focused on early-onset PC as a distinct
clinical and molecular entity, are warranted to optimize the
clinical management of patients with this disease.

Code availability

Scripts used to analyze and present the data in this paper are
available upon request (Python 2.7.16).
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