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Abstract

Although diagnosis of high-grade uterine mesenchymal tumors (high-grade UMTS) exhibiting
classic morphologic features is straightforward, diagnosis is more challenging in tumors in which
prototypical features are poorly developed, focal and/or co-exist with features seen in other
neoplasms. Here, we sought to define the repertoire of somatic genetic alterations in diagnostically
challenging UMTs with myomelanocytic differentiation, including some reported as perivascular
epithelioid cell tumors (PEComas).

In 17 samples from 15 women, the tumors were histologically heterogeneous.
Immunohistochemical expression of at least one melanocytic marker (HMB45, Melan-A or MiTF)
was identified in all tumors, and of myogenic markers (desmin or SMA) in most tumors. Targeted
massively parallel sequencing revealed several genetic alterations, most commonly in 7P53 (41%
mutation, 12% deletion), 75C2 (29% mutation, 6% deletion), RB1 (18% deletion), ATRX (24%
mutation), MED12 (12% mutation), BRCAZ (12% deletion), CDKNZA (6% deletion) as well as
FGFR3, NTRK1and ERBB3amplification (each 6%). Gene rearrangements (JAZF1-SUZ12,
DNAJB6-PLAGI and SFPQ-TFE3) were identified in three tumors. Integrating histopathologic,
immunohistochemical and genetic findings, tumors from 4 patients were consistent with malignant
PEComa (one TFE3rearranged); 6 were classified as leiomyosarcomas; 3 showed overlapping
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features of PEComa and other sarcoma types (leiomyosarcoma or low-grade endometrial stromal
sarcoma); and 2 were classified as sarcoma, not otherwise specified.

Our findings suggest that diagnostically challenging UMTs with myomelanocytic differentiation
represent a heterogeneous group of neoplasms which harbor a diverse repertoire of somatic genetic
alterations; these genetic alterations can aid classification.
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INTRODUCTION

Uterine sarcomas are uncommon mesenchymal tumors accounting for less than 5% of
uterine malignancies.! High-grade mesenchymal neoplasms arising in the uterus include
leiomyosarcoma, high-grade endometrial stromal sarcoma, rhabdomyosarcoma, malignant
perivascular epithelioid cell tumor (malignant PEComa) and undifferentiated uterine
sarcoma, among others.2~* Genetic studies have revealed alterations characteristic of some
of these neoplasms (e.g. 7SC1/TSC2 alterations and RAD51B fusions in PEComa,>8 and
DICER1 mutations and PAX3-FKHR and PAX7-FKHR fusions in rhabdomyosarcoma), 911
and have delineated subsets of these tumors characterized by specific genetic alterations
(e.9. YWHAEINUTMZ-rearranged and BCOR-altered high-grade endometrial stromal
sarcoma, 31213 TFE3 rearranged PEComa,14 SMARCAA4-deficient uterine sarcoma, 1516 and
NTRK-rearranged fibrosarcoma-like uterine sarcoma).1’

Most uterine sarcomas demonstrate characteristic histopathologic features. However, some
tumors display ambiguous or overlapping histologic features, which may confound accurate
characterization based on histopathologic features alone.2™* As an example, uterine
PEComas are rare neoplasms;%1418.19 and 5-10% of affected patients exhibit distant
metastases at diagnosis, and 10-15% succumb to the tumor.1920 Histologically, PEComas
are characterized by spindle-shaped and/or epithelioid cells with clear-to-acidophilic
cytoplasm, and may exhibit sclerosis and pericytomatous vasculature; they express markers
of myogenic and melanocytic differentiation.1® PEComas exhibiting marked cytological
atypia, conspicuous mitotic activity and/or tumor cell necrosis are classified as ‘malignant
PEComa’.2! Although histopathologic diagnosis is straightforward in tumors homogenously
or predominantly exhibiting the classic morphologic features, diagnosis is more challenging
in tumors in which the prototypical features are poorly developed, seen only focally and/or
present in conjunction with features seen in other neoplasms.

In this study, we sought to define the repertoire of somatic genetic alterations in a set of
diagnostically challenging UMTSs with ambiguous or equivocal morphologic features, and
myomelanocytic differentiation. Furthermore, we sought to explore whether subsequent
genomic analysis aided tumor classification.
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MATERIALS AND METHODS

Case selection

This study was approved by Memorial Sloan Kettering Cancer Center’s (MSK’s)
Institutional Review Board (#15-051). Seventeen mesenchymal neoplasms with
myomelanocytic differentiation and ambiguous/equivocal histopathologic features which
originated in the uterus (including several tumors for which the original diagnosis or
differential diagnosis included PEComa), and were classified by specialist gynecologic
pathologists based on review of routine histological sections and immunohistochemistry
between 2010 and 2015 were identified from the archives of the Department of Pathology at
MSK. Cases with available formalin-fixed, paraffin-embedded (FFPE) blocks of tumor were
included in the study. Clinical data for the patients were obtained from the MSK
Gynecologic Oncology clinical database. All available hematoxylin-and-eosin-stained slides
were reviewed by gynecologic pathologists (RM and RAS) in an attempt to evaluate
histomorphologic features suggestive of a particular subtype or line-of-differentiation. For
example, fascicular arrangements of spindle cells with fusiform round-ended nuclei were
suggestive of smooth muscle differentiation; tumors with tongue-like infiltration composed
of small oval or rounded cells with scant cytoplasm were suggestive of endometrial stromal
differentiation; and epithelioid and/or spindled cells with variably clear cytoplasm, variable
nuclear pleomorphism, nested or corded architecture, pericytomatous vasculature and
stromal hyalinization, allied with immunohistochemical expression of myogenic marker(s)
and two or more melanocytic markers (see below) were suggestive of PEComas. Additional
histopathologic data (including results of immunochistochemistry performed at the time of
diagnosis) were retrieved from the MSK Pathology Laboratory Information System.

Immunohistochemical analyses

Immunohistochemical analyses were performed on representative tissue blocks using
monoclonal antibodies to desmin (clone DE-R11, Dako), smooth muscle actin (SMA, clone
1A4, Dako), TFE3 (clone MRQ-37, Ventana), HMB45 (Dako), Melan-A (clone A103,
LICR/in-house), pS6 (clone 91B2, CST) and pAKT(S473) (clone D9E, CST) for cases for
which the original stained slides were not available for review. Immunohistochemistry was
performed using a Leica Bond-3 automated platform (Leica, Buffalo Grove, IL), and a
polymeric secondary kit (Refine, Leica) was used for the detection of the primary
antibodies. Immunochemical results were evaluated by experienced histopathologists (RM
and RAS) for the intensity of expression (weak, moderate or strong, compared to the
intensity of staining of positive control tissue on the same slides) and percentage of tumor
cells exhibiting expression. The results for pS6 were converted into an immunoreactive score
(IRS), calculated as: intensity of staining (0 absent, 1 weak, 2 moderate, 3 strong) X
percentage of cells staining (0-100), yielding IRS scores between 0 and 300. For the few
cases for which tissue blocks or unstained slides for immunohistochemistry were not
available, the immunohistochemical findings were obtained from the original pathology
report issued by MSK gynecologic pathologists at the time of diagnosis.
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TFE3 fluorescence in situ hybridization

FFPE tissue sections of 4 ym thickness with marked tumor areas were used for fluorescence
in situhybridization (FISH) as described previously,22 using 7FE3dual color break-apart
probes (Zytovision, Bremerhaven, Germany), which contain a 5" probe of 605 kb labeled in
green and a 3" probe of 505 kb labeled in orange. Signal analysis was performed in
combination with morphologic correlation, and at least 100 interphase cells within the
marked tumor area were evaluated. The normal result is a combination green-orange signal.
The result was considered positive for 7FE3rearrangement only if >10% of cells showed a
split signal pattern.

Targeted massively parallel sequencing

DNA samples extracted from FFPE tumors and matched normal tissues or blood were
analyzed using the MSK Integrated Mutation Profiling of Actionable Cancer Targets (MSK-
IMPACT) assay which targets all coding exons of 341-410 cancer-related genes, as
previously described.23-2% Sequencing data were analyzed and somatic mutations identified,
as previously described.24:25 Somatic copy number alterations (CNAs) and loss of
heterozygosity (LOH) were identified using FACETS.26 The cancer cell fractions (CCFs) of
all mutations were computed using ABSOLUTE (1.0.6).27 Mutation hotspots were assigned
according to Chang et al.28 For comparison, reported mutation frequencies from uterine
myogenic tumors exhibiting cytologic atypia, namely leiomyosarcomas2%-31 and
leiomyomas with bizarre nuclei (LMBN)32 were obtained.

Targeted RNA-Sequencing for fusion gene analysis

RESULTS

Tumor RNA was extracted from macrodissected FFPE tissue sections mounted on charged
glass slides and subjected to the MSK-Solid Fusion assay, a custom targeted RNA-based
panel that utilizes the Archer Anchored Multiplex PCR (AMP) technology to detect gene
fusions and oncogenic isoforms in selected protein-coding exons of 62 genes.33 Archer
analysis software V5.0 was used for data analysis.

Clinical and pathological features

We analyzed 17 tumor samples from 15 patients aged 43-73 (median 61) years. One tumor
sample was analyzed in each of 13 patients, and 2 samples (primary uterine tumor and
recurrence/metastasis) from 2 patients (Table 1). None of the women had stigmata of
tuberous sclerosis complex or any documented germline mutations.

The tumors showed a range of histopathologic appearances, as detailed in Table 2 (Figures
1-3). Because of the histologically ambiguous nature of the selected cohort, the
morphologic clues were not sufficiently definitive to allow classification; at best, they were
suggestive of a particular subtype or line-of-differentiation, as described in the Methods. The
majority of tumors were composed of an admixture of spindle and epithelioid cells, with
only occasional cases being composed exclusively of one cell type or the other. The tumor
cells contained amphophilic or clear cytoplasm and mostly exhibited moderate to marked
nuclear pleomorphism, including bizarre or giant tumor cells in several cases. Coagulative
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tumor necrosis was commonly seen, and the tumor mitotic rate was highly variable between
tumors. Some tumors (e.g. UMTO01 and UMTOQ7) showed sclerosis (Figures 1a and 1f) and
pericytomatous (staghorn) vasculature (e.g. UMT02, UMTO04, UMT10).

At least focal immunohistochemical expression of one or more melanocytic markers
(HMB45, Melan-A or MiTF) was identified in all tumors and expression of 2 of these
markers was seen in in 10/17 (59%); myogenic markers (desmin or SMA) were expressed in
13/17 (76%) tumors. Immunohistochemistry for pS6 and pAKT(S473) was performed to
evaluate mTOR pathway activation in 12 tumor samples (10 from 10 patients, and 2 from
one patient). Variable expression of pS6, a surrogate for mTOR pathway activation, was
identified in all 12 tumor samples in which it could be evaluated (Table 3). pAKT(S473) was
negative in all available tumor samples (n=12). Among the 11 unique patients in whose
tumors pS6 immunchistochemistry was performed, the median IRS scores in tumors with an
integrated diagnosis of malignant PEComa (n=3), non-PEComa (n=6) and sarcomas with
features of PEComa and another entity (n=2, for which we chose the pS6 IRS in the
recurrences) were 225 (mean 195, range 60-300), 70 (mean 113, range 10-300) and 68
(mean 68, range 45-90), respectively. The differences between the groups failed to reach
statistical significance (one-way ANOVA: F=0.89, p=0.44).

Seven patients in our cohort received systemic therapy including an mTOR inhibitor; the
best responses were partial remission (PR, n=2), stable disease (SD, n=1) and progression of
disease (POD, n=4) (Table 1).

Genetic alterations

FISH for TFE3was performed in 12 cases with available tissue and showed a clear split
signal indicative of 7FE3rearrangement in 1 of 12 (8%) tumors (Figure 1e). In parallel, 8
tumors from which RNA was obtainable were subjected to targeted RNA-Sequencing using
ArcherFusion Plex, and gene rearrangements were identified in three tumors: SFPQ-TFE3in
UMTO7, DNAJB6-PLAGI in UMT04 and JAZF1-SUZ12 (exon3-exon2) in UMT09-R
(Figure 4).

Tumor and normal tissues of all cases were subjected to high-depth massively parallel
sequencing (median coverage of 747x (325x-1289x) and 392x (189x-586x), respectively),
which revealed that the tumors were heterogeneous at the genetic level. We observed
recurrent somatic mutations and CNAs affecting cell cycle-related genes, including 7P53,
CDKNZA and RB1in 59% (10/17) of tumors. The most common genetic alterations were
TP53 mutations (7/17; 41%) and 7S5C2mutations, which were identified in 29% (5/17). No
7S5C2mutations were detected in the 7FE3rearranged tumor. Furthermore, there were
likely oncogenic mutations affecting ATRX (n=4/17, 24%), MED12 (2/17, 12%), and ESR1
(Y537S hotspot), DAXX (in-frame indel with LOH) and D/CER1 (frameshift indel) and
RBI (splice site; each 1/17, 6%; Figure 4; Supplementary Figure S1). At the gene copy
number level, homozygous deletions of RB1 (3/17, 18%), BRCAZ (2/17, 12%), TP53(2/17,
12%), 7SC2(1/17, 6%) and CDKNZ2A (1/17, 6%) were the most common. Amplifications
were present in FGFR3, NTRKI and ERBBS3 (each 1/17, 6%; Figures 4 and 5).
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Two tumors (UMTO07 and UMT12) did not harbor any non-synonymous mutations in the
341-410 cancer-related genes analyzed. Instead, UMTO07 harbored a SFPQ-TFE3
rearrangement; and UMT12 showed ERBB3and NCOR1 amplification, along with diffuse
myogenic marker expression and minimal melanocytic marker expression, most consistent
with a myogenic sarcoma.

DISCUSSION

Although most uterine sarcomas demonstrate characteristic histopathologic features,
diagnostic challenges may be posed by high-grade uterine mesenchymal tumors which
display ambiguous or overlapping histologic features.2

The initial diagnosis or differential diagnosis in many of the tumors in this study included
malignant PEComa, based on morphological and immunohistochemical evaluation, but
without supportive molecular genetic evidence, which was not available for most of these
cases at the time of diagnosis. The histopathologic diagnosis of uterine PEComa has
traditionally relied on the finding of one or more suggestive histologic features (epithelioid
+/- spindle cell shape, nested architecture, clear cytoplasm, variable nuclear atypia and
mitotic activity, multinucleate giant cells and spider-like cells, pericytomatous vasculature
and stromal hyalinization), allied with immunohistochemical evidence of myomelanocytic
differentiation,6:19,34-36

Due to the overlap in morphologic and immunophenotypic features between epithelioid
smooth muscle tumors and PEComas, some authors have proposed that uterine PEComa is
not a distinct entity but rather a variant of epithelioid smooth muscle tumor expressing
melanocytic markers.3"-41 However, others argue that the morphologic features and genetic
alterations seen in PEComa (e.g. in 7SC2) together with the rarity and focality of
melanocytic marker expression in muscle tumors support the existence of PEComa as a
distinct entity.18

In hepatic and renal PEComas (angiomyolipomas), expression of melanocytic markers can
be variable in intensity and extent,*2 and uniform criteria or cut-offs for melanocytic marker
expression are lacking; in these tumors, the immunohistochemical panel for diagnostic
confirmation generally includes 2 melanocytic markers. Based on the finding that the extent
of melanocytic marker expression in uterine PEComas was variable (weak, heterogenous or
strong in different tumors), the authors of one study proposed that expression of two
melanocytic markers with co-expression of at least one muscle marker in a tumor exhibiting
typical morphologic features is necessary for a diagnosis of uterine PEComa.8 However,
uterine smooth muscle tumors can also display at least focal positivity for melanocytic
markers such as HMB-45 (at least focally in 31-36% of conventional leiomyosarcomas),
4344 Melan-A (32%) and MiTF (57%).38:39.4143-45 Epithelioid smooth muscle tumors have
been reported to exhibit HVIB-45 in 56-80%,3844 Melan-A in 56%,* and MiTF in 22%.44
In one study of five leiomyosarcomas with spindled and epithelioid morphology, HMB-45
expression was identified in clear-cell epithelioid areas and also in spindled areas in four
tumors; expression was seen in 1-25% of cells in 2 tumors, and in 26-50% of cells in 2
tumors.38 Challenges in the distinction of PEComa from smooth muscle tumors are
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compounded by cases such as UMT06/UMTO6-R in this study (see below) and the reported
development of a clear cell, diffusely HMB-45-positive, predominantly SMA-negative
metastasis from a HMB-45-negative primary epithelioid leiomyosarcoma,3° which highlight
the genotypic and phenotypic overlap between PEComa and leiomyosarcoma. Furthermore,
it has been reported in one study of 35 uterine leiomyosarcomas that 11% of tumors
expressed HMB-45, and none expressed Melan-A.46 Many of the tumors in the present
study that were classified as ‘not PEComa’ following review of the histologic,
immunohistochemical and genomic features exhibited varying degrees (usually focal) of
expression of HMB-45 and Melan-A (Table 3). These data argue against placing too much
weight on melanocytic marker expression (especially if weak or focal in a tumor with
equivocal morphologic features) when making a pathologic diagnosis of uterine PEComa.

Genomic alterations in PEComas and smooth muscle neoplasms

PEComas harbor 75CZ and 7SC2mutations®4’ and rearrangements in 7F£3"8 and
RAD51B.58 However, these alterations are not universally found in tumors that are
considered to be diagnostic of PEComas. Two recent studies explored genetic alterations in
PEComas. One study included 11 uterine PEComas (of which 4 underwent targeted
massively parallel sequencing and 5 underwent RNA sequencing),® and found 7.5C2
mutations in 8/13 (62%) PEComas of all sites, which included 2/4 (50%) uterine PEComas.8
The other study used FISH to investigate 7FE3and RAD51B rearrangements in 32 uterine
PEComas.® These studies revealed the presence of rearrangements involving 7F£3and
RAD51B in a subset of uterine PEComas.88 7/£3rearrangements and 7.5C2mutations
were found to be mutually exclusive.8

We found 75C2 mutations in 29% of our cases, all of which were classified as malignant
PEComas or myogenic sarcomas with PEComa-like features. 7SC2mutations were not
identified in leiomyosarcomas in 2 studies (n=76),2%:31 but missense mutations of unknown
significance in 7SC2were reported in 4% (2/49 cases) in one series.3? The histopathologic
features of these 7SC2mutant cases were not described; one of them also harbored a 7P53
mutation, and the other showed alterations in several other genes, including A7RX.30 The
latter 2 abnormalities are among the most common mutations reported in uterine
leiomyosarcoma.2%-31 Along with /B2 and, to a lesser extent, MED12, the frequencies of
these “leiomyosarcoma-associated” mutations are generally similar to those in our cohort.
Furthermore, 7P53and MED12 mutations and £H mutations and deletions were the most
common alterations in a study of LMBN.32 In addition, one case harbored a truncating
single nucleotide variant in 7SC2 (as well as an in-frame indel in 7P53).32

Tumors classified as PEComas: TSC2, TFE3 and immunohistochemical findings

Based on our findings, we propose a set of immunohistochemical and genetic criteria of
varying utility for the diagnosis of uterine PEComa (Table 4).

One tumor (UMTO7) showed evidence of 7FE3translocation, along with additional
complex genomic aberrations of the region, by FISH (Figure 1e). The presence of an SPFQ-
TFE3translocation, reported previously in PEComas,® was confirmed by targeted RNA-
Sequencing. Typical of reported examples of 7FE3translocated PEComas,’ 1418 UMTO07
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was also characterized by large alveolar nests of pleomorphic epithelioid cells with abundant
clear cytoplasm, absent myogenic marker expression and strong immunoexpression of TFE3
(Figures 1a—d). We did not identify RAD51B rearrangements in our cohort.

UMTO01, UMT11 and UMT15 were malignant PEComas. UMTO1 was composed of alveolar
groups of epithelioid cells with clear cytoplasm associated with some sclerosis. It exhibits
convincing evidence of myomelanocytic differentiation in a substantial proportion of tumor
cells (Figures 1f—h). UMT11 was a pleomorphic spindle and epithelioid cell tumor and
UMT15 was composed of highly pleomorphic epithelioid cells; both exhibited melanocytic
marker expression and coagulative necrosis (Figures 1i-k), as well as 75CZ2 alterations
(truncating mutation with LOH in UMT11 and 75C2homozygous deletion in UMT15). The
phenotype is in keeping with malignant PEComa. UMT15 showed strong diffuse expression
of TFE3 (Figure 11), but no evidence of 7FE3rearrangement was identified.

Tumors classified as sarcomas with PEComa-like features

Based on the combination of histopathologic, immunohistochemical and genetic findings, a
few tumors showed overlapping features of PEComa and other sarcoma types, as detailed
below. The nature and biological significance of these difficult-to-classify sarcomas,
specifically whether they represent divergent differentiation or collision tumors, is unclear.

UMTO06-R (lung recurrence) showed a truncating mutation in 7SC2with LOH, as well as a
frameshift mutation in A7RX with LOH. The matching primary uterine tumor (UMTO6)
shared the ATRX alteration and also had a 7P53in-frame indel, but lacked detectable
alterations in 7SC2. Especially in the primary tumor, HMBA45 expression was confined to
the bizarre epithelioid cells (Figure 2a—d). Loss of TSC2 function (via germline 75C2
mutation coupled with LOH of 75C2) has been demonstrated to be associated with uterine
smooth muscle tumors in rodent models*8-21 and studies in human tumors have shown that
approximately 4% of LMBN32 and leiomyosarcoma (including one case showing a missense
75C2mutation and a frameshift indel in A7/X)30 harbor somatic 7SC2alterations. These
data call into question the specificity of 7SCZ2alterations for a diagnosis of PEComa, and
suggest an alternative diagnostic possibility (sarcoma associated with leiomyosarcoma-like
and PEComa-like features) for UMT06-R/UMTO06. In a similar vein, UMT14 harbored
missense mutations in 7SC2and ASXL 1, and a homozygous deletion of COKNZA. It was
composed of spindle cells with moderate nuclear pleomorphism (including bizarre cells) and
up to 11 mitoses per 10 high-power fields but lacking coagulative tumor necrosis or
lymphovascular invasion. The tumor expressed SMA and desmin, but showed only focal
HMB45 and Melan-A expression. Based on the available evidence, this tumor also likely
represents a sarcoma associated with leiomyosarcoma-like and PEComa-like features.

UMTO09 and the lung recurrence (UMT09-R) were composed of relatively small round
epithelioid cells with sclerotic collagenous septa separating cords of tumor cells (Figure 3i),
which expressed myogenic and melanocytic markers (Figure 3j—I). Both tumors showed a
splice site mutation in 75C2, and in the recurrence, a JAZF1-SUZ12fusion (characteristic of
low-grade endometrial stromal sarcoma, LGESS®2) was identified. Prototypical morphologic
features of LGESS were not identified in the primary tumor or in the recurrence. There was
diffuse and strong expression of HMBA45, a phenomenon that has been described in ~20% of
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tumors reported as LGESS.53 Overall, however, given the morphological appearance and the
identification of the JAZF1-SUZ12fusion, in conjunction with TSC2 mutation and diffuse
HMBA45 expression, the tumor in this patient most likely represents a sarcoma associated
with LGESS-like and PEComa-like features.

The finding of these tumors with hybrid/mixed features raises several tantalizing hypotheses:
for example, rather than arising de novo, some uterine PEComas may derive from
progression and divergent differentiation of an antecedent smooth muscle or stromal
neoplasm (or vice versa). Alternatively, these entities may represent either a mesenchymal
tumor with intratumoral heterogeneity or predominantly spindled PEComas, only one part of
which demonstrates melanocytic differentiation. Further studies (including comparative
genomic and transcriptomic analyses of different components of hybrid/mixed tumors) are
required to test these hypotheses.

Tumors classified as myogenic neoplasms

The mutational frequencies in 7P53, ATRX, RB1and MEDI12in our series are 41%, 24%,
6% and 12%, respectively, which compares with figures reported in uterine
leiomyosarcoma?®-31 of 32-49%, 25-30%, 16—22% and 2—21%, respectively (Figure 6).
7SC2 mutations were not identified in leiomyosarcomas in two independent studies (n=76),
29.31 hut missense mutations of unknown significance in 7SC2were reported in 4% (2/49) in
one series.30 The most common mutations in leiomyomas with bizarre nuclei (LMBN) are
reported to be in 7P53 (29%), FH (21-54%) and MED12 (17%)(Figure 6).32:5455

UMTO03 and UMTO08 were composed of pleomorphic spindle and epithelioid cells exhibiting
strong expression of SMA and desmin with weak/focal or absent HMBA45 expression (Figure
2e—g). UMTO03 harbored an ESR1 hotspot mutation; £SR1 mutation has been rarely found
(<1%) in uterine leiomyosarcomas.®® Based on the pathologic features and £S5/ mutation,
the most likely diagnosis for this tumor is leiomyosarcoma. UMTO08 harbored missense
mutations in KDM6A (with LOH), JAK3and NTRK3and an ERCC2homozygous deletion.
KDMEGA missense mutations are rarely found in LMBN32 and an in-frame indel in JAK3
was described in one leiomyosarcoma in the MSK-IMPACT cohort?? (Figure 6).

ATRX and/or DAXX alterations have been described in uterine smooth muscle tumors
(leiomyomas and leiomyosarcomas),31:57-59 and loss of their expression in these tumors has
been reported to be associated with poor prognosis.®’:°8 ATRX and DAXX mutations are
identified in 20-30%30:31.60.61 and ~20480.61 of leiomyosarcomas, respectively. We
identified mutations in A7RXin 4 tumors (UMT04, UMT13, UMTO06/06-R) from 3 women,
and DAXX mutations in one tumor (UMTO05). Based on this genotype and the pathologic
phenotype, UMT04 most likely represents a leiomyosarcoma. UMTO05 and UMT13 were
highly pleomorphic malignancies lacking significant evidence of myogenic differentiation
and showing only focal melanocytic marker expression (Figure 2h—k) — based on the
available evidence, these tumors are probably best classified as sarcoma, not otherwise
specified. UMTO05 showed gain of 7FE3 copies by FISH: 30% of tumor cells had 3-5
copies, and 40% of tumor cells had 6 or more copies; the significance of this finding is
uncertain. UMTO06/06-R was discussed above.
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A DNAJB6-PLAGI fusion was identified in UMTO04. This tumor was composed of a
predominantly fascicular spindle cell component along with a focal component of small
epithelioid cells (Figure 3a—b). Myogenic markers were diffusely positive (Figure 3c), while
HMBA45 expression was very focal (Figure 3d). The tumor also harbored mutations in 7P53
and ATRX. The morphology and genomic findings are most consistent with
leiomyosarcoma. Rearrangements involving PLAGI (with fusion partners 7RPS1 and
RAD51B) have recently been described in myxoid leiomyosarcoma.62:63 No myxoid areas
were identified in UMTO04. DNAJB6 is a RanGTP-regulated protein required for
microtubule organization during mitosis, and mutations have been described in patients with
myofibrillar myopathy, a group of rare inherited muscular disorders.6465> DNAJB6 has also
been shown to regulate tumor growth and metastasis through the canonical Wnt pathway and
AKT signaling.56

UMTO02 and UMT10 were spindle and epithelioid cell malignancies exhibiting marked
nuclear pleomorphism and immunohistochemical evidence of extensive myogenic
differentiation, with variable (50% of tumor cells and focally, respectively) melanocytic
marker expression. However, they both harbored mutations in MED12and TP53. MED12
mutations have been well described in uterine leiomyomas and leiomyosarcomas31-67-72,
and the co-occurrence of MED12and 7P53alterations has been reported in
leiomyosarcoma.31:73 Taken together, the pathological and genomic features are most in
keeping with a diagnosis of leiomyosarcoma for UMT02 and UMT10.

UMT12 was a spindle cell malignancy with a fascicular growth pattern (Figure 3e),
exhibiting diffuse muscle marker expression and very focal HMBA45 expression (Figures 3f—
h). The only genetic alterations identified were amplifications of £/£BB3 (mutation of which
has been reported in a retroperitoneal leiomyosarcoma’®) and NCOR1 (known to interact
with the ERBBZ2 promoter’®), which could conceivably modulate the PI3K-AKT pathway.
This tumor is most likely a leiomyosarcoma with focal aberrant HMB45 expression.

MTOR pathway and inhibition

Immunohistochemical markers that have been used as surrogate markers of PI3K/Akt/
mTOR pathway activation include pS6, pS6K1, pAKT, p21 and p27.76 In our cohort, we
performed immunohistochemistry for pS6 and pAKT as surrogate markers of mMTOR
pathway activation, since mTOR inhibitors are often considered for treatment of patients
with malignant PEComa. pAKT was not expressed in any of the tumors. The median IRS for
pS6 showed a trend with the highest levels seen in tumors with an integrated diagnosis of
malignant PEComa, with lower figures in tumors with an integrated diagnosis of non-
PEComa and sarcomas with features of PEComa and another entity; however, there was
some overlap, and these trends did not reach statistical significance, which may be
attributable, at least partially, to the small numbers in each of these groups. Of the seven
patients who received therapy including an mTOR inhibitor, pS6 results were available in 4
of these patients, and showed IRS of 90, 210, 30 and 300 in patients whose best response to
mMTOR inhibitors was PR, SD, POD and POD, respectively. The numbers are too small to
allow definitive conclusions to be drawn about correlations between pS6 expression and
response to mTOR inhibitors. In the literature, some studies have shown associations of
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expression of mTOR pathway markers with prognosis,’8 but others have found no
associations between expression of these markers and response to agents targeting these
pathways.””:’8 Further studies employing a larger panel of markers of PI3K/Akt/mTOR
pathway activation, and ideally also incorporating functional assays, will be needed to
elucidate the status of these pathways in these tumors, and to explore associations between
pathway activation status and genotype, pathologic phenotype and response to mTOR
inhibition.

High-grade uterine mesenchymal tumors exhibiting histopathologic and immunophenotypic
features that are equivocal and do not permit ready classification represent a heterogeneous
group of neoplasms which harbor a diverse repertoire of somatic genetic alterations; the
results of our study suggest that these genetic alterations can aid classification of such
tumors, although given their diversity, they do not permit clear-cut separation of these
tumors into distinct genetic or phenotypic entities unless features thought to be characteristic
of a certain entity are found (i.e. 7SC mutations in PEComa).

The goal of our study was to determine, in diagnostically challenging high-grade uterine
mesenchymal tumors with ambiguous morphological features, whether integrated
classification based on the addition of molecular genetic analysis to histopathologic and
immunophenotypic evaluation (a simplified schema for which is presented in Table 5)
allowed more robust classification of the tumors. As many of the tumors included in the
study were initially diagnosed as ‘malignant PEComa’, our hypothesis here was that some
tumors diagnosed as ‘malignant PEComa’ based on morphology and immunophenotype
may represent other entities exhibiting ‘PEComa’-like phenotypes. The results, which
appear to support our hypothesis, indicate that some tumors that had been classified on
phenotypic grounds as ‘malignant PEComa’ may represent (or at least contain a component
of) other entities based on their well-described genetic alterations e.g. JAZFI or YWHAE
fusions in endometrial stromal sarcoma).

Our findings also suggest that we should cautious about making a definitive diagnosis of
uterine PEComa based solely on pathologic phenotype. Tumors which exhibit classic
morphological features (which from our cases with an integrated diagnosis of PEComa
include: epithelioid and/or spindled cells with variably clear cytoplasm, variable nuclear
pleomorphism, nested or corded architecture, stromal hyalinization) allied with supportive
immunohistochemical evidence, i.e. expression of myogenic marker(s) and two or more
melanocytic markers, are likely to represent PEComas. In the absence of molecular genetic
evidence, tumors exhibiting underdeveloped or focal prototypical PEComa-like features may
be diagnosed as “epithelioid and spindle cell neoplasm, with morphologic/
immunohistochemical features suggestive of PEComa; molecular profiling is recommended
for definitive classification”. In tumors exhibiting PEComa-like morphologic features along
with appearances typical of other tumor types, the possibility of non-PEComa diagnosis or a
diagnosis of sarcoma associated with features of PEComa and these entities should be
considered. To specifically elucidate the spectrum of genetic and phenotypic characteristics
of PEComas and diagnostic criteria that will allow their clear-cut diagnosis and distinction
from other UMTS, further studies of larger numbers of low-grade and high-grade PEComa-
like neoplasms will be required.
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Figure 1. Histopathologic features of selected cases of PEComa (see text and tables for further
details).

a-e) UMTO7. a) H&E - nests and nodules, separated by collagenous septa, of large
epithelioid cells with abundant clear cytoplasm; b) Desmin; ¢c) HMB-45; d) TFE3; e) FISH
for TFE3. The normal result is a combination green-red signal. 85% of cells show separate
green (5’ TFE3) and orange (3’ TFE3) signals, indicative of 7FE3rearrangement.

f-h) UMTOL1. f) H&E — epithelioid cells with variably amphophilic-to-clear cytoplasm
arranged in cords and nests, associated with some stromal sclerosis; g) Desmin; h) HMB-45.
i-I) UMT15. i) H&E — sheets of pleomorphic epithelioid cells with eosinophilic cytoplasm;
j) Desmin; k) Melan-A; I) TFE3.
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Figure 2. Histopathologic features of selected cases (see text and tables for further details).
a-d) UMTO6 - sarcoma associated with leiomyosarcoma-like and PEComa-like

features. a) H&E — biphasic tumor composed of a moderately atypical spindle cell
component and an epithelioid cell component showing moderate to marked nuclear
pleomorphism; b) Desmin; ¢) SMA; d) HMB-45.

e-g) UMTO8 - myogenic sarcoma, most likely leiomyosarcoma. ) H&E — predominantly
atypical spindle cells in a whirling fascicular arrangement; f) Desmin; g) Melan-A.

h-k) UMTO05 - sarcoma, not otherwise specified. h) H&E — sheets of highly pleomorphic
epithelioid cells (the primary tumor was reportedly composed predominantly of spindle
cells); i) Desmin; j) SMA; k) HMB-45.
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Figure 3. Histopathologic features of selected cases (see text and tables for further details).
a-d) UMTO04 - myogenic sarcoma, most likely leiomyosarcoma. a and b) H&E — tumor

composed of tight fascicles of spindled cells with fusiform nuclei (a) and focally nodules of
epithelioid cells (b) admixed with the spindled areas; ¢) Desmin; d) HMB-45.

e-h) UMT12 - myogenic sarcoma, most likely leiomyosarcoma. e) H&E - storiform
fascicles of spindle cells with some nuclear atypia and focal clear cell change; other areas
showed coagulative tumor necrosis and up to 5 mitoses per 10 high-power fields; f) Desmin;
g) SMA; h) HMB-45.

i-I) UMTO09-R - sarcoma associated with low-grade endometrial stromal sarcoma-like
and PEComa-like features. i) H&E — cords and nests of relatively small epithelioid cells
associated with stromal hyalinization; j) Desmin; k) SMA; 1) HMB-45.
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Figure 4. Somatic genetic alterations.
The most common mutations involved 7P53 (41%) and 75C2 (29%). Other likely

oncogenic mutations were found in: ATRX (24%), MED12(12%), and £SR1 (Y537S
hotspot), DAXX (in-frame indel with LOH) and D/CERI (frameshift indel) and B (splice
site; each 6%. At the gene copy number level, homozygous deletions of RB1 (18%), BRCAZ
(12%), TP53 (12%), TSC2 (6%) and CDKN2A (6%) were the most common.
Amplifications were present in FGFR3, NTRK1 and ERBBS3 (each 6%). Gene
rearrangements identified by fluorescence /n situ hybridization (FISH) or Archer targeted
RNA-sequencing (top), non-synonymous somatic mutations (middle) and amplifications and
homozygous deletions (bottom) identified in 17 tumors from 15 patients using targeted
massively parallel sequencing. Mutation types are color-coded according to the legend. Loss
of heterozygosity is depicted by a diagonal bar. Indel, small insertion and deletion; SNV,
single nucleotide variant.
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Figure 5. DNA copy number alterations.
DNA copy number alterations of 17 tumors from 15 patients subjected to targeted massively

parallel sequencing showed homozygous deletions at the loci encoding B (18%), BRCAZ
(12%), TP53(12%), 75C2 (6%) and CDKNZA (6%) were the most common.
Amplifications were present in FGFR3, NTRK1and ERBB3 (each 6%). Chromosomes are
shown along the x-axis, and cases along the y-axis. Homozygous deletions, dark blue;
losses, light blue; gains, orange; amplifications, red.
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Figure 6. Comparison of the mutational profiles of tumors included in this study with those
reported in uterine smooth muscle tumors.

Comparison of somatic non-synonymous mutations identified in tumors in the present study
(n=17 from 15 women, this study) with those of uterine leiomyosarcomas?®-31 and
leiomyomas with bizarre nuclei.32 Red font, statistically significantly different, Fisher’s
exact test, p<0.05. Indel, small insertion and deletion; SNV, single nucleotide variant.
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