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Over the past few years several investigators have independently described unique low-grade renal epithelial

neoplasms with clear cytoplasm, focal to diffuse papillary architecture, and occasional leiomyomatous stromal

metaplasia that are not currently recognized in the World Health Organization classification of renal tumors.

These tumors have been referred to by a variety of names including clear-cell papillary renal cell carcinoma and

recently ‘‘clear-cell tubulopapillary renal cell carcinoma’’. On the basis of the available data, such tumors are

positive for cytokeratin 7 (CK7) and carbonic anhydrase IX (CA9), while being negative for CD10,

a-methylacyl-CoA racemase (AMACR), and TFE3. These tumors reportedly lack trisomies of chromosomes

7 and 17, deletions of 3p25, von Hippel–Lindau (VHL) gene mutations, and VHL promoter hypermethylation.

Herein, we report on nine cases of this tumor emphasizing detailed studies of the VHL gene and hypoxia-

inducible factor (HIF) pathway. Molecular studies performed included VHL mutational analysis, copy number

changes assessed using single-nucleotide polymorphism arrays, and qRT-PCR for VHL mRNA expression.

Immunohistochemical stains for markers of HIF pathway activation (HIF-1a, CA9, and glucose transporter-1

(GLUT-1)) as well as other relevant markers (CK7, CD10, AMACR, and TFE3) were performed. None of our

tumors harbored VHL gene mutations, losses of chromosomal region 3p25, or trisomies of chromosomes 7 or

17. VHL mRNA was overexpressed in our tumors relative to normal renal tissue and clear-cell renal cell

carcinoma. All cases showed strong co-expression of CK7, HIF-1a, GLUT-1, and CA9. No expression of TFE3,

CD10, or AMACR was seen. The morphological, immunophenotypic, and molecular features of these unique

low-grade tumors are sufficiently distinct to allow separation from other renal cell carcinoma subtypes. The co-

expression of CA9, HIF-1a, and GLUT-1 in the absence of VHL gene alterations in clear-cell papillary renal cell

carcinoma suggests activation of the HIF pathway by non-VHL-dependent mechanisms.
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The current World Health Organization (WHO)
classification of genitourinary tumors recognizes
over 40 subtypes of renal neoplasms.1 Since the
publication of the latest iteration of the WHO
classification in 2004, several novel renal tumor
subtypes have been described. One such subtype is
clear-cell papillary renal cell carcinoma, a typically
low-grade renal epithelial neoplasm with morpho-
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logical features mimicking both clear-cell renal
cell carcinoma and papillary renal cell carcinoma
that also occasionally exhibits prominent smooth
muscle metaplasia within the intratumoral stroma.
We, and others, believe that a variety of other
recently described entities, including renal angio-
myoadenomatous tumor,2 clear-cell tubulopapillary
renal cell carcinoma,3 renal cell carcinoma with
prominent leiomyomatous proliferation4 and clear-
cell renal cell carcinoma with diffuse cyto-
keratin 7 immunoreactivity5 are either closely
related, if not the same, tumors as clear-cell
papillary renal cell carcinoma described in the
literature with alternative nomenclature.3,5–8 Our
contention is further supported by presentations at
the most recent annual meeting of United States and
Canadian Association of Pathologists (USCAP, 2011)
regarding clear-cell papillary renal cell carcinoma
and renal angiomyoadenomatous tumor.9,10

Despite the different nomenclature used, the
tumors described share many morphological fea-
tures and consistently express cytokeratin 7 (CK7)
and carbonic anhydrase IX (CA9) while lacking
labeling for a-methylacyl-CoA racemase (AMACR)
and CD10.2–4,6,7 An association with end-stage renal
disease was initially described for clear-cell papil-
lary renal cell carcinoma (RCC), but many cases
have now been documented outside of this set-
ting.3,6,7,11 At the molecular level, no consistent
changes have been detected in these tumors. How-
ever, based on a few studies these unique tumors do
appear to lack the molecular changes characteristic
of clear-cell RCC—von Hippel–Lindau gene muta-
tions/chromosome 3p25 loses—and papillary RCC—
trisomies of chromosomes 7 and 17 with losses of
chromosome Y.3,6

In a recent series, 36 low-grade renal epithelial
tumors with the characteristics outlined above were
described in detail.3 Many additional cases were
also reported at the most recent annual meeting of
the USCAP (2011), confirming the unique immuno-
phenotype of these and related tumors.9,10,12,13

The characteristic immunophenotype of these
tumors includes diffuse CK7 expression in 100%
of cases, diffuse membranous CA9 expression,
negative immunostaining for AMACR and TFE3,
and negative or at the most focal expression of CD10.
Many of these studies also confirm the absence of
3p25 losses and trisomies of chromosomes 7 and 17
in these tumors. Aydin et al.3 also found no VHL
promoter hypermethylations in two cases they
tested. On the basis of such results, it appears that
these tumors represent a distinct form of low-grade
RCC, the recognition of which may be important for
prognosis and clinical management.3,7

The emphasis placed on the VHL gene in these
previous studies is warranted based on the morpho-
logical overlap between clear-cell RCC and clear-cell
papillary RCC, as well as the fact that much of the
molecular genetic underpinnings of the modern
classification of renal tumors has been elucidated

through the study of inherited cancer syndromes
such as VHL disease.1,14 Over the years, numerous
studies have documented somatic mutations and
promoter hypermethylation of the VHL gene as well
as losses of chromosome 3p in sporadic clear-cell
RCC, and such alterations have become defining
characteristics of these tumors.1,15–17 The VHL gene
product regulates transcription of several genes
through the hypoxia-inducible factor (HIF) pathway.18

Silencing of VHL expression ultimately results in
overexpression of a number of proteins, including
HIF-1a, glucose transporter-1 (GLUT-1), and CA9.19–21

We evaluated the morphological, immunohisto-
chemical, and molecular features of nine cases of
clear-cell papillary RCC with emphasis on the VHL
gene and HIF pathway-related markers, given the
importance of this gene and pathway in clear-cell
RCC—the main differential diagnostic considera-
tion. Mutational analysis of the entire VHL gene was
performed in each case to exclude such mutations as
a possible mechanism of gene silencing. In addition,
chromosomal copy number changes were evaluated
in clear-cell papillary RCC using single-nucleotide
polymorphism (SNP) arrays to examine genome-
wide changes and exclude the presence of recurrent
copy number changes—such as losses of 3p and/or
5q gains—that are known to occur in clear-cell
RCC.16,22–24 Quantitative real-time PCR (qRT-PCR)
was carried out to evaluate VHL mRNA expression
in clear-cell papillary RCC. Finally, we performed
immunohistochemistry for markers of HIF pathway
activation (CA9, HIF-1a, and GLUT-1) and addi-
tional markers (CK7, AMACR, TFE3, CD10, and
34bE12) shown to be relevant in the diagnosis/
differential diagnosis of these tumors.

Materials and methods

Selection of Samples

The Memorial Sloan-Kettering Cancer Center insti-
tutional review board approved this study. A total of
nine clear-cell papillary RCC cases with available
frozen tumor and normal kidney samples which had
undergone resection at our institution between 2005
and 2008 were identified in our files. These nine
cases—along with 11 clear-cell RCC and 13 papillary
RCC—were selected for inclusion in this study.
Clinical history and family history were obtained by
chart review. All available H&E slides from each
case were reviewed by two genitourinary patholo-
gists (SKT, SMR). Recognition and classification of a
tumor as clear-cell papillary RCC was based on the
findings of previous studies.6,7,8,11 Specifically, the
criteria used for classification of a tumor as a clear-
cell papillary RCC included the following: (1)
diffuse cytoplasmic clarity; (2) variable, often con-
spicuous, papillary architecture; and (3) character-
istic linear arrangement of the nuclei away from the
basement membrane (Figure 1). After review of all
the slides from a given case, a single tumor-containing
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paraffin block was chosen and a tissue microarray
(TMA) was constructed. Each case was represented
on the TMA by three, 2.0-mm tissue cores.

Immunohistochemistry

Immunohistochemistry was performed on TMA
slides containing all cases and repeated on whole
sections in selected cases with the antibodies listed

in Table 1. Antigen retrieval was performed as listed
in Table 1. Visualization of bound antibodies was
performed using the peroxidase-labeled streptavi-
din–biotin system (DAKO, LSAB2 kit) with 3, 3-
diaminobenzidine as a chromagen. Positive and
negative controls were run concurrently and showed
appropriate immunostaining. Immunohistochemical
staining was graded in a semiquantitative manner as
absent/weak (0 or 1þ , 0–25% cells positive) or
strong (2þ or 3þ , 26–100%). Cytoplasmic and/or

Figure 1 An example of a clear-cell papillary renal cell carcinoma is depicted in the photomicrograps. This example has diffusely papillary
architecture and conspicuous cytoplasmic clarity (a, H&E, �100). Higher-power examination reveals positioning of the nuclei away from
the basement membrane toward the luminal aspect of the cell. This morphological feature was consistently seen in all clear-cell papillary
carcinomas in this study (b, H&E, � 200). Diffuse, strong membranous co-expression of CK7 (c, � 200) and CA9 (d, � 200) is characteristic of
these tumors. Note the absence of luminal staining for CA9, which is characteristic of clear-cell papillary renal cell carcinoma.

Table 1 Antibodies

Antibody Company/source Dilution Antigen retrieval method

CK7 Ventana Pre-diluted Proteinase K
AMACR DAKO 1:500 Citric acid
CA9 Proprietary (clone M75/38) 1:250 Citric acid
TFE3 Santa Cruz Biotechnology 1:500 EDTA
34bE12 Ventana Pre-diluted Proteinase K
CD10 Novocastra 1:300 Citric acid
HIF-1a NOVUS Biologicals 1:400 Catalyzed signal amplification system (DAKO)
GLUT-1 Cell Signaling Technology 1:500 Citric acid
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membranous expression of CK7, CD10, and
AMACR were considered positive. Only distinct
membranous staining for CA9 and GLUT-1 and
distinct nuclear staining for TFE3 were considered
positive.

DNA Extraction, VHL Sequencing, and Mutational
Analysis

Prior to DNA extraction, frozen section H&E-stained
slides from each aliquot of tumor and normal were
prepared and examined to ensure that only tumor
and normal were present, respectively. Genomic
DNA was extracted from two 10-mm frozen slices
using the Genfind kit (Agencourt, Beverly, MA,
USA), in a 96-well format, following the manufac-
turer’s instructions, in a semiautomated manner as
described previously.25 The average yield was 2 mg of
dsDNA. A total of 100ng of DNA were used for
whole genome amplification using the Repli-G Midi
kit (Qiagen, Valencia, CA, USA). The quality of
whole genome amplified DNA was verified by PCR
reactions using two control amplicons. The exonic
regions of interest (NCBI Human Genome Build
36.1) were broken into amplicons of 500 bp or less,
and specific primers were designed using Primer 3,
to cover the exonic region plus at least 50 bp of
intronic sequences on both sides of intron–exon
junctions26 (Table 2). M13 tails were added to
facilitate Sanger sequencing. PCR reactions were
carried out in 384-well plates, in a Duncan DT-24
water bath thermal cycler, with 10ng of whole
genome amplified DNA (Repli-G Midi; Qiagen) as
template, using a touchdown PCR protocol with
HotStart Taq (Kapa Biosystems, Cape Town, South
Africa). Mutations were detected using an auto-
mated detection pipeline at the MSKCC Bioinfor-
matics Core as described previously.25 All putative
mutations were confirmed by a second PCR and
sequencing reaction, in parallel with amplification
and sequencing of matched normal tissue DNA.

SNP Array and Data Analysis

The Affymetrix SNP 6.0 array contains more than
906 600 SNP probes and 946 000 copy number
variation (CNV) probes. This array provides a
complete genome-wide picture of CNV within a
given sample. A total of 500ng of whole genome-
amplified DNA was used for tumor and matched
normal samples for SNP genotyping. The samples
were fragmented and labeled according to the
Affymetrix SNP Nsp/Sty 6.0 protocol for whole
genome amplified DNA (Affymetrix, Santa Clara,
CA, USA). The samples were then hybridized on the
Affymetrix SNP 6.0 arrays for 18h at 501C in a
GeneChip 450 hybridization oven (Affymetrix) at
60 r.p.m. The arrays were washed and stained
according to the manufacturer’s protocol. After
scanning, quality control measures evaluated for
each sample included the signal contrast QC and the
SNP call rates. All samples had contrast QC 41.3
and SNP call rates 493%. The data were processed
from the original CEL files with the Affymetrix
Chromosomal Copy Number Analysis Tool (CNAT
4.0). The data were then analyzed using two
independent methods. First, CEL files were im-
ported into Partek Genomic Suite and analyzed
using the Copy Number Analysis workflow with
normalization performed using the robust multichip
averaging (RMA) algorithm, and segmentation car-
ried out using a hidden Markov model set to detect
copy number states of 0.1, 1, 3, 4, and 5 as described
previously.27 A copy number state of 2 was ignored
and both SNP and CNV probes were used in the
analysis. In a separate analysis of the same data set
probe level signal intensity normalization (quantile)
and copy number quantification of paired tumor and
normal samples was generated using methods
described previously.28 Raw copy number was
obtained through a tumor-to-normal log2 ratio by
subtracting the signal intensity of the matched
normal sample from the tumor signal. Segmentation

Table 2 Sequencing primers

Gene Target position Primer sequence (with M13 tails; 50–30)

VHL chr3:10158318–10158698 GTAAAACGACGGCCAGTaaccttagaggggcgaaaaa
VHL chr3:10158318–10158698 CAGGAAACAGCTATGACCgcttcagaccgtgctatcgt
VHL chr3:10158699–10158871 GTAAAACGACGGCCAGTTAACGAGTTGGCCTAGCCTC
VHL chr3:10158699–10158871 CAGGAAACAGCTATGACCGCTTCAGACCGTGCTATCGT
VHL chr3:10163197–10163320 GTAAAACGACGGCCAGTggacggtcttgatctcctga
VHL chr3:10163197–10163320 CAGGAAACAGCTATGACCcataacgtacaaatacatcacttcca
VHL chr3:10166470–10166850 GTAAAACGACGGCCAGTGCAAAGCCTCTTGTTCGTTC
VHL chr3:10166470–10166850 CAGGAAACAGCTATGACCAACGATATGCTGCAATTCCC
VHL chr3:10166851–10167230 GTAAAACGACGGCCAGTACAGGACTGGTTCCTTCCTT
VHL chr3:10166851–10167230 CAGGAAACAGCTATGACCGACCGAGAAAGTGCACGACT
VHL chr3:10167231–10167610 GTAAAACGACGGCCAGTGAGCCTTCAGTCAGGGTTTG
VHL chr3:10167231–10167610 CAGGAAACAGCTATGACCGTACAAAAATTGGCCAGCGT
VHL chr3:10167611–10167990 GTAAAACGACGGCCAGTCATCCGCACAGAAAATACGA
VHL chr3:10167611–10167990 CAGGAAACAGCTATGACCTCCAAATGTTTCTCTACTGGGG
VHL chr3:10167991–10168370 GTAAAACGACGGCCAGTTTTTATCAGGCAGGACCAGG
VHL chr3:10167991–10168370 CAGGAAACAGCTATGACCCCAGCCGTCACTCTCATTTT
VHL chr3:10168371–10168746 GTAAAACGACGGCCAGTCCACTTTTGTTCTACTCCTTCCC
VHL chr3:10168371–10168746 CAGGAAACAGCTATGACCGCTAAAATCAGTTGAAATTCGGA
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from the raw copy number data was performed
using the circular binary segmentation algorithm.29

Each profile was centered so that log2 ratio of zero is
assigned to the predominant copy number, deter-
mined by the mode of the distribution of the mean
log2 ratio for each segment, weighted by the number
of probes per segment. After mode-centering, gains
and losses for a subset of analyses were defined as
segment mean log2 ratios of 40.2 or o�0.2 and
amplification and deletions as 41 or o�1, respec-
tively. Copy number and LOH calls were made using
the Rae algorithm.30 The results of the two analyses
were compared and only changes consistently
detected by each method were considered valid.
Hierarchical clustering was performed using the
median of log2 ratios for all SNPs in a chromosomal
arm utilizing Pearson’s centered distances with
centroid linkage rule.

RNA Extraction and VHL mRNA Expression by
qRT-PCR

Extraction of total RNA was performed using fresh–
frozen tissue from nine clear-cell papillary RCC
cases, five clear-cell RCC cases with previously
documented 3p25 losses and/or VHL gene muta-
tions, and three non-neoplastic kidney tissue sam-
ples. Before extraction, frozen section H&E-stained
slides from each aliquot of tumor and normal were
prepared and examined to ensure that only tumor
and normal, respectively, were present. Total RNA
was isolated homogenizing 1mg of tissue in 1ml of
Trizol Reagent (Invitrogen, Carlsbad, CA, USA). The
concentration and purity of the extracted RNA was
determined using an Agilent 2100 Bio-
analyzer. In all, 400 ng of total RNA was reverse-
transcribed using the Thermoscript RT-PCR system
(Invitrogen) at 521C for 1h. A total of 20 ng of
resultant cDNA was used in a q-PCR reaction using
the Applied Biosystems 7500 real-time PCR system
and pre-designed TaqMan Gene Expression Assays
Amplification was carried for 40 cycles (951C for
15 s, 601C for 1min). The VHL forward primers
(50-CTGCCCGTATGGCTCAACTT-30) and reverse pri-
mers (50-GTGTGTCCCTGCATCTCTGAAG-30) were
obtained from Applied Biosystems (Foster City,
CA, USA). To calculate the efficiency of the PCR
reaction and to assess the sensitivity of each assay,
we also performed a seven-point standard curve
(5, 1.7, 0.56, 0.19, 0.062, 0.021, and 0.0069 ng).
Triplicate Ct values were averaged for each sample,
and amounts of target were interpolated from the
standard curves and normalized to GAPDH.

Statistical Analysis

The w2 contingency test was used to compare
differences in copy number changes between tumor
types. The Student’s t-test was used to compare
differences in VHLmRNA expression between clear-

cell papillary RCC, clear-cell RCC, and non-neoplas-
tic kidney controls. Only P-values o0.05 were
considered significant.

Results

Clinicopathological Features

The clinicopathological features of clear-cell papil-
lary RCC cases included in this study are listed in
Table 3. The patients consisted of five men and four
women with a mean age of 61.7 years (range 46–74
years). One patient (CCP7) had multifocal, bilateral
renal tumors, three of which were removed at our
institution over a period of 6 years. Only one tumor
from this patient, a 3.1 cm tumor removed in 2008,
was used in this study. Of note, the two tumors
removed form this patient before 2008 were both
originally classified as clear-cell RCC, but on review
all three tumors met the morphological criteria for
clear-cell papillary RCC. This particular patient
(CCP7) is also the only patient in our series with a
family history of RCC, with her father having had
bilateral nephrectomies for renal tumors. Clinical
suspicion for VHL disease was high in this patient;
however, she lacked any other stigmata of that
syndrome and no other family members had any
signs of VHL disease. Two other patients without
family history of renal tumors had other lesions in
addition to clear-cell papillary RCC including two
papillary adenomas (CCP5) and a small angiomyo-
lipoma (CCP8). The majority 8/9 (88%) of patients
with clear-cell papillary RCC underwent partial
nephrectomy for their tumor(s). All patients were
alive without evidence of disease at last follow-up.
The mean tumor size was 2.4 cm (range 1.5–3.1 cm)
and all of the tumors were stage pT1a. None of the
tumors had foci of lymphovascular invasion. Seven
of nine (78%) clear-cell papillary RCCs were Fuhr-
man nuclear grade 2, whereas the remaining two
cases were Fuhrman nuclear grade 3. All of the
tumors had mixed growth patterns with variable
amounts of papillary, tubular, and cystic architec-
ture. The most common growth pattern was tubular,
with 67% (6/9) of cases exhibiting this as the
predominant architectural pattern. Two of the

Table 3 Clinicopathological findings

Case no. Age (years) Sex Gradea Size (cm) Stage ESRD

CCP1 60 M 2 2.2 pT1a No
CCP2 52 M 2 2.6 pT1a No
CCP3 56 M 2 2.1 pT1a No
CCP4 52 M 2 2.9 pT1a No
CCP5 74 F 3 1.5 pT1a Yes
CCP6 73 M 2 3.1 pT1a No
CCP7 66 F 2 2.3 pT1a No
CCP8 74 F 2 2.1 pT1a No
CCP9 46 F 3 2.8 pT1a No

ESRD, end stage renal disease.
a
Furhman nuclear grade.
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tumors (CCP1 and CCP9) were predominately cystic
and all of the tumors had areas of stromal sclerosis.
In one case (CCP9), small areas of acinar-type growth
were evident. In these acinar areas, the tumor cells
tended to have larger amounts of clear cytoplasm,
but the characteristic positioning of the nuclei
away from the basement membrane/supporting
vasculature was maintained (Figure 2). Four of the

tumors (CCP3, CCP4, CCP5, and CCP6) had pro-
minent smooth muscle metaplasia.

Immunohistochemistry

The results of CK7, CA9, 34bE12, AMACR, CD10,
and TFE3 immunohistochemical staining in clear-

Figure 2 Papillary architecture is usually seen at least focally in clear-cell papillary renal cell carcinoma. However, many different
architectural patterns can be seen, including prominent smooth muscle metaplasia (a, � 100), tubular growth (b, � 200), acinar growth
(c, �200), and even a retiform-like pattern (d, � 200). Diffuse cytoplasmic clarity and the characteristic nuclear positioning within the
cytoplasm aid in proper identification of these tumors on H&E-stained slides.

Table 4 Results of immunohistochemical staining in clear-cell papillary renal cell carcinoma

Case no. CK7 CA9 34bE12 AMACR (%) CD10 (%) TFE3 (%)

CCP1 90%, 3+ 90%, 3+ 0% 0 0 0
CCP2 90%, 3+ 70%, 3+ 80%, 3+ 0 0 0
CCP3 95%, 3+ 50%, 3+ 20%, 1+ 0 0 0
CCP4 95%, 3+ 50%, 3+ 20%, 1+ 0 0 0
CCP5 95%, 3+ 50%, 3+ 0% 0 0 0
CCP6 90%, 2+ 90%, 3+ 50%, 2+ 0 0 0
CCP7 90%, 3+ 80%, 3+ 90%, 3+ 0 0 0
CCP8 95%, 3+ 80%, 3+ 90%, 3+ 0 0 0
CCP9 95%, 3+ 90%, 3+ 70%, 3+ 0 0 0
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cell papillary RCC are summarized in Table 4. All
nine of the clear-cell papillary RCCs showed strong
co-expression of CK7 and CA9 on the TMA slides.
Whole sections of tumor were also stained with
these two markers in six cases, all six cases
exhibiting strong and diffuse co-expression of CK7
and CA9. The CA9 expression in clear-cell papillary
RCC differed from that seen in clear-cell RCC in that
there was generally an absence of staining at the
luminal aspect of individual cells. This pattern of
staining was not seen in any of our clear-cell RCC
cases. In one clear-cell RCC case patchy staining for
CK7 in addition to diffuse staining for CA9 was

noted on whole sections. The CK7 staining in this
case was centered around cystic spaces. Immuno-
histochemical staining for 34bE12 revealed strong,
diffuse membranous labeling in 5/9 (56%) clear-cell
papillary RCCs, whereas none of the cases labeled
with CD10 or AMACR. In contrast, clear-cell RCC
labeled strongly with CA9 (11/11, 100%) and CD10
(9/11, 81%), but only rarely was strong expression of
CK7 (1/11, 9%) seen in these cases. Labeling for
34bE12 was not seen in clear-cell RCC (0/11, 0%).
The papillary RCC immunoprofile also differed from
that seen in clear-cell papillary RCC, with most
cases being strongly positive for AMACR (11/13,

Figure 3 Immunohistochemistry can be helpful in distinguishing clear-cell papillary renal cell carcinoma (CCP) from clear-cell renal cell
carcinoma (CRCC, top row) and papillary renal cell carcinoma (PRCC, bottom row). Note that many clear-cell papillary carcinomas label
with 34BE12, while papillary renal cell carcinoma and clear-cell renal cell carcinoma were consistently negative for this marker.

Figure 4 Immunohistochemical markers of HIF pathway activation (CA9, GLUT-1, HIF1a) label both clear-cell papillary (CCP) and
clear-cell renal cell carcinoma (CRCC), while papillary renal cell carcinoma (PRCC) does not label with these markers.
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85%) and CK7 (9/13, 69%), but negative for CA9 (0/
13, 0%) and 34bE12 (0/13, 0%) (Figure 3). In
addition to CA9, we evaluated immunoexpression
of two other markers of HIF pathway activation,
HIF-1a and GLUT-1. The majority of clear-cell
papillary RCCs expressed both of these markers,
with 8/9 (89%) cases exhibiting strong labeling for
GLUT-1 and 9/9 (100%) cases showing strong
staining with HIF-1a in a nuclear distribution. The
findings in clear-cell RCC were similar, with 11/11
(100%) cases strongly expressing GLUT-1 and 10/11
(91%) cases strongly labeling with HIF-1a. These
findings contrast with results seen in papillary RCC,
none of which exhibited labeling for GLUT-1 or
HIF-1a (Figure 4). TFE3 nuclear labeling was not
seen in any tumor.

VHL Sequencing and Mutational Analysis

The entire VHL gene was sequenced in 9 clear-cell
papillary, 11 clear-cell, and 13 papillary RCCs along
with matched non-neoplastic renal parenchyma
samples. None of the clear-cell papillary or papillary
RCCs exhibited VHL mutations. In all, 3 of the 10
clear-cell RCCs harbored VHL mutations (Table 5).
All of these mutations were somatic and are
predicted to result in either an amino-acid change
or a premature stop codon. One case contained two
mutations, a phenomenon that has been reported
previously.17

Chromosome Copy Number and Loss of
Heterozygosity

A total of 20 tumor and matched normal samples
from 9 clear-cell papillary and 11 clear-cell RCC
cases were evaluated for copy number changes and
LOH using SNP arrays. Figure 5 shows unsuper-
vised clustering of clear-cell papillary and clear-cell
RCCs based on chromosomal copy number changes.
Of note, this type of analysis does not result in
distinct separate clustering of clear-cell papillary
and clear-cell RCC. However, significant and poten-
tially biologically relevant differences do exist.
Table 6 lists the chromosomal copy number changes
that differed significantly between clear-cell papil-
lary RCC and clear-cell RCC. Most notably, only
cases of clear-cell RCC (7/11, 64%) exhibited 3p

losses, whereas none of the clear-cell papillary RCC
cases (0/9) evaluated showed this change (P¼ 0.006)
(Figure 6a). Additional copy number changes that
were more frequently seen in clear-cell vs clear-cell
papillary RCC and that are statistically significant
include gains of 5q (P¼ 0.025) (Figure 6b) and losses
of 8p (P¼ 0.010). None of the clear-cell papillary
RCC cases exhibited trisomies or tetrasomies of
chromosomes 7 or 17. This finding was confirmed in
all our clear-cell papillary RCCs by interphase
fluorescence in situ hybridization using centromeric
probes for chromosomes 7 and 17 (data not shown).
No recurrent/type-specific chromosomal copy num-
ber changes were observed in clear-cell papillary
RCC. No copy number neutral LOH events were
detected.

VHL mRNA Expression

Evaluation of VHL mRNA expression by qRT-PCR
was successful in seven clear-cell papillary RCCs.
The quality and purity of the RNA extracted from
the remaining samples was insufficient for PCR
analysis. Expression of VHL mRNA was also
assessed in three non-neoplastic kidney samples
and five clear-cell RCC samples with 3p25 losses
and/or VHLmutations as controls. There was a trend
towards higher expression of VHL mRNA in clear-
cell papillary RCCs (mean Ct value¼ 1.508±1.237)
when compared with clear-cell RCCs (mean Ct
value¼ 2.970±2.620) and non-neoplastic kidney
samples (mean Ct value¼ 1.786±0.228). However,
these differences were not statistically different with
P-values of 0.2677 and 0.7946, respectively. Further-
more, there was a wide range of expression levels
within the tumor subtypes with different samples
having widely disparate expression levels (Table 7).

Discussion

The World Health Organization classification of
renal tumors synthesizes morphological, immuno-
histochemical, molecular, and clinical data to define
distinct entities that are biologically and clinically
relevant. Over the years, as more data and experi-
ence pertaining to neoplasms of the kidney has
accumulated, this classification has been refined
and expanded to include over 40 tumor types.1

Clear-cell RCC, an aggressive and common type, is a

Table 5 VHL mutational analysis results

Sample Tumor type Exon Mutation Mutation type Mutated protein Mutation origin

CRCC-3 CRCC 1 c.240T4A Missense S80R Somatic
CRCC-3 CRCC 1 c.241C4A Missense P81T Somatic
CRCC-7 CRCC 1 c.234T4A Missense N78Y Somatic
CRCC-10 CRCC 1 c.206_208delGCG Nonsense E70a Somatic

a
No mutations detected in CCP (n¼ 9) or PRCC (n¼ 13).
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tumor defined by its characteristically clear cyto-
plasm, distinctive vasculature, expression of CA9
and CD10, alterations of the VHL gene located at
chromosome 3p25.3, and several other recurrent
copy number changes such as 5q gains.1,15,22,23

Papillary RCC classically has tubulopapillary archi-
tecture, exhibits co-expression of CK7 and AMACR,
and harbors trisomies or tetrasomies of chromo-
somes 7 and 17.1 The recently recognized entity
clear-cell papillary RCC has consistently been
shown to have morphological features intermediate
between clear-cell and papillary RCC, as well as an
overlapping but unique immunoprofile character-

ized by CA9 and CK7 co-expression.3,6,7 In addition,
previous studies of clear-cell papillary RCC have
failed to show the characteristic cytogenetic find-
ings—namely 3p losses and trisomies of chromo-
somes 7 and 17—typically seen in clear-cell and
papillary RCC, respectively.3,6 Herein, we describe
the morphological, immunohistochemical, and mo-
lecular features of nine clear-cell papillary RCC
cases, with emphasis on the VHL gene and the HIF
pathway.

Morphologically, the clear-cell papillary RCCs in
our series exhibited diffuse cytoplasmic clarity and
various combinations of tubular, papillary, and

Figure 5 Hierarchical clustering of genome-wide copy number variations from an SNP array does not reveal distinct clustering of
clear-cell renal cell carcinoma (n¼11) and clear-cell papillary renal cell carcinoma (n¼ 9). The tumor-type designations are indicated
above the heatmap, with clear-cell renal cell carcinoma cases represented by yellow boxes and clear-cell papillary renal cell carcinoma
cases represented by green boxes. Areas of chromosomal losses are represented by blue and areas of chromosomal gains are represented
by red on the heat map. The chromosomes are listed on the right side of the figure in ascending order from top to bottom.
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cystic architecture. Areas of acinar growth with the
characteristic delicate vasculature typically seen in
clear-cell RCC were largely absent in our clear-cell
papillary RCC cases. In the single case in which
such acinar areas were seen, they were focal and

maintained the conspicuous nuclear positioning
away from the basement membrane that is typical
of clear-cell papillary RCC. In our opinion, this
characteristic nuclear positioning is essential for the
diagnosis of clear-cell papillary RCC. Despite the

Figure 6 (a) Hierarchical clustering based on copy number changes of chromosome 3 does reveal difference between clear-cell renal cell
carcinoma and clear-cell papillary renal cell carcinoma. On the left side of the figure 7 out of 11 (64%) of the clear-cell renal cell
carcinoma cases cluster together as they exhibit loss of a large portion of the short arm of chromosome 3. In contrast, loss of material from
the short arm of chromosome 3 was not seen in any of the clear-cell papillary cases evaluated. (b) Hierarchical clustering based on copy
number changes of chromosome 5 also reveals difference between clear-cell renal cell carcinoma and clear-cell papillary renal cell
carcinoma. On the heatmap, five (45%) of the clear-cell renal cell carcinoma cases evaluated show amplification of chromosome 5q and
cluster together on the right side of the heatmap. None of the clear-cell papillary renal cell carcinoma cases exhibit this copy number change.

Table 6 Significantly different copy number changes

Aberration Tumor type with aberration Minimal overlapping region Genes in region

�3p CRCC (n¼ 7) 3pter-3p21.31 VHL, FHIT, FOXP1, RASSF1A
+5q CRCC (n¼ 5) 5q23.3-5qter CSFR1, ADAMTS2
�8p CRCC (n¼ 4) 8p22-8p13.2 MTUS1

CRCC, clear cell renal cell carcinoma.
P-value o0.05 by w2 for CRCC vs CCP in all regions listed.

Table 7 Summary of cases of CCP and CRCC with complete VHL and HIF pathway data

Case no. VHL mutation 3p25 loss VHL mRNAa HIF-1a GLUT-1

CCP1 � � Increased 90%, 3+ 90%, 3+
CCP2 � � Decreased 70%, 3+ 80%, 2+
CCP3 � � Increased 80%, 3+ 80%, 3+
CCP4 � � Increased 70%, 3+ 90%, 3+
CCP5 � � Increased 90%, 3+ 90%, 3+
CCP8 � � Increased 95%, 3+ 90%, 3+
CCP9 � � Decreased 90%, 3+ 90%, 3+
CRCC2 � + Decreased 90% 3+ 50%, 2+
CRCC3 + + Unchanged 80%, 3+ 70%, 3+
CRCC6 � + Decreased 95%, 3+ 50%, 3+
CRCC7 + + Decreased 90%, 3+ 95%, 3+
CRCC10 + + Unchanged 70%, 2+ 90%,3+

CRCC, clear cell renal cell carcinoma; CCP, clear cell papillary renal cell carcinoma.
a
VHL mRNA expression relative to non-neoplastic kidney samples.
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initial emphasis on papillary architecture in clear-
cell papillary RCC, this growth pattern is not always
prominent, a fact recently highlighted in a large
series of these tumors.3 When papillary architecture
was noted, the fibrovascular cores were typically
thin, lined by a single layer of cells with the
characteristic nuclear arrangement of clear-cell
papillary RCC, and lacked foamy macrophages
which are common in papillary RCC. In some areas,
the papillations were created by the marked infold-
ings in tubules and cysts. Cystic change is also
common in clear-cell papillary RCC, and in two of
our cases this was the predominant growth pattern.
These cystic cases raise the possibility of multi-
locular cystic clear-cell RCC in the differential
diagnosis. However, the characteristic nuclear ar-
rangement and at least focal papillary architecture of
clear-cell papillary RCC should allow one to
separate these two tumor types. We also noted areas
of smooth muscle metaplasia in the stroma of four of
our tumors. Recently, several groups have described
renal tumors with prominent smooth muscle meta-
plasia and have proposed that such tumors repre-
sent a unique entity.2,4 We agree with some
more recent publications/presentations that tumors
designated as ‘renal angiomyoadenomatous tumor’
or ‘RCC with prominent leiomyomatous prolifera-
tion’ have significant overlap with clear-cell
papillary RCC and likely represent morphological
variants with particularly exuberant smooth muscle
metaplasia.3,7–9

In our opinion, based on the characteristic
morphological features, clear-cell papillary RCC is
easily separable from papillary RCCs with clear-cell
changes and clear-cell RCC with focal papillary
architecture.3,7,8 In only rare instances, the support
of immunohistochemical staining may be an abso-
lute requirement for making this distinction.31

The unique co-expression of CK7 and CA9 seen in
clear-cell papillary RCC in previous studies was
confirmed in our series.3,6–8 All of our cases strongly
expressed these markers. None of our clear-cell
papillary RCCs expressed CD10 or AMACR makers
that were expressed by the majority of clear-cell RCC
and papillary RCC, respectively. We also evaluated
the expression of the high molecular weight CK—
34bE12—which labeled over half of the clear-cell
papillary RCCs (56%), but none of the clear-cell or
papillary RCCs. Thus, based on these results the
immunoprofile of clear-cell papillary RCC can be
summarized as CK7þ , CA9þ , 34bE12±, CD10�,
and AMACR�.

Of interest, one clear-cell RCC case included in
this study exhibited patchy labeling for CK7. We
classified this case as a clear-cell RCC based on the
absence of the morphological criteria characteristics
of clear-cell papillary RCC described in the Materi-
als and methods section. Although the immuno-
stained TMA slide showed strong co-expression of
CK7 and CA9 in this case, immunostains performed
on whole tumor sections revealed patchy CK7

staining primarily in and around areas of cystic
growth. The expression of CK7 in clear-cell RCC—
especially small tumors—has been documented in
the literature.5 We have seen CK7 staining in clear-
cell RCC cases in which the morphological diag-
nosis of clear-cell papillary RCC was not even
entertained owing to the absence of characteristic
H&E features, and in those cases the CK7 labeling
was patchy. Thus, we believe that this case repre-
sents an uncommon clear-cell RCC with patchy CK7
staining. Therefore, in addition to the architectural
pattern, cytoplasmic clarity, and characteristic nu-
clear morphology, diffuse, strong co-expression of
CA9 and CK7 can be used as supporting evidence for
classification of a renal tumor as clear-cell papillary
RCC.

Loss of function of the VHL gene ultimately leads
to overexpression of a variety of proteins that are
targets of the HIF pathway.18–20 CA9 is one of the
better-known HIF targets and has been shown to be
useful as an immunohistochemical marker of clear-
cell RCC.32,33 As noted above in our series as well as
in previous studies, clear-cell papillary RCC also
strongly expresses CA9. However, the pattern of
expression of CA9 in clear-cell papillary RCC differs
from that seen in clear-cell RCC in that most cells in
clear-cell papillary RCC lack labeling on the luminal
aspect. This pattern of staining was not observed in
any of the clear-cell RCCs evaluated in this study.
Two additional markers of HIF pathway activation—
GLUT-1 and HIF-1a—were also overexpressed at the
protein level in the clear-cell papillary RCC eval-
uated in this study. Overexpression of these markers
was not seen in cases of papillary RCC, whereas
strong expression of both markers was seen in clear-
cell RCC. GLUT-1 was diffusely and strongly
positive in all of the clear-cell papillary RCC cases,
as well as in all of the clear-cell RCC cases studied.
Similarly, HIF-1a overexpression was seen in 100%
of clear-cell papillary and 91% of clear-cell RCC
cases. Although numerous genetic, epigenetic, and
physiologic factors can result in overexpression of
these proteins, given the known prominent role of
VHL inactivation in clear-cell RCC, this would be
one possible explanation.

To investigate the possibility that alterations of the
VHL gene have a role in overexpression of HIF-
related markers and tumorigenesis in clear-cell
papillary RCC, we performed mutational analysis
of the VHL gene, evaluated the tumors for loss of
heterozygosity of the short arm of chromosome 3,
and examined the expression of VHL mRNA in our
clear-cell papillary RCC cases and clear-cell RCC
controls. Silencing of the VHL gene via mutations is
common in sporadic clear-cell RCC having been
documented in 37–80% of cases depending on the
methods used.17 In our series, none of the clear-cell
papillary RCC cases harbored VHL mutations,
whereas four mutations of the VHL gene were seen
in three clear-cell RCCs (27%). Sequencing of
matched normal kidney samples confirmed that
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these mutations were somatic and only changes that
would result in an amino-acid change were counted
as mutations in this study. All of the mutations seen
in our clear cell RCC have been described previously
in the literature and are predicted to result in a non-
functional/dysfunctional VHL protein product.17

The low incidence of VHL mutations seen in clear-
cell RCC may in part reflect the sample size or the
sequencing methods used.

SNP arrays are a relatively new Chip-based
method that allow for evaluation of genome-wide
copy number changes. Several studies utilizing this
technology to study and classify renal tumors have
been performed and the results indicate that this is
an accurate method for separating renal tumor
subtypes based on previously known chromosomal
aberrations.34,35 Using SNP arrays to study clear-cell
RCC specifically has resulted in the detection of 3p
losses in 91–100% of cases and 5q gains in 40–45%
of cases.24,34,35 In comparison, previous conventional
cytogenetic, FISH, and comparative genomic hybri-
dization studies have detected these abnormalities
less frequently. For example, recent studies of clear-
cell RCC using these methodologies have had a rate
of 3p loss detection ranging from 60 to 76% of the
cases evaluated.22,23

In our series, 3p losses—including the region of
the VHL gene—and 5q gains were the most frequent
chromosomal copy number change detected in
clear-cell RCC. Losses of 3p were seen in 7/11
(64%) of clear-cell RCCs, whereas 5q gains were
observed in 5/11 (45%). Losses of 8p were also
detected in 4/11 clear-cell RCC cases (36%) and, like
3p losses and 5q gains, were not seen in any of the
clear-cell papillary RCC cases. The difference in
frequency of 3p losses and 5q gains between the two
groups was statistically significant with P-values of
0.006 and 0.025, respectively. We did not detect
trisomies or tetrasomies of chromosomes 7 or 17 in
any of the cases evaluated. This finding was
confirmed in all of our clear-cell papillary RCCs by
interphase fluorescence in situ hybridization using
centromeric probes for chromosomes 7 and 17 (data
not shown).

Our qRT-PCR studies revealed relative overex-
pression of VHL mRNA in clear-cell papillary RCC
compared with non-neoplastic renal parenchyma
and clear-cell RCC cases harboring 3p losses and/or
VHL mutations. This finding supports the notion
that the molecular mechanism underlying clear-cell
papillary RCC may be distinct from clear-cell RCC
and not related to abrogation of VHL signaling.
However, it should be noted that there was a wide
range of expression levels of VHL mRNA in clear-
cell papillary RCC, with some cases having very low
expression levels (Table 7). The finding of decreased
expression of VHL mRNA in two of five clear-cell
papillary RCC cases evaluated requires further
explanation if the absence of VHL gene alterations
is to be used as evidence that these tumors are not
simply variants of clear-cell RCC. Although we did

exclude the two most common mechanisms of VHL
silencing in these two clear-cell papillary RCC
cases—namely VHL mutation and chromosome
3p25 losses—we did not rule out all the possible
mechanisms of VHL silencing. In particular, we did
not evaluate the possibility of VHL promoter
hypermethylation—an epigenetic change known to
lead to VHL silencing and decreased VHL mRNA
expression in clear-cell RCC.16 We also did not
investigate the possibility of microRNA (miRNA)-
induced VHL silencing that could explain the
decreased mRNA levels in these two cases.36

Although previous studies of clear-cell papillary
RCC did not evaluate VHL mRNA or miRNA
expression patterns, one study did evaluate VHL
promoter hypermethylation in 2 of 36 cases and
both of these cases were found to have a normal
methylation status.3 We also noted variable expres-
sion of VHL mRNA in the clear-cell RCC included in
our study with two cases showing expression levels
comparable to non-neoplastic renal tissue. Both of
these cases had documented VHL mutations, which
would alter VHL protein function, but not necessa-
rily VHL mRNA expression and, thus, activation of
the HIF pathway in these cases would be expected
(Table 7).

Overall, our results support the findings of
previous studies that clear-cell papillary RCC have
unique morphological and immunohistochemical
findings—in particular strong, diffuse co-expression
of CA9 and CK7. These tumors, when strictly
defined, do not harbor mutations of the VHL gene
or the characteristic chromosomal changes seen in
clear-cell or papillary RCC. Interestingly, these tu-
mors do overexpress markers of HIF pathway activa-
tion—CA9, GLUT-1, and HIF-1a—but appear to have
normal or even elevated VHL mRNA expression
relative to non-neoplastic controls. Although we
cannot completely explain these findings in clear-
cell papillary RCC, a wide range of genetic, epigenetic
and physiologic factors could be the cause. We did
not exclude mutations of several genes known to
predispose individuals to renal tumors that also lead
to HIF overexpression—such as fumarate hydratase
and succinate dehydratase B mutations.37 Future
studies examining the possible role of such genes
would be of great interest as none of the studies to
date have not shown any specific molecular altera-
tion associated with clear-cell papillary RCC.

To conclude, currently the definition of clear-cell
papillary RCC rests on unique morphological and
immunohistochemical features in conjunction with
the absence of molecular findings characteristic of
other renal tumors rather than that on the presence
of any tumor-type- specific genetic alterations.
Despite the absence of a molecular marker in clear-
cell papillary RCC, the bulk of the data suggest that
it represents a unique entity. Future studies aimed at
explaining the overexpression of HIF-related mar-
kers in these tumors may elucidate the molecular
mechanisms by which these neoplasms arise.
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