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SUMMARY

The dissertation is the result of Antonina Kalmykova's doctoral research conducted at Charle:
University in Prague, at the Faculty of Medicine in Pilsen, from 2019 to 2025. The primary focus was
on rare soft tissue and skin tumork her work she used viaus investigative methods, including
morphology, immunohistochemistry, and molecular genetic techniques, with the aim of extending
andbr improving existingclassification andliagnostic approaches.

There are two paris thisdissertation
Thefirst part focused on rare skin tumors and included three articles.

In the first study, we focused on comprehensive clinical, morphological, and molecular
characteristics of BARIhactivated melanocytic tumors (BIMT). During this research, we extended
the morphological spectrum of BIMTs and identified novel BAP1 mutations. We stressed the
necessity of further investigations to correctly define BIMTs and identify possible morphological or

molecular prognostic factors.

In the second paper, we reported newlbnitifiedMITF::CREM fusion-associated tumor and
summarized our findings together with two previously published cases. Our research extended th
morphological characteristics of this rare entity. We stated that molecular confirmation is necessan
for a demitive diagnosis and further studies are needed to determine the exact biological behavior.

The third paper is a review article focused on the main changes in the mesenchymal tumo
chapter in the new 5th edition of WHO classification of skin tumors, pityrfacusing on the new
entities that were addefll]. These namely includeCRTC1::TRIM11 ACTIN::MITF, and
MITF::CREMrearranged tumors with melanocytic differentiatidelWSR1::SMAD3earranged
fibroblastic tumors, superfici@D34-positive fibroblastic tumors, aldTRK:-rearranged spindle cell
neoplasmsMorphological features, immunohistochemical characteristics, molecular profile, and
differential diagnosis were discussed in this article.

Thesecondpart focused on rare soft tissue tumors and incldol@darticles.

The first articlewasfocused on a rare soft tissue tumor with an indolent nature: inflammatory
leiomyosarcomd@LMS). We investigated the immunohistochemical profile and analyzed falfow
data to understand the lotgym outcomes and, therefore, clinical behavior of this tumor. The
molecular study results and immunohistochemical characteristics irdhisatéL MS is not a subtype
of lelomyosarcoma. All treefindingsfor the first timesuggested that ILMS originate from a more
primitive myogenic lineag&ith smooth but mainly skeletal muscle differentiatidinis has been

confirmed in subsequent studies awbntually it has led teedefiningof its current classification
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from ILMS to a neoplasm with skeletal muscle immunophenotypethe upcoming WHO

classification of soft tissue tumors

In the second paper, we descdlee rare phenomenon of transformatiohbiphenotypic
sinonasal sarcoma (BSIN&ith PAX3::MAML3fusioninto high-graderhabdomyosarcoma (RMS).
Therefore we advocatfor acareful clinical followup andthorough sampling of every BSNS case,
as well asmolecular profiling of sinonasal RMS of any type to prevent potential diagressbics.

In the third study, we investigateg then the largestase series @WSR1PATZ1rearranged
sarcomas(EPS) focusing on detailed clinicopathological analysis. \&gandedthe known
morphological range and defined specific histologarad immunohistochemicé¢atures of these
tumors Also, in some cases, we described more indolent clibelaviorthan previously reported
cases, suggesting that a subset of EPS may have daworbleprognosis than previously thought
a finding confirmed in subsequent studiBsrther investigation is needed to identify the potential

morphological or molecular prognostic factors which can influence clinical outcomes.

In the fourth study, we focudeon comprehensiveclinicopathological, molecular, and
methylation analysis of mesenchymal tumors WifRKand other kinase gene aberratiomse of
the largest series to da# morphological pectrumdefined bycellularity and degree of atypiaas
confirmed to correlate witthromosomal copy number changes as wetildsome Several novel
fusions were identified, including PWWP2A::RET NUMAL:RET ITSN1::RAF1
and CAPZA2::METfusions. Additionally, the firstervical case withBRAF and EGFR mutations
was discovered and published in this ser@§A sequencing revealed that secondary molecular
alterations are rare in these mostly kinase fusion driven tuidost. importantly, we have shown
that the methylationmpfile of so called NTRKrearranged spindle cell tumors largely overlaps with
that of infantile fiborosarcoma, a currently separate entity in the WHO classificatiorsugppisrting
the notiorthat all these neoplasms are closely related and perhaps n¢resaphological spectrum

of one entity.
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LIST OF ABBREVIATIONS

BIMT i BAPI-inactivated melanocytic tumor

BSNSI Biphenotypic sinonasal sarcoma
CCTMMC Clear Cell Tumor with Melanocytic Differentiation and MITF::CREM Translocation
CNV 1 Copy Number Variation

DFSPi Dermatofibrosarcoma protuberans

EPSI EWSRIPATZ1-rearranged sarcomas

FFPEI formalin fixed paraffiRembedded

FISH1 Fluorescence In Situ Hybridization

HG1 high grade

HPFT high power field

IFST Infantile Fibrosarcoma

IG T intermediate grade

IHC T immunohistochemistry

ILMS i InflammatorylLeiomyosarcoma

IMT 1 InflammatoryMyofibroblastic tumor

LG T low-grade

LNT 7 lipofibromatosislike neural tumor pattern
MPNST1 Malignant Peripheral Nerve Sheath Tumor
MSI T microsatellite instability

NGSi NextGeneration Sequencing

NTRK-SCNi1 NTRK-rearranged spindle cell neoplasms
PCRi Polymerase Chain Reaction

RMSi1 Rhabdomyosarcoma

SMA'T smooth muscle actin

SPHi stromal and perivascular hyalinization

TMB T tumor mutational burden

WHO1T World Health Organization



INTRODUCTION

Soft tissue tumors represent a heterogeneous group of tumors with different histogenesis an
a wide spectrum of biological behavior. According to the latéstld Health Organization (WHO)
classification, soft tissue sarcomas account for less than 1% of all malignant ne¢plabmrecent
years, the introduction of contemporary molecular diagnostic tools has boosted the discovery of ne\
entities and the reassment of existing classifications.

The fifth edition of the WHO Classification of Tumors of Soft Tissue and Bone classified
tumors according to their line of differentiation and included chapters on adipocytic tumors,
fibroblastic and myofibroblastic tuons, fibrohistiocytic tumors, vascular tumors, pericytic tumors,
smooth muscle tumors, skeletal muscle tumors, gastrointestinal stromal tumors, -aiss®ines
tumors, and peripheral nerve sheath tumors. Tumors that could not be classifiedindy were

placed in the category of tumors of uncertain differentig@pn

A few emerging entities, such adlTRKrearranged spindle cell neoplasm and
EWSRZE SMAD3positive fibroblastic tumor, were included in the latelstssification under the
chapters "Tumors of Uncertain Differentiation” and "Fibroblastic and Myofibroblastic Tumors,"
respectivelyAll otherupdatedand newly includee@ntities with correspondechmunohistochemical

andmolecular findingare listedn Table 1.

Table 1.Updated and novantitiesin 5" WHO Classification of Tumors of Soft Tissue and Bone

Tumor name IHC features Molecular features
Atypical spindle CD34, S100, desminvariable Absence oMDM2 or CDK4
cell/pleomorphic expression amplification[6]
lipomatous tumor MDM2 and CDK4i negative

Loss of nuclear RB1 (up to 70%
cases]3, 4, 5]

Myxoid pleomorphic Absence oFUS/EWSR1
liposarcoma DDIT3 gene fusions and
MDM2 amplifications[7, 8]
Angiofibroma of soft EMA, CD34i variable expressiorf AHRRNCOAZ2fusion (up to
tissue Desmin(rarein dendritic cell$[9, | 80%cases)
10] GTF2I-NCOAZ2fusion
GABZLABL1fusion[11, 12]
Epithelioid CD34, CD31, podoplanin (B20), | WWTR1CAMTALLfusion[20]
hemangioendothelioma | FLI1, and ERG positive[13, 14] | YAPXTFE3fusion[21]
(EHE) CK7, CK8, CK18, parkeratini

positive in up to 40% of cas€ks]
SMA'T positive in up to 50% of
caseg15]




CAMTAL T postive (subsebf
WWTR1CAMTALfused tumors)
[16]

TFE3i positive YAPETFE3
tumors subset oWWTR1
CAMTAltumors)[17, 18, 19]

Inflammatory
leiomyosarcoma

Desmin SMA - positive
H-caldesmon, MSA, MyoD1,
PAX-7, and myogeniin variable
positivity [22]

Nearhaploid genotyp§23]
NF1gene mutation
ERBB4gene mutatiofi22]

NTRK-rearranged spindle
cell neoplasm

Co-expresion of CD34 and S100
[24]

panTRK, TRK-A T impaired
specificity [25]

NTRKZ1fusions with a variety
of partners
rareNTRK2andNTRKS3
fusions

RAFlor BRAFfusions

EWSR1SMAD3-positive
Fibroblastic Tumor

ERGT strong nuclear expression
SMA, CD34i negative26]

EWSRISMAD3fusion[27]

Superficial CD34positive
Fibroblastic Tumor

CD34, SynCam3 (up to 80%
cases) positive

Keratini patchypositive
N-terminus WTF11 positive @/3
case}¥[28, 29, 30]

PRDMZ10fusions with
CITED2 MED12,
ARHGAP320rRAD30[28,
31, 30]

ClIC-rearranged sarcoma

CD991 patchy staining;
ETV4, WT11 positive nuclear
expression32, 33]

CIC-DUX4 fusion[34]
non-DUX4 partner genes
(FOXO4, LEUTX, NUTM1,
NUTM2A [35, 36, 37, 38]

Sarcomas with BCOR
genetic alterations

BCORT nuclear positivity[39]
cyclin B3, cyclin D1, SATB2

BCORfusions with CCNB3
MAML3, ZC3H7B

positive YWHAENUTM2Bfusion[41]
CD991 patchy staining50% of
casesJ40]
Round cell sarcomas with CD99 (50% of case$)positive EWSR1PATZ1fusion
EWSRZXnon ETS fusions| PAX7, NKX2-21 variable FUSNFATC2fusion
expression42, 43] EWSRINFATC2fusion[45]

AE1/AE3 (dotlike), CD138i
focal expression (subset of caseg
Myogenic markers (desmin,
myogenin, MYOD1) variable
co-expression

Neurogenic markers (S100P,
SOX10, MITF, GFAP) variable

co-expression44]

EWSR1::SMAD3earranged fibroblastic tumors, superficial CEE83kitive fibroblastic
tumors, andNTRKrearranged spindle cell neoplasms wads®included in the latest update of the

mesenchymal chapter in the EHition of the WHO Classification of Skin Tumddg. In addition

to the aforementioned changes, a new category of tumors with melanocytic differentiation, namely
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MITF pathway activated cutaneous melanocytic tumors, was introdunctee melanocytic tumors
chapter This category includes tumors WRCTIN::MITF andMITF::CREM fusions A new entity
with similar molecular pathway abnormalities, @RTC1::TRIM1Xfusion tunor, was described in
the soft tissue chaptekll three tumors share a common pathological pathway that results in the
overexpression of MITF. However, they are categorized in different sedtiamsinohistochemical
and moleculacharacteristics dflITF pathway activated cutaneous melanocytic tumansl
CRTC1:: TRIM1Xusionwere described in Tabz

Table 2.Immunohistochemical and molecular characteristiddIidf pathway activated cutaneous

melanocytic tumors.

Tumor name IHC features Molecular features
CRTC1: TRIM1ltumor SOX10i positive CRTC1::TRIM11fusion
S100i positive(50% of casep
HMB-45, Melan Ai variable
positivity
PanTRK AT variable positivity
(60%diffuse)

TRIM117 positive[46, 47, 48]
MITF::CREMtumor S100, SOX10, MITF, HMBAS51T MITF::CREM fusion
positive

Melan AT variable positivity
Keratinsi negative[49, 50]
ACTIN::MITF tumor HMB-45, Mart1/MelanA, MITF, | ACTIN::MITF fusion
S100i positive
SOX10i negative
Keratinsi negative51]

In thedissertation, the author focused on the céhicistological immunohistochemical,
and moleculafeaturesof rare soft tissue and skin tumors. The results have been published in seven
articles in American and European journals with impact factors, iohathe author is listed both as
the first author and as a-emthor. The dissertation consists of commentary on these publications,
and all articles are accompanied by copies of their reprints.

The first part focuses on selected skin tumors, including mesenchymal tumoksTiRikh
and other kinase gene aberratidd&P kinactivated melanocytic tumors, aMITF::CREM-
rearranged tumors. This section also includes a review of cutaneous mesenamoms|with an
emphasis on new fusiemssociated neoplasms and other main changes made in the 5th edition of
the WHO Classification of Skin Tumors.

Thesecondpart of the doctoral thesis focuses on st tissue tumorsncluding
inflammatory leiomyosaoma, biphenotypic sinonasal sarcoma W#&X3::MAML3fusion, and
EWSR1PATZrearranged sarcoma.



GOALS AND HYPOTHESIS

The objectives of the dissertation "The Diagnostt&are Soft Tissuand Skin Tumors

Using Histological, Immunohistochemicahd Molecular Biological Methods" were as follows:

1. To investigate rare soft tissue and skin tumors to identify specific clinical and

morphological characteristics that could potentially enhance diagnostic accuracy.

2. To study genetic mutations and pathogemolecular pathways involved in the
tumorigenesis and progression of soft tissue and skin tumors to identify potential therapeutic target

and predictive markers.

3. To establish correlations between clinical presentation, histopathology, and molecular

profiles to improve our understanding of the biologlusthaviorof these rare entities.

4. To expand existing knowledge for soft tissue and skin tumors, facditesearch, data

sharing, and collaborative efforts in understanding these diseases.

5. To extend and refine the current classification of soft tissue and skin tumors.

Fulfilling research aims to improve the understanding, diagnostic process, and mamiage

of rare soft tissues and skimnmors which ultimately leads to better patient outcomes.
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MATERIALS AND METHODS

Clinical and follow-up data

Clinical and followup data were gathered from medical records, patients, treating physicians,
or referring p&ologists.

Immunohistochemistry

Some immunohistochemicatudies analyzed in the included publicatiorese provided by
the respective contributing institutisnstaining protocols varied)However, the majority of
immunohistochemical testisicluded in tle studes were conductecither at the Department of

Pathology, Charles University, Faculty of MedicineinPlaen i n Bi opti cka Labc

The immunohistochemic@lHC) stainings were performed followed the protocols recommended by
the antibody manufacturers:-¢4rrthick sections were cut froformalin fixed paraffirembedded
tissue block¢FFPE)and placed on positively charged slides (TOMO; Matsunami Glass IND, Japan).
The sections were processed using the BenchMark ULTRA systemmntarideBenchmark XT
automated stainer (both produced by Ventana Medical System, Tucson, AZ), where they underwer

deparaffinization and ehoard heatnduced epitope retrieval.

For visualization, the ultraView Universal DAB Detection Kit or ultraView UnsatrAlkaline

Phosphatase Red Detection Kit (both produced by Roche, Basel, Switzerland) were used.
Counterstaining was performed with the use of Mayer's hematoxylin.

Appropriate positive and negative controls were present for quality assurance.

A detailed list of all primary antibodies used is provided in T&8ble

Tab3Pri mary anti bodies | i st

Inflammatory leiomyosarcoma study

Antibody Clone Dilution Manufacturer
Desmin D33 1:200 Dako
Smooth 1A4 1:500 Dako
muscle actin
Muscle HHF35 1:200 Dako
specific actin
Caldesmon | E89 prediluted Ventana
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MyoD1 EP212 prediluted Ventana

Myogenin Myf4 1:100 Novocastra

PAX-7 monoclonal 1:500 Developmental Studies Hybridoma
Bank

CD163 MRQ-26 prediluted Cell Marque

MDM2 1F2 1:100 Thermo Fisher Scientific

CDK4 DCS156 1:100 Zytomed

ALK-1 ALKO1 prediluted Ventana

ROS1 D4D6 1:50 Cell Signaling

CD21 2G9 prediluted Ventana

CD35 Ber-MAC-DRC 1:50 Dako

OSCAR IsoType:lgG2a 1:100 Covance

AE1/3 AE1/AE3&PCK26 | prediluted Ventana

S100 polyclonal prediluted Ventana

CD34 QBENd/10 1:200 Dako

HMBA45 HMBA45 1:400 Dako

CD117 polyclonal 1:800 Dako

DOG1 SP31 prediluted Cell Marque

AlphaInhibin | R1 prediluted Cell Marque

Biphenotypic sinonas

al sarcoma with PAX3::MAML3 fusion study

Antibody Clone Dilution Manufacturer

S100 protein | Polyclonal RTU Ventana

SMA 1A4 RTU Cell Marque

PAX7 monoclonal 1:500 Developmental Studiddybridoma
Bank

MyoD1 EP212 prediluted Ventana

Desmin D33 1:200 Dako

Myogenin Myf4 1:100 Novocastra
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EWSR1-PATZ1-rearranged sarcoma study

Antibody Clone Dilution Manufacturer

Desmin D33 1:200 Dako

Smooth 1A4 1:500 Dako

muscle actin

CD99 HO361.1 1:200 Thermo Fisher Scientific

MyoD1 EP212 prediluted Ventana

Myogenin Myf4 1:100 Novocastra

PAX-7 monoclonal 1:500 Developmental Studies Hybridoma
Bank

WT1 6FH2 1:50 Dako

OLIG2 polyclonal 1:50 Thermo Fisher Scientific

Synaptophysin| polyclonal 1:350 Thermo Fisher Scientific

MDM2 1F2 1:100 Thermo Fisher Scientific

H3K27me2 ab24684 1:500 Abcam

CAM5.2 CAM 5,2 prediluted Ventana

NKX3.1 polyclonal 1:50 Biocare Medical

NKX2.2 74.5A5 1:50 Developmental Studies Hybridoma
Bank

SSX E5A2C 1:1000 Cell Signaling

SS18 E9X9V 1:2000 Cell Signaling

BCOR polyclonal 1:200 SigmaAldrich

OSCAR IsoType:lgG2a | 1:100 Covance

AE1/3 AE1/AE3&PCK?2 | prediluted Ventana

6

S100 polyclonal prediluted Ventana

CD34 QBENd/10 1:200 Dako

HMBA45 HMBA45 1:400 Dako
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EMA E29 1:400 Dako
ERG 9FY 1:100 Biocare Medical
STAT6 YE361 1:1000 Abcam
AlphaInhibin | R1 prediluted Cell Marque
Mesenchymal tumors with NTRK and other kinase gene aberrations study
Antibody Clone Dilution Manufacturer
CD34 QBENd/10 1:200 Bgl;\oAgilent, Santa Clara, CA,
panTrk EPR17341 1:50 Abcam, Cambridge, UK
S-100 Polyclonal prediluted Dako-Agilent
MI TF: : CREM rearranged tumor s
Antibody Clone Dilution Manufacturer
S-100 Polyclonal prediluted Dako-Agilent
SOX10 Polyclonal 1:100 Cell Marque
MITF D5 1:100 Dako
HMB45 HMB45 1:400 Dako
Tyrosinase T311 prediluted Ventana
Melan A A 103 1:100 Dako
AE1/3 AE1/AE3&PCK26 | prediluted Ventana
OSCAR IsoType:lgG2a 1:100 Covance
PRAME EPR20330 1:100 Abcam
pl6 E6H4 prediluted Ventana
Synaptophysin| SP11 prediluted Ventana
INSM monoclonal 1:1000 Santa Cruz
ALK D5F3 prediluted Ventana
MUC4 1G8 1:50 Santa Cruz
Ki-67 MIB1 prediluted Dako
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BAP1-inactivated melanocytic tumor study
Antibody Clone Dilution
BAP1 C-4 1:50 Santa Cruz
S100 polyclonal prediluted Ventana
BRAF V600E | VE1 prediluted Ventana

Molecular genetic studies

The vast majority omolecular genetic studies employed in the discussed studies were performed at
Bi optick§8 L nsaectedtcasSs, tise.included cases were analyzed at the respective

submitting institutionsising various assays.
FISH studies
The FISH assay was performed according to the previously described pfb&jcol

4-¢ nhick FFPE sections were placed onto positively charged slides. The unstained slides
were routinely depar af ftRetriezat Sblut@maQitrate at pHi6h(Bakoe d
Glostrup, Denmark) at 95 AC for 40 min and s
the same solution. Slides were washed in deionized water for 5 min and digested in protease solutic
with pepsin (0 5 mg/ ml , Sigma Al dri ch, St . Loui s, MC
min, according to the sample conditions. Slides were then placed into deionized water for 5 min
dehydrated in a series of ethanol solution (70, 85, and 96% for 2 min eathjr dried

Probe was applied onto the specimen, covered with a glass coverslip, and sealed with rubber ceme
Slides were incubated in the ThermoBrite instrument (StatSpin/Iris Sample Processing, Westwood
MA, USA)withcodenat ur ati oniat a®sl A@bfodi 8ami on at
cemented coverslip was then removed, and the slide was placed-hypodization wash solution
(2xSSC +40) 3%t NP2 AC for 2 min. The slides w
4 Nidi@midiino-2-phenylindole (DAPI; Vysis/Abbott Molecular, IL, USA), coverslipped, and
immediately examined. Appropriate positive and negative controls for each FISH probe were

employed.
The commercial probes used for detecting molecular aberrations are listgule

Table.4 List of the probes

Names of probe Source

Zyt oli g hMDM2/SENEZDual Color Probe ZytoVision GmbH, Bremerhaven, Germany
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SureFISHPAX3(2936.1) breatapart probe SureFISH/ Agilent Technologies, Santa

Clara, CA, USA

SureFISH ! - ,jxt No d@akapart probe SureFISH/ Agilent Technologies, Santa
Clara, CA, USA

Vysis EWSRBreakApart (BA) FISH Probe Kit Abbott Molecular, IL

Zyt ol i ghGDEN28/BEP®Dual Color Probe ZytoVysion Gmbh, Bremerhaven, German

BAP1/CCR FISH Probe kit Cytotest Inc., Washington DC, Maryland,
USA

Fourprobe assaiRRB1, CCND1, MY,BandCEP6 Vysis, Abbot Molecular, Des Plaines, IL,
USA

Also, threeprobe assafCDKN2A, MYC,and CEP9 was performed according to the previously
described protool [53].

The sections were examined with an Olympus BX51 fluorescence microscope (Olympus
Corporation, Tokyo, Japan) using a 1100
(DAPI/SpectrumGreen/SpectrumOrange), dual bandpass (SpectrumGreen/SpectrumOrange) ar
Single Bandpass (SpectrumGreen or SpectrumOrafige). cutoff values varied between the

individual probes based on the available literatlagand internal validatiostudies.
Targeted Next-generation Sequencing(NGS)

TargetedRNA sequencing was performed using customized versions of the FusionPiex assa
for SarcomaandSolid Tumorsas well as the TruSight RNRanCancerPanel (lllumina Inc.]54,
55]. TargetedDNA sequencing was conducted usiariantPlex Solid Tumor kits (ArcherDX Ing.)
TruSight Tumor 170 assay (lllumina Inef) TruSight Oncology 500 Kit (Illumina Ing.)

In BIMT study, for RNA-based analyses, the total nucleic acid was extracted using an FFPE
DNA kit (with the modified protocol for total nucleic acid extraction, automated on Maxwell RSC
48 Instrument, Promega, Madison, Wisconsin, USA). For Bfd8ed methods, DNA was isolated
using a DNA mini kit (Qiagen, Hilden, Germany). Purified DNA and RNA were quantified, using
the Qubit Broad Range DNA and RNA Assays, respectively (Thermo Fisher Scientific, Waltham,
Massachusetts, USA).

Variouscustomized version of Archer FusionPlex&amna kit ArcherDXInc.) wereused to
construct a cDNA library for detecting fusion transcripts and pwoiatationsin inflammatory
leiomyosarcoma, biphenotypic sinonasal sarcoma with PAX3::MAML3 fusion, EWRBRTZ 1-

rearranged sarcoma, mesenchymal tumatts MTRK and other kinase gene aberrations studits
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steps were performed according to the manuf a

an lllumina platform as describé&u detail previously[56].

Briefly, for NGS analysis, B FFPEsections (1& nthick) were macrodissected to isolate tumor

rich regions. Total nucleic acid was extracted from tumor samples using the Agencourt FormaPur:
Ki t (Beckman Coul ter, Br ea, [EAorol, with @ro overnightg  t
digestion and an additional 80AC incubation,
(ArcherDXInc.).

The RNA component of the extracted total nucleic acid was quantified using the Qubit Broad Range
RNA Assay Kit (Themo Fisher Scientific, Waltham, MA, USA). A total of 250 ng of FFPE RNA
was used for library preparation with the FusionPlex Sarcoma Kit. PreSeq RNA QC Assay was
performed on all samples using iTag Universal SYBR Green Supermi®@ip Hercules, CA) in

accordance with the Archer FusionPlex Protocol for lllumina (ArcherDX Inc.).

Final libraries were quantified using the Library Quantification Kit for lllumina Libraries, assuming
a 200bp fragment length (KAPA, Wilmington, MA). Sequencing was carried ot NextSeq 500
sequencer (lllumina, San Diego, CA). The sequencing data were analyzed using Archer Analysi:
software (v5; ArcherDX Inc.). Fusion detection parameters were set to a minimum of five valid fusion

reads, with at least three unique start sitésimnthe valid fusion reads.

The complete list of genes and mutations covereflrblger FusionPlex Sarcoma kiaried based on

the version of the assagedbut was specified in each artig@2, 57,58, 59]

In the ILMS and BIMT studies in addition to the Archer FusionPlex Sarcoma &iid
FusionPlex Solid Tumor kitArcherDX Inc.), the TruSight Tumor 170 assay (lllumifhac.) was
performed according to the maasuHea sequances rordan i

lllumina platform as describdaklow.

Two gene panels with similar conténthe Comprehensive Cancer Panel (Qiagen) and the
TruSight Tumor 170 Panel (lllumina Ind.were used for mutation detection. For both kits, DNA
guality was asessed using the FFPE QC Kit (Illumina Inc.), while RNA guality was evaluated using
the Agilent RNA ScreenTape Assay (Agilent Inc.). DNA samples with Cq < 5 and RNA samples
with DV200 O 20 were selected for further an

DNA and RNA libraries for the'ruSight Tumor 170 Kit were prepared according to the
manufacturerdéds protocol, with the exception
using the KAPA FragKit (KAPA Biosystems Inc.). Sequencing was carried out on the NextSeq 500
sequencer (Ilu mi n a Il nc.) foll owing t he manufactur

conducted using the TruSight Tumor 170 application on BaseSpace Sequence Hub (lllumina Inc.)
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Copy number variations (CNVs) were reported from the TruSight Tumor 170 applicatibrgn
internal reporting threshold set at >1.5 or <0.5 fold change.

DNA small variant filtering and annotation were performed using the diasdd Variant
Interpreter tool (Illumina Inc.). A custom variant filter was applied, including only variants wit
coding consequences and a Genome Aggregation Database (GnomAD) frequency value of <0.C
[60]. Variants classified as benign in the ClinvVar database were exc[@dgdThe remaining

variants were reviewed manually, and suspected artifacts were removed.

Additionally, a library of 271 canceelated genes was constructed using the Comprehensive
Cancer Panel with 250 ng of DNA. Sequencing was performed on the NextSeq 500, targeting al
aer age coverage of 3501 after deduplicati on
detecting 10% allele frequency. Variant call
and filtering was applied based on the calculated limit téadi®n for each sample. Variants with a
GnomAD frequency >0.01 and known benign variants from ClinVar were excluded. The remaining

variants were reviewed manually, and suspected artifacts were removed.

Additionally in BIMT study, twotumors from one patrg with multiple lesions were tested
using NGS with MelArray, which comprises analysis of 57 genes, including BAP1, and BRAF,
CNVs, tumor mutation burden (TMB), and HEiping [62].

I n the MITF:: CREM r €aSight &dAgRarmCanteu pamer (lllusninay d y
Inc., San Diego, CA, USA) was performed and detected MITF(exon 6)::CREM(exon 6) gene fusion.

RNA | ibraries were prepared according to the

In the study oEPS two cases were analyzed using motercial NGS platform (Foundation
Medicine, Cambridge, MA, USA), as reported in a previous si6@ly Additionally, two cases were
examined using the TruSight RNA Fusion Panel (lllumina, Inc.) and a massively parallel NGS

platform, respectively, as detailed in prior resedbeh 55]

In the study on mesenchymal tumors WitfiRK and other kinase gene aberrations, further
mutation analysis was performed using the TruSight Oncology 506| Pilumina, Inc.) and a
comprehensive NGS assay on FFPE samples to identify somatic variants, copy number change

tumor mutational burden (TMB), and microsatellite instability (MSI).
Methylation Analysis

Methylation profiling was performed ithe studyon Mesenchymal tumors witNTRKand
other kinase gene aberrations. Genomic DNA was extractedHFét&tissue blocks, and 250 ng of

genomic DNA was subjected to bisulfite conversion and processed using the lllumina Infinium
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MethylationEPIC/850K platform (lllumina), which analyzes over 850,000 methylation sites,

foll owing the manufacturerdds instructions.

Additionally, raw idat files were obtained for 247 samples from the Heidelberg sarcoma
methylation classifier reference cohort (Gene Expression Omnibus study accession numbe
GSE140668). Processing of idat files and data analysis for all 256 samples whretedmusing R
software (version 4.1.0, R Foundation for St

package (version 1.38.0, Bioconductor, Boston, MA, USA).

For unsupervised clustering, dimensionality reduction was performed usingigtgbuted
stochastic neighborhood embeddingSNE) method. The input data matrix was normalized by
centering the mean of each column to zero, and the 10,000 most variable CpG sites (by varianct
were analyzed using the GRRN, RBstaéess& Jyna & R023) with ( \
the following nondefault parameters: perpl e
unsupervised hierarchical clustering was performed on the 1,000 vaiwable CpG sites (by
variance) using the 06phe@RAMdBptacceBsedJane B, 202 withv e

Ward.D2 linkage and Euclidean distance for clustering.

For copy number variain (CNV) analysis, Mset files generated from idat preprocessing were
analyzed using the 6éconumeed R package (ver
present i f the absol ut e s e gwide@NVdraciionwas caleuate w a

by dividing the sum of all segments with CNVs by the total number of segments across the genome

Additionally, raw idat files were uploaded to the DNA methylati@sed classification tool,

Sarcoma Classifier (version 10.d)glecularneuropathology.grtast accessed June 8, 2023).

Sanger sequencing

In BIMT study, PCR amplification of the whole coding sequence usingonse designed

primers and Sanger Sequencin@&P1wasperformed64].
BRAF hotspot mutations

In BIMT study,analysis of eighBRAFhotspot mutations using tB&RAF600/601 StripAssay
(ViennalLab Diagnostics GmbH Vienna, Austria) with analytical sensitivity 1% of the mutated allele

was performed according to the manufacturero
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COMMENTED PUBLICATIONS

PART 1. RARE SKIN TUMORS

1.1. NOVEL INSIGHTS INTO THE BAP1-INACTIVATED MELANOCYTIC
TUMOR

BAPZXinactivated melanocytoma is a histologically distinct lesion characterized by epithelioid
cell morphology and genetically defined by the losBaP1gene function. It can bebserved
sporadically or as part of ti®AP1tumor predisposition syndrome (BAHPDS)[2]. These tumors
are usually defined by BRAFmutation (or, less commonly, &RASmutation orRAF1 fusion),
which occurs as a mitogenicivker alteration, along with biallelic inactivation of tiBAP1gene,
resulting in BAP1 protein dysfunctid6b5, 66, 67, 68]

In our study, we present a clinical, morphological, and molecular anafy8GBIMTs from

36 patients, with a femal®-male ratio of 2.3:1 (mean age of 30.4 years).

The primary aim of this study was to analyze the morphological features and to deepen the
understanding of the mutational spectrum of this neoplasm.

Multiple lesions were found in approximately a quarter of cases. Two patients were first
degree relatives. The most common tumor locations were the head and neck region and trun
followed by the upper extremities and genital area. Clinically, all lesippsared as flestolored
exophytic nodules, sometimes with a pigmented rim. A history of malignancy was noted in 21
patients, including uveal and cutaneous melanoma, mesothelioma, renal, lung, breast, and thyro
cancer, as well as schwannoma of the cdlepontine angle. Followp data (mean: 34.3 months)
showed no recurrence or metastasis in most cases, except for two patients who experienced adve

outcomes, including nodal metastasis and local recurrence.

Most BIMTs presented as dermalhpsed neoptans with domeshaped or polypoid
architecture. 90% were associated with remnants of a conventional nevus, while 10% were compose¢
solely of BAPXnegative epithelioid melanocytes. Epithelioid cells typically exhibited dyscohesive

or trabecular growth, ofteiorming singlec el I ¢l ust ers at the | esion

BAP1-negative cells displayed significant pleomorphism. The nuclei varied widely, from
small to large/giant. Many epithelioid cells contained micronuclei, which were frequently detached
from the main ndleus. Cytoplasmic protrusions, resembling proboscis-eat cells), were

commonly observed with nuclei or micronuclei at the tips.

Multinucleated or giant epithelioid melanocytes were consistently present. Binucleated cells

resembled ReeBternberg cedl. Other multinucleated forms included wreblde, popcorn, floret
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like, and coiron-a-plate cells. Clear and eosinophilic nuclear pseudoinclusions noted in over half of

the cases.

Additional morphological features included cytoplasmic vacuolization, négcenuclei,

"blebbing" of the nuclei, "shadow" nuclei, apoptotic mummified cells, and entosis.
Mitotic activity was generally low (2 per 1nfrwith rare exceptions up to 5 per 1fm

Immunohistochemical findings showed nuclear loss of BAP1 staining itheépd

melanocytes. Remnants of conventional nevi retained BAP1 nuclear expression in 90% cases.

A singleallele mutation ofBAP1was detected in 16 out of 26 cases, while 4 neoplasms
harbored biallelic mutations. During the study, several n®AP1 mutations were identified,
including NM_004656.3: c.14 G > A p.(Trp5Ter), ¢.25 G > T p.(Glu9Ter), c.249_250delinsT
p.(His84ThrfsTer3), c.390_412del p.(lle131GInfsTer4), c.700 G > C p.(Val234Leu), and c.856 A >
T p.(Lys286Ter). GermlinBAP1mutations were id#tified in four cases. Additionally, one patient
with multiple neoplasms exhibited an identical BAP1 mutation (c.1717delG) across different tumors,
strongly suggesting a germline alteration. Among the 26 neoplasms analyzed, 24 harbored th
BRAFV600ENuUtaton. Two cases witRAF1fusions, specificallf RAKL: RAF1andIGIT2:: RAF],
had been previously reportf@b]. Additional mutations were detected in nine BIMTs, including an
isolatedMYCgain, as well aFGFR1andERCC?2gains. e neoplasm exhibited gains in by C
andRREB1 Tetraploid mononuclear cells were identified in five cases.

Our study expanded the morphological spectrum of BIMTs and identifies B#vel
mutations. While BIMTs likely evolve from conventional melanocytic nevi, the presence of cases
without detectableBAP1 alterations and the occasional presence of tetraplaidgests more
complex pathological mechanisms. Despite their atypical features, BIMTs generally follow an
indolent course, though lortgrm follow-up is needed. The only metastatic case involved a child
with a nevoidlike lesion displaying bland cytologyesembling previously reported melanomas with
BAP1linactivation[69, 70] Further studies are necessary to clarify the definition of BIMTs and assess

additional morphological and molecular features that can help figeverse outcomes.
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Novel insights into the BAPI-inactivated melanocytic tumor
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BAPI-inactivated melanocytic tumor (BIMT) is a group of melanocytic neoplasms with epithelioid cell morphology molecularly
characterized by the loss of function of BAP1, a tumor suppressor gene located on chromosome 3p21, and a mutually exclusive
mitogenic driver mutation, more commonly BRAF. BIMTs can occur as a sporadic lesion or, less commonly, in the setting of an
autosomal dominant cancer susceptibility syndrome caused by a BAP1 germline inactivating mutation. Owing to the frequent
identification of remnants of a conventional nevus, BIMTs are currently classified within the group of combined melanocytic nevi.
“Pure” lesions can also be observed. We studied 50 BIMTs from 36 patients. Most lesions were composed of epithelioid melanocytes
of varying size and shapes, resulting extreme cytomorphological heterogeneity. Several distinctive morphological variants of
multinucleated/giant cells were identified. Some hitherto underrecognized microscopic features, especially regarding nuclear
characteristics included nuclear blebbing, nuclear budding, micronuclei, shadow nuclei, peculiar cytoplasmic projections (ant-bear
cells) often containing micronuclei and celkin-cell structures (entosis). In addition, there were mixed nests of conventional and
BAP1-inactivated melanocytes and squeezed remnants of the original nevus. Of the 26 lesions studied, 24 yielded a BRAF mutation,
while in the remaining two cases there was a RAFT fusion. BAPT biallelic and singe allele mutations were found in 4/22 and 16/24
neoplasms, respectively. In five patients, there was a BAPT germline mutation. Six novel, previously unreported BAP1 mutations
have been identified. BAP1 heterozygous loss was detected in 11/22 lesions. Fluorescence in situ hybridization for copy number
changes revealed a related amplification of both RREBT and MYC genes in one tumor, whereas the remaining 20 lesions studied
were negative; no TERT-p mutation was found in 14 studied neoplasms. Tetraploidy was identified in 5/21 BIMTs. Of the 21 patients
with available follow-up, only one child had a locoregional lymph node metastasis. Our results support a progression of BIMTs from
a conventional BRAF mutated in which the original nevus is gradually replaced by epithelioid BAP1-inactivated melanocytes. Some
features suggest more complex underlying pathophysiological events that need to be elucidated.

Modern Pathology; https://doi.org/10.1038/541379-021-00976-7

INTRODUCTION
BAPl-inactivated melanocytic tumor (BIMT) is a distinctive
melanocytic neoplasm, nowadays listed in the WHO classification
among combined nevi'. The rationale for such an interpretation is
the identification of remnants of a conventional nevus with
retained nuclear expression of BAP1 in many cases of BIMT that is
otherwise mainly composed of BAP1-negative large epithelioid
melanocytes with well-demarcated cytoplasmic borders and
copious eosinophilic cytoplasm. From a molecular biological
viewpoint, it is characterized by a BRAF mutation (or, rarely, NRAS
mutation or RAF! fusion) considered to represent a mitogenic
driver alteration and biallelic inactivation of the BAPI gene,
leading to dysfunction of BAP1 protein®®.

BIMTs may occur at any age, with equal sex distribution and
clinically present as a flesh-colored papule or nodule favoring the

head and neck region, trunk, and upper extremities””. They occur
sporadically or, less commonly, in the setting of an autosomal-
dominant cancer susceptibility syndrome caused by a BAP1
germline inactivating mutation that predisposes to uveal and
cutaneous melanoma, mesothelioma, renal cell carcinoma, lung
cancer, and several other neoplasms® ',

Most BIMTs seem to follow an indolent clinical course but cases
of BAPI-inactivated melanomas have been reported®'®™ "7
suggesting a possible progression into an aggressive neoplasm.
For lesions with atypical features, the term “melanocytoma” has
been proposed by the WHO classification; however, no clear-cut
criteria are established’.

Albeit most BIMTs microscopically manifest peripherally located
residua of a conventional nevus, occasional neoplasms are
exclusively composed of large epithelioid melanocytes®. Other
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reported microscopic variations include binucleation and multi-
nucleation of epithelioid cells, conspicuous lymphocytic infiltrate,
small epithelioid melanocytes, rhabdoid cells, clear cells, and
neoplasms with a conventional nevus-like morphoIDgP(, suggest-
ing a wider spectrum of histological presentation”®1%'%-20,

In fact, in our practice, we observed some hitherto under-
recognized microscopic features, especially regarding several
types of multinucleated/giant epithelioid melanocytes, nuclear
characteristics (nuclear blebbing, nuclear budding, micronuclei,
shadow nuclei), cell-in-cell structures (entosis), and other features
that suggest more complex underlying pathophysiological events.
We hereby report a clinical, morphological, and molecular analysis
of 50 BIMTs, extending the morphological and mutational
spectrum of the neoplasm.

MATERIALS AND METHODS

Case Selection

All 50 BIMTs from 36 patients were identified prospectively and
retrospectively from the institutional and referral databases of the authors
from 2004 to 2020. The inclusion criteria were the typical microscopic
features with the loss of BAP1 nuclear staining on epithelicid melanocytes
detected immunohistochemically. Clinical follow-up was obtained from the
patients, their physicians, or from referring pathologists. Four cases have
been previously reported®".

Microscopic assessment
Histological features were individually assessed by two dermatopatholo-
gists (D.V.K and M.D.).

The assessment parameters included the silhouette of the lesion
(polypoid, verucous, dome-shaped, or flat), symmetry, tumor thickness
(Breslow index), type of lesion (combined one, that is having residua of a
conventional nevus or “pure” one which is exclusively composed of BAP1-
inactivated melanocytes), epidermal changes (irregular hyperplasia,
atrophy/consumption, ulceration, or irritation), junctional component
(presence and extension of BAP1-inactivated melanocytes), dermal growth
pattem (nodular, sheet-like, nests, trabecular arrangement, areas with
dyscohesive growth), cytological features, degree of nuclear pleomorph-
ism, mitotic rate and mitoses distribution, cellular maturation, adnexal,
vascular or perineural extension, lymphocytic infiltrate (scarce to absent
versus moderate to heavy) and stromal changes (mucin deposits, melanin
deposits, adipocytic metaplasia, presence of prominent fibrosis). While
accessing cytological characteristics, we encountered and detected
changes reported in the context of senescence, and cell-in cell structures
(entosis).

Immunohistochemical studies

Immunohistochemical staining for BAP1 was mostly performed initially at
the time of the diagnosis (in a few cases retrospectively) but were repeated
for consistency using BAP1 (C4, Santa Cruz) 4-um sections cut from
formalin-fixed, paraffin-embedded (FFPE) tissue using Ventana Benchmark
XT automated stainer (Ventana Medical System, Inc, Tucson, AZ), according
to the manufacturer’s protocol. Additionally, staining for tyrosinase, 5100
(polyclonal, Ventana), and BRAF VEOOE (VE1, Ventana) were performed in
all cases.

Molecular analysis

Sample preparation. The FFPE tissue from selected cases was evaluated by
a pathologist and relevant blocks were selected for molecular genetic
analyses. For next-generation sequencing (NGS) RMNA-based analyses, the
total nucleic acid was extracted using an FFPE DNA kit (with the modified
protocol for total nudeic acid extraction, automated on Maxwell RSC 48
Instrument, Promega, Madison, Wisconsin, USA). For DNA-based methods,
DMA was isolated using a DNA mini kit (Qiagen, Hilden, Germany). Purified
DNA and RMA were quantified, using the Qubit Broad Range DNA and RNA
Assays, respectively (Thermo Fisher Scientific, Waltham, Massachusetts, USA).

Sanger sequencing of BAP1. PCR amplification of the whole coding
sequence using in-house designed primers and Sanger Sequencing of
BAP1 were performed. The primers and PCR conditions were reported
elsewhere?’, From eight patients, either peripheral blood or saliva was
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tested for germline BAPT mutations after obtaining the patient's written
consent.

BAP1 (3p21.1) copy number changes by fluorescence in situ hybridization
(FISH). For the detection of BAP1 loss, a ready-to-use BAP1/CCP3 FISH
Probe kit (Cytotest Inc., Washington DC, Maryland, USA) was used. The FISH
procedure was performed as described earlier’”. One hundred randomly
selected non-overlapping tumor nuclei were evaluated in all samples. BAPT
gene loss was calculated as the number of cells with loss (only one specific
signal) divided by the total number of nuclei counted. The test was
considered positive when >45% of nuclei had gene loss (mean + 3 standard
deviation in normal non-neoplastic tissues).

BRAF hotspot mutations. Analysis of eight BRAF hotspot mutations using
the BRAF 600/601 StripAssay (Viennalab Diagnostics GmbH Vienna,
Austria) with analytical sensitivity 1% of the mutated allele was performed
according to the manufacturer's instructions.

Fusion detection

Fusion transcripts detection was performed using the FusionPlex Solid
Tumor kit (ArcherDX Inc,, Boulder, CO) and TruSight Tumor 170 (lllumina,
San Diego, CA), both according to the manufacturers instructions. The
process of FusionPlex library preparation and sequencing was described
previouslys”™ and the data analysis was performed using the Archer
Analysis software version 6.2.1. The details of fusion detection using the
RNA part of TruSight Tumaor 170 are described below.

Mutation analysis and copy number variations (CNVs) using
NGS

Two gene panels of similar content (Comprehensive Cancer Panel, Qiagen;
and TruSight Tumor 170, lllumina) were used for mutation detection. For
both kits, the quality of DNA was assessed using the FFPE QC kit (lllumina),
whereas the quality of RNA was tested using Agilent RMA ScreenTape
Assay (Agilent, Santa Clara, CA). DNA samples with Cg <5 and RNA samples
with DV200 = 20 were used for further analysis.

The TruSight Tumor 170 kit DNA and RNA libraries were prepared
according to the manufacturers protocol, except for DNA enzymatic
fragmentation using KAPA FragKit (KAPA Biosystems, Washington, MA).
Sequencing was performed on the NextSeq 500 sequencer (lllumina)
following the manufacturer’'s recommendations. Data analysis was
performed using the TruSight Tumor 170 application on BaseSpace
Sequence Hub (lllumina). CNVs were reported from the TruSight Tumor
170 application and the intemal cutoff for reporting was set at >1.5 or <0.5
fold change. DNA small variant filtering and annotation were performed
using the cloud-based tool Varant Interpreter (lllumina). Custom variant
filter was set up including only variants with coding consequences and The
Genome Aggregation Database database (GnomAD)” frequency value
<0.01. Known benign variants according to the ClinVar database”® were
excuded. The remaining subset of variants was checked visually and
suspected artefactual variants were excluded.

Alternatively, a library of 271 cancer-related genes using Comprehensive
Cancer Panel was constructed using 250 ng of DNA. The library was
sequenced on Nextseq 500, aiming at average coverage 350x after
deduplication of molecular barcodes to detect 10% allele frequency with
95% sensitivity. Variants were called using Qiagen’s proprietary pipeline.
Subsequently, the variants were filtered using the calculated limit of
detection for each sample. Variants more frequent than 0.01 in the
GnomAD database were excluded as were known benign variants
according to the ClinVar database. The remaining subset of variants was
checked visually, and suspected artefactual variants were excluded.

Two tumors from one patient with multiple lesions were tested using
NGS with MelArray, which comprises analysis of 57 genes, including BAP1,
and BRAF, CNVs, tumor mutation burden (TMB), and HLA-typing””.

FISH for copy number changes of RRB1, CCND1, MYB, MYC,
and CDKN2A

FISH analysis and interpretation for a four-probe assay targeting 6p25
(RRBT), 11q13 (CCND1), 6p23 (MYE), and CEP6 (Vysis, Abbot Molecular) and
for a three-probe assay targeting 9p21 (CDKN2A), 8g24 (MYC), and CEP9
were used as previously described by Gerami el al*® The probes were
hybridized on 4 pm-thick FFPE tissue sections, and the number and
localization of the hybridization signals were assessed in a minimum of 100
randomly selected interphase nudei with well-delineated contours.
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RESULTS
Clinical findings
The dlinical results are summarized in Table 1.

There were 25 female and 11 male patients, with a mean age of
304 years (range 7-81yrs, median 25 yrs). Eight patients (22%)
had more than one BIMT. Two patients were first-degree relatives.
Locations included the head and neck area (nh=19), trunk (n=
24), upper extremities (n=3), and genital area (n=1); in three
cases location was not specified. The clinical presentation was a
flesh-colored exophytic lesion in all cases, with a median size of
0.6 cm (range 0.2-1.2 cm). In some lesions, a peripheral pigmented
rim was evident, like a halo reaction. A melanocytic nevus was
suspected by clinicians in 16 cases, in six of which the presence of
focal pigmentation was also specified. Other clinical diagnoses
included hemangioma, histiocytoma, pigmented basal cell

Table 1. Main clinicopathological data.

Clinical data Frequency
Gender distribution

Male 1
Female 25
Age, yrs

Range 7-81
Mean 304
Median 25
Size (mm)

Range 0.2-1.2
Mean 0.6
Median 05
Location

Head/Neck 19
Trunk 24
Upper extremities 3
Genital area 1
Unknown 3
Personal (p) or family (f) history of malignancies

Multiple BIMTs (patients) 8
Uveal melanoma (p) 1
Cutaneous melanoma (p) 5
Mesothelioma (p) 1
Renal cell carcinoma (p&f) 3
Colorectal carcinoma (f) 3
Lung& bronchial cancer (p&f) 3
Prostata carcinoma (f) 2
Breast cancer (p) 1
Leukemia (f) 1
Schwannoma (p) 1
Thyroid cancer (p) 1
Renal cell carcinoma (f) 1
Gynecological malignancy, NS (f) 1
Unknown (f) 15
Follow-up (months)

Range 6-106
Mean 343
Median 30

NS: not specified, p: personal history, f: family history.

Modem Pathology

M. Donati et al.

carcinoma, and fibroma. In 21 patients, personal history of
malignancy was known, and the diagnoses included uveal
melanoma (n = 1), cutaneous melanoma (n =5), mesothelioma
(n=1), renal (n = 3), lung (n = 3), breast (n = 1), thyroid cancer (n
= 1) and schwannoma of the cerebellopontine angle (n=1).In 15
cases, family or personal history of malignancy was unknown.

All cutaneous tumors were completely excised. No lymph node
enlargement was cdlinically evident at the time of diagnosis.
Clinical follow-up was available in 21 cases (343 months; range
6-106 months). All but two patients were alive and well without
recurrence or metastasis). Two patients with the adverse clinical
course included a 7-year-old girl with a family history of
melanoma and a lesion on the lower neck developed a nodal
metastasis in the ipsilateral triangular muscular space lymph node
6 years after the excision of the primary tumor; 8 years later after
the onset of the disease, she underwent surgery for a second
BIMT. Presently, she has no evidence of disease at the 8-year
follow-up. The other patient also presented with multiple lesions
and developed local recurrence in the scar (time after surgery
remained unknown).

Histopathological findings

The accessed histopathological features are summarized in Table 2.
The most common microscopic presentation was a predominantly
dermally based melanocytic neoplasm with a dome-shaped or
polypoid silhouette and an uneven, flat, or wedge-shaped base. A
bulb-like deep extension was observed in nine cases. The mean
Breslow thickness was 3.1 mm (range from 04 to 11 mm).

Most neoplasms (n=45, 90%) were associated with the
remnants of a conventional melanocytic nevus (combined BMITs),
whereas five lesions (10%) were exclusively composed of BAP1-
negative epithelioid melanocytes (pure BMITs). In most combined
lesions, the remnants of conventional newvus were a minor
component, usually situated at the periphery of neoplasm, as
intact pre-existing nests or nests being surrounded and infiltrated
by epithelioid melanocytes, resulting in mixed nests (Fig. 1). There
were congenital (n= 26, 52%) features (splaying of melanocytes
between collagen bundles, adnexotropism) and, rarely, dysplastic-
like features (bridging of the adjacent junctional nests of
conventional and/or epithelioid melanocytes with or without
concentric/lamellar fibrosis) (n=7, 14%) (Fig. 2A). Dermal
conventional melanocytes at the transitional area often appeared
to be squeezed by growing epithelioid melanocytes (n =17, 34%)
that mainly formed large expansile nodules, often coalescing and
producing sheet-like areas, merging with the residual conven-
tional nevus. There were also well-defined nests composed of
exclusively epithelioid melanocytes, sometimes infiltrated by
lymphocytes “dissolving” them (Fig. 1C). Epithelioid melanocytes
also often demonstrated a dyscohesive or trabecular growth and/
or single-cell arrangement toward the periphery of the lesion.

The predominant cell population was comprised of round to
oval epithelioid melanocytes with well-demarcated cytoplasmic
borders. The nudei of the epithelioid cells displayed extreme
variability in size, ranging from small (size of lymphocyte or
plasma cell) to large/giant (five times or more the size of
lymphocyte/plasma cell), with an approximately equal mixture of
small, medium-sized and large epithelioid cells in 20 cases (40%).
Large epithelioid melanocytes clearly dominated in 14 cases
(28%), whereas small epithelioid cells dominated in 16 (32%) cases
(Fig. 2C). Akin to nuclei, the amount of the cytoplasm of the
epithelioid cells was variable. In most cases (80%), the cytoplasm
of epithelioid cells, irrespective of the size and shape (see below),
contained micronuclei (1/3 or smaller compared to the main
nucleus), sometimes detaching from the main nucleus. Often, cells
with cytoplasmic protrusions resembling proboscis were seen
(ant-bear cells), with nuclei or micronuclei at the end of the
protrusions (Fig. 3B).
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Table 2.
melanocytic tumors.
Feature
Thickness
Range
Mean
Sithouette
Polypoid with collarette
Verrucous
Dome-shaped
Flat

Base/border
Flat base
Wedge-shaped base
Deep extension (bulb)

Pushing border

Epidermal changes
Epidermal hyperplasia (irregular)
Epidermal atrophy/consumption (focal)
Ulceration
Irritation

Junctional component
Basal BAP1-inactivated melanocytes
Extensive junctional component

Architecture and growth patterns
Pure
Combined

Associated nevus
Dysplastic features
Congenital features
Minimal residual nevus

Mixed nests (with BAPT+ and BAPT— cells)
Junctional
Dermal

Arrangement of large epithelioid melanocytes
Nodular/sheet-like
Nests
Trabecules
Discohesive (focal)

Cytological features epithelioid melanocytes
Large mainly (3 x type B melanocytes)
Small mainly (1 x type B melanocytes)
Equal

Pleomorphism
Mild
Moderate
Severe

Cellular morphology of epithelioid melanocytes
Large Hodgkin-like

Binucleated with mirroring nuclei (Reed-
Sternberg-like)

Clear lacunar-like cells/cytoplasmic vacuolization
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Summary of the microscopic features in 50 BAPI-inactivated

Frequency

04-11mm

3.1 mm

19 (38%)
3 (6%)
27 (54%)

1 (re-
excision) (2%)

20 (40%)
20 (40%)
9 (18%)
4 (8%)

9 (18%)
24 (48%)
0

12 (24%)

23 (46%)
12 (24%)

5 (10%)
45 (90%)

7 (14%)°
26 (52%)°
18 (36%)

18 (36%)
27 (54%)

43 (86%)
26 (52%)
43 (86%)
44 (88%)

14 (28%)
16 (32%)
20 (40%)

13 (26%)
36 (72%)
0

46 (92%)
47 (94%)

35 (70%)

Table 2. continued

Feature Frequency
Multinucleated Popcorn/Coin-on- a-plate/ Wreath- 49 (98%)
like

Apoptotic (Mummified cells) 39 (78%)
Signet ring/Rhabdoid cells 29 (58%)
Ghost cells 45 (90%)
Ball-in-mitts (Entosis) 38 (76%)
Micronuclei 40 (80%)
Spindled epithelioid cells (focally) 3 (6%)
Pigmented epithelioid cells 6 (12%)
Clear nuclear pseudoinclusions 28 (56%)
Eosinophilic nuclear pseudoinclusions 26 (52%)
Mitotic rate in epithelioid melanocytes

<2 mitoses/mm’ 45 (90%)
>2 mitoses/mm? 5 (10%)
Mitoses near base 13 (26%)
Adnexal, vascular, or perineural extension

Adnexal involvement 13 (26%)
Perineural arangement 6 (12%)
Intravascular invasion 0
Stromal changes

Melanin deposits 35 (70%)
Mucin deposits 5 (10%)
Adipocytic metaplasia 6 (12%)
Prominent vascular and/or sclerotic stroma 5 (10%)
Inflammatory response

Absent to scarce 15 (30%)
Moderate to heavy 35 (70%)
Plasma cells 11 (22%)
Other

"Squeezed” conventional melanocytes 17 (34%)
“Kissing” lymphocytes 47 (94%)
Impaired maturation (focal) 46 (92%)

*Three cases manifested both dysplastic-like and congenital-like features.

Apart from cell size variability, there were also variations in shapes
and nuclear appearances within an individual lesion, accounting for
certain pleomorphism. Rare cells with large irregular nuclei
resembling blebbing were seen, as were large, mononuclear cells
with dumped chromatin (Fig. 4A, B). There were cells exclusively
composed of large eosinophilic cytoplasm with only a shadow/
vestige of a nucleus (Fig. 4C). Rare apoptotic epithelioid melanocytes
with large, smudged nuclei and ample dense eosinophilic cytoplasm
resembling mummified cells were also commonly encountered (n =
39; 78%). Clear and/or eosinophilic nuclear pseudoinclusions were
observed in over half cases, with rare cells containing both types of
nuclear pseudoinclusions (Fig. 4C).

Multinucleated/giant epithelioid melanocytes were always
evident in varying numbers. Most conspicuous were binucleated
cells with mirroring nuclei occasioning a resemblance to Reed-
Sternberg cells. Other multinucleated cells included wreath-like
cells, popcorn cells, floret-like cells, and coin-on-a-plate cells. Akin
to mononuclear epithelioid cells, the nuclei within multinudeated
epithelioid cells and the amount of cytoplasm manifested marked
variation in size (Fig. 5).
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Fig. 1 Mixed and “dissoved” nests in BIMT. Remnants of conventional nevus with congenital features showing the splaying of melanocytes
between collagen bundles (asterisk). Note the BAP1-inactivated epithelicid cells merging with conventional melanocytes wrapping around
the nests, resulting in mixed nests composed of both conventional melanocytes and epithelioid cells (arrow) (A). Mixed nests composed of
both BAP1-inactivated and BAP1-positive conventional melanocytes at the junction (B). A nest composed of exclusively BAP1-inactivated
epithelioid melanocytes infiltrated by lymphocytes resulting in a dyscohesive growth pattern (“dissolved” nest) (C).

Prominent cytoplasmic vacuolization of occasional epithelioid
cells resulting in a clear cell appearance was common (n=35;
70%). There were also cells with an eccentric nucleus dislodged to
the periphery by a large clear vacuole or abundant eosinophilic
cytoplasm resembling so-called signet-ring cells or rhabdoid cells
(n=29; 58%). Other peculiar morphological aspects frequently
noticed were cells with a lumina-like empty intracytoplasmic
inclusion often encasing small to medium-sized melanocytes
occasioning a resemblance to the so-called ball-in-mitt structures
(n = 38; 76%) and likely representing entosis (Fig. 4D)**".

In the majority of the cases (n = 45; 90%), the dermal mitotic
count was <2 mitoses/mm?>. In four tumors, there were 5 mitoses/
mm?, and in one neoplasm 3 mitoses/mm? were seen. Mitotic
figures near the base of the lesions were noted in 13 lesions (26%).
Most lesions (96%) displayed at least focal impaired cellular
maturation toward the base of the lesion were an admixture of

Modem Pathology

small to medium-sized BAP1-inactivated cells, conferring a chaotic
aspect or resulting in pseudomaturation. A moderate-to-heavy
lymphocytic infiltrate was present in 35 cases (70%), usually with
occasional lymphocytes lying in contact with the cell membrane
of the BAP1-inactivated melanocytes. Plasma cells were noted in
11 cases (22%).

The epidermis showed focal atrophy and consumption in
almost half the cases (n = 24; 48%), rarely in association with focal
epidermal hyperplasia within the same lesion. In about a quarter
of neoplasms, irritation was detected, while ulceration was never
observed. Junctional BAP1-inactivated melanocytes were noted in
23 cases (46%) with extensive junctional involvement in 12 cases
(24%). Lentiginous growth of epithelioid melanocytes within the
basal cell layer of the epidermis was focally cbserved.

Rare findings (<15%) induded intracytoplasmic melanin in
epithelioid melanocytes, spindling of epithelioid melanocytes,

SPRINGER NATURE
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Fig. 2 Dysplasticlike features and cytological variations in BIMT. Bridging of the adjacent junctional, horizontally arranged nests of
conventional and/or epithelioid melanocytes (A). Extreme cell size variability is a constant finding in BIMTs. Epithelioid melanocytes range
from small (smaller than a lymphocyte) to giant cells (five times or more the size of lymphocyte/plasma cell} (B). BIMT mainly composed of
small epithelioid melanocytes with eosinophilic cytoplasm and well-demarcated cellular border (C).

pigment incontinence, stromal adipocytic metaplasia, mucin
deposit, prominent stromal fibrosis and wvascularization, and
perineural arrangement of cells (Table 2).

Immunchistochemical features

All 50 lesions manifested nuclear loss of BAP1 staining in at least a
subset of melanocytic population. Conventional melanocytes with
retained BAP1 nuclear expression were observed in 45 cases
(90%). In many combined type BIMTs, mixed nests composed of
both BAP1-negative and BAP1-positive melanocytes were seen at
the dermoepidermal junction (36%) or within the dermis (54%)
(Fig. 1B). Nests composed exclusively of BAP1-inactivated mela-
nocytes were seen in half the cases. Micronuclei were always
negative for BAP1 to distinguish them from lymphocytes.

Molecular results (Table 3)

BAP1 mutation analysis and BAP1 (3p21.1) copy number changes.
Of the 26 lesions analyzed for BAPT mutations, 16 harbored a single
BAP1 mutation, 4 neoplasms yielded 2 different mutations (biallelic
mutation), 4 were negative and the remaining 2 lesions were not
analyzable. Two cases initially tested negative by Sanger sequencing
proved subseqguently positive with NGS. Novel BAP1 mutations
included NM_004656.3: .14 G > A p.(Trp5Ter), ¢.25 G > T p.(Glu9Ter),
€.249_250delinsT p.(His84ThrfsTer3), ¢.390_412del p.(lle131GInf-
sTerd), c700G>C p(Val234leu), and c856A>T p.(Lys286Ter)
(Fig. 6).

Eight patients were tested for BAP! germline mutations (saliva &
peripheral blood) and four proved positive. An additional patient
with multiple neoplasms, in whom two tumors were tested with the
MelArray, revealed an identical BAP1 mutation (c.1717delG).

SPRINGER NATURE

Of the 27 cases tested for BAPT CNVs by FISH, ten proved positive
(heterozygous loss of BAP1), nine negative, whereas the remaining
eight cases were not analyzable. Of the ten positive cases with BAP1
loss identified by FISH, seven also harbored a BAP1 mutation, whilst
the remaining three lesions were not studied. Additionally, one of
the two lesions tested for BAP! copy number changes by the
MelArray, revealed heterozygotous loss of BAP!, while another did
not (identical BAPI mutation were found in both lesions).

In combined results for BAPI mutations and BAP! CNVs, there
were five lesions negative for both BAPT mutation and BAPT CNVSs.
Another case negative for a BAP! mutation was not analyzable for
CNVs by FISH.

BRAF mutation. Among the 26 neog)lasms tested for BRAF
mutation, 24 lesions harbored BRAF**%f mutation.

Fusions detection. Two cases with RAF1 fusion, namely TRAKI-
RAF1 and IGIT2-RAF1 have been previously published®.

Mutation analysis and studies of CNVs using NGS. In nine BIMTs,
additional mutations were detected. The resulting mutational
landscape is shown in (Supplementary Figure 1).

In one case (Case 7 A, 15-year-old girl), CNVs by NGS showed an
isolated gain of MYC and in another lesion (Case 16), FGFRT and
ERCC2 gain were detected.

FISH for copy number changes of RRB1, CCND1, MYB, MYC, and
CDKN2A. Of the 27 cutaneous lesions analyzed using the
melanoma-specific probes, 20 were negative, 6 non-analyzable,
whereas one neoplasm (Case 8) showed a gain of MYC and RREBI.
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Fig. 3 Micronuclei, ant-bear cells and nuclear budding in BIMT. Micronucleus in a BAP1-inactivated melanocyte. Micronuclei are defined as
a small nucleus or nuclear buds being 1/3 or smaller compared to the main nucleus presented with a similar or slightly lighter non-refractile
staining intensity (arrows). They are observed in the cytoplasm of epithelioid melanocytes, as well as lying in contact with their membrane.
Compare their dimension with the nucleus of a lymphocyte or plasma cell (arrowheads) (A). Large epithelioid melanocytes with cytoplasmic
protrusions resembling proboscis (ant-bear cells). Note the micronucleus and small nucleus at the end of the protrusions (arrows) (B). Nuclear
budding in BAP1-inactivated melanocytes. The nuclei of the epithelioid cells display extreme variability in size, shape, and stain intensity. Note
nuclear buds of variable dimension detaching from the main nucleus (C, D).

Tetraploid mononudear cells were observed in five cases, while
occasional multinucleated cells resulting in overlapping nuclei
were always present and showed multiple signals but were not
assessed and therefore were not considered tetraploid in our
series,

The lymph node lesion (Case 31C) was tested negatively.

DISCUSSION
Consistent with the prior studies, BIMTs in our series were
predominately small (0.2-12cm), dome-shaped or polypoid
lesions occurring mainly in young patients (median age 304
years, for germline mutated cases 24 years) sparing the lower
extremities”®'®1%3132 In contrast to the previous studies, we
found a female predominance (female to male ratio is 2.3:1).
Microscopically, a vast majority of the lesions were of combined
type and were associated with a conventional melanocytic nevus
frequently showing congenital-like features. In several cases, only
careful evaluation of BAP1 staining and mapping with HE-stained
slides allowed detection of small, scattered nests of residual
conventional melanocytes retaining BAP1 nuclear expression at
the periphery of the lesions. The BAP1-inactivated population was
mainly located in the dermis and presented an expansile nodular
pattern of growth displacing conventional melanocytes toward
periphery and squeezing them beneath the overlying epidermis.
At the transitional zone between the residua of the conventional
nevus and epithelioid cells, the latter often focally retained the
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architecture of the nevus, that is a nested pattern (nests
exclusively composed of BAP1-inactivated melanocytes) or
single-cell files splaying between collagen bundles corresponding
to a congenital pattern. Mixed nests composed of both BAP1-
negative and BAP1-positive melanocytes were observed in the
dermis and/or at the dermoepidermal junction in many lesions. In
a few cases, BAP1-inactivated epithelioid melanocytes showed a
perineural, perivascular, or periadnexal distribution. Toward the
base of the lesion, BAP1-inactivated epithelioid melanocytes
featured an infiltrative pattern with more dyscohesive areas,
especially when accompanied by lymphocytes, and showed in
some cases a deep bulb-ike extension.

Taken together, all these morphological findings suggest an
advantage of the growth of the BAP1-inactivated population that
replaces the original conventional melanocytic one. In this view,
pure type BIMTs that we encountered only in five cases (10%) may
represent the end stage of the process of a clonal substitution of
the original newvus cells by BAP1-inactivated melanocytes. This
model of progression of BIMT from a benign nevus was proposed
in the original description® and is also supported from a molecular
viewpoint, inasmuch as both combined and pure cases in our
series and in the previously reported ones™* harbored a
BRAFY®™ mutation in the presence of BAP! inactivation. More-
over, combined type BIMTs have also been re;)orted in association
with an NRAS mutation and RAFT fusions®***, both known to act
as a mitogenic driver in melanocytic neoplasms®. Fusions
involving receptor tyrosine kinases and serine/threonine kinases

SPRINGER NATURE

28



M. Donati et al.

Fig. 4 Other cytological features in BIMT. Cells with large irregular nuc
surrounding cells (A). Large epithelioid melanocytes with enlarged nuclei showing clumped chromatin (arrow) (B). Cells are exclusively
composed of large eosinophilic cytoplasm with only a shadow/vestige of a nucleus (arrows). Epithelioid melanocyte with an eosinophilic
nuclear pseudoinclusion can be seen in the center (C). Cells with a lumina-like empty intracytoplasmic inclusion encasing small to medium-
sized melanocytes occasioning a resemblance to the so-called ball-in-mitt structures. This kind of cell-in-cell structure likely represents entosis
in which a tumor cell (host) contains another cell (internalized cell) that displaces the nucleus of the host cells towards the cell periphery
resulting in so-called “bird"s- eye cells’ morphology (arrow) (D).

ucleated cells resembling Reed-Sternberg cells (A) and multinucleated/
giant cells with overlapping nuclei result in a popcorn, coin-on-a-plate, or wreath-like morphology (B-E). Note prominent eosinophilic nucleoli
in the nuclei of some cells (A-D). Multinucleated/giant cell showing BAP1 nuclear loss (F).
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are mostly associated with Spitz lesions, whereas mutations are
typical for conventional melanocytic lesions. However, there are
well-known exceptions such as HRAS mutation in desmoplastic
Spitz nevus and MAP2K1 mutations in Spitz lesions™ 27, RAF
proto-oncogene serine/threonineprotein kinase encoded by RAF!
functions as an alternative MAPK signaling mechanism as it forms
dimers with wild-type BRAF*®.

Although large epithelioid melanocytes with ample eosinophilic
cytoplasm, well-demarcated cytoplasmic border represent the
histological hallmark of BIMTs, extreme variability in cellular size,
shapes, and degree of nuclear pleomorphism results in a
remarkable intratumoral heterogeneity, which has been previously
noted®*?®, Apart from binucleated cells mentioned in the
previously published material, we identified several types of
multinucleated cells, resembling those seen in Hodgkin lym-
phoma, including Reed-Sternberg cells, popcormn cells, coin-on-a-
plate cells, and mummified cells. Additionally, multinucleated cells
with other appearances (floret cells, wreath-like cells) were noted.
The question arises as to how one can explain this remarkable
cellular heterogeneity and pleomorphism. Taking into account the
clonal expansion of epithelioid melanocytes characterized by the
loss of a tumor suppressor gene BAP1 (the second genetic event)
in a pre-existing conventional melanocytic nevus driven by a
constitutively active mitogenic mutation (i.e. BRAF, primary
genetic event), it seems reasonable to consider BIMTs a clonal
model of tumor progression of melanoma from a pre-existing
nevus. However, the indolent clinical behavior in most cases

Table 3. Summary of the genetic data on BIMTs.

Gene Frequency
BRAF VB0OE 24/26
RAF1 fusion 2/14
BAP1 biallelic mutation 4/22
BAP1T single allele mutation 16/24
BAP1 germline mutation 5/9%
BAP1 heterozygous loss 11/22
FISH for RRB1, CCND1, MYB, MYC, CDKN2A 1/21°
TERT-p mutation 0/14
Copy number variations (NGS) 2/8°
Tetraploid mononuclear cells 5/

“In four patients, a gemmline BAPT mutation was detected using blood or
saliva, while in the remaining one patient identical BAP1 mutations were
seen in different lesions, strongly suggesting a germline mutation.

“One tumor showed RREBT and MYC gain.

“One tumor revealed MYC gain, another FGFR1 and ERCC2 gains.

M. Donati et al.

argues against this interpretation. In addition, lesions with loss of
BAP1 nuclear expression and no biallelic inactivation of BAPT on
molecular analysis identified by others and us suggest, among
others, epigenetic changes that may account for the inactivation
of the BAP1 gene’. A recent study demonstrated global
transcriptional reprogramming during the progression of BIMTs
comparing the gene expression profiles of BRAF-driven/BAP1-
inactivated epithelioid melanocytes with the adjacent conven-
tional melanocytic population™.

Part of the cellular features in BIMTs can be related to cellular
senescence that supposedly occurs early in this progression.
Among them is multinucleation that is commonly encountered in
conventional melanocytic nevi and less frequently in borderline
lesions and overt melanomas®'~**,

Despite high cellularity and expansile growth, others and we
noted a relatively low mitotic activity. Peculiar chromatin patterns
ranged from open (shadow nuclei) to clumped. Multinucleated
wreath-like/floret-like/coin-on-a-plate cells and micronuclei may
result from nuclear budding (Fig. 3C, D). In addition, nuclear
budding with the internal perinucear membrane wrapping
around singular nuclei facilitatin? peculiar nudear pseudoinclu-
sions observed by others and us™>*°, On the whole, the extreme
variability in cellular size and morphology may represent the
expression of maturation and differentiation of small epithelioid
cells (Fig. 7).

Our FISH analysis revealed tetraploidy in 5 of the 21 cases studied.
Generally, FISH analysis is based on a threshold of positive cells and
usually tends to scotomize scattered polyploid nuclei. In 2011,
before the recognition of BIMT as a distinct lesion, Pouryazdanparast
et al. reported tetraploid cells as a common feature in a proportion
of nevi with an “atypical spitzoid epithelioid component™®. The
authors postulated that as a result of senescent mechanisms that are
activated, these cells become trapped in the tetraploid cell and do
not undergo further division, thus linking senescent or ancient
features with tetraploidy. Of further note, they reported that
polyploidy changes were noticed only in cases with a low mitotic
count. The pictures shown by the authors present the typical
morphological features of BIMTs (Fig. 1B, D in ref. *). It has been
recently observed that compared to conventional melanocytic nevi,
BIMTs have decreased ciliation and increased centrosome amplifica-
tion, further linking BAP1 dysfunction to mitotic abnormalities and
chromosomal instahility’”. Amplification of centrosome number has
been shown to occur through failure to arrest at a G, tetraploidy
checkpoint after failure to segregate the genome in mitosis™.

To the best of our knowledge, the only documented case of
BIMT with an aggressive clinical course was reported by Aung
et al.'” and the neoplasm was composed of atypical but rather
nevoid melanocytes with BAP1 loss.

Prior case series of BIMTs had a relatively short mean follow-up
(17 months)**>°_Of the 21 patients with available follow-up in our
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Fig. 6 BAP1T mutations identified in our study. BAP1 diagram with protein domains. UCH Ubiquitin C-terminal hydrolase, HBM Host cell factor
C1 binding motif, NLS Nuclear localization signal, BARD1? BRCA1-associated RING domain protein 1 gene binding domain, BRCAT BR CA1 gene
binding domain. A Published mutation in skin neoplasms in TCGA database-green lines = missense mutations, black lines = truncating
mutations, brown line = small deletion. B Mutations found in this study-red text of mutation name = novel mutation, blue line = splicing
mutation, black line = truncating mutation, green line = missense mutation.
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series, only one patient did develop a locoregional lymph node
metastasis 6 years after the removal of the primary tumor. The
patient was a 7-year-old girl with a lesion located on the neck, had
a considerable lymphocytic infiltrate, and showed relatively bland
cytological features; binucleated and multinucleated cells were
absent. The neoplasm was diagnosed as a nevus. Six years later (at
the age of 13), she developed an enlarged lymph node under her
scapula 5cm from the previously removed skin lesion, and its
biopsy demonstrated a dense infiltrate of small to large epithelioid
melanocytic cells substituting the original lymphoid tissue. No
other melanocytic lesion was known to be excised in between.
After having received a second skin biopsy 2 years later in which a
classical combined BIMT with remnants of a nevus and epithelioid
melanocytes were seen, the original skin lesion and the lymph
node specimen were retrospectively stained for BAP1. Loss of

ﬁ%’tﬂéuf

Fig. 7 Extreme variability in cellular size and ma'.wr.uhf:rll:ugyr in
BIMT. Note a small epithelioid melanocyte (arrowhead), lying in
contact with the cell membrane of binucleated cells with prominent
nucleoli resembling Read-Sternberg cell (arrow). The neoplasm
showed a pure morphology and inverse maturation with predomi-
nant small epithelioid cells growing in an infiltrative fashion at the
periphery of the lesion. Amplification of both RREBT and MYC was
detected by FISH in this case.
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BAP1 nuclear expression was found in both specimens, with
diffuse nuclear negativity in the skin lesion (Fig. 8). Of note, in the
tumor reported by Wiesner et al."?, melanoma arising in BIMT
manifested larger nuclei compared with the rest of the neoplasm
but featured no striking pleomorphism to our eye and both
melanoma and nevus showed loss of BAP1 nuclear expression by
immunohistochemistry. Recently, cases of BAPI-inactivated mela-
nocytic tumors showing a conventional morphology in the
absence of the cdassical epithelioid component have been
reported'”?®. To explain this phenomenon the authors postulated
a time gap between genotype alterations and phenotype
manifestations related to progressive intracellular accumulation
of the BAP1-altered protein in the affected melanocytes. More-
over, BAPl-inactivated tumors with a conventional morphology
were frequently observed in younger patients harboring BAP1
germline mutation?’. Apart from the above-mentioned patient
with a lymph node metastasis, we observed this histological
presentation in other two lesions, each from a different patient.
Both had multiple lesions and either family or personal history of
cutaneous melanoma. In one of these two patients, germline
mutation could not be studied, whereas in the other patient an
identical BAP1 mutation was found in two different neoplasms,
strongly suggesting a germline mutation. Of note, one lesion from
this patient manifested features of a conventional nevus with
conspicuous dysplastic-like changes.

QOur genetic study revealed several findings that merit
comment. We identified six nowvel, previously unreported BAP1
mutations. All of these represent frame-shift mutations located in,
or shortly after, the ubiquitin C-terminal hydrolase domain,
causing truncation of parts of the domain and the rest of the
protein, resulting in the loss of the protein’s function. There were 5
cases in which neither BAPT mutation nor heterozygous loss of the
BAP1 gene was found, and there was a further case negative for
BAP! mutation but not analyzable for CNVs. Since biallelic
inactivation of BAP1 is generally accepted to be required for
BAP1 protein loss, these missing aberrations could be attributed
either to a BAPT aberration outside the studied region, or to other
unknown mechanisms of BAP1 loss. Noteworthy was an 11-year-
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Fig. 8 Histological presentation of cutaneous BIMT of a 7-year-old girl and lymph node metastasis. Microscopically, the lesion was of the
pure type and showed relatively bland cytological features without binucleated and multinucleated cells (A, B). A lymph node lesion. Note a
dense infiltrate of small to large epithelioid melanocytic cells substituting the original lymph node tissue and characterized by BAP1 nuclear
loss (not shown) (C, D).
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old girl with multiple lesions located predominantly on the back
and extremities. All five lesions manifested typical features of BIMT
with nuclear loss of BAP1 expression in the epithelioid melano-
cytes on immunohistochemistry. Her peripheral blood tested
negative for BAPT mutation, as did two BIMTs. In addition, neither
of the studied cutaneous neoplasms showed CNVs of BAPI.

Apart from BAP1, DNA and RNA seguencing detected several
mutations in other genes; the effects of these alterations in this
setting are unknown. However, in one case (Case 1 A, 11-year-old
girl with multiple lesions and family history of similar lesions), one
of the neoplasms yielded a relatively high number of mutations,
including a POLE mutation, compared to the rest of the analyzed
cases. The detected POLE mutation has been linked to high TMB®'.
The panels used in our study are not large enough to be able to
access TMB accurately, however, the presence of a POLE mutation
and a high number of mutations are indicative of high TMB.
Microscopically, the neoplasm displayed only minimal residual
conventional melanocytes while prominent giant epithelioid
melanocytes with clumped chromatin. The patient is disease-
free after 51 months of follow-up.

A recent study revealed two cases of BIMTs with FISH for copy
number variations in melanoma-related genes such as 6p25
(RRB1), 11g13 (CCNDT), and 9p21 (CDKJ'VZJ”{)1 . In our series, only 1
out of the 21 analyzable lesions (Case 8, a 67-year-old man) did
disclose amplification of both RREB1 and MYC. This neoplasm
showed a pure morphology and inverse maturation with
predominant small epithelioid cells growing in an infiltrative
fashion at the periphery of the lesion. The patient died of an
unrelated cause after an otherwise unremarkable follow-up of
72 months. In another case (Case 7 A, 15-year-old girl), copy
number variation by NGS showed an isolated gain of MYC gene.
Also, in this case, we observed only a minimal residuum of
conventional melanocytes. Unfortunately, the follow-up of the
patient is not available.

This is the first study that has investigated mutations in the
promoter region of the TERT gene (TERT-p), using an NGS panel.
TERT-p hot-spot mutations have been associated with an
aggressive clinical course in melanocytic neoplasms, especially
in cases with ambiguous morphological features/borderline or
low-grade tumors®>”*. None of the 14 neoplasms successfully
sequenced harbored an alteration in the TERT-p region.

In conclusion, our study of a large series of BIMTs extends their
morphological spectrum and report novel BAPI mutations. BIMTs
appear to represent a progression from a conventional senescent
melanocytic nevus but certain microscopic features, together with
cases without detectable molecular alteration in BAP! gene and
frequent tetraploidy, suggest more complex underlying patholo-
gical events, which needs to be studied. Albeit BIMTs may present
with several alarming cytological and architectural features, we
confirm an indolent clinical course in most cases; however, follow-
up was relatively short. The only metastatic case in our series was
a child with a nevoid-like lesion with a pure morphology showing
relatively bland cytological features. This relatively bland mor-
phology was similar to that seen in a few previously reported
cases as melanoma with BAPT inactivation'*'”, The working group
of the WHO classification suggests the term melanocytoma for
“atypical combined tumors (that) may be potential precursor
lesions of melanoma"” but some atypia is seen in almost all cases of
BIMTs that rarely, if ever progress to melanoma. From a genetic
viewpoint, according to the WHO classification, the term
melanocytoma appears to be restricted for atypical combined
melanocytic lesions with two distinctive genetic alterations. Yet,
Yeh applied the designation melanocytoma for atypical Spitz
tumor which does not have two critical genetic events®. Further
studies are needed to define and characterize melanocytoma and
study BIMTs with relatively bland (nevoid-like) cytology and
adverse clinical events.
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1.2. MITF::CREM REARRANGED TUMOR: A NOVEL GROUP OF CUTANEOUS
TUMORS WITH MELANOCYTIC DIFFERENTIATION

Cutaneous tumours with melanocytic differentiation of-nm#lanocytic origin represent a
growing category of neoplasms with the distinct molecular profiles. Recently, it has been broadenet
by newly identified fusiorassociated tumors, name\CTIN::MITF, and MITF::CREMtumors.

Al t hough the <current WHO <c¢cl assi f i MIARpatoway o f
activated mel anocytic tumorso within the mel

emerging evidence suggests they are more liketplasms of nemelanocytic origir{71, 49]

Clear Cell Tumor with Melanocytic Differentiation aMiTF::CREM Translocation (CCTMMC) is
defined as a dermdilased neoplasm characterized by clear cell morphology at@;X0)

translocation, resulting in tHdITF::CREM fusion protein1].

In this study, we report a case of this rare tumor, occurring in the temporal regiotyeéa 1
old girl. Including the two previously described cases,otltof three neoplasms with the
MITF::CREM fusion have been identified to date of publicafioh, 49]

Morphologically, the lesion was an-illefined, polypoid, dermddased tumor infiltrating

between theinderlying collagen bundles, with no junctional component present.

The tumor was composed of cellular solid sheets or small nests of epithelioid to-spindle
shaped cells, primarily with eosinophilic cytoplasm and, less frequently, clear cytoplasm. The nucle
were round to ovoid, exhibiting moderate to higjlade atypia with prominent nucleoli. There were
11 mitoses per 10 HPFs, with occasional atypical mitotic figures. Necrosis, as well as vascular o
perineural invasion, was absent. A sparse perivascul@phghistiocytic infiltrate with scattered
plasma cells was present at the tumor periphery. The overlying epidermis showed focal ulceratiol

with reactive changes.

Immunohistochemically, the tumor exhibited strong and diffuse expression of S100 protein,
SOX10, and MITF, while HMBA45, tyrosinase, and MelAnwere negative. The K&7 index was
high (up to 40%).

Extensive RNA sequencing identified BiTF (exon 6):CREM(exon 6) gene fusion.
No evidence of disease was noted after 9 months of the initial diagnosi

In conclusion, we reported an additional case dWiéifF.:CREM-rearranged tumor, further
contributing to the characterization of the clinicopathological features of these rare neoplasms. Du
to the extreme rarity oMITF::CREM-rearranged tumors, moleaul confirmation is strongly
recommended for a definitive diagnosis. Also, further studies are necessary to precisely determin

their biological potential and clarify their nosologic status.
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