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Abstract
Comprehensive molecular analyses revealed that papillary renal cell carcinoma (PRCC) is a heterogenous entity. Papillary
renal neoplasm with reverse polarity (PRNRP) is a subset of PRCC with characteristic histomorphologies such as low-grade
nuclear features, inverted nuclear location, eosinophilic cytoplasm, and indolent clinical behavior. We tried to define the
molecular, clinicopathological, histologic, and immunohistochemical features of PRNRP by comparing them with type 1
PRCC (PRCC1) and type 2 PRCC (PRCC2). A cohort of 30 PRNRP, 23 PRCC1, and 26 PRCC2 cases was used. Targeted
sequencing of 90 cancer-related genes including KRAS was performed in 26 PRNRP tumor samples. PNA-mediated
clamping PCR of KRAS was performed using paired normal and tumor DNA from 30 PRNRP, 23 PRCC1, and 26 PRCC2
cases. Tissue microarray slides were made in three cores per tumor, which were stained with cytokeratin 7 (CK7), alpha-
methylacyl-CoA racemase (AMACR), epithelial membrane antigen (EMA), E-cadherin, vimentin, and CD10. Recurrent
mutations in KRAS were detected in 28 of the 30 PRNRPs. However, there were no KRAS mutations in any PRCC1 or
PRCC2 cases. PRNRP exhibited distinct clinicopathological features: small tumor size, lower pathologic T stage, and no
disease-specific death during the follow-up period. Histologically, peritumoral lymphoid aggregation, prominent papillary
architecture (>80% of tumor), hyalinized papillae, inverted nuclear location, and lower nuclear grade were observed. PRNRP
was usually positive for CK7, AMACR, EMA, and E-cadherin, and negative for CD10. The findings suggest that PRNRP is
a subtype of papillary renal neoplasm that is different from PRCC1 or PRCC2 in terms of molecular, clinicopathological,
histological, and immunohistochemical features.

Introduction

Papillary renal cell carcinoma (PRCC) is the second most
common morphologic type of renal cell carcinoma [1].
PRCC cases are classified as type 1 or type 2 based on
histological findings. Type 1 PRCC (PRCC1) shows
papillae lined by single-layered cells with scant pale cyto-
plasm, whereas papillae in type 2 PRCC (PRCC2) are lined
by cells having abundant eosinophilic cytoplasm and fre-
quently higher nucleolar grades [2]. However, there have
been some PRCC cases that are neither PRCC1 nor PRCC2
[3]. Recently, the cancer genome atlas (TCGA) study
revealed that PRCC2 is a heterogeneous group composed of
at least three molecular subtypes; some cases exhibit more
aggressive biologic behavior, and others an indolent prog-
nosis [4, 5].

Papillary renal tumors with an oncocytic cytoplasm can
be found in oncocytic PRCC, PRCC2, hereditary
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leiomyomatosis and renal cell carcinoma (HLRCC)-asso-
ciated RCC, MiT family (MITF) translocation RCC, and
acquired cystic disease-associated RCC. Oncocytic PRCC
is a subtype of PRCC, composed of cells with “voluminous,
fully granular, evenly distributed eosinophilic cytoplasm
and oncocytoma-like (usually with low nucleolar grade)
nuclei” [6]. However, since oncocytic PRCC has been used
to refer to PRCC with abundant eosinophilic cytoplasms,
this term may include any PRCCs with oncocytic cyto-
plasm, regardless of nuclear morphology [7–10]. Among
them, a subset of tumors showed distinct histomorpholo-
gical and clinical features, which are low-grade nuclear
features, linear nuclear arrangement apart from the base,
eosinophilic cytoplasm, and indolent clinical course. These
tumors have been reported as oncocytic papillary renal
cell carcinoma [11], adult papillary renal tumor with
oncocytic cells [7], papillary renal cell carcinoma with
oncocytic cells and nonoverlapping low-grade nuclei
[8], oncocytic papillary renal cell carcinoma with inverted
nuclear pattern [12], and papillary renal neoplasm with
reverse polarity (PRNRP) [13].

Since the term “oncocytic papillary renal cell carcinoma”
does not fit the clinicopathological features of this disease,
we consider the term “PRNRP” appropriate for this sub-
group of oncocytic PRCC [13].

In this study, we tried to find the molecular, clin-
icopathological, histomorphological, and immunohisto-
chemical characteristics of PRNRP by comparing it with
those of PRCC1 and PRCC2.

Materials and methods

Case selection

Thirty cases of PRNRP, 23 PRCC1 and 26 PRCC2, were
included in this study. They were obtained between January
2001 and December 2017 from six university hospitals in
the Republic of Korea (Chonnam National University
Hospital, Chonnam National University Hwasun Hospital,
Asan Medical Center, Chonbuk National University Hos-
pital, Chosun University Hospital, Wonkwang University
Hospital). Two pathologists (Kim and Choi) independently
reviewed the hematoxylin- and eosin-stained slides in blind
fashion. When the diagnoses of the two pathologists were
agreed upon, they were included in the study. In cases in
which the diagnoses were not agreed upon, both of the
pathologists discussed and decided whether to include or
exclude. PRCC1 and PRCC2 are defined as described in the
WHO classification of tumors of the urinary system and
male genital organs [6]. PRNRP is characterized with
papillary or tubule-papillary renal neoplasm(s) with low-
grade nuclei, inverted nuclear location, and/or abundant and

eosinophilic cytoplasm. However, not all of the PRNRP
satisfied all of the above characteristics. In those case,
decision was made after consideration of the mmunohisto-
chemical findings. Papillary tumors with large nuclei with
prominent inclusion-like eosinophilic nucleoli were exclu-
ded in order to rule out HLRCC-associated RCCs. Cases
with dual cytoplasmic tones, biphasic TFEB tranlocation
RCC-like morphology, and nuclear pseudoinclusion were
excluded in order to rule out RCC with MiT aberration [14].
In addition, cases with oxalate crystal deposition, cribri-
form/sieve-like architecture, and cystic background of
adjacent non-neoplastic tissue were eliminated in order not
to include acquired cystic disease-associated RCC. The
clinical information including follow-up data was collected
from medical records. This study was approved by the
Institutional Review Board of Chonnam National Uni-
versity Hwasun Hospital (CNUHH-2019-006).

DNA extraction and targeted sequencing

The targeted sequencing of tumor DNA was performed in
26 out of 30 PRNRP cases. The targeted sequencing was
not performed in the remaining four cases, because their
quality was not suitable for targeted sequencing. The tumor
DNA was extracted from 10-μm macro-dissected slices of
formalin-fixed paraffin-embedded tissue using a Gene-
Read™ DNA FFPE Kit (QIAGEN, Hilden, Germany). A
targeted panel was used to capture the target regions of 90
cancer-related genes and all the coding exons of the 90
genes, to find single nucleotide variants (SNVs) and small
insertions and deletions (InDels) in the following genes:
AKT1, ABL1, ABL2, AKT2, AKT3, ALK, APC, AR,
ARID1A, ARID1B, ARID2, ATM, ATR, ATRX, AURKA,
AURKB, AXL, BCL2, BRAF, BRCA1, BRCA2, CCND1,
CD274, CDH1, CDK4, CDK6, CDKN2A, CSF1R,
CTNNB1, DDR2, EGFR, ERBB2, ERBB3, ERBB4, ESR1,
FBXW7, FGFR1, FGFR2, FGFR3, FGFR4, FLT3, GNA11,
GNAQ, GNAS, HRAS, IDH1, IDH2, IGF1R, JAK1, JAK2,
JAK3, KDR, KIT, KRAS, MDM2, MET, MLH1, MPL,
MSH2, MSH6, MTOR, MYC, MYCN, NF1, NF2, NOTCH1,
NPM1, NRAS, NTRK1, NTRK2, NTRK3, PDGFRA,
PDGFRB, PIK3CA, PIK3R1, POLE, PTEN, RB1, RET,
ROS1, SMAD4, SMO, SRC, STK11, SYK, TOP1, TOP2A,
TP53, TSC1, and VHL (SureSelect, Agilent Technologies,
Santa Clara, CA, USA). The SureSelect targeted panel was
prepared using 200 ng of genomic DNA as stated in the
manufacturer's protocol. The genomic DNA was randomly
fragmented by sonication (Covaris Inc., Woburn, MA,
USA) followed by adapter ligation, purification, hybridi-
zation, and PCR analysis. Captured libraries were analyzed
with an Agilent 2100 Bioanalyzer (Agilent, Santa Clara,
USA) and loaded onto the MiSeqDx instrument (Illumina,
San Diego, USA) as recommended by the manufacturer.

Recurrent KRAS mutations identified in papillary renal neoplasm with reverse polarity—a comparative. . . 691



Peptide nucleic acid (PNA)-mediated clamping PCR
for detection of KRAS mutation

KRAS mutation status was analyzed in paired normal and
tumor DNA of 30 PRNRP, 23 PRCC1, and 26 PRCC2
cases, respectively. DNA was extracted from 10-μm macro-
dissected slices of paraffin blocks using the QIAamp DNA
Mini Kit (QIAGEN). The assay was performed using the
PNAClamp™ KRAS Mutation Detection Kit (Panagene,
Daejeon, Korea) according to the manufacturer's protocol.

Bioinformatics analysis

Sequenced reads were aligned to the human reference
genome (GRCh37 /hg19) with BWA-MEM (0.7.15) with
default options [15]. To remove PCR duplicates from the
aligned reads, the MarkDuplicates of the Picard package
(https://broadinstitute.github.io/picard/) was used. De-
duplicated reads were re-aligned at known InDels posi-
tions with the GATK (v2.3) IndelRealigner [16]. Base

qualities were then re-calibrated using the GATK Table-
Recalibration. Somatic SNVs and short InDels were
detected using VarDict and Mutect2 in GATK4 [17, 18].
Common and germline variants from somatic variant can-
didates were filtered out with common dbSNP (149 found
in >1% of samples), The Genome Aggregation Database
(gnomAD; r2.0.1), and the Korean Reference Genome
Database (KRGDB, http://152.99.75.168/KRGDB/)
[19, 20]. Final somatic variants were annotated using
SnpEff (version 4.3i) [21]. False-positive variants were
manually curated using the Integrative Genomics Viewer
(IGV) [22]. The Bioconductor package GenVisR [23] was
used to plot mutation lolliplots and waterfall plots. Since no
paired normal tissue controls were available, the following
filters were used: [1] the sequencing depth had at least 20
reads and a tumor variant allele frequency (VAF) ≥ 3%; [2]
variant types (missense, frameshift, stop gain/loss, in-frame
insertion/deletion, and protein-altering) were included; [3]
VAF ≥ 10% or (3% ≤VAF ≤ 10% and listed in the COSMIC
database) [24]; (4) Mutect2 was run without a matched

Table 1 Clinicopathological
features of PRNRP, PRCC1,
and PRCC2.

PRNRP
(n, 30)

PRCC1
(n, 23)

PRCC2
(n, 26)

PRNRP
vs. PRCC1
p value

PRNRP
vs. PRCC2
p value

Age (years, mean ±
SD)

60.6 ± 8.2 58.1 ± 9.7 62.5 ± 11.1 0.314 0.474

Sex 0.602 0.253

Female 11 (36.7%) 6 (26.1%) 5 (19.2%)

Male 19 (63.3%) 17 (73.9%) 21 (80.8%)

Tumor size (cm) 1.8 ± 0.9 5.4 ± 4.9 5.0 ± 3.8 0.002 < 0.001

Multiplicity 0.358 0.087

1 30 (100.0%) 21 (91.3%) 22 (84.6%)

2 0 (0.0%) 2 (8.7%) 4 (15.4%)

Treatment 0.001 0.003

Partial
nephrectomy

29 (96.7%) 13 (56.5%) 16 (61.5%)

Radical
nephrectomy

1 (3.3%) 10 (43.5%) 10 (38.5%)

Pathologic T stage 0.006 0.007

T1a 30 (100.0%) 15 (65.2%) 16 (61.5%)

T1b 0 (0.0%) 4 (17.4%) 4 (15.4%)

T2 0 (0.0%) 2 (8.7%) 2 (7.6%)

T3a 0 (0.0%) 2 (8.7%) 4 (15.4%)

Survival 0.593 0.017

Alive 28 (93.3%) 23 (100%) 17 (65.4%)

Dead of disease 0 (0.0%) 0 (0.0%) 5 (19.2%)

Dead of
other causes

2 (6.7%) 0 (0.0%) 4 (15.4%)

Follow up (months) 54.6 ± 47.0 47.9 ± 38.0 45.5 ± 32.5 0.578 0.409

Values are presented as n (%), unless otherwise indicated

PRNRP papillary renal neoplasm with reverse polarity, PRCC1 papillary renal cell carcinoma type 1, PRCC2
papillary renal cell carcinoma type 2, SD standard deviation
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normal control; (5) variants found in more than 1% of total
gnomAD or east-Asian gnomAD samples were excluded;
and variants found in more than 1% of KRGDB normal
controls were excluded.

Comparative analysis with TCGA dataset

Data of somatic mutations in renal cell carcinoma were
downloaded and the digital images of the cases with KRAS
mutations were reviewed in January 2019 from the cBio-
Portal repository [25, 26].

Tissue microarray (TMA) and immunohistochemistry

Three representative foci in each case were selected for
TMA blocks. Three cores (2 mm in diameter) were obtained
from each paraffin block to make a TMA block. Serial
sections were prepared and stained with hematoxylin and
eosin. Immunohistochemistry was carried out on the TMA
slides using a Bond-Max automated IHC/ISH stainer (Leica
Biosystems, Wetzlar, Germany) or a Ventana system
(Benchmark Ultra, Tucson, Arizona, USA) with primary
antibodies against the following proteins: cytokeratin 7
(CK7, 1:100; OV-TL12/30, Dako, Glostrup, Denmark),
alpha-methylacyl-CoA racemase (AMACR, 1:100; 13H4,
Dako), vimentin (1:200; V9, Dako), E-cadherin (1:25;
NCH-38, Dako), epithelial membrane antigen (EMA,
1:500; GP1.4, Leica, Novocastra Laboratories, Newcastle
upon Tyne, UK), CD10 (1:100; 56C6, Leica, Novocastra
Laboratories), and Ki-67 (1:200; 30-9, Roche). The inten-
sity of immunoreactivity was recorded as negative (0), weak
(+), moderate (++), or strong (+++). The extent was
recorded as the percentage of positive tumor cells. The Ki-
67 index was assessed by the percentage of positive cells.

Statistical analysis

A χ2 test (Fisher’s exact test) or Student’s t-test was used to
compare the differences between groups, and Kaplan–Meier
curve analysis was used to compare survival between
groups using SPSS Statistics 23.0 (IBM, Chicago,
IL, USA).

Results

Clinicopathological features

The clinicopathological features are summarized in Table 1
and Supplementary Table 1. PRNRP was smaller than
PRCC1 (p= 0.002) or PRCC2 (p < 0.001), respectively. All
of the PRNRPs were staged as pT1a, whereas 65.2% of
PRCC1s as pT1a (p= 0.006) and 61.5% of PRCC2s as

pT1a (p= 0.003). None of the PRNRP cases showed renal
vein thrombosis during surgery, microscopic lymphovas-
cular invasion, renal capsular invasion, or pelvicalyceal
system involvement. In addition, no PRNRP patients died
of their PRNRP tumors during the follow-up period (Fig. 1).

Targeted sequencing and PNA-mediated clamping
PCR of KRAS

PRNRP tumors exhibited KRAS mutations in 25 out of the
26 cases (96%) by targeted sequencing (Fig. 2). The KRAS
mutation types observed were G12V (16 cases), G12D (8
cases), and G12R (1 case). Other mutations found include
MTOR (1 case, missense mutation), NF1 (1 case, nonsense
mutation), POLE (1 case, frameshift insertion), ARID1A
(1 case, missense mutation), and ARID1B (1 case, missense
mutation) (Supplementary Table 1). When KRAS mutations
were analyzed in 30 tumor and peritumoral non-tumor
PRNRP tissues by PNA-mediated clamping PCR, muta-
tions were observed in 28 out of the 30 (93%) PRNRP
tumor samples. However, KRAS mutation was not found in
all of the non-tumor tissues. The results of the KRAS
mutation analysis by targeted sequencing of 26 PRNRPs
agreed with those by PNA-mediated clamping PCR. None
of the 23 PRCC1 and 26 PRCC2 samples revealed KRAS
mutation in tumor nor non-tumor tissue.

Comparative analysis with the TCGA dataset

In the TCGA dataset, five out of the 274 PRCC cases had a
KRAS mutation. Three of them were found in PRCC2, and

Fig. 1 Kaplan–Meier curve comparing disease-specific survival of
patients with papillary renal neoplasm with reverse polarity (PRNRP)
and patients with papillary renal cell carcinoma type 1 (PRCC1) and
papillary renal cell carcinoma type 2 (PRCC2).
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two in PRCC1. The mutation types observed from the
TCGA dataset were similar to those observed in this study;
three cases revealed G12D and two had G12V (Supple-
mentary Table 2). Although there were some limitations in
interpretation of the digital images of TCGA due to a lim-
ited number of slides to interpret and frozen section slides,
three PRCC2 cases with KRAS mutations were quite similar
to those of PRNRP. All of them showed a lower American
Joint Committee on Cancer prognostic stage group (stage I)
and pathologic tumor stage (pT1a or pT1). Two out of the
488 clear cell RCC cases exhibited KRAS mutations: one
G12C, and the other A59G. Neither of the 81 chromophobe
RCCs, nor the 62 unclassified RCCs revealed KRAS
mutations [25, 26].

Microscopic features

PRNRP cases showed lower Fuhrman nuclear and WHO/
International Society of Urological Pathology (ISUP)
grades than those observed in PRCC1 or PRCC2 cases
(Table 2). Characteristically, the majority of the nuclei were
located in the top or luminal area of the cells. Nuclear
pseudostratification was noted less frequently in PRNRP
than in PRCC2 (p < 0.001). In addition to these findings, the
peritumoral lymphoid aggregation was more frequently
noted in PRNRP than in PRCC1 (p < 0.001) and PRCC2
(p < 0.001) (Fig. 3). PRNRP revealed prominent papillary
architecture (>80% of tumor). In the papillae, the hyalinized
stroma was more frequently found in PRNRP than in
PRCC1 (p < 0.001) and PRCC2 (p= 0.001). Edematous
stroma, inflammatory cell infiltration, foamy macrophages
in papillae, and old hemorrhages with degenerative change
were observed to variable extents in PRNRP, PRCC1, and
PRCC2. However, no PRNRP sample showed tumor
necrosis. One PRNRP with wild KRAS (PRNRP_2, Sup-
plementary Table 1) showed pseudostratification, mild

nuclear size variation, and ISUP nucleolar grade 2. The
immunohistochemical features were consistent with
PRNRP, which were immunopositive for CK7, AMACR,
and EMA. The other with wild KRAS (PRNRP_14, Sup-
plementary Table 1) revealed typical histology with ISUP
nucleolar grade 1, and typical immunohistochemical profile.

Immunohistochemistry

Immunohistochemical profiles are summarized in Table 3.
The intensity and extent of staining was homogenous in
three cores of the same case. In PRNRP, most tumor cells
were positive for CK7 and EMA, and variably positive for
AMACR, E-cadherin and vimentin, whereas it was negative
for CD10 (Fig. 4). Also, PRNRP exhibited lower Ki-67
labeling indices than PRCC1 and PRCC2.

Discussion

The PRNRP is different from PRCC1 and PRCC2 in
terms of molecular, clinicopathological, histological, and
immunohistochemical features. The majority of PRNRPs
were small, localized in the kidney, lower in pathologic
stage, and showed indolent biologic behavior. Char-
acteristic histological features of PRNRP were: papillary
or tubulopapillary renal neoplasms with low-grade nuclei,
inverted nuclear location, eosinophilic cytoplasm, hyali-
nized papillae, a single layer of epithelial cells (non-
overlapped nuclei), no necrosis, and peritumoral lym-
phoid aggregation. PRNRP cases showed positive reac-
tivity to CK7 and EMA and negative reactivity to CD10.
The Ki-67 index of PRNRP was lower than that of PRCC1
and PRCC2.

In this study, we analyzed 90 cancer-related genes using
targeted sequencing and found recurrent KRAS mutations in

Fig. 2 Graph depicting
mutations identified by
targeted sequencing. Each
column displays a patient; each
row denotes a specific gene.
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most of PRNRP cases, and verified the result by PNA-
mediated clamping PCR. However, none of 23 PRCC1 and
26 PRCC2 exhibited a KRAS mutation. Recently, Al-
Obaidy et al. reported recurrent KRAS mutations in eight of
ten PRNRPs, and suggested it a characteristic finding of

PRNRP [27]. In the TCGA dataset, PRCC reveals KRAS
mutation in 5 out of 274 cases (1.8%), including three cases
that are suggested to be PRNRP. The above findings sug-
gest that recurrent KRAS mutation is a characteristic finding,
if not an integral part of PRNRP.

Table 2 Histopathologic features of PRNRP, PRCC1, and PRCC2.

Diagnosis PRNRP (n, 30) PRCC1 (n, 23) PRCC2 (n, 26) PRNRP vs PRCC1
p value

PRNRP vs PRCC2
p value

Architecture Prominent papillary architecture 0.011 0.008

Present 30 (100.0%) 17 (73.9%) 19 (73.1%)

Absent 0 (0.0%) 6 (26.1%) 7 (26.9%)

Tubule formation 1.000 0.660

Present 18 (60.0%) 13 (56.5%) 18 (69.2%)

Absent 12 (40.0%) 10 (43.5%) 8 (30.8%)

Papillae Hyalinized papillae <0.001 0.001

Present 24 (80.0%) 6 (26.1%) 8 (30.8%)

Absent 6 (20.0%) 17 (73.9%) 18 (69.2%)

Edematous papillae 0.031 0.208

Present 26 (86.7%) 13 (56.5%) 18 (69.2%)

Absent 4 (13.3%) 10 (43.5%) 8 (30.8%)

Foamy macrophages in papillae <0.001 0.094

Present 12 (40.0%) 21 (91.3%) 18 (69.2%)

Absent 18 (60.0%) 2 (8.7%) 8 (30.8%)

Nucleus Inverted nuclear location

Present 30 (100.0%) 1 (4.3%) 6 (23.1%)

Absent 0 (0.0%) 22 (95.7%) 20 (76.9%)

Fuhrman nuclear grade

1 5 (16.7%) 4 (17.4%) 0 (0.0%)

2 20 (66.7%) 13 (56.5%) 5 (19.2%)

3 5 (16.7%) 6 (26.1%) 21 (80.8%)

WHO / ISUP nucleolar grade

1 20 (66.7%) 7 (30.4%) 0 (0.0%)

2 6 (20.0%) 10 (43.5%) 5 (19.2%)

3 4 (13.3%) 6 (26.1%) 21 (80.8%)

Pseudostratification 1.000 <0.001

Present 6 (20.0%) 4 (17.4%) 23 (88.5%)

Absent 24 (80.0%) 19 (82.6%) 3 (11.5%)

Multinucleation 0.593 <0.001

Present 2 (6.7%) 0 (0.0%) 22 (84.6%)

Absent 28 (93.3%) 23 (100.0%) 4 (15.4%)

Other findings Peritumoral lymphoid aggregation <0.001 <0.001

Present 22 (73.3%) 2 (8.7%) 6 (23.1%)

Absent 8 (26.7%) 21 (91.3%) 20 (76.9%)

Tumor necrosis 0.027 0.001

Present 0 (0.0%) 5 (21.7%) 10 (38.5%)

Absent 30 (100.0%) 18 (78.3%) 16 (61.5%)

Values are presented as n (%), unless otherwise indicated

PRNRP papillary renal neoplasm with reverse polarity, PRCC1 papillary renal cell carcinoma type 1, PRCC2 papillary renal cell carcinoma type 2,
ISUP International Society of Urological Pathology
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PRNRP cases revealed G12V (16/26, 61.5%), G12D (9/
26, 34.6%), and G12R (1/26, 3.9%) KRAS mutations.
Somatic KRAS mutations are frequently found not only in
adenocarcinomas of the lung, colon, and pancreas, but also

in benign neoplasms, such as colorectal adenoma and
sinonasal oncocytic papilloma [28–31]. The distribution of
KRAS mutations differs according to the tumor type; G12C
or G12V substitutions are frequently observed in lung

Fig. 3 Histomorphological
features of papillary renal
neoplasm with reverse
polarity, papillary renal cell
carcinoma type 1 and
papillary renal cell carcinoma
type 2. Papillary renal neoplasm
with reverse polarity frequently
exhibited a fibrous capsule with
peritumoral lymphoid
aggregation at lower power field
(a). It revealed prominent
papillary or tubulopapillary
architecture (b), low-grade
nuclei, inverted linear nuclear
location (c, d), and hyalinized
papillae (d). Papillary renal cell
carcinoma type 1 disclosed
single cell lining with low-grade
nuclei (e) and papillary renal cell
carcinoma type 2 showed
abundant eosinophilic cytoplasm
with high-grade nuclei (f).

Table 3 Immunohistochemical
profiles of PRNRP, PRCC1,
and PRCC2.

PRNRP (n, 30) %
of cases (mean
expression ± SD)

PRCC1 (n, 23) %
of cases (mean
expression ± SD)

PRCC2 (n, 26) %
of cases (mean
expression ± SD)

PRNRP
vs PRCC1
p value

PRNRP
vs PRCC2
p value

CK7 100 (100 ± 0) 96 (100 ± 0) 50 (75 ± 36) 0.893 <0.001

AMACR 63 (80 ± 33) 96 (100 ± 0) 100 (93 ± 21) 0.014 0.002

EMA 100 (100 ± 0) 96 (100 ± 0) 69 (82 ± 36) 0.893 0.008

Vimentin 17 (52 ± 46) 96 (100 ± 0) 85 (97 ± 13) <0.001 <0.001

CD10 0 48 (51 ± 36) 73 (95 ± 21) <0.001 <0.001

E-cadherin 77 (57 ± 37) 26 (70 ± 38) 12 (50 ± 46) 0.001 <0.001

Ki-67 (%) 1.30 ± 0.54 3.26 ± 1.66 5.65 ± 7.16 <0.001 0.005

PRNRP papillary renal neoplasm with reverse polarity, PRCC1 papillary renal cell carcinoma type 1, PRCC2
papillary renal cell carcinoma type 2, AMACR alpha methylacyl co-A racemase, EMA epithelial membrane
antigen, SD standard deviation

696 S. S. Kim et al.



adenocarcinoma, and G12D or G12V substitutions in both
colorectal and pancreatic adenocarcinoma [32]. In turn, the
downstream effects differ according to the substitution. The
G12D substitution increases PI3K and MEK activation,
while G12C or G12V induce RAS-related protein signaling
and decrease AKT activation in non-small cell lung carci-
noma cell lines [33].

Many genes are mutated in RCC cases. The frequently
mutated genes of clear cell RCC are VHL (48.9%), PBRM1
(34.5%), SETD2 (12.9%), MUC4 (12.2%), BAP1 (10.1%),
MUC16 (10.1%), MTOR (6.7%), and KDM5C (6.1%). The
recurrently mutated genes of PRCC are TTN (15.2%),
MUC16 (9.1%), MET (7.9%), KNT2C (6.6%), KIAA1109
(6.3%), SETD2 (5.9%), PKHD1 (5.7%), KMT2D (5.7%),
OBSCN (5.2%), FAT1 (5.0%), and BAP1 (5.0%) [24, 25].
HLRCC-associated RCC is characterized by germline
mutations in FH. MiT translocation RCC was characterized
by Xp11 translocations involving either TFE3 or TFEB, and
their partners are ASPSCR1, CLTC, DVL2, LUC7L3,
KHSRP, MED15, RBM10, PRCC, PARP14, NONO, and
SFPQ1 [34]. This shows that KRAS mutation is a unique
finding of PRNRP, which is rarely observed in other type
of RCCs.

Papillary renal tumors with oncocytic cytoplasm include
PRNRP, PRCC2, HLRCC-associated RCC, MiT translo-
cation RCC, acquired cystic disease-associated RCC, some
morphologic variants of clear cell RCC, and rare collision
tumors of oncocytic RCC [35]. Since PRNRP usually
shows indolent biological behavior, it is important to

differentiate PRNRP from other papillary tumors with
oncocytic cytoplam. Differentiation of PRNRP from
PRCC2 is sometimes difficult, because both of them may
reveal similar histologic findings. In cases with overlapping
histology of PRCC2 and PRNRP, precise histomorphologic
examination, immunohistochemical staining, and KRAS
mutation study may help for making a correct diagnosis. In
addition, immunoreactivity for GATA3 and L1CAM could
be helpful for identifying PRNRP [13]. Although reverse
polarity of nuclei is one of the characteristic features of
PRNRP, it is found in PRCC2 or MiT translocation RCC. In
this study, even though more than 20% of the PRCC2 cases
show focally inverted nuclei, we could identify them
depending on other nuclear findings (such as high-grade
nuclear features, or pseudostratification) and immunohisto-
chemical findings. Since subsets of RCCs with MiT aber-
rations may reveal oncotyic and papillary RCC like
morphology, it is necessary to exclude those cases by FISH
assays [14].

Since the introduction of the two groups of PRCCs as
PRCC1 and PRCC2, several studies have examined the
cases that do not meet the criteria of the two groups
[3, 4, 36, 37]. Some investigators have named those cases
“PRCC, not otherwise specified”, “type 3 PRCC”, or
“unclassified PRCC”. Recently, next-generation sequen-
cing-based studies showed that PRCC is composed of at
least four groups that have different clinical and molecular
profiles [4, 5]. PRCC2 is divided into three molecular
subgroups with different prognoses [4]. Because both

Fig. 4 Immunohistochemical
profiles of papillary renal
neoplasm with reverse
polarity. The tumor cells were
positive for cytokeratin 7 (a) and
alpha-methylacyl-CoA racemase
(b) and negative for CD10
(inset: matched normal renal
tubules) (c). The Ki-67
immunostaining of papillary
renal neoplasm with reverse
polarity. Only a few cells are
reactive for Ki-67. (d).
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PRNRP and PRCC2 contain cells with abundant and eosi-
nophilic cytoplasms, it is sometimes difficult to differentiate
them. In a whole-genome sequencing PRCC study, PRNRP
was included in PRCC and was stratified as “C2a”, a
PRCC2 cluster with early-stage and good prognosis [4].

This study has several limitations. Since this study was
performed using a ready-made cancer-related gene panel for
targeted sequencing, some of the renal cancer-related genes
(such as FH, BAP1, SDH, etc.) were not included. Sec-
ondly, TFE3 and TFEB FISH analysis was not performed to
exclude RCC with MiT aberrations. Thirdly, the quality and
quantity of TCGA images that we observed were not good.
We interpreted only a limited number of images (two or
three images per case) and some of them were images of
frozen section slides. Finally, the function of mutated
KRAS in the pathogenesis or progression of PRNRP was
not studied.

In conclusion, PRNRP is a subtype of PRCC character-
ized by KRAS mutation, oncocytic cytoplasm, low-grade
nuclear features, inverted nuclear location, and indolent
biologic behavior. These findings could be used as a key to
identify PRNRP, especially in cases with overlapping his-
tology between PRCC2 and PRNRP.
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