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ABSTRACT

PURPOSE The molecular heterogeneity of endometrial stromal tumors (ESTs) is dem-
onstrated by the presence of the same fusion gene in distinct pathologic entities,
such as endometrial nodules and low-grade endometrial stromal sarcoma, both
exhibiting the JAZ1::SUZ12 chimeric transcript. Given the limited knowledge on
these tumors, which is based on a small number of cases studied with a re-
stricted range of techniques, we analyzed 47 ESTs to explore their methylation
and transcriptomic landscapes.

MATERIALS
AND METHODS

Tumor methylation and transcriptomes profiles were investigated.

RESULTS The methylation profile showed distinct clusters, which correlated with
established histopathologic and molecular subtypes. The highest methylation
valuewas reported for nuclear factor of activated T cytoplasmic 1, and the lowest
was detected for miR34C. Two different 5’—C—phosphate—G—3’ (CpG) sites
of LMX1B (LMX1B-cg04996334 and LMX1B), along with miR34C, showed the
same methylation pattern in both low-grade and high-grade endometrial
stromal sarcoma (HG-ESS). Similarly, CFAP45, HDAC4, ACY3, MOB3A, and
XXYLT1 showed identical methylation patterns in HG-ESS and undifferentiated
uterine sarcomas, highlighting the similarities between these tumorswithin the
EST spectrum. We identified 13 novel fusion transcripts involving several genes
that are active in transcriptional regulation.

CONCLUSION In ESTs, the genes involved in chromosomal rearrangements function as
transcription regulators, either directly through the formation of zinc finger
motifs or indirectly through epigenetic regulation. Themethylation signature is
different for distinct subgroups of the EST spectrum, with more aggressive
tumors, HG-ESS, and undifferentiated uterine sarcoma, clustering together.
Some genes showed similar methylation levels in different entities, high-
lighting the presence of a continuum in the tumor profile. Methylation levels of
CpG sites at specific gene loci may serve as valuable biomarkers for these
tumors.

INTRODUCTION

Endometrial stromal tumors (ESTs) are a rare and hetero-
geneous group of mesenchymal tumors originating from the
smooth muscle of both the myometrium and endometrial
stroma,1 representing approximately 10% of uterine mesen-
chymal tumors.2 The WHO (2020)1 has divided ESTs into four
subgroups: (1) endometrial stromal nodules (ESNs), (2) low-
grade endometrial stromal sarcomas (LG-ESSs), (3) high-
grade endometrial stromal sarcomas (HG-ESSs), and (4)
undifferentiated uterine sarcomas (UUSs). The spectrum
ranges from benign tumors, characterized by well-
circumscribed margins and cells resembling proliferative-
phase endometrial stroma, to low-grade malignant and

malignant tumors, which display invasive growth into the
surrounding myometrium, and finally to highly aggressive
tumors, marked by high-grade cytologic features without
specific differentiation.3 Although the genetic signatureof ESS
is characterized by the presence of chromosomal aberrations
leading to gene fusions,3,4 ESN and UUS do not show any
specific genomic alterations.4 The cytogenetic hallmark of
LG-ESS is the 7;17-chromosomal translocation, leading to the
fusion JAZF1::SUZ12,5 followed in frequency by rearrangements
of chromosome band 6p21 leading to PHF1 fusion6; the
YHWAE::NUMTM2A/B and ZC3H7B::BCOR fusions seem to be
specific for HG-ESS.4,7 Some entities show the morphologic
characteristics of a specific subgroup but possess molecular
features typical of another. For example, the JAZF1::SUZ12
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fusion and PHF1 rearrangements have also been identified in a
few ESNs.8-10 Moreover, some ESSs do not display any known
fusion transcripts at the molecular level, making their diag-
nosis challenging.11,12 This suggests the presence of additional,
yet unidentified, mechanisms underlying tumorigenesis and
progression. Consequently, we screened 47 ESTs to build a
detailed molecular landscape from both DNA and RNA data to
overcome the knowledge gap in these tumors.

MATERIALS AND METHODS

Tumor Material

The study included 47 ESTss, of which 24 were LG-ESSs, nine
HG-ESSs,five UUSs, two ESNs, and seven ESSs with undefined
grades (Table 1). All tumors were reviewed and the diagnoses
based on the 2020 WHO criteria. Twenty-eight tumors were
surgically excised at the Norwegian Radium Hospital (Oslo,
Norway), as previously reported,3,6,7 whereas 19 were obtained
from Haukeland University Hospital (Bergen, Norway). The
studywas approvedby theRegional Committee forMedical and
Health Research Ethics (REK; 2.2007.425 and 2011-2071), and
the protocol was approved by the institutional review board at
Oslo universitetssykehus HF. The Ethics Committee has ap-
proved the use of the patient material under the provision of
consent from each living patient.

DNA and RNA Extraction

Fresh frozen material from a representative area of all tu-
mors was used to extract DNA and RNA. DNA was extracted
using the Maxwell 16 extractor (Promega, Madison, WI)14,15

and then purified using theMaxwell 16 Cell DNA Purification
kit (Promega), Maxwell RSC DNA Formalin-Fixed Paraffin-
Embedded (FFPE) Kit (Promega), and AllPrep DNA/RNA
Mini Kit (Qiagen, Hilden, Germany) according to the

manufacturer’s recommendations. RNA was extracted using
themiRNeasy kit and AllPrep DNA/RNAMini Kit (Qiagen). In
six cases, material FFPE blocks were used to extract DNA
using the Maxwell RSC DNA FFPE Kit (Promega). Concen-
trations were measured using a QIAxel microfluidic ultra-
violet visible spectrophotometer (Qiagen, Hilden, Germany)
and a Quantus fluorometer (Promega). RNA quality was
assessed with an Agilent RNA 6000 Nano Total Kit on an
Agilent 2100 Bioanalyzer (Agilent Technologies, Germany).

Array-Based DNA Methylation Profiling

Thirty-eight tumors with available material (24 LG-ESSs,
nine HG-ESSs, and five USSs) were analyzed using the
Illumina Infinium Human Methylation 450 (450k) or EPIC
(850k) BeadChip (Illumina, San Diego, CA), according to the
manufacturer’s instructions, at the Genomics Core Facility,
Oslo University Hospital, Oslo, Norway.16 Raw DNA meth-
ylation data were imported, preprocessed, and normalized
with the minfi R package17,18 (version 1.46.0). All subsequent
analyses were performed using R software for statistical
computing (version 4.3.1).19 Preprocessing included channel
matching (using the function “preprocessIllumina”),
dropping the probes containing a single nucleotide poly-
morphism at the CpG interrogation or at the single nucle-
otide extension (using the function “dropLociWithSnps”),
removing the probes targeting sex chromosomes and those
which included missing values for any of the samples. DNA
methylation data were normalized using background sub-
traction and control normalization.

Clustering and Statistical Analysis

Principal component analysis (PCA)20 was performed on the
scaled data to capture variability patterns and reduce di-
mensionality. Only principal components leading to a

CONTEXT

Key Objective
We report themolecular landscape of endometrial stromal tumors (ESTs). Given the rarity of these tumors, this is the largest
cohort analyzed so far.

Knowledge Generated
We explored EST methylation and transcriptomic landscapes. The methylation profile showed distinct clusters, which
correlated with established histopathologic and molecular subtypes. The methylation signature differed for distinct EST
spectrum subgroups, with more aggressive tumors, high-grade endometrial stromal sarcoma, and undifferentiated uterine
sarcoma, clustering together. Some genes showed similar methylation levels in different entities, highlighting the presence
of a continuum in the tumor profile. Thirteen novel fusion transcripts involving several genes that are active in tran-
scriptional regulation were identified.

Relevance
Methylation levels of CpG sites at specific gene loci may serve as valuable biomarkers for these tumors. The presence of
specific fusion genes is a characteristic of the EST subtype.
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cumulative proportion of explained variance larger than
80% were retained for clustering to achieve a dimensional
reduction. The sample scores of the selected relevant PCs
were clustered by hierarchical clustering21 with Euclidean
distance and Ward minimum variance linkage.22 A dendro-
gram resulting from hierarchical clustering was visually
inspected to determine the best-suited number of clusters.

Validation of the Top Ten Hypermethylated and
Hypomethylated Genes

Several important CpG sites were selected for validation and
interpretation. To achieve this, the Between-Cluster Sum-of-
Squares (BCSS)23 index was calculated for all CpGs. This index
represents the total variation in the sample for a specific CpG,
minus the within-subtype variation of that same CpG,
summed across the subtypes. For this purpose, only LG-ESS
and HG-ESS, as well as UUS, were used because their subtype
identification was the most reliable. The 100 CpGs with the
largest BCSS index values were used as a reduced selection for
better visualization of the clustering results using heatmaps.
Additionally, methylation data for CpGs included in the re-
duced selection that also had a corresponding gene were used
to calculate the within-subtype means. The genes associated
with the 10 largest (smaller) values of mean within-subtype
methylation were further examined and interpreted as highly
(lowly) expressed genes.

RNA Sequencing

RNA sequencingwas performed on 21 samples (cases 27-47).
For this purpose, 200 ng of total RNA was sent to the Ge-
nomics Core Facility at the Norwegian RadiumHospital, Oslo
University Hospital, for high-throughput paired-end RNA
sequencing.16 The FASTQC software was used for quality
control of the raw sequence data (available online at Bab-
raham Bioinformatics).24 Fusion transcripts were identified
using FusionCatcher software.25,26

Reverse Transcription Polymerase Chain Reactions and
Sanger Sequencing Analyses

The primers used for polymerase chain reaction (PCR)
amplification and Sanger sequencing analyses are listed in

TABLE 1. Diagnosis and fusion Transcripts Identified in 47 Endometrial
Stromal Tumors

Patient Diagnosis Fusion Transcripts

1a LG-ESS

2a LG-ESS JAZF1::SUZ12

3a LG-ESS JAZF1::SUZ12

4a LG-ESS

5a LG-ESS

6a LG-ESS MEAF6::PHF1

7a HG-ESS ZC3H7B::BCOR

8a LG-ESS

9a LG-ESS

10a LG-ESS JAZF1::PHF1

11a LG-ESS JAZF1::SUZ12

12 NOS

13a LG-ESS JAZF1::PHF1

14a LG-ESS MEAF6::PHF1

15a LG-ESS JAZF1::SUZ12

16a LG-ESS EPC1::PHF1

17 LG-ESS JAZF1::PHF1

18 LG-ESS JAZF1::SUZ12

19a LG-ESS EPC2::PHF1

20 LG-ESS JAZF1::SUZ12

21 LG-ESS JAZF1::PHF1

22 ESS (grade unknown)

23 ESS (grade unknown)

24 ESS (grade unknown)

25 HG-ESS

26 HG-ESS YWHAE::NUTM2A/B/E

27 ESN (mixed with leiomyoma) SF1::CSNK1G1

28 HG-ESS YWHAE:NUTM2A/B/E

29 ESS (grade unknown) BCOR ITD

30 ESS (grade unknown) GLI3::IGFBP1
UBE2E2::SCAP

31 LG-ESS JAZF1::SUZ12

32 LG-ESS MEAF6::PHF1

33 ESS (grade unknown)

34 HG-ESS CEP128::ADCK1
MIR31HG::SULF1
FGFR3::MAEA

35 HG-ESS YWHAE::NUTM2A/B/E

36 HG-ESS CRY2::CCDC73

37 HG-ESS LPP::TP63
RB1::THSD1

38 LG-ESS JAZF1::SUZ12

39 LG-ESS

40 UUS

41 UUS PHAF1::NFAT5
MGA::NUTM1

42 UUS

43 UUS

44 UUS AP3B2::CALCOCO1

45 HG-ESS ZC3H7B::BCOR

(continued in next column)

TABLE 1. Diagnosis and fusion Transcripts Identified in 47 Endometrial
Stromal Tumors (continued)

Patient Diagnosis Fusion Transcripts

46 ESS (grade unknown) MIER2::PTPRM

47 LG-ESS

Abbreviations: ESN, endometrial stromal nodule; HG-ESS, high-grade
endometrial stromal sarcoma; ITD, internal tandemduplication; LG-ESS,
low-grade endometrial stromal sarcoma; NOS, not otherwise specified;
UUS, undifferentiated uterine sarcoma.
aCase already published in Panagopoulos et al,7 Panagopoulos et al,6

Micci et al,13 and Micci et al.3
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Appendix Table A1 and have been reported in previous
studies.6,7,13,27 Complementary DNA synthesis, reverse
transcription PCR amplification, and Sanger sequencing
were performed as previously described.10 Sequencing was
conducted using an Applied Biosystems SeqStudio Genetic
Analyser System (Thermo Fisher Scientific). The Basic
Local Alignment Search Tool (BLAST)28 and BLAST-like
alignment tool (BLAT)29 were used for the computer
analysis of sequence data.

RESULTS

Methylation Profile

All tumors investigated for methylation status showed in-
formative results. PCA of the gene methylation values for all
probes, followed by hierarchical clustering in the reduced
PCA space, was used to visualize the differences in DNA
methylation for each tumor. Using this approach, we ob-
served that the 24 LG-ESSs were consistently clustered
under two main trees (Fig 1). Two main clusters were
identified for HG-ESS, while three of the five UUSs were
clustered together. Some tumors of different histologies
were interspersed, with two HG-ESSs and two USSs clus-
tering among the LG tumors (Fig 1). Consistent with their
aggressive nature, USSs were found to cluster closely with
HG-ESSs.

When focusing solely on LG-ESS, HG-ESS, and UUS, we
identified 76 genes that were differentially methylated
across one to three CpG sites based on the BCSS analysis.
Among the histologic subtypes, 20 genes in each entity
showed a BCSS value between 1.2 and 3.8 (Fig 2) and a unique
methylation profile with a unique gene pattern. The LMX1B
gene (in the LMX1B-cg04996334 and LMX1B CpG sites; BCSS
2.2 and 1.3) and miR34C (BCSS 1.2) were found to be
methylated in both LG-ESS and HG-ESS. Additionally,
CFAP45 (BCSS 2.4), HDAC4 (1.9), ACY3 (1.5), MOB3A (1.43),
VPS13B (1.4), PHACTR2 (1.37), and XXYLT1 (1.2) were meth-
ylated for HG-ESS and UUS, while miR34B was methylated
(BCSS 1.5) in both LG-ESS and HG-ESS. The highest value
was reported for nuclear factor of activated T cytoplasmic 1
(NFATC1; LG-ESS; BCSS 3.8), and the lowest value was re-
ported for miR34C in LG-ESS and HG-ESS (BCSS 1.2).

Fusion Gene Identification

All tumors sent for transcriptome sequencing provided
informative results; however, only 14 samples showed the
presence of fusion transcript(s) after analysis using the
FusionCatcher algorithm. Six tumors showed the presence
of the already known fusion genes: the JAZF1::SUZ12 and
MEAF6::PHF1 fusions were found in three LG-ESS cases
(cases 31 and 38 and case 32, respectively), YWHAE::
NUTM2A/B/Ewas found in two HG-ESS cases (cases 28 and
35), and ZC3H7B::BCOR was found in case 45. Thirteen
new putative fusions were found in eight cases (one to
three specific transcript(s) per case). Internal tandem

duplication (ITD) of the BCOR gene was noted in case 29.
All transcripts, fusions, and ITD were validated by PCR,
followed by Sanger sequencing/cycle sequencing. An
overview of the fusion and breakpoint positions is pre-
sented in Figure 3 and Table 1.

DISCUSSION

Specific chromosomal aberrations have been described in
ESS, themost common of which are translocations involving
two different chromosomes. Genes altered by chromosomal
rearrangements, namely PHF1, JAZF1, MEAF6, EPC1, EPC2,
and BRD8, function as transcriptional regulators either
through the formation of zinc finger motifs or through
epigenetic regulation.4 For example, PHF1 and SUZ12 are
members of the polycomb repressive complex family
(mainly the polycomb repressive complex 2 subunits), and
BCOR is part of the PRC complex that promotes transcrip-
tional repression by the covalent modification of histone
deacetylases and the polycomb repressive complex. As
various genes altered in ESS play a role in epigenetic regu-
lation, either through polycomb-mediated gene silencing or
post-transcriptional covalent modification of histone pro-
teins, we hypothesized that different subgroups in the EST
spectrum would have similar methylation profiles, inde-
pendent of which genes were rearranged. Kommoss et al30

reported specific DNA methylation signatures in a set of
uterine neoplasms, including the LG and HG subtypes. They
identified distinct methylation clusters between the LG-ESS
and HG-ESS, as well as between HG-ESS with YWHAE::
NUTM2 and BCOR rearrangements. By and large, ourfindings
on HG-ESS and LG-ESS are similar to those reported by
Kommos et al as these two subgroups clustered separately.
Unfortunately, it is not possible to perform any comparison
at the gene level as that type of information was only pro-
vided in our study. Furthermore, we report here for the first
time, to our knowledge, the methylation pattern for USS
showing that the profile for this subtype clustered close to
that of HG-ESS with BCOR rearrangements.

The DNA methylation profile showed that HG-ESS with the
ZC3H7B::BCOR fusion clustered at one end of the unsuper-
vised analysis, alongside three tumors that were morpho-
logically identified as UUS but for which no fusion was
detected. This suggests a shared molecular pathway among
these tumors. The LG-ESS clustered together into two
subgroups separated by six tumors, five HG-ESSs and 1 UUS.

Among the differentiallymethylated genes, several showed a
specific profile for each subgroup, suggesting that the
methylation status is unique in different EST entities with
unique gene methylation signatures. A few genes showed a
similar methylation pattern in two of the entities, such as
LMX1B andmiR34C, which were similarly methylated in both
LG-ESS and HG ESS. Additionally, CFAP45, HDAC4, ACY3,
MOB3A, and XXYLT1 showed comparable methylation in HG-
ESS andUUS. The highestmethylation valuewas reported for
NFATC1, and the lowest was detected for miR34C in LG-ESS

4 | © 2025 by American Society of Clinical Oncology
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and HG-ESS. The nuclear factor of activated T cytoplasmic 1
(NFATC1) is a transcription factor that has important
functions in many tumors.31 miR34c is a tumor suppressor
gene that induces cell apoptosis and inhibits cell prolifera-
tion and invasion in various tumor cells.32

A common theme in ESS is that known fusions are char-
acterized by genomic rearrangements involving two chro-
mosomes, for example, t(7;17) (p15;q21) and t(6;7) (p21;
p22). Similarly, we identified two new fusion transcripts in
HG-ESS involving genes from chromosomes 8 and 9 (case
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FIG 1. Methylation profile of EST tumors. In green (LG-ESS), in orange (HG-ESS), and in blue (USS), with the related fusion transcripts identified.
EST, endometrial stromal tumor; HG-ESS, high-grade endometrial stromal sarcoma; LG-ESS, low-grade endometrial stromal sarcoma; UUS,
undifferentiated uterine sarcoma.
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34), in ESN involving chromosomes 11 and 15 (case 27), in
UUS involving chromosomes 12 and 15 (case 34), and in ESS
with an uncertain subtype involving chromosomes 18 and 19
(case 46).

In HG-ESS, the long noncoding RNA (lncRNA) MIR31HG
(mapping on 9p21) is fused with the tumor suppressor
sulfatase 1 (SULF1; on 8q13). To the best of our knowledge,
this is the first time that a lncRNA has been shown to be
involved in a fusion. The MIR31HG is aberrantly expressed
in different solid malignant tumors33 and affects numerous
biological processes during tumorigenesis, including pro-
liferation, metastasis, epithelial-mesenchymal transition,
cellular senescence, and apoptosis.34 Its dysregulation
in various cancers is significantly related to various stages
of disease progression, making it a potential biomarker
for diagnosis and prognosis and a promising target for
treatment.34

Fusion of splicing factor 1 (SF1) and the casein kinase 1
gamma 1 (CSNK1G1) was identified for the first time in ESN.
SF1 is a transcription factor, and little is known about the role
of individual splicing factors in EST. The casein kinase I
isoform gamma 1 (CSNK1G1) is an isoform of the casein
kinase I gene family that plays a crucial role in various
cellular processes, carcinogenesis, and cancer progression.

Targeting CK1 holds great promise as a therapeutic strategy
against cancer treatment.35

In a UUS, the Adapter Related Protein Complex 3 Subunit
Beta 2 (AP3B2; mapping on 15q25) is fused with the 39 gene
Calcium-Binding and Coiled-Coil Domain-Containing Pro-
tein 1 (CALCOCO1; on 12q13). The CALCOCO1 gene functions as
a coactivator for nuclear receptors in combinationwith other
NCOA2-binding proteins, such as EP300, CREBBP, and
CARM136 and the aryl hydrocarbon receptor,37 and it is also
involved in the transcriptional activation of target genes in
the Wnt/b-catenin pathway.38 The zinc finger C2H2-type
domain was retained in the chimeric transcript. Its inter-
action with NCOA2-binding proteins highlights the simi-
larities with a previously reported GREB1::NCOA2 fusion in
UUS,39 leading to the hypothesis that alterations in NCOA2-
regulatory proteins could be a common theme for UUS.

The MIER2::PTPRM was detected in ESS with no defined
histotype. Mesoderm Induction Early Response 1, Family
Member 2 (MIER2) is involved in histone deacetylation;
however, the biological characteristics and functions of
MIER2 remain unknown.40 The protein Tyrosine Phospha-
tase Receptor Type M (PTPRM) regulates a variety of cellular
processes, including cell growth, differentiation, mitotic
cycle, and oncogenic transformation, andmayhave a tumor-

3.8

1.2

LG-ESS HG-ESS UUS

NFATC1 CFAP45 CATSPER2

SLC16A5 LMX1B RANBP10

KCNC1 HDAC4 AP5Z1

GRIN2D MNX1 CFAP45

LRP5 MNX1-cg16283362 STX8

ZNF362 SHISA8 H1-7

CMIP APC2 GABRB3

LMX1B NEDD4L ARHGAP23

TBX2 ACY3 ADARB2

FBXW7 EGFL7 HDAC4

DAB2IP IGLON5 TMEM62

MIR34B MOB3A GNA12

ZNF503-AS2 VPS13B ACY3

KCNE3 APC2-cg19333963 MIR34B

KIF5C MNX1-cg17421991 STAT5B

STAT5B PHACTR2 MOB3A

DAB2IP-
cg13928417

MXRA7 VPS13B

CNTN4 LMX1B-cg04996334 PHACTR2

LMX1B-

cg04996334

XXYLT1 MARCHF10

MIR34C MIR34C XXYLT1

FIG 2. Differentially methylated genesa within the histologic subtypes of ESS.
aGenes with the same methylation pattern are presented in bold; green is used to
denote the highest value and red the lowest values.
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suppressing role; its decreased expressionmay be correlated
with poor prognosis and is inversely correlated with disease-
free survival in breast cancer and glioma progression.41,42

Nine additional fusions were identified in this study (see
above). Given that the two genes involved in each transcript
are mapping on the same chromosomes, a read-through
mechanism could be hypothesized to lead to false-positive
results. However, validation through PCR and cycle se-
quencing confirmed their presence as real entities.

The fusion of the GLI Family Zinc Finger 3 (GLI3) and the
insulin-like growth factor-binding protein 1 (IGFB1) was
reported for the first time in ESS with an undefined grade.
The transcription factor GLI3 regulates cell growth by acting
as both a tumor initiator and tumor suppressor.43 However,
its role in the ESS has not yet been investigated.

In the same tumor, the fusion between Ubiquitin Conju-
gating Enzyme E2 E2 (UBE2E2) and SREBF Chaperone (SCAP)
has been identified. The UBE2E2E gene is dysregulated in
various types of cancers promoting tumorigenesis and
chemotherapy resistance.44,45 The chaperone SCAP plays an
important role in the regulation of lipogenesis and in-
flammatory responses; however, studies on SCAP are
limited.46

In HG-ESS, we identified the fusion between the Centrosomal
Protein 128 (CEP128; 14q31) and the aarF domain containing
kinase 1 (ADCK1; 14q24), and the fibroblast growth factor re-
ceptor 3 (FGFR3, on 4p16) has been reported in a fusionwith the
Macrophage-Erythroblast Attacher (MAEA; 4p16); both the
abovementioned fusion has not been previously reported. The
kinase ADCK1 has been found to be upregulated in colon cancer
andpromotes tumor formation andmetastasis of cancer cells.47

FGFR3 alterations have been shown to contribute to the de-
velopment and progression of tumors in humans.48

In the HG-ESS, we identified, for the first time, a fusion
between cryptochrome circadian regulator 2 (CRY2) and a
coiled-coil domain containing 73 (CCD73). CRY2 genetic
dysregulation has been shown to lead to the development of
some tumors.49 CCD73 has been previously reported as a
driver of different tumors such as squamous cell carcinoma
of the lung and adenocarcinoma of the liver.50

The Lin-11, Isl-1, and Mec-3 (LIM) domain containing the
preferred translocation partner in lipoma (LPP, mapping on
3q28) gene was found to be fused with TP63 in an HG-ESS.
Previously, the same fusion was reported in a case of breast
adenocarcinoma.51 LPP encodes a member of a subfamily of
LIM domain proteins, characterized by an N-terminal
proline-rich region and three C-terminal LIM domains.
The encoded protein localizes to the cell periphery in focal
adhesions and may be involved in cell-cell adhesion and cell

Case 1
SF1 (chr11q13.1) exon 2 CSNK1G1 (chr15q22.31) exon 7

Case 4
UBE2E2 (3p24.3) exon 3 SCAP (3p21.31) exon 3

Case 8
CEP128 (14q31.1) exon 4 ADCK1 (14q24.3) exon 5

Case 10
CRY2 (11p11.2) exon 11 CCDC73 (11p13) exon 8

Case 11
LPP (3q28) exon 2 TP63 (3p28) exon 4

Case 18
AP3B2 (15q25.2) exon 14 CALCOCO1 (12q13.13) exon 2

Case 20
MIER2 (19p13.3) exon 7 PTPRM (8p11.23) exon 2

Case 15
C16orf70/PHAF1 (16q22) exon 1 NFAT5 (16q22.1) exon 13

RB1 (13q14.2) exon 17 THSD1 (13q14.3) exon 4

MGA (15q15.1) exon 22 NUTM1 (15q14) exon 3

MIR31HG (9p21.3) exon 1 SULF1 (8q13.2) exon 4

FGFR3 (4p16.3) exon 2 MAEA (4p16.3) exon 2

GLI3 (7p14.1) exon 10 IGFBP1 (7p12.3) exon 2

C C C C

C C C C C CC C CC

C C C C

C C CC

C C C C C CC C

C C C C

C C CC C

C C C C C

C C C CCC

C C CC C C CCC

C C CC C C CC CC

C CC CC C C

C C C C CC C

G G G G G G G

G G G

G G G G G

G G G G G GGG

G GG

G G G GG

G G G GG GGG

G GGG

G G G G GG G

G G G GG

G G G G G G

G G G G G G G GG GG

G G G G G GG GG

A

A

A A A A A A AAA

A A AAA

A A A A AAAA

A A A A AA AA A

A AA AA

A A A A A AA AAA

A AA A A

A A A A AA A A AA

A A A A A A

A A A A AA

A A AA

A A AA

A A AAA

T T TT

T T T T TT

T T T TT TT

T TT

T T T T T TT

T T T T

T T T T TT

T T T T T

T T T TT

TT TT

T TTT

T T

T T T

FIG 3. Fusion transcripts validated by PCR. PCR, po-
lymerase chain reaction.
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motility. This protein shuttles through the nucleus and may
function as a transcriptional coactivator.52 More recently,
LPP has emerged as a critical inducer of tumor cell migra-
tion, invasion, andmetastasis.53 Through RNAseq, the 59 LPP
has been found to be rearranged with BCOR in an HG-ESS,
however, without the generation of a fusion protein.54 The
Mitelman database of chromosomal aberrations and gene
fusions in cancer51 reports different partners involved in
TP63 fusions. TP63 is a member of the p53 family of the
transcription factor family.55 Fusion genes containing TP63
have been reported in various hematologicmalignancies that
convert TP63 into an oncogene.56 Interestingly, the same
breakpoint (on exon 4) was observed in one of our tran-
scripts.56 The same tumor (case 37; HG-ESS) showed an
additional fusion between the retinoblastoma gene (RB1)
and thrombospondin type 1 domain-containing 1. The
chimeric protein predicted from the RB1::THSD1 fusion
contained a truncated linker domain and pocket domain B
of RB1. The interaction of the RB1 pocket domains A and B
with the linker domain is critical for tumor suppression and
E2F regulatory function associated with RB1.57 Structural
rearrangements in RB1 are exceedingly rare. Exon 17
breakpoints (as in our case) have been reported in multiple
tumors, suggesting that this may be a recurrent region for
rearrangement.58 Whether the active mechanism involves
the formation of a chimeric protein or a loss of function in
RB1 requires further investigation.

MGA::NUTM1 was detected in UUS. The predicted chimeric
protein retained nearly the entire protein sequence of both

MGA (exons 1-22) andNUTM1 (exons 3-8). Rearrangement of
the NUTM1 gene characterizes a variety of undifferentiated
sarcomas, including spindle cells, round cells, and epithe-
lioid type.59-61 In the same tumor, fusion between the nuclear
factor of activated T-cell 5, tonicity-responsive (NFAT5,
mapping on 16q22), and PHAF1, to our knowledge, was re-
ported for the first time in this study. NFAT5 was first
identified as a transcriptional regulator of activated T cells,62

and the NFAT family is involved in tumor development.63

Members of the NFAT family and their transcriptional
regulatory networks regulate multiple processes in tumor-
igenesis, tumor progression, drug resistance, and chemo/
radiotherapy tolerance.64 However, the precise functional
consequences of the aberration remain unclear in EST.

Although we present the largest series of genomically
characterized EST published so far, the size of each subgroup
(ESN, LG-ESS, HG-ESS, USS, and the different fusion genes
and molecular signatures in each of them) is still too limited
to allow statistical correlation with clinical parameters.

In conclusion, the presence of fusion genes is a characteristic
of the EST and the genes involved in these chimera function
as transcription regulators. The methylation signature
seems different for distinct subgroups of the EST spectrum.
Furthermore, some genes showed similar methylation levels
in different entities, highlighting the presence of a contin-
uum in the tumor profile. Additional studies should inves-
tigate the possibility of using the methylation levels of CpG
sites at specific gene loci as biomarkers for these tumors.
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APPENDIX

TABLE A1. Primers used for polymerase chain reactions.

Name Sequence (59 to 39) Gene Accession Number

SF1229FW CCGCTGGAACCAAGACACAA SF1 NM_004630.4

CSNK1G1-1475R1 GTGATGGCCGATCCCTATGT CSNK1G1 NM_022048.5

CSNK1G1-1279R2 CCAGTCGCCTGACATATCGAA CSNK1G1 NM_022048.5

GLI3-1656FW GGAACAGCCCGAAGGAACAA GLI3 NM_000168.6

IGFBP1-670REV TGTTGGTGACATGGAGAGCC IGFBP1 NM_000596.4

UBE2E2E-171FW TCCACTGAGGCACAAAGAGTTG UBE2E2E NM_152653.4

SCAP-800REV CATGGAAGCGTTCCCAGTCA SCAP NM_012235.4

UBE2E2E-301FW TATCCAGCAAAACCGCTGCTAA UBE2E2E NM_152653.4

SCAP-562REV CTTGTGCCAGGGAAACACTGA SCAP NM_012235.4

MIER2-618FW GGAGATCATGGTGGGACCTC MIER2 NM_017550.3

PTPRM-691REV GCATGAAAGAACCTGATGGCA PTPRM NM_001105244.2

FGFR3-349FW CGCCTCCTCGGAGTCCTT FGFR3 NM_000142.5

MAEA-183REV CCGCTCAACGTCTTCTCCAG MAEA NM_001017405.3

MIR31HG-79FW GCTGCGACCTGTGCATAACTT MIR31HG NR_027054.2

SULF1-629REV TGCAAAACTGACAAAATGTCT
CCG

SULF1 NM_001128205.2

CRY2-1601FW CCCTTCCTGTGTGGAAGACC CRY2 NM_021117.5

CCDC73-654REV TGTTTGATTGTATTGCTTCCCGT CCDC73 NM_001008391.4

LPP-184FW AGGCTCAGAGACAGAGCAGAA LPP NM_005578.5

TP63-547REV CTGCGCGTGGTCTGTGTTA TP63 NM_003722.5

RB1-1725FW CCCATGGATTCTGAATGTGCTT RB1 NM_000321.3

THSD1-1368REV AAGGACATTCCAGGGCAGAC THSD1 NM_018676.4

MGA-7832FW CTCCCAGAATTAGCAAACAGC
AG

MGA NM_001164273.2

NUTM1-627REV ACTGAAGGCATGATGGGCTG NUTM1 NM_001284292.2

PHAF1-186-FW TTGTCTCCTTAGCTCGGGTC PHAF1 NM_025187.5

NFAT5-2330REV TGCTGAGTTGATCCAACAGAC NFAT5 NM_138714.4

AP3B2-1736 FW CCAGGATTGCACCTGATGTCT AP3B2 NM_001278512.2

CALCOCO1-125REV GTAGGTCCGGGCTACATTGAG CALCOCO1 NM_020898.3

CEP128- 495FW GGATACCAGTCGGAACCTGC CEP128 NM_152446.5

ADCK1 -659REV TGCTTCACAGCCAGAACGAG ADCK1 NM_020421.4
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