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Abstract

Sarcomatoid transformation, wherein an epithelioid carcinomatous tumour component coexists with a sarco-
matoid histology, is a predictor of poor prognosis in clear cell renal cell carcinoma. Our understanding of sar-
comatoid change has been hindered by the lack of molecular examination. Thus, we sought to characterize
molecularly the biphasic epithelioid and sarcomatoid components of sarcomatoid clear cell renal cell carci-
noma and compare them to non-sarcomatoid clear cell renal cell carcinoma. We examined the transcriptome
of the epithelioid and sarcomatoid components of advanced stage sarcomatoid clear cell renal cell carcinoma
(n=43) and non-sarcomatoid clear cell renal cell carcinoma (n=37) from independent discovery and validation
cohorts using the cDNA microarray and RNA-seq platforms. We analyzed DNA copy number profiles, generated
using SNP arrays, from patients with sarcomatoid clear cell renal cell carcinoma (n=10) and advanced non-
sarcomatoid clear cell renal cell carcinoma (n=155). The epithelioid and sarcomatoid components of sarcoma-
toid clear cell renal cell carcinoma had similar gene expression and DNA copy number signatures that were,
however, distinct from those of high-grade, high-stage non-sarcomatoid clear cell renal cell carcinoma.
Prognostic clear cell renal cell carcinoma gene expression profiles were shared by the biphasic components of
sarcomatoid clear cell renal cell carcinoma and the sarcomatoid component showed a partial epithelial-to-
mesenchymal transition signature. Our genome-scale microarray-based transcript data were validated in an
independent set of sarcomatoid and non-sarcomatoid clear cell renal cell carcinomas using RNA-seq. Sarcoma-
toid clear cell renal cell carcinoma is molecularly distinct from non-sarcomatoid clear cell renal cell carcinoma,
with its genetic programming largely shared by its biphasic morphological components. These data explain
why a low percentage of sarcomatoid histology augurs a poor prognosis; suggest the need to modify the path-
ological grading system and introduce the potential for candidate biomarkers to detect sarcomatoid change
preoperatively without specifically sampling the histological sarcomatoid component.
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Introduction

Sarcomatoid change is a microscopically defined
entity; it manifests as a biphasic histological pattern
with a better differentiated, parent epithelioid (E)
component that resembles typical carcinoma and a
dedifferentiated sarcomatoid (S) component with
spindled morphological characteristics that resembles
a mesenchymally derived sarcoma. It is known to be
associated with a poor prognosis in cancers from var-
ious organs, including the kidneys [1–4]. Sarcomatoid
renal cell carcinoma (RCC) is notable in that it repre-
sents the most aggressive, treatment-resistant type of
RCC, accounting for almost 20% of stage IV RCCs
[5–7] with a median survival duration of less than 1
year. [6–8] Thus, sarcomatoid RCC contributes sig-
nificantly to RCC-specific mortality [9].

The presence of sarcomatoid change alters clinical
decision-making because such tumours are often treated
differently from non-sarcomatoid RCC [6,10–12]. As
there is no standard systemic treatment protocol for this
aggressive variant, patients are encouraged to partici-
pate in clinical trials, in which the presence and propor-
tion of the spindled sarcomatoid component is currently
used for enrolment and stratification [13].

Despite its clinical importance, sarcomatoid RCC
is poorly understood at the genetic level. There have
been no genome-wide studies of this biphasic tumour
reported to date, largely because of the difficulty in
identifying and harvesting frozen epithelioid and sar-
comatoid tumour tissue. The molecular characteriza-
tion of sarcomatoid transformation in RCC thus
represents an unmet need of major clinical impor-
tance. Our aim was to gain a better molecular under-
standing of sarcomatoid clear cell RCC (ccRCC) by
performing a genome-wide examination of this entity
at the transcript and DNA copy number levels. We
found the genomic landscape of the E and S compo-
nents of sarcomatoid ccRCC to be remarkably similar
but sharply distinct from non-sarcomatoid ccRCC.
These results help explain the aggressive clinical
course of ccRCC with even a minor sarcomatoid ele-
ment, challenge the existing grading system of sarco-
matoid ccRCC, and represent an essential first step to
developing a panel of biomarkers that can preopera-
tively detect sarcomatoid change.

Materials and Methods

Patient and tumour characteristics

For this retrospective study, we obtained ccRCC tis-
sue samples from the Department of Pathology at

The University of Texas MD Anderson Cancer Cen-
ter (Houston, Texas) after informed consent and
using an institutional review board-approved protocol
(IRB# LAB 08-670). The clinicopathological charac-
teristics of the tumour samples and patient cohorts
used in this study are summarized in Table 1 and
Supplementary Material Table 1.

We included formalin-fixed, paraffin-embedded
(FFPE) samples that had been resected from patients
with sarcomatoid and non-sarcomatoid ccRCC. Sam-
ples from advanced stage non-sarcomatoid ccRCCs
(Epithelioid* (E*)) were used as controls. Lesional
foci (E, S and E*) were marked on H&E-stained
slides and all cases were reviewed by at least two
genitourinary pathologists. Only sections with >70%
cancer cells were included, with lesional foci from
sarcomatoid ccRCC (E/S) and advanced stage non-
sarcomatoid ccRCC (E*) macrodissected as indicated
in Figure 1.

This study was conducted on sample sets and
related patient cohorts divided into three groups: dis-
covery and validation cohorts as well as the clear cell
renal carcinoma The Cancer Genome Atlas (TCGA)
cohort. We first studied the gene expression profiles,
using cDNA microarray, of 58 patients from the dis-
covery cohort composed of 36 sarcomatoid E and S
pairs and 22 non-sarcomatoid E* samples. Four sar-
comatoid ccRCC pairs from this discovery cohort
were also analyzed using the RNA-seq platform. For
the validation cohort, we used RNA-seq to interro-
gate 22 ccRCC patient samples comprising 7 sarco-
matoid E and S pairs and 15 non-sarcomatoid E*
cases. We next performed a genome-wide DNA copy
number analysis of 10 sarcomatoid ccRCC and used
TCGA DNA copy number data from 155 advanced
stage ccRCC patients as an E* reference set. TCGA
gene expression data from 41 MD Anderson patients
was also used for in silico analysis in this study.

Microarray-based gene expression profiling and
analysis

Total cellular RNA was isolated according to the man-
ufacturer’s protocol (Epicentre Biotechnologies) after
deparaffinization and proteinase K treatment. RNA
samples were normalized using the Ribogreen RNA
quantitation kit (Life Technologies) for the whole-
genome cDNA-mediated annealing, selection, exten-
sion and ligation HT assay. Normalized RNA was con-
verted to cDNA and incubated on Illumina HumanHT-
12v4 BeadChips. The slides were scanned using a Bea-
dArray Reader and the signal intensities were quanti-
fied using GenomeStudio software. We performed 2-
sample t-tests to compare expression data for E versus
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S, E/S versus E* and E/S versus Fuhrman grade 4 E*
(Supplementary Material Methods).

In silico analysis of The Cancer Genome Atlas clear
cell renal cell carcinoma gene expression data

We analyzed TCGA expression data from a cohort of
stage III and IV non-sarcomatoid ccRCC tumours
from MD Anderson using annotated clinical factors,
such as tumour grade and survival [14]. Highly over-
expressed coding genes found in sarcomatoid tumours
from our experiments were studied in this cohort of
TCGA non-sarcomatoid ccRCC samples to determine
whether the expression of these genes differed accord-
ing to tumour grade (ie G2, G3 or G4) or patient sur-
vival using the Kruskal–Wallis statistical test.

DNA copy number assessment and analysis

Lesional tissues from sarcomatoid ccRCC and normal
adjacent kidneys were macrodissected and processed
for DNA isolation using the BiOstic FFPE tissue kit.
DNA concentration and quality were determined
using the Nanodrop spectrophotometer (Thermo Sci-
entific) and the Invitrogen Quant-iT PicoGreen
dsDNA assay kit. The DNA copy number was
assessed using the high-resolution SNP genotyping
array (HumanOmniExpress FFPE-12 v1.0, Illumina).

To perform a DNA copy number analysis of non-
sarcomatoid ccRCC cases, we used TCGA data from
patients with stage III and IV non-sarcomatoid ccRCC
derived from Affymetrix SNP 6 arrays run by the Broad
Institute (Supplementary Material Table 1). Further
details are provided in the Supplementary Material
Methods.

RNA-seq based gene expression profiling and
analysis

To better evaluate the E to S transition and confirm
our microarray-based data, we used the complemen-
tary next-generation RNA-seq platform to generate
gene expression data. We first assessed E/S pairs (n=4)
for which we had microarray data using paired-end
sequencing on an Illumina GA-IIx. We then assayed
an independent set of E/S pairs (n=7 pairs) and E*
(n=15) cases that was subjected to paired-end sequenc-
ing on an Illumina HiSeq2000. Data was analyzed
across sample subtypes with detailed methodology
provided in Supplementary Material Methods.

Statistical analysis

A p value �0.05 was considered statistically signifi-
cant except in multiple comparisons, in which theTa
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false discovery rate (FDR) was controlled by requir-
ing q�0.05.

Results

E and S components of sarcomatoid clear cell
renal cell carcinoma show a similar gene
expression pattern that differs from that of non-
sarcomatoid clear cell renal cell carcinoma

An unsupervised clustering analysis of gene expres-
sion microarray data across the biphasic E and S
components of sarcomatoid ccRCC and advanced
stage non-sarcomatoid ccRCC showed few significant
differences in global gene expression between the E
and S groups in sarcomatoid ccRCC. However, non-
sarcomatoid ccRCC (E*) had many more differen-
tially expressed genes (n=873 genes, FDR<0.001)
compared to sarcomatoid ccRCC (E/S), as shown in
Figure 2A and Supplementary Material Figure 1A.
The contrast between sarcomatoid ccRCC and non-
sarcomatoid ccRCC was maintained when consider-
ing only Fuhrman grade 4 non-sarcomatoid ccRCC
(n=263 genes, FDR<0.01, Figure 2B and Supplemen-
tary Material Figure 1B).

We evaluated pretreated sarcomatoid ccRCC sam-
ples to determine whether neoadjuvant therapy had
different effects on the E or S components. We per-
formed a supervised analysis of sunitinib-pretreated
tumours with respect to hypoxia-inducible factor
(HIF) pathway genes and of chemotherapy-pretreated
tumours with respect to proliferation and apoptosis
genes. No significant differences were seen between
the E or S components of sunitinib-pretreated ccRCC
with respect to the expression of HIF pathway genes
(Supplementary Material Figure 2A), suggesting that
antiangiogenic therapy did not exert a differential
effect on the biphasic histological elements.
Chemotherapy-pretreated ccRCC likewise showed no
significant gene expression differences between the E
and S components with respect to apoptosis-related
genes (data not shown); however, E and S elements
clustered separately when evaluating proliferation
genes whereas untreated sarcomatoid ccRCC did not
show such spontaneous clustering (Supplementary
Material Figures 2B, C).

Next-generation sequencing performed on 4 E/S
pairs that had already been interrogated by gene
expression microarray did not reveal any spontaneous
clustering among E or S samples across RefSeq-
annotated genes (Supplementary Material Figure 3A).

Figure 1. Macrodissected biphasic sarcomatoid and non-sarcomatoid ccRCCs. The paired E and S components of sarcomatoid ccRCC
and the E* component of non-sarcomatoid ccRCC, macrodissected as illustrated above (H&E stain, inset).
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Further, no hierarchical clustering or differential
expression was seen between the E and S components
of these tumours with respect to a prognostic signature
(Supplementary Material Figures 3B–D). These find-

ings support the microarray-based data we had
obtained, now using the orthogonal RNA-seq platform.

We next performed an RNA-seq analysis on an
independent validation set of sarcomatoid and

Figure 2. E and S components of sarcomatoid ccRCC show a similar gene expression signature that differs from that of non-
sarcomatoid ccRCC. (A) Microarray analysis shows the distinctive expression profile of sarcomatoid ccRCC compared with that of
advanced-stage non-sarcomatoid ccRCC, with a heatmap of the 873 significant probes in the non-sarcomatoid (E*) and sarcomatoid
(E and S) samples contrasting at a FDR of 0.001. (B) Microarray analysis shows the distinctive expression profile of sarcomatoid
ccRCC versus Fuhrman grade 4 non-sarcomatoid ccRCC, with a heatmap of the 263 significant probes in the Fuhrman grade 4 non-
sarcomatoid (E*) and sarcomatoid (E and S) samples contrasting at a FDR of 0.01. (C) An RNA-seq analysis shows the distinctive
expression profile of sarcomatoid ccRCC versus advanced-stage non-sarcomatoid ccRCC, with a heatmap of the 2549 significant
probes in the non-sarcomatoid (E*) and sarcomatoid (E and S) samples contrasting at a FDR of 0.05. (D) An RNA-seq analysis shows
the distinctive expression profile of sarcomatoid ccRCC versus Fuhrman grade 4 non-sarcomatoid ccRCC, with a heatmap of the 657
significant probes in the Fuhrman grade 4 non-sarcomatoid (E*) and sarcomatoid (E and S) samples contrasting at a FDR of 0.05.
Gene expression values were centered. Samples are ordered by subtype in columns, and genes are in rows.
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non-sarcomatoid ccRCC tumours (Table 1). We again
found few significant expression differences between
the biphasic E and S components of sarcomatoid
ccRCC. However, sarcomatoid ccRCC had numerous
differentially expressed genes compared to non-
sarcomatoid ccRCC (n=2549 genes, FDR<0.05)
(Figure 2C and Supplementary Material Figure 1C),
including Fuhrman grade 4 non-sarcomatoid ccRCC
(n=657 genes, FDR<0.05) (Figure 2D and Supple-
mentary Figure 1D). Druggable pathways (mTOR,
HIF, MAPK/ERK) in ccRCC also showed differential
regulation in sarcomatoid versus non-sarcomatoid
ccRCC (Supplementary Material Figures 4A–C).

In evaluating the contrast between sarcomatoid and
non-sarcomatoid ccRCC in independent samples
using both microarray and RNA-seq methods, we
obtained differential gene lists that we ranked accord-
ing to the results of our pathway analysis (Supple-
mentary Material Table 2). An enrichment P value
based on a hypergeometric distribution was used to
determine that the number of common pathways out
of the top 200 from each experiment was greater
than that expected by chance (p <0.001) (Figure
3A). Pathways that were consistently enriched in sar-
comatoid ccRCC compared to non-sarcomatoid
ccRCC using both platforms are shown in Figure 3B.

Candidate biomarkers show abrupt upregulation
with sarcomatoid change and do not correlate
with tumour grade or survival in non-sarcomatoid
clear cell renal cell carcinoma

We next examined the most highly overexpressed
individual coding genes in sarcomatoid ccRCC versus
non-sarcomatoid ccRCC (fold change >5) because
these can function as potential biomarkers of
sarcomatoid change. We sought to better understand
the behavior of these candidate genes in the non-
sarcomatoid ccRCC setting. For this purpose, we
interrogated TCGA expression data in an advanced
stage cohort of non-sarcomatoid MD Anderson
ccRCC tumours.

Interestingly, we found that only 2 among 23 of
our top candidate genes showed significantly
increased expression with grade progression or vital
status (p<0.05). The large majority of our candidate
genes did not correlate with tumour grade or survival
in non-sarcomatoid ccRCC (Supplementary Material
Table 3). Together, our results and analysis of TCGA
data suggest that an abrupt upregulation occurs in the
expression of these markers in sarcomatoid ccRCC
rather than a gradual change with increasing tumour
grade, making them suitable for use as biomarkers
for detecting sarcomatoid change.

Among the gene candidates derived from microar-
ray data, a subset (RUNX2, IGSF6, RPB1, ALDH1A3,
PTPRC, PILRA and BAT5) were also significantly
overexpressed in sarcomatoid ccRCC on the basis of
an RNA-seq evaluation of independent samples. For
example, Runt-related transcription factor 2
(RUNX2), a transcription factor and a target of the
transforming growth factor-b1 pathway, [15] was a
promising candidate gene for sarcomatoid change on
the basis of our expression data and an in silico anal-
ysis of TCGA samples (Figure 3C).

E and S components of sarcomatoid clear cell
renal cell carcinoma have a similar DNA copy
number profile that is distinct from that of non-
sarcomatoid clear cell renal cell carcinoma

In assessing DNA copy number changes, we did not
find any genes with significant recurrent copy differ-
ences between the E/S pairs of sarcomatoid ccRCC.
We did, however, find many genes that were signifi-
cantly associated with copy number variations
between the non-sarcomatoid (E*) and sarcomatoid
(E/S) groups (1648 genes, FDR<0.05). A subset
analysis of Fuhrman grade 4 non-sarcomatoid
ccRCCs from MD Anderson (n=19) also revealed
significant copy number differences compared to sar-
comatoid ccRCC (347 genes, FDR<0.05).

A schematic representation of genome-wide copy
number aberrations among the E, S and E* subtypes
is illustrated in Figures 4A–C. There are multiple
regions of losses and gains across the genome, attest-
ing to the greater karyotypic complexity and distinc-
tiveness of sarcomatoid ccRCC. The extent and
proportion of samples showing losses at 3p is mark-
edly lower in the sarcomatoid group. Known poor-
prognosis changes (ie 9p loss and 14q loss) are also
much less prominent among sarcomatoid ccRCC
tumours. The 5q gain that has been reported to confer
a better prognosis in ccRCC [16] is largely absent in
our sarcomatoid cohort.

Sarcomatoid clear cell renal cell carcinoma has a
poor-prognosis gene expression signature that is
shared by its E and S components

We performed a supervised analysis of the good
prognosis (ccA) and poor prognosis (ccB) gene sets
to determine the contrast between sarcomatoid (E/S)
and advanced stage non-sarcomatoid (E*) ccRCC.
Most of the ccA and ccB genes did not show differ-
ential expression, which was expected since both
cohorts represent poor-prognosis ccRCC tumours and
both would be expected to cluster toward the ccB
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Figure 3. Sarcomatoid ccRCC shows distinct pathway alterations, whereas biomarkers of sarcomatoid change do not correlate with
tumour grade or survival in non-sarcomatoid ccRCC. (A) Pathway alterations in sarcomatoid ccRCC compared to those in non-
sarcomatoid ccRCC show significant overlap when evaluated by microarray and RNA-seq analyses. A Venn diagram showing commonly
altered pathways between sarcomatoid and non-sarcomatoid ccRCC, as evaluated by microarray and RNA-seq analyses using independent
samples (p< 0.001). (B) The commonly altered pathways between sarcomatoid ccRCC and non-sarcomatoid ccRCC at a FDR< 0.05. (C)
RUNX2 expression values by tumour grade and survival. Boxplots for RUNX2 gene expression are shown for tumour grades G2, G3, G4 and
stratified by deceased versus living patients. No significant differences were observed in the expression of RUNX2 between different
tumour grades (p=0.144) or between deceased versus living patients (p=0.779).

VC 2015 John Wiley and Sons Ltd and The Pathological Society of Great Britain and Ireland J Path: Clin Res October 2015; 1: 212–224
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Figure 4. E and S components of sarcomatoid ccRCC show similar DNA copy number aberrations that differ from those of non-
sarcomatoid ccRCC. (A) Similar genome-wide DNA copy number signature of E and S components of sarcomatoid ccRCC. (B) Distinct
genome-wide DNA copy number signature of sarcomatoid ccRCC versus advanced-stage non-sarcomatoid ccRCC (E*) TCGA cases. (C)
Distinct genome-wide DNA copy number signature of sarcomatoid ccRCC versus Fuhrman grade 4 non-sarcomatoid ccRCC (E*) TCGA
cases. Copy number alterations are mapped according to their chromosomal location on the x-axis, with the y-axis showing the
percentage of cases that harbour these changes.
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subtype. However, among those genes that did show
differential expression, sarcomatoid ccRCC tumours
were associated with ccB genes and non-sarcomatoid
ccRCC tumours were associated with the ccA set
(p=0.002). This finding supports the clinical observa-
tion that sarcomatoid ccRCC represents the extreme
end of the poor-prognosis spectrum in ccRCC.

When we restricted our analysis of microarray data
to the sarcomatoid ccRCC group, however, we found
that the poor-prognosis ccB genes did not signifi-
cantly differ between the E and S histological ele-
ments (Supplementary Material Table 4), indicating
that the ccB signature was already embedded in the
E phenotype. Similarly, most ccA genes did not dif-
fer in expression between the E and S phenotypes.
Interestingly, 15 of the 16 ccA genes that showed
differential expression had higher expression in the E
histological type (Supplementary Material Table 5).

The findings of our RNA-seq analysis agreed with
those of the microarray analysis: although a differ-
ence was seen between the expression of prognostic
genes in non-sarcomatoid and sarcomatoid ccRCC,
no difference was seen between the E and S compo-
nents of sarcomatoid cases (Figure 5A, Supplemen-
tary Material Figure 3B). Only 3 ccA genes showed
differential expression between the E and S pheno-
types, with all 3 genes overexpressed in the E com-
ponent (Figure 5B). No ccB genes showed significant
differential expression between E and S (Figure 5C,
Supplementary Material Figure 3D). Thus, RNA-seq
confirmed the overall similarity in prognostic gene
expression between E/S pairs in the initial discovery
set and the independent validation set.

A subset of epithelial to mesenchymal transition
genes correlates with the sarcomatoid
morphological phenotype of ccRCC

EMT is thought to contribute to cancer progression,
as epithelial cells acquire a more mesenchymal phe-
notype and are able to migrate and invade surround-
ing stroma. As sarcomatoid ccRCC is generally
thought to be a classic example of a histological
‘mesenchymal’ phenotype, we interrogated the E and
S phenotypes with respect to 51 EMT-related genes.
On microarray analysis, 42 of 51 EMT genes exhib-
ited no expression difference between the E and S
histological types. The 9 EMT genes that showed sig-
nificant expression differences correlated with the S
phenotype (Supplementary Material Table 6A). An
RNA-seq analysis of independent samples confirmed
these findings (Supplementary Material Table 6B).
Differentially expressed EMT genes between the
biphasic components of sarcomatoid ccRCC across

Figure 5. Prognostic gene expression signature of sarcomatoid
ccRCC is embedded in its E component. (A) Hierarchical clus-
tering by gene expression profile across a panel of known
good-prognosis (ccA) and poor-prognosis (ccB) genes demon-
strates a difference in gene expression between non-sarco-
matoid (E*) and sarcomatoid (E and S) cases. (B) Relative
expression of ccA genes in E and S components demonstrates
no significant difference between components for most good-
prognosis genes. (C) Relative expression of ccB genes in E
and S components demonstrates no significant difference
between components in the expression of poor-prognosis
genes (*p<0.05).
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the microarray and RNA-seq platforms are plotted in
Supplementary Material Figures 5A, B.

Discussion

Our core finding that the biphasic E and S compo-
nents of sarcomatoid ccRCC are similar at the copy
number and transcript levels but are markedly differ-
ent from non-sarcomatoid ccRCC suggests a model
in which the major division occurs between the broad
categories of sarcomatoid and non-sarcomatoid
ccRCC and where most of the genetic programming
for sarcomatoid ccRCC is embedded in its E compo-
nent. The morphological S phenotype would appear
to be a histological marker for the overall tumour
and not necessarily the most aggressive clone. The
observation [17] that both E and S histological
tumour components are present in metastatic RCC
lesions, sometimes in the same patient, is in line with
this concept. Our finding that the poor-prognosis
gene expression signature is shared by the E and S
elements suggests that even a small amount of sarco-
matoid differentiation is dangerous and may help to
explain why the percentage of S component has his-
torically not been shown to be correlated with clini-
cal outcome measures [7,8,18,19].

The presence of a similar expression signature in
the E and S components of sarcomatoid RCC raises
the question of whether sarcomatoid change is a sec-
ondary phenomenon related to the progression of
tumours that were initially truly epithelial or if there
is a subset of tumours that are sarcomatoid from the
outset. The fact that the vast majority of sarcomatoid
renal cell carcinomas present at high stage, with the
median size of the primary tumour being approxi-
mately 10 cm [8,20,21], suggests a secondary event.
However, the description of isolated small tumours
measuring less than 2 cm in large series of sarcoma-
toid RCC [20,21], implies that the possibility of a de
novo sarcomatoid phenotype cannot be excluded.

In support of our data, prior studies have shown
that the sarcomatoid component maintains the immu-
nohistochemical phenotype and some genetic features
of its parent epithelioid RCC tumour component
[22–25], while a common cell of origin was postu-
lated [26] based on X-chromosome inactivation data.
DNA copy number evaluation of sarcomatoid RCC
has been scant, with one study of 12 patients with
sarcomatoid carcinoma derived from various RCC
subtypes and using an older, lower resolution com-
parative genomic hybridization (CGH) platform
showing a high frequency of copy number aberra-
tions [24,25]. Among the foregoing studies, both the

epithelioid and sarcomatoid components were
assessed in only two cases—where they showed a
similar profile. The similarity of chromosomal aber-
rations within a given tumour despite sampling from
areas with different regional Fuhrman grades was
also demonstrated by a Fluorescence in situ Hybrid-
ization (FISH) based analysis of RCC tumours [27].
Moreover, a FISH study of sarcomatoid chromophobe
RCC revealed that the epithelioid and sarcomatoid
pairs harbored multiple chromosomal copy number
gains, which were different from the genome wide
copy number losses that characterized non-
sarcomatoid chromophobe RCC [28].

Nevertheless, some differences between the bipha-
sic components have been reported: the S component
displayed more mitoses [29] and had a higher prolif-
eration index [30]. We also found subtle differences,
with the sarcomatoid histological element showing a
partial EMT molecular fingerprint, in line with work
by Conant et al [31] and Bostrom et al [32] who also
related sarcomatoid transformation to EMT.

From a pathological standpoint, the distinctiveness
of sarcomatoid ccRCC suggests that it should not be
grouped with or graded in the manner of non-
sarcomatoid ccRCC. The current convention is to
assign a Fuhrman nuclear grade 4 for sarcomatoid
ccRCC. Our analyses, which draw on our own data
as well as TCGA data, show that sarcomatoid ccRCC
has a distinct copy number and transcriptomic signa-
ture compared to non-sarcomatoid Fuhrman grade 4
ccRCC. On the basis of this molecular distinctiveness
and given that sarcomatoid RCC has historically
shown more aggressive clinical behavior than has
Fuhrman grade 4 RCC without a sarcomatoid compo-
nent[7,33], it would appear that sarcomatoid change
lies outside the Fuhrman grading system. Categoriz-
ing sarcomatoid change as Fuhrman grade 4 underes-
timates its aggressiveness and does not accurately
account for its distinct biological characteristics. We
therefore suggest reconsidering grading for sarcoma-
toid ccRCC; at a minimum, the presence of a sarco-
matoid component should always be noted in ccRCC.

There are no established, effective therapies for sar-
comatoid RCC [13,34]. Chemotherapy and antiangio-
genic therapies have been explored, given sarcomatoid
ccRCC’s high proliferation rate and the continued
expression of HIF pathway markers [23]. It has been
suggested that a lower percentage of sarcomatoid com-
ponent predicts for a better therapeutic response to
antiangiogenic targeted therapy [35]. Our data, how-
ever, showed that sunitinib antiangiogenic therapy did
not differentially affect the E or S elements with
respect to the expression of HIF pathway genes. Thus,
our results call into question the rationale for
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stratifying patients in clinical trials or otherwise man-
aging them differently on the basis of the percentage
of the sarcomatoid histological component.

The clinical particularity of sarcomatoid RCC has
long been appreciated, but sarcomatoid change has
been difficult to detect preoperatively using imaging
modalities. Examination of renal biopsy samples has
also not been effective, with sarcomatoid change
diagnosed in only 12% of sarcomatoid RCC cases by
biopsy [36]. In this context, our candidate genes rep-
resent promising biomarkers that can be applied to
biopsy material, and given the similarity in expres-
sion between E and S components, they would obvi-
ate the need to specifically sample the sarcomatoid
or S morphological element. Sarcomatoid histological
characteristics may represent a minor component of
the overall tumour and can be difficult for a patholo-
gist to diagnose in scant biopsy material that shows a
distorted architecture and cytology. The preoperative
detection of sarcomatoid change would thus be more
feasible in individual patients and would, in turn,
alter clinical decision-making in terms of the type of
surgical procedure offered in the nonmetastatic set-
ting and whether to proceed with upfront systemic
therapy—without cytoreductive nephrectomy—in
those with metastatic RCC.

Finally, it must be acknowledged that we have
examined the parameters of gene expression and
DNA copy number in this report. Other events,
including genomic mutation, microRNA expression,
epigenetic regulation, post-translational modification
and microenvironmental influences may offer further
insights into the pathobiology of sarcomatoid change
in ccRCC.
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SUPPLEMENTARY MATERIAL ON THE INTERNET
Additional Supporting Information may be found in the online version of this article.

The following supplementary material may be found online.

Detailed methods for Microarray-based gene expression profiling and analysis, DNA copy number assessment and analysis and RNA-seq based

gene expression profiling and analysis.

Figure S1. E and S components of sarcomatoid ccRCC had a similar gene expression signature that differed from that of non-sarcomatoid ccRCC

(clustered data). (A) Microarray analysis shows a distinctive expression profile of sarcomatoid versus advanced-stage non-sarcomatoid ccRCC, with a

heatmap of the 873 significant probes in non-sarcomatoid (E*) and sarcomatoid (E and S) samples contrasting at a FDR of 0.001. (B) Microarray anal-

ysis shows a distinctive expression profile of sarcomatoid versus Fuhrman grade 4 non-sarcomatoid RCC, with a heatmap of the 263 significant probes

contrasting at a FDR of 0.01. (C) RNA-seq analysis shows a distinctive expression profile of sarcomatoid versus advanced-stage non-sarcomatoid

ccRCC, with a heatmap of the 2549 significant probes in non-sarcomatoid (E*) and sarcomatoid (E and S) samples contrasting at a FDR of 0.05. (D)

RNA-seq analysis shows distinctive expression profile of sarcomatoid versus Fuhrman grade 4 non-sarcomatoid ccRCC, with a heatmap of the 657

significant probes in Fuhrman grade 4 non-sarcomatoid (E*) and sarcomatoid (E and S) samples contrasting at a FDR of 0.05. Gene expression values

were centred before clustering. Samples are ordered by hierarchical clustering (subtype, columns; genes, rows).
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Figure S2. Supervised analyses of biphasic E and S components of pretreated ccRCC samples. (A) Sarcomatoid ccRCCs that had been pre-

treated with Sutent had no spontaneous clustering of their biphasic E or S components with respect to HIF pathway genes. (B) The E and S

components of chemotherapy-pretreated ccRCCs clustered separately with respect to proliferation genes, whereas untreated sarcomatoid

ccRCCs did not show spontaneous clustering (C).

Figure S3. RNA-seq analysis confirmed microarray-based results in biphasic E/S paired samples. (A) Unsupervised biclustering by expression

profile, as assayed using RNA-seq across RefSeq-annotated transcripts for 4 tumour-matched pairs of E and S components from sarcomatoid

ccRCC. No spontaneous association was found by histological type or differential gene network, between E and S. (B) We observed no hier-

archical clustering by RNA expression in E and S components across a known panel of good- (ccA) and poor- (ccB) prognosis genes, as pro-

filed by RNA-seq, between sarcomatoid ccRCC types. Differential expression was also not seen in (C) ccA or (D) ccB genes between 4

tumour-matched pairs of E and S components.

Figure S4. Druggable targets in ccRCC show differential gene expression in sarcomatoid and non-sarcomatoid ccRCC. Supervised analysis of

mTOR (A), HIF (B) and MAPK/ERK (C) pathway genes with respect to sarcomatoid and non-sarcomatoid ccRCC show differential regulation

by RNA-seq.

Figure S5. Sarcomatoid histological phenotype shows a partial EMT signature. Boxplots of relative expression of 13 EMT-associated genes in

E and S components of sarcomatoid ccRCC, as assayed by (A) microarray and (B) RNAseq analysis. Gene expression levels of independent

samples, measured using the 2 platforms show that most differentially expressed genes had the expected directionality for EMT between E and

S components (Supplementary Table S6a,b).

Table S1. Clinicopathologic characteristics of advanced stage non-sarcomatoid ccRCC dervied from TCGA

Table S2. Differentially regulated pathways between sarcomatoid and non-sarcomatoid RCC evaluated by microarray and RNA-seq

Table S3. Correlation of sarcomatoid biomarkers with tumour grade and survival in non-sarcomatoid RCC

Table S4. Microarray based expression of E and S components of sarcomatoid RCC with respect to poor prognosis ccB genes

Table S5. Microarray based expression of E and S components of sarcomatoid RCC with respect to good prognosis ccA genes

Table S6a. Microarray based expression of E and S components of sarcomatoid RCC with respect to EMT genes

Table S6b. RNA-seq based expression of E and S components of sarcomatoid RCC with respect to EMT genes
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