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Abstract

We recently proposed that an epithelial renal tumor “papillary renal neoplasm with reverse polarity” represents a distinct
entity. It constituted 4% of previously diagnosed papillary renal cell carcinoma at the participating institutions.
Histologically, it is characterized by papillary or tubulopapillary architecture covered by a single layer of eosinophilic cells
with finely granular cytoplasm and apically located nuclei. It is characteristically positive for GATA3 and LICAM and lack
vimentin and, to a lesser extent, a-methylacyl-CoA-racemase (AMACR/p504s) immunostaining. To investigate the
molecular pathogenesis of these tumors, we performed targeted next-generation sequencing on ten previously reported
papillary renal neoplasms with reverse polarity, followed by a targeted polymerase chain reaction analysis for KRAS
mutations in a control series of 30 type 1 and 2 papillary renal cell carcinomas. KRAS missense mutations were identified in
eight of ten papillary renal neoplasms with reverse polarity. These mutations were clustered in exon 2—codon 12: ¢.35 G>
T (n=06) or ¢.34 G>C (n=2) resulting in p.Glyl2Val and p.Glyl2Arg alterations, respectively. One of the wild-type
tumors had BRAF c.1798_1799delGTinsAG (p.Val600Arg) mutation. No KRAS mutations were identified in any of the 30
control tumors. In summary, this study supports our proposal that papillary renal neoplasm with reverse polarity is an entity
distinct from papillary renal cell carcinoma and the only renal cell neoplasm to consistently harbor KRAS mutations.

Introduction

In 1997, Delahunt and Eble proposed that papillary renal cell
carcinoma could be classified into types 1 and 2 [1]. Results
of the Cancer Genome Atlas (TCGA) molecular character-
ization have supported this histologic classification. However,
the observed histologic heterogeneity of papillary renal cell
carcinoma type 2 is also reflected on a molecular level as
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indicated by several studies [2-5]. Type 1 tumors are asso-
ciated with MET alterations, whereas type 2 tumors consist of
at least three subtypes based on molecular features and are
characterized by CDKNZ2A silencing, SETD2 mutations, TFE3
fusions, and increased expression of the NRF2-antioxidant
response element pathway [4]. Ultimately, these advances in
genetic understanding have led to the recognition of distinct
tumor entities that were once included under the umbrella
of papillary renal cell carcinoma type 2, including for
instance hereditary leiomyomatosis and renal cell carcinoma
syndrome-associated renal cell carcinoma and some translo-
cation carcinomas [6].

We recently described a subset of papillary renal neo-
plasms and proposed the term papillary renal neoplasm with
reverse polarity [7]. This tumor was found equally in men
and women, with a median age of 66 years. All 18 tumors
were <3 cm in size (median 1.4 cm, mean 1.6 cm) and ten
were encapsulated. All tumors were low stage and appear to
have been cured by surgery. Microscopically, the tumors
were composed of papillary or tubulopapillary architecture
covered by a single layer of eosinophilic cells with finely
granular eosinophilic cytoplasm and apically located round
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nuclei with inconspicuous nucleoli. No intracellular hemo-
siderin, psammoma bodies, mitotic figures, necrosis, or
clusters of foamy macrophages were seen. The diagnosis
was aided by positive immunohistochemical staining for
GATA3 and L1CAM along with the lack of vimentin and,
to a lesser extent, a-methylacyl-CoA-racemase (AMACR/
p504s) staining. Fluorescence in situ hybridization analysis
demonstrated a lower level of chromosomal abnormalities
(chromosome 7 and 17 trisomy in 20% of tumors and
deletion of Y chromosome in 14% of the tumors in males).
These findings are largely atypical for papillary renal cell
carcinomas types 1 and 2 [7].

In the current study, we performed mutational analysis of
the papillary renal neoplasm with reverse polarity using a
targeted next-generation sequencing (NGS) platform and
report a novel recurrent genetic mutation in these tumors.

Materials and methods
Study population

The study was approved by the Institutional Review Board
of the participating institutions (Indiana University, India-
napolis, IN; Henry Ford Health System, Detroit, MI; and
Wayne State University, Detroit, MI). Based on availability
of sufficient material for molecular analysis, the study
included ten of the previously published tumors of papillary
renal neoplasm with reverse polarity obtained from the three
departments of pathology (corresponding tumors no. 2, 4, 5,
8, 10, 11, 12, 14, 15, and 17). As previously described, a
control group composed of 30 papillary renal cell carcino-
mas (15 tumors of type 1 and 15 tumors of type 2) was
selected from the archives of the participating institutions.
To be selected for the control group, the tumors were
reviewed independently by two pathologists (DJG and
JNE). Both were blinded to the initial diagnosis and each
other’s diagnosis. Only tumors where classification into
types 1 and 2 was in agreement were then utilized as con-
trols. All tumors had been fixed in 10% neutral-buffered
formalin and embedded in paraffin [7].

NGS and mutational analysis

Representative formalin-fixed, paraffin-embedded blocks of
ten papillary renal neoplasms with reverse polarity con-
taining more than 60% tumor were submitted for targeted
NGS using the University of Chicago Medicine OncoPlus
(UCM-OncoPlus) panel, a hybrid-capture panel targeting
1213 cancer-associated genes. DNA extraction, DNA
quantification, library preparation, and sequencing were
performed as previously described [8]. Data analysis was
performed on a compliant high-performance computing

SPRINGER NATURE

system (Center for Research Informatics, University of
Chicago) using a University of Chicago developed
bioinformatics pipeline. First, using Novoalign 3.02.07
(NovoCraft, Selangor, Malaysia), the data were aligned to
the hgl9 reference human genome. Then, Samtools
0.1.1915 mpileup and Variant Inspector version 1.0, an
UCM-developed variant calling software, were used for
variant calling. Subsequently, variants were filtered based
on depth (>100x), Phred quality score (>30), minor allele
frequency (MAF>5%), and location in clinical exonic
territory for review. Variant calls were annotated and con-
verted to Human Genome Variation Society nomenclature
using Alamut Batch version 1.3.0 software. Further manual
variant curation was followed in accordance with the
Association for Molecular Pathology recommendations [9].

KRAS mutational analysis

Based on the NGS findings, a targeted polymerase chain
reaction analysis was performed on the control tumors as
previously described [10]. Briefly, formalin-fixed, paraffin-
embedded tissue blocks were retrieved from each control
tumor. DNA extraction from each block was performed
using the Qiagen QIAamp DNA FFPE Tissue Kit (Qiagen,
Valencia, CA, USA). DNA concentration was determined
using the NanoDrop Spectrophotometer and adjusted to
~10 ng/pl in ddH20. Polymerase chain reaction testing was
performed according to the recommended procedure using
the Qiagen therascreen KRAS RGQ PCR Kit on the Qiagen
Rotor-Gene Q MDx instrument. The therascreen KRAS
RGQ PCR Kit provides eight separate PCR amplification
reactions: seven mutation-specific reactions in codons 12
and 13 of exon 2 of the KRAS oncogene [Gly12Ala (G12A),
Gly12Asp (G12D), Gly12Arg (G12R), Gly12Cys (G120C),
Glyl2Ser (G12S), Glyl2Val (G12V), and Glyl3Asp
(G13D)] and a wild-type control in exon 4. Analysis of
crossing thresholds and mutation calls for each PCR
amplification reaction were performed by the Rotor-Gene Q
therascreen KRAS Assay analysis software once runs were
completed.

Evaluation of TCGA renal neoplasms data for gene
expression

Data of the mRNA expression (mRNA seqV2, RSEM
normalized values) of a cohort of 17 tumors obtained from
TCGA(Kidney renal papillary cell carcinoma “KIRP” pro-
ject) were utilized for mRNA clustering analysis using
20531 gene signatures. The tumors were divided into four
groups based on the KRAS mutational status and the his-
tologic criteria, as defined by Delahunt and Eble [1],
using the digital images available at TCGA website. These
groups included: three papillary renal neoplasms with
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Fig. 1 Integrative Genomics Viewer snapshot of human KRAS gene
with the location of the missense mutations identified in eight papillary
renal neoplasms with reverse polarity tumors. The mutations are all

reverse polarity (TCGA-2Z-A9IN, TCGA-BQ-5883, and
TCGA-A4-8312), two KRAS mutated papillary renal cell
carcinomas (TCGA-GL-A9DC and TCGA-MH-A854),
six papillary renal cell carcinomas type 1 (TCGA-2Z-A9J6,
TCGA-2Z-A9JE, TCGA-2Z-A9JL, TCGA-2Z-A9]Z,
TCGA-2Z-A9KO0, and TCGA-SX-A71S), and six papillary
renal cell carcinomas type 2 (TCGA-2Z-A9J2, TCGA-2Z-
A9JD, TCGA-5P-A9JW, TCGA-B9-A8YI, TCGA-B9-
A44B, and TCGA-IA-A83S).

Unsupervised clustering analysis of the 17 tumors was
performed using the GENE-E software (https://software.
broadinstitute.org/GENE-E/index.html/) and Genesis plat-
form (Graz, Austria) [11]. K-mean clustering with average
linkage of Euclidian distance for both samples and genes
was performed. Same set of samples was analyzed in
Firebrowse portal (http://www.firebrowse.org/).

Results

NGS was performed on DNA isolated from ten papillary
renal neoplasms with reverse polarity as described in the
section “Materials and methods.” The clinicopathologic and
mutational results are summarized in Table 1 and Supple-
mentary Table 1. Bioinformatics analysis revealed recurrent
missense mutations in the KRAS (NM_033360.3) in
eight tumors (80%). These mutations were due to either a
¢35 G>T (n=6) or ¢c.34 G>C (n=2) substitution,
resulting in p.Glyl2Val and p.Glyl2Arg alterations,
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clustered within two recurrent hotspots (p.Gly12Val and p.Gly12Arg).
Blue denotes T-nucleotide (normal), green denotes A-nucleotide
(p.Gly12Val), and orange denotes G-nucleotide (p.Gly12Arg)

Patient 1 2 3 4 5 6 7 8 9

KRAS mutation

10

BRCA2 mutation

BRCA2 duplication

TP53 mutation

BRAF mutation I I

: Wild type
- Mutated
Fig. 2 Next-generation sequencing results on ten papillary renal neo-

plasms with reverse polarity tumors. KRAS mutation and other somatic
mutations identified are shown

respectively (Fig. 1). The minor allele frequency ranged
from 13-34%, supporting the somatic origin. Both of these
variants are common somatic mutations in cancer and have
been classified as pathogenic in the Catalogue of Somatic
Mutations in Cancer (COSMIC) and ClinVar databases
[12, 13].

Targeted NGS also revealed mutations in 7P53, BRCA2,
and BRAF in tumors no. 3, 8, and 9, respectively, and
duplication in BRCA2 in tumor no. 1 (Fig. 2). BRCA2 is a
tumor suppressor gene and is known to predispose patients to
breast and ovarian carcinoma [14, 15]. A frameshift dupli-
cation ¢.5073dup (p.Trp1692Metfs*3) and missense muta-
tions ¢.4258 G>T (p.Aspl420Tyr) were identified in the
BRCA2 gene (NM_000059.3) in two tumors (no. 1 and 8,
respectively). Both have been reported as pathogenic somatic
mutations in cancer (COSMIC v89) [16, 17]. Tumor no. 3
harbored missense mutation in the 7P53 (NM_000546.5)
tumor suppressor gene c¢.638 G>A (p.Arg213GIn). This
mutation is recurrent in many sporadic and familial tumors
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Fig. 3 Representative histologic
images of papillary renal
neoplasms with reverse polarity.
All formed thin papillary
architecture with delicate
fibrovascular cores with variable
proportion of tubular formation.
The cells are mostly cuboidal
with eosinophilic, finely
granular cytoplasm and the
nuclei are characteristically
located at the apical surface of
the cells. Nuclei are mostly
small, nonoverlapping with
regular nuclear contours,
occasional nuclear clearing, and
inconspicuous nucleoli.

a, b KRAS and BRCAI mutated
(tumor no. 8) or BRCA1
duplicated (tumor no. 1).

¢ KRAS only mutated (tumor no.
2). d KRAS and TP53 mutated
(tumor no. 3). e BRAF mutated
(tumor no. 9). f KRAS wild type
(tumor no. 10)

[18]. Lastly, one tumor (no. 9) carried BRAF (NM_004333)
¢.1798_1799delGTinsAG (p.Val600Arg) mutation, which is
reported in melanoma, colorectal, and pancreatic carcinoma
(COSM474) [16, 17]. This tumor lacked KRAS mutation.
BRAF protein is a downstream effector in the KRAS pathway
and the mutual exclusivity of these two mutations has been
suggested by some researchers [19, 20]. Representative his-
tologic images of the analyzed tumors are shown in Fig. 3.

We performed a targeted polymerase chain reaction
analysis of the 30 papillary renal cell carcinomas in the
control group and found no hotspot mutations in the KRAS
in any of them.

To further validate our findings, we examined the
publicly available database in TCGA (KIRP project)
and found five tumors with KRAS mutations. Three of
the five were papillary renal neoplasms with reverse
polarity (TCGA-2Z-A9JN, TCGA-A4-8312, and TCGA-
BQ-5883) based on the available digital images (Figs. 4
and 5). All of these had KRAS mutations in the same
hotspots (.35 G>T and c.34 G > C) found in our tumors.
Interestingly, the mutational burden of the three tumors
was low (<20 mutations), with KRAS being the only
shared mutation among them. All three tumors were
reported as diploid.

SPRINGER NATURE
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Fig. 4 a, b, ¢ The Cancer Genome Atlas histologic images of the three papillary renal neoplasms with reverse polarity tumors harboring KRAS
mutation [(TCGA-2Z-A9JN, TCGA-BQ-5883, and TCGA-A4-8312, respectively), https://portal.gdc.cancer.gov/projects/TCGA-KIRP]

Fig. 5 a, b The Cancer Genome A
Atlas histologic images of the
two KRAS mutated papillary
renal cell carcinomas, type 1
[(TCGA-GL-A9DC and
TCGA-MH-A854, respectively),
https://portal.gdc.cancer.gov/
projects/TCGA-KIRP]

Unsupervised mRNA clustering of the 17 Cancer
Genome Atlas tumors (three papillary renal neoplasms with
reverse polarity, two KRAS mutated papillary renal cell
carcinomas, six papillary renal cell carcinomas type 1, and
six papillary renal cell carcinomas type 2) showed papillary
renal neoplasms with reverse polarity to have a different
expression profile compared with other groups (Fig. 6),
further supporting our analysis.

Discussion

This study identifies for the first time a renal cell neoplasm
with consistent KRAS mutations. In addition to our previous
report of the distinct morphologic, immunohistochemical,
and chromosomal features of papillary renal neoplasm with
reverse polarity, this study also shows a recurrent patho-
genic mutation that is distinct from any previously found in
renal cell neoplasms, including papillary renal cell carci-
noma types 1 and 2.

KRAS proto-oncogene, GTPase is part of the RAS
family. It encodes GTPase enzyme that functions as mole-
cular regulator of proliferation and cell survival pathways
[21]. Abnormal function of KRAS 1is associated with
tumorigenesis and typically arises from single mutation at
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codons 12, 13, or 61, which leads to constitutive activation
of the gene [22].

In addition to papillary renal neoplasm with reverse
polarity, the COSMIC v89 shows KRAS mutation in a
number of cancers, including pancreatic, colorectal, and
lung adenocarcinomas. KRAS mutations are also reported in
benign lesions, although to a much lesser extent than can-
cers, including papillary fibroelastoma, ovarian mucinous
cystadenoma, and intracranial arteriovenous malformations
[10, 23, 24]. In the kidney, it accounts for only a minority
(0.8%, n=33/4207) of mutations reported in COSMIC
(Supplementary Table 2). Five (5/33) of these tumors were
reported as papillary renal cell carcinomas, two of which are
papillary renal neoplasms with reverse polarity as deter-
mined by examining the available digital histologic images
(TCGA-BQ-5883-01 and TCGA-A4-8312-01). Of note,
one of the studies that were cited in COSMIC v89 reported
KRAS mutations in 100% of clear cell renal cell carcinomas
(n=11) [25]. These results have not been reproduced by
larger studies including TCGA database where only 0.1%
of clear cell renal cell carcinomas had a KRAS mutation,
n = 1/537 in the kidney renal clear cell carcinoma project.

In a report by Saleeb et al., a partial molecular overlap
between tumors similar to papillary renal neoplasm with
reverse polarity and papillary renal cell carcinoma type 2
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was found, where papillary renal cell carcinoma type 2 had
additional unique pathways associated with tumor aggres-
siveness and metastasis. However, when clustering analysis

from the Cancer Genome Atlas database [three papillary renal neo-
plasms with reverse polarity (PRNRP), two KRAS mutated papillary
renal cell carcinomas (PRCC-KRAS-MUT), six papillary renal cell
carcinomas type 1 (PRCC-1), and six papillary renal cell carcinomas
type 2 (PRCC-2)] using 20531 genes. Papillary renal neoplasm with
reverse polarity tumors cluster together in a distinct group. The clusters
shown are based on K-mean method (GENE-E) with average linkage
of Euclidian distance for both samples and genes. Blue denotes
upregulated genes and red denotes downregulated genes
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Fig. 7 KRAS mutation status versus mRNA Seq hierarchical from
Firebrowse portal. The three papillary renal neoplasms with reverse
polarity tumors are clustered into distinct cluster than other KRAS
mutated tumors. Broad Institute TCGA Genome Data Analysis Center
(2016): correlation between gene mutation status and molecular sub-
types. Broad Institute of MIT and Harvard. doi:10.7908/C1PN9526

was performed, papillary renal neoplasm with reverse
polarity tumors had its own distinct molecular cluster with
minimal overlap with papillary renal cell carcinoma type 2
[3]. Further, similar clusters were found based on KRAS
mutational status of the same Cancer Genome Atlas tumors
in Firebrowse portal (Fig. 7).

The shared characteristic location of the nuclei away
from the basement membrane is a unique feature, which has
been described in only a few tumors, including tall cell
carcinoma (solid papillary carcinoma) with reverse polarity
of the breast. Chiang et al. were the first to describe a unique
IDH?2 or PIK3CA mutation in these tumors [26]. However,
mutations in those two genes were not identified in our
tumors, suggesting that another driving genes responsible
for the reverse polarity phenotype.

In summary, the identification of consistent pathogenic
KRAS mutations in papillary renal neoplasm with reverse
polarity provides further evidence of the distinct nature of
this entity. Although further studies with a larger series of
tumors are recommended, the finding of KRAS mutation is
two separate, unrelated cohorts (ours and TCGA), which
supports our proposal that this morphologic entity is a result
of a molecular pathogenic process different from other renal
cell neoplasms. Our study provides the evidence for the first
renal cell neoplasm characterized by KRAS mutation.

SPRINGER NATURE
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