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Clinicopathologic and molecular spectrum of testicular sex
cord-stromal tumors not amenable to specific histopathologic
subclassification
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A subset of testicular sex cord-stromal tumors (SCST), which includes neoplasms with mixed histology, cannot be classified into a
specific histologic subtype. This study evaluated the clinicopathologic, immunophenotypic and molecular features of 26 SCST not
amenable to specific classification by expert uropathologists. Median age at diagnosis was 43 years and median tumor size was
2.4 cm. Follow-up information was available for 18 (69%) patients, with evidence of an aggressive clinical course in 6 patients (4
alive with disease, 2 dead of disease 3 months and 6 months after orchiectomy). Microscopically, SCST not amenable to specific
classification demonstrated monophasic epithelioid (9/26, 35%), monophasic spindle cell (5/26, 19%), and biphasic or mixed
histology (12/26, 46%). One or more aggressive histopathologic features were seen in 11 cases. DNA sequencing was successful in
22 tumors. Pathogenic CTNNBT and APC alterations were seen in 7 (33%) and 2 (10%) cases, respectively, with additional variants
(e.g., CDKN2A, RB1, TP53, BRCA2) being identified in individual cases. Combined evaluation of morphology, sequencing data and
beta-catenin immunohistochemistry resulted in reclassification of 6 (23%) tumors as Sertoli cell tumor, not otherwise specified. This
was supported by comparing the methylation profiles of a subset of these tumors and those of typical Sertoli cell tumors.
Additionally, a subset of 5 neoplasms (19%) with spindle cell or biphasic histology and SMA expression was characterized by
hyperdiploid genomes with recurrent chromosomal gains and absence of driver mutations, possibly representing a distinct tumor
type. The SCST that remained not amenable to specific histologic classification (15/26, 58%) were enriched for aggressive histologic
features and malignant clinical behavior. In conclusion, this study demonstrated that a subset of testicular SCST that were originally
not amenable to specific classification could be reclassified by combined evaluation of morphology, immunohistochemistry and
molecular data.
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INTRODUCTION Testicular SCST with a combination of Sertoli and Leydig cells are

Sex cord-stromal tumors (SCST) constitute <5% of all testicular
neoplasms in adults and up to 8% in pediatric patients’, and often
represent a diagnostic challenge due to their varied clinicopatho-
logic characteristics. Small subsets of these tumors that is not
amenable to specific subclassification by morphology and
immunohistochemistry are currently grouped under one of two
categories in the World Health Organization (WHO) classification
of genitourinary tumors: SCST, not otherwise specified (NOS) and
mixed SCST?. These categories include neoplasms with diverse
growth patterns, cytomorphology and clinical behavior. A
subgroup is characterized by the presence of neoplastic sex
cord-stromal elements and entrapped non-neoplastic germ cells®.

vanishingly rare and considered a type of mixed SCST*. SCST with
predominantly spindle cells and co-expression of smooth muscle
actin (SMA) and S100 protein® are now considered a distinct entity
designated myoid gonadal stromal tumor (MGST)®.

Recent molecular analyses have identified alterations that are
characteristic (albeit often not pathognomonic) of certain
histologic subtypes of SCST and may aid with subclassification”™'°.
Therefore, we hypothesized that some SCST, NOS and mixed SCST
could be reclassified by a combined evaluation of morphologic,
immunohistochemical and molecular data. Prior gene-specific
analyses of unclassified ovarian SCST demonstrated that a subset
can be reclassified using canonical molecular alterations such as
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the FOXL2 p.C134W hotspot mutation seen in >90% of ovarian
adult granulosa cell tumors'". This mutation is rare but does occur
occasionally in testicular adult granulosa cell tumor'*'3, a tumor
type that demonstrates morphologic overlap with SCST, NOS. In
this study we performed an integrated evaluation of the
clinicopathologic, immunophenotypic and molecular features of
a multi-institutional series of testicular SCST that could not
be originally classified into specific histologic subtypes.

MATERIALS AND METHODS

This study was performed with approval of the Institutional Review Boards
of Brigham and Women’s Hospital (MGB Insight 4.0, protocol
#2021P002289) and the other participating institutions (when applicable).

Identification and accrual of cases

The pathology databases of the participating institutions and personal
consultation files of the authors were queried for cases diagnosed as
“unclassified” SCST or SCST, NOS/mixed SCST in male patients. Cases with
archival formalin-fixed paraffin-embedded material (FFPE, blocks or slides)
available for molecular analysis were included in the study. Slides were
retrieved and reviewed at the participating institutions, followed by re-
review of selected slides at BWH (SS and AMA). Of note, spindle cell tumors
with storiform and/or fascicular growth patterns and unequivocal co-
expression of SMA and S100 protein were re-classified as MGST and
excluded from the study.

Clinical data and pathology review

Clinical and demographic data were obtained from electronic medical
records, pathology reports and consultation letters. The following
information was collected for each patient: age at diagnosis, tumor size,
tumor site, results of relevant immunohistochemical stains (performed as
part of the initial diagnostic workup), and follow-up data (including
recurrences and death). The following histopathologic features were
evaluated: cytomorphology, architecture, number of mitoses per 10 high
power fields (HPF), overall cellularity, pleomorphism, infiltrative growth,
necrosis, and lymphovascular invasion. Cytomorphology was defined as
monophasic epithelioid (>90% epithelioid cells), monophasic spindle cell
(>90% spindle cells), and biphasic or mixed. Biphasic histology was defined
by the absence of a dominant cytomorphology (any cytomorphology
representing <90% of the cellularity), with different combinations of
spindled, stellate, epithelioid and histiocytoid cells. Mixed histology was
defined by the presence of two distinct lines of differentiation/cell types
(e.g., Sertoli cells and Leydig cells). Pleomorphism was subjectively
evaluated as minimal/moderate when there was mild-to-moderate nuclear
atypia and variation of nuclear size between neoplastic cells and severe
when there was marked nuclear atypia and pronounced variation in
nuclear size (including giant tumor cells). Tumors were assessed for the
presence of aggressive features, including >5 mitoses per 10 HPF, size
>5.0cm, severe nuclear pleomorphism, necrosis, and lymphovascular
invasion'®. Tumors associated with recurrence, metastasis, or death due to
disease were considered clinically malignant.

Massively parallel sequencing (OncoPanel)

A 447-gene targeted solid tumor next-generation sequencing panel
(OncoPanel) was performed as previously described'*'>. Briefly, fresh
frozen paraffin-embedded (FFPE) tissue was manually dissected from
unstained histology slides previously marked by a pathologist (SS and
AMA) to attempt to obtain a neoplastic cellularity >20%. DNA was
extracted using a commercially available kit (Qiagen, Valencia, CA)
according to the manufacturer's recommendations, and DNA was
subsequently fragmented by sonication. A target input of 200 ng of DNA
per sample was used, with a minimum threshold of 100 ng for sample
acceptance. Sequencing libraries were prepared with the TruSeq LT library
preparation kit (lllumina, San Diego, California) and target sequences were
selected by hybridization (DNA probes custom-designed by Agilent
SureSelect; Agilent Technologies, Santa Clara, CA). After sequencing by
synthesis on an lllumina HiSeq 2500 platform (lllumina, San Diego, CA),
deconvolution of multiplexed samples, read alignment, variant calling and
annotation was performed using a clinically validated informatics pipe-
line’*'%. In-house algorithms were used to identify mutational signatures
(POLE, APOBEC, smoking, UV) and mismatch repair status'’'®. Events
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present at a frequency >0.1% in the gnomAD database (Broad Institute)
were filtered out to avoid contamination with germline variants. Loss of
heterozygosity and copy number alterations were evaluated using the log
(2) mean read ratio and variant allele frequency (VAF)'®. The reported
variants were reviewed and tiered for actionability and biological relevance
by two independent molecular pathologists (LMS and HKT).

Immunohistochemistry

Immunohistochemistry (IHC) was performed with primary antibodies
against beta-catenin (clone 14, mouse monoclonal, BD Biosciences, San
Jose, CA; dilution 1:2000). Nuclear expression of beta-catenin (with or
without concurrent cytoplasmic expression) in >5% of the tumor cells was
considered a positive result. Positive and negative controls were run and
assessed in parallel.

Methylation analysis

Four study cases (cases 3, 6, 12 and 24) with pathogenic CTNNBT or APC
variants, nonfocal nuclear beta-catenin expression and sufficient FFPE
material available underwent DNA methylation analysis. Additionally, the
DNA methylation profile of 6 Sertoli cell tumors, NOS of unknown
mutational status with typical histology and diffuse nuclear beta-catenin
expression was assessed for comparison. Whole genome DNA methylation
profiling was performed as previously reported®. In brief, FFPE tissue was
dissected to enrich for tumor cells before DNA extraction. The DNA was
processed for hybridization and fluorescence staining on the Infinium
MethylationEPIC (850 k) BeadChip array (lllumina, San Diego, USA)
according to the manufacturer's instructions for FFPE samples. Arrays
were scanned in an lllumina iScan microarray scanner, and the generated
raw idat files were analyzed in R (R Foundation for Statistical Computing,
Vienna, Austria). Raw intensities were processed with Bioconductor R
package Minfi*'. Each sample was assessed for quality by mean detection
p-value (p < 0.05). All samples (n = 10) passed quality control metrics. Each
sample was normalized by quantile normalization, followed by the removal
of probes that failed in one or more samples (detection p < 0.01), and the
removal of probes with single-nucleotide polymorphisms. Beta-values
were calculated with the default offset value 100, recommended for
lllumina assays. Differential methylation of typical Sertoli cell tumor and
mixed SCST/SCST, NOS samples was assessed. After fitting linear models
with limma (3.48.3), top differentially methylated probes were selected
based on adjusted p-values (p < 0.05). Hypomethylation was defined as a
Beta value <0.2, whereas hypermethylation was defined as a Beta value
>0.8. A heatmap was generated by ComplexHeatmap (2.8.0) based on the
hierarchical clustering of the top 1000 differentially methylated probes®2.

RESULTS

Clinicopathologic and immunophenotypic features of sex
cord-stromal tumors not amenable to histologic
subclassification

After excluding 2 lesions that were reclassified as myoid gonadal
stromal tumor, 26 testicular SCST not amenable to specific
histologic subclassification were included in this study. These
cases were originally diagnosed between 1995 and 2021 at
multiple institutions. The median patient age at presentation was
43 years (range: 2 mo-72 yrs). All specimens were resections (i.e.,
radical or partial orchiectomies), including a case with a paired
lymph node metastasis that was also reviewed for the study.
Median tumor size was 2.4 cm (range: 0.6 cm-9.8 cm). Histologic
review demonstrated marked heterogeneity, with variable archi-
tectural patterns and cytomorphology (Table 1). Tumors were
generally well-circumscribed but unencapsulated, with only 4
tumors demonstrating infiltrative growth into adjacent structures
(e.g., hilar soft tissue) in the slides reviewed. Lymphovascular
invasion and necrosis were present in 3 tumors each. Mitotic
activity ranged from <1 mitosis per 10 HPF to 169 mitoses per 10
HPF (median 3 mitoses per 10 HPF). Severe pleomorphism was
noted in 3 tumors, whereas the rest exhibited only minimal or
moderate pleomorphism. Overall, 11 tumors (42%) had at least
one aggressive histologic feature, and 5 of these tumors (19%) had
>2 features (i.e., aggressive histology). Median patient age for
tumors with aggressive features was 54 years old (range: 5yrs —
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Table 1. Clinicopathologic characteristics of the study cases.
CASE AGE CYTO- TUMOR MITOSES
(YRS") MORPHOLOGY SIZE (CM) (PER 10 HPF)
1 46 Biphasic 0.9 1
2 41 Mixed 0.6 1
3 29 Biphasic 0.7 <1
4 55 Epithelioid 46 11
5 32 Biphasic 1.5 <1
6 72 Mixed 1.1 <1
7 49 Spindle cell 0.9 1
8 59 Spindle cell 1.1 4
9 42 Spindle cell 35 3
10 16 Spindle cell 2.5 2
11 38 Epithelioid 1.1 3
12 21 Epithelioid 9.8 64
13 5 Epithelioid 2.0 5
14 62 Spindle cell NA 1
15 55 Epithelioid 1.1 1
16 61 Epithelioid 6.5 32
17 5 Biphasic 9.1 12
18 68 Epithelioid 5.0 169
19 42 Spindle cell 0.7 1
20 43 Biphasic 35 4
21 69 Epithelioid 3.7 2
22 2 MO Epithelioid 2.3 3
23 54 Biphasic 3.6 11
24 66 Epithelioid NA 34
25 39 Biphasic 3.0 7
26 21 Biphasic 5.8 3

PLEOMORPHISM NECROSIS LVI CLINICAL COURSE
Absent Absent Absent NED at 1 mo
Absent Absent Absent NED at 4 yrs
Absent Absent Absent NA

Absent Absent Absent NA

Absent Absent Absent NED at 20 yrs
Absent Absent Absent NED at 2 mo
Absent Absent Absent NED at 9yrs
Absent Absent Absent NA

Absent Absent Absent NED at 6 yrs
Absent Absent Absent NA

Absent Absent Absent NED at 1yr
Present Present Present DOD at 3 mo
Absent Absent NA DR at 4 yrs
Absent Absent Absent NED at 25 yrs
Absent Absent Absent NED at 16 yrs
Absent Present Present DOD at 6 mo
Absent Absent Absent NA

Present Absent Absent MD at 9 mo
Absent Absent Absent NA

Absent Absent Absent NED at 4 mo
Present Absent Absent MD at 5 mo
Absent Absent Absent NA

Absent Absent Absent NED at 19 mo
Absent Present Present DR at 9 mo
Absent Absent Absent NA

Absent Absent Absent NED at 1 mo

All available clinical and histologic features of the 26 cases are listed, along with any available clinical follow-up. LVI lymphovascular invasion, MO months, NA
not available, HPF high-powered fields, NED no evidence of disease, DOD dead of disease, DR disease recurrence, MD metastatic disease, MO months, YRS years.

"Except case 22 (2 months old).

68 yrs), compared with 42 years old for non-aggressive tumors
(range: 2 mo-72 yrs).

Monophasic epithelioid, monophasic spindle cell, and biphasic
or mixed histology were identified in 9, 5 and 12 cases,
respectively. Monophasic epithelioid tumors exhibited multiple
growth patterns, including solid sheets or nests, fascicles,
trabeculae, and cords (Fig. 1A). Spindle cell-predominant tumors
demonstrated fascicular, whorled and/or sheet-like growth
patterns (Fig. 1B). As mentioned above, the biphasic/mixed
category included tumors with multiple cytomorphologies
(n = 8) or multiple cell types (i.e., multiple lines of differentiation;
n=2). The former group comprised tumors with mixed popula-
tions of spindle, stellate, epithelioid and/or histiocytoid cells
(Fig. 1C, D). In contrast, the latter group included neoplasms with a
combination of Sertoli and Leydig cells.

Information on the immunohistochemistry performed as part of
the original diagnostic evaluation was available for 18 cases. Tumors
were frequently positive for SF1 (14/18), inhibin (13/16) and
calretinin (8/13). Expression of keratins and WT1 was also seen in
a subset of cases (5/18 and 4/8, respectively). Only 2/10 tumors
demonstrated weak and focal (i.e, noncontributory) expression of
S100 protein. Germ cell markers including SALL4 and OCT3/4 were
negative in all cases in which they were performed. Beta-catenin
immunohistochemistry was performed de-novo for this study on all
cases with additional FFPE material available (n = 20). Of these, 8
cases (40%, cases 2-6, 12, 16 and 24) demonstrated nonfocal nuclear
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staining, with diffuse staining (i.e, 80-100% of the tumor cells) in 5 of
them. Among cases with nuclear beta-catenin expression, 4 were
predominantly epithelioid and 4 were biphasic or mixed. Impor-
tantly, 2 cases that comprised a mixed population of Sertoli and
Leydig cells (cases 2 and 6) demonstrated nuclear beta-catenin
expression exclusively in Sertoli cells. Case 1, which harbored a gain-
of-function CTNNBT mutation (see below), did not have additional
FFPE tissue for beta-catenin immunohistochemistry.

DNA sequencing

Twenty-two of the 26 cases passed standard quality assurance
metrics. Tumor mutational burden was generally low across the
cohort (median 3.80 mutations per megabase). All cases were
mismatch repair-proficient, and no specific signatures were
identified.

Pathogenic SNVs and/or indels predicted to be relevant for
tumorigenesis [variant allele frequency (VAF) sufficient for clonal
or subclonal event, based on heterozygosity or homozygosity at
locus] were identified in 9 cases (Fig. 2). All these cases harbored
pathogenic mutations in genes encoding WNT signaling proteins,
including 7 gain-of-function CTNNB1 alterations and 2 inactivating
APC mutations with evidence of loss of heterozygosity (LOH).
CTNNB1 variants constituted the most frequent recurrent mole-
cular alteration. One of the tumors (case 5) harbored an in-frame
CTNNB1 deletion that disrupted a GSK3B phosphorylation site,
making the protein resistant to degradation®® and available for
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Fig. 1

Morphologic spectrum of sex cord-stromal tumors not amenable to specific histologic classification. A Malignant sex cord-stromal

tumor with monophasic epithelioid morphology (case 12). B Sex cord-stromal tumor with monophasic spindle cell morphology (case 8).
C Biphasic sex cord-stromal tumor with epithelioid (right) and spindle cells (case 5). D Biphasic sex cord-stromal tumor (case 3) with epithelioid
and spindle cells (inset). Both components of this lesion demonstrated diffuse nuclear beta-catenin expression (not shown).

activation of WNT signaling®*. Other variants previously reported
in specific types of SCST were not identified (e.g., FOXL2 p.C134W,
AKT internal tandem duplications, and mutations in PRKARTA, FH,
and DICERT). Loss-of-function TP53 and CDKN2A mutations with
evidence of LOH were seen in one case each, and they were both
present in the context of concurrent WNT pathway gene
mutations. Non-recurrent pathogenic SNVs included CHEK2,
KMT2D, PMS2, ARID1A, SMARCB1, MSH6, SETD2 and TET2; however,
these alterations either exhibited low VAFs or retained hetero-
zygosity and were not considered major contributors to oncogen-
esis. One case harbored a BRCA2 rearrangement expected to result
in loss of protein function (case 19). Additional large structural
variants were not identified with this sequencing panel.

Arm-level and chromosome-level CNVs were identified in 13
tumors (Fig. 2). Numerous chromosome-level copy number gains
consistent with hyperdiploidy were identified in 6 tumors (cases
7-11 and 16), including recurrent gains of chromosomes 3, 6, 7, 8,
12,15, 17, and 20. Notably, most of these hyperdiploid tumors (5/
6, cases 7-11) did not harbor concurrent SNVs considered relevant
for oncogenesis. These cases included 3 monophasic spindle cell
tumors and 2 biphasic tumors (see re-review of cases below). The
one case with concurrent oncogenic variants (case 16) harbored a
gain-of-function CTNNBT indel and a loss-of-function CDKN2A
mutation with LOH. This tumor exhibited multiple aggressive
pathologic features and was associated with a malignant clinical
course. Three additional cases (cases 12, 18 and 24) had evidence
of genome-wide instability with multiple arm-level and
chromosome-level copy number changes. One of these cases
also exhibited biallelic loss of RB1 and KDM6A (case 18), while
another showed biallelic loss of RBT and genome-wide loss of
heterozygosity (copy neutral-LOH for all chromosomes except
chromosome 21, case 12). Other CNVs included focal amplification
of CRKL (estimated 7 copies) with concurrent -1p, -6p and a focal
deletion within 22q (case 4, focal deletion not shown in the
figure), chromosome 15 triploidy (case 23), and isolated 3q arm
gain (case 3).

Modern Pathology (2022) 35:1944 - 1954

Re-review of cases with WNT pathway activation and
hyperdiploid genomes

We next sought to reclassify tumors based on the integrated
evaluation of morphology, IHC and DNA sequencing data. Beta-
catenin IHC was performed on all cases with additional FFPE
material available, including 8/9 cases with mutations in WNT
pathway genes (cases 2-6, 12, 16, and 24), all of which exhibited
nuclear beta-catenin expression in at least a subset of the
neoplastic cells. Case 1, which harbored an activating CTNNB1
mutation, had no additional FFPE material available for beta-
catenin immunohistochemistry. Re-review of cases with nonfocal
nuclear beta-catenin expression and/or molecular evidence of
WNT pathway activation as a driver event identified 4 tumors
(casesT, 3, 4, and 5; Fig. 3) with areas that imperfectly mimicked
growth patterns seen in Sertoli cell tumors, NOS. More specifically,
these cases had foci suggestive of tubular and/or retiform
architecture. One of these cases had a predominant spindled
component, with foci that resembled solid tubules/cords (case 5,
“Sertoli-stromal” tumor). Two additional cases (cases 2 and 6) had
a mixture of Sertoli and Leydig cells, with nuclear beta-catenin
expression restricted to the Sertoli cell component, suggesting
that the Leydig cells were non-neoplastic. In context, these 6 cases
could be reclassified as Sertoli cell tumors with unusual histologic
features (cases 1-6), while the remaining cases with WNT pathway
activation remained unclassifiable (cases 12, 16 and 24) (Fig. 3A-D
and Supplementary Figure 1).

Next, we considered the cohort of 6 tumors with hyperdiploid
genomes and recurrent chromosome-level gains (cases 7-11 and
16). Case 16, a clinically malignant tumor, had concurrent
pathogenic CTNNBT and CDKNZ2A variants, whereas the remaining
5 tumors had no evidence of concurrent driver mutations. Three
of the latter (cases 7-9) were monophasic spindle cells lesions,
while the remaining two (cases 10 and 11) had a biphasic
morphology, with both epithelioid and spindle cells. Case 10 had a
predominant spindle cell population (~80%), with a smaller
component of epithelioid cells arranged in cords/solid tubules.
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In both of these biphasic cases, there was a smooth transition
between the epithelioid and spindle cells. These 5 tumors were
remarkably homogeneous molecularly, shared multiple morpho-
logic features, lacked worrisome histologic findings, consistently
expressed SMA and demonstrated a nonaggressive clinical course.
Given these commonalities, we believe that these 5 neoplasms
may represent a distinct tumor type (Fig. 4). Like myoid gonadal
stromal tumor, they consist predominantly of bland spindle cells
that grow in fascicular or storiform patterns entrapping seminifer-
ous tubules. However, unlike myoid gonadal stromal tumor, these
lesions do not express S100 and a subset exhibits biphasic
morphology with a component of epithelioid cells arranged in
cords, tubules and/or trabeculae (i.e, sex cord component;
Table 2). Given the morphologic resemblance to myoid gonadal
stromal tumor, we used the term “myoid gonadal stromal tumor-
like tumor” to designate these neoplasms. Of note, the 2 tumors
that were initially reclassified as myoid gonadal stromal tumor and
excluded from the series also underwent DNA sequencing. One of
them harbored a frameshift ATR variant at a VAF of 73% and a
likely germline BRIP1T splice site variant but copy number analysis
could not be performed due to a wide signal dispersion (i.e.,
noise). The remaining myoid gonadal stromal tumor had no
somatic SNVs and its number copy profile was characterized by
chromosome-level copy number gains involving chromosomes 3,
6,8,9 11 and 12.

In total, 6 tumors were reclassified as Sertoli cell tumor, NOS
with unusual morphologic features and 5 were interpreted as a
distinct tumor type by combined evaluation of morphology,
immunohistochemistry and sequencing data. None of these 11
tumors exhibited >2 aggressive pathologic features (as defined in
Materials and Methods) or a malignant clinical behavior, but case
4 (reclassified as Sertoli cell tumor) measured 4.6 cm and
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demonstrated 11 mitoses per 10 HPF. Subtraction of these cases
yielded a cohort of 15 SCST not amenable to classification,
including all tumors with a malignant clinical course (6/6, 100%)
and most tumors with aggressive histologic features (10/11, 91%).

DNA Methylation Analysis

Methylation analysis was performed to compare the methylation
profiles of 4 SCST not amenable to specific histologic sub-
classification and 6 Sertoli cell tumors. The study cases were
selected based on the presence of molecular evidence of WNT
pathway activation, nonfocal nuclear beta-catenin expression by
IHC and the availability of additional FFPE tissue (cases 3, 6, 12 and
24). The comparator cases (Sertoli cell tumors, NOS) were selected
based on the presence of typical histomorphology and diffuse
nuclear beta-catenin expression by IHC. Hierarchical clustering
based on the top 1000 differentially methylated probes demon-
strated that the methylation profiles of 2 SCST not amenable to
specific histologic classification (cases 3 and 6) were remarkably
similar to those of typical Sertoli cell tumors (i.e., they clustered
together with Sertoli cell tumor, NOS). The remaining 2 SCST not
amenable to histologic classification (cases 12 and 24) had clearly
different methylation profiles and clustered separately (Fig. 5). The
two SCST not amenable to histologic classification that clustered
with the Sertoli cell tumors (cases 3 and 6) harbored gain-of-
function CTNNBT mutations as relatively isolated findings (VAF~-
cellularity/2) and lacked aggressive histologic features or a
malignant clinical course. These two neoplasms had been
reclassified as Sertoli cell tumor, NOS based on combined
evaluation of morphology, immunohistochemistry and sequen-
cing data. By comparison, the two SCST not amenable to specific
histologic classification that formed a distinct separate cluster
(cases 12 and 24) demonstrated numerous additional molecular
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Fig. 3 Selected sex cord stromal tumors that could be reclassified by combined evaluation of morphology, beta-catenin
immunohistochemistry and/or sequencing data. A Case 4 exhibited predominantly solid sheets and nests of epithelioid cells. However,
there were small foci reminiscent of the retiform growth pattern seen in Sertoli cell tumors, not otherwise specified (inset). Foci reminiscent of
tubular architecture were also present (not shown) B Case 4 demonstrated diffuse nuclear expression of beta-catenin and harbored a CTNNB1
mutation and was reclassified as a Sertoli cell tumor, not otherwise specified. C Case 2 comprised an even mixture of Sertoli and Leydig cells.
D The Sertoli cell component demonstrated diffuse nuclear expression of beta-catenin. The absence of nuclear beta-catenin expression in the
Leydig cells suggests that, albeit abundant, they are most likely non-neoplastic. This tumor harbored an APC variant and was reclassified as

Sertoli cell tumor, not otherwise specified.

alterations including mutations and widespread copy number
alterations, and they both exhibited aggressive histologic features
and a malignant clinical course. Neither of these two neoplasms
had been reclassified by combined assessment of morphology,
immunohistochemistry and sequencing data.

Correlation of histologic, molecular and outcome data
Follow-up information was available for 18 cases (median 9 mo,
range: 1 mo-25yrs; cases 1, 2,5-7,9, 11-16, 18, 20, 21, 23, 24 and 26).
Of the cases with follow-up, 12 were alive with no evidence of
disease, while 6 exhibited a malignant clinical course. This included
two patients with local recurrences (9 mo and 4 yrs), two patients
with metastatic disease (5 mo and 9 mo), and two patients who
were dead of disease (3 mo and 6 mo) (Table 1). Of note, none of
the cases reclassified as Sertoli cell tumor or interpreted as a distinct
stromal tumor type (myoid gonadal stromal tumor-like tumor) had a
malignant clinical course. All cases with a malignant clinical behavior
were predominantly epithelioid and had at least one aggressive
histologic feature (6/6, 100%), with most (4/6, 67%) demonstrating
>2 aggressive histologic features (Table 1). Likewise, the majority (6/
8, 75%) of tumors with at least one aggressive histologic feature and
known follow-up demonstrated a malignant clinical course (recur-
rence, metastasis, and/or death of disease).

Among cases with malignant behavior, case 12 had concurrent
biallelic APC inactivation, biallelic RBT inactivation and multiple
copy number changes with widespread LOH; case 16 had an
activating CTNNBT variant with concurrent biallelic loss of CDKN2A
and multiple chromosomal gains; case 18 had an inactivating
BRCAT rearrangement with concurrent biallelic RB7 loss and
multiple chromosome-level losses; and case 24 had an activating
CTNNB1 mutation with multiple concurrent chromosome-level
losses. Case 21 had no molecular findings; however, cellularity in
this case was well below 20% due to the presence of a prominent
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neutrophilic infiltrate. Case 13, which was also malignant, failed
sequencing.

DISCUSSION
Testicular SCST constitute ~5% of all testicular neoplasms and
include Leydig cell tumor and Sertoli cell tumor, NOS, as well as
other defined histologic subtypes that are relatively rare®®. Subsets
of testicular SCST exhibit morphologic and immunophenotypic
features that preclude their classification into known histologic
subtypes’. These neoplasms, which were previously called “unclas-
sified” SCST, are now termed either ‘SCST, NOS’ or ‘mixed SCST".
Most testicular SCST are clinically indolent, but a subset exhibits
malignant behavior with poor response to systemic treatment?%2’.
Presently, there are no unified criteria to predict malignant
potential across the different types of testicular SCST. In adult
granulosa cell tumors, the only feature consistently associated
with malignancy is tumor size =5 cm?. In early series of Leydig cell
tumors, the presence of different combinations of the following
features was associated with malignancy: tumor size >5.0 cm, >3
mitoses per 10 high-power fields, vascular invasion, infiltrative
growth, cytologic atypia, or necrosis'. A recent meta-analysis has
suggested that Leydig cell tumors larger than 3cm with any
additional adverse histopathologic feature (e.g., tumor necrosis)
may have significant malignant potential, especially in adult
patients®®. Early series of Sertoli cell tumor, NOS demonstrated
that the presence of two or more of the following features was
associated with malignant cases: tumor size >5 cm, moderate or
severe nuclear atypia, >5 mitoses per 10 HPF, vascular invasion
and tumor necrosis®. A recent meta-analysis has suggested that a
size larger than 2.4 cm, patient age >27.5 years and the presence
of adverse histopathologic features might predict aggressive
behavior in Sertoli cell tumor, NOS3'. Up to 20% of SCST that
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Fig. 4 Hyperdiploid tumors without concurrent oncogenic mutations that likely represent a distinct type of testicular stromal tumor
(myoid gonadal stromal tumor-like tumor). Cases 7 (A), 8 (B) and 9 (C) exhibited a monophasic spindle cell morphology with a
predominantly fascicular architecture and occasional whorls. Case 10 demonstrated a biphasic architecture with fascicles of spindle cells and
epithelioid cells arranged in solid tubules/cords (D, upper right). There was a smooth transition between the two components of this tumor
(E). F Case 11 also had a biphasic architecture, with a mixture of spindle and epithelioid cells, with a smooth transition between them.

cannot be classified as one of the known histologic subtypes
exhibit malignant behavior*?. The WHO classification of genitour-
inary tumors recommends adaptation of the features used to
predict aggressive behavior in Sertoli and Leydig cell tumors to all
SCST?, although it is still uncertain whether these criteria can be
extrapolated from one SCST type to another.

In recent years, the molecular features of several histologic
types of testicular SCST have been described. The overwhelming
majority of Sertoli cell tumors, NOS harbor gain-of-function
CTNNB1 variants that activate WNT signaling”3*>*. The presence
of these variants correlate with strong and diffuse nuclear and
cytoplasmic expression of beta-catenin in the neoplastic cells®.
Subsets of Leydig cell tumors harbor inactivating FH variants, gain-
of-function CTNNB1 variants present at VAFs suggestive of
subclonal events® and MDM2 amplifications®>>°. Most large cell
calcifying Sertoli cell tumors harbor inactivating PRKARTA variants
and demonstrate loss of PRKAR1A protein expression by IHC*’. A
comprehensive assessment of the morphologic, immunopheno-
typic and molecular features of SCST not amenable to specific
histologic classification had not been undertaken previously. We
hypothesized that some of these neoplasms may harbor genetic
variants that, in combination with morphologic and immunohis-
tochemical findings, may aid in their classification.

SPRINGER NATURE

Reclassification of cases as Sertoli cell tumor

In this study, combined evaluation of morphology, IHC and
sequencing data allowed reclassification of 6 tumors as Sertoli cell
tumor. The lesions comprised in this group were mixed neoplasms
with a combination of Sertoli and Leydig cells, as well as tumors
with predominantly biphasic morphology including foci with
spindle or stellate cells and epithelioid or histiocytoid cells. Only 1
case was a purely epithelioid tumor (case 4) measuring 4.6 cm,
with a largely solid growth pattern and up to 11 mitoses per 10
HPF. All of the tumors that could be reclassified had small foci that
were suggestive of tubular and/or rete-like architecture, although
well-formed tubules were largely absent in all cases except for
case 2 (mixed tumor with Sertoli and Leydig cells). Of note, all
cases that could be reclassified exhibited nonfocal nuclear beta-
catenin expression and/or harbored CTNNBT or APC variants
consistent with a clonal gain-of-function event or biallelic
inactivation, respectively.

DNA methylation signatures in cancer are determined by cell of
origin/line of differentiation as well as driver mutations, and can be
used to classify tumors that are challenging to differentiate based on
morphology and immunohistochemistry**°. We performed hier-
archical clustering based on methylation profile in 6 Sertoli cell
tumors, NOS, and 4 SCST not amenable to specific classification with
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Table 2.

Patient age: median
(range)

Cellularity
Cytomorphology

Architecture

Size: median (range)
Pleomorphism

Lymphovascular
invasion

Mitoses: median
(range)’

Necrosis
IHC findings

MGST-like tumor (n = 5)
42 years (16-59 years)

Moderate

All cases composed predominantly of
spindle cells. A subset exhibits a minor
component of epithelioid cells.

Fascicular and/or storiform. A subset
demonstrates scattered foci of
epithelioid cells arranged in trabeculae
and/or cords/solid tubules.

1.1 cm (0.9-3.5cm)
Absent
Absent

3(1-4)

Absent
Negative/noncontributory S100

Characteristics of reclassified and non-reclassified (i.e., SCST, NOS) cases.

Sertoli cell tumor (n = 6)
43.5 years (29-72 years)

Low to moderate

Variable, including cases with
spindle cell components
(“Sertoli-stromal”), abundant
Leydig cells (not neoplastic),
epithelioid cells, “histiocytoid”
and stellate cells.

Variable, including solid sheets,
fascicles (in cases with a spindle
cell component), solid nests,
cords, and reticular/microcystic
growth patterns. Areas with
imperfect tubular (hollow or
solid) and/or retiform
architecture are focally present.
1.1 cm (0.6-4.6 cm)

Absent

Absent
<1 (0-11)
Absent

Diffuse or multifocal nuclear beta
catenin (>50% of the tumor cells)

SCST, NOS (n=15)
43 years (2 months-69 years)

Moderate to high

Variable; most commonly epithelioid or
a combination of epithelioid and
spindle cells.

Variable. Most commonly solid sheets
and nests. Other patterns include
trabeculae, single cells and fascicles (in
cases with a spindle cell component).

3.6cm (0.7-9.8 cm)
Present in a subset (3 cases)
Present in a subset (3 cases)

5 (1-169)

Present in a subset (3 cases)
Variable

Molecular findings Absence of definite somatic pathogenic
SNVs. Ploidy shifts with recurrent

chromosome-level copy number gains.

CTNNBT or APC mutations.

Variable nonrecurrent findings,
including pathogenic APC, RBT and TP53
variants. A subset chromosome-level
copy number changes.

IHC immunohistochemistry, MGST myoid gonadal stromal tumor, NOS not otherwise specified, SCST sex cord stromal tumor. 1Reported as number of mitoses

per 10 high power fields.

nonfocal nuclear beta-catenin expression. The latter included three
tumors with CTNNBT mutations (cases 3, 6 and 24) and one with
biallelic APC inactivation (case 12). Clustering supported our
reclassification of 2 cases as Sertoli cell tumor, NOS with unusual
growth patterns (cases 3 and 6). The remaining two cases that
clustered independently (cases 12 and 24) could not be reclassified
as Sertoli cell tumor based on combined assessment of morphology,
beta-catenin IHC and DNA sequencing data. An important point
highlighted by the methylation data is that WNT pathway activation
(by means of gain-of-function CTNNBT or loss-of-function APC
variants) is not in and of itself diagnostic of Sertoli cell tumor, NOS,
especially in neoplasms that exhibit aggressive histologic features
and nondescript morphology. In contrast, tumors with evidence of
WNT pathway activation, foci reminiscent (but not diagnostic) of
Sertoli cell tumor and absence of worrisome histologic findings can
be classified as Sertoli cell tumor, NOS. More specifically, morpho-
logically bland cases with solid, reticular or nondescript growth
patterns and foci that imperfectly mimic tubular or retiform
architecture can be classified as Sertoli cell tumor if they harbor
activating CTNNB1 variants present VAFs consistent with a clonal
gain-of-function event, biallelic APC inactivation and/or exhibit
nonfocal nuclear beta-catenin expression. Tumors with a mixed
population of Sertoli and Leydig cells with nonfocal nuclear beta-
catenin staining restricted to the former component can also be
classified as Sertoli cell tumors. This suggests that, at least in a subset
of testicular SCST with mixed populations of Sertoli and Leydig cells,
the latter component is nonneoplastic. This contrasts with ovarian
Sertoli-Leydig cell tumor, which is characterized by DICER1T
mutations**'. In our study, DICERT alterations were not identified.
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Identification of a purportedly distinct testicular stromal
tumor type (myoid gonadal stromal tumor-like tumor)

Five tumors with monophasic spindle cell or biphasic histology
(cases 7-11) harbored copy number changes consistent with a
hyperdiploid genome, including recurrent gains of chromosomes
3,6, 7, 8 12, 15 17, and 20, without concurrent oncogenic
mutations. These gains are similar to those previously reported in
an “unclassified” infantile SCST*2. All of these tumors were
clinically benign and expressed SMA. Three of these tumors were
exclusively spindled (cases 7-9), with the remaining 2 (cases
10-11) demonstrating a biphasic population of epithelioid and
spindled cells, with a smooth transition between them. Case 10
was predominantly spindled, with scattered foci of epithelioid
cells arranged in solid tubules or cords. Based on their remarkably
similar molecular profile and the presence of shared morphologic
features, these neoplasms may constitute a distinct testicular
stromal tumor type. Additional studies are required to further
characterize these lesions and assess whether they represent part
of the spectrum of myoid gonadal stromal tumor.

Sex cord-stromal tumors that remained not amendable to
specific classification

In this study, 15 cases remained not amenable to specific
classification after combined evaluation of morphology, IHC and
sequencing results. Importantly, 3 tumors with WNT pathway
activation and/or diffuse nuclear beta-catenin expression that
could not be reclassified had aggressive histologic features and a
malignant clinical course (cases 12, 16 and 24). This highlights
that, among SCST, CTNNB7 and APC mutations are not
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Fig. 5 Methylation profile of sex cord-stromal tumors originally not amenable to specific classification and Sertoli cell tumors.
Hierarchical clustering using top 1000 differentially methylated probes for 4 sex cord-stromal tumors not amenable to specific histologic
classification (SCST, NOS or mixed SCST) and 6 Sertoli cell tumors shows two tumors (study cases 12 and 24) forming an independent cluster
while two tumors (study cases 3 and 6) cluster with Sertoli cell tumors. SCST sex cord-stromal tumor, NOS not otherwise specified. The
asterisks (¥) designate six individual Sertoli cell tumors with typical histologic features and diffuse expression of beta-catenin by
immunohistochemistry. The numbers in the green boxes designate the study cases. The methylation scores are in Beta-values (see Materials
and Methods section). The micrographs illustrate the two study cases (cases 12 and 24) that clustered independently.
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pathognomonic of Sertoli cell tumor. For instance, CTNNBT
mutations are usually present in Leydig cell tumors, albeit often
at VAFs consistent with a subclonal event®. The identification of
APC mutations with LOH in this study suggests that some SCST
may arise in patients with germline APC variants. However,
confirmatory clinical and germline data was not available.

Notably, all tumors with malignant clinical behavior (12, 13, 16,
18, 21, and 24) remained unclassified after molecular analysis.
Accordingly, SCST that remained not amenable to specific
histologic classification were enriched for cases with at least one
aggressive histologic feature (10/15, 67%), monophasic epithelioid
morphology (8/15, 53%) and a malignant clinical behavior (6/15,
40%). Given the biological and clinical heterogeneity of SCST not
amenable to specific histologic classification, a single designation
seems ill-fitted for these neoplasms. We believe that “poorly-
differentiated SCST” or “undifferentiated SCST” are likely better
terms than “SCST, NOS” for neoplasms with multiple aggressive
histologic and/or clinical features.

Besides CTNNB1 and APC variants, other molecular alterations
identified in the series were heterogeneous, but potentially useful
to explain tumorigenesis and guide treatment in individual
patients. For example, one malignant tumor with aggressive
histologic features harbored a pathogenic CDKN2A mutation with
loss of heterozygosity (case 16). Interestingly, this tumor was
hyperdiploid, and demonstrated a concurrent CTNNB1 mutation
with VAFs suggesting that CTNNBT and CDKNZ2A alterations were
present in all tumor cells. Similar mutations have previously been
reported in metastatic SCST of the testis, including undifferen-
tiated tumors and Sertoli cell tumors®® Another tumor with
epithelioid morphology and prominent mitotic activity harbored a
potentially inactivating BRCA2 rearrangement (case 18). In
agreement with a functional loss of the BRCA2 protein, this tumor
exhibited genome-wide chromosomal instability including homo-
zygous copy-loss of KMD6A and RB1. These alterations could be
used to direct targeted therapy including CDK4/CDK6 inhibition,
PARP inhibition and AURKA inhibition.

This study has several limitations. First, the series includes tumors
with heterogeneous morphologic features. This is somewhat
unavoidable, since SCST, NOS and mixed SCST are diagnoses of
exclusion. Moreover, this study comprised “unclassified” SCST
diagnosed or seen in consultation by expert uropathologists from
multiple institutions, likely capturing the spectrum of SCST, NOS and
mixed SCST seen in most large practices. Second, a targeted
sequencing panel was used to evaluate the cases, limiting the
detection of novel variants. However, we decided to use our
institutional sequencing panel because it is a clinically validated tool
with known performance characteristics that has demonstrated
excellent reliability over the years for the evaluation of clinical and
research cases. Hence, the variants identified by this platform are
most likely biologically relevant. Third, germline data was not
available to determine the origin of some variants (e.g., APC
mutations). Finally, follow up data were limited for most patients.
The last two limitations were difficult to circumvent, because most
cases included in the study were seen in consultation and had
limited clinical information and archival material available.

In conclusion, this study demonstrates that combined evalua-
tion of morphology, IHC and molecular data may help reclassify a
significant subset of SCST that would otherwise remain unclassi-
fied. More specifically, SCST with bland histology (including a
subset with mixed populations of Sertoli and Leydig cells),
molecular evidence of WNT pathway activation and/or diffuse
nuclear beta-catenin expression and growth patterns reminiscent
(but not diagnostic) of Sertoli cell tumor, NOS can likely be
classified as such. Finally, a group of SCST with spindle cell or
biphasic morphology, SMA expression and hyperdiploid genomes
may represent a distinct testicular sex cord stromal tumor type.
After excluding these reclassifiable and purportedly novel
neoplasms, the SCST that remained not amenable to specific
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histologic classification were enriched for aggressive histologic
and clinical features.
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