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Abstract
Chromophobe renal cell carcinoma (chRCC) is a histologically and molecularly distinct class of rare renal tumor. TCGA
studies revealed low mutational burden, with only TP53 and PTEN recurrently mutated, and discovered alterations in TERT
promoter and in the electron transport chain Complex I genes. However, knowledge on drug targetable genes is limited and
treatments at metastatic stage do not follow a molecular rationale. In a large series of 92 chRCC enriched with metastatic
cases, we performed an in-depth characterization of mTOR pathway alterations through targeted NGS and
immunohistochemistry (IHC) of phospho-S6, tuberin, and PTEN. Mutations in mitochondria, telomere maintenance and
other renal cancer related genes and p53 IHC, were also assessed. The impact on metastasis development and disease
specific survival was determined, using TCGA-KICH series (n= 65) for validation. mTOR pathway mutations (MTOR,
TSC1, TSC2) were present in 17% of primary tumors, most of them being classified as pathogenic. Mutations were
associated with positive IHC staining of phospho-S6 and PTEN (P= 0.009 and P= 0.001, respectively) and with chRCC
eosinophilic variant (P= 0.039), supporting a biological relevance of the pathway. mTOR pathway mutations were
associated with worse clinical outcomes. Survival analysis gave a hazard ratio of 5.5 (P= 0.027), and this association was
confirmed in TCGA-KICH (HR= 10.3, P= 0.006). TP53 mutations were enriched in metastatic cases (P= 0.018), and
mutations in telomere maintenance genes showed a trend in the same direction. p53 IHC staining pattern was associated with
the underlying TP53 defect, and negative PTEN IHC staining (82% of cases) suggested PTEN loss as a chRCC hallmark. In
conclusion, our study provides with novel genomic knowledge in chRCC and identifies novel markers of poor survival.
Furthermore, this is the first study showing that mTOR pathway mutations correlate with poor prognosis, and may help to
identify patients with increased sensitivity to mTOR inhibitors.

Introduction

Chromophobe renal cell carcinoma (chRCC) is a subtype of
renal cell carcinoma (RCC) that arises from distal regions of
the nephron. This rare tumor accounts for 5% of all RCCs
and is histologically and molecularly different from other
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tumor subtypes, such as the clear cell and papillary RCC,
which derive from the proximal nephron [1]. ChRCC is
subdivided into classic and eosinophilic subtypes, with
some morphologic overlap with other entities. ChRCC
usually exhibits an indolent pattern of growth, but metas-
tasis can occur in 5–10% of cases [2]. At metastatic stage,
treatment follows the standard of care of clear cell RCC,
with antiangiogenics, immunotherapy, and mTOR pathway
inhibitors, despite large differences in the molecular
alterations among these RCC subtypes (e.g., chRCC has
low mutational burden and no alterations in VHL) [3].
Indeed, previous RCC clinical trials suggest that the
response to mTOR pathway inhibitors is histologic specific
[4–7], in some cases with chRCC patients having increased
benefit for mTOR inhibitors compared with antiangiogenic
therapy.

ChRCC is associated with the Birt–Hogg–Dubé and
Cowden syndrome, with germline mutations in FLCN and
PTEN, respectively. In the sporadic presentation, due to
chRCC rarity, the molecular knowledge is limited. Major
findings derived from The Cancer Genome Atlas kidney
chromophobe study (TCGA-KICH, n= 66) included a
low mutational burden, with only TP53 and PTEN being
significantly mutated genes. It also suggested that TERT
promoter alterations and mutations in mitochondrial
DNA, affecting proteins of the electron transport chain,
were important drivers of the disease. In a second study,
Casuscelli et al. with an independent series of 79 chRCC
patients, demonstrated that mutations in TP53 and
PTEN and imbalanced chromosome duplication were
involved in the metastatic progression of chRCC [8–12].
However, despite these two key studies, chRCC mole-
cular alterations remain poorly defined, especially
regarding potential drug targets that could be relevant for
treatment selection

Here, we worked with a large series of 92 chRCC, with
different tumor stages and enriched in metastatic cases, to
molecularly characterize mTOR pathway alterations, toge-
ther with telomere maintenance-related genes, mitochon-
drial mutations and relevant RCC related genes, and
analyzed its clinical significance.

Materials and methods

Patients

Through the Biobanks of IDIBAPS, IRBLleida (PT13/
0010/0014), Santiago and Complejo Hospitalario Uni-
versitario de Vigo, integrated in the Spanish National Bio-
banks Network, XBTC and SERGAS, and the collaboration
of the Hospital de la Santa Creu i Sant Pau, 92 chRCC
patients with available tumor samples and with clinical

follow-up were included in the study (Supplementary
Table 1). One of the patients from the series had already
been described [13]. The cases were selected to represent
diverse tumor stages and were enriched in cases that
developed metastasis. Primary tumors were obtained and in
three cases both primary tumor and metastasis were avail-
able. In total, 95 tumor samples were collected, 78 were
formalin-fixed paraffin embedded (FFPE) and 17 were
frozen tissues. The characteristics of the patients are sum-
marized in Table 1. A general positive advice for the uti-
lization of the tissue was foreseen by the institutional board.
Mutational analysis results were obtained from 87 cases
(five cases failed NGS) and immunohistochemistry (IHC)
characterization was performed in samples with tumor
slides available: 57 (for pS6, PTEN, tuberin) and 39 (for
p53) cases.

Table 1 Characteristics of the 92 chRCC patients and tumor samples
analyzed.

Characteristics n (%)

Age at diagnosis (year)

Median [min, max] 61 [27, 84]

Gender

Female 32 35

Male 60 65

Stage at diagnosis

I 32 35

II 27 29

III 29 32

IV 3 3

NA 1 1

Morphology

Classic 60 65

Eosinophilic variant 31 34

NA 1 1

Multiple chRCC tumors

Yes 2 2

No 90 98

Developed metastasis

Yes 19 21

No 73 79

Tumor samples analyzed

Primary tumor 92 97

Paired metastasis 3 3

Primary tumors with NGS data

Yes 87 95

No 5 5

Primary tumors with IHC data

Yes 57 62

No 35 38
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DNA extraction and targeted next generation
sequencing

Tumor samples with more than 70% of tumor cells were
selected for genomic DNA extraction with the Maxwell®
RSC DNA FFPE Kit (Promega) using the Maxwell® RSC
Instrument (Promega). DNA from frozen tumor samples
was isolated using DNeasy Blood and Tissue Kit (Qiagen)
according to manufacturer instructions. Hybridization-based
target enrichment of tumor DNA was used to sequence the
full coding region plus the splice sites of 42 genes (Sup-
plementary Table 2) plus TERT promoter region (250
nucleotides upstream of the translation start site). Fourteen
genes were related with mTOR-PI3KCA pathway, 19 were
genes recurrently mutated in different RCC histologies,
seven were general cancer driver genes, and three genes
were associated with telomere maintenance. Briefly, tar-
geted libraries were constructed with 200–250 ng of tumor
DNA using the SeqCap EZ Choice Enrichment kit (Roche)
and were sequenced and demultiplexed in a MiSeq or HiSeq
Illumina sequencer using a 100 paired-end mode, yielding
an average of ~3 million read pairs per sample. Demulti-
plexed raw data in fastQ format was trimmed using Cuta-
dapt software (v.1.16) to remove low quality ends and
Illumina’s universal adaptor content. Reads were aligned
with bwa-mem (v.0.7.17-r1188) using GRCh37/hg19
reference genome. BAM files were sorted using Samtool
(v.1.9) and duplicate reads were marked using Picard tools
(v.2.18.7). Read depth coverage per sample was obtained
using Picard hsmetrics tool. A median coverage depth ≥50
was required to include the sample in the study. The aver-
age median bait coverage of the 90 samples (87 primary
tumors and 3 paired metastasis) was 236× (minimum of 55,
maximum of 748; interquartile range 126–405). The on-
target (plus ± 100 bp padding around the targeted regions)
somatic variant calling was done using Mutect2 from
GATK (v.4.0.5.1) in tumor-only mode. The variants present
in gnomAD (https://gnomad.broadinstitute.org/) with an
allele frequency (AF) > 0.0001 were not considered further,
as they were potentially germline. Coding non-synonymous
and loss-of-function (LOF) variants (labeled as Moderate or
High Impact by VEP; e.g., missense, nonsense, those dis-
rupting canonical splice sites, inframe, and frameshift
indels) with a variant AF ≥ 0.15 and with 3 or more alter-
native reads supporting the variant were considered for the
analysis. Mutations with an AF > 0.60 were considered
indicative of loss of heterozygosity (LOH), except those in
X chromosome for male patients.

Somatic variants in the mitochondrial DNA (MT-DNA)
were detected using off-target reads from the panel, fol-
lowing a similar variant calling and annotation strategy as
mentioned above. Samples with a MT-DNA coverage depth
<10 were not included in the analysis, and we focused in

variants with high heteroplasmy. The median coverage in
the mitochondrial chromosome of the analyzed samples was
46× (minimum of 13, maximum of 285; interquartile range
28–76). Variants detected in a panel of normals and repe-
titive variants (detected in ten or more independent samples
and classified as artefacts) were filtered out. We applied the
same filters as TCGA-KICH project [10] to include mito-
chondrial variants in the analysis (i.e., LOF variants with
heteroplasmy ≥ 0.75).

Immunohistochemistry analysis

FFPE tumor sample sections were hematoxylin and eosin
(H&E) stained and two representative areas of each tumor
were included as 1 mm diameter cores in tissue microarrays.
For different staining methods, slides were deparaffinized in
xylene and rehydrated through a series of graded ethanol
until water. Consecutive sections were stained with H&E,
and several IHC reactions were performed in an automated
immunostaining platform (Autostainer Link 48, Dako;
Bond Max II, Leica, just in case of phospho-S6). Antigen
retrieval was first performed with the appropriate pH buffer
(Low pH buffer, Dako; ER1, Bond; High pH buffer for p53)
and endogenous peroxidase was blocked (peroxide hydro-
gen at 3%). Then, slides were incubated with the appro-
priate primary antibody as detailed: rabbit polyclonal
anti-P-S6 (1/250, cell signaling, #2211), rabbit mono-
clonal anti-PTEN (138G6, 1/75, Cell Signaling, #9559),
rabbit monoclonal anti-tuberin (D93F12, 1/100, Cell Sig-
naling, #4308), and mouse monoclonal p53 FLEX (Clone
DO-7 ready-to-use [Link], Dako, #IR616). After the pri-
mary antibody, slides were incubated with the correspond-
ing visualization system (EnVision FLEX+, Dako; Bond
Polymer Refine Detection, Bond, Leica for p53) and con-
jugated with horseradish peroxidase. Immunohistochemical
reaction was developed using 3,3′-diaminobenzidine tetra-
hydrochloride (DAB) and nuclei were counterstained with
Carazzi’s hematoxylin. Finally, the slides was dehydrated,
cleared and mounted with a permanent mounting medium
for microscopic evaluation.

A pathologist (EC) evaluated, blinded to the clinical data,
the intensity and extension of the staining in the tumor cells
and categorized cases as pS6 and PTEN expressors/non-
expressors by scoring the staining intensity in the cytoplasm
as absent, weak, moderate, or strong. Expressors were those
tumors with moderate/strong-positive staining; non-
expressor tumors were those with absent/weak intensity.
Tuberin expression levels (corresponding to TSC2 gene)
were assessed scoring the staining intensity in the cytoplasm
and the membrane categorizing cases as: absent, weak, or
strong staining. The staining pattern of p53 was evaluated in
tumors with whole sections available and classified based
on previously described criteria for ovarian carcinoma [14],
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using a cutoff value of 30%. Staining was classified as:
complete absence, tumors completely negative (0% cells
staining) with positive stromal cells serving as internal
positive control; wild-type pattern, ≤30% of tumor nuclei
showed positivity; overexpression, >30% of tumor nuclei
showed positivity. For tumors with ≤30% positive nuclei,
staining was also compared with non-tumoral kidney, if
present in the slide, to avoid misinterpretation due to fixa-
tion issues [15]. Representative IHC images are shown in
Figs. 2, 3 and Supplementary Fig. 1.

Statistical analysis

Associations between mutations and IHC staining were
analyzed using Pearson’s Chi-square test, and logistic
regressions were used for the reverse phase protein array
(RPPA) data from TCGA. Binary logistic regressions were
used to analyze the association between eosinophilic variant
and mutations. Logistic regressions were used to analyze
the association between the mutations/IHC staining and the
development of metastasis. Cox regression analyses and
Kaplan–Meier survival analysis were employed to analyze
the association between the mutations/IHC markers and the
disease specific survival (DSS) of the patients. DSS was
defined as the time between the date of chRCC diagnosis
and the date of death from the disease or last documented
follow-up. Multivariable analysis included as covariates
tumor stage, gender, and age at chRCC diagnosis.

An exploratory analysis was performed with the patients
included in this study, with P values < 0.05 considered
significant, and TCGA-KICH series [10, 11] was used for
validation. SPSS version 19.0 was used for statistical ana-
lysis. Data visualization was performed with Oncoprint and
ggplot2 packages in R version 4.0.

Relevant demographic and clinical data from patients,
mutations and IHC results, are provided in Supplementary
Table 1.

Results

Clinical characteristics of patients

Among the 92 chRCC patients included in the study, 60
(65%) were men and had a median age of diagnosis of 61
years old. Cases were selected to represent various tumor
stages and the series was enriched in patients that devel-
oped metastasis. Thus, 32 (35%) of tumors corresponded
to stage I disease, 27 (29%) to stage II, 29 (32%) to
stage III, and 3 (3%) were metastatic at diagnosis; with 19
patients (21%) developing metastasis. 31 patients (34%)
had eosinophilic variant of chRCC. Median DSS of
the patients was not reached, the first quartile survival

(75% cumulative survival) was 14.6 years. A full
description of the characteristics of the patients is pro-
vided in Table 1.

Mutational landscape of chRCC

As shown in Fig. 1, TP53 was the most frequently altered
gene in chRCC primary tumors, with 26 out of 87 cases
mutated (30%), similarly to TCGA KICH and Casuscelli
et al. [10–12]. In eight cases LOH was detected, and in two
cases two different mutations were present in the same
tumor, suggesting convergent mutation evolution.

MTOR was mutated in 9% of primary tumors (8 of 87),
in all cases with allele frequencies consistent with activating
variants present in one allele. Among the mutations detec-
ted, four have been described as activating (p.S2215F, p.
I2500F, p.I2501F, and p.V2006F [16, 17]), one detected in
three tumors is located in the kinase domain of mTOR (p.
L2427R), and one is a novel mutation (p.E1613Q). When
considering other variants affecting mTOR pathway, six
patients (7%) carried TSC2 mutations, two of them with
several mutations in the tumor (one with three and another
with two mutations, Fig. 1), and among the nine TSC2
mutations detected, four were LOF. One tumor carried a
TSC1 LOF mutation. Thus, most mutations in MTOR,
TSC1, and TSC2 were pathogenic variants, with only three
tumors carrying variants of unknown significance. In total,
mTOR pathway alterations in MTOR, TSC1, and TSC2
genes were present in 15 out of 87 primary tumors (17%).
Mutations in other genes related with PI3K-AKT-mTOR
pathway were also found: two variants in STK11 and
PIK3C2B genes and single mutations in AKT2, DEPDC5,
PIK3CA, RPTOR, and RICTOR genes. Most of these were
missense variants of unknown significance.

PTEN and FLNC were found mutated in four and three
patients, respectively. Regarding telomere maintenance-
related genes, TERT promoter C228T mutation was found
in five patients, and ATRX and DAXX mutations were found
in five and three cases, respectively. One of the ATRX
and two the DAXX mutations were LOF variants. Com-
bined, 14% of patients had alterations in these telomere-
related genes. Chromatin remodeler genes (most frequently
ARID1A), and the deubiquitinase USP9X were also mutated
in some tumors.

TCGA showed that MT-DNA genes that encode for the
complex I of the electron respiratory chain are frequently
mutated in chRCC [10]. In our study mitochondrial LOF
mutations with >75% heteroplasmy were detected in these
genes in 15% (14 of 73) of primary tumors (Supplementary
Table 1). Eight of these mutations affected MT-ND4. Three
were single nucleotide nonsense variants, four were short
indels in non-homopolymeric regions and six were indels in
homopolimeric tracks (one present in two samples), in all
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cases previously observed in chRCC or oncocytoma
[10, 18].

In our series, there were three cases with both primary
tumor and metastasis available. The mutations and allele
frequencies detected in these matched samples was similar
(Supplementary Table 1). Representative photomicrographs
of tumors with different molecular alterations is presented in
Supplementary Fig. 2.

Correlation between mTOR pathway mutations and
IHC for pS6, PTEN, and tuberin

Regarding mutational events, pS6 IHC revealed a positive
staining in 37% (21 of 57) of the chRCC tumors, and the
rate of positive staining was almost threefold increased in
tumors with mTOR pathway mutations compared with
wild-type tumors (70% versus 26%, P= 0.009; Fig. 2a).
The protein RPPA data from TCGA-KICH supported this
association (P= 0.028 data not shown). PTEN negative
IHC staining was observed in 82% of cases, and was
more frequent in cases wild-type for MTOR, TSC1, or
TSC2 genes than in mutated tumors (P= 0.001;
Fig. 2b), supporting independent events converging on

PI3K-AKT-mTOR pathway. As expected, tuberin staining
was associated with LOF mutations in TSC2 gene (P=
0.020, Fig. 2c). IHC staining of these proteins was not
associated with the clinical characteristics of the patients nor
with the tumor stage.

chRCC eosinophilic variant is associated with
mutations in mTOR pathway and in the electron
transport chain complex I genes

When the tumor mutations were compared with chRCC
eosinophilic variant, an association was found for mTOR
pathway (MTOR, TSC1, and TSC2) and for the mitochon-
drial genes encoding the complex I of the electron
respiratory chain. The eosinophilic variant occurred more
frequently in tumors with mTOR pathway mutations (57%
versus 28%; OR= 3.5 with P= 0.039) and in tumors with
MT-DNA mutations in the electron transport chain complex
I genes (71% versus 22%; OR= 8.8 with P= 0.0011). The
MT-DNA coverage also had a positive association with the
eosinophilic variant (P= 0.027), maybe reflecting the
higher number of mitochondria present in this morphology.
The mutations in the electron respiratory chain remained

Fig. 1 OncoPrint plot showing mutations found in the chRCC
tumors together with IHC stainings. The matrix shows the 92 pri-
mary tumors analyzed in the series. The upper rows indicate char-
acteristics of the cases (stage, metastasis, survival outcome, and
eosinophilic variant). The rows in the middle panels show mutations
colored according to the variant impact (high or moderate); black
boxes denote cases with multiple mutations in the gene. Those variants

with an allele fraction (AF) above 0.60 are depicted by long bars,
while lower frequencies are represented by squares. Mitochondrial
DNA mutations are shown in pink. The last panel shows IHC results
for phospho-S6 (S235/236), PTEN, tuberin, and p53 proteins. Colors
indicate different IHC staining categories (blue–brown) as defined in
“Methods” section.
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significantly associated with the eosinophilic variant after
adjusting for the coverage depth (OR= 5.1, P= 0.037).

p53 nuclear accumulation is associated with TP53
missense mutations

Mutations in TP53 are associated with poor outcome in
chRCC [12]. To investigate whether p53 IHC could serve as
a surrogate for TP53 mutations, we performed IHC and
assessed staining differences among the different mutational
groups (Fig. 3). p53 overexpression was more frequent in
tumors with TP53 missense mutations than in tumors
without TP53 mutation (89% versus 35%; P= 0.006), most
of which showed wild-type IHC expression pattern. One
tumor with complete absence of p53 expression carried a
splice donor mutation with high variant allele fraction
(0.78), suggesting LOH. Cytoplasmic pattern of
p53 staining was not observed.

Primary tumor alterations and patients’ clinical
course: metastasis development and disease specific
survival

Considering the survival of the patients, we found that
MTOR, TSC1, or TSC2 mutations were associated with
worse DSS (HR= 5.5, P= 0.027, univariate). Multi-
variable analysis including tumor stage as a covariate, gave

similar results (HR= 10.7, P= 0.031; multivariable ana-
lysis; Table 2). In addition, if only metastatic patients were
included in the analysis (n= 19), mTOR pathway mutations
were again associated with shorter survival times (HR=
12.6, P= 0.047; multivariable analysis). In the TCGA-
KICH series, mutations in these genes were also associated
with poorer DSS (Table 2). Kaplan–Meier curves are pre-
sented in Fig. 4. Adding TP53 mutations as a covariate to
the analyses did not substantially change the results. In our
series, no other genes were associated with the survival,
while in TCGA TP53 and telomere-related alterations were
associated with poor survival of the patients (Table 2). Full
details of the association results are presented in Supple-
mentary Table 3.

When the mutations were compared with the develop-
ment of metastasis, TP53 alterations were enriched in
metastatic cases (OR= 3.6, P= 0.018; Table 2) and p53
overexpression assessed by IHC showed a similar associa-
tion (OR= 8.8, P= 0.012). A trend for telomere main-
tenance genes was found (OR= 3.1, P= 0.084). When
tumor stage was added as a covariate in these analyses, the
association of both TP53/p53 IHC and telomere related-
genes decreased, indicating these events are not indepen-
dent. In TCGA-KICH, mutations in mTOR pathway and in
telomere maintenance genes were associated with metas-
tasis development (P= 0.034 and P= 0.033, respectively;
Table 2).

Fig. 2 pS6, PTEN, and tuberin IHC representative images and
association with mTOR pathway mutations. IHC stainings for non-
expressor and expressor tumors and normal kidney together with bar
diagrams showing the percentage IHC classes according to mutations

in mTOR pathway for (a) pS6 and (b) PTEN. Tuberin IHC stainings
and bar diagram for TSC2 LOF mutations (c). IHC pictures are shown
at ×20 of magnification. Significant p values are shown above the
graphs. P values correspond to Pearson’s Chi-square test.
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Mutations in other genes and the IHC for pS6, PTEN, or
p53 were not associated with metastasis nor with the sur-
vival of the patients.

Discussion

chRCC is an uncommon histologic subtype of RCC for
which limited molecular knowledge exist and with not well
established therapeutic options at metastatic stage. In this
study, we combined NGS and IHC techniques to char-
acterize the tumor alterations of the largest series of chRCC
described so far. Our results suggest an important biological
relevance for mTOR pathway, with MTOR, TSC1, and
TSC2 mutations associated with poorer clinical outcomes
and distinct morphological features.

TCGA-KICH project with 66 patients was the first in-
depth somatic genomic characterization of chRCC, how-
ever, histopathologic information was limited [10]. A sub-
sequent study by Casuscelli et al. provided with molecular
data for 79 additional chRCC patients [12]. These studies
discovered low mutational burden, frequent mutations in
TP53 and PTEN, TERT dysregulation and mitochondrial
DNA alterations, as major hallmarks of the disease. How-
ever, mTOR pathway was not studied in detail. Alterations
in mTOR pathway (in either MTOR, TSC1, or TSC2) in our
series were present in 17% of primary tumors, compared
with 4% and 10% in TCGA and Casuscelli et al. series
[10, 12]. The lower frequency of mTOR pathway mutations
in TCGA could be explained by the lower depth of cover-
age associated with whole exome sequencing. Most of the
variants detected in our series were pathogenic, consistent
with a functional relevance. Furthermore, these mutations
were also significantly associated with positive IHC staining
for pS6 and PTEN (Fig. 2), in line with activation of
downstream effectors, lack of redundancy in the pathway,
and supporting mTOR pathway dependence in this subset

of tumors. Interestingly, oncocytic renal tumors with unu-
sual morphologic features have been described related with
specific molecular defects [19, 20], including somatic
MTOR and TSC2 alterations and TSC1/2 germline muta-
tions [21, 22]. In our series, we find an overrepresentation
of the eosinophilic variant of chRCC in mTOR pathway
mutated tumors. Regarding the clinical course of the
patients, in our series and in TCGA-KICH, these mutations
were associated with worse DDS and also with increased
metastasis risk in TCGA-KICH series.

TP53 and PTEN mutations have been pinpointed as
critical events for chRCC metastatic evolution [12]. In this
study, we confirmed the association of TP53 with metastasis
development, reinforcing its strong role in tumor progres-
sion. We also show that p53 IHC in chRCC is informative
of the subjacent TP53 alteration, suggesting IHC could be
used as a surrogate marker of mutations. We did not detect
an association between PTEN and metastasis, maybe due to
the small number of mutated tumors. This low number of
PTEN mutated tumors is in contrast with the vast negative
PTEN IHC staining we find in our series (5% and 82%,
respectively), which suggests that loss of PTEN protein may
be a hallmark of chRCC. This is supported by PanCancer-
TCGA RPPA data, in which chRCC is the second tumor
with the lowest PTEN protein expression score among 32
tumor types (Supplementary Fig. 3) [23]. Recent studies in
clear cell RCC find a similar, though less pronounced,
pattern for PTEN mutations and protein expression, with
loss of PTEN protein predicting response to mTOR inhi-
bitors [24, 25]. How PTEN is downregulated in RCC
tumors is still unknown, although epigenetic events have
been suggested to play a role in PTEN inactivation [26].

When we analysed mutations in other genes, we found
that telomere maintenance-related genes, TERT, ATRX, and
DAXX, are mutated in 14% of our cases (18% in TCGA-
KICH), with TERT promoter mutations being mutually
exclusive with the other genes, as reported in previous

Fig. 3 Immunohistochemical
staining pattern of p53
according to TP53 mutations.
a Distribution of p53 IHC
staining according to TP53
mutation type. b Representative
stainings corresponding to
tumors with p53 overexpression,
wild-type pattern and complete
absence. Pictures are shown at
×40 of magnification.
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studies [27]. Our series and TCGA-KICH suggest an
increase in telomere-related mutations in metastatic chRCC
cases, in agreement with previous studies in non-clear RCC
that described TERT promoter mutations associated with
larger tumors and metastatic development [28]. We found
FLCN mutations in three cases, while none were detected in
TCGA and Casuscelli et al. series [10, 12]. One patient had
Birt–Hogg–Dubé syndrome, while this data were not
available for the other two cases (a patient diagnosed at age
27 and with a FLCN missense mutation of unknown sig-
nificance and a 75 years old patient carrying two LOF
mutations). One patient with bilateral tumors and diagnosed
at 75 years carried a PTEN missense mutation classified as
likely pathogenic in ClinVar (p.V255E; VAF= 0.40),
however, neither germline DNA nor additional clinical
details were available from this patient. Altogether, this data
suggests that hereditary cases might be included in appar-
ently sporadic series of chRCC. Mitochondrial LOF muta-
tions in the electron transport chain Complex I genes were
found in 19% of our cases (17% in TCGA-KICH). Com-
parison analysis among TCGA tumor types using Whole
Genome Sequencing data [29] have revealed that chRCC
and thyroid cancers are the tumors with the highest pro-
portions of mitochondrial mutations, being transversions
particularly high in chRCC patients. We did not find an
association between these alterations and the clinical out-
come of the patients, however, we uncovered an association
with the eosinophilic variant of chRCC tumors, in agree-
ment with results derived from small number of cases
[18, 19].

Despite the recent improvement in the molecular
knowledge in chRCC, treatments for metastatic stage are

still unspecific and unrelated to the molecular defects. The
few existing clinical trials on non-clear RCC may suggest
that chRCC has improved responses to mTOR inhibitors,
compared with antiangiogenics [4–6]. This may reflect the
fact that VHL mutations, which can explain sensitivity to
antiangiogenic drugs in clear cell RCC, are absent in
chRCC. Cancer cells with mTOR pathway mutations have a
dependency on this signaling, and we and others have
shown in large series of RCC patients, mainly with clear
cell histology, that mutations in MTOR, TSC1, or TSC2
confer sensitivity to mTOR inhibitors [25, 30]. In this study
we show that there is a subset of chRCC cases with mTOR
pathway alterations and aggressive tumors associated with
worse clinical outcomes. These patients might benefit from
mTOR targeted therapies. In this respect, in our chRCC
series only two cases with mTOR pathway mutations
received mTOR inhibitors, one was uninformative (ever-
olimus for 13 days before exitus), but the other was a case
we previously reported, with two TSC2 mutations and an
extraordinary response to temsirolimus. This observation
reinforces a link between mTOR pathway mutations and
response to rapalogs [13]. However, this hypothesis should
be further investigated in metastatic chRCC patients with
systemic treatments.

Classification of pink RCC tumors with MTOR/TSC1/
TSC2 mutations is an evolving area, and several recently
described distinctive entities that harbor these mutations
may overlap with chRCC. Thus, cases with these mutations
and classified as chRCC, could potentially be another entity,
such as eosinophilic solid and cystic tumors [31, 32] or
eosinophilic and vacuolated RCC tumors [19, 20]. The lack
of copy number data in our series could not help in the

Fig. 4 Impact of mTOR pathway mutations on patient DSS. Survival analysis was performed with patients grouped according to MTOR/TSC1/
TSC2 mutation status in: (a) this study and (b) in TCGA-KICH. The P values included in the graph correspond to the log-rank test.
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classification of the tumors. Additional limitations of this
study include a relatively small sample size, due to the rarity
of chRCC, and lack of multiple testing correction. The
analysis of TCGA-KICH series support some of the asso-
ciations, however, further validation should be performed in
larger series. In addition, tumor samples availability was
limited and IHC for pS6, PTEN, and tuberin derived mostly
from tissue microarrays determinations, which can poten-
tially lead to sampling related bias. Furthermore, the rela-
tively low sensitivity and specificity of IHC assays, will
limit their use as potential biomarkers.

In conclusion, we provide with novel molecular knowl-
edge on chRCC through the largest series of chRCC tumors
so far characterized. Furthermore, we define a subset of cases
with mutations activating mTOR pathway, which seems to
have aggressive features and poor prognosis, and which may
have increased sensitivity to mTOR targeted therapies.
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