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Abstract

Tumors of purported specialized prostatic stromal origin comprise prostatic stromal sarcomas (PSS) and stromal tumors of
uncertain malignant potential (STUMP). Prior studies have described their clinicopathologic characteristics, but the
molecular features remain incompletely understood. Moreover, these neoplasms are morphologically heterogeneous and the
lack of specific adjunctive markers of prostatic stromal lineage make precise definition more difficult, leading some to
question whether they represent a specific tumor type. In this study, we used next-generation DNA and RNA sequencing to
profile 25 primary prostatic mesenchymal neoplasms of possible specialized prostatic stromal origin, including cases
originally diagnosed as PSS (11) and STUMP (14). Morphologically, the series comprised 20 cases with solid architecture
(11 PSS and 9 STUMP) and 5 cases with phyllodes-like growth pattern (all STUMP). Combined DNA and RNA sequencing
results demonstrated that 19/22 (86%) cases that underwent successful sequencing (either DNA or RNA) harbored
pathogenic somatic variants. Except for TP53 alterations (6 cases), ATRX mutations (2 cases), and a few copy number
variants (—13q, —14q, —16q and +4-8/8p), the findings were largely nonrecurrent. Eight gene rearrangements were found,
and 4 (NAB2-STAT6, JAZF1-SUZI2, TPM3-NTRKI1 and BCOR-MAML3) were useful for reclassification of the cases as
specific entities. The present study shows that mesenchymal neoplasms of the prostate are morphologically and molecularly
heterogeneous and include neoplasms that harbor genetic aberrations seen in specific mesenchymal tumors arising in other
anatomic sites, including soft tissue and the uterus. These data suggest that tumors of purported specialized prostatic stromal
origin may perhaps not represent a single diagnostic entity or specific disease group and that alternative diagnoses should be
carefully considered.

Introduction

Tumors of purported specialized prostatic stromal origin are
rare and comprise a wide spectrum of lesions with variable
morphology and clinical behavior, including tumors of
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Table 1 Histopathologic features of PSS and STUMP*.

Histopathologic features PSS STUMP
Cellularity +H/ 4+ +/4+
Mitoses Present Absent/Rare
Cytologic Atypia Frequent Frequent
Necrosis Frequent Infrequent
Stromal overgrowth® Frequent Infrequent

Symbols: + = mild, ++ = moderate, +++ = marked/severe.

PSS prostatic stromal sarcoma, STUMP stromal tumor of uncertain
malignant potential.

As described by Gaudin et al. [2].

®Defined as stromal components without glands occupying at least one
low-power field (4x) [2].

uncertain malignant potential” (STUMP)] as well as overtly
malignant neoplasms [“prostatic stromal sarcomas” (PSS)]
[1]. PSS and STUMP are diagnostic categories that group
mesenchymal neoplasms of the prostate that are not clas-
sifiable as more specific tumor types. However, it is
uncertain whether they represent a distinct biological entity
as their underlying molecular alterations remain incomple-
tely understood. The lack of specific markers and the
morphologic variability of tumors of purported specialized
prostatic stromal origin suggests that they might be biolo-
gically and molecularly heterogeneous.

In the largest series, STUMP were three times more
frequent than PSS [1]. The mean age at diagnosis was 58
years and patients usually presented with symptoms sec-
ondary to local mass effect and hematuria [1]. STUMP
usually have an indolent clinical course without progression
even after nonradical resection or during active surveillance
[1, 2]. However, a significant proportion of STUMP has
aggressive behavior characterized by local recurrences and
the presence of synchronous or metachronous PSS. Four
different growth patterns of STUMP were recognized
initially [2]: (1) hypercellular stroma with scattered atypical
cells intermingled with benign glands (2) hypercellular
stroma without atypia intermingled with benign glands (3)
hypercellular stroma, with or without atypia, associated
with benign glands in a “leaf-like” configuration (phyllodes-
like), and (4) hypercellular stroma without atypia that is not
intermingled with benign glands. A later series identified
additional cases with extensively myxoid stroma and
without significant cytologic atypia [1].

The distinction between STUMP and PSS is not always
possible based on morphology. Moreover, ~50% of PSS are
associated with STUMP [1] and one of these components
may not be represented adequately in core needle biopsies
or transurethral resections. In a study published by Herawi
and Epstein, the authors described that 7 of 14 PSS were
associated with STUMP, either as metachronous or syn-
chronous findings [1]. The metachronous association is
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characterized by an initial diagnosis of STUMP, followed
by recurrence as PSS after treatment or progression to PSS
during follow-up [l]. Alternatively, STUMP and PSS
components can be synchronously present in the same
specimen [1]. The latter scenario likely represents the pro-
gression/dedifferentiation of a neoplasm of low malignant
potential that would otherwise have an indolent clinical
course, as seen in other soft tissue tumors [3-6].

Although there are no clinically validated diagnostic
criteria, earlier series have described a set of histologic
features that can be used to distinguish STUMP from PSS
(Table 1). In general, prominent mitotic activity, tumor
necrosis, and overt stromal overgrowth are worrisome his-
tologic findings, and the identification of two or more of
these features is highly suggestive of PSS [2]. The micro-
scopic appearance of PSS is variable and includes tumors
with spindled and epithelioid cells arranged in fibrosarco-
matous, storiform, and phyllodes-like growth patterns [1, 7],
among others.

The molecular characteristics of prostatic stromal neo-
plasms remain somewhat unclear. Thus far, only 2 over-
lapping series of 19 and 14 cases (including both STUMP
and PSS) have been studied with array comparative geno-
mic hybridization, fluorescence in situ hybridization [8],
and whole-exome DNA sequencing [9]. Both studies found
frequent copy number variants (CNVs), with losses of
chromosomes 13, 14, and 10 being the only recurrent
findings [8, 9]. The overall tumor mutational burden was
higher in PSS than in STUMP, but cancer-relevant muta-
tions and structural variants were not detected [9].

At the present time, it is uncertain if tumors of purported
specialized prostatic stromal origin are biologically and
genetically homogeneous. As mentioned above, their
widely variable morphology and the absence of specific
lineage markers suggest that they are probably hetero-
geneous and might not represent a distinct entity. To further
explore this premise, we analyzed a multi-institutional ser-
ies of mesenchymal tumors of the prostate diagnosed as
PSS and STUMP using DNA and RNA sequencing.

Materials and methods

This research was performed with the approval of the
Institutional Review Board of Partners Healthcare (BWH).

Identification, accrual and review of cases

The pathology databases of four institutions (BWH, Van-
derbilt University Medical Center, Cleveland Clinic,
Advocate Lutheran General Hospital) and the personal
consultation files of the authors (CDF and JKM) were
queried for primary prostatic mesenchymal tumors of
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probable prostatic stromal origin, originally diagnosed as
STUMP or PSS. Archival stained slides [H&E and immu-
nohistochemistry (IHC)] and unstained slides were retrieved
for the study. When available, additional 5-um sections
were cut from archival formalin-fixed paraffin-embedded
tissue blocks. The original pathology reports and slides
were first reviewed by the authors at the participating
institutions (CDF, AMA, JKM, JBG, and MRP), and all
cases included in the study were subsequently centrally
reviewed at BWH (CDF and AMA).

DNA sequencing

A 447-gene NGS panel (OncoPanel) was performed as
previously described by our group [10, 11]. Briefly, lesional
areas with adequate cellularity (>20% tumor nuclei) were
dissected manually using an H&E slide marked by a
pathologist as a guide. DNA extraction was performed
using a standard commercial kit (Qiagen, Valencia, CA)
according to the manufacturer’s recommendations. After
DNA shearing by sonication, 200 ng of DNA per sample
(threshold of 100 ng) were used to prepare the sequencing
libraries (TruSeq LT library preparation kit; Illumina, San
Diego, CA). Sequences of interest were selected by hybri-
dization to a set of custom-designed probes (Agilent Sur-
eSelect; Agilent Technologies, Santa Clara, CA) and
sequencing was performed on the Illumina HiSeq 2500
System (Illumina, San Diego, CA). A validated institutional
informatic pipeline was used for deconvolution of samples,
read alignment, and calling/annotation of single nucleotide
variant (SNVs), indels, CNVs and structural variants [10—
12]. Also, mutational signatures (POLE, APOBEC, smok-
ing, UV) and mismatch repair status were evaluated with
validated in-house developed algorithms [13]. OncoPanel is
a tumor-only assay; therefore, variants with a populational
frequency >0.1% in the gnomAD database (Broad Institute)
were filtered out to reduce contamination of sequencing
results with germline variants. All reported variants were
further reviewed and tiered for actionability/biologic rele-
vance by a molecular pathologist (LMS). The variants were
interpreted as possible drivers if they were biologically
relevant and had a known driver role in other tumor types.

RNA sequencing

RNA sequencing for detection of gene fusion products was
performed as previously described by Dickson et al. [14].
Briefly, tumor tissue was manually dissected from 2 to 5
FFPE tissue sections per case. Extraction and preparation of
RNA were performed with a commercial kit following the
manufacturer’s recommendation (ExpressArt FFPE Clear
RNA Ready kit, Amsbio, Cambridge, MA). Subsequently,
total RNA was assessed (Qubit RNA HS Assay Kkit,

Thermofisher Scientific, Mississauga, ON) and sequencing
libraries were prepared (TruSight RNA Fusion Panel, Illu-
mina, San Diego, CA) using a net input of 20-100 ng RNA
per case. Samples were sequenced with 76 base-pair paired-
end reads on a MiSeq platform (Illumina, San Diego, CA) at
8 samples per flow cell producing a total of approximately 3
million reads per sample. Two informatic pipelines were
used to analyze the results: STAR aligner with Manta fusion
caller through the Illumina Local Run Manager (v.1.3.0),
and BOWTIE2 alignment with the JAFFA fusion caller
[15, 16]. Fusions were considered likely stochastic if they
had previously been annotated in our molecular database as
occurring in the context of another established driver, failed
to maintain the reading frame, were non-exonic, or were
low-confidence calls with few supporting reads [14].

Fluorescence in situ hybridization (FISH)

Two cases with CIC rearrangements detected by RNA
sequencing were further evaluated by FISH (see the
“Results” section below). Formalin-fixed paraffin-embedded
tissue sections (4 um) were evaluated using in-house devel-
oped, clinically validated dual-color break-apart CIC probes
specific for the 5" and 3’ regions of CIC at 19q13.2. Labeling
and hybridization of the probes were performed according to
standard protocols in our laboratory. FISH results were
evaluated in tumor areas previously marked by a pathologist.
Fifty nonoverlapping interphase tumor nuclei with distinct
nuclear boundaries were assessed and scored manually by a
cytogeneticist (PDC). Split signals were defined as those
separated by one or more probe lengths. Cases were con-
sidered positive for CIC rearrangements when more than 2%
(>1/50) of tumor nuclei harbored split signals.

Results
General characteristics of the cases

The series comprised 25 primary mesenchymal tumors of
the prostate (20 resections and 5 biopsies) collected between
2000 and 2021 from 25 individual patients, with a median
age at diagnosis of 60 years (range 17-78 years). The ori-
ginal diagnoses were PSS in 11 cases and STUMP in 14
cases (Table 2). For one of the STUMP (case 15), an
intraperitoneal metastasis with identical morphology was
subsequently received in consultation at BWH. Also, one of
the cases counted as a PSS above (case 11) was associated
with adjacent STUMP components, as previously described
in the literature [1]. Although the two histologic compo-
nents of the sample were differentially dissected for DNA
sequencing, the case was considered a PSS for the purposes
of the histopathologic evaluation presented below.

SPRINGER NATURE
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Table 2 Histopathologic features of the study cases.

Case Age Histomorphology Morphologic pattern® Diagnosis ABG Mitoses Hypercellularity Necrosis Atypia MTC
1 66 Solid® (ESS-like)  Patternless PSS (IG) No 15 +++ No —— No
2 21 Solid® Short fascicles PSS IG)  Yes 25 +++ No - No
3 30 Solid® Patternless/Epithelioid PSS (IG) No 22 +++ No —— No
4 57 Solid® Epithelioid/Storiform PSS (HG) No 14 ++ Yes ++ No
5 76 Solid® Patternless/Epithelioid PSS (HG) No 11 +++ Yes ++ Yes
6 60 Solid® Short fascicles/Storiform PSS (LG) No 6 + No —— No
7 32 Solid® Fibrosarcomatous/Soriform PSS (IG) Yes 22 +++ No —— No
8 31 Solid® Short fascicles PSS (HG) Yes 12 +++ Yes + No
9 19 Solid® Short fascicles/Patternless PSS (HG) No 23 +++ Yes —— No
10 17 Solid® Short fascicles PSS (IG) No 23 ++ No —— No
11 69 Solid Patternless/Epithelioid PSS (HG) Yes 24 +++ No ++ Yes

Solid Myxoid STUMP Yes <1 + No + Yes
12 78 Solid® (ESS-like)  Patternless STUMP No <1 +++ No —— No
13 74 Phyllodes-like Phyllodes STUMP Yes <1 ++ Yes + No
14 65 Solid® Degenerative atypia STUMP No <1 + No ++ Yes
15 64  Phyllodes-like Phyllodes STUMP!  Yes <l + No ++ Yes
16 58 Phyllodes-like Phyllodes STUMP Yes <1 + No ++ Yes
17 64 Phyllodes-like Phyllodes STUMP Yes <1 ++ No + Yes
18 64 Solid® Hypercellular STUMP No 1 ++ No —— No
19 45 Solid® Hypercellular STUMP No 2 ++ No —— No
20 57 Solid® Myxoid STUMP No <1 + Yes + Yes
21 69  Solid® Myxoid STUMP No <l + No —— No
22 56 Solid® Hypercellular STUMP No <1 + No —— No
23 66  Solid® Hypercellular STUMP No <l ++ No —— No
24 71 Solid® Hypercellular STUMP Yes <1 + No —— No
25 59 Phyllodes-like Phyllodes STUMP Yes <l + No —— No
Symbols: —— = negative or minimal, + = mild, ++ = moderate, +++ = marked/severe.

ABG associated with benign glands, ESS endometrial stromal sarcoma, HG high grade, /G intermediate grade, LG low grade, MTC multinucleate
tumor cells, SC spindle cells, STUMP stromal tumor of uncertain malignant potential, PSS prostatic stromal sarcoma.

?As described by Herawi et al. [1].

"Diffuse sheets of tumor cells with different architectural arrangements.

“In the manuscript, this case was counted as a PSS; therefore, only the histopathologic features of the PSS component were quantified.

9This case was initially diagnosed as STUMP, but later developed intraperitoneal metastases.

Microscopically, 20 cases (20/25, 80%; 11 PSS and 9
STUMP) had solid architecture and 5 cases (5/25, 20%; all
STUMP) had at least focal phyllodes-like growth pattern.
Two of the tumors with solid histology had a striking
microscopic resemblance to low-grade endometrial stromal
sarcoma characterized by hypercellular sheets of mono-
tonous small round to oval cells with minimal atypia, bland
round or ovoid nuclei, scant cytoplasm, and easily identi-
fiable mitotic figures. Plexiform vascularity with a rich
network of small arterioles and prominent capillaries was
noted in both cases, and a partially tubular architecture
(reminiscent of admixed sex-cord elements) was observed
in one case.

Infiltration between benign prostatic glands was seen in
10 cases (10/25, 40%; 4 PSS and 6 STUMP), including all
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tumors with phyllodes-like morphology. Mitotic activity
was highly variable, with a median number of mitoses of 1
per 10 hpf overall (range <1-25 per 10 hpf), 22 per 10 hpf
for PSS (range 6-25 per 10 hpf), and <1 per 10 hpf for
STUMP (range < 1-2 per 10 hpf). Twelve cases (12/25,
48%; all STUMP), including the tumor that metastasized
mentioned above (case 15), had <1 mitosis per 10 hpf. All
tumors were hypercellular compared to the normal prostatic
stroma, with mild hypercellularity in 9 cases (9/25, 36%; 1
PSS, 8 STUMP), moderate hypercellularity in 7 cases (7/25,
28%; 2 PSS and 5 STUMP) and marked hypercellularity in
9 cases (9/25, 36%; 8 PSS and 1 STUMP). Necrosis was
present in 6 cases (6/25, 24%; 4 PSS and 2 STUMP) and
absent in the remaining 19 (19/25, 76%; 7 PSS and 12
STUMP). Nuclear atypia was absent in most cases (15/25,
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60%; 7 PSS and 8 STUMP), mild in 4 cases (4/25, 16%; 2
PSS and 2 STUMP) and moderate in 6 cases (6/25, 24%; 3
PSS and 3 STUMP). The nuclear atypia seen in these
tumors was mostly degenerative in type, characterized by
homogeneously hyperchromatic smudgy chromatin. Multi-
nucleate tumor cells were identified in 7 cases (7/25, 28%; 2
PSS and 5 STUMP) and absent in the remaining 18 cases
(18/25, 72%; 9 PSS and 9 STUMP).

The histologic patterns of each tumor were also classified
using previous definitions from the literature to enable
comparison to molecular findings (Tables 2 and 3) [1]. For
the 14 cases originally diagnosed as STUMP, the patterns
present were as follows: hypercellular (5), phyllodes (5),
degenerative atypia (1), “patternless” (1), and myxoid (2).
The patterns in sarcomas were often admixed (i.e., not
mutually exclusive) and included: short fascicles (5), pat-
ternless (5), epithelioid (4), storiform (3), and fibrosarco-
matous (1).

IHC for keratins was performed in 7 cases (Pan-keratin
in 4 cases, AE1/AE3 in 1 case, and AE1/AE3 plus CAMS5.2
in 2 cases). Of these, only 1 case (1/7, 14%) had scattered
cells positive for AE1/AE3, while the remaining 6 cases (6/
7, 86%) were negative for keratins. EMA was focally or
multifocally expressed in 2 of 6 cases (33%), but diffuse
positivity was not seen in any case. Desmin, SMA, and
CD34 were positive in 16/19 cases (84%), 10/16 cases
(63%), and 5/10 cases (50%), respectively. STAT6 was
considered negative for diagnostic purposes (i.e., not sup-
portive of solitary fibrous tumor) in 5/5 cases (100%).
However, an old case from 2003 with striking microscopic
resemblance to low-grade endometrial stromal sarcoma
(case 1, positive for NAB2-STAT6 fusion, see below) had
weak multifocal nuclear STAT6 expression. Finally, PR
positivity was seen in 12/19 cases (63%).

Mlustrative micrographs of representative cases annotated
with the corresponding genetic variants identified (see DNA
sequencing and RNA sequencing results below) are pre-
sented in Figs. 1-5.

DNA sequencing

Twenty-one samples (21/25, 84%) underwent successful
sequencing, while the remaining 4 (4/25, 16%) either failed
sequencing or did not yield sufficient DNA. The median
tumor mutational burden was 5.7 mutations per Mb overall
(range 1.5-9.9 mutations per Mb), 6.1 mutations per Mb for
PSS (range 4.6-9.9 mutations per Mb) and 3.0 mutations
per Mb for STUMP (range 1.5 to 9.1 mutations per Mb).
Eight gene rearrangements were found (Fig. 6), including
5/8 gene rearrangements with both partners identified and 3/
8 gene rearrangements with intergenic regions or only 1
partner identified; however, recurrent structural events were
not detected. The structural variants found in PSS were

NAB? intron 6-STAT6 intron 15 (rearranged gene including
NAB2 el/6- STAT6 e16/22, case 1), TPM3 intron 6-NTRK1
intron 8 (rearranged gene including TPM3 el/6-NTRK1 e9/
17, case 2), BCOR exon 14 with an unidentified partner
(case 3), and a TP53 exon 1 rearrangement leading to
predicted disruption of TP53 transcription (case 4). The
structural variants found in STUMP were JAZF1 intron 3-
SUZI2 exon 1 (rearranged gene including JAZFI el/3-
SUZI2 el/16, case 11), RGPD2 intron 1-FOXOI intron 1,
CLOCK exon 22-TP53 intron 1, and PALB2 exon 4-
intergenic region of chromosome 2 (case 13). The 7P53 and
PALB?2 fusions identified herein are expected to lead to
inactivation of these genes rather than to productive and/or
activating rearrangements. In case 13, PALB2 is the can-
didate oncogenic driver, possibly leading to homozygous
recombination deficiency.

One or more pathogenic somatic mutations were found in
15 cases (15/25, 60%; 15/21 successfully sequenced, 71%),
including 8 PSS (8/11, 72%) and 7 STUMP (7/14, 50%).
The only recurrently mutated genes were TP53 in 5 cases
(5725, 20%; 2/11, 18% PSS and 3/14, 21% STUMP) and
ATRX in 2 cases [2/25, 8%; both PSS (2/11, 18%)]. In
general, mutations were more frequent and numerous in
cases without oncogenic rearrangements. The specific
mutations present in each case are detailed in Table 3.

Copy number changes, including high-level amplifica-
tions and double copy deletions, were more frequent and
numerous in cases without oncogenic gene rearrangements.
Recurrent CNVs were —13q, —14q, —16q, and +8/+8q,
each present in a small number of cases. Interestingly, case
6 had multiple arm-level and chromosome-level losses, with
a near-haploid copy number. Another remarkable finding
was the presence of focal, high-level co-amplification of
MDM?2, CDK4 and ERBB3 in case 19.

Case 11, a high-grade PSS associated with adjacent
myxoid STUMP components, merits separate discussion. In
this sample, the two components were dissected and
sequenced in parallel. The STUMP component had TP53
and CHEK? mutations, with the latter being likely germline
based on the variant allele frequency. In addition, single
copy loss of TP53 was also detected, suggesting that a
subpopulation of the STUMP cells harbored homozygous
TP53 inactivation. Chromosome-level and arm-level copy
number changes were not identified in the STUMP (Fig. 7).
The PSS component of case 11 had biallelic (homozygous)
inactivation of both 7P53 and CHEK2. Moreover, there
were frequent copy number gains and losses and wide-
spread loss of heterozygosity in a pattern consistent with
whole-genome doubling. Specifically, analysis of the SNP
profile of the PSS component demonstrated a 2:1 ratio of
major-to-minor alleles in copy-neutral regions of the gen-
ome, most consistent with triploidy. The findings in case 11
propose a potential molecular correlate of biologic

SPRINGER NATURE
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Table 3 Mutations and fusions detected by DNA and RNA sequencing.

Case Diagnosis Morphologic pattern® TMB Mutations/indels (DNA SEQ) Rearrangements (DNA SEQ) RNA SEQ Fusions
1 PSS Patternless Nab None found NAB2-STAT6 Yes NAB2-STAT6
2 PSS Short fascicles 6.1  None found TPM3-NTRK1 No NA
3 PSS Patternless/Epithelioid 6.1 POLQ p.S1694* BCOR Yes BCOR-MAML3
4 PSS Epithelioid/Storiform 6.1 ATRX p.Y1850%* P53 Yes Failed
5 PSS Patternless/Epithelioid 9.9 TP53 p.E343* None found Yes Failed
ATRX p.K2158Nfs*9 None found
6 PSS Short fascicles/Storiform 6.1 ~ RASAI p.Y528Cfs*4 None found No NA
PTEN p.T319* None found
7 PSS Fibrosarcomatous/Soriform 4.6  KAT6B p.E1204Gfs*14 None found Yes None found
SUFU p.E130Vfs*39 None found
8 PSS Short fascicles 8.4 None found Yes None found
BCORLI p.L1287Afs*29 None found
9 PSS Short fascicles/Patternless 8.4  ARIDIA p.R2116Tfs*33 None found Yes None found
ARIDIA p.R1989* None found
ARIDIA p.V1058Efs*46 None found
10 PSS Short fascicles NA NA (failed sequencing/ NA (failed sequencing/ No NA
low DNA) low DNA)
11 PSS Patternless/Epithelioid® 6.1° TP53 p.P117R None found No NA
CHEK2 p.T367Mfs*15
STUMP  Myxoid® 6.1° TP53 p.P117R None found No NA
CHEK2 p.T367Mfs*15
12 STUMP Patternless 38 BCORp.EII5S1* JAZF1-SUZI2 No NA
13 STUMP Phyllodes 2.3 None found RGPD2-FOXO1 Yes None found
14 STUMP Degenerative atypia 2.3 TP53 p.G244D CLOCK-TP53 Yes cict
PALB2
15 STUMP® Phyllodes NAb TP53 p.AI159P None found No NA
16 STUMP Phyllodes 3.8 TP53 p.NI3ldel None found Yes None found
ATR p.Q31%* None found
17 STUMP Phyllodes 5.3  KMT2D p.E4025K None found Yes None found
18 STUMP Hypercellular 9.1 RSPO p.M16_C2ldel None found Yes None found
19 STUMP Hypercellular 2.3 POTI splice site mutation None found Yes ch12 events’
20 STUMP Myxoid 3.0 None found None found Yes None found
21  STUMP Myxoid NA®  None found None found Yes None found
22 STUMP Hypercellular 1.5 None found None found Yes CIC-
SERPINFI°
23 STUMP Hypercellular NA NA (failed sequencing/ NA (failed sequencing/ Yes None found
low DNA) low DNA)
24 STUMP Hypercellular NA NA (failed sequencing/ NA (failed sequencing/ No NA
low DNA) low DNA)
25 STUMP Phyllodes NA  NA (failed sequencing/ NA (failed sequencing/ No NA
low DNA) low DNA)

ch chromosome, NA not available/applicable, SEQ sequencing, STUMP stromal tumor of uncertain malignant potential, PSS prostatic stromal
sarcoma, TMB tumor mutational burden.

2As descibed in Herawi et al. [1].

®TMB could not be calculated due to low mutational load or technical reasons.

“In the manuscript, this case was counted as a PSS; therefore, only the histopathologic features and TMB of the PSS component were quantified.
These events were found at a low frequency and might be stochastic in nature.

°This case was initially diagnosed as STUMP, but later developed intraperitoneal metastases.

"These alterations in chrmosome 12 are usually surrogate markers of MDM2 amplification, as previously described by Dickson et al. [14].

SPRINGER NATURE
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progression from STUMP to PSS, in which biallelic inac-
tivation of 7P53 and CHEK?2 leads to cell cycle dysregu-
lation in a subpopulation of STUMP cells prone to DNA
damage, followed by genome endoreduplication events and
widespread loss of heterozygosity that ultimately result in
transformation to sarcoma.

RNA sequencing

RNA sequencing was performed on 17 cases (7 PSS, 10
STUMP) with remaining FFPE tissue available after DNA
sequencing (cases 1, 3-5, 7-9, 13, 14, and 16-23, Table 3).
Sequencing was successful in 15 cases (15/17, 88%) and
failed in 2 cases (2/17, 12%). Gene fusions were found in 4
cases (4/15, 27%). The panel confirmed the presence of a
NAB2-STAT6 fusion in case 1 (PSS) and demonstrated a
BCOR-MAMLS3 fusion in case 3 (PSS). The latter event had
been detected by DNA sequencing as a BCOR rearrange-
ment with an unidentified partner. CIC fusion products were
found in cases 14 and 22 (both STUMP), but they probably
represented stochastic (i.e., random) events. This inter-
pretation is supported by the frequent occurrence of low-
confidence CIC fusion calls in our platform and by the
absence of CIC rearrangements detected by OncoPanel and
FISH (see below). Finally, multiple fusion events involving
genes mapping to 12ql5 were identified in case 19. As
previously described [14], this finding is usually a surrogate
marker for the presence of MDM?2 and CDK4 amplification.

Fluorescence in situ hybridization (FISH)

Break apart FISH to investigate CIC rearrangement was
performed in cases 14 and 22. The former failed hybridi-
zation despite multiple attempts and the latter was negative
for CIC rearrangement.
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Pathology re-review of cases with gene
rearrangements/fusions

Cases with previously characterized gene fusions were re-
reviewed to evaluate for morphologic features associated
with each individual rearrangement.

Case 1 (NAB2-STAT6) was homogeneously hypercellular
and consisted of patternless sheets of spindle and ovoid
cells with round to ovoid nuclei, a scant amount of cyto-
plasm, and minimal nuclear atypia. There was a rich vas-
cular network of prominent capillaries and arterioles with
somewhat thick muscular walls that resembled spiral
arteries of the endometrium. Foci with a short fascicular
arrangement were noted and ectatic branching (“HPC-like”)
vessels were not present.

Case 2 (TPM3-NTRKI) consisted of a homogeneously
cellular proliferation of bland spindle cells arranged in short
fascicles. Nuclear atypia was mild, but mitotic activity was
prominent. There was a delicate collagenous stroma, but
prominent collagenous bands and perivascular hyalinized
collagen were not identified.

Case 3 (BCOR-MAML3) was a discrete, relatively well-
circumscribed tumor nodule entirely confined to the pros-
tate. Tumor borders were well demarcated, with only focal
invasion of the adjacent prostatic stroma. The lesion con-
sisted of highly cellular sheets of somewhat primitive-
looking spindle and ovoid cells with round to ovoid nuclei,
minimal nuclear atypia, and vaguely granular eosinophilic
cytoplasm arranged in patternless fashion. Mitotic activity
was prominent and tumor necrosis was present. A rich
capillary network was noted, but myxoid stromal changes
were not identified.

Case 12 (JAZF1-SUZI2) was hypercellular, with solid
and partially tubular architecture resembling “sex-cord-like”
elements. Lesional cells were small, spindle, and round,
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Fig. 1 Cases with microscopic resemblance to low-grade endo-
metrial stromal sarcoma. A Micrograph of case 1 (PSS). Despite its
morphologic appearance, which was reminiscent of low-grade endo-
metrial stromal sarcoma, this case harbored a NAB2-STAT6 fusion. B
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Case 12 (PSS). This case also had morphologic features suggestive of
low-grade endometrial stromal sarcoma with partly tubular (sex-cord
stromal tumor-like) architecture and harbored a JAZFI-SUZI2 rear-
rangement. Abbreviations: PSS prostatic stromal sarcoma.
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Fig. 2 Morphologic spectrum of cases with gene rearrangements.
A Case 2 (PSS) had minimal atypia, but both cellularity and mitotic
activity were prominent. This case had a TPM3-NTRKI rearrange-
ment. B Case 3 (PSS) had a primitive appearance with small spindled
and epithelioid cells and harbored a BCOR-MAML3 gene fusion. C
Case 13 (STUMP) had a phyllodes-like architecture with myxoid
stromal change and mild atypia. This case had a novel RGPD2-
FOXOI rearrangement. Abbreviations: STUMP stromal tumor of
uncertain malignant potential, PSS prostatic stromal sarcoma.

with a scant amount of amphophilic cytoplasm. Nuclear
atypia was minimal, and mitotic activity was not identified
(<1 per 10 hpf). Prominent capillaries and arterioles with
conspicuous muscular walls reminiscent of the spiral
arteries of the endometrium were easily identified.

SPRINGER NATURE
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Fig. 3 Morphologic spectrum of cases with TP53 mutations. A
Case 4 (PSS) had marked nuclear atypia with multinucleate tumor
cells. This case had biallelic inactivation of TP53, an ATRX mutation,
and multiple copy number changes. B Case 16 (STUMP) had mole-
cular evidence of biallelic 7P53 inactivation. Microscopically, it was a
spindle cell lesion with moderate nuclear atypia, inconspicuous mitotic
activity, and scattered multinucleate tumor cells. C Case 14 had a
TP53 mutation and a TP53 rearrangement involving the first intron of
the gene. This was also a spindle cell lesion with mild hypercellularity,
moderate nuclear atypia, and scattered multinucleate tumor cells. As
seen in these cases, nuclear pleomorphism appears to be common in
mesenchymal tumors of the prostate with 7P53 aberrations.

In all, the only one of these four cases in which the
presence of the specific gene fusion could have been sus-
pected based on morphology was case 12. The remaining
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Fig. 4 STUMP with MDM2/CDK4/ERBB3 Co-amplification (Case
19). A The copy number plot demonstrates focal high-grade amplifi-
cation of the region of chromosome 12q that encompasses MDM?2,
CDK4, and ERBB3, without additional copy number changes. B, C

cases did not have distinctive morphologic features, and the
underlying molecular alterations could not have been pre-
dicted based on their microscopic appearances.

Discussion

This study found that, from a molecular perspective, pri-
mary mesenchymal neoplasms of the prostate originally
diagnosed as PSS and STUMP are highly heterogeneous.
Except for a few mutations and CNVs present in small
subsets of cases, genomic alterations were largely non-
recurrent. Unexpectedly, a subgroup of our cases seems to
be driven by well-defined oncogenic gene fusions, includ-
ing rearrangements seen in specific mesenchymal tumors of
the uterus and soft tissues.

Historically, primary mesenchymal tumors of the pros-
tate have been classified as STUMP or PSS based on their
overall pathologic features, and both categories encompass
neoplasms with a wide morphologic spectrum [1, 2]. Most
patients present with lower urinary tract symptoms and/or
hematuria [1, 7, 17], but many are diagnosed in
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The simple prostatectomy (enucleation) specimen showed a hyper-
cellular neoplasm with spindle and epithelioid cells, no atypia, and low
mitotic activity. Abbreviations: STUMP stromal tumor of uncertain
malignant potential, PSS prostatic stromal sarcoma.

asymptomatic men with abnormal digital rectal examination
findings or elevated PSA levels [1]. STUMP commonly
have an indolent clinical course without progression after
non-radical resection (transurethral resection, prostatic
enucleation) or during surveillance in patients that do not
undergo ablative treatment after biopsy [1, 7, 17]. However,
a subset of STUMP is associated with synchronous or
metachronous PSS, sometimes with local recurrences and
metastases resulting in disease-specific mortality [1, 7, 17].
Both low-grade and high-grade PSS, either pure or asso-
ciated with STUMP, have potential for local progression
and distant spread [1, 2, 7].

Data on the molecular characteristics and genetic drivers of
these tumors are limited. Two prior studies of overlapping
series have identified losses of chromosomes 13, 14, and 10 as
the most common recurrent copy number events in the family
of prostatic stromal neoplasia [8, 9]. However, recurrent
cancer-relevant somatic mutations or gene fusions have not
previously been identified [9]. The present study found that
almost a quarter of cases (6/25, 24%; cases 4, 5, 11, and
14-16), including cases originally diagnosed as both PSS and
STUMP, harbored pathogenic 7P53 variants that likely

SPRINGER NATURE
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Fig. 5 PSS with associated STUMP (case 11). A At low magnifi-
cation, three different areas of the tumor are identified: (1) an area of
low cellularity and myxoid stroma (upper left), (2) an area with
intermediate cellularity and denser stroma with intermingled benign
prostate glands (middle), and (3) an area with high cellularity and a
minimal amount of stroma (lower right). B The upper left area shown
in A corresponds to a histologically bland component of the neoplasm
which lacks mitoses and atypia and has a prominent myxoid stroma
(“myxoid STUMP”). The STUMP component of the tumor harbored a
CHEK2 mutation (possibly germline) and evidence of subclonal
biallelic 7P53 inactivation. C Areas of transition with increased

% 7P53 -,

)

CHEK2 mutatlon

resulted in functional inactivation of the gene. Moreover 2
cases (2/25, 8%) had truncating ATRX mutations and non-
recurrent pathogenic (i.e., cancer-relevant) mutations/indels
were seen in 9 additional cases that lacked 7P53 mutations,
ATRX mutations and oncogenic gene fusions (9/25, 36%; cases
3, 6-9, 12 and 17-19). The mutations reported previously in
prostatic stromal neoplasms were most likely non-pathogenic
and did not involve the genes that were mutated in the present
series [9].

An ever-expanding number of gene fusions are being
described in a broad range of carcinomas and sarcomas.
Whether gene rearrangements are definitional of specific
tumor types is a somewhat debated issue, as many indivi-
dual gene fusions have been identified in neoplasms with
widely variable morphology, immunophenotype and bio-
logic potential. However, a few rearrangements, such as
NAB2-STAT6, are considered pathognomonic [18, 19] or
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cellularity and noticeable nuclear atypia (such as the one shown in the
middle portion of micrograph A) were identified. D The micrograph
illustrates a representative area of the high-grade sarcoma present in
this case (PSS, lower right portion of micrograph A), which was
characterized by epithelioid and spindled cells arranged in a patternless
fashion. Marked nuclear atypia and a prominent mitotic activity were
noted. The PSS component of the tumor harbored biallelic inactivation
of both TP53 and CHEK?2, as well as widespread LOH in the context
of multiple copy number changes (see Fig. 7). Abbreviations: LOH
loss of heterozygosity, STUMP stromal tumor of uncertain malignant
potential, PSS prostatic stromal sarcoma.

show a very strong association with certain tumor types
[20, 21]. In this study, driver fusions and/or rearrangements
were detected in 4 cases (4/25, 16%; cases 1-3 and 12) by
DNA and/or RNA sequencing. RNA sequencing also
demonstrated CIC fusions in 2 STUMP (cases 14 and 22).
These fusions probably represent stochastic events rather
than true drivers, given the absence of CIC rearrangements
by DNA sequencing in case 14 and by DNA sequencing
plus FISH in case 20. In addition, rearrangements that likely
lead to loss of function of PALB2 and TP53 were found in 2
cases and a novel RGPD2-FOXOI rearrangement was
found in 1 case. Although case 1 (PSS) had a striking
microscopic resemblance to low-grade endometrial stromal
sarcoma, it should probably be interpreted as a high-risk
solitary fibrous tumor in light of the identification of a
NAB2-STAT6 fusion [18, 19]. JAZFI1-SUZI2 fusions have
been found in a subgroup of low-grade endometrial stromal
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Fig. 6 Next generation DNA sequencing findings. The diagram
summarizes the results of DNA sequencing in 25 tumors of the spe-
cialized prostatic stroma. In case 11, synchronous STUMP and PSS
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sequencing, STUMP stromal tumor of uncertain malignant potential,
PSS prostatic stromal sarcoma. To simplify the figure, only chromo-
somes with arm-level or chromosome-level copy number changes are
depicted.
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Fig. 7 Copy number changes in STUMP and PSS components of
case 11. Comparison of genome-wide copy number variant profiles
demonstrates multiple regional, arm-level, and chromosome-level
copy number changes as well as high-level amplifications in the PSS
component, which are not seen in the STUMP component. Evaluation
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of genome-wide copy number and SNP profile of the PSS component
show widespread loss of heterozygosity and findings consistent with
triploidy. Copy number changes are expressed as log2 ratios. Abbre-
viations: STUMP stromal tumor of uncertain malignant potential, PSS
prostatic stromal sarcoma.
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sarcomas [20, 21] and in endometrial stromal nodules [22],
but their occurrence in sarcomas presenting in male patients
is exceptionally rare [23]. In case 12, the overall microscopic
features and the presence of a JAZFI-SUZI2 fusion are
highly suggestive of low-grade endometrial stromal sar-
coma, and probably warrant a diagnosis of “low-grade
endometrial sarcoma-like” sarcoma. TPM3-NTRK1 has been
demonstrated in uterine sarcomas [24, 25], in soft tissue
tumors with lipofibromatosis-like morphology and a
“neural” immunophenotype [26], as well as in carcinomas
[27, 28]. According to current diagnostic practices, case 2
can be considered an intermediate grade sarcoma with
NTRKI rearrangement [29]. BCOR fusions, including
BCOR-MAML3, have been identified in a heterogeneous
group of sarcomas that includes a subset of tumors with
small round blue cell morphology [30-32]. Similar to the
prior tumor, case 3 can be classified as an intermediate grade
sarcoma with BCOR rearrangement. A classification based
on the underlying rearrangement is more problematic in case
13, since the RGPD2-FOXOI rearrangement has not pre-
viously been reported, to the best of our knowledge. Novel
non-canonical partners have been identified in sarcomas
with FOXOI rearrangments [33] and this RGPD2-FOXO1
fusion was in-frame. However, the absence of an RGPD2-
FOXOI1 fusion product demonstrated by RNA sequencing
indicates the presence of a non-productive rearrangement.
A subset of PSS, including 2 cases with concurrent ATRX
mutations, showed marked copy number instability (cases
4-8). The present series showed low-frequency recurrent
copy number losses involving large areas of chromosomes
13, 14, and 16. Recurrent gains of chromosome 8/8p were
also identified in three cases. Concurrent pathogenic muta-
tions were present in all cases with copy number losses of
chromosomes 13 and 14. A rather interesting finding was
the presence of high-level MDM2-CDK4-ERBB3 co-
amplification in a STUMP (case 19). In this sample (sim-
ple prostatectomy), the lesion had bland spindle cell mor-
phology without prominent mitotic activity. Although
MDM?2-CDK4 co-amplification is considered a hallmark
of atypical lipomatous tumor/well-differentiated lipo-
sarcoma and dedifferentiated liposarcoma, it is by no means
specific and has been also described in multiple sarcomas,
carcinomas, and sex-cord stromal tumors [34-36]. Inter-
estingly, case 19 also harbored a POTI mutation, which
might be associated causally with the alterations seen in
chromosome 12. POTI is a member of the shelterin com-
plex that binds to single-stranded DNA overhangs to sta-
bilize the telomeres, and POTI mutations have been
associated with structural chromosomal abnormalities [37].
An important finding of this study was that a subset of
primary prostatic mesenchymal neoplasms originally con-
sidered within the spectrum of specialized prostatic stromal
neoplasia could be reclassified using molecular analyses

SPRINGER NATURE

(Table 4). Specifically, 4 cases (4/25, 16%) harbored rear-
rangements and/or gene fusions that were useful for their
categorization, namely: NAB2-STAT6, TMP3-NTRKI,
JAZF1-SUZI2, and BCOR-MAML3. Another relevant
finding is that most of our cases (19/22 cases that underwent
successful DNA and/or RNA sequencing, 86%) had
pathogenic genetic variants, some of which might be rele-
vant for treatment purposes. In this regard, genetic variants
might identify cases amenable to treatment with agents that
target specific fusion proteins (e.g., case 2) [38] or mole-
cular pathways (e.g., case 8) [39, 40]. Moreover, the
molecular findings can also guide treatment by properly
classifying the tumors (e.g., case 1 and 12) or by suggesting
susceptibility to specific agents (e.g., cases 4, 5, 14, and 16)
[41-44] in these rare lesions that lack a standardized ther-
apeutic approach.

Classification of mesenchymal tumors of the prostate as
benign or malignant is sometimes difficult, justifying the
existence of STUMP as a diagnostic category for tumors of
uncertain biologic potential. Although prior series have
described histologic features that can help distinguish
between PSS and STUMP [2], there are no objective and
validated diagnostic criteria, mostly due to the rarity of
these tumors. It is therefore likely that neoplasms histori-
cally classified as STUMP comprise a broad range of
lesions, including non-neoplastic stromal growths (e.g.,
florid stromal hyperplasia), indolent neoplasms, and low-
grade sarcomas. This hypothesis is supported by the results
of the molecular analyses performed herein. For instance,
cases originally classified as STUMP that harbor biallelic
TP53 inactivation (cases 14 and 16) or a known driver
fusion (case 12) are most likely sarcomas. In case 15, a
pathogenic likely heterozygous TP53 mutation was identi-
fied by DNA sequencing. This tumor progressed with
intraabdominal metastases that had the same morphology
but higher histologic grade than the primary lesion. It is
likely that biallelic loss of 7P53 due to a “second hit”
parallels the development of aggressive biology in some of
these tumors that would otherwise be classified as “of
uncertain malignant potential” (STUMP). Therefore, the
presence of even a heterozygous pathogenic 7P53 mutation
should be considered an indicator of malignant potential.
This is nicely illustrated by case 11, in which a bland-
appearing component of the tumor with subclonal biallelic
TP53 inactivation is associated with an adjacent high-grade
sarcoma that harbors widepread biallelic 7P53 inactivation
as well as homozygous CHEK? inactivation and numerous
copy number changes. Moreover, based on data from soft
tissue tumors with high-level MDM?2 and CDK4 amplifi-
cation [45—48], case 19 probably has malignant potential.
The above findings demonstrate that molecular evaluation
may be useful to better understand the underlying biology
and classify these tumors as benign or malignant.
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Mesenchymal tumor of uncertain malignant

Final classification
potential

Most relevant molecular alteration(s)
NA (failed sequencing/low DNA)

Morphologic pattern®

Hypercellular

diagnosis
STUMP

Table 4 (continued)
Case Original

23
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Mesenchymal tumor of uncertain malignant

potential

NA (failed sequencing/low DNA)

Hypercellular

STUMP

24

Mesenchymal tumor of uncertain malignant

potential

NA (failed sequencing/low DNA)

Phyllodes

STUMP

25

NA not available/applicable, STUMP stromal tumor of uncertain malignant potential, PSS prostatic stromal sarcoma.

2As descibed in Herawi et al. [1].

°In the manuscript, this case was counted as a PSS; therefore, only the histopathologic features of the PSS component were quantified.

“This case was initially diagnosed as STUMP, but later developed intraperitoneal metastases.

40nly detected by RNA sequencing (low-confidence call, likely stochastic).

The results of this study suggest that, from a molecular
perspective, so-called tumors of specialized prostatic stroma
(STUMP and PSS) are highly heterogeneous and may
perhaps not represent a discrete entity. Of note, this study
includes a somewhat larger proportion of sarcomas than
prior studies [8, 9]. However, unique cancer-relevant
genetic variants were also found in most STUMP. The
data presented herein demonstrates that tumors historically
regarded as specialized prostatic stromal lineage probably
comprise a heterogeneous group of mesenchymal neo-
plasms that also occur in other anatomic sites. Being diag-
noses of exclusion, STUMP and PSS are likely repositories
for diverse neoplasms that cannot be further classified with
the techniques available at the time of diagnosis. This is
supported by a subset of tumors from this retrospective
series that could be reclassified by NGS, and by the pre-
sence of largely nonrecurrent cancer-relevant genetic var-
iants in most cases. The latter finding suggests that these
sundry lesions have diverse genetic backgrounds and, most
likely, disparate molecular drivers. Based on the results
presented herein, there is no definite evidence to support the
existence of tumors of the specialized prostatic stroma as a
distinct biologic entity. Therefore, a reconsideration of the
current diagnostic terminology might be appropriate until
further confirmatory studies are performed. In this regard,
for cases that cannot currently be classified, “low/inter-
mediate/high-grade sarcoma, unclassified” and “mesenchy-
mal neoplasm of uncertain biologic potential”” could perhaps
be used instead of PSS and STUMP, respectively. From a
practical diagnostic work-up perspective, STAT6 screening
IHC in this setting seems warranted, as SFT is well docu-
mented in the prostate and many cases have unusual or
high-grade features [49, 50].

The presence of chromosome 13 and 14 losses and the
absence of cancer-relevant somatic mutations and gene
rearrangements [9] have been considered characteristic
molecular features of tumors of purported specialized pro-
static stromal origin. However, our analysis demonstrates
that most mesenchymal tumors of the prostate harbor
pathogenic mutations and/or gene rearrangements/fusions,
including cases with concurrent loss of large areas of
chromosomes 13 and 14 (Fig. 7). This discrepancy can be
explained in part by the use of different platforms for
molecular profiling [9]. Whole-exome sequencing generally
has a more limited depth of coverage than targeted panels
and has limited ability to detect gene rearrangements.
Therefore, the broad coverage achieved with whole-exome
sequencing comes at the cost of limited sensitivity for
SNVs, indels, and structural variants. In the present study,
mutations, rearrangements and fusions were investigated
with well-established clinically validated platforms for tar-
geted DNA and RNA sequencing. In addition, the last few
years have seen a surprisingly rapid improvement of the
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bioinformatic pipelines, resulting in improved sensitivity
and specificity for variant calling.

This study has limitations that need to be addressed. For
instance, the number of cases analyzed is relatively small,
albeit comparable to the size of prior series with molecular
analyses[8, 9]. Also, benign tissue for assessment of
germline status was not available; nonetheless, sequencing
metrics such as the variant allele fraction were used to infer
the somatic nature of mutations and indels [51]. Despite the
above-mentioned shortcomings, this study provides a
comprehensive molecular profiling of a multi-institutional
series of mesenchymal tumors of purported specialized
prostatic stromal origin using both DNA and RNA
sequencing.

In summary, the present study demonstrated that primary
mesenchymal neoplasms of the prostate are molecularly
heterogeneous and include cases that can be classified more
specifically according to the underlying genetic alterations.
Also, a subset of cases has potentially actionable molecular
findings. Importantly, these results suggest that mesenchy-
mal tumors of the prostate do not represent a distinct bio-
logic entity, which may justify a reconsideration of the
diagnostic terminology.
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