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Papillary renal cell carcinoma (PRCC) is the most common type of RCC in end-stage kidney disease
(ESKD). Papillary adenoma (PA) is a small benign lesion morphologically similar to PRCC and is suggested to be its precursor. PA is also prevalent in ESKD. The evolution of PAs to PRCCs and their
relationship to ESKD are poorly understood. A total of 140 PAs, normal kidneys, ESKDs, and PRCCs were
analyzed. Previously described markers of renal tubular progenitor cells were analyzed using immunohistochemistry and quantiﬁed with digital analysis. Progenitor cells were signiﬁcantly increased in
ESKD (P < 0.0001) and PAs (P Z 0.02) in comparison with the normal kidney. Pathway analysis using
global miRNA and chromosomal copy number variations revealed a common developmental theme
between PA and the PRCCs. Whole exome sequencing showed a KMT2C-speciﬁc pathogenic mutation
among all PAs and PRCCs. KMT2C is a chromosome 7 epigenetic regulator implicated in development and
oncogenesis. Collectively, results show possible connection of PRCCs to PA and the progenitor-like cell
population, which are increased in response to renal tubular injury. In addition, each PRCC histologic
subtype had its own set of mutational changes, indicating divergence from a common precursor. The
study reports previously unknown biological aspects of PRCC development and could inﬂuence current
surveillance criteria and early detection strategies of PRCC tumors. (Am J Pathol 2019, 189: 2046
e2060; https://doi.org/10.1016/j.ajpath.2019.07.002)

Papillary renal cell carcinoma (PRCC) is a cancer that is
suggested to arise from the renal tubules, and it represents
the second most common type of renal cell carcinoma
(RCC) in adults or the most common type of noneclear
cell RCCs.1,2 Papillary adenoma (PA) is a benign kidney
tumor with similar morphology to PRCC; however, it is
deemed benign on the basis of the size cutoff of 15 mm,
by the last World Health Organization urological classiﬁcation (ie, tumors that are 15 mm are labeled as a benign
PA, whereas tumors >15 mm are called PRCC, which is
considered malignant).3 Until recently, that cutoff was 5

mm; however, the change in the cutoff decision was based
on the clinical behavior rather than the biological nature of
these lesions.3
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Analysis of PRCC and Precursor Lesions
PA is suggested to be the precursor lesion to PRCC on the
basis of earlier studies of whole chromosomal copy number
abnormalities, yet this remains to be validated by more
comprehensive genomic analysis methods.4e7 In addition,
both PA and PRCC show similar immunohistochemical
(IHC) staining patterns.5 Incidental PAs are reported in
7% of nephrectomy specimens and 7% to 40% of autopsy
studies,5 and they are more frequent in resected kidneys
accompanying PRCC, more so than other RCC subtypes.5
PRCC was recognized as having two morphologic
subtypes,8 PRCC type 1 (PRCC1) and PRCC type 2
(PRCC2). We and others have shown the subtypes to be
distinct molecularly and prognostically,9 with PRCC2
associated with a worse prognosis.2,10,11 Recently, we
uncovered another proposed subtype of PRCC on the basis
of the combined morphology and molecular makeup of
these tumors: it is designated PRCC type 3 (PRCC3) and
constitutes 35% of PRCC cases.12 A previously reported
entity (oncocytic low-grade PRCC) was further characterized, and a new classiﬁcation of PRCC tumors into four
biologically distinct subtypes was proposed12 (Table 1). The
relationship between PA and these different PRCC subtypes
remains unclear. Also, the molecular mechanisms by which
PAs can progress to PRCC are poorly understood.
Both PA and PRCC are known to be the most common
lesions in end-stage kidney disease (ESKD; approximately
70% of ESKD tumors are PRCCs).13e15 Hes et al14
revealed chromosomal changes in end-stage kidney’s nonneoplastic tissue, similar to PRCC1. Woldu et al13 attributed these ﬁndings to resident kidney stem cells that are
potentially up-regulated with kidney damage. Endorsing
this, Lindgren et al16 isolated a population of renal tubular
cells with enhanced stem cell/progenitor cell properties and
demonstrated signiﬁcant similarities at the transcriptomic
level between a renal tubular progenitor cell population and
both the PA and PRCC. These cells were overexpressing
Table 1

several markers, including B-cell lymphoma 2 (BCL2) and
cytokeratin 7 (CK7).16 CK7 is known to stain PRCC lesions, whereas BCL2 is an antiapoptotic marker.
In our previous analysis, we identiﬁed pathways enriched
in PRCC subtypes that correspond to normal kidney
developmental pathways, such as WNT signaling, transforming growth factor (TGF)-b, and ﬁbroblast growth factor
(FGF) pathways.9,12,17 Of interest, these pathways are also
reported in colon cancer, which is thought to arise from
crypt colonic stem (progenitor) cells and has colonic adenoma as its known precursor lesion.18e20
Understanding initiating events that drive PRCC oncogenesis could potentially have a signiﬁcant impact on PRCC
prevention and management. PA could represent the link
between end-stage kidney and PRCC. In this study, we aim
to uncover the sequence of biological events implicated in
the transformation of the normal kidney to ESKD, to PA,
and eventually to the different subtypes of PRCCs. We also
attempt to explore the possible connection between the renal
tubular progenitor cells and PRCC.

Materials and Methods
Sample Collection
Research ethics board approvals were obtained from the
corresponding institutions. Cases were collected from three
Canadian Institutions: St. Michael’s Hospital, Sunnybrook
Health Sciences Centre, and McGill University Health
Center. The latter cohort was detailed in previous publications.1,12 Samples included normal kidney (n Z 5), ESKD
(n Z 7), PA (n Z 20), and PRCC (n Z 108). Formalinﬁxed, parafﬁn-embedded tissue blocks were collected for
analysis. A formalin-ﬁxed, parafﬁn-embedded tissue
microarray was prepared from the McGill University Health
Center cases, as previously described.1,21

Summary of Morphologic and IHC Characteristics of the Proposed New PRCC Classiﬁcation

Feature

PRCC1

Cytoplasmic quantity

Scant, occasionally
moderate
Cytoplasmic color
Basophilic, eosinophilic,
or clearing
Cell size
Small to intermediate
Nucleolar prominence
Inconspicuous, rarely
at 10
prominent
Nuclear pseudostratiﬁcation Absent
Nuclear size
ISUP nucleolar grade
ABCC2 IHC
CA9 IHC

Small
1 to 2; focal, 3
Negative
Negative

GATA3 IHC

Negative

PRCC2

PRCC3

PRCC4/OLG

Abundant

Moderate

Abundant

Eosinophilic or
clearing
Large
Prominent

Easonophilic or
clearing
Intermediate
Often prominent

Oncocytic or easinophilic

Large
Inconspicuous, rarely
prominent
Mostly present,
Mostly absent,
Absent; linear; nuclei arranged
occasionally absent
occasionally present
away from base of the cells
Large
Small to intermediate Intermediate
Mostly 3
Mostly 3
1 to 2
Strong diffuse positive Weaker patchy positive Strong diffuse positive
Positive Golgi pattern Negative
Negative
(perinuclear dot)
Negative
Negative
Positive

ABCC2, ATP binding cassette subfamily C member 2; CA9, carbonic anhydrase 9; GATA3, GATA binding protein 3; IHC, immunohistochemistry; ISUP, The
International Society of Urological Pathology; OLG, oncocytic low grade.
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Nucleic Acid Extraction
Ten shaves of pure lesional (or normal) areas (10 mm thick)
were selected for processing. Shaves were obtained from
different areas of the lesion to account for heterogeneity. DNA
was isolated using RecoverAll Total Nucleic Acid Isolation
Kit for FFPE (Ambion, Austin, TX), according to the manufacturer’s protocol. Total RNA was isolated from the sections
using the miRNeasy kit (Qiagen, Mississauga, ON, Canada),
as previously described.22,23 DNA and RNA concentration
and purity were measured spectrophotometrically (Nanodrop
2000; Thermo Fisher Scientiﬁc, Waltham, MA).9,12,24

Chromosomal CNV Assessment
The nCounter Human Karyotype panel (NanoString Technologies, Inc., Seattle, WA) was used to assess chromosomal copy number variations (CNVs) using 338 probes
spanning all 24 chromosomes. DNA input used was optimized at 300 ng per sample. A total of 21 samples underwent the CNV analysis: 3 normal kidneys, 3 ESKD, 3 PA,
as well as the 12 PRCC samples (4 PRCC1, 4 PRCC2, and 4
PRCC3) from our previous analysis.12 Samples were
normalized with the invariant probes method.

miRNA Expression Analysis
NanoString Human miRNA version 3 hybridization platform
(NanoString Technologies, Inc.) was used to assess miRNA
expression proﬁle (800 miRNAs), as previously described.25,26
Twelve samples were analyzed: three normal kidney, three
PA, as well as the six PRCC samples obtained from our
previous analysis (two PRCC1, one PRCC3, and three
PRCC2).9 The normalization method adopted was a geometric
mean of the top 100 most highly expressed miRNAs.27

Whole Exome Sequencing
Whole exome sequencing of 12 samples (3 PA, 3 PRCC1, 3
PRCC2, and 3 PRCC3) was performed using the Illumina
(San Diego, CA) NextSeq platform. The TruSeq exome kit
(Illumina) was used for library preparation and enrichment.
The NextSeq 500/550 high-output kit version 2, 150 cycles
(Illumina), was used for the sequencing on high output run,
generating 400 million reads for three samples.28 Mean region coverage depth for most samples ranged from 200 to
400 (median, 291). The uniformity of coverage was
mostly >90%. The generated FASTQ ﬁles were input into
the Illumina enrichment application through the basespace
icloud for subsequent alignment, comparison against
genome reference, and variant calling [single-nucleotide
variants and insertions/deletions (indels)]. The genome
variant cell format ﬁles were further selected for sorting with
the variant studio application through annotation, gene
ﬁltering, and classiﬁcation. Only variants and indels that
passed ﬁlter, with a consequence or concerning polyphen
and sorting intolerant from tolerant scores, were selected for
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exportation.29e31 Alternate variant frequencies of <10%
were eliminated. Because there was no germline mutational
comparison, the variants with Single Nucleotide Polymorphism Database (dbSNP) identiﬁcations (IDs) were
eliminated for the ﬁnal analysis, and the variants were
analyzed closely with Catalog of Somatic Mutations in
Cancer (COSMIC) IDs (IDs in cancer).31e33

Bioinformatics and Gene Set Enrichment Analysis
To analyze the DNA CNV results, unsupervised clustering
analysis was performed using the NanoString nSolver
software version 3.0 (NanoString Technologies, Inc.),
hierarchical clustering module, and the hierarchical clustering image viewer on GenePattern (Broad Institute,
Cambridge, MA). Supervised clustering analysis (GenePattern Comparative Marker Selection module) was performed to compare all studied groups (ESKD, PA, PRCC1,
PRCC2, and PRCC3) with the normal kidney to delineate
the most signiﬁcant chromosomal regions harboring gains34
using the GenePattern Bioinformatics software package
version 3.9.9 (Broad Institute). Enriched chromosomal
regions selected were subsequently analyzed for surrounding enriched genes (Atlas of Genetics). The speciﬁc
enriched genes for each tissue group were further explored
for the implicated molecular pathways of statistical
signiﬁcance using the Reactome Pathway database and
Ingenuity Pathway Analysis software version 2.4 (Qiagen,
Mississauga, Canada).35e37
For miRNA analysis, the Comparative Marker Selection
module was used to detect the signiﬁcantly up-regulated
miRNAs in the PA versus normal. Enriched miRNAs were
selected for target prediction using DIANA-miRPath. Corresponding genes were analyzed with the Reactome database to depict the top pathways implicated in the
transformation of normal kidney to PA.
Genes with single-nucleotide and indel variants selected
as pathogenic from the whole exome sequencing analysis
were further studied for molecular pathways through the
Reactome database.

Immunohistochemistry
IHC was performed using a Ventana automated system and
Ventana Iview DAB Detection Kit (Ventana Medical Systems, Inc., Tucson, AZ). IHC staining of ATP binding cassette
subfamily C member 2 (ABCC2) and leucine-rich repeatcontaining G-protein coupled receptor 5 (LGR5) was performed by the streptavidin-biotin-peroxidase complex protocol using an ABCC2-speciﬁc mouse monoclonal antibody
(Monosan, Uden, the Netherlands; catalog number
MON9026; dilution 1:200) and an LGR5-speciﬁc mouse
monoclonal antibody (dilution 1:100). A standard previously
published protocol was used.12

ajp.amjpathol.org

-

The American Journal of Pathology

Analysis of PRCC and Precursor Lesions

IHC Scoring, Quantitative Image Analysis, and
Statistical Analysis
Slides stained with BCL2, CK7, and LGR5 were scanned
and analyzed with the Aperio ImageScope analysis software
version 12.3.2.8013 (Leica Biosystems, Wetzlar, Germany).
The algorithm used (nsr) combines staining intensity and

A
End-stage

percentage to provide a quantitative measurement of strong
positive staining cells.
b-Cateninestained tissue slides, as well as the PRCC tissue
microarray stained slides, were assessed manually using a
combined intensity and percentage scoring via two independent pathologists (R.M.S. and G.M.Y.; each category has a
score from 1 to 3, and then both scores are added together).38,39

B

End-stage

(n = 3)
(n = 3)

print & web 4C=FPO

(n = 3)

Figure 1 Copy number variation analysis showing similarities between the papillary adenomas (PAs) and end-stage kidney disease (ESKD). A: Combined
analysis of the 338 chromosomal (Chr) regions shows similar gains between the PA and the ESKD groups. Each column represents the combined aberrations of
three cases. B: Hierarchical clustering analysis showing PA cases to cluster with ESKD, but distinct from PRCC. Consistent with previous report, PRCC1 formed a
unique distinct cluster, whereas PRCC2 and PRCC3 showed occasional overlap.
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Figure 2

Copy number variation analysis shows unanimous gains in six
genomic regions in papillary adenoma (PA) and PRCC subtypes. Venn diagram showing the number of signiﬁcant chromosomal (Chr) gains in each
group, with an overlap of six regions common to all groups. Inset: The
unanimous gains in all groups. Regions highlighted in red were also
enriched in the end-stage kidney disease group.

Results
PA Shares Several Chromosomal Aberrations with EndStage Kidney Disease
Copy number aberrations of 338 chromosomal regions were
compared between normal kidney, ESKD, and PA. The PA
group showed gains in multiple chromosomes similar to the
½F1 end-stage kidney samples (Figure 1A). When compared
with PRCCs, PA samples clustered in the same arm with the
ESKD (Figure 1B), whereas PRCC subtypes clustered in a
distinct arm. Speciﬁc analysis of the signiﬁcantly enriched
chromosomal regions revealed a 22% overlap between PA
and ESKD (Supplemental Figure S1).

PA Shares Gains in Six Chromosomal Regions of
Biological Signiﬁcance with PRCC Subtypes
Differential expression analysis with the comparative marker
selection module (selecting enriched chromosomal regions in
comparison to the normal kidney) revealed six regions that
consistently harbored gains among PA and all PRCC subtypes (chromosome 18:9402604, chromosome 17:16355177,
chromosome 7:27529574, chromosome 10:117416534,
chromosome 17:8081210, and chromosome 7:127701508)
(Figure 2). Pathway analysis of the genes located on these
regions (Reactome pathway database) revealed signiﬁcant
key pathways that have previously been shown to be enriched
in the different PRCC subtypes. The SMAD2/3 downregulation and TGF-b pathway was previously noted in
PRCC3 (P Z 4.29  105 and P Z 0.004, respectively).12
NOTCH signaling, which has been reported in PRCC1 by
transcriptomic analysis, was also among the signiﬁcant
pathways (P Z 0.003).9 FGF signaling, which has been
correlated before to PRCC2 was likewise enriched
(P Z 0.003).12 Other signiﬁcant pathways were mitogen-
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activated protein kinase (MAPK) activation (P Z 0.004)
and tumor necrosis factor signaling and death receptor
signaling (P Z 0.002 and P Z 0.003, respectively). The later
pathways are consistent with what has been reported in the
literature regarding antiapoptotic pathways being enriched in
papillary tumors.16
Consistent with the previous results, analysis of the same
six regions using the Ingenuity Pathway Analysis software
revealed cell death and development and embryonic development as the top molecular pathways implicated. Other
enriched pathways included cell to cell signaling and interactions. Integrating these pathways demonstrated some
key molecules at the center of the interactions as BCL2 (we
further examined BCL2 expression as a marker of renal
tubular progenitor cells, as detailed below), nuclear receptor
corepressor 1 (NCOR1; implicated in the TGF-b that is
related to PRCC3) (Supplemental Figure S2), as well as
glycogen synthase kinase-3 b (involved in b-catenin activation, which was demonstrated to be up-regulated in PA, as
detailed below) (Supplemental Figure S3).

Pathways Shared between PA, PRCC, and ESKD
Of interest, two of the six chromosomal regions described
above were also shared with ESKD. Both were located at
chromosome 7, which frequently holds aberrations in
PRCCs6,40 (chromosome 7:27529574, chromosome
7:127701508). Reactome pathway analysis for genes
located in these regions exhibit regulation of gene expression in progenitor cells (PAX4 gene) as the top pathway
(P Z 0.01). Also, among the enriched pathways are DNA
damage/telomere abnormalities and tumor necrosis factor/
death receptor signaling.
Performing Ingenuity Pathway Analysis on these two
chromosomal regions revealed almost identical molecular
themes: cell cycle, cellular development, cellular growth and
proliferation, and organismal injury. Key molecules at the
center of this interaction were myelocytomatosis (MYC),
MAPK1, and breast cancer 1 (BRCA1) (Supplemental
Figure S4), as well as the HOXA genes implicated in embryonic development.41 The telomere extension by telomerase
showed as a signiﬁcant canonical pathway for both the six and
two region analysis (P Z 0.02 and P Z 0.009, respectively).
Taken together, these results indicate that DNA damage from
kidney injury together with abnormalities in cell division and
disruption of apoptosis are at the core of progression of
papillary lesions from the end-stage kidney to PRCC. In
addition, the data point toward progenitor cell implication in
the PRCC progression process, as detailed further below.

Tracing Kidney Progenitor Cells Using IHC Reveals
Their Enrichment in Kidney Injury and PA
To test our hypothesis that PRCCs arise from a population of
renal tubular regenerative/progenitor cells that are enriched
in the end-stage kidney, the expression of previously reported
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Figure 3 Immunohistochemical staining of reported renal tubular progenitor cell
markers B-cell lymphoma 2 (BCL2) and
cytokeratin 7 (CK7). A and C: Representative photomicrographs showing a small
number of tubular epithelial cells staining
for these markers in the normal kidney. B
and D: In the end-stage kidney, almost all
renal tubular cells show strong positive
staining for these markers. E: Papillary adenoma staining diffusely positive for BCL2.
F: Budding regenerative tubules staining
strongly positive for BCL2. G: Budding tubules staining strongly positive for CK7 (red
arrows) next to a papillary adenoma (black
arrow), which is also staining strong diffuse
positive for the marker. Scale bars Z 200
mm.

D

End-stage kidney

Normal kidney

E

F

renal stem cell/progenitor cell markers (BCL2 and CK7)16
was ﬁrst compared between normal kidney, end-stage kidney, and PA. The assessment revealed enhanced renal tubular
staining of both markers in ESKD (Figure 3, AeD) and
diffused strong staining in PA (Figure 3E) compared with the
normal kidney. A population of small-sized budding regenerating tubules present in areas of kidney injury that strongly
stained with these markers was particularly noted, and these
tubules were always increased in number around areas containing PA (Figure 3, F and G).
Aperio image analysis software was used to quantify
strong BCL2 and CK7 staining cells in normal kidney,
ESKD, and PA. Compared with normal kidney, there was a
signiﬁcant increase in that tracked cell population in ESKD
(BCL2, P < 0.0001; CK7, P < 0.0001) and PA (BCL2,
P Z 0.02; CK7, P Z 0.07). CK7 and BCL2 staining was
also increased signiﬁcantly in the budding/atrophic tubules
(BCL2, P <0.0001; CK7, P Z 0.04) and in area surrounding PA (BCL2, P Z 0.005; CK7, P Z 0.36)
compared with the normal kidney (Figure 4, A and B). Our
results indicate an increase in a kidney progenitor cell
population in kidney injury, which likely causes the budding
regenerative tubules, then PA, and eventually PRCC.
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Next, another stem cell marker, LGR5, was assessed to
further validate that the renal tubular cells staining for BCL2
and CK7 are a progenitor cell population. LGR5 is known to
contribute to kidney development and marks epithelial stem
cells of adult organs that use WNT signaling as a regenerative
pathway analogous to the kidneys.42e44 ESKD and areas of
kidney injury exhibited enhanced LGR5 immunostaining
compared with the normal kidney (P Z 0.0002) (Figure 5,
AeC). When costaining LGR5 and BCL2 on the same slides,
LGR5-stained areas corresponded to the areas that stained
strongly for BCL2 (Figure 5, DeI). Taken together, these
data provide evidence that a renal tubular progenitor/stem
cell population is enhanced in kidney injury and can cause
PA; consequently, PRCC is the most prevalent RCC in endstage kidney disease.45

Exome Sequencing Ascertains the Connection between
PA and PRCC Subtypes
Whole exome sequencing of PA, PRCC1, PRCC2, and
PRCC3 was performed (Supplemental Figure S5). There was
considerable overlap between PRCC and PA, with approximately 50% of the PA mutations common among all PRCCs
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Figure 4

Immunohistochemical staining of reported renal tubular progenitor cell markers BCL2
and CK7. A: Digital image analysis for BCL2-stained
slides from ﬁve different kidney conditions shows a
signiﬁcant increase of the BCL2-positive cell population (progenitor cells) in end-stage kidney disease
(ESKD) as well as in papillary adenoma (PA), its
surrounding background, and the budding surrounding tubules. B: Digital image analysis for
strong CK7-stained progenitor cells shows a significant increase of the cell population in the ESKD as
well as in the PA, its surrounding background, and
the budding surrounding tubules. *P < 0.05,
**P < 0.01, and ****P < 0.0001. NSR, a score that
assesses the percentage of strong positive-stained
cells.

(Figure 6), further conﬁrming our hypothesis of a common
precursor origin to all PRCC subtypes that start with PA.
Next, possible germline variants were excluded by
eliminating those that were previously reported in germline
settings (had a dbSNP ID). Subsequently, only variant
mutations with a projected functional signiﬁcance on the
corresponding protein were selected, excluding potentially
nonfunctional variants.
Illumina Variant Interpreter informatics software version
Beta was used to assess the tumors’ mutational signatures.
These signatures vary between tumors and are thought to
carry imprints of previous mutagenic exposures.46 All
papillary lesions (PA and PRCC subtypes) showed near
identical somatic mutational signatures, with >90% of the
mutations conferring to signatures 1, 12, 5, and 2047,48
(Supplemental Figure S6). Signatures 1 and 5 are tumor
age-related signatures that are unanimously found in all
cancers. Signature 20 is associated with mismatch repair
aberrations or prolonged exposure to mutagens. It was
consistently around approximately 15% of the mutations in
all papillary cases. Signature 12, however, is still of unknown association and has been previously reported only in
liver cancer.47 This unique combination of mutational signatures in PRCCs has not been previously reported
(Supplemental Figure S6).
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Exome Sequencing Reveals Epigenetic Regulators as
Potential Tumor Triggers
A total of eight signiﬁcant somatic gene mutations were
unanimously present in all papillary lesions (PA and all
PRCC subtypes). These mutations corresponded to the
genes lysine methyl transferase 2 C (KMT2C ), dual
speciﬁcity phosphatase 5 (DUSP5), UGGT2, LIMD1,
OR9G1, CACNA1B, FRG1B, and PRAMEF6 (Table 2).
Of these, chromosome 7 KMT2C frameshift insertion
(G>G/GT; 15195071; alternate variant frequency,
approximately 20%) was the only variant reported previously in cancer in the COSMIC database31,49,50
(Supplemental Figure S7). This gene is reported to act
as an epigenetic regulator and a possible tumor suppressor
gene.51 Another unanimous interesting gene variant is the
chromosome 10 DUSP5, with a possible role in oncogenesis (GC>GC/AT; 112266822; alternate variant frequency, approximately 90%),52 which is also reported to
interplay with many of our signiﬁcant signaling pathways.53,54 Pathway enrichment of the genes common to
all papillary lesions shows that they all share embryonic
developmental pathways (P Z 0.008), chromatin organization pathways (P Z 0.02), and MAPK signaling
pathways (P Z 0.01).
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Figure

5 Immunostaining for
leucine-rich repeat-containing Gprotein coupled receptor 5 (LGR5; an
epithelial stem cell marker). A: Normal
kidney showing markedly less staining.
B: Staining is signiﬁcantly increased in
end-stage kidney disease (ESKD). C:
Quantitative image analysis showing
signiﬁcantly less staining with LGR5 in
the normal kidney than in the ESKD.
DeI: LGR5 and BCL2 costaining; LGR5
is shown in green, and BCL2 is shown
in brown. D and E: Sections from
normal kidney showing weak blush
separate staining for both markers.
FeI: Sections from end-stage kidney
conﬁrming LGR5 stain the same cell
population as BCL2 in regenerative
tubules. Both markers show increased
intensiﬁed costaining. ***P < 0.001.
Scale bars: 200 mm (A and B); 50 mm
(DeI). NSR, a score that assesses the
percentage of strong positive-stained
cells.

A Unique Set of Mutations and Pathways Speciﬁc to
Each PRCC Subtype, Denoting Their Unique Identities
Genes were additionally assessed with somatic mutations
that are exclusive or common to each of the speciﬁc PRCC
subtypes. Exclusive for the PRCC2 group, a unanimous
mutation was detected in the chromosome 2 FN1 (ﬁbronectin 1) gene (GC>GC/AA; 216299550). In previous
reports, FN1 correlated with aggressive RCC (particularly
PRCC) and thyroid cancers.55,56 Also, ﬁbronectin matrix
formation projected as signiﬁcantly enriched in PRCC2
(P Z 0.02). A consistent deletion in the group of protocadherin g subfamily genes (PCDHG 5q31.3) in most
PRCC2 and PRCC3 cases was also discovered. To conﬁrm
this ﬁnding, The Cancer Genome Atlas PRCC cohort was
assessed for similar deletions. Twenty-ﬁve cases with deletions in different members of the PCDHG family, all of
which had a morphology corresponding to a higher-grade
PRCC (PRCC2 or PRCC3), were detected. In comparison,
none of the PRCC1 cases had deletions in the PCDHG
family. Of interest, the FGFR4 gene (5q35.2), which lies
close to the PCDHG locus consistently, harbored a homozygous single-nucleotide polymorphism (SNP; A>G/G;
176523597) across all PRCC2 cases. However, whether
FGFR4 was a germline mutation given that it had a dbSNP
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ID could not be excluded. We have repeatedly identiﬁed
FGF signaling to be activated in PRCC212 (Table 3).
The PRCC3 group had several consistently enriched
immune signaling pathways, including programmed cell
death protein 1 (PD-1) signaling (P Z 1.11  1017), cytokine signaling (P Z 1.26  107), and immune system
(P Z 0.009). Tumor microenvironment immune dysregulation occurs secondarily to abnormalities in the TGF-b
signaling pathway.57 In addition, two of three PRCC3 cases
had a frameshift insertion in NCOR2 (also implicated in the
TGF-b pathway), and one of three PRCC2 (T>T/TGCCG;
124824739) versus no cases in the PRCC1. An enrichment
in the TGF-b and immune-related pathways in PRCC3 has
been previously noted12 (Table 3). Consistent with these
ﬁndings, the PRCC3 group harbored an inverse translocation (15:41853734:76553740) among all its samples
that hold TGF-b pathway gene SMAD3. In comparison, the
PRCC1 and PRCC2 groups carried a unanimous inverse
translocation (16:14580876:33950176), which holds many
of the ABC transporter family genes.
The NOTCH1 or NOTCH2 gene was exclusively mutated
in PRCC1 group. The NOTCH pathway is known to interact
with the WNT pathway that is activated in PRCC1.9,58 In
addition, the PRCC1 subtype showed enrichment in the
RAS/MAPK signaling (P Z 0.01). The RASA4 gene
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showed multiple SNPs among PRCC1 cases and was less
common among other subtypes. The RAS/MAPK interacts
with the NOTCH,59 b-catenin/Wnt, and TGF-b pathways,
the last two particularly in colon cancer60,61 (Table 3).
Other genes that were commonly mutated among the
papillary lesions, however, had dbSNP IDs (so they cannot
be conﬁrmed as somatic mutations) and were HGF, ITGB1,
and GGA2, all of which are implicated in the mesenchymale
epithelial transition (MET) pathway. The MET pathway has
been repeatedly reported to be activated in PRCC.62,63
PRCC3 had the highest prevalence of homozygous SNPs in
these genes (three of three in HGF, three of three in ITGB1,
and two of three in GGA2), followed by PRCC1 (two of three
in HGF, two of three in GGA2, and none in ITGB1), and
PRCC2 (two of three in HGF, two of three in ITGB1, and one
of three in GGA2). No actual MET gene mutations were
discovered in our cohort (Table 3).

correlates with what is known about PRCC being the most
prevalent RCC in end-stage kidney disease (49% to 75%).45
Of interest, there were many enriched pathways indicating induction of b-catenin. b-Catenin is known to induce
the WNT signaling pathway, which we have previously
reported to be enriched in PRCC.9 It is also known to be the
pathway activated in colonic adenomas, which is a known
precursor lesion to colon cancer.64 To validate the induction
of the b-catenin pathway in PA, 16 PA cases were selected
for IHC b-catenin staining. Normal b-catenin IHC staining
is membranous; both internalization of staining and loss of
membranous staining are associated with activation of bcatenin pathway.64,65 A total of 15 of 16 PA cases showed
abnormal b-catenin staining, validating our results obtained
through Gene Set Enrichment Analysis (Figure 7, AeC).
Similarly, there was aberrant staining (complete loss) in six
of seven PRCC cases of the different subtypes
(Supplemental Figure S8).

miRNA Pathway Analysis

print & web 4C=FPO

Cases of normal kidney and PA were selected for pathway
analysis using their miRNA global expression proﬁles. After
identifying a subset of miRNAs that were differentially
expressed in adenomas compared with the normal kidney,
target prediction, followed by pathway analysis, was performed to identify the top molecular pathways implicated in
PA. Pathways enriched in PA pointed toward DNA damage
(SUMOylation DNA damage), compromise of the p53 DNA
damage checkpoint (p53 checkpoint damage), and initiation
of the antiapoptotic and cell cycle pathways (G0 and early G1
cell cycle) (Supplemental Table S1). This suggests DNA
damage and chromosomal instability as early events and is
consistent with the CNV and mutational analyses. It also

Figure 6 Whole exome sequencing reveals connections between
papillary adenoma (PA) and all the PRCC subtypes (P). Venn diagram
showing the considerable overlap among the PRCC subtypes in regard to
their PA shared mutational signature. Approximately 50% of the variants
shared with the PA group are common to all subtypes, also showing that
the PAs are equally related to all PRCCs.
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The Evolution of PRCC into Different Subtypes Starts
Early in the Disease Process
Tumors that arise from normal progenitor cells as colonic
adenocarcinoma tend to change their expression patterns of
progenitor cell marker after tumor formation, depending on
the cellular hierarchy of the tumor.43 Generally, the LGR5
progenitor cell marker is associated with a worse prognosis in
such tumors.43,66e68 To gain a better understanding of the
evolution of PRCCs, three renal tubular progenitor cell
markers were assessed: BCL2, CK7, and LGR5 in PA and
PRCC. The PRCC1 and PRCC3 groups showed a signiﬁcantly increased expression of the BCL2 and CK7 markers
than the PRCC2 group. Conversely, the more aggressive
PRCC2 subtype showed signiﬁcantly increased staining with
the LGR5 marker (Supplemental Figure S9A). The data are
also consistent with what is known about the expression of
CK7 and its tendency to stain more PRCC1 tumors.1
Subsequently, the expression of these markers was
examined in PA. The PA cases were divided on the basis of
their ABCC2 staining. The PA1 cases were the cases that
showed complete absence of ABCC2 stain. The PA2 cases
were the adenomas with diffuse strong ABCC2 staining
analogous to the background renal tubules. The PA3 cases
were cases with weaker ABCC2 staining. Samples that had
diffuse strong ABCC2 expression (analogous to the PRCC2
from our previous data12) showed a trend toward lower
BCL2 expression but more LGR5 expression (a pattern that
is comparable to PRCC2), whereas those with absent or
patchy ABCC2 expression (similar to PRCC1 and PRCC3,
respectively12) showed higher BCL2 and lower LGR5
expression. However, the CK7 showed comparable
expression among all groups (Supplemental Figure S9B).
The results indicate a tendency toward subtype differentiation early on in the course of tumor development.
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Table 2

Mutations: SNVs and Indels That Are Common to all Papillary Lesions (PA, PRCC1, PRCC2, and PRCC3)

Gene

Variant

Chromosome

Coordinate

Type

Consequence

KMT2C
UGGT2
DUSP5
LIMD1
OR9G1
CACNA1B
FRG1B

G>G/GT
TTT>TTT/CTC
GC>GC/AT
GCA>GCA/TGC
AC>AC/GT
TGGTGAG—————————————— (3584)
G>G/A

7
13
10
3
11
9
20

151945071
96540141
112266822
45677637
56468047
140773610
29623254

Insertion
MNP
MNP
MNP
MNP
Deletion
SNV

Frameshift variant
Splice region variant
Missense variant
Splice region variant
Missense variant
Splice region variant

Indel, insertion/deletion; MNP, multinucleotide pleomorphism; PA, papillary adenoma; SNV, single-nucleotide variant.

A Proposed Model of PRCC Evolution Based on
Integrated miRNA, CNV, and Mutational Analysis
Combining together all enriched pathways obtained
from ESKD, PA, and the three PRCC subtypes, we
propose an interconnected PRCC evolution model with
distinct events occurring at each tumor stage
(Figure 8).18,19,54,58,61,69e76 Initiating the PA stage requires DNA damage, disruption of the p53 checkpoint,
Table 3

and turning on cell cycle propagation events, such as
MAPK, MET signaling, NOTCH, and b-catenin
activation.53,75,77e80 Many of these events are enriched in
end-stage kidney disease. These pathways interact with
the WNT, TGF-b, and FGF pathways to further develop
into different PRCC subtypes.19,81e83 Connecting all
stages is an embryonic developmental theme (identiﬁed
consistently by all molecular modalities) that points toward a progenitor cell origin for PRCC.

Genes Common or Exclusive to Each PRCC Group

Gene

Variant

Coordinate

Consequence
variant

dbSNP COSMIC Other
ID
ID
groups

139399892
139400340
120572612
102234975

Missense
Splice
Splice acceptor
Missense

No
No
No
No

No
No
No
No

N/A

No

No

PRCC3 (2/3)

No
Yes

No
Yes

None
PRCC3 (1/3)

Insertion 124824739 Frameshift

No

Yes

PRCC2 (1/3)

7

SNV

81346685

Splice

Yes

No

All PRCC1
All PRCC2
All PRCC3
All PA
All PRCC1
All PRCC2
All PRCC3
No PA
All PRCC1
No PRCC2
1 PRCC3
All PA
All PRCC1
All PRCC2
All PRCC3
All PA

Chromosome Type

PRCC1
NOTCH1 (2/3 and 1/3) G>G/A
G>G/A
NOTCH2 (1/3)
T>T/C
RASA4 (3/3)
A>A/G

1
7

SNV
SNV
SNV
SNV

PRCC2
PCDHG genes (2/3)

5

Deletion

N/A

2
5

MNP
SNV

216299550 Splice
176520243 Missense

9

Deletion 7
and 20 genes
GC>GC/AA
G>G/A

FN1 (3/3)
FGFR4 (2/3)
PRCC3
NCOR2 (2/3)
T>T/TGCCG
MET pathway-related genes among all PRCCs
HGF
T>T/C

12

ITGB1

C>C/A

10

SNV

33190567

Splice

Yes

No

LRRK2

G>G/A

12

SNV

40619082

Missense

Yes

No

GGA2

G>G/C

16

SNV

23521643

Splice

Yes

No

None
None
PRCC2 and PRCC3
(1/3 and 2/3)

For dbSNP ID, reported germline mutations; for COSMIC ID, mutations reported in cancer.
COSMIC, Catalog of Somatic Mutations in Cancer; dbSNP, Single Nucleotide Polymorphism Database; ID, identiﬁcation; MET, mesenchymaleepithelial
transition; MNP, multinucleotide pleomorphism; N/A, not applicable; PA, papillary adenoma; SNV, single-nucleotide variant.
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Figure 7 b-Catenin shows abnormal staining
patterns in papillary adenoma (PA) lesions. Two
staining patterns are reported to be associated
with b-catenin activation, loss of membranous
expression, and diffuse cytoplasmic and nuclear
(internalization) staining. A: PA with loss of
membranous b-catenin expression (right panel);
the surrounding renal tubules from the same case
show normal membranous expression (left
panel). This pattern is associated in the literature with its activation. B: A small PA exhibiting
diffuse cytoplasmic and nuclear (internalization)
staining of b-catenin, which is another pattern
associated with b-catenin activation. C: A large
PA showing partial cytoplasmic and nuclear
staining with b-catenin (red arrow), also indicating at least a partial activation of the
pathway. Scale bars Z 200 mm.

Discussion
PRCC and PA lesions are both common in ESKD.15,84,85
PA accompanies approximately 73% of RCCs in ESKD.86
The prevalence of one PRCC subtype or the other in
ESKD is not clear from the literature reports. Some authors
have reported similarities between chromosomal aberrations
that occur in ESKD to PRCCs.14,85 Others have gone further
to suggest that PRCCs are transcriptomically related to a
regenerative/progenitor cell population in the renal
tubules.16 The biological and clinical differences between
PRCC subtypes have previously been analyzed,9,12 and a
kidney

third PRCC subtype has been identiﬁed.12 Pathways that
were uncovered in all subtypes were feeding back to the
embryonic developmental theme.69,71,74,78,87,88 These
pathways (WNT, TGF-b, and FGF) are implicated in renal
development17 and are also shown to be enriched
secondarily to kidney injury (WNT, TGF-b).76,83,89 Of
interest, these pathways interact in colonic adenocarcinoma, which is believed to arise from intestinal crypt
regenerative/stem cells.20,90,91 Hence, in this study, we
tested the hypothesis that PRCC arises from kidney progenitor cells through studying the proposed precursor lesions: ESKD and PA.

adenoma
(MSH3)
(KMT2C)
(DUSP5)

(HGF, ITGB1, GGA2)

(NOTCH2)
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TGF-

(DUSP5)
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β-catenin

2056
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Figure 8 Model proposed for PRCC evolution.
A simpliﬁed illustration showing the connection
between the pathways uncovered by the current
study (copy number variation, miRNA, and mutational analysis) at the different tumor development stages. Genes showing mutations at each
stage are depicted in red, next to its associated
molecular pathway. Vertical dashed lines are the
transition lines between normal kidney, papillary
adenoma, and PRCC. Solid blue arrows show
the resulting pathways when normal P53 and
apoptosis are lost. Dotted blue arrows indicate
connections between the pathways as depicted by
the literature. The illustration shows a model in
which PRCC tumors of different subtypes divert
from a common precursor.18,19,54,58,61,69e76 APC,
adenomatous polyposis coli; Chr, chromosome;
FGF, ﬁbroblast growth factor; GK3b, glycogen
synthase kinase-3 b; MAPK, mitogen-activated
protein kinase; MET, mesenchymaleepithelial
transition; TGF-b, transforming growth factor-b.

ajp.amjpathol.org

-

The American Journal of Pathology

print & web 4C=FPO

Saleeb et al

Analysis of PRCC and Precursor Lesions
Our data showed that ESKD and PA share a signiﬁcant
number of chromosomal aberrations. To trace the hypothesized progenitor cell population, staining was performed with
markers that were proposed to stain renal tubular progenitor
cells (BCL2 and CK7),16 as well as another established stem
cell marker (LGR5). LGR5 stains epithelial stem cells in
organs that use the WNT pathway in regeneration (such as
the kidney).42,43,76,90 All three markers were signiﬁcantly
increased in ESKD compared with the normal kidney. LGR5
highlighted the same population of cells as CK7 and BCL2.
Furthermore, the BCL2 and CK7 were also overexpressed in
PA and the budding regenerative tubules that are commonly
seen in injured kidney. BCL2 is an antiapoptotic marker;
Lindgren et al16 found the apoptotic pathways to be downregulated in kidney progenitor cells. BCL2 has also been
shown to be crucial for tubule formation and repair after
kidney injury.92 It was similarly noted that the antiapoptotic
pathways were activated in ESKD (by miRNA pathway
enrichment analysis). When analyzing chromosomal aberrations that were common between PA and PRCC, BCL2
was a central molecule in the interaction network.
Considerable overlap was demonstrated between the PA
and the three PRCC subtypes by CNVs, SNP, and indel
genomic analysis, supporting our hypothesis that they arise
from the same precursor lesion. PA and PRCCs shared
aberrations in six chromosomal regions carrying genes
involved in pathways that are signiﬁcantly related to all
papillary lesions (TGF-b, NOTCH, FGF, MAPK, and cell
death/apoptosis).9,12 Genes that held signiﬁcant SNP and
indel variants among all groups also shared a common
theme of embryonic development, differentiation, chromosomal organization, and MAPK signaling pathways.
To detect possible early driver genes at the essence of
PRCC pathogenesis, signiﬁcant somatic gene mutations that
were common to PA and all PRCC subtypes were ﬁltered.
Eight genes were detected with speciﬁc variant mutations
common to all lesions. Of these, the KMT2C frameshift
insertion was previously reported in cancer.51 KMT2C is a
histone lysine methyl transferase, which induces methylation of histone lysine residue, thus causing chromatin
organizational epigenetic changes.93 KMT2C is among the
most frequently reported mutated genes in breast, prostate,
bladder, and renal cancers,51,94,95 and also one of the most
common genes carrying mutations in The Cancer Genome
Atlas PRCC cohort. It is reported to act as a tumor suppressor (through regulation of tumor enhancer genes), and
although its mutations are commonly heterozygous (as in
our tumors), some reported that they could reach full
penetrance if accompanied by TP53 disruption and other
oncogene activation.94 KMT2C naturally plays a role in cell
development and differentiation; mice deﬁcient in both gene
alleles have developmental defects.94 Also, KMT2C is
implicated in development through regulation of HOXA
genes.96 The HOXA locus on chromosome 7 was one of two
regions found to harbor gains across all papillary lesions and
ESKDs. The DUSP5 was another gene of potential
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signiﬁcance common to all papillary lesions. It is reported to
be a direct target of p53 and, hence, acts as a tumor suppressor gene in cancer.52,53 The miRNA pathway analysis of
PA showed p53 checkpoint damage, which corresponds to
DUSP5 activity, and may also be synergistic to the KMT2C
mutational effect. Both genes are possible drivers of PRCC
formation; however, the results need to be conﬁrmed in
larger cohorts and with mechanistic studies.
The mutational analysis exhibited different sets of prevalent mutations among each subtype, conﬁrming their
unique identities. PRCC1 had more frequent mutations in
the NOTCH1 and NOTCH2 genes. The NOTCH pathway
interacts with the WNT pathway and the MET pathway, all
of which were reported speciﬁcally in PRCC1.9,12,62
PRCC2 had more prevalent mutations in FGFR4 and FN1
and common deletions in the PCDHG family genes. FGF
was also enriched in PRCC2 (by miRNA and CNV analysis). It is a pathway that interacts with WNT signaling in
kidney development.9 Tumors that have both WNT and
FGF tend to have aggressive behavior.19,97 The PCDHG
gene family members are located on chromosome 5q31 near
the FGF1 gene and not far from FGFR4. In addition, the
PCDH gene mutations are thought to enhance the release of
b-catenin and WNT signaling, relating them to PA.70,98 The
FN1 gene correlates with aggressive forms of RCC (such as
PRCC2).55,56 PRCC3 harbors mutations in the NCOR genes
that relate to the TGF-b pathway. Immune-related pathways,
such as PD-1 signaling, were also implicated in PRCC3,
comparable to our previous analysis.12 TGF-b pathways are
recognized to affect the tumor immune microenvironment.57
Integrating all of the molecular pathways uncovered at
each potential stage, we propose an interconnected model of
a sequence of events underlying PRCC development
(Figure 8).18,19,54,58,61,69e76 In that model, activation of bcatenin was at the core of early PRCC development (PA).
The activation was validated further with the identiﬁcation
of irregular b-catenin expression among PA lesions. Both
abnormal patterns of b-catenin staining in our cohort were
associated in the literature with its activation.64,65,99
Of interest, our results point to potential differentiation of
PA toward the different PRCC subtypes, indicating that the
evolution and differentiation of PRCCs might be an early
event in the disease course. In this study, the PA cases
selected for molecular analysis were all <0.5 cm (the old
cutoff for PA versus the current 1.5 cm). The rationale was to
capture the tumor precursor events as early as possible in the
disease process before they evolve and diverge into different
PRCC subtypes. Prospective molecular studies of PAs with
different size cutoffs are warranted.
Proper detection of PA lesions has a potential clinical
signiﬁcance regarding the early prevention of PRCC. In
colon cancer, the early management of colonic adenomas has
dramatically reduced the incidence of colonic adenocarcinoma. Hence, our enhanced understanding of the renal precursor lesions in the era of advanced imaging and localized
ablation techniques may also reduce the incidence of PRCC.
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In conclusion, we provide evidence that PRCC potentially originates from kidney tubular regenerative/progenitor
cells and elaborate on the possible evolution of PRCC from
early preneoplastic lesions into the different neoplastic
subtypes. We uncover potential tumor driver genes that
have not been reported before in PRCC. We further validate
and expand on the biological differences between the fully
developed PRCC subtypes, which can guide their prospective management. The limitations of our study include the
limited number of samples analyzed with whole exome
sequencing (n Z 12) and the heterogenic nature of the
PRCC biology. This study provides additional evidence as
to the pathogenesis of PRCC; however, some of the ﬁndings
need to be validated by additional studies.
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