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Abstract
Hybrid oncocytic/chromophobe tumor (HOCT) of the kidney represents a poorly understood clinicopathologic entity with
pathologic features that overlap between benign renal oncocytoma (RO) and malignant chromophobe renal cell carcinoma
(ChRCC). Consequently, characterization of HOCT and its separation from the foregoing entities are clinically important.
The aim of this study was to describe the pathologic and molecular features of HOCT and to compare them with those of RO
and ChRCC. We retrospectively identified a cohort of 73 cases with renal oncocytic tumors (19 RO, 27 HOCT, and 27
ChRCC) for whom clinical follow-up data were available by 2 tertiary care hospitals. All cases were sporadic except for 2
HOCTs that were associated with Birt–Hogg–Dubé syndrome. Lesional tissues were retrieved for molecular analysis. We
performed targeted gene sequencing of all exons of 261 cancer related genes on a subset of HOCT samples (n= 16). Gene
expression profiling of a customized codeset was conducted on 19 RO, 24 HOCT, and 27 ChRCC samples.
Clinicopathologic characteristics as well as DNA copy number alterations, mutational and transcriptional features of
HOCT derived from sequencing and expression profiling data are described and compared to those in RO and ChRCC.
HOCTs were more frequently multifocal and did not exhibit mutations in genes that are recurrently mutated in RO or
ChRCC but showed copy number alterations primarily involving losses in chromosomes 1 and X/Y. The mRNA transcript
data show that HOCT can be separated from RO and ChRCC. Hence, HOCT appears to represent a distinct renal tumor
entity with genomic features that are intermediate between those of RO and ChRCC.

Introduction

Renal cell carcinoma subtypes are characterized by a suite
of histologic, immunohistochemical, and molecular fea-
tures. The subset of renal oncocytic neoplasms includes
primarily three tumor types that exist on a clinicopathologic
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continuum, ranging from benign renal oncocytoma to
indolent hybrid oncocytic/chromophobe renal tumor
(HOCT) to the malignant chromophobe renal cell carci-
noma [1–4]. By conventional pathologic examination,
HOCTs harbor a mixture of cells with morphologic and
immunophenotypic features that overlap with those of renal
oncocytoma and chromophobe renal cell carcinoma
[2, 5, 6]. Consequently, pathologists are reluctant to diag-
nose renal oncocytoma, particularly on the basis of core
needle biopsy sampling, resulting in the non-specific and
suboptimal biopsy diagnosis of “renal oncocytic neoplasm”,
which is rendered in up to 11% of biopsied renal masses [7].

HOCTs were initially recognized in patients with
Birt–Hogg–Dubé syndrome [8, 9], most of whom harbor
mutations in the folliculin (FLCN) gene. Subsequently,
sporadic cases of HOCT have also been reported, including
in a patient with liver metastasis [10]. Very few cases of
HOCT, however, have undergone molecular examination.
Whereas renal oncocytoma and chromophobe renal cell
carcinoma have been well characterized in terms of their
DNA copy numbers, driver mutations, and transcriptomic
profiles [11, 12], genomic examination of a series of his-
tologically borderline HOCTs has been limited, and has
yielded conflicting results: one group found multiple chro-
mosomal gains and losses that were distinct from those in
other renal cell carcinomas, including chromophobe renal
cell carcinoma [13]; a second group found few copy number
aberrations, similar to renal oncocytoma [14]. Moreover,
profiling of driver mutations or transcripts has not been
undertaken in HOCT series, underscoring the wide gaps in
our molecular understanding of these tumors.

The aim of this study was to investigate where HOCTs
cluster within the spectrum of renal oncocytic tumors at the
clinicopathologic, copy number, mutational, and tran-
scriptomic levels. We found that HOCTs may show
aggressive behavior, lack classic renal cancer driver gene
mutations and possess a molecular profile that is inter-
mediate between renal oncocytoma and chromophobe renal
cell carcinoma. Our findings justify considering HOCTs as
distinctive renal oncocytic tumors of low malignant
potential.

Materials and methods

Patient and tumor characteristics

For this retrospective study, we searched our institution’s
database for surgically resected kidney cases using the key-
words “hybrid”, “oncocytic”, “oncocytoma” and “chromo-
phobe” between 2003 and 2015. We found 328 renal
oncocytomas, 271 chromophobe renal cell carcinomas
(including 24 cases with metastasis or sarcomatoid features),

126 renal oncocytic neoplasms, 87 clear cell or papillary renal
cell carcinomas with oncocytic features, and 15 cases with the
term “hybrid” in the final diagnostic line. Review of the
pathology reports yielded 68 cases with equivocal diagnoses:
among these, we found 25 cases where three genitourinary
pathologists (PR, PT, KS) agreed on a consensus diagnosis of
HOCT after histologic review. In 43 cases, other diagnoses
were favored, including renal oncocytoma (n= 29); eosino-
philic variant of chromophobe renal cell carcinoma (n= 7);
oncocytic papillary renal cell carcinoma (n= 2); clear cell
renal cell carcinoma (n= 1); unclassified renal cell carcinoma
(n= 4). In addition, two cases with equivocal features of renal
oncocytoma and chromophobe renal cell carcinoma from
McGill University were sent to us, re-reviewed by all
pathologists who agreed to place them in the HOCT category.
The examined cohort comprised a total of 27 HOCT, 19 renal
oncocytoma, and 27 chromophobe renal cell carcinoma cases.
Paired non-neoplastic kidney tissues were used as controls.
Diagnoses were confirmed based on hematoxylin- and eosin-
stained sections and immunohistochemical stains performed
as part of the initial workup of the case, when available.
Additional histochemical or immunohistochemical stains
were not performed as part of the study for case selection. The
criteria used for diagnosis of HOCT included ambiguous
architectural and cytologic features such as nuclear membrane
irregularities and perinuclear clearing with oncocytic cyto-
plasm that could not be confidently placed into either renal
oncocytoma or chromophobe renal cell carcinoma categories.
Archived formalin-fixed, paraffin-embedded tissues and fro-
zen samples from tissue banks at The University of Texas
MD Anderson Cancer Center (Houston, TX) and McGill
University (Montreal, QC) were obtained after informed
consent and using an institutional review board-approved
protocol (IRB# LAB 08–670). Lesional tumor foci as well as
non-neoplastic kidney controls were marked on hematoxylin-
and eosin-stained slides from all cases. These foci were
manually macrodissected with a blade prior to the extraction
of nucleic acids. For HOCTs, since the vast majority of cases
showed composite morphologic features rather than clearly
defined oncocytoma-like and chromophobe-like zones,
microdissection of separate areas was not feasible and was not
performed. The clinicopathologic features of the study cohort
and survival data are summarized in Table 1. Detailed
information on all cases is presented in Supplementary
Table 1.

Whole-exome sequencing

We performed whole-exome sequencing in a selected group
of patients with suspicion of Birt–Hogg–Dubé syndrome,
including younger age, multifocal lesions, and renal onco-
cytosis to exclude mutations in the FLCN gene. Upon
quantification and quality assessment of genomic DNA, the
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DNA from each sample (100–500 ng of genomic DNA)
was sheared by sonication and libraries were prepared
for sequencing following a standard laboratory protocol
(Supplementary Methods). The captured libraries were
sequenced on a HiSeq 2000 platform (Illumina Inc., San
Diego, CA, USA) on a version 3 TruSeq paired end flow cell
according to manufacturer’s instructions. We called single
nucleotide variants and small indels using an in-house
developed analysis pipeline. We then examined the coding
regions in the FLCN gene to look for mutations. Detailed
information can be found in the Supplementary Methods.

Targeted exome sequencing and copy number
alterations

Genomic DNA was extracted using the QIAamp DNA Mini
kit (Qiagen) according to the manufacturer’s instructions. The
DNA concentration was individually quantified using a
NanoDrop 1000 spectrophotometer (NanoDrop Technolo-
gies) and the Quant-iT Picogreen kit (Life Technologies).
Next-generation sequencing involved target capture and
sequencing of all exons of 261 cancer-associated genes using
an in-house-developed and validated assay (T200.1), as
previously described [15]. Details are provided in the
Supplementary Methods with the list of assayed genes in
Supplementary Table 4.

RNA extraction

Total RNA was extracted using the RNeasy FFPE extrac-
tion kit (QIAGEN, cat#73504) according to the manu-
facturer’s instructions. RNA was quantified by NanoDrop
2000, and its quality was assessed by an Agilent Bioana-
lyzer 1000 with an Agilent RNA 6000 Nano Kit (Agilent,
cat#5067–1511). Details are provided in the Supplementary
Methods.

Differentially expressed gene selection and
NanoString nCounter gene expression assay

We initially performed an in silico analysis of publicly
available gene expression data [12, 16, 17] to nominate the

most differentially expressed genes between renal oncocy-
toma and chromophobe renal cell carcinoma and genes
associated with aggressive chromophobe renal cell carci-
noma [11, 18]. We selected genes that were the most dif-
ferentially expressed in terms of fold change, as well as
those genes that were found to be differentially expressed
across multiple studies. We then evaluated the foregoing
expression signature of renal oncocytic neoplasms on
formalin-fixed paraffin-embedded tissues using Nano-
string’s nCounter (NanoString Technologies) platform, a
more feasible option for assaying clinical samples. Probe
sequences were custom designed for target genes and
manufactured by NanoString Technologies (Seattle, WA).
This codeset included 100 target genes and 14 house-
keeping genes. The housekeeping genes were selected from
publicly available databases on the basis of their stability
and detectable expression levels across the tissue type of
interest, which were used to correct for RNA input amount
or quality differences. The differential genes and house-
keeping genes are listed in Supplementary Table 2. Manu-
facturer’s protocols were followed to perform the assay.
Details are provided in the Supplementary Methods.

Statistical analysis

Additional statistical tests were used to analyze clinical and
genomics data, including the Chi-square test, Fisher’s exact
test, Mann–Whitney Wilcoxon test, and Cox proportional
hazard analysis. Significance was defined as P < 0.05.

Results

Clinical and pathologic characteristics of sporadic
HOCTs differ from those of renal oncocytoma and
chromophobe renal cell carcinoma

We assessed 27 HOCTs with a median tumor diameter of
4.1 cm from a cohort whose median age was 63 years
(range: 28–82 years) and 66% were men. Two patients
showed stigmata of Birt–Hogg–Dubé syndrome in the form
of fibrofolliculomas of the skin and 4 patients had kidneys

Table 1 Clinicopathologic
characteristics of patients with
renal oncocytic tumors

Oncocytic renal
neoplasm type

Patients Agea

(years)
Tumor
sizeb (cm)

Stage Metastasis Died of
disease

Follow-
up*
(weeks)

I II III IV

HOCT 27 63 4 (1–10) 19 0 7 1 1 1 197

Chromophobe RCC 27 61 7 (2–24) 6 4 15 2 10 2 239

Renal oncocytoma 19 69 5 (2–12) 9 3 7 0 0 0 139

HOCT hybrid oncocytic/chromophobe renal tumor, RCC renal cell carcinoma cm centimeters

Data are expressed as meana or as median (range)b
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with a background of oncocytosis (including the afore-
mentioned 2 patients with Birt–Hogg–Dubé syndrome) as
shown in Table 2. As illustrated in Supplementary Table 1,
the right and left kidneys were involved in 12/27 (44%) and
11/27 (41%) cases, respectively; bilateral involvement
occurred in 4/27 (15%) patients. Notably, one case was
derived from a liver metastasis. The large majority of
patients (70%, n= 19) with HOCTs harbored solitary renal
masses; however, bilateral and multifocal tumors occurred
in 15% (n= 4) and 30% (n= 8) of patients, respectively.
Among sporadic HOCTs, multifocal presentation was seen
in 24% (6/25) of patients. By contrast, renal oncocytoma
and chromophobe renal cell carcinoma were multifocal in

11% (2/19) and 11% (3/27) of cases, respectively. Among
the multifocal chromophobe renal cell carcinoma cases,
however, only one case showed another tumor focus with
chromophobe renal cell carcinoma histology whereas the
other two cases showed clear cell renal cell carcinoma
histology in the separate tumor focus (Supplementary
Table 1). Two cases of HOCT showed aggressive clin-
icopathologic features: a liver metastasis resulting in cancer
related death and a case with a renal cell carcinoma of
unclassified type, ISUP/WHO grade 4, arising within a
background of HOCT. Both of these cases were sporadic
and confirmed to not represent another renal cell carcinoma
subtype (eg., SDHB associated renal oncocytoma or MiTF

Table 2 Clinicopathologic data of hybrid oncocytic/chromophobe renal tumors

Case Multifocal tumors Lung cysts/
pneumothorax

Skin lesions FLCN BHD Oncocytosis Associated renal tumors

1 No No No skin lesions N N

2 Yes No No skin lesions N N Unilateral Left (HOCT, n= 1 and RO,
n= 4)

3 No No No skin lesions N N

4 Yes No Fibrofolliculomas Y Y Bilateral HOCT (Right, n= 5; Left,
n= 8) and multiple RO

5 No No No skin lesions N N

6 No No No skin lesions N N

7 No No No skin lesions N N

8 Yes No Fibrofolliculomas FLCN+ Y Y Bilateral HOCT (Right, n= 5; Left, n=
6) and multiple RO

9 No No No skin lesions N N

10 No No No skin lesions N N

11 No No No skin lesions N N

12 No No No skin lesions N N

13 No No No skin lesions N N

14 Yes No No skin lesions FLCN− N N Bilateral (HOCT, Left, n= 1; and RO,
Right, n= 1)

15 No No No skin lesions N N

16 Yes No No skin lesions FLCN− N Y Unilateral Right (HOCT, n= 1 and RO,
n= 4)

17 Yes No No skin lesions N Y Bilateral HOCT (Right, n= 1; Left,
n= 3), and multiple RO

18 No No No skin lesions N N

19 No No No skin lesions N N

20 Yes No Papules/lentigines FLCN− N N Bilateral HOCT (Right, n= 1; Left,
n= 3)

21 Yes No No skin lesions FLCN− N N Unilateral Right (HOCT, n= 3)

22 No No No skin lesions N N

23 No No No skin lesions N N

24 No No No skin lesions N N

25 No No No skin lesions N N

26 No No No skin lesions N N

27 No No No skin lesions FLCN− N N

FLCN folliculin gene mutation status, BHD Birt–Hogg Dubé syndrome

Hybrid oncocytic/chromophobe renal tumors are molecularly distinct from oncocytoma and chromophobe. . . 1701



Renal cell carcinoma) based on retained immunohisto-
chemical expression of SDHB and immunonegativity for
Cathepsin K, HMB45, and TFE3.

HOCTs were ambiguous in that they did not show
unequivocal morphologic features of either renal oncocy-
toma or chromophobe renal cell carcinoma. Representative
macroscopic and microscopic features of HOCTs are illu-
strated in Fig. 1. HOCT showed pathologic features of both
renal oncocytoma and chromophobe renal cell carcinoma:
for example, a tumor with a predominant architectural
appearance of renal oncocytoma but with nuclear features
suggestive of chromophobe renal cell carcinoma (Fig. 1b,
inset). Rarely, tumor foci showed an abrupt transition
between traditional-appearing renal oncocytoma-like and
chromophobe renal cell carcinoma-like zones (Fig. 1c).

HOCTs are characterized by a low mutational
frequency and a lack of mutations in renal cancer
driver genes

Targeted exon sequencing was performed on 16 HOCT
samples derived from 14 patients. The results showed a
mutational landscape of HOCTs that is characterized by a
lack of mutations in classic renal cell carcinoma driver
genes (i.e., VHL, BAP1, PBRM1, and SETD2 in clear cell
renal cell carcinoma; FH and MET in papillary renal cell

carcinoma; PTEN, TERT, and TP53 in chromophobe renal
cell carcinoma; ERCC2 in renal oncocytoma; and SDHA,
SDHB, SDHC, and SDHD in succinate dehydrogenase-
deficient renal cell carcinoma) [11, 12, 19, 20]. Only five
cases with one somatic mutation each were identified
(Fig. 2a and Supplementary Table 3). The average depth of
coverage among samples was ~ × 1000, ranging from 30 to
× 12,000. In known hotspots and mutation loci, the depth of
coverage was > × 300 (Supplementary Figure 1). Notably,
our HOCT from a liver metastasis did not show mutations
in the TP53 or PTEN genes but did show a frameshift
deletion in the ATM gene. In addition, one other patient
(#42) had a missense mutation in the ATM gene, currently
classified as variant of uncertain significance. In six HOCTs
cases where a suspicion of Birt–Hogg–Dubé syndrome
existed, the FLCN gene was sequenced with one case that
was positive for a pathogenic germline FLCN mutation
(Table 2). Using publicly available data for comparison
[11, 12, 20], the mutational spectrum of HOCTs is sig-
nificantly different from that of chromophobe renal cell
carcinoma in terms of: TP53 mutations (P= 0.005, Fisher’s
exact test, Power= 0.99); mutations of either TP53 or
PTEN (P= 0.0002, Fisher’s exact test, Power= 0.99); and
mutations of either TP53 or PTEN or MLL3 (P= 0.000008,
Fisher’s exact test, Power= 1). Despite the absence of
ERCC2 mutations in HOCTs, our sample size was

Fig. 1 Pathological features of hybrid oncocytic/chromophobe renal
tumors. a Gross image of a solitary hybrid oncocytic/chromophobe
renal tumor arising from the superior pole of the kidney and extending
into the perinephric adipose tissue. b Hybrid oncocytic/chromophobe
renal tumor showing predominantly renal oncocytoma-type archi-
tecture at low power (H&E, × 4) with higher power demonstrating

chromophobe renal cell carcinoma-like cytological features (inset;
H&E, × 40) in the form of nuclear irregularity, atypia, and perinuclear
halos. c Hybrid oncocytic/chromophobe renal tumor showing abrupt
transition from a renal oncocytoma-appearing area to a chromophobe
renal cell carcinoma-appearing area (H&E, × 10)

1702 R. Ruiz-Cordero et al.



underpowered to demonstrate significant differences in
mutations involving this gene between renal oncocytoma
and HOCT.

DNA copy number alteration profile of HOCTs is
similar to that of renal oncocytoma

The T200.1 panel is optimized to assess whole-genome
copy number alterations on the basis of coverage. Using an
in-house pipeline, we found that 9 of the15 (60%) evaluable
HOCT samples harbored chromosomal copy number
alterations. Among these nine samples with copy number

alterations, three samples showed loss only on chromosome
1 and one sample showed chromosome 1 and Y deletion.
The remaining six HOCT samples (40%) showed an
absence of arm-level chromosomal gains or losses. Toge-
ther, the large majority of HOCT samples (67%, 10/15)
showed a copy number alteration profile more similar to
renal oncocytoma rather than the genome wide chromoso-
mal copy number alterations that characterize chromophobe
renal cell carcinoma (Fig. 2b). Representative plots showing
HOCTs, with and without arm-spanning copy number
alterations, are illustrated in Fig. 2c, d. Significantly, the B
allele frequency plots showed that HOCTs are negative for

Fig. 2 Hybrid oncocytic/chromophobe renal tumors display low
mutational frequency and limited DNA copy number alterations.
a Somatic mutations in hybrid oncocytic/chromophobe renal tumor
samples, showing the four mutated genes and lack of mutations in the
commonly mutated renal cell carcinoma driver genes. b Copy number
alterations in hybrid oncocytic/chromophobe renal tumor. Red corre-
sponds to a gain, light blue corresponds to a partial loss of a copy of
one chromosomal arm, blue corresponds to complete loss of a

chromosomal arm, and pink on chromosome Y indicates female sex.
Each column represents the same sample for a and b with bold borders
representing two samples from the same patient. c Copy number log-
ratio (logR) and B allele frequency (BAF) plots obtained by targeted
sequencing analysis of tumor and normal pairs from a patient with
losses on chromosomes 1 and Y and a patient without large-scale copy
number alterations d

Hybrid oncocytic/chromophobe renal tumors are molecularly distinct from oncocytoma and chromophobe. . . 1703



the imbalanced chromosome duplication that was recently
described in chromophobe renal cell carcinoma and enri-
ched in aggressive chromophobe renal cell carcinoma [19].

The HOCT profiled from a liver metastasis did show mul-
tiple copy number alterations but its pattern of copy number
losses (2p-; 5p-; 8p-; 9p-; 19p-) differs markedly from the

1704 R. Ruiz-Cordero et al.



described copy number losses in chromophobe renal cell
carcinoma which typically occur in chromosomes 1, 2, 6,
10, 13, 17, 21 [11]. The metastatic HOCT did, however,
show a ploidy value of 5.2, with a whole-genome doubling
ratio of 1. In contrast, the non-metastatic HOCTs showed
near diploid ploidy values (mean: 2.3; median: 2.2) and
substantially lower whole-genome doubling ratios (mean:
0.31; median: 0.26), Supplementary Figure 2.

Expression profile of HOCTs is intermediate between
that of renal oncocytoma and chromophobe renal
cell carcinoma

RNA transcript data on differentially expressed genes
between renal oncocytoma and chromophobe renal cell
carcinoma revealed that HOCTs generally had leading fold
change values that were intermediate between those of renal
oncocytoma and chromophobe renal cell carcinoma (Fig. 3a
and Supplementary Figure 3); a subset of genes were sig-
nificantly differentially expressed in both the HOCT vs.
renal oncocytoma and HOCT vs. chromophobe renal cell
carcinoma contrasts (n= 24 genes with adjusted p < 0.05).
However, a greater contrast was noted between HOCT vs.
chromophobe renal cell carcinoma (n= 58 genes, P < 0.01)
compared with HOCT vs. renal oncocytoma (n= 25 genes,
P < 0.01), as illustrated in Figs. 3b, c. Notably, the HOCT
cases with adverse pathologic features did not show clus-
tering toward chromophobe renal cell carcinoma (Fig. 3a).

Discussion

Herein, we present the most comprehensive clin-
icopathologic and molecular genetic study to date of
HOCTs. We show that sporadic HOCTs are clinically and
molecularly different from renal oncocytoma and chromo-
phobe renal cell carcinoma. In comparison with renal
oncocytomas or chromophobe renal cell carcinomas, we

found that sporadic HOCTs were more frequently multi-
focal (24%), in addition to being associated with discrete
renal oncocytomas elsewhere in the kidney. This is largely
in agreement with previous multi-institutional studies
wherein cases with hybrid renal oncocytoma—chromo-
phobe renal cell carcinoma morphologic characteristics in a
sporadic background generally showed a greater proclivity
toward multifocality; with rates of multifocal renal tumors
in separate series of 0% [13], 20% [21], 22% [1], and 29%
[22]. By contrast, rates of multifocality in sporadic chro-
mophobe renal cell carcinoma (4–6%) [1, 4] or renal
oncocytoma (8%) [1, 23] are substantially lower.

Six of our 27 HOCTs cases presented with locally
advanced or pT3a disease, in contrast to prior reports of
locally advanced HOCTs by Waldert et al. [6] (2/16),
Petersson et al. [13] (0/14), Pote et al. [14] (0/10), and Mai
et al. [21] (0/5). The histologic characteristics of HOCTs
among our cases were, however, similar to those found by
others [1, 13, 14, 21, 22], with tumors showing mostly
ambiguous morphology rather than a mosaic pattern with
defined renal oncocytoma-like and chromophobe renal cell
carcinoma-like zones. There was no evidence of micro-
scopic necrosis or sarcomatoid change in HOCTs, patho-
logic features that have traditionally been associated with
poor prognosis in chromophobe renal cell carcinoma [1, 4].
Importantly, our series contained two cases of HOCTs with
aggressive pathologic characteristics, including a case that
presented with metastatic disease and resulted in cancer
specific mortality. To our knowledge, there has been only
one other report of metastatic sporadic HOCT [10],
although 2 of 10 cases with hybrid renal oncocytoma
/chromophobe renal cell carcinoma morphology and avail-
able follow-up data in a series by Amin et al. [1] showed
tumor recurrence. In the setting of Birt–Hogg–Dubé syn-
drome, at least four cases of HOCT with metastases have
been reported, including one with sarcomatoid transforma-
tion and two tumor related deaths [9, 24]. Including the
current series, the metastatic rate of HOCTs ranges between
2% in a sporadic setting [1, 6, 10, 13, 14, 21–23] and 5% in
a Birt–Hogg–Dubé syndrome setting [9, 24, 25]. It must be
acknowledged, however, that follow-up of HOCTs is lim-
ited and more mature clinical data are required to evaluate
the late recurrences that sometimes occur in chromophobe
renal cell carcinoma [1, 4].

HOCT is an emerging entity that has not yet been
incorporated into the World Health Organization classifi-
cation of tumors. Indeed, the classification of HOCT is
controversial, with most of the participants at the Interna-
tional Society of Urologic Pathology conference indicating
that they view them as a subset of chromophobe renal cell
carcinoma [26]. The molecular characterization of a series
of HOCTs was attempted by two groups, with conflicting
results. Petersson et al. [13] analyzed 14 sporadic HOCTs

Fig. 3 The gene expression profile of hybrid oncocytic/chromophobe
renal tumors is intermediate between that of renal oncocytoma and
chromophobe renal cell carcinoma. a Principal component analysis
(PCA) of gene expression for hybrid oncocytic/chromophobe renal
tumors, renal oncocytomas, and chromophobe renal cell carcinomas
shows the three renal cell tumor subtypes as a continuum in which
three separate clusters are visualized. Hybrid oncocytic/chromophobe
renal tumors are intermediate between renal oncocytomas and
chromophobe renal cell carcinomas. b and c Genes with significantly
different expression assessed by the fold change (fc) between
renal oncocytoma and hybrid oncocytic/chromophobe renal tumor
b and between chromophobe renal cell carcinoma and hybrid onco-
cytic/chromophobe renal tumor c. Red, blue, and yellow bars indicate
statistically significant differences in gene expression (p < 0.05).
Gray bars indicate genes with non-significant differences in gene
expression p > 0.05

Hybrid oncocytic/chromophobe renal tumors are molecularly distinct from oncocytoma and chromophobe. . . 1705



by fluorescence in situ hybridization and Sanger sequencing
and found either monosomy or polysomy in at least one of
the chromosomes tested in all cases, with monosomy of
chromosome 20 being the most common numerical aber-
ration. The foregoing profile is distinct from those of both
renal oncocytoma and chromophobe renal cell carcinoma.
More recently, Pote et al. [14] evaluated copy number
alterations in 10 sporadic HOCTs and two HOCTs asso-
ciated with Birt–Hogg–Dubé syndrome using array-
comparative genomic hybridization and fluorescence in-
situ hybridization and found no chromosome imbalances in
7 of 12 cases (58%); 4 cases had chromosome 1 deletions
akin to those seen in renal oncocytoma, and one case had
trisomy 18. On the basis of these findings, in addition to the
good outcome of their cohort and the apical Hale’s colloidal
iron staining results, the authors suggested that HOCTs
represent a variant of classic renal oncocytoma; however,
they could not entirely exclude the possibility that HOCTs
represent a separate renal tumor entity.

In this study, we analyzed the genetic profile of HOCTs
in greater detail by examining, for the first time, the muta-
tional and transcriptomic landscape of these neoplasms—in
addition to their DNA copy number. Our analysis of copy
number alterations is in agreement with that of Pote et al.
[14] in that we showed ~ 40% of HOCTs lack chromosomal
arm-spanning gains or losses; the predominant copy number
alterations were losses at chromosome 1 or X/Y, similar to
those described in renal oncocytoma cases and some (par-
ticularly eosinophilic variant) chromophobe renal cell car-
cinoma cases [11, 12]. Moreover, sequencing based tumor
ploidy estimates showed HOCTs to mostly be in the near
diploid range, notwithstanding the metastatic case
that showed polyploidy with whole-genome doubling.
Deep-targeted next-generation sequencing of HOCTs also
did not identify mutations in genes described to be recur-
rently mutated in renal oncocytoma (ERCC2) or chromo-
phobe renal cell carcinoma (TP53 and PTEN), including

eosinophilic variant chromophobe renal cell carcinoma
[11, 12, 20].

The mRNA signature of HOCT appears distinct: on the
basis of an analysis of differentially expressed genes
between renal oncocytoma and chromophobe renal cell
carcinoma, HOCTs occupy an intermediate position
between renal oncocytoma and chromophobe renal cell
carcinoma. There is one prior report of three HOCTs
associated with Birt–Hogg–Dubé syndrome that were
assayed using an expression microarray platform and which
showed the gene expression profile of HOCTs to differ from
that of sporadic renal oncocytoma and chromophobe renal
cell carcinoma [27], in agreement with the findings on our
much larger and overwhelmingly sporadic HOCT cohort.

Taken together, the evidence suggests that sporadic
HOCTs are clinically and pathologically distinct from renal
oncocytoma and chromophobe renal cell carcinoma, and
their molecular profile underscores this distinctiveness
(Fig. 4). The focal chromophobe renal cell carcinoma-like
cytologic features of HOCTs may suggest that they should be
grouped with chromophobe renal cell carcinoma, especially
eosinophilic chromophobe renal cell carcinoma, which also
has few copy number alterations. However, HOCTs are more
frequently multifocal, show different histopathology, lack
any of the classic, recurrent mutations of chromophobe renal
cell carcinoma, and differ transcriptomically from chromo-
phobe renal cell carcinoma. HOCTs also differ genetically
from renal oncocytoma and notably, they show low but
definite malignant potential, unlike the uniformly benign
renal oncocytoma [23]. Despite these differences, HOCTs are
nevertheless more closely related to renal oncocytoma and
chromophobe renal cell carcinoma than to any other renal
cell carcinoma subtype at the pathological, clinical, and
molecular levels. As the data mature and a larger number of
cases are molecularly assayed, it is expected that HOCTs will
occupy an intermediate position in the spectrum of renal
oncocytic neoplasia.

Fig. 4 Schematic illustration of the spectrum of renal oncocytic neo-
plasms. The figure summarizes the characteristic genomic findings
among renal oncocytomas, hybrid oncocytic/chromophobe renal
tumors, and chromophobe renal cell carcinomas at the copy number

alteration, mutation, and gene expression levels. The bottom heatmap
highlights the eight most differentially expressed genes among the
three entities
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