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Abstract

Miillerian adenosarcomas are biphasic epithelial-mesenchymal tumors with benign epithelial and malignant mesenchymal
components. The sarcoma component may be low or high grade; the latter is often seen in the presence of stromal
overgrowth, which correlates with worse clinical outcome. Heterologous differentiation may also occur, usually in
association with stromal overgrowth. DICERI mutations have been reported primarily in a small subset of adenosarcomas
with thabdomyosarcomatous elements, but whether these are specific to the rhabdomyosarcomatous phenotype is unclear. In
this study, we examined the clinical, pathologic, and genomic features of 19 miillerian adenosarcomas enriched for tumors
with rhabdomyosarcomatous differentiation, as well as eight uterine carcinosarcomas with a rhabdomyosarcoma component.
Somatic hotspot mutations in the RNase IIIb domain of DICERI were identified in 8/19 (42%) adenosarcomas, of which
four showed rhabdomyosarcomatous differentiation. DICERI mutations were detected in 4/6 (67%) cases with a
rhabdomyosarcoma component and in 4/11 (36%) cases without rhabdomyosarcoma. At least two DICERI mutations were
identified in 7/8 (88%) tumors, of which four had a truncating mutation. The hotspot DICER! mutation in the remaining
tumor was hemizygous and associated with loss of heterozygosity. Other less frequent recurrent somatic pathogenic
alterations included Ras or PI3K/PTEN pathway aberrations (5/19 each, 26%), CDK4/MDM?2 amplifications (3/19, 16%),
and mutations in 7P53 (3/19) and ARIDIA (3/19). Two tumors demonstrated homozygous BAPI deletion. One tumor
harbored an ESRI-NCOA3 fusion gene. Carcinosarcomas with rthabdomyosarcomatous differentiation showed frequent
mutations in TP53 (7/8, 88%) and the PI3K/PTEN pathway (6/8, 75%) but lacked DICERI mutations. The findings highlight
the importance of DICERI mutations in miillerian adenosarcoma tumorigenesis and show that these alterations are not
exclusive to heterologous rhabdomyosarcomatous differentiation.

Introduction epithelial elements and a malignant mesenchymal com-

ponent. The uterine corpus is the most common primary
Miillerian adenosarcomas are uncommon biphasic  site, but rare tumors have been reported in the cervix,
epithelial-mesenchymal tumors with benign or atypical ovary, fallopian tube, and vagina [1, 2]. Most patients have
good clinical outcomes. A minority of tumors with poor
clinical behavior often display deep myometrial invasion
and/or the presence of stromal overgrowth, which is
defined as>25% of tumor volume comprising sarcoma
alone and occurs in approximately 10% of tumors [1, 2].
Heterologous elements including fat, cartilage, bone, and
rhabdomyoblasts are found in approximately 20% of
tumors and are typically seen in the presence of stromal
>4 Karuna Garg overgrowth [3]. Grading of the sarcoma component is
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The pathogenesis of uterine adenosarcomas has not been
fully characterized. Recent next-generation DNA sequen-
cing studies have implicated recurrent alterations in the
PI3K/AKT/PTEN pathway and MDM2/CDK4 amplifica-
tion, with enrichment for TP53, ATRX, and PTEN mutations
in high-grade tumors, and MYBLI, ATRX, and TP53
mutations, in addition to increased numbers of chromoso-
mal copy number changes, in those with stromal over-
growth [4-6]. Recurrent FGFR2, KMT2C, and DICERI
mutations have been reported at a much lower frequency
[4-6]. DICERI encodes an endoribonuclease involved in
miRNA processing, germline mutations of which predis-
pose to Sertoli-Leydig tumors, childhood embryonal rhab-
domyosarcomas, pleuropulmonary blastomas, and cystic
nephromas [7]. Somatic DICERI mutations are very rare in
human cancers, but are enriched in other gynecologic
tumors, including many with rhabdomyosarcomatous dif-
ferentiation, including ovarian Sertoli-Leydig cell tumors,
miillerian adenosarcomas, and a reported uterine carcino-
sarcoma [8, 9]. Of the four reported miillerian adenosarco-
mas with DICERI mutations in which differentiation
phenotype was described, three had a heterologous rhab-
domyosarcoma component [4-6]. This apparent association
between DICERI mutations and malignant skeletal muscle-
like differentiation in gynecologic tumors is peculiar, but
whether the mutations are more specifically linked to the
heterologous rhabdomyosarcomatous phenotype is not
clear.

In this study, we examined the clinical, pathologic, and
genomic features of 19 miillerian adenosarcomas specifi-
cally enriched for tumors with rhabdomyosarcomatous
differentiation, in order to investigate the potential asso-
ciation of DICERI mutations with skeletal muscle-like
differentiation and to gain further insight into the patho-
genesis of these rare tumors. The genomic results were
additionally compared to eight uterine carcinosarcomas
with rhabdomyosarcomatous differentiation.

Materials and methods
Study population

After obtaining institutional review board approval, the
UCSF and El Camino Hospital Pathology archives were
searched for all cases of miillerian adenosarcoma and
uterine carcinosarcoma. A total of 19 adenosarcomas
with available slides and tissue were identified (AS1-19).
All H&E slides were reviewed by at least one gynecologic
pathologist (A.R.S. and K.G.) to confirm the
diagnosis. Each tumor was assessed for the presence of
stromal overgrowth, the presence of heterologous differ-
entiation, and the grade of the mesenchymal component.

Of identified carcinosarcomas, eight with rhabdomyo-
sarcomatous differentiation were selected. Clinical infor-
mation was obtained from online electronic medical
records.

Capture-based next-generation DNA sequencing

For capture-based next-generation DNA sequencing,
matched normal and tumor tissue was selected from 18
adenosarcoma cases, and only tumor tissue was selected
from one case (AS11). Pure sarcomatous areas were
selected for analysis in all tumors. In tumors with stromal
overgrowth, the areas of stromal overgrowth were ana-
lyzed, and in tumors with heterologous differentiation, the
areas with rhabdomyosarcomatous differentiation were
analyzed. In one case (AS3), areas with and without
rhabdomyosarcomatous differentiation were selected for
separate analysis. For carcinosarcomas with rhabdomyo-
sarcomatous differentiation, only tumor tissue was
sequenced.

Sequencing libraries were prepared from genomic DNA
extracted from punch biopsies or macrodissected unstained
sections from formalin fixed paraffin embedded tissue. Target
enrichment was performed by hybrid capture using a custom
oligonucleotide library. Capture-based next generation
sequencing was performed at the UCSF Clinical Cancer
Genomics Laboratory, using an assay (UCSF500 panel) that
targets the coding regions of 480 cancer-related genes, select
introns from approximately 40 genes, and the TERT promoter
with a total sequencing footprint of 2.8 Mb (Supplemental
Table S1). Sequencing was performed on a HiSeq 2500
(Ilumina, San Diego, CA). Duplicate sequencing reads were
removed computationally to allow for accurate allele fre-
quency determination and copy number calling. The analysis
was based on the human reference sequence UCSC build
hg19 (NCBI build 37), using the following software packa-
ges: BWA: 0.7.10-r789, Samtools: 1.1 (using htslib 1.1),
Picard tools: 1.97 (1504), GATK: 2014.4-3.3.0-0-ga3711,
CNVKkit: 0.3.3, Pindel: 0.2.5a7, SATK: 2013.1-10- gd6fa6c3,
Annovar: v2015Mar22, Freebayes: 0.9.20, and Delly: 0.5.9
[10-19]. Only insertions/deletions (indels) up to 100 bp in
length were included in the mutational analysis. Somatic
single nucleotide variants and indels were visualized and
verified using Integrated Genome Viewer. Genome-wide
copy number analysis based on on-target and off-target reads
was performed by CNVkit and Nexus Copy Number (Bio-
discovery, Hawthorne, CA). Recurrent tumors were excluded
from copy number analysis.

Immunohistochemistry

For immunohistochemistry, the following antibodies were
used: BAP1 (C-4, 1:100, Santa Cruz Biotechnology,
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Santa Cruz, CA), desmin (D33, 1:5, Cell Marque, Rock-
lin, CA), and myogenin (F5D, 1:50, Cell Marque). Anti-
gen retrieval was as follows: for BAP1, BOND ER2
(Leica Biosystems, Richmond, VA); for desmin, BOND
ER1 (Leica Biosystems); and for myogenin, Ventana CCl1
(Ventana, Tucson, AZ).

Statistical analysis

Statistical analysis was performed using Fisher’s exact tests
and Mann-Whitney U tests where appropriate, using a
significance level of p <0.05.

Results
Clinicopathologic features of adenosarcomas

The clinicopathologic features of adenosarcomas in this
study are shown in Table 1. Patient ages ranged from 25 to
92 years (mean 55 years). The most common presenting
symptoms included vaginal bleeding and an abdominal
mass. The majority of patients presented at stage 1 (n = 16).
Of those with available clinical data (n = 13), eight patients
received chemotherapy and/or radiation therapy and five
patients received no adjuvant therapy. Two patients pre-
sented with pelvic recurrences, at 20 months (AS2) and
4 months (AS4) post-surgery, respectively. One patient
presented with a vaginal cuff recurrence at 4 months post-
surgery (ASS), which was treated with adjuvant radiation.
Of eight patients with available follow-up data, four have no
evidence of disease, two are alive with disease, and two
died of disease (Table 1).

Two patients had synchronous uterine endometrioid
adenocarcinoma (AS4 and AS16), and one had atypical
endometrial hyperplasia (AS11). One patient had uterine
serous carcinoma on an endometrial biopsy (AS12), and
the following hysterectomy specimen showed no residual
serous carcinoma (Table 1). While we considered a
diagnosis of carcinosarcoma for these cases, the overall
histopathologic features including the phyllodes-like
growth pattern, the relatively low-grade appearance of
the sarcoma component and the low-grade nature of the
epithelial proliferation in most cases, are more char-
acteristic of two separate synchronous malignancies. The
existence of uterine adenosarcoma with synchronous
endometrial hyperplasia or adenocarcinoma has been
previously described [2, 20]. None of the patients in our
series or those in the literature have clinically behaved
like carcinosarcomas. The presence of DICERI
mutations in two such cases in our series further supports
their classification as adenosarcoma rather than
carcinosarcoma.

SPRINGER NATURE

Histopathologic features of adenosarcomas

The hysterectomy specimen was reviewed in most cases (n
=16). In two cases (AS13 and AS14), only the recurrence
specimens were available for our review. Tumors in hys-
terectomy specimens presented as exophytic, tan brown
masses measuring from 1 cm to 20 cm. All tumors displayed
the typical biphasic appearance of adenosarcoma, with
benign or atypical glands and malignant stroma (Fig. 1a, b).
All tumors displayed at least focal phyllodes-like archi-
tecture with intraglandular polypoid growth, stromal cuff-
ing, stromal atypia, and mitotic activity. The stromal
component was low grade in 11 cases (65%) and high grade
in six cases (35%) (Fig. lc, d). The two recurrent tumors
were not graded or evaluated for stromal overgrowth. Of the
six tumors with high-grade sarcoma, four (67%) showed
stromal overgrowth. In total, stromal overgrowth was pre-
sent in five tumors (29%), of which four showed high-grade
sarcoma (80%). Heterologous rhabdomyosarcomatous dif-
ferentiation was present in six tumors, and confirmed with
immunohistochemical staining for desmin and myogenin
(Fig. 2a, b). Most (5/6, 83%) of these showed histologic
features of embryonal thabdomyosarcoma, and one showed
features of pleomorphic rhabdomyosarcoma (AS10). Four
(67%) tumors with rhabdomyosarcoma had stromal over-
growth. The entire sarcoma component in both cases lack-
ing  stromal  overgrowth = was  composed  of
rhabdomyosarcoma (Fig. 2c, d). An alternative diagnosis of
embryonal rhabdomyosarcoma was considered, but both
were classified as adenosarcoma based on the diffuse dis-
tribution of the glandular component throughout the tumor.

Genetic features of adenosarcomas

Somatic pathogenic genomic alterations are shown in
Fig. 3, and all somatic mutations are listed in Supplemental
Table S2. The mean target sequencing coverage was 595
(+x186) unique reads per target interval. The most frequently
identified alterations were in DICERI, which was mutated
in eight (42%) of 19 tumors. All eight tumors harbored
hotspot mutations at metal ion-binding sites (E1705,
D1709, D1810, E1813) or adjacent residues (D1713,
G1809) in the RNase IIIb domain (Table 2) [7, 21-23]. At
least two DICERI mutations were identified in 7/8 (88%)
tumors, with four of these (AS1-3 and AS7) harboring a
second inactivating (frameshift or stopgain) mutation. One
tumor (AS5) had three additional missense mutations in
addition to the hotspot. The relative allelic positions of these
mutations (cis vs. trans) could not be definitively deter-
mined in any of the cases. In the only tumor without at least
two DICERI mutations, the hotspot mutation was hemi-
zygous due to copy neutral loss of heterozygosity of chro-
mosome 14q (Supplemental Figure S1). No germline
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Additional history

Follow up

Adjuvant therapy

Rhabdomyo-
sarcomatous
differentiation

Stromal
overgrowth

Sarcoma grade

Stage at
presentation

Specimen type

(years)

Table 1. (continued)

Case # Age

SPRINGER NATURE

LFU
LFU

Not known

1A Low No No

“Myomectomy” (follow-up IA
hysterectomy showed no
residual tumor)

TAH-BSO
TAH-BSO

AS17 25

None

No No

Low

AS18 44

LFU

None

Low No No

1B

AS19 60

TAH-BSO total abdominal hysterectomy and bilateral salpingo-oophorectomy, LN lymph nodes, NED no evidence of disease, LFU lost to follow-up, AWD alive with disease, DOD died of disease

*TAH-BSO not available

DICERI mutations were identified (Supplemental
Table S4).

Somatic aberrations in Ras or PI3K/PTEN pathway
genes were identified in 5/19 (26%) adenosarcomas. In one
case (AS14), a pathogenic germline frameshift PTEN var-
iant (p.Y138fs) was associated with somatic loss of het-
erozygosity in the tumor. Other recurrent somatic alterations
included 7P53 mutations, CDK4/MDM?2 amplifications,
and ARIDIA truncating mutations in 3/19 (16%) tumors
each. Hotspot mutations in FBXW7 and truncating muta-
tions in ATRX, ARHGAP35, and CTCF were detected in
two tumors each (11% each). Deep deletions in BAPI were
also identified in two (11%) tumors, both of which showed
loss of BAP1 immunohistochemical staining (Fig. 4a, b). In
contrast, 11 additional tumors without BAP/ alterations
retained BAP1 staining (Fig. 4c).

One adenosarcoma (AS17) harbored an ESRI-NCOA3
gene rearrangement, resulting in fusion of the promoter and
first three exons of ESRI (amino acids 1-254) to exons
13-23 of NCOA3 (amino acids 801-1424). The fusion gene
lacks the ligand-binding domain of ESRI and preserves the
nuclear receptor co-activator domain of NCOA3. This tumor
otherwise had a simple genome without copy number
alterations and lacked somatic mutations in genes on the
panel (Fig. 3 and Supplemental Table S2).

Copy number analysis revealed recurrent gains of chro-
mosomes 8 (6/19, 32%) and interstitial 1q (5/19, 26%) and
recurrent loss of chromosome 22q (5/19, 26%).

The rhabdomyosarcomatous and non-rhabdomyosar
comatous areas of one tumor (AS3) were separately ana-
lyzed and harbored the same DICERI and FBXW7 muta-
tions, as well as chromosome 8 gain. No mutations were
exclusive to either component. Loss of 17p was only
identified in the rhabdomyosarcomatous component,
whereas gain of distal 7p was only present in the non-
rhabdomyosarcomatous component (Supplemental
Figure S2).

Correlative analysis of genetic and histopathologic
features of adenosarcomas

Four (50%) of the eight tumors with DICERI mutations
demonstrated  rhabdomyosarcomatous  differentiation
(Fig. 3). Immunohistochemical staining for desmin and
myogenin revealed no evidence of an occult rhabdomyo-
sarcomatous component in the four tumors lacking histo-
logic features of rhabdomyosarcoma (data not shown).
DICERI mutations were detected in 4/6 (67%) tumors with
rhabdomyosarcomatous elements and in 4/11 (36%) tumors
without rhabdomyosarcoma (p =0.33) (Fig. 3). No asso-
ciation was identified between stromal overgrowth and
DICER] mutations, which were present in 3/5 (60%)
tumors with stromal overgrowth and in 5/12 (42%) tumors
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Fig. 1 Morphologic features of
miillerian adenosarcomas.

(a) Histologic appearance of a
typical miillerian adenosarcoma
characterized by benign
epithelium and a low-grade
mesenchymal component
showing phyllodes-like growth.
(b) The mesenchymal
component shows periglandular
condensation with
hypercellularity and cytologic
atypia with occasional mitotic

figures. The sarcoma component
of miillerian adenosarcoma is
low grade in most cases (c) but
occasional cases have high-
grade sarcoma with greater
cytologic atypia and mitotic
activity (d)

without stromal overgrowth (p =0.62). DICERI mutations
were also independent of sarcoma grade (p = 0.33), patient
age (p =0.56), and tumor stage (p =0.42). Likewise, no
associations were identified between any of the other
mutations and tumor grade, presence of stromal overgrowth,
and/or heterologous rhabdomyosarcomatous differentiation.
Two of three TP53 mutations were in high-grade tumors
with stromal overgrowth and rhabdomyosarcomatous dif-
ferentiation (AS9, AS10), but one was identified in a low-
grade tumor without overgrowth or heterologous elements
(AS11).

Primary tumors with DICERI mutations demonstrated
less overall copy number alterations, including chromoso-
mal gains, losses, amplifications, and deep deletions, than
tumors without DICER] mutations (p = 0.02) (Fig. 5). No
significant associations were identified between overall
copy number alterations and the presence of stromal over-
growth (p =0.52), sarcoma grade (p =0.47), or rhabdo-
myosarcomatous differentiation (p =0.26). No significant
associations were identified between specific recurrent copy
number alterations (gain of 1q or 8 or loss of 22q) and
DICER] mutation, tumor grade, stromal overgrowth, or
rhabdomyosarcomatous differentiation.

Genetic features of carcinosarcomas with
rhabdomyosarcomatous differentiation

Eight carcinosarcomas with heterologous rhabdomyo-
sarcomatous differentiation were analyzed for comparison.

In all cases, the presence of a rhabdomyosarcomatous
component was confirmed with immunohistochemical
staining for desmin and myogenin (data not shown). The
mean target sequencing coverage was 628 (x115) unique
reads per target interval. Most tumors harbored TP53
mutations and alterations in the PI3K/PTEN pathway (7/8,
88% each). Aberrations in cell cycle genes (MYC, MYCN,
CCNDI, and CCNEI) and chromatin remodeling genes
(ARIDIA and KMT2D) were identified in 4/8 (50%) tumors
each. No DICERI mutations were identified (Fig. 5 and
Supplemental Table S3).

Discussion

DICER]I mutations are overall very rare in cancers [22], but
both germline and somatic DICERI mutations have been
described in a spectrum of non-epithelial gynecologic
tumors and rare uterine endometrioid carcinomas [8, 23].
Ovarian Sertoli-Leydig cell tumors and uterine cervical
embryonal rhabdomyosarcomas are associated with inher-
ited DICERI syndrome, and there is a reported case of
uterine adenosarcoma (without rhabdomyosarcoma) in a
patient with germline DICERI mutation [9, 24]. Somatic
DICER]1 mutations have been observed in ovarian sex cord
stromal tumors, including Sertoli-Leydig cell tumors,
gynandroblastomas, and Sertoli cell tumors, and in a few
miillerian adenosarcomas and a rare uterine carcinosarcoma
[5, 6, 8, 21, 22]. Some studies have suggested an intriguing

SPRINGER NATURE
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Fig. 2 Miillerian adenosarcomas
with rhabdomyosarcomatous
differentiation. Heterologous
differentiation in the form of
rhabdomyosarcoma was seen in
six cases (a) and confirmed with
immunohistochemical staining
for myogenin (b). In two cases
that lacked stromal overgrowth,
almost the entire sarcoma
component was composed of
rhabdomyosarcoma (c), as
demonstrated by the positive

staining with myogenin (d)

possible relationship between DICERI mutation and rhab-
domyosarcomatous differentiation in the female genital
tract. This includes increased risk for cervical embryonal
rhabdomyosarcoma in DICER1 syndrome [9], as well as
somatic DICERI mutations in three of four ovarian Sertoli-
Leydig cell tumors with rhabdomyosarcomatous differ-
entiation, in one adult cervical rhabdomyosarcoma, in one
carcinosarcoma with a thabdomyosarcoma component, and
in miillerian adenosarcomas with rthabdomyosarcoma ele-
ments [4, 6, 8]. Prior to our study, DICERI mutations had
been reported in a total of five miillerian adenosarcomas,
with rhabdomyosarcomatous differentiation described in
three of the four tumors in which the presence or absence of
heterologous elements was evaluated [4, 6]. We identified
hotspot DICERI mutations in four of six miillerian adeno-
sarcomas with rthabdomyosarcomatous differentiation, but
also in an additional four adenosarcomas without hetero-
logous rhabdomyosarcomatous differentiation. Our data
therefore indicate that DICERI mutations are frequent in
miillerian adenosarcomas but are not exclusive to those with
rhabdomyosarcomatous differentiation. The lack of somatic
DICERI] mutations in carcinosarcomas with rhabdomyo-
sarcomatous differentiation further suggests that these
mutations are not associated with heterologous differentia-
tion in this context.

All adenosarcomas in our study harbored at least two
DICER] mutations or a hemizygous DICERI mutation, and
all tumors had a hotspot mutation at a metal ion-binding or
adjacent residue of the RNase IIIb domain. These hotspot

SPRINGER NATURE

mutations, which inhibit 5p miRNA processing and
expression, have been previously described in sex cord
stromal and other gonadal tumors and Wilms tumors and
were also identified in four of the five DICERI-mutated
adenosarcomas in prior studies [4, 6, 8, 21, 22, 25, 26]. In
five tumors in our study, the hotspot mutation was asso-
ciated with either a second inactivating mutation (four
cases) or loss of heterozygosity (one case), suggestive of
hemizygosity. Most sequenced DICERI-mutated tumors in
previous studies were analyzed by Sanger sequencing for
hotspot mutations, precluding identification of a second
inactivating DICERI mutation. However, more compre-
hensive sequencing in a small subset of these has also
revealed additional somatic or germline inactivating muta-
tions, which were shown in some studies to function in
trans with respect to the hotspot [6, 22, 23, 25]. The pre-
sence of multiple DICER mutations per tumor in our study
is also highly suggestive of biallelism, although this could
not be confirmed due to spatial separation of the mutations.
Our findings support the hypothesis that DICER] acts nei-
ther like a typical tumor suppressor nor oncogene, requiring
the combination of a specific hotspot mutation that affects
enzymatic activity plus inactivation of the other allele, for
tumor development [22, 26].

We identified an ESRI-NCOA3 fusion in one stage 1A
low-grade adenosarcoma without stromal overgrowth or
heterologous differentiation that otherwise had a simple
genome without copy number changes. Piscuoglio et al. [6]
recently also identified fusions involving ESR/ and NCOA2
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ADENOSARCOMACASE 1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16 17 18 19

Sarcoma grade

Stromal overgrowth

absent/low
present/high

RMS differentiation
DICER1
TP53
CDK4/MDM2
BAP1
PIK3CA
PIK3R1 hotspot mutation
PTEN hotspot mutation resulting in exon 25 skip and frameshift
KRAS nonframeshift deletion
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Fig. 3 Pathogenic genomic alterations in miillerian adenosarcomas

Table 2 DICERI variants identified in adenosarcomas

Case #  Variant
AS1 DICER]  c.1174C>T p-R392%
DICER]I  c.5425G>A p-G1809R
AS2 DICER]  ¢.5299delC p-H1767fs
DICERI  ¢.5438A>G * p-E1788fs*41
AS3 DICERI  c¢.3281delT p.L1094*
DICERI  c.5125G>A p-D1709N
AS4 DICER]  c¢.5428G>T p-D1810Y
DICER]  c3113G>T p-C1038F
AS5 DICER]  c.5437G>A p-E1813K
DICER]  c4097C>T p-P1366L
DICERI  c.1211G>T p-R4041
DICERI  ¢.2627A>C p-Y876S
AS6 DICERI  ¢.3669C>G p-Y1223*
DICERI  ¢.5138A>T p-D1713V
AS7 DICERI  ¢.5428G>C p-D1810H
DICERI  ¢.2460_2465delACGCTC  p.R821_S822del
AS8 DICERI  ¢5113G>A° p-E1705K

“Mutation causes exon 25 skipping [20, 24]

PAssociated with copy neutral loss of heterozygosity

or NCOA3 genes in two miillerian adenosarcomas without
rhabdomyosarcomatous differentiation. NCOA2 fusion
genes have been described in other soft tissue tumors,

BN T [ [ e

including mesenchymal chondrosarcoma, angiofibroma,
and congenital/infantile spindle cell rhabdomyosarcoma,
and NCOA2 and NCOA3 fusions have been reported in
acute leukemias [27, 28]. The identification of recurrent
NCOA2 gene fusions in congenital/infantile spindle cell
rhabdomyosarcomas is particularly interesting in this con-
text, raising the possibility that altered NCOA2 function
may be associated with malignant skeletal muscle differ-
entiation [29]. Hartmaier et al. [30] recently described rare
fusions of ESRI with various 3’ gene partners in ER-
positive metastatic breast cancers, none of which involved
NCOA2 or NCOA3. The breakpoints of these ESRI fusion
genes were reported to disrupt the ligand-binding domain,
and the expressed proteins were constitutively hyperactive
[30]. The ESRI rearrangements in adenosarcomas in our
study and the prior report by Piscuoglio et al. [6] also lack
the ligand-binding domain. The findings suggest a possible
role for ligand-independent estrogen receptor signaling in
the pathogenesis of a subset of these tumors, which will
require additional study.

Two (11%) adenosarcomas in our study demonstrated
deletion and inactivation of BAPI (BRCA-associated pro-
tein 1), a deubiquitinase and tumor suppressor involved in
chromatin remodeling, gene expression, and DNA repair
[31-33]. Germline or somatic BAPI aberrations have been
most frequently identified in melanocytic tumors, clear cell
renal cell carcinomas, and malignant mesotheliomas, and a
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Fig. 4 Adenosarcomas with BAP/ inactivation. Two cases with deep deletions in BAPI (a) showed loss of BAP1 immunohistochemical staining
(b), whereas 11 other cases without BAP! alterations showed retained BAP1 staining (c)
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Fig. 5 Pathogenic genomic alterations in carcinosarcomas with rhab-
domyosarcomatous differentiation

recent study identified homozygous BAPI deletion in one of
19 miillerian adenosarcomas [6]. Based on data from The
Cancer Genome Atlas, genomic BAP] inactivation appears
to be a rare event in sarcomas overall (<2%), but is typically
due to homozygous deletion, as in this study [34, 35]. Our
findings suggest that adenosarcomas are enriched for BAP/
inactivation compared to other sarcomas, but confirmation
will require larger studies. Similarly, whether BAP1 loss in
adenosarcomas is associated with poor prognosis, as has
been suggested in other tumor types, remains to be seen [36,
37]. One BAPI deleted case in our series showed high-
grade sarcoma in the recurrence, presented with ovarian
metastasis, and resulted in death from disease, whereas the
second case presented at stage IA and showed no adverse
prognostic features, but clinical follow-up was not
available.

In contrast to a prior study, we did not identify a corre-
lation between the presence of stromal overgrowth and copy
number changes in adenosarcomas [5]. On the other hand,

SPRINGER NATURE

tumors with DICERI mutations had significantly fewer
copy number alterations than those lacking DICERI muta-
tions. Given lack of sufficient clinical follow-up data on our
cohort, the significance of these findings is unclear. How-
ever, we note that three of five patients with tumor recur-
rence or metastasis demonstrated DICERI mutations.
Additional larger studies or meta-analyses will be required
to determine the clinical impact and potential significance of
DICERI and other genetic alterations in miillerian
adenosarcomas.
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