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Abstract
Both Xp11 translocation renal cell carcinomas and the corresponding mesenchymal neoplasms are characterized by a variety
of gene fusions involving TFE3. It has been known that tumors with different gene fusions may have different
clinicopathologic features; however, further in-depth investigations of subtyping Xp11 translocation-associated cancers are
needed in order to explore more meaningful clinicopathologic correlations. A total of 22 unusual cases of Xp11
translocation-associated cancers were selected for the current study; 20 cases were further analyzed by RNA sequencing to
explore their TFE3 gene fusion partners. RNA sequencing identified 17 of 20 cases (85%) with TFE3-associated gene
fusions, including 4 ASPSCR1/ASPL-TFE3, 3 PRCC-TFE3, 3 SFPQ/PSF-TFE3, 1 NONO-TFE3, 4 MED15-TFE3, 1
MATR3-TFE3, and 1 FUBP1-TFE3. The results have been verified by fusion fluorescence in situ hybridization (FISH)
assays or reverse transcriptase polymerase chain reaction (RT-PCR). The remaining 2 cases with specific pathologic features
highly suggestive of MED15-TFE3 renal cell carcinoma were identified by fusion FISH assay. We provide the detailed
morphologic and immunophenotypic description of the MED15-TFE3 renal cell carcinomas, which frequently demonstrate
extensively cystic architecture, similar to multilocular cystic renal neoplasm of low malignant potential, and expressed
cathepsin K and melanotic biomarker Melan A. This is the first time to correlate the MED15-TFE3 renal cell carcinoma with
specific clinicopathologic features. We also report the first case of the corresponding mesenchymal neoplasm with MED15-
TFE3 gene fusion. Additional novel TFE3 gene fusion partners, MATR3 and FUBP1, were identified. Cases with ASPSCR1-
TFE3, SFPQ-TFE3, PRCC-TFE3, and NONO-TFE3 gene fusion showed a wide variability in morphologic features,
including invasive tubulopapillary pattern simulating collecting duct carcinoma, extensive calcification and ossification, and
overlapping and high columnar cells with nuclear grooves mimicking tall cell variant of papillary thyroid carcinoma.
Furthermore, we respectively evaluated the ability of TFE3 immunohistochemistry, TFE3 FISH, RT-PCR, and RNA
sequencing to subclassify Xp11 translocation-associated cancers. In summary, our study expands the list of TFE3 gene
fusion partners and the clinicopathologic features of Xp11 translocation-associated cancers, and highlights the importance of
subtyping Xp11 translocation-associated cancers combining morphology, immunohistochemistry, and multiple molecular
techniques.

Introduction

Xp11 translocation renal cell carcinomas are characterized
by a variety of gene fusions involving TFE3, which is
located on chromosome Xp11.2. Of known TFE3 gene
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fusion partners, ASPSCR1/ASPL, PRCC, and SFPQ/PSF
are relatively common partners [1–4]. Recent advances help
develop an improved understanding of clinicopathologic
characteristics associated with NONO-TFE3 renal cell car-
cinoma and RBM10-TFE3 renal cell carcinoma [5–9]. The
remaining DVL2, CLTC, PARP14, LUC7L3, KHSRP, and
most recently reported partners, MED15, GRIPAP1, and
ARID1B, have only been demonstrated in case reports [10–
15]. These TFE3 gene fusion partners contribute strong
promoters, resulting in overexpression of the fusion protein
and strong nuclear TFE3 immunoreactivity, which is cur-
rently the most commonly used diagnostic technique for
Xp11 translocation renal cell carcinoma [16, 17]. However,
due to differences in fixation times, technical methods, and
scoring systems, false-positive and false-negative results are
quite frequent [18–23]. As a transcriptional target of the
micropathalima-associated transcription factor family,
cathepsin K also has been utilized in the diagnosis of MiT
family translocation renal cell carcinomas, and it is differ-
entially expressed dependent upon the fusion partner of the
TFE3 gene [24, 25]. The TFE3 break-apart fluorescence
in situ hybridization (FISH) assays on formalin-fixed par-
affin-embedded tissue sections are now the preferred
method for identification of TFE3 gene rearrangements,
often resolving cases with equivocal TFE3 immunohis-
tochemistry results [18, 26, 27]. However, when TFE3 gene
rearrangements are caused by an inversion of chromosome
X, as in the NONO-TFE3, RBM10-TFE3, and GRIPAP1-
TFE3 gene fusions, it is difficult to detect these abnormal-
ities by TFE3 break-apart FISH [5, 8, 9, 28–30]. Reverse
transcriptase polymerase chain reaction (RT-PCR) can
allow providing information as to the specific fusion partner
of TFE3, but it requires high-quality RNA and only iden-
tifies known fusion variants.

Recently, an increasing number of TFE3 rearrangement-
associated tumors have been reported, such as TFE3
rearrangement-associated perivascular epithelioid cell
tumor, melanotic Xp11 translocation renal cancer, and
melanotic Xp11 neoplasm [18, 31–43]. Although they are
currently considered to have a morphology and phenotype
(PAX8 negative, HMB45/Melan A positive, and S100
negative) most closely resembling that of perivascular epi-
thelioid cell tumor [31, 32], Argani et al. noted differences
between these neoplasms and perivascular epithelioid cell
tumor including relatively younger age, absence of asso-
ciation with tuberous sclerosis, absence of TSC2 inactiva-
tion, absence of muscle marker expression, pure alveolar
architecture, epithelioid morphology, and presence of TFE3
gene fusions. We and others have proposed the use of the
name “Xp11 neoplasm with melanocytic differentiation” or
“melanotic Xp11 neoplasm” rather than the originally pro-
posed and widely used term “Xp11 translocation perivas-
cular epithelioid cell tumor” to designate this unique entity

[30, 35, 44]. SFPQ has been found to be a very common
gene fusion partner in this entity, with rare cases demon-
strating NONO-TFE3 and DVL2-TFE3 gene fusion [10, 30,
44]. As Xp11 translocation renal cell carcinoma and the
corresponding mesenchymal neoplasms have different
prognosis but may harbor an identical gene fusion, the
differential diagnosis should be made between these two
tumors, especially occurring in the kidney [44, 45]. The
histologic features of purely epithelioid cells, melanin pig-
ment, the specific immunoprofile (PAX8 negative, cathe-
psin K positive, Melan A/HMB45 positive), and a more
aggressive behavior distinguish them from Xp11 translo-
cation renal cell carcinoma [7, 44, 45].

Although different gene fusions demonstrate a distinctive
associated morphology, there can be morphologic overlap
among different genotypes of Xp11 translocation-associated
cancers. There are still some cases demonstrating unusual
morphologies and failing to meet all morphologic criteria
for either existing molecular subtype. Subtyping Xp11
translocation-associated cancers requires further molecular
analysis. In this study, we applied RNA sequencing to
explore the TFE3 gene fusion partners to 20 unusual cases
of Xp11 translocation-associated cancers including 17
Xp11 translocation renal cell carcinomas and three
mesenchymal counterparts, and the results were further
supported by fusion FISH assays or RT-PCR. Another 2
cases with specific pathologic features highly suspicious for
the MED15-TFE3 renal cell carcinoma were also included
in the study, which were identified by fusion FISH assay. In
addition, we further evaluated the ability of multiple
methods to subclassify Xp11 translocation renal cell carci-
noma respectively.

Materials and methods

Case selection

In this study, 22 cases representative of a spectrum of
morphologies encountered in Xp11 translocation-associated
cancers (Xp11 translocation renal cell carcinomas and the
corresponding mesenchymal neoplasms) but without data as
to the fusion partner subtype were retrieved from the
diagnostic files and consultation cases in the Department of
Pathology at Nanjing Jinling Hospital, Nanjing University
School of Medicine, between 2006 and 2017. Although the
morphology was not typical of the specific common geno-
type, these cases were all confirmed to harbor TFE3 gene
rearrangements by TFE3 immunohistochemistry and/or
TFE3 break-apart FISH assay. The deceptive histological
patterns, distinctive immunoprofile, and available tissue for
molecular studies were included for the selection criteria. In
20 cases, RNA sequencing was used to further characterize
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their TFE3 gene fusion partners. The remaining 2 cases
(case 21 and 22) were not sent for fusion sequencing ana-
lysis but were identified because of their distinctive mor-
phology and FISH results. Hematoxylin and eosin and
immunohistochemical staining analyses were reviewed by
experienced pathologists (R.Q. and X.Q.Y). The clin-
icopathological features and available follow-up informa-
tion were obtained. This study was approved by the Institute
Research Ethics Committee of Nanjing Jinling Hospital.

Immunohistochemistry

Tumor tissues were fixed in 10% formalin and embedded in
paraffin; 3-μm-thick sections were immunohistochemically
stained using antibodies against the following: TFE3 (SC-
5958, 1:300; Santa Cruz, CA), TFEB (ab2636, 1:300;
Abcam, Cambridge, UK), cathepsin K (3F9, 1:300;
Abcam), HMB45 (1:500; Dako, Glostrup, Denmark),
Melan A (A103/M2–72, 1:100; NeoMarkers, Fremont,
CA), PAX8 (4H7B3, 1:100; ProteinTech Group, Rosemont,
IL), CD10 (56C6, 1:100; Novocastra, Milton keynes, UK),
vimentin (V9, 1:200; Zymed), CK7 (OV-TL12/30, 1:300;
Zymed, Grand Island, NY), RCC marker (PN-15, pre-
diluted; MaxVision, Madison, AL), carbonic anhydrase IX
(CA-IX) (ab1508, 1:1000; Abcam), and cytokeratin (AE1/
AE3, 1:150, Zymed).

Immunoreactions were performed using labeled
streptavidin–biotin method and overnight incubation as
previously described. Diaminobenzidine (3,3′-diamino-
benzidine) was used for visualization. Immunoreactivity
was evaluated in a semiquantitative manner to assess both
labeling intensity and the percentage of immunopositive
tumor cells, as described previously [44, 46]. For all anti-
bodies, the resulting score was calculated by multiplying the
staining intensity (0= no staining, 1=mild staining, 2=
moderate staining, and 3= strong staining) by the percen-
tage of immunoreactive tumor cells (0 to 100). The
immunostaining result was considered to be 0 or negative
when the score was <25; 1+ or weak when the score was
26–100; 2+ or moderate when the score was 101–200; or 3
+ or strong when the score was 201–300.

RNA sequencing

Twenty cases were analyzed by RNA sequencing. Total
RNA from formalin-fixed paraffin-embedded samples was
extracted after xylene deparaffinization using the RNeasy
formalin-fixed paraffin-embedded kit (QIAGEN). Riboso-
mal RNA was depleted using RNase H followed by library
preparation using the KAPA Stranded RNA-seq Kit with
RiboErase (HMR) (KAPA Biosystems). Library con-
centration was performed using a KAPA Library Quantifi-
cation Kit (KAPA Biosystems), and the library quality was

accessed using an Agilent High Sensitivity DNA kit and
Bioanalyzer 2100 (Agilent Technologies), followed by
sequencing on Illumina HiSeq next-generation sequencing
(NGS) platforms (Illumina) [47].

Three tools were applied for the detection of any
potential TFE3 fusion of RNA-sequencing data. Fusion-
Catcher (version 0.99.4e) was used with parameters
(--BLAT aligner, otherwise, the default parameter was used)
that apply the Bowtie aligner to perform both transcriptome
and genome mapping and then used the BLAT aligner to
further map unmapped reads and count fusion supporting
evidence. The other two tools, Factera and Socrates (https://
github.com/jibsch/Socrates), were both executed using
default parameters. Specifically, Socrates takes the modified
BAM file, which converts the hard-clip in the original BAM
file into a soft-clip to improve the fusion detection perfor-
mance. The combined fusion results from all tools were
manually reviewed on the Integrative Genomics Viewer for
confirmation [47].

RT-PCR and Sanger sequencing of the fusion
transcript

To validate the fusions identified with RNA sequencing,
RT-PCR was performed as described previously [3, 48],
using specific primers (Supplementary Table S1), followed
by Sanger sequencing. For sequence analysis, the PCR
products were purified using the Wizard PCR Preps Pur-
ification System (Promega, Madison, WI), and sequencing
was performed using Big Dye Terminator and an ABI
Basecaller (Applied Biosystems, Grand Island, NY).

FISH

FISH on interphase nuclei from paraffin-embedded 3-μm-
thick sections was performed applying custom probes using
bacterial artificial chromosomes (BAC). The BAC clones
were selected using “CloneCentral human BAC Clone
Locator” from Empire Genomics (http://www.empire
genomics.com/CloneCentral/gene_search). Tumor tissues
on the slides were deparaffinized and subjected to heat
pretreatment (pressure cooking for 10 min at full pressure)
in distilled water and then digested by incubation with
0.25% pepsin (Sigma, Taufkirchen, Germany) and 0.01M
HCl for 15 min at 37 °C. After rinsing twice in 2x SSC for
5 min, the tissues were dehydrated by immersing the slides
in 70, 85, and 100% ethanol for 1 min each at room tem-
perature and then air dried. The probes were diluted in
tDenHyb 2 (Insitus, Albuquerque, NM, USA) at a ratio of
1:25. The slides containing the tissue DNA probes (10 μl
per slide) were co-denatured in an in situ thermocycler
(System 1000, Perkin Elmer, Waltham, Massachusetts,
USA) at 83 °C for 12 min, annealed at 37 °C, and
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Fig. 1 Confirmation of fusion transcripts by RT-PCR. Two novel
fusion transcripts: a MATR3 exon 15 fused with TFE3 exon 4 (case 2);
b FUBP1 exon 17 fused with TFE3 exon 2 (case 6). c Fusion of
MED15 exon 8 with TFE3 exon 6 (case 1); d 5′MED15 probe (red,
centromeric) fused to the 3′TFE3 probe (green, telomeric) by fusion

FISH assay. e Fusion of ASPSCR1 exon 7 with TFE3 exon 5. f A
novel fusion type PRCC exon 5 fused with TFE3 exon 4 (case 3). g
Fusion of SFPQ exon 6 with TFE3 exon 2 (case 7). h Fusion of NONO
exon 7 with TFE3 exon 6 (case 18)

RNA sequencing of Xp11 translocation-associated cancers reveals novel gene fusions and distinctive. . . 1351



hybridized in a humidified chamber at 37 °C overnight.
After post-hybridization washing in 0.4× SSC (70 °C for 2
min) and 2× SSC (room temperature for 2 min), a coverslip
was added to the slides with 10 ml of 4,6-diamino-2-phe-
nylindole for counterstaining.

A split probe assay to identify TFE3 gene rearrangement
has been performed at the time of diagnosis. A fused or

closely approximated green–red signal pattern was inter-
preted as a normal result, whereas a split signal pattern
indicated the presence of a TFE3 translocation. The signals
were considered to be split when the green and red signals
were separated by a distance ≥2 signal diameters. In addi-
tion, validation of genes that identified as potential fusion
partners in the RNA-sequencing experiment but not

Fig. 2 Xp11 translocation-associated cancers involving MED15-TFE3
gene fusion. a, b Case 20 showed an extensively cystic architecture,
featuring thin fibrous septa of cells with abundant clear to granular
cytoplasm and closely mimicking multilocular cystic renal neoplasm
of low malignant potential. The tumor cells showed diffuse cyto-
plasmic labeling for cathepsin K (c) and Melan-A (d). Case 21 (e) and
case 16 (f) were also extensively cystic, reminiscent of multilocular

cystic renal neoplasm of low malignant potential. g, h Case 22
demonstrated distinct cystic areas, mixed with solid and papillary
areas. i Case 19 metastasized to the lung showing a solid nested pat-
tern. j, k Case 1 demonstrated a nested architecture separated by a
delicate vascular network featuring purely epithelioid cells with focal
necrosis. Immunohistochemistry for PAX8 (l) was negative

1352 Xiao-tong Wang et al.



confirmed by RT-PCR was performed by fusion probe
assays, including SFPQ-TFE3, ASPSCR1-TFE3, PRCC-
TFE3, and MED15-TFE3 gene fusion probes. The frequent
fusion probes for FISH evaluation have been described
previously [44, 49]. For the MED15-TFE3 fusion assay, the
BAC clone RP11-586I18, located centromeric to the
MED15 gene locus, was labeled with 5-fluorescein-dUTP.
The BAC clone RP11-416B14, located telomeric to the
TFE3 gene locus, was labeled with 5-ROX-dUTP. A co-
localized signal represented a fusion between TFE3 and the
potential fusion partner.

For each case, a minimum of 100 tumor nuclei were
examined for probe signals by fluorescence microscopy at
×1000 magnification. To avoid false-positive interpretations
resulting from nuclear truncation, only nonoverlapping
tumor nuclei were evaluated. On the basis of the generally
accepted guidelines used by all other commercially avail-
able break-apart FISH assays and developed TFE3 break-
apart FISH assays, a positive score was reported when
>10% of the nuclei in the tumor tissue showed evidence of
TFE3 gene rearrangement or potential gene fusion.

Results

Fusion transcripts by RNA sequencing

Table 1 shows the clinicopathologic features for the 22
cases. All but two (case 21 and 22) of these neoplasms with
known TFE3 gene rearrangements demonstrated by TFE3
immunohistochemistry and TFE3 split FISH assay were
analyzed by RNA sequencing for fusion partners (Supple-
mentary material). Gene fusions were successfully detected
in 17 of 20 cases (85%), of which 11 (65%, 11/17) showed
relatively common gene fusions, involving ASPSCR1/
ASPL-TFE3 gene fusion (4 cases), PRCC-TFE3 gene fusion
(3 cases), SFPQ/PSF-TFE3 gene fusion (3 cases), and
NONO-TFE3 gene fusion (1 case). Four cases demonstrated
a rare TFE3-associated gene fusion, MED15-TFE3, which
was only identified in one case most recently [14]. Addi-
tionally, two novel TFE3-associated gene fusions were
identified including MATR3-TFE3 (1 case) and FUBP1-
TFE3 gene fusion (1 case). These gene fusions were vali-
dated by RT-PCR or FISH assay in all of the 17 cases. No
gene partner was identified in 3 cases by RNA sequencing.
Case 21 and 22 that we initially suspected to be MED15-
TFE3 renal cell carcinoma based on specific morphological
and immunophenotypic features proved to have MED15-
TFE3 fusion signals by fusion FISH. Histologic appearance
varied significantly among these cases.

First detailed morphologic and immunophenotypic
description of TFE3-rearranged cancers involving
MED15-TFE3 gene fusion

MED15-TFE3 gene fusion was identified by RNA
sequencing in 4 cases (cases 1, 16, 19, and 20) and by
fusion FISH probe in 2 cases (case 21 and 22). These
comprised 5 cases of Xp11 translocation renal cell carci-
noma (cases 16, 19, 20, 21, and 22) and 1 case of melanotic
Xp11 neoplasm (case 1). On the basis of this result, RT-
PCR further confirmed fusion transcript in case 1 showing
MED15 exon 8 fused to TFE3 exon 6 (Fig. 1c). The other 3
cases (cases 16, 19, and 20) were positive by the MED15-
TFE3 fusion probe FISH assay (Fig. 1d).

These five renal cell carcinomas (cases 16, 19, 20, 21,
and 22), harboring a MED15-TFE3 gene fusion, affected
two male and three female individuals (mean age 42.4
years, median 42 years). Four cases were free of disease
with 2–13 months of follow-up, whereas case 19 had
developed lung metastases after 15 years. Three of these
cases (cases 16, 20, and 21) demonstrated an extensively
cystic architecture featuring thin fibrous septa of variably
prominent clusters of cells with abundant clear to granular
cytoplasm, uniform round nuclei, and small inconspicuous
nucleoli, closely mimicking multilocular cystic renal neo-
plasm of low malignant potential (Fig. 2a, b, e, f). Case 22
demonstrated distinct cystic areas, merged with papillary
and solid structures lined by cells with clear to granular
cytoplasm (Fig. 2g, h). The primary renal cell carcinoma of
case 19 was composed of epithelioid cells with clear to
eosinophilic cytoplasm arranged in acinar, tubular, and
papillary formations. Hematoxylin and eosin sections of
case 19 involving lung showed a solid nested pattern
(Fig. 2i). A large nonstructured necrotic zone was readily
identifiable. None of these cases demonstrated melanin
pigment. In addition to diffuse, strong TFE3 and PAX8
labeling, all 5 cases labeled diffusely for melanocytic
markers cathepsin K and Melan A (Fig. 2c, d).

Case 1 was a 56-year-old man with a right renal mass
measuring 6 cm, and then developed kidney recurrence and
liver metastases after 2 years. The morphology was that of a
nested architecture separated by a delicate vascular network
featuring purely epithelioid cells with clear to finely gran-
ular eosinophilic cytoplasm, typical of melanotic Xp11
neoplasm, although melanin pigment was unidentifiable.
Nuclear atypia, defined nucleoli, and necrosis were also
observed, suggesting a relatively more aggressive behavior.
This case was diffusely immunoreactive for TFE3 and
melanocytic markers cathepsin K and Melan A, but nega-
tive for PAX8 (Fig. 2j, k, l).
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Novel MATR3-TFE3 and FUBP1-TFE3 gene fusions
identified in Xp11 translocation renal cell carcinoma

RNA sequencing followed by fusion gene analysis identi-
fied a novel fusion of MATR3 and TFE3 in case 2, which
was further confirmed by RT-PCR showing exon 15 of
MATR3 (matrin 3, 5q31.2) fused to exon 4 of TFE3
(Fig. 1a). This neoplasm was an 8.5 cm right renal tumor in
a 46-year-old woman. This tumor showed predominance of
eosinophilic cells with voluminous, granular cytoplasm and
prominent nucleoli, arranged in a solid sheet-like pattern
with focal tubular areas. By immunohistochemistry, this
tumor was positive for TFE3 and PAX8, but negative for
cathepsin K and Melan A/HMB45. This patient recurred
after 1 year (Fig. 3a, b, c).

An additionally novel FUBP1-TFE3 gene fusion was
identified in 1 case (case 6) by RNA-sequencing method.
FUBP1 (far upstream element binding protein 1) is located
on chromosome 1 (1p31.1). Experimental validation by RT-
PCR confirmed a transcript composed of FUBP1 exon 17
fused to TFE3 exon 2 (Fig. 1b). The patient was a 52-year-
old male with a 4-cm right kidney mass. Microscopically,
the tumor was composed of trabecular and solid areas, with

focal hemorrhagic and necrotic changes. Tumor cells were
widely eosinophilic specifically and sometimes clear.
Psammoma bodies were also noted. Immunohistochemistry
analysis showed strong and diffuse expression of TFE3 and
PAX8, and no expression of the melanocytic markers
cathepsin K and Melan A/HMB45. (Fig. 3d, e, f)

Common known TFE3 molecular subtype with
unusual morphology

RNA sequencing on four renal cell carcinomas (cases 5, 9,
12, and 17) identified ASPSCR1/ASPL-TFE3 gene fusion.
RT-PCR demonstrated that the gene fusion points were
between exon 7 of ASPSCR1 and exon 5 of TFE3 in both
case 5 (Fig. 1e) and case 17. Fusion FISH assay succeeded
to detect the fusion gene in other 2 cases. These cases
affected two females and two males, ranging from 20 to 62
years (mean, 40.8 years; median, 29.5 years). Micro-
scopically, in all 4 cases, a distinct branching, papillary
structure composed of large tumor cells without cellular
cohesion, as would be expected of ASPSCR1/ASPL-TFE3
renal cell carcinoma, is lacking. The morphologic pattern of
case 5 was characterized by tubular to alveolar structures

Fig. 3 Xp11 translocation renal
cell carcinomas with novel
fusion partners, MATR3 and
FUBP1. a, b, c Case 2
demonstrated predominant
eosinophilic cells with
voluminous and granular
cytoplasm, and prominent
nucleoli. d, e, f Case 6 was
composed of trabecular and
solid areas, with psammoma
bodies, focal hemorrhagic and
necrotic changes
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with intervening hyalinized fibrous septae, populated by
neoplastic cells with eosinophilic granular cytoplasm. Case
9 showed predominantly micropapillary structures lined by
eosinophilic cells; a few of psammoma bodies were present
as well. Case 12 morphologically closely resembled col-
lecting duct carcinoma, showing an invasive tubulopapillary

pattern with desmoplastic response (Fig. 4a). Hobnail cells
were commonly found (Fig. 4b). Case 17 demonstrated
extensive sclerosis, hyalinization, calcification, and ossifi-
cation characterized by metaplastic bone formation, and was
contained of clear to eosinophilic cells with small irregular
nuclei and inconspicuous nucleoli (Fig. 4c, d). Three cases

Fig. 4 Unusual morphologic appearance of common known TFE3
molecular subtype. a–d ASPSCR1-TFE3 renal cell carcinoma. Case 12
(a, b) demonstrated an infiltrative ductal pattern with desmoplastic
response and hobnail cells are commonly found, resembling collecting
duct carcinoma. Case 17 (c, d) was composed of extensive sclerosis,
hyalinization, calcification, and ossification with clear to eosinophilic
cells. e–h PRCC-TFE3 renal cell carcinoma. Case 10 (e, f) demon-
strated more aggressive morphology, infiltrative growth pattern into
the surrounding parenchyma, high-grade atypia, and prominent

nucleoli. Case 13 (g, h) demonstrated predominant papillary structure
lined by high columnar and overlapping cells with grooves, reminis-
cent of tall cell variant of papillary thyroid carcinoma. NONO-TFE3
renal cell carcinoma. Case 18 (i, j) demonstrated branching tubules and
papillary structure, somewhat like ASPSCR1-TFE3 renal cell carci-
noma. Melanocytic mesenchymal neoplasm with SFPQ -TFE3 gene
fusion. Case 4 (k) demonstrated trabeculae and cords of epithelioid
clear cells with small round nuclei. Immunohistochemistry for PAX8
(l) was negative
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(cases 9, 12, and 17) showed strong positivity of the TFE3
immunohistochemistry; however, case 5 was negative. All 4
cases were typically PAX8 positive and cathepsin K
negative.

A total of three renal cell carcinomas (cases 3, 10, and
13) demonstrated PRCC-TFE3 gene fusion by RNA
sequencing. Sequencing of the PCR products revealed that
the fusion gene transcript consisted of a novel fusion type
PRCC exon 5 fused with TFE3 exon 4 in case 3 (Fig. 1f),
and PRCC exon 1 fused with TFE3 exon 6 in case 10.
Fusion FISH assay confirmed PRCC-TFE3 gene fusion in
case 13. These cases affected two females and one male,
ranging from 20 to 22 years (mean, 21 years; median, 20
years). Case 3 showed regions of papillary architecture and
areas with enlarged glandular lumen, both lined by clear to
eosinophilic cells with small irregular nuclei; relatively
extensive psammoma bodies could be seen. Case 10
demonstrated more aggressive morphology, infiltrative
growth pattern into the surrounding parenchyma, high-
grade atypia, prominent nucleoli, and necrosis (Fig. 4e, f).
Case 13 had predominant papillary structure characterized
by overlapping and high columnar cells with nuclear
grooves, a feature typically seen in tall cell variant of
papillary thyroid carcinoma (Fig. 4g, h). Nuclear TFE3 s-
taining was moderate or strong in 2 cases, but case
3 showed an equivocal pattern. PAX8 and cathepsin K were
strongly and diffusely expressed in every case.

There were two renal cell carcinomas (cases 7 and 8) and
1 case of melanotic Xp11 neoplasm (case 4) occurred in
kidney harboring SFPQ/PSF-TFE3 gene fusion. Sequen-
cing of the PCR products revealed that the fusion gene
transcript consisted of SFPQ exon 9 fused with TFE3 exon
6 in case 4, and SFPQ exon 6 fused with TFE3 exon 2 in
case 7 (Fig. 1g). The fusion gene of case 8 was further
validated by fusion FISH probe. Case 4 was a 28-year-old
male, characterized by trabecular and cords of purely epi-
thelioid cells with predominantly clear cytoplasm, small
round nuclei, and inconspicuous nucleoli (Fig. 4k). By
immunohistochemistry, this neoplasm was strong positive
for TFE3, cathepsin K, and HMB45, but not for PAX8
(Fig. 4l). Tumors from cases 7 and 8 were nearly identical
in histologic appearance, featuring papillary structure lined
by eosinophilic and occasionally clear cells. Subnuclear
vacuolization, a pattern that was characteristic of SFPQ-
TFE3 renal cell carcinoma, was not identified in two SFPQ-
TFE3 renal cell carcinomas. Case 8 expressed TFE3
immunohistochemistry definitely, but case 7 was equivocal.
These two cases were moderate to strong positive for
PAX8, but negative for cathepsin K and Melan-A/HMB45.

Case 18 was 47-year-old, found to have a 6.0-cm right
upper pole renal mass. To establish the initial diagnosis, the
TFE3 break-apart FISH was performed but the result was
not easily interpretable. The signals were separated by a

distance of nearly or less than 1 signal diameters, suspicious
of NONO-TFE3 or RBM10-TFE3 molecular subtype. Given
strongly positive staining for TFE3, RNA sequencing was
used to further describe the molecular abnormality and
demonstrated NONO-TFE3 gene fusion in this case. RT-
PCR then confirmed this gene fusion showing exon 7 of
NONO fused to exon 6 of TFE3 (Fig. 1h). The predominant
pattern of this case was that of branching tubules and
papillary structure with hyalinized fibrovascular cores lined
by several layers of eosinophilic cells with small, irregular
nuclei lacking of cellular cohesion focally, somewhat like
ASPSCR1-TFE3 renal cell carcinoma (Fig. 4i, j). Sub-
nuclear vacuolization, also characteristic of NONO-TFE3
renal cell carcinoma, was not observed. This case was
positive for PAX8, and negative for both cathepsin K and
Melan A/HMB45 by immunohistochemistry.

Three TFE3-rearranged cancers with unknown
fusion partner

These included two Xp11 translocation renal cell carcino-
mas (cases 11 and 14) and 1 case of melanotic Xp11 neo-
plasm located in the adrenal gland (case 15). The
clinicopathologic features are summarized in Table 1. Case
11 showed a combination of acinar, tubular to papillary
architecture composed of large polygonal cells with gran-
ular eosinophilic cytoplasm and prominent nucleoli. Mas-
sive necrosis and a few psammoma bodies were present.
Case 14 showed nested solid architecture dominated by
clear to eosinophilic cells with inconspicuous nucleoli. Case
15 showed purely clear cell epithelioid morphology and
nested to alveolar architecture, with evident melanin pig-
ment. Immunohistochemistry of TFE3 revealed strong,
diffuse nuclear immunoreactivity in all 3 cases. Case 11 and
case 14 were positive for PAX8 but not for cathepsin K and
Melan-A/HMB45. Case 15 had an opposite immunohisto-
chemical profile, being positive for cathepsin K and Melan
A but not for PAX8.

Discussion

In this study, we performed a comprehensive genomic
characterization by applying combined molecular meth-
odologies, RNA sequencing, FISH, and RT-PCR, to define
TFE3 fusion partners of Xp11 translocation-associated
cancers, as well as to establish possible correlations
between TFE3 molecular subtype and the distinct patholo-
gic features. The cases were initially screened for TFE3
gene rearrangement by TFE3 break-apart FISH assay, fol-
lowed by RNA sequencing to further characterize the fusion
transcripts. We also corroborated the results using fusion
FISH assays and RT-PCR.
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Our study reveals important findings. We identified five
cases of Xp11 translocation renal cell carcinoma with
MED15-TFE3 gene fusion, and first described the special
morphology and immunophenotype of this entity. As
known, only a single case of MED15-TFE3 renal cell car-
cinoma has been reported previously, but the details of the
clinical, morphologic, immunohistochemical features and
images of this genotype were not presented [14]. In our
study, we found that certain morphologic features could be
linked to the MED15-TFE3 renal cell carcinoma, which
frequently demonstrated extensively cystic architecture,
similar to multilocular cystic renal neoplasm of low
malignant potential. We also note that a total of seven Xp11
translocation renal cell carcinomas with unknown fusion
partner have been reported to demonstrate extensively
cystic architecture but only 4 cases were provided their
immunohistochemical features showing strong labeling for
cathepsin K and/or Melan A [7, 18, 26, 50]. It is possible
that MED15-TFE3 renal cell carcinomas are associated with
melanotic differentiation, as cathepsin K and melanotic
biomarker Melan A expression were found in all 5 cases in
our study and 4 potential cases reported by Rao et al. [18].
and Argani et al. [7, 26]. Perhaps, the presence of MED15-
TFE3 gene fusion in Xp11 translocation renal cell carci-
noma can be suspected due to its special morphologic and
immunohistochemical features. As noted thatMED15-TFE3
renal cell carcinoma is morphologically overlapping with
multilocular cystic renal neoplasm of low malignant
potential but the latter is a borderline tumor, distinguishing
these two tumors is of major importance. In addition, we
also reported the first case of melanotic Xp11 neoplasm
harboring identical MED15-TFE3 gene fusion, which pre-
sented as malignant biological behavior with kidney
recurrence and liver metastases at 2 years. This gene fusion
has not been previously reported in the melanotic Xp11
neoplasms until now. Although both of MED15-TFE3 renal
cell carcinoma and its mesenchymal counterpart express
cathepsin K and Melan A, the distinct morphology (purely
epithelioid morphology, melanin pigment) and immuno-
histochemical profile (PAX8 negative) are the clues to the
diagnosis of melanotic Xp11 neoplasms.

Additionally, we identified four ASPSCR1/ASPL-TFE3,
3 SFPQ/PSF-TFE3, 3 PRCC-TFE3, and 1 NONO-TFE3 in
this study. The first three gene fusions emerge as relatively
prevalent genetic events among Xp11 translocation-
associated cancers. Although NONO-TFE3 gene fusion is
rare, recent advances help develop an improved under-
standing of clinicopathologic characteristics associated with
this molecular subtype [5, 7]. The specific molecular sub-
type of Xp11 translocation renal cell carcinomas may have
its own dominant morphologies. ASPSCR1-TFE3 gene
fusion is associated with voluminous clear cytoplasm, dis-
crete cell borders, an alveolar or papillary growth pattern,

and psammoma bodies [51], whereas PRCC-TFE3 renal
cell carcinoma tends to possess a nested growth pattern,
smaller cells with less abundant cytoplasm, and fewer cal-
cifications [17, 52]. NONO-TFE3 renal cell carcinoma fre-
quently demonstrates a biphasic pattern that contains sheets
of epithelial cells and glandular/tubular or papillary archi-
tecture, lined with high columnar cells and the nuclei
toward the luminal surface leading to the appearance of
secretory endometrioid subnuclear vacuolization [5, 7].
Subnuclear vacuolization was also characteristic of SFPQ-
TFE3 renal cell carcinoma [7, 45]. However, cases of pre-
valent TFE3 molecular subtypes submitted in this study
showed a wide variability in morphologic features, such as
invasive tubulopapillary pattern reminiscent of collecting
duct carcinoma, extensive calcification and ossification, and
overlapping and high columnar cells with nuclear grooves
mimicking tall cell variant of papillary thyroid carcinoma.
Furthermore, we noted considerable morphological hetero-
geneity in these cases despite an identical gene fusion. Our
study expands the morphologic spectrum of the existing
molecular subtypes of Xp11 translocation-associated can-
cers. Given the unusual morphologic appearances observed
in this study, these cases could not confidently be sub-
classified into any of the existing molecular subtypes of
Xp11 translocation-associated cancers. As such, we applied
RNA sequencing to establish their TFE3 fusion gene part-
ners, interestingly more than half of the cases (65%, 11/17)
still demonstrating the commonly identified TFE3 gene
fusion partners. Our study findings indicate that Xp11
translocation-associated cancers confirmed by split TFE3
FISH assay could be further worked up by conventional
molecular techniques, such as fusion FISH assay and RT-
PCR, to exclude common molecular subtypes, even if the
morphologic features are not typical.

We also discovered two novel TFE3 fusion partners,
MATR3 and FUBP1, which expanded the molecular spec-
trum of Xp11 translocation renal cell carcinomas. These
two gene fusions were confirmed by RT-PCR demonstrat-
ing the fusion of MATR3 exon 15 with TFE3 exon 4, and
the fusion of FUBP1 exon 17 with TFE3 exon 2. MATR3,
which encodes the nuclear matrix protein matrin 3, is
involved in multiple nuclear processes [53–55]. Interest-
ingly, MATR3 has been reported as a cause of the neuro-
degenerative disease familial amyotrophic lateral sclerosis,
interacting with the RNA binding protein TDP-43 [56].
However, it is unknown what the exact role of MATR3 in
MATR3-TFE3 fusion of Xp11 translocation renal cell car-
cinomas is. FUBP1 was first discovered as a transcriptional
regulator of the proto-oncogene c-Myc, with important roles
in a number of cellular processes including differentiation,
cell proliferation, apoptosis, or cell death through the effects
of transcription, mRNA stability, and translation [57–59].
FUBP1 is also involved in the apoptosis, proliferation,
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and migration of tumor cells, suggesting that the gene
plays an important role in tumor initiation and progression
[60–62]. In addition, it has been shown that different TFE3-
related gene fusions may have different clinicopathologic
features of Xp11 translocation renal cell carcinomas.
However, our limited clinical data could not yet yield
definitive associations of the novel subtypes with clin-
icopathologic features.

As there is considerable morphological overlap among
molecular subtypes of Xp11 translocation renal cell carci-
nomas and morphologic classification alone can be chal-
lenging, we applied multiple methodologies, including
FISH, RT-PCR, and RNA sequencing, to provide an
accurate classification, and evaluated their abilities to sub-
classify Xp11 translocation renal cell carcinomas respec-
tively. In clinical practice, immunohistochemical analysis
with a TFE3 antibody, as an important means of initial
screening, is performed most frequently to support or refute
the suspected diagnosis of Xp11 translocation-associated
cancers. However, TFE3 immunohistochemistry alone
cannot be fully trusted for this diagnosis, which can show
false-positive, false-negative, and equivocal results [18, 26].
In this study, we found that 19 of the 22 Xp11 translocation-
associated cancers (86%) were unequivocally positive for
TFE3 by immunohistochemistry, but three were negative or
equivocal (14%). In addition, TFE3 immunohistochemistry
cannot provide information as to fusion partner subtype.
The TFE3 break-apart FISH assay has proven to be very
useful for detecting TFE3 gene rearrangement in Xp11
translocation-associated cancers, often resolving cases in
which the morphologic or clinical suspicion is high but
TFE3 immunohistochemistry is negative or equivocal.
However, recent advances allow being aware that the false-
negative rate of TFE3 FISH has been increasing, as the
current TFE3 break-apart probe design could not effectively
detect NONO-TFE3, RBM10-TFE3, and GRIPAP1-TFE3
genotypes, all of which involve an inversion of chromo-
some X [5, 8, 9, 28–30]. We developed a novel MED15-
TFE3 fusion FISH assay to detect the specific fusion gene.
In combination with previously established ASPSCR1-
TFE3, PRCC-TFE3, SFPQ-TFE3, and NONO-TFE3
fusion FISH probes [5, 7, 30, 44, 49], fusion FISH assays
provide a supplementary method to subtyping Xp11
translocation-associated cancers. RT-PCR is a highly spe-
cific and objective technique that allows detection of TFE3-
associated fusion gene transcripts, but it usually requires
high-quality RNA (i.e., fresh-frozen samples) and the pri-
mers are the genes known to be involved in the gene fusion,
which only identifies known fusion variants and reduces
sensitivity to detect specific TFE3 fusion partners. In this
study, we also applied the latest transcriptome analysis,
RNA sequencing, which was a highly sensitive method best
suited for unknown gene fusion discovery. It also requires

high-quality RNA, although TFE3 fusion transcripts can be
detected whatever the fusion partner in both formalin-fixed
paraffin-embedded material and fresh frozen samples. Three
samples with no identifiable gene fusions in our study were
all obtained from old formalin-fixed paraffin-embedded
material, although the oldest detectable sample was from 10
years ago. Moreover, this approach has the advantage of a
high sensitivity but probably leads to false-positive results,
which should be left to those with considerable experience.
To validate the results of RNA sequencing, fusion FISH
assay is the preferred method than RT-PCR. As each
method has its benefits and drawbacks, they can make up
each other’s limitation when used in combination with
multiple methods.

In summary, we provide the first detailed morphologic
and immunophenotypic description of the Xp11 transloca-
tion renal cell carcinoma with MED15-TFE3 gene fusion.
Certain clinicopathologic features have been linked to this
specific molecular subtype. In addition to the MED15-TFE3
renal cell carcinoma, we also reported the first case of the
corresponding mesenchymal neoplasm with MED15-TFE3
gene fusion. Histologic appearance varied significantly
among neoplasms with ASPSCR1-TFE3, PRCC-TFE3,
SFPQ-TFE3, and NONO-TFE3 gene fusions, expanding
our understanding of morphologic heterogeneity of Xp11
translocation-associated cancers. Furthermore, RNA
sequencing identified two novel TFE3 fusion partners,
MATR3 and FUBP1, which broaden the list of TFE3 gene
fusion partners. The association between novel TFE3 gene
fusions with clinicopathologic features requires further
studies. Our study also highlights the importance of com-
bining morphology, immunohistochemistry, and multiple
molecular techniques to make an accurate classification of
Xp11 translocation-associated cancers.
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