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A subset of renal cell carcinomas shows TFEB overexpression secondary to MALAT1-TFEB gene fusion. As
alternate mechanisms of TFEB overexpression are likely to have the same effect, we sought to determine the
frequency of amplification of TFEB and the adjacent VEGFA gene at 6p21.1. As patients with metastatic renal cell
carcinomas are managed with anti-VEGF therapies, we retrospectively assessed therapeutic response in
patients with amplified tumors. Amplification status was analyzed for 875 renal cell carcinomas from our
institution, a consultative case and 794 cases from The Cancer Genome Atlas. Cases were classified as having
low level (5–10 copies), and high-level amplification (410 copies), and were further analyzed for adjacent
oncogene copy number status (n=6; 3 single-nucleotide polymorphism genomic microarray, 3 The Cancer
Genome Atlas) and structural rearrangements (n= 1; mate-pair sequencing). These were then reviewed for
histopathology, immunophenotype, and response to VEGF-targeted therapy on follow-up. In all, 10/875 (1.1%)
institutional cases, 1 consultative case, and 3/794 (0.4%) of The Cancer Genome Atlas cases showed TFEB high-
level amplification, while 14/875 (1.6%) cases showed TFEB low-level amplification. All cases had associated
VEGFA amplification. This was confirmed with evaluation for copy number changes (n=6). The 6p21.1 high and
low-level amplified tumors occurred in adults (mean age: 66), with over half being ≥pT3 (13/25, 52%), and most
showed oncocytic, tubulopapillary features and high grade (≥grade 3: 20/22, 91%). These were aggressive
tumors with metastasis and death from renal cell carcinoma in 11 (of 24, 46%) cases. Four patients received
targeted therapy and had a mean survival of 31 months (range: 17–50) post nephrectomy. In summary, a group of
aggressive renal cell carcinomas show genomic amplification of the 6p21.1 region including TFEB and VEGFA
genes and share morphologic features. Additional studies are warranted to determine whether these patients
respond to anti-VEGF therapy.
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Historically, renal cell carcinoma has been categor-
ized into a few general subtypes. While specific
genetic abnormalities have been known to occur
with high frequency in these subtypes, the categor-
ization had been largely based on morphologic
features. Over the past several years, studies have

shown that renal cell carcinoma consists of a much
larger variety of subtypes with different genetic
drivers, with many subtypes exhibiting distinct
(albeit at times overlapping) histologic features,
clinical course, and response to therapy.1 Tumors
traditionally classified as papillary renal cell carci-
noma in particular represent a heterogenous group of
renal cell carcinomas requiring further definition.1
Indeed, within this group several distinct tumors
associated with specific disease defining genetic
abnormalities have been recently characterized, such
as TFE3 translocation-associated renal cell carci-
noma and hereditary leiomyomatosis and renal cell
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carcinoma-syndrome-associated renal cell carci-
noma, and more are yet to be defined.1

The recently characterized TFEB-rearrangement-
associated renal cell carcinoma is defined by a
specific recurrent chromosomal translocation, t(6;11)
(p21;q12) and is associated with distinct histologic
and clinical features. The t(6;11) results in fusion of
the untranslated metastasis-associated lung adenocar-
cinoma transcript 1 (MALAT1) gene to the MITF
transcription factor family member, transcription
factor EB (TFEB) gene.2 This fusion leads to over-
expression of TFEB.2 Conceptually, if overexpression
of TFEB, at least in part, drives oncogenesis, alternate
molecular mechanisms of increased TFEB expression,
such as gene amplification, are likely to exist as well.
Indeed, a recent study reported a single case of TFEB
amplification, that also had a concurrent t(6;11)(p21;
q12).3 This was followed by additional reports of
TFEB amplification-associated renal cell carcinomas,
including recent series of eight and three cases.4–7 As
the frequency of such amplification events is not
known, we screened a large, subtype-specific, con-
secutive series of renal cell carcinomas from a single
institution for TFEB amplifications by fluorescence
in situ hybridization (FISH).

Gene amplification is well established as a
significant mechanism of carcinogenesis and cancer
progression, and it is often associated with high-level
expression of the related protein products. The genes
involved are typically associated with cell prolifera-
tion and cell cycle regulation such that overexpres-
sion results in uncontrolled tumor growth. While
such amplification events confer a significant survi-
val advantage to tumor cells, the tumor typically
becomes addicted to these products. Therefore, gene
amplifications offer a point of potential susceptibil-
ity for tumors and thus opportunity for therapy with
agents targeting the protein products of the amplified
gene or target proteins upon which they act.

Significantly, the TFEB gene lies immediately
adjacent to other genes at 6p21.1 that are of known
importance in oncogenesis such as RUNX2, CCND3,
and VEGFA. Amplifications of vascular endothelial
growth factor A (VEGFA), for instance, have been
reported in a small but remarkably aggressive
subgroup of colorectal cancers, while in osteosarco-
mas it is considered a predictor of poor tumor-free
survival.8 Most importantly, advanced VEGFA-
amplified hepatocellular carcinomas were found to
be distinctly sensitive to sorafenib, a first-line drug
that targets multiple kinases, including VEGF recep-
tors (VEGFRs).9 In renal cell carcinomas, up to 30%
of patients have metastases at presentation and
management of metastatic disease relies on anti-
angiogenic therapies with drugs such as sunitinib
and pazopanib, as well as a number of other agents.10

The goal of our current study was to define the
frequency of TFEB gene region amplification in renal
cell carcinoma and to further characterize clinical
and pathologic features. Given the proximity of
TFEB and VEGFA, and the potential clinical

implications of VEGFA amplifications, we also
sought to determine the frequency of VEGFA gene
amplification by FISH and to better define the region
of amplification at chromosome 6p21.1 with the aid
of single-nucleotide polymorphism genomic micro-
array and by mate-pair next-generation sequencing
in a subset of amplified cases. Herein, we report the
results of these findings and suggest that these
results may have significant implications in treat-
ment of some patients with aggressive renal cell
carcinoma.

Materials and methods

Patient Specimens

The study consisted of subtype-specific, consecutive
series of renal cell carcinomas from 875 patients
diagnosed and treated by radical nephrectomy at a
single institution between 1970 and 2012, including
394 patients with papillary renal cell carcinoma, 310
patients with clear cell renal cell carcinoma, 130
cases with chromophobe renal cell carcinoma, and
41 cases of renal cell carcinoma, unclassified as
defined by the WHO classification. Apart from
having carried a diagnosis of renal cell carcinoma
and tissue available for analysis, cases were not
otherwise selected for the study based on histo-
pathologic or clinical criteria, and cases were a
consecutive surgical series of renal cell carcinoma
subtypes. Tissue microarrays were constructed from
these cases using four, 1.0 mm cores of representa-
tive formalin-fixed, paraffin-embedded tissue from
each tumor, and these tissue microarrays were
utilized for screening FISH studies. Validation of
FISH results as well as immunohistochemistry was
performed on representative whole-slide sections.
An additional case of papillary renal cell carcinoma,
received in consultation from an external institution
(PR, Department of Pathology, MD Anderson Cancer
Center, Houston, Texas) as a part of routine clinical
practice, was shown to have TFEB amplification, and
was also included (876 total cases). Each case was
independently reviewed for histologic features by
three urologic pathologists (SG, JCC, and WRS).

Fluorescence In Situ Hybridization

Screening FISH studies were performed on unstained
tissue slides from each tissue microarray using a
laboratory developed, break-apart strategy probe for
detection of TFEB rearrangement and a laboratory-
developed VEGFA enumeration probe according to
established methods.11,12 Probe amplification was
defined as the presence of an average of five or more
copies of the probe per tumor nucleus. Cases were
classified into two groups based on TFEB probe status:
low-level amplification (5–10 copies) and high-level
amplification (410 copies). All cases identified as
amplified by tissue microarray screening were
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subsequently shown to have TFEB and/or VEGFA
amplification on reassessment of whole-tissue sections.

Immunohistochemistry

Immunohistochemistry for HMB45 (Dako, Carpin-
teria, CA, clone HMB45, 1:50), MelanA (Dako, clone
A103, 1:50), Cytokeratin7 (CK7; Dako, clone OV-TL
12/30, 1:50-1:100), β-Catenin (Ventana Medical Sys-
tems, Tuscon, AZ, clone 14, prediluted), and
E-Cadherin (Invitrogen, Carlsbad, CA, clone 4A2C7,
prediluted) was performed on representative whole-
tissue sections. β-Catenin and E-Cadherin expression
was assessed to evaluate for Wnt signaling activation
secondary to a DEK-ARMC12 rearrangement.

Single-Nucleotide Polymorphism Genomic Microarray

To better define the nature of the amplicons identified
by FISH studies, two cases shown to have high-level
amplification of both TFEB and VEGFA and one case
showing TFEB high-level amplification only were
also analyzed by single-nucleotide polymorphism
genomic microarray (Oncoscan, Affymetrix). Briefly,
formalin-fixed, paraffin-embedded tumor tissue was
macrodissected from unstained slides and the geno-
mic DNA then extracted. After DNA quantitation by
Qubit, samples were processed for the Affymetrix
OncoScan platform following the manufacturer’s
recommended protocol. Data files were analyzed
utilizing the Affymetrix ChAS software.

Mate-Pair Sequencing

A single case shown to have TFEB/VEGFA amplifi-
cation by FISH and microarray analysis was sub-
jected to mate-pair next-generation genetic
sequencing. In brief, DNA was extracted from snap-
frozen fresh tissue stored at −80 °C and mate-pair
next-generation genetic sequencing libraries were
assembled from whole-genome DNA using the
Illumina Nextera MP library preparation kit and
were sequenced on the Illumina HiSeq 2500 in rapid
run mode as previously described.13 Pooled libraries
were sequenced using 101-basepair reads and paired
end sequencing. Paired reads were mapped to the
human GRCh38 reference genome using 32-bit
binary indexing of the genome as previously
described.13 Discordant mate-pair reads mapping
415 kb apart or in different chromosomes were
selected for further analysis. A mask was used to
eliminate common variants and discordant frag-
ments from experimental or algorithmic errors.

Literature Review and Data Extraction From the
Cancer Genome Atlas Project

The publicly available cBioPortal.32e34 platform
was used to analyze data from The Cancer Genome

Atlas project related to renal cell carcinomas for
copy number alterations of the TFEB and VEGFA
genes and led to the identification of three TFEB-
VEGFA-co-amplified renal cell carcinomas (two
papillary renal cell carcinoma and one clear cell
renal cell carcinoma) from a cohort of 794 cases
(clear cell renal cell carcinoma: 448; papillary renal
cell carcinoma: 280; chromophobe renal cell carci-
noma: 66). Thirteen other cases were previously
reported in the literature, with known amplifications
of TFEB and without documentation of VEGFA
amplification status.3–7 A single case showed
concurrent t(6;11)(p21;q12) rearrangement, without
VEGFA amplification status having been reported.3

Statistical Analysis

Frequency counts and percentages were used to
analyze continuous clinicopathologic variables. Sta-
tistical significance, where applicable, was assessed
with tests that were two-sided, with Po0.05 con-
sidered to be statistically significant.

Results

Renal Cell Carcinoma With High-Level 6p21.1
Amplification

We identified a total of 10 (of 875; 1.1%) cases of
renal cell carcinoma with high-level (410 copies)
TFEB amplification (papillary renal cell carcinoma:
7/394, 1.8%; clear cell renal cell carcinoma: 1/310,
0.3%; chromophobe renal cell carcinoma: 0/130,
0%; renal cell carcinoma, unclassified: 3/41, 7.3%)
through screening of institutional tumor tissue
microarrays by FISH for TFEB (Table 1, cases 1–9
and 11). We also identified an additional case from
an outside institution (Table 1, case 10). FISH for
VEGFA copy number showed co-amplification at a
level equivalent to that of TFEB in nine (of 10) cases.
One case showed high-level amplification of TFEB
without high-level amplification of VEGFA, although
FISH did show an overall gain in VEGFA copy
number of approximately five copies per nucleus on
average (low-level amplification).

The clinical and pathologic features for our cases
of renal cell carcinoma with high-level 6p21.1
amplification are summarized in Tables 1 and 2.
The average age at diagnosis was 67 years (range
34–83) with a slight male predominance (eight males
vs three females). Most tumors were originally
classified as papillary renal cell carcinoma by histo-
logic assessment (7/11; 64%). Associated diseases
and neoplasia were documented to screen for
potential syndromic associations; however, no con-
sistently associated conditions were identified.

The tumor size ranged from 1.8 to 18.5 cm (mean
8.5 cm) and the majority were tumor stage pT3 or
higher (7/11; 64%). By histopathologic examination,
most tumors showed a distinct appearance with
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predominantly tubulopapillary architecture (Figure 1;
Table 2, 10/11, 91%). Areas with a more nested
growth were also common as either a primary or
secondary growth pattern, and tumor cells were
primarily oncocytic (10/11; 91%), with clear cell
morphology as a prominent finding in some cases
(Supplementary Figure 1). Characteristic histopatho-
logic features, which have been reported for t(6;11)
(p21;q12)-associated renal cell carcinomas, include a
biphasic morphology. Similar, distinct biphasic mor-
phology was not a prominent feature of high-level
amplified tumors, with only three cases showing
areas reminiscent of biphasic morphology
(Supplementary Figure 2). No definitive TFEB rear-
rangement was detected in these cases, in addition to
amplification, as was described in a single case by
Peckova et al.3 The tumors were characterized by
adverse histologic features with almost all showing a
high International Society of Urologic Pathology grade
and half showing tumor necrosis. However, no cases
showed sarcomatoid features and only a single case
showed rhabdoid features.

Immunohistochemistry for CK7 was performed in
all 11 cases and for HMB45 and MelanA in 10 cases
(Table 3). CK7 immunostaining was identified in
greater than half of cases, commonly in a focal to
patchy pattern, and was associated with areas with

tubulopapillary architecture (6 of 11, 55%). MelanA
expression was identified in a majority of cases
(7 of 10, 70%; Supplementary Figure 3); however,
HMB45 expression was less common and identified
in only a single case (1 of 10, 10%). Overall, these
findings are similar to three cases identified in The
Cancer Genome Atlas data set and are consistent
with what has been reported in the literature3–7
(Supplementary Tables 1b).

Renal Cell Carcinoma With Low-Level 6p21.1
Amplification

Prior studies have proposed a cutoff of 410 copies of
TFEB.6 However, as 6p21.1-amplified renal cell
carcinomas are a recently described entity, the cutoff
for amplification, as identified by FISH, still needs to
be defined.3–7 Therefore, we screened tissue micro-
arrays for low-level TFEB amplification (5–10 copies),
in order to characterize them and compare these cases
to a cohort of TFEB high-level amplification cases
(410 copies), with all cases being managed uniformly
at a single institution. A total of 14 (of 875, 1.6%)
cases of renal cell carcinoma with TFEB low-level
amplification were identified (papillary renal cell
carcinoma: 8/394, 2%; clear cell renal cell carcinoma:
2/310, 0.7%; chromophobe renal cell carcinoma:

Table 1 Cases with TFEB amplification (410copies): clinical features

Case No. Age Gender Initial RCC classification Associated diseases/neoplasia

1 34 Male Papillary renal cell carcinoma None
2 80 Male Papillary renal cell carcinoma Prostatic adenocarcinoma
3 65 Female Papillary renal cell carcinoma None
4 69 Female Papillary renal cell carcinoma Glucagonoma,

hyperparathyroidism, exostosis
5 78 Male Papillary renal cell carcinoma Prostate adenocarcinoma;

indeterminate lung nodule
6 62 Male Clear cell renal cell carcinoma Metastatic and recurrent

lung adenocarcinoma
7 70 Male Papillary renal cell carcinoma None
8 83 Male Renal cell carcinoma,

unclassified
None

9 56 Male Renal cell carcinoma,
unclassified

Prostate adenocarcinoma

10 73 Male Renal cell carcinoma,
unclassified

NA

11 68 Female Papillary renal cell carcinoma None
Cases with 410 copies (n=11) 67.1 Male: 8;

Female: 3
Papillary: 7; unclassified: 3;
clear cell: 1

No recurrent pattern

Cases with 5–10 copies (n=14) 65.6NS (Male: 9;
Female: 5)NS

Papillary: 8NS; chromophobe:
3; clear cell: 2; unclassified: 1

No recurrent pattern

(Combined) Cases with
≥5 copies (n=25)

66.2 Male: 17;
Female: 8

Papillary: 15; unclassified: 4;
clear cell: 3; chromophobe: 3

No recurrent pattern

Cases with 410 copies
(The Cancer Genome Atlas &
Literature Search)3–7 (n=16)

61.5 Male: 5;
Female: 10

Papillary: 2; unclassified: 2;
clear cell: 1; favor
translocation: 1

Data not available

All Cases (n=41) 64.5 Male: 22;
female: 18

Papillary: 17; unclassified: 6;
clear cell: 4; chromophobe: 3;
favor translocation: 1

No recurrent pattern

Abbreviation: NS, not statistically significant.
Age is depicted in years; NS, high-level amplification vs low-level amplification.
Clinical Features, TFEB low-level amplification: see Supplementary Table 1A; clinical features, The Cancer Genome Atlas and Literature Search:
see Supplementary Table 1B.
The text in bold highlights the summarized results for 25 new cases identified in our study.
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Table 2 Cases with TFEB amplification (410 copies): gross and histopathologic findings

Case No. Laterality Size pT

International Society of
Urological Pathology

Grade Necrosis
Sarcomatoid

change
Rhabdoid
change Renal cell carcinoma histopathology

1 Right 9 pT3c 3 + − − High-grade papillary, oncocytic, focal areas
with clear cell morphology

2 Left 1.8 pT1a 3 + − − High-grade tubulopapillary, oncocytic
3 Left 9.5 pT3a 3 + − − High-grade tubulopapillary, oncocytic
4 Right 2.5 pT1a 2 − − + Intermediate-grade, clear cell, oncocytic &

tubulopapillary, with biphasic features
5 Right 5.5 pT3c 3 − − − High-grade tubulopapillary, oncocytic, with

biphasic features
6 Left 13 pT2b 2 + − − Intermediate grade, clear cell & oncocytic
7 Left 10 pT2a 4 − − − High-grade, solid, cystic & tubulopapillary.

Cystic: oncocytic with voluminous
cytoplasm. Tubulopapillary: clear cell &
oncocytic areas. Papillary areas with luminal
clear cell features.

8 Right 6.5 pT3c 4 − − − High-grade tubulopapillary, oncocytic
9 Left 13 pT3a 4 − − − High-grade tubulopapillary, oncocytic,

focally biphasic; areas with clear cell change
10 Data not

available
3.7 pT3a 3 + − − High-grade tubulopapillary, oncocytic, focal

nested growth pattern
11 Right 18.5 pT3c 3 − − − High-grade tubulopapillary, oncocytic, with

areas of clear cell change
Cases with 410 copies
(n=11)

Right: 5;
Left: 5

8.5 ≥pT3=7/11 ≥Grade 3=9/11 5/11 0/11 1/11 2 of 3 Features (high-grade/ tubulopapillary/
oncocytic) = 10/11

Cases with 5–10 copies
(n=14)

(R:8; Left:6)
NS

9NS ≥pT3=6/14NS ≥Grade 3=11/11NS 7/14NS 1/14NS 2/14NS 2 of 3 Features (high-grade/tubulopapillary/
oncocytic) = 9/14NS

(Combined) Cases with ≥ 5
copies (n=25)

Right: 13;
Left: 11

8.8 ≥pT3=13/25 ≥Grade 3=20/22 12/25 1/25 3/25 2 of 3 Features (high-grade/tubulopapillary/
oncocytic) = 19/25

Cases with 410 copies
(The Cancer Genome Atlas
and Literature Search)3–7

(n=16)

Right: 3;
Left: 1

9.1 ≥pT3=9/15 ≥Grade 3=10/10 8/10 0/1 0/1 2 of 3 Features (high-grade/tubulopapillary/
oncocytic) = 14/16

All cases (n=41) Right: 16;
Left: 12

8.9 ≥pT3=22/40 ≥Grade 3=30/32 20/35 1/26 3/26 2 of 3 Features (high-grade/tubulopapillary/
oncocytic) = 33/41

Abbreviation: NS, not statistically significant.
Size is depicted in cm; NS, high-level amplification vs low-level amplification.
Gross and histopathologic findings, TFEB low-level amplification: see Supplementary Table 2A; gross and histopathologic findings, The Cancer Genome Atlas and Literature Search: see
Supplementary Table 2B.
The text in bold highlights the summarized results for 25 new cases identified in our study.

M
o
dern

P
ath

o
lo

g
y
(2017)

30,
998

–1012

TFEB
-V
EG

FA
co-am

plified
renal

cell
carcinom

a

1002
S
G
upta

et
al



3/130, 2.3%; renal cell carcinoma, unclassified: 1/41,
2.4%; Supplementary Table 1a). In all cases, VEGFA
copy number was roughly equivalent to that of TFEB
by FISH.

With regard to clinical and pathologic features, a
similar trend was noted in cases with low-level
6p21.1 amplification as that seen in those with
high-level amplification. The average age at diag-
nosis was 66 years (range 46–81), and 6 of 14 cases
(43%) were staged as at least pT3a, with an average
tumor size of 9 cm. Sarcomatoid and rhabdoid
changes were rare, and these tumors were high
International Society of Urological Pathology grade
and half exhibited necrosis (Supplementary Tables
1a and 2a). Similarly, patchy CK7 expression
(6 of 14, 43%) and rare HMB45 staining (1 of 14,
7%) was seen. In contrast to cases with high-level
amplification, rare positivity for MelanA (2 of 14,
14%; Supplementary Figure 4) was identified
(Supplementary Table 3a).

Renal Cell Carcinoma With 6p21.1 Amplification (All
Cases Combined, ≥ 5 Copies)

As cases with TFEB high-level amplification (n=11)
and low-level amplification (n=14) exhibited similar
clinicopathologic features, the key characteristics of
all combined cases (n=25) have been summarized
here (Tables 1,2,3). Tumors were predominantly
diagnosed as papillary renal cell carcinoma (60%;
high-level amplification: 63.6%, low-level amplifica-
tion: 57.1%, P=0.75). The average age at diagnosis
was 66 years (high-level amplification: 67, low-level
amplification: 66, P=0.75), and 52% of cases were
staged as at least pT3a (high-level amplification: 64%,
low-level amplification: 43%, P=0.32), with an
average tumor size of 8.8 cm (high-level amplification:
8.5 cm, low-level amplification: 9.0 cm, P=0.78).
Rhabdoid change was seen in 12% (high-level
amplification: 9.1%, low-level amplification: 14.3%,
P=0.70) and sarcomatoid change in 4% (high-level
amplification: 0%, low-level amplification: 7.1%,

Figure 1 Histopathology: tubulopapillary pattern (Cases 7, 8, 9, and 10). Representative H&E-stained images of TFEB-VEGFA (6p21.1)-co-
amplified renal cell carcinomas showing oncocytic, tubulopapillary architecture ((a) Case 8; (b), Case 9; × 100 magnification).
Tubulopapillary features in a background of nested ((c) Case 10; × 200 magnification) as well as both oncocytic and clear cell areas are
depicted ((d) Case 7; × 100 magnification). TFEB, transcription factor EB; VEGFA, vascular endothelial growth factor A.
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Table 3 Cases with TFEB amplification (410 copies): ancillary studies

Case No.
Immunohistochemistry:
CK7

Immunohistochemistry:
MelanA

Immunohistochemistry:
HMB45

Immunohistochemistry:
miscellaneous

FISH: TFEB
high-level

amplification

FISH: VEGFA
high-level

amplification

Copy number
variation (single-

nucleotide
polymorphism

genomic
microarray)

1 + (Focal) + (Rare cells) Negative Not performed + + NP
2 + (Focal) Negative Negative Not performed + + NP
3 Negative Negative Negative Not performed + + NP
4 + (Tubulopapillary areas) + (Rare cells) Negative Not performed + + NP
5 + (Focal) + Negative Not performed + + NP
6 Negative + + (Rare cells) Not performed + + NP
7 + (Tubulopapillary areas) + (Rare cells) Negative Not performed + + TFEB/VEGFA

amplified@@

8 Negative + Negative Not performed + + TFEB/VEGFA
amplified@@

9 Negative Negative Negative Not performed + +@ TFEB/VEGFA
amplified@@

10 Negative Not performed Not performed Positive: PAX8, CAIX (weak),
p504S, CATHEPSIN K,
SDHB, PAN MELANOMA
(patchy), CD10 (focal);
negative: TFE3 and Vimentin

+ NP NP

11 + (Tubulopapillary areas) + (Rare cells) Negative Not performed + + NP
Cases with 410
copies (n=11)

6/11 7/10 1/10 Cathepsin K/TFEB: 1/1 11/11 10/10 TFEB: 3/3; TFEB/
VEGFA: 3/3

Cases with
5–10 copies
(n=14)

6/14NS 2/14* 1/14NS Not performed 14/14NS 14/14NS NP

(Combined)
Cases with ≥5
copies (n=25)

12/25 9/24 2/24 Cathepsin K/TFEB: 1/1 25/25 24/24 TFEB: 3/3; TFEB/
VEGFA: 3/3

Cases with 410
copies (The
Cancer Genome
Atlas and
Literature
Search)3–7

(n=16)

1/4 10/13 4/11 Cathepsin K/TFEB: 8/12 13/13 NP TFEB: 4/4; TFEB/
VEGFA: 3/3

All cases
(n=41)

13/29 19/37 6/35 9/13 38/38 24/24 TFEB: 7/7; TFEB/
VEGFA: 6/6

Abbreviation: NS, not statistically significant.
@, FISH (VEGFA), low-level amplification (≈5 copies/nucleus); @@, single-nucleotide polymorphism genomic microarray.
*Po0.01, Fisher’s exact test; NS, high-level amplification vs low-level amplification.
Ancillary studies, TFEB low-level amplification: see Supplementary Table 3A; ancillary studies, The Cancer Genome Atlas and Literature Search: see Supplementary Table 3B.
The text in bold highlights the summarized results for 25 new cases identified in our study. Gene names are italicized.
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P=0.38). These tumors were high International
Society of Urological Pathology grade (90.9%; high-
level amplification: 81.8%, low-level amplification:
100%, P=0.15) and half exhibited necrosis (48%;
high-level amplification: 45.5%, low-level amplifica-
tion: 50%, P=0.83). Immunophenotypic characteriza-
tion revealed a similar pattern of expression for CK7
(48%; high-level amplification: 54.5%, low-level
amplification: 42.9%, P=0.58) and HMB45 (8.3%;
high-level amplification: 10%, low-level amplifica-
tion: 7.1%, P=0.81). However, MelanA expression
did reveal a statistically significant difference (37.5%;
high-level amplification: 70%, low-level amplifica-
tion: 14.3%, P=0.01, Fisher’s exact test).

Amplicon Assessment by Single-Nucleotide
Polymorphism-Based Genomic Microarray

Microarray analysis was performed in two cases
shown to have high-level TFEB/VEGFA co-
amplification and the one case with only high-level

TFEB amplification associated with low-level ampli-
fication of VEGFA, and showed a structurally com-
plex amplicon in all cases (Figure 2 and Figure 3a).
All cases showed amplification of a region extending
from approximately position 41 283 633 to 48 027
731 (6.7 megabases) on the short arm of chrom-
osome 6 (Figure 3a). In addition, all cases showed
amplification of discontinuous regions adjacent to
this area extending further in both centromeric and
telomeric directions. No classic cytogenetic abnorm-
alities associated with papillary, clear cell, or
chromophobe renal cell carcinoma were identified
in these cases.

Mate-Pair Sequencing

Two adjacent areas of amplification were identified
on chromosome 6p in three consecutive cases
analyzed by single-nucleotide polymorphism geno-
mic microarray- Case 7 and 8 (unlike Case 9, which
demonstrated an isolated TFEB (6p21.1) high-level

Figure 2 Histopathology and FISH (Case 1). Representative H&E-stained images of a TFEB-VEGFA (6p21.1)-co-amplified renal cell
carcinoma showing high-grade papillary architecture with both oncocytic and clear cell morphology ((a) ×100 magnifications; (b) ×400
magnifications). Representative images of FISH for VEGFA (c) and TFEB (d) have been depicted. FISH, fluorescence in situ hybridization;
TFEB, transcription factor EB; VEGFA, vascular endothelial growth factor A.
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amplification with only low-level amplification of
VEGFA (6p21.1)). As this pattern of amplification
(Figure 3a) was suggestive of an underlying

structural gene rearrangement, mate-pair sequencing
was pursued, with a specific focus on the short arm
of chromosome 6. This was done for Case 8, which
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had documented high-level co-amplifications of
TFEB-VEGFA by both FISH and single-nucleotide
polymorphism microarray. This revealed prominent
amplification of the TFAP2B gene, a known tran-
scriptional regulator of VEGF signaling (Supple-
mentary Figure 5). On the basis of prior studies,
high level evidence supporting structural rearrange-
ments was defined as junctions greater than 30 kb
with at least three unique supporting fragments.13
A structural gene rearrangement, with a total
of 59 unique mapped fragments, between the DEK
gene on 6p22.3 and the ARMC12 gene on 6p21.31
spanning a length of 17.5 megabases was identified
(Figure 3b), and this was confirmed by sanger
sequencing (data not shown). As DEK-ARMC12
rearrangements are implicated in Wnt signaling,
the activation of this pathway was assessed by
immunostaining for β-catenin and E-Cadherin (not
shown). No nuclear localization of β-catenin was
seen in all 15 cases that were tested (high-level
amplification: five cases; low-level amplification: 10
cases). Loss of membranous cell surface localization
of E-Cadherin was seen for 13 of 15 cases (high-level
amplification: three of five cases; low-level amplifi-
cation: 10 of 10 cases).

Clinical Follow-Up

The aggressive nature of these tumors is supported
by regional lymph node involvement and distant
metastasis at the time of radical nephrectomy in
many of these patients (Table 4 and Supplementary
Table 4a). Overall, 11 (of 24, 46%) patients devel-
oped regional and distant metastasis, over a mean
follow-up duration of 101 months, with no signifi-
cant difference between patients with high-level
amplification and low-level amplification (high-level
amplification: 5/10, 50%; low-level amplification:
6/14, 43%, P=0.74). Common sites of distant
involvement included lung, bone, vagina, and
soft tissue, and all patients with advanced disease
died of disease-related complications. This includes
Case 20; this patient died from surgical complica-
tions at the time of nephrectomy. Five-year cancer-
specific survival rates post nephrectomy were 44%
(four of nine cases) and 50% (seven of fourteen
cases), respectively, for TFEB-VEGFA-co-amplified
renal cell carcinomas with high- and low-level
amplifications (P=0.80; Figure 4a). Cancer-specific
survival for all cases combined at 5 years of follow-
up post nephrectomy was 48% (11 of 23 cases,
Figure 4b).

Importantly, four patients received VEGF-targeted
therapy, which included three with high-level and
one with low-level TFEB-VEGFA co-amplifications.
Of the patients with the high-level co-amplifications,
the first (Case 8) was initially diagnosed with pT3c Nx
disease (vena caval involvement) and Sutent (suniti-
nib) was initiated at 38 months of follow-up post
nephrectomy, after documentation of brain, lung,
adrenal, and lymph node metastasis. However, this
was discontinued after 20 days because of decom-
pensation secondary to gastrointestinal bleeding.
Targeted therapy was not re-initiated and the patient
died shortly thereafter. Owing to the advanced stage
of disease, and limited duration of therapy, it is
difficult to draw any definitive conclusions regarding
therapeutic efficacy from this case study.

A second patient (Case 7) diagnosed with pT2a N1
disease (para aortic lymph node involvement) received
Votrient (pazopanib) after documentation of bone
metastasis (inferior pubic ramus and left 7th rib), at
∼5 months of follow-up post nephrectomy. After
initiation of therapy, the patient survived for
7.5 months, following which he died from progressive
renal cell carcinoma including malignant pleural
effusion and ascites. Similarly, a third patient (Case
11) with pT3c N0 disease went on to develop vertebral
body, retroperitoneal, and right lower quadrant abdom-
inal wall metastases, ∼8 months following radical
nephrectomy. Sutent (sunitinib)was initiated∼1month
thereafter, with the patient surviving for an additional
8 months before dying of renal cell carcinoma.

Finally, a fourth patient (Case 25) diagnosed with
pT3b, N1, M1 disease at nephrectomy due to the
presence of interaortocaval lymph node involvement
and liver metastases had low-level TFEB-VEGFA co-
amplifications. He was managed with Sutent (suni-
tinib) starting ∼ 19 months post nephrectomy. This
patient survived for ∼ 31 months thereafter, during
which time he was managed with temsirolimus and
Nexavar (sorafenib), as well. This patient appears to
have had an excellent response to his therapy.
According to the current (2017) American Cancer
Society Statistics, 5-year mortality rates for patients
with metastatic renal cancer are as low as 12%
(ref. 14). Given the aggressive nature of advanced
disease, identification of more such cases is needed
to assess therapeutic benefit.

Discussion

Using a combination of a FISH-based strategy supple-
mented with single-nucleotide polymorphism-based

Figure 3 Single-nucleotide polymorphism genomic microarray and mate-pair sequencing (Cases 7, 8, and 9). A schematic representation
of the area of amplification on chromosome 6p21.1 by single-nucleotide polymorphism genomic microarray (a) and of the structural
rearrangement between DEK and ARMC12 genes (b) have been depicted. In a, the solid red line depicts the locus of TFEB amplification in
Cases 7, 8, and 9. Cases 7 and 8 exhibited TFEB/VEGFA high-level amplification, compared to Case 9, which showed high-level
amplification of TFEB and low-level amplification for VEGFA. The locus of VEGFA amplification has been indicated by a dotted line.
TFEB, transcription factor EB; VEGFA, vascular endothelial growth factor A.
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Table 4 Cases with TFEB amplification (410 copies): follow-up information

Case No. pN pM
Follow-up
(months)

Regional/distant
metastasis

Time to regional/distant
metastasis on follow-up

(months) Metastasis (site) Targeted therapy Outcome

1 Nx M1 21 + 0 Soft tissue None Dead of disease
2 Nx M0 47 Absent − − None Dead of other causes
3 Nx M0 73 + 18 Soft tissue None Dead of disease
4 Nx M0 265 Absent − − None Alive without

disease
5 Nx M0 254 Absent − − None Dead of other causes
6 Nx M0 194 Absent − − None Dead of other causes
7 N1 M0 18 + 0 Bone and lung (5 mos

of F/U)
Pazopanib and
everolimus

Dead of disease

8 Nx M1 40 + 0 Brain, lung, adrenal,
and lymph nodes

Sunitinib Dead of disease

9 Nx M0 242 Absent − − None Dead of other causes
10 Nx Mx NA Unknown − − Data not

available
NA

11 N0 Mx 17 + 8 Bone, soft tissue sunitinib Dead of disease
Cases with 410 copies
(n=11)

N1=1/2 M1=2/9 117 5/10 5 (n=5) Common sites = lung,
bone, and soft tissue

3/10 Dead of
disease = 5/10

Cases with 5–10 copies
(n=14)

N1=3/5NS M1=3/14NS 89 NS 6/14NS 3NS (n=6) Common site = lung 1/14NS Dead of
disease = 6/14NS

(Combined) Cases with ≥ 5
copies (n=25)

N1=4/7 M1=5/23 101 11/24 4 (n=11) Common site = lung 4/24 Dead of
disease =11/24

Cases with 410 copies (The
Cancer Genome Atlas and
Literature Search)3–7 (n=16)

N1=2/6 M1=2/3 12 6/7 2 (n=6) Common site = vagina NA Dead of disease = 1/4

All Cases (n=41) N1=6/13 M1=7/26 81 17/31 3 (n=17) Common site = lung 4/24 Dead of
disease = 12/28

Abbreviation: NS, Not Statistically Significant (high-level amplification vs low-level amplification).
Follow-up information, TFEB low-level amplification: see Supplementary Table 4A; follow-up information, The Cancer Genome Atlas and Literature Search: see Supplementary Table 4B.
The text in bold highlights the summarized results for 25 new cases identified in our study. Gene names are italicized.
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genomic microarray and mate-pair sequencing, we
identified 25 renal cell carcinomas with amplification
of TFEB/VEGFA region after screening a total of 876
renal cell carcinoma cases. As these cases were not
otherwise preselected based on histopathologic or
clinical features, our estimate for the incidence of
TFEB-VEGFA-amplified renal cell carcinomas is
∼3.8% for papillary renal cell carcinoma (15/394),
2.3% for chromophobe renal cell carcinoma (3/130),
1.0% for clear cell renal cell carcinoma (3/310), and
9.8% for our institutional cohort of unclassified renal
cell carcinomas (4/41). In addition, bioinformatics
analysis of publicly available The Cancer Genome
Atlas data sets revealed an incidence of 0.7% for
papillary renal cell carcinoma (2/280), 0.2% for clear
cell renal cell carcinoma (1/448), and 0% for
chromophobe renal cell carcinoma (0/66). Taken
together, the highest combined incidence is in cases
initially classified as papillary renal cell carcinoma
(2.5%, 17 of 674), followed by chromophobe renal
cell carcinoma (1.5%, 196) and clear cell renal cell
carcinoma (0.5%, 4 of 758). Cases with TFEB/VEGFA
high-level amplification alone had the highest com-
bined incidence in papillary renal cell carcinomas as
well (9 of 674, 1.3%).

Our findings in the current study appear concor-
dant with those in recent series by Argani et al and
Williamson et al6,7 with regards to morphology
(including architecture and grade) and clinical
course. On re-review, most cases (19 of 25, 76%)
were documented to exhibit morphologic features
characterized by prominent tubulopapillary archi-
tecture, oncocytic cytoplasm, and high International
Society of Urological Pathology grade. While adverse
histopathologic features such as rhabdoid and
sarcomatoid change were infrequent, a large percen-
tage of these cases demonstrated high International
Society of Urological Pathology grade (≥ grade 3: 20
of 22 cases, 91%) and coagulative tumor necrosis

(12 of 25, 48%), suggesting poor prognosis. Only
three (of 25, 12%) cases showed some histologic
overlap (histology reminiscent of biphasic features)
with the classic morphology of t(6;11)(p21;q12)-
associated renal cell carcinomas.6 In addition, no
classic cytogenetic abnormalities associated with
papillary renal cell carcinoma, clear cell renal cell
carcinoma, or chromophobe renal cell carcinoma
were identified in three cases analyzed by single-
nucleotide polymorphism genomic microarray,
further supporting the hypothesis that these cases
likely represent a unique entity.

The average size of the tumors was 8.8 cm (range,
1.8–22), with 19 (of 25, 76%) patients presenting
with pT2 disease or higher and 13 (of 25, 52%)
patients presenting with pT3 disease or higher. The
aggressive nature of these tumors was borne out by
the documentation of regional and distant metastasis
in 11 (of 24, 46%) patients over a mean follow-up
duration of 101 months, with all patients with
aggressive disease dying of renal cell carcinoma.
Five-year cancer-specific survival was 44% (9 cases)
and 50% (14 cases) for TFEB-VEGFA-co-amplified
renal cell carcinomas with high and low-level
amplifications, and 48% (23 cases) for all cases
combined. This is significantly lower than what has
been reported for chromophobe renal cell carcinoma
(89%, 151 cases), papillary renal cell carcinoma
(91%, 448 cases), and clear cell renal cell carcinoma
(74%, 2101 cases) in our experience.15 In addition,
this is in contrast to the behavior of t(6;11) renal cell
carcinomas, which are relatively more indolent and
metastasize less frequently, with metastatic disease
reported in approximately five (of 60, 8%) cases, in
one study.6

In our current study, results of single-nucleotide
polymorphism-based genomic microarray in three
cases and mate-pair sequencing in one case suggest
that the amplicon involved in this TFBEB/VEGFA

Figure 4 Cancer-specific survival rates. Cancer-specific survival rates (95% confidence interval, number still at risk) at 5 years following
surgery are 44% ((a) four of nine cases) for TFEB-VEGFA-co-amplified renal cell carcinoma (high-level amplification), 50% ((a) 7 of 14
cases) for TFEB-VEGFA-co-amplified renal cell carcinoma with low-level amplification. Five-year survival rates for all cases combined are
48% ((b) 11 of 23 cases). TFEB, transcription factor EB; VEGFA, vascular endothelial growth factor A.
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amplification event may be defined by a minimal
‘critical’ region of ∼8 megabases within a region of
the p12.1 and p21.1 bands on chromosome 6.
However, all tumors also showed additional areas
of genomic amplification and copy number gain in
6p12.1 to 6p21.1 region adjacent to the primary
region of amplification. This finding is significant
because many genes within this region have been
implicated in oncogenesis, with the primary
mechanism being overexpression of their protein
product. Oncogenes contained within this region
include FOXP4, TFEB, CCND3, ABCC10, PTK7,
VEGFA, HSP90AB1, RUNX2, CLIC5, and MEP1A.
Interestingly, a similar minimal region of gain on the
short arm of chromosome 6, mapping to 6p22 as well
as structural rearrangements with a common trans-
location breakpoint at 6p22, has been implicated in
the development of retinoblastomas.16 Other than
the well-defined association between TFEB and renal
cell carcinomas, prior studies have documented an
association between aneuploidy, high TNM stage,
high grade, high proliferation, young age, and Cyclin
D3 expression in renal cell carcinomas as well.17,18
The phenomenon of 6p21 amplification, with
RUNX2 amplifications, has been documented in
osteosarcomas and is associated with poor response
to chemotherapy.19–22 High expression of RUNX2
has also been implicated in metastatic prostate and
breast cancers.19,23,24 FOXP4 has been implicated to
have a role in non-small cell lung cancer and has
been found to be involved in translocations asso-
ciated with cancer.25–27 HSP90AB1 is the only other
potentially targetable gene (using drugs such as
geldanamycin).28 Amplification of the TFAP2B gene,
a member of the AP2 transcription factor family, was
identified in Case 8 on mate-pair sequencing. This is
particularly noteworthy, as recent studies have
shown that TFAP2B has a significant role in
the development of non-small cell lung cancer
through mechanisms that involve VEGF-dependent
signaling.29

Defining when a genomic gain constitutes ampli-
fication of a particular gene of interest is a complex
issue. There is no universal definition and thus
defining amplification is often done on a tumor-by-
tumor basis. Ultimately, the threshold at which a
genomic gain becomes significant needs to be
defined based on clinical information, such as
response to targeted therapy and requires significant
supporting data. Without a basis in this tumor type
upon which to define amplification, almost any
threshold used to define amplification would be
arbitrary and defining amplification in the current
study such that some cases with biologically sig-
nificant copy number gains were artificially
excluded. Therefore, we chose to define tumors into
those with low-level amplification, with 5–10 copies
of TFEB and/or VEGFA, and those with high-level
amplification, with 410 copies, based on the
definition set forth by Argani et al.6 The results of
our study suggest that there are tumors with 5–10

copies of TFEB/VEGFA with similar characteristics
to tumors with 410 copies. It is worth noting that we
did find a significantly higher frequency of MelanA
expression in the tumors with high level vs low-level
amplification. It may be that high-level amplification
contributes more to activation of the TFEB-asso-
ciated pathway relative to low-level amplification.
When considering that some low-level amplified
tumors also showed MelanA expression, this differ-
ence may indicate that our low-level amplification
group contains some tumors in which the amplifica-
tion of the region is significant to the pathogenesis
and others in which it is less or not significant to
pathogenesis. Further studies are required to resolve
this question and we anticipate that in the future the
definition of 6p21.1-amplified tumors is likely to
evolve, before it is standardized.

At present, targeted therapy with tyrosine kinase
inhibitors that target the VEGFR is approved for
patients with metastatic renal cell carcinoma,
including patients undergoing cytoreductive
nephrectomy. Although our study was too small to
draw conclusions regarding the effectiveness of
VEGFR-targeted therapies in these patients, the one
patient with prolonged response to treatment as well
as the experience of VEGFR-targeted therapy in other
tumor types with VEGFA amplification suggest that
future studies are needed to examine the effective-
ness of VEGFR-targeted therapies in patients with
6p21.1-amplified renal cell carcinomas. Morpholo-
gic features such as prominent tubulopapillary
architecture, oncocytic cytoplasm, and high grade
could aid in the selection of cases for molecular
testing. Although it must be noted, there is morpho-
logical heterogeneity in these tumors such that
capturing all amplified tumors will require testing
of all cases.

In our current study, mate-pair sequencing also
revealed concurrent structural rearrangements on
the short arm of chromosome 6 leading to a fusion of
the DEK and ARMC12 genes in one case. DEK gene
fusions (with NUP214) were first described in acute
myeloid leukemia.30 Subsequently, overexpression
of DEK was identified in bladder cancer, breast
cancer, glioblastomas, hepatocellular carcinoma,
melanoma, retinoblastoma, colorectal cancer, as well
as cancers of the oral cavity and gynecologic
tract.16,31–42 Functionally, overexpression of DEK
promotes cellular proliferation by promoting replica-
tion fork progression and neoplastic transformation
both in vitro and in vivo, and this is partially
attributed to the protection of daughter cells from
DNA damage.43–45 The specific mechanism of action
involves preferential binding to transcription start
sites of highly transcribed genes in areas of
hypomethylation.46 In addition, recent studies have
shown that DEK signaling promotes both the pro-
duction and secretion of Wnt ligands to promote
canonical β-catenin signaling.36,47 The DEK fusion
partner ARMC12 is an Armadillo (Arm) repeat-
containing protein, which is the homolog of
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mammalian β-catenin, and these have been impli-
cated in canonical β-catenin signaling through the
regulation of β-catenin stability and interaction with
adherens junctions, as well.48 No evidence of
increased Wnt signaling was identified based on a
lack of nuclear β-catenin localization. Loss of cell
surface localization of E-Cadherin was seen for 13 of
15 (87%) cases; however, the significance of this
finding is uncertain as both papillary and clear cell
renal cell carcinoma have low reported rates of
E-Cadherin expression.49 As a DEK-ARMC12 fusion
has not been previously reported, and was identified
in just a single case, both its prevalence and
functional significance in contributing to renal cell
carcinoma oncogenesis is uncertain. It is entirely
possible that it represents a nonspecific structural
abnormality secondary to amplification-related
events in the region.7,50 However, future studies will
be needed to address the significance of this finding.

In summary, our current study builds on the
recently reported work of Argani et al and William-
son et al,6,7 with a total of 25 new cases of TFEB-
amplified renal cell carcinomas. Our results suggest
that 6p21.1-amplified renal cell carcinomas are a
distinct entity, and that these tumors present at
higher stage, are higher grade and have a worse
clinical outcome than typical papillary, clear cell,
and chromophobe renal cell carcinoma.6 Our find-
ings indicate that these tumors are defined by
amplification of a region of chromosome 6p21.1
including not only TFEB but also VEGFA and a
number of other oncogenes. Further studies are
warranted to determine whether these tumors may
be susceptible to targeted therapy.
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