1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Am J Surg Pathol. Author manuscript; available in PMC 2021 February 24.

-, HHS Public Access
«

Published in final edited form as:
Am J Surg Pathol. 2018 December ; 42(12): 1571-1584. doi:10.1097/PAS.0000000000001150.

VSTM2A Over-expression is a Sensitive and Specific Biomarker
for Mucinous Tubular and Spindle Cell Carcinoma (MTSCC) of
the Kidney

Lisha Wang, MD, PhD12*, Yuping Zhang, PhD12", Ying-Bei Chen, MD, PhD3, Stephanie L.
Skala, MD?, Hikmat A. Al-Ahmadie, MD3, Xiaoming Wang, PhD1:2, Xuhong Cao, MS1:2,
Brendan A. Veeneman, PhD12, Jin Chen, MS12, Marcin Cie$lik, PhD¥2, Yuanyuan Qiao,
PhD1:2, Fengyun Su, PhD:2, Pankaj Vats, MS12, Javed Siddiqui, MS12, Hong Xiao, PhD?,
Evita T. Sadimin, MD#, Jonathan |. Epstein, MD®, Ming Zhou, MD®, Ankur R. Sangoi, MD?,
Kiril Trpkov, MD8, Adeboye O. Osunkoya, MD?, Giovanna A. Giannico, MD9, Jesse K.
McKenney, MD1, Pedram Argani, MD®, Satish K. Tickoo, MD3, Victor E. Reuter, MD3, Arul
M. Chinnaiyan, MD, PhD1.2.12.13.14 garavana M. Dhanasekaran, PhD1.2:T Rohit Mehra,
MD1:2,12,t

IMichigan Center for Translational Pathology, Ann Arbor, Michigan, USA.

2Department of Pathology, University of Michigan, Ann Arbor, Michigan, USA.

3Department of Pathology, Memorial Sloan Kettering Cancer Center, New York, NY.
“Department of Pathology, Rutgers Cancer Institute of New Jersey, New Brunswick, NJ, USA.

SDepartments of Pathology and Oncology, Johns Hopkins Medical Institutions, Baltimore, MD,
USA.

5Department of Pathology, The University of Texas Southwestern Medical Center, Dallas, Texas,
USA.

’Department of Pathology, EI Camino Hospital, Mountain View, California, USA.

8Department of Pathology and Laboratory Medicine, University of Calgary, Calgary, Alberta,
Canada.

9Departments of Pathology and Urology, Emory University School of Medicine, Atlanta, Georgia,
USA.

0Departments of Pathology, Microbiology, and Immunology, Vanderbilt University School of
Medicine, Nashville, Tennessee, USA.

11Robert J Tomsich Pathology and Laboratory Medicine Institute, Anatomic Pathology, Cleveland
Clinic, Cleveland, Ohio, USA.

12Rogel Cancer Center, University of Michigan, Ann Arbor, Michigan, USA

Corresponding Author: Rohit Mehra, Department of Pathology, Michigan Center for Translational Pathology, 1500 E. Medical
Center Drive, Ann Arbor, M1 48109, USA. Tel: +1 734-936-9428, Fax: +1 734 6154498, mrohit@med.umich.edu.

L. Wang, and Y. Zhang contributed equally to this article.
TS.M. Dhanasekaran and R. Mehra share senior authorship of this article.

Conflicts of Interest: None



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al. Page 2

13Department of Urology, University of Michigan, Ann Arbor, Michigan, USA
1Howard Hughes Medical Institute, Ann Arbor, Michigan, USA

Abstract

Our recent study revealed recurrent chromosomal losses and somatic mutations of genes in the
Hippo pathway in mucinous tubular and spindle cell carcinoma (MTSCC). Here, we performed an
integrative analysis of 907 renal cell carcinoma (RCC) samples (combined from The Cancer
Genome Atlas and in-house studies) and the Knepper dataset of microdissected rat nephrons. We
identified VSTMZA and /RX5 as novel cancer- and lineage-specific biomarkers in MTSCC. We
then assessed their expression by RNA /n situ hybridization (ISH) in 113 tumors, including 33
MTSCC, 40 type 1 papillary RCC (PRCC), 8 type 2 PRCC, 2 unclassified RCC, 15 clear cell
RCC, and 15 chromophobe RCC. Sensitivity and specificity were calculated as the area under the
receiver operating characteristics curve (AUC). All MTSCC tumors demonstrated moderate to
high expression of VSTMZA (mean ISH score = 255). VSTMZA gene expression assessed by
RNA sequencing (RNA-seq) strongly correlated with VSTMZ2A ISH score (r2 = 0.81, P=
0.00016). The majority of non-MTSCC tumors demonstrated negative or low expression of
VSTMZA. IRX5, nominated as a lineage-specific biomarker, showed moderate to high expression
in MTSCC tumors (mean ISH score = 140). /RX5 gene expression assessed by RNA-seq strongly
correlated with /RX51SH score (r2 = 0.69, A= 0.00291). VSTMZ2A (AUC: 99.2%) demonstrated
better diagnostic efficacy than /RX5 (AUC: 87.5%), and may thus serve as a potential diagnostic
marker to distinguish tumors with overlapping histology. Furthermore, our results suggest MTSCC
displays an overlapping phenotypic expression pattern with the loop of Henle region of normal
nephrons.
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INTRODUCTION

Recent large next-generation sequencing (NGS) datasets of renal cell carcinoma (RCC)
provide opportunities to discover and characterize biomarkers, disease mechanisms, tumor
phenotypes, and therapeutic targets.13 RCC subtypes are thought to arise from distinct cell
types found in the nephron, and exhibit differences in clinicopathologic profile, clinical
course, and response to therapy.#-8 Mucinous tubular and spindle cell carcinoma (MTSCC)
is a relatively rare and recently characterized RCC subtype.” Our previous multi-institutional
cohort sequencing study found MTSCC to be molecularly distinct from other RCC subtypes
and typified by characteristic chromosomal losses, recurrent somatic mutations in Hippo
signaling pathway genes, and the absence of chromosome 7 or 17 gains;’: 8 our major
findings have been independently confirmed by other groups.®: 10 MTSCC is a low-grade
polymorphic renal epithelial neoplasm with mucinous tubular and spindle cell features.11: 12
More recently, Sadimin et al. suggested expanding the definition of MTSCC to include cases
with higher nuclear grade.1® A minority of MTSCC may demonstrate significant
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morphologic and immunohistochemical overlap with papillary RCC (PRCC).11: 13. 14 When
low-grade spindle cell foci are present in PRCC, there may be even greater morphologic
similarity between these entities.13-15 At the immunohistochemical level, both MTSCC and
PRCC may demonstrate labeling for cytokeratin 7 (CK7) and a-methylacyl-CoA-racemase
(AMACR).1 Fluorescence /in situ hybridization (FISH) technology has been demonstrated
to be useful for detecting gain of chromosomes 7 and/or 17, which is believed to
characterize a large majority of PRCC 16-18_ In general, MTSCC has a more favorable

prognosis than PRCC, but a rare subset of patients with MTSCC may develop metastases.
7,19, 20

To better understand the etiology and molecular subtypes of RCC, we sought to identify
cancer- and lineage-specific biomarkers by performing an integrative analysis of RNA
sequencing (RNA-seq) data from TCGA (The Cancer Genome Atlas) index samples, MCTP
(Michigan Center for Translational Pathology) cohorts, and the Knepper dataset of
microdissected rat nephrons.1=3: 8 21 \/STAM2A (V-set and transmembrane domain
containing 2A) and /RX5 (Iroquois homeobox gene 5) were identified as cancer-specific and
lineage-specific biomarkers in MTSCC, respectively. Herein, we interrogated these two
novel candidate biomarkers by performing RNA /n situ hybridization (ISH) on various RCC
tissue sections. Our findings suggest that assessment of VSTMZA expression in clinical
RCC samples may be a valuable tool in the differential diagnosis of MTSCC. Furthermore,
IRX5is a putative lineage-specific biomarker for the loop of Henle and its expression is
largely retained in MTSCC.

MATERIALS AND METHODS
RCC Cohorts

Patient samples were procured from the University of Michigan Health System, Cleveland
Clinic, Vanderbilt University, Emory University School of Medicine, University of Calgary,
New York School of Medicine, EI Camino Hospital, Johns Hopkins Medical Institutions,
and Memorial Sloan Kettering Cancer Center (Supplementary Table 1). This study was
performed under Institutional Review Board-approved protocols (with waiver of informed
consent). This RCC cohort consisted of 33 MTSCC, including 29 classic MTSCC, 4 high-
grade MTSCC, 40 type 1 PRCC, 8 type 2 PRCC, 2 unclassified RCC, 15 clear cell RCC
(CCRCC), and 15 chromophobe RCC (ChRCC), as detailed in Table 1 and Supplementary
Table 1. Cases were re-reviewed by the study pathologists for further diagnostic
confirmation.

RNA-seq Analysis

To identify differentially expressed genes in MTSCC, we combined RNA-seq data from 17
MTSCC cases from our previously published study,8 4 TCGA cases (TCGA-B3-3926,
TCGA-UN-AAZ9, TCGA-G7-A8LC and TCGA-F9-A7Q), and 141 normal kidney samples
(Supplementary Table 2). Raw sequencing reads were aligned to the GRCh38 reference
genome using STAR,22 and overlaps with Gencode v23 annotated protein-coding genes
were counted using featureCounts23 in unstranded (TCGA) or strand-specific mode
(MCTP). Non-expressed and lowly expressed genes, defined as having a median of < 2 reads

Am J Surg Pathol. Author manuscript; available in PMC 2021 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 4

per kilobase of transcript per million mapped reads (RPKM) in both MTSCC and normal,
were removed prior to differential expression (DE) analysis. A scaling normalization scheme
(TMM) was applied to all samples.2 Differential expression analyses were performed with
limma?2® on voom-transformed count data.28 Systematic differences between two data
sources (in-house and TCGA) were adjusted for by including data source as a covariate in
the statistical model. Differentially expressed genes were defined as genes with an absolute
log2 fold-change > 1 and a Benjamini-Hochberg adjusted AP-value of < 0.05.

To identify MTSCC-specific genes, we compared the MTSCC expression profile with three
major RCC subtypes (CCRCC, PRCC and ChRCC) from TCGA and several rare subtypes,
including translocation RCC, hereditary leiomyomatosis and renal cell cancer (HLRCC)-
associated RCC, and mixed epithelial and stromal tumor of the kidney, which were collected
from both previous and ongoing studies in our laboratory.2”- 28 There were 907 tumor
samples and 141 normal samples in total (Supplementary Table 2). The updated
classification of TCGA RCC cases was used.?? Samples annotated as “mixed” and “P.CIMP-
e” (papillary “CpG island methylator phenotype” enriched group) were excluded. All
subtypes were fit to one linear model with limma.2> Differentially expressed genes of
MTSCC versus other subtypes were then identified by fitting contrast models. Significant
genes (BH adjusted P < 0.05) shared in all pairs of comparison and having > 2 times of the
median expression of non-MTSCC subtypes, were selected as candidates of MTSCC
biomarkers. Finally, candidates were ranked based on expression level and combined A
value (Fisher’s method) from differential expression analyses.

A cancer-specific biomarker was defined as a gene expressed in a given cancer subtype with
very low or no expression in any nephron segment. A lineage-specific biomarker was
defined as a gene expressed in both a given cancer subtype and certain nephron segments. To
distinguish cancer- and lineage-specific biomarkers, a prior screening was conducted using
expression levels (RPKM) from rat-dissected nephron RNA-seq data (GSE56743).21 Each
identified MTSCC biomarker with low or no expression in nephron regions (< 2 RPKM)
was considered as a cancer-specific candidate, while biomarkers that showed specific
expression pattern in nephron regions were considered as putative lineage-specific
candidates.

RNA in situ Hybridization

The RNAscope 2.5 HD BROWN Assay (Cat. no. 322300; Advanced Cell Diagnostics,
Newark, CA) was performed according to the manufacturer’s instructions and used target
probes for VSTMZ2A and /RX5 on whole tissue sections. VSTMZA RNA probes (Hs-
VSTM2A, accession # NM_182546.3, nucleotides 102-1078) and /RX5 RNA probes (Hs-
IRXS5, accession # NM_005853.5, nucleotides 304—2061) are complementary to the target
MRNA. Probes Hs-PP/B (human peptidylprolyl isomerase B) and DapB (bacterial
dihydrodipicolinate reductase) were used as positive and negative controls, respectively.
FFPE sections were baked at 60 °C for 1 hour. Tissues were first deparaffinized by
immersing in xylene twice for 5 minutes each with periodic agitation. The slides were then
immersed in 100% ethanol twice for 1 minute each with periodic agitation and then air-dried
for 5 minutes. Following a series of pretreatment steps, the cells were permeabilized using
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Protease Plus to enable probes access to the RNA targets. Post hybridization (HybEZ Oven
for 2 hours at 40 °C) slides were washed twice and processed for standard signal
amplification steps. Chromogenic detection was performed using DAB, followed by
counterstaining with 50% Gill’s Hematoxylin | (26801-01, Fisher Scientific, Rochester,
NY).

All slides were examined for RNA ISH signals in tumor cells and background benign renal
parenchyma cells by two study pathologists (L. Wang and R. Mehra). The RNA ISH signal
was identified as brown, punctate dots, and the expression level was scored as follows: 0 =
no staining or less than 1 dot per 10 cells, 1 = 1 to 3 dots per cell, 2 = 4 to 9 dots per cell
(few or no dot clusters), 3 = 10 to 15 dots per cell (less than 10% in dot clusters), and 4 =
greater than 15 dots per cell (more than 10% in dot clusters). As previously described, a
cumulative RNA ISH product score was calculated for each evaluable tissue core as the sum
of the individual products of the expression level (0-4) and percentage of cells [0-100; i.e.,
(A% x 0) + (B% x 1) + (C% x 2) + (D% x 3) + (E% x 4); total range = 0 to 400].30-32

Fluorescence in situ Hybridization (FISH)

Interphase FISH was performed in a manner similar to that previously described.28
Centromeric chromosome enumeration probes (CEP) were utilized for chromosome 7
(CEP7, Orange) and chromosome 17 (CEP17, Green) from Vysis (Downers Grove, IL,
USA). Two known positive and negative controls were hybridized at the same time. Briefly,
for each slide, 100 nuclei from tumor tissue were scored for probe signals under the
fluorescence microscope with X1000 magnification. Trisomy of chromosomes 7 and/or 17
was considered as a characteristic genomic feature of PRCC.17. 18,33

Statistical Analysis

RESULTS

All statistical analyses were performed using R, v3.3.3. The statistical significance between
different groups was determined using Kruskal-Wallis tests. A Spearman’s rank correlation
was used to correlate gene expression (RPKM) and RNA ISH product score. The area under
the receiver operating characteristic (ROC) curve (AUC), which plots sensitivity against 1-
specificity, was used to describe the diagnostic performance of the VSTMZA and /IRX5
genes. Statistical significance was defined as a P-value < 0.05.

Nomination of Cancer- and Lineage-specific Biomarkers in MTSCC

First, to identify cancer-specific biomarkers, we used the MCTP MTSCC cohort (n = 17)
and TCGA kidney cohorts, and performed an integrative analysis to identify gene expression
differences between tumors (n = 907) and normal kidney tissue (n = 141). Overall, there
were 1406 genes up-regulated and 2101 genes down-regulated by at least a two-fold change
(P<0.05). In order to exclude dysregulated genes shared with other RCC subtypes, pairwise
comparisons with three major RCC subtypes and several rare subtypes were performed, and
only genes with significant up-regulation were identified as MTSCC specific biomarkers
(two-fold change, A< 0.05, Fig. 1A). In total, 238 MTSCC biomarkers were identified as
up-regulated and ranked by expression levels and significance (Supplementary Table 3).
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VSTMZA was the top-ranked biomarker (ranked No. 1) (Fig. 1A) and was rarely expressed
in other RCC subtypes and normal kidney tissue (Fig. 1B).

Next, we identified lineage-specific biomarkers by including the rat nephron RNA-seq data
in our analysis.?! For each gene shared between human and rat datasets, a robust z-score was
separately calculated (median divided by the median absolute deviation) for MTSCC and
each rat nephron segment. Genes with high z-scores in both MTSCC and nephron segments
were considered as potential lineage-specific biomarkers (Fig. 1C). We noted that in addition
to over-expression of /RX5in MTSCC tumors (four-fold change and ranked No. 15,
Supplementary Table 3, Fig. 1D), certain nephron segments, i.e. in the loop of Henle, also
expressed this gene, thus qualifying it as a lineage-specific biomarker (Fig. 1E). To further
examine the utility of VSTM2A and /RX5in RCC, we confirmed their expression in 17
MTSCC cases by RNA ISH, for which the RNA-seq data were available (one case didn’t
pass quality control, as described below). In addition, we further performed independent
validation from 17 additional MTSCC cases, including four with higher nuclear grade,
procured from our archive and outside collaborators (Supplementary Table 1).

Clinical Characteristics of the Cohort

The clinicopathologic characteristics of the RCC tumor cohort used in this study are
summarized in Table 1. Twenty-nine MTSCC tumors exhibited classic morphologic
features, including elongated tubules lined by low-grade cuboidal cells and/or cords of
spindled cells in variably myxoid stroma. Four MTSCC tumors had high nuclear grade
(WHO/ISUP nuclear grade 3). There was a female predilection in the MTSCC groups,
which is consistent with the previous literature,® and distinct from the male predominance
observed in other RCC subtypes. The majority of type 1 PRCC showed a dominant papillary
pattern; 14 PRCCs selected for this study demonstrated low-grade spindle cell foci.

VSTMZ2A is a Cancer-specific Marker for MTSCC

Upon querying the Genotype-Tissue Expression (GTEX; www.gtexportal.org) dataset for
VSTMZA expression across normal human tissues, we noted its specific expression in
normal brain tissue, which we then confirmed by RNA ISH (Supplementary Fig. S1A). We
then performed VSTMZ2A RNA ISH on whole tissue sections from 117 different RCC tumor
samples. Four cases with insufficient staining for the positive control (PP/B) were excluded
from further analysis, leaving 113/117 (96.6%) samples for RNA ISH analyses.
Representative photomicrographs of samples showing different RNA ISH intensities are
illustrated in Supplementary Figs. S1B-F.

VSTMZA RNA ISH revealed brown, punctate signals (dots) mainly located in the cytoplasm
of MTSCC tumor cells (Figs. 2A-D). In contrast, almost no dots were detected in renal
cortical or medullary cells (Figs. 2E-F). All classic MTSCC tumors (n = 29) demonstrated
homogeneous moderate to high expression of VSTMZA (mean ISH score = 265; range =
150 to 350) (Supplementary Fig. S2). The percentage of positive cells ranged from 80% to
100%. Four MTSCC tumors with high-grade features demonstrated moderate expression of
VSTMZA (mean ISH score = 225; range = 180 to 255) (Supplementary Fig. S3A). The
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percentage of positive cells ranged from 80% to 90%. Tumor cells showed similar
expression of VSTMZA in both the low- and high-grade areas of such tumors.

The majority of classic type 1 PRCC (n = 26) demonstrated negative or low expression of
VSTMZA (mean ISH score = 30; range = 0 to 140) (Figs. 3A-B). The percentage of positive
cells ranged from 0% to 80%. Ten of 14 PRCC tumors with low-grade spindle cell foci
demonstrated negative or low expression of VSTMZ2A (mean ISH score = 20; range = 0 to
95, Supplementary Figs. 4A-D), and the remaining four cases demonstrated moderate
expression of VSTMZA (mean ISH score = 177.5; range = 125 to 210). Tumor cells showed
similar expression of VSTMZA in both the papillary and the spindled areas (Supplementary
Figs. S4E-H). Presence of trisomy for chromosomes 7 and/or 17 by FISH (Supplementary
Fig. S4G, inset) or SNP-array? analyses further confirmed these cases as PRCC at the
molecular level.

Seven of eight type 2 PRCC tumors demonstrated low expression of VSTM2ZA (mean ISH
score = 10; range = 0 to 60; Figs. 3C-D). One type 2 PRCC tumor demonstrated
heterogeneous expression of VSTMZA (ISH score = 170). CCRCC (n = 15) and ChRCC
tumors (n = 15) demonstrated negative or very low expression of VSTMZ2A (mean ISH score
=1, range = 0 to 20; Figs. 3E-H).

Two RCC cases, with the respective ISH scores of 5 and 30, displayed MTSCC-like features
with elongated tubules, solid sheets, or spindle cells, but the tumors demonstrated very low
expression of VSTMZA (Supplementary Figs. S5A-D). These two cases lacked the
characteristic chromosomal losses of MTSCC, but rather, showed recurrent loss of
chromosomal 1p and gain of 1q (data not shown). These two RCC tumors were considered
as “unclassified RCC” in our study.

There was a strong correlation between VSTMZA gene expression (RPKM) and RNA ISH
product score (n = 16; Spearman’s correlation coefficient r2 = 0.81, A= 0.00016; Fig. 4A).
VSTMZ2A expression was significantly higher in classic MTSCC tumors (n = 29) compared
to other RCC subtypes (n = 80, £< 0.0001) and adjacent non-neoplastic renal tissues (n =
81, P<0.0001, Fig. 4B). VSTMZA RNA ISH product scores for all 109 tumors (four high-
grade MTSCC were analyzed separately, as described above) are illustrated in Fig. 4C.

IRX5 is a Lineage-specific Biomarker for MTSCC

Classic MTSCC tumors (n = 29) showed moderate to high expression of /RX5 (mean ISH
score = 150; range = 0 to 300) (Fig. 5A-D, Supplementary Fig. S6). The percentage of
positive cells ranged from 0% to 100%. Four high grade MTSCC tumors demonstrated low
expression of /RX5 (mean ISH score = 70; range = 50 to 120) (Supplementary Fig. S3B).
The percentage of positive cells ranged from 40% to 60%. /RX5 was absent in the non-
neoplastic renal cortex (Fig. 5E), but was expressed in certain medullary tubules,
presumably the loop of Henle (Fig. 5F), as suggested by the nephron RNA-seq data (Fig
1E).

Classic type 1 PRCC tumors (n = 26) demonstrated low to moderate expression of /RX5
(mean ISH score = 57.5; range = 0 to 265; Figs. 6A-B). PRCC tumors with low-grade
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spindle cell foci (n = 14) also demonstrated low to moderate expression of /RX5 (mean ISH
score = 75; range = 0 to 230) (Supplementary Figs. S7TA-H). Type 2 PRCC tumors (n = 8)
exhibited low to moderate expression of /RX5 (mean ISH score = 25; range = 0 to 130; Figs.
6C-D). The type 2 PRCC tumor, which showed heterogeneous expression of VSTMZA, also
showed heterogeneous expression of /RX5 (ISH score = 110). The ISH scores for two
unclassified RCC were 10 and 30, respectively. CCRCC (n = 15) and ChRCC tumors (n =
15) demonstrated negative or very low expression of /RX5 (mean ISH score = 1; range = 0
to 60; Figs. 6E-H).

There was a strong correlation between /RX5 gene expression and RNA ISH product score
(n=16; Spearman’s correlation coefficient r2 = 0.69, 2= 0.00291, Fig. 7A). /RX5 expression
was significantly higher in classic MTSCC tumors (n = 29) compared to other RCC subtypes
(n =80, £<0.0001) and adjacent non-neoplastic renal tissues (n = 81, A< 0.0001, Fig. 7B).
IRX5RNA ISH product scores for all 109 tumors (four high-grade MTSCC were analyzed
separately, as described above) are illustrated in Fig. 7C.

Diagnostic performance of VSTM2A and IRX5 for MTSCC

We created ROC curves in order to better evaluate the diagnostic value of VSTM2A and
IRX5 expression in MTSCC, and to determine the cutoff ISH values with the best sensitivity
and specificity relationship. Using a cutoff of 147.5 (ISH score), the sensitivity and
specificity of VSTM2A for MTSCC were 100% and 96.25%, respectively (Fig. 8A), while a
threshold of 200 yielded relatively lower sensitivity (79.31%) but higher specificity (97.5%)
(Fig. 8A). Similar analysis on /RX5 data demonstrated that, using a cutoff of 67.5, the
sensitivity and the specificity of /RX5for MTSCC were 93.1% and 76.25%, respectively
(Fig. 8B). In summary, VSTMZA expression (AUC: 99.2%) demonstrated better diagnostic
efficacy than /RX5 (AUC: 87.5%).

DISCUSSION

In this study, we performed integrative analyses of RNA-seq data from TCGA index
samples, MCTP RCC samples, and the Knepper dataset of microdissected rat nephrons.
1-3,8, 21 This enabled us to investigate the MTSCC transcriptome and identify cancer- and
lineage-specific biomarkers. Among the nominated markers, we selected VSTMZA and
IRX5 for further experimental validation by RNA ISH on a comprehensive RCC cohort
representing various subtypes (n = 113). Importantly, our results demonstrated that
VSTMZA was highly expressed in MTSCC while showing either absent or low level
expression in the vast majority of other RCC subtypes. We also found that /RX5was a
putative lineage-specific biomarker for MTSCC.

Clinically, MTSCC cases occasionally show extensive morphologic and
immunohistochemical overlap with PRCC, especially PRCC with low-grade spindle cell
foci.13: 14, 34 While some studies have suggested that MTSCC and PRCC are closely related,
35 previous work from our group and others have demonstrated that these two RCC subtypes
are distinct entities at the molecular level.2 8 9. 36 Qur study of a multi-institutional MTSCC
cohort revealed recurrent chromosomal losses and frequent biallelic alteration of Hippo
pathway genes, resulting in increased YAP1 nuclear expression;8 however, YAP1 expression
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was not found to be of diagnostic use in differentiating MTSCC from PRCC in an
independent study.® The commonly utilized immunohistochemical biomarkers in pathology
practice are relatively non-specific. Immunohistochemical staining with CK7 and AMACR
may produce misleading results in differential diagnosis because both MTSCC and PRCC
may be positive for CK7 and AMACR expression.1* While CD10 expression has been
documented to be expressed at lower levels in MTSCC, this marker is relatively non-specific
and not consistently valuable in this distinction.® 14 Hence, the discovery that new markers,
such as VSTMZA overexpression, to be sensitive and specific for MTSCC could increase
our ability to accurately classify these tumors.

The expression patterns of VSTMZ2A have been explored. A recent study demonstrated that
VSTM2A protein is expressed and secreted by committed preadipocytes, and affects both
the amplification of BMP (bone morphogenetic protein) signaling and the expression of
PPARG2 (peroxisome proliferator activated receptor gamma 2).37 This study also
demonstrated a role for VSTM2A during adipocyte development with both /n vitroand in
vivo experiments, in which overexpression of this protein promoted adipogenesis while
VSTMZA knockdown impaired this process. Our analysis of the GTEX data noted highly
restricted VSTMZ2A expression in human brain samples, but the significance of this
observation remains to be further characterized. To our knowledge, our study is the first to
demonstrate that VSTMZ2A is overexpressed in MTSCC and could, therefore, be employed
as a novel cancer-specific marker using RNA ISH. Unlike the traditional, relatively non-
specific RCC markers (e.g. CK7, AMACR, and CD10), VSTMZA is nearly absent in non-
neoplastic renal parenchyma and is specifically and homogeneously expressed only in
MTSCC tumor cells. Hence, this expression pattern may prove to be clinically useful for
accurately diagnosing MTSCC specimens. Future efforts should concentrate on developing a
specific cell line model for MTSCC as to greatly facilitate characterizing the functional
effects of VSTMZA over-expression in MTSCC.

In this study, the majority of MTSCC demonstrated VSTMZA expression at a level that was
only rarely encountered in other renal tumors. Sets of cutoff points were established to better
evaluate the diagnostic value of VSTMZA for MTSCC. With an ISH score cutoff of 147.5,
VSTMZA expression demonstrated a high sensitivity (100%) and a high specificity
(96.25%) for MTSCC. However, with the more practical and easily assessable ISH score
cutoff of 200, VSTMZA expression demonstrated relatively lower sensitivity (79.31%) but
higher specificity (97.5%). Hence, our results indicate that for an individual tumor with
morphologic features that can be observed in either MTSCC or PRCC, high VSTMZA
expression above an ISH score cutoff of 200 will support an interpretation of MTSCC.
VSTMZA over-expression, may thus serve as a diagnostic marker to clinically distinguish
MTSCC from PRCC with overlapping histologic features. Studies of additional cohorts
would help validate these observations.

A prior study performed single nucleotide polymorphism (SNP) array on six high grade
MTSCC cases.10 Similar to our previous findings,8 all six cases showed monosomy of
chromosomes 1, 4, 6, 8, 9, 13, 14, 15, and 22, and absence of trisomy 7 and 17. The authors
suggested modifying the definition of MTSCC to include cases with higher nuclear grade. In
this study, we interrogated four of those MTSCC cases with high-grade cytological atypial®
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and uncovered moderate expression of VSTMZA in all four cases, which further supports
that the definition of MTSCC should be expanded to include a rare subset with higher
nuclear grade. Since the number of high-grade MTSCC cases is low, additional cases are
needed to further evaluate whether VSTMZA expression is associated with tumor grade.

In this study, two cases exhibited morphologic overlap with MTSCC but failed to harbor the
characteristic chromosomal losses of MTSCC while lacking trisomy 7 and 17, highlighting
the genomic heterogeneity observed among tumors with overlapping morphologic features.
Both cases, assigned as unclassified RCC, showed very low expression of VSTMZ2A,
emphasizing the diagnostic specificity of this biomarker.

The Iroquois genes were first identified in Drosophila because of their roles in the control of
proneural and vein-forming gene expression.38 In various embryonic tissue types, Iroquois
gene expression is spatially and temporally regulated by different signaling pathways,
including Sonic Hedgehog, Wingless, Notch, epidermal growth factor receptor, and Hox
signaling, which have all been implicated in tumorigenesis.3® 40 /RX1, IRX2, and IRX3
have been identified as an evolutionary conserved subset of /RX genes whose expression
represents the earliest manifestation of intermediate compartment patterning in the
developing vertebrate nephron.4! /RX5 is down- regulated by 1,25-Dihydroxyvitamin D3 in
human prostate cancer and regulates apoptosis and the cell cycle in LNCaP prostate cancer
cells.*2 However, little is known about the role of /X5 in the human kidney. Our study
demonstrated that //RX5 was moderately to highly expressed in MTSCC at the mRNA level.
When compared to VSTMZA expression, however, /RX5 expression demonstrated a high
sensitivity (93.1%) but a low specificity (76.25%) for the diagnosis of MTSCC. The
diagnostic value of /RX5 (AUC: 87.5%) was lower than VSTMZA (AUC: 99.2%) for
detection of MTSCC in this study.

The phenotypic classification for MTSCC remains debatable.3%: 35 43. 44 |nitially, this tumor
was recognized as a distinctive subset of low-grade collecting duct carcinomas.*3 In 2001,
Parwani and colleagues** formally described this entity and reported these tumors to be
possibly related to the loop of Henle or distal convoluted tubule. In an attempt to identify the
phenotypic origin for MTSCC, we performed an integrative analysis of the MCTP MTSCC
RNA-seq samples and the Knepper dataset of microdissected rat nephrons.8 21 /RX5was
previously identified to be specifically expressed in the loop of Henle in rats.2! Thus the
observed /RX5 expression in MTSCC samples could be retained by the tumors
differentiated from the cells within the loop of Henle, a region that was previously
speculated to be associated with MTSCC.44 RNA ISH further validated that /RX5was
absent in the human non-neoplastic renal cortex, but was expressed in certain medullary
tubules. Taken together, our results suggest that MTSCC displays an overlapping phenotypic
expression pattern with the loop of Henle region of normal nephrons. Additional studies are
needed to confirm these observations.

Our study successfully analyzed a relatively large cohort of clinically, morphologically, and
molecularly confirmed MTSCC collected from multiple major academic institutions.
However, our methods were constrained by certain limitations that should be considered
when designing future studies. RNA ISH is a sensitive and specific tool for assessing gene
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expression in malignancies,*>: 46 is a reliable and cost-effective alternative to RNA-seq for
the detection of both VSTMZA and /RX5 markers, and can be easily applied in a laboratory
or clinical setting. However, an important concern when implementing RNA ISH in the
clinical environment is the RNA integrity of tissue samples. In this study, VSTMZA and
IRX5RNA ISH assays were performed on whole formalin-fixed, paraffin-embedded tumor
sections, which allowed us to evaluate the expression pattern of these two markers. However,
four out of the 117 cases did not pass quality control due to the old age of the tissue blocks.
Another potential limitation is that we did not perform RNA ISH on core biopsy specimens
in this study; follow-up studies may find it helpful to assess the diagnostic utility of RNA
ISH on core biopsies. Furthermore, we used a semi-quantitative scoring method (ISH score)
to interrogate VSTMZA expression. However, the method of semi-quantification is
inherently subjective and produces ordinal rather than continuous variable data. Additional
studies are needed to establish the reproducibility of our semi-quantitative approach to
VSTMZA ISH evaluation before this method can be incorporated into routine clinical
practice. To reduce between-laboratory variability, we suggest using human control slides
containing cultured cell pellets, such as human NCI-H660 cells (Supplementary Figs. S8A-
C), as positive controls.

In summary, our results demonstrate VSTMZA over-expression to be a sensitive and specific
marker for MTSCC. VSTMZA over-expression by RNA ISH may serve as a diagnostic
marker to clinically distinguish MTSCC from PRCC with overlapping histologic features.
Furthermore, our results suggest that MTSCC displays an overlapping phenotypic
expression pattern with the loop of Henle region.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nomination of cancer- and lineage-specific biomarkers for mucinous tubular and spindle cell
carcinoma (MTSCC). (A) Volcano plot showing genes that are significantly dysregulated in
MTSCC tumors versus normal kidney samples. Yellow dots: up-regulated genes; blue dots:
down-regulated genes; green text: cancer-specific markers; pink text: lineage-specific
markers; black text, markers of unknown function. VSTMZ2A and /RX5 were among the top-
ranked biomarkers. (B) VSTMZ2A gene expression (RPKM) in MTSCC compared to other
RCC subtypes and normal kidney tissue. (C) Scatter plot showing the association in gene
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expression profile between MTSCC and the microdissected rat nephron segments. Genes
with high z-scores in both MTSCC and nephron segments were potential lineage-specific
biomarkers. (D) /RX5 gene expression in MTSCC compared to other RCC subtypes and
normal kidney tissue. (E) /RX5 gene expression (RPKM) across the rat nephron segments.
G: Glomerulus; S1: S1 proximal tubule; S2: S2 proximal tubule; S3: S3 proximal tubule;
SDL.: Short Descending limb; LDLOM: Long Descending Limb, Outer Medulla; LDLIM:
Long Descending Limb, Inner Medulla; tAL: Thin Ascending Limb; mTAL: Medullary
Thick Ascending Limb; cTAL: Cortical Thick Ascending Limb; DCT: Distal Convoluted
Tubule; CNT: Connecting Tubule; CCD: Cortical Collecting Duct; OMCD: Outer Medullary
Collecting Duct; IMCD: Inner Medullar Collecting Duct.
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Figure 2.
VSTMZA expression in MTSCC by RNA /n situhybridization (ISH). (A, C) Classic

MTSCC with elongated tubules in a myxoid matrix (H&E, 40X and 200X, respectively). (B,
D) VSTMZA expression in MTSCC by RNA ISH (40X and 200X, respectively), with
brown, punctate dots and no background staining. (E, F) Negative expression of VSTMZA in
renal cortex and medulla, respectively (400X); inset: H&E (400X).
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Figure 3.
VSTMZA expression in other RCC subtypes. (A) Type 1 PRCC, is characterized by small

cuboidal cells covering thin papillae with a single line of uniform nuclei and small nucleoli
(H&E, 200X). (B) Type 1 PRCC exhibited low expression of VSTMZA by RNA ISH
(400X). (C) Type 2 PRCC, characterized by pseudostratified columnar epithelium on
papillary cores, with abundant and eosinophilic cytoplasm, large nuclei and prominent
nucleoli (H&E, 200X). (D) Type 2 PRCC was negative for VSTMZA expression by RNA
ISH (400X). (E) CCRCC is composed of tumor cells with a clear cytoplasm arranged in
nests and pseudopapillary structures with a delicate vascular network (H&E, 200X). (F)
CCRCC was negative for VSTMZ2A expression by RNA ISH (400X). (G) ChRCC is
composed of large cells with defined cell membranes (H&E, 200X). (H) ChRCC was
negative for VSTMZ2A expression by RNA ISH (400X).
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Figure4.
VSTMZ2A was highly expressed in MTSCC. (A) Correlation between VSTMZA gene

expression (RPKM) and RNA ISH product score (n = 16, £=0.00016). (B) VSTMZ2A
expression was significantly higher in MTSCC (n = 29) compared to other RCC subtypes (n
=80, £<0.0001) and adjacent non-neoplastic renal tissue (n = 81, < 0.0001). (C) The
majority of PRCC, unclassified RCC, CCRCC, and ChRCC tumors exhibited negative or
low expression of VSTMZA. An ISH score cutoff of 200 was used to differentiate MTSCC
tumors and non-MTSCC tumors. Two type 1 PRCC tumors with high expression of
VSTMZA (ISH score > 200) had spindle cell components.
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Figure5.
IRX5 expression in MTSCC by RNA ISH. (A, C) Classic MTSCC (H&E, 40X and 200X,

respectively). (B, D) /RX5expression in MTSCC by RNA ISH (40X and 200X,
respectively). (E) Negative expression of /RX5in renal cortex by RNA ISH (400X); inset:
H&E (400X). (F) Certain tubules stained positive for /RX5in renal medulla by RNA ISH
(400X); inset: H&E (400X).
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Figure®6.
IRX5 expression in other RCC subtypes. (A) Type 1 PRCC (H&E, 200X). (B) Type 1 PRCC

demonstrated low expression of /RX5by RNA ISH (400X). (C) Type 2 PRCC (H&E,
200X). (D) Type 2 PRCC demonstrated low expression of /RX5by RNA ISH (400X). (E)
CCRCC (H&E, 200X). (F) CCRCC was negative for /RX5 expression by RNA ISH (400X).
(G) ChRCC (H&E, 200X). (H) ChRCC was negative for /RX5 expression by RNA ISH
(400X).
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Figure7.
IRX5RNA ISH product score in MTSCC and other RCC subtypes. (A) Correlation between

IRX5 gene expression (RPKM) and RNA ISH product score (n = 16, A= 0.00291). (B)
IRX5 expression was significantly higher in classic MTSCC (n = 29) compared to other
RCC subtypes (n = 80, £< 0.001) and adjacent non-neoplastic renal tissue (n = 81, P<
0.001). (C) An ISH score cutoff of 67.5 was used to differentiate MTSCC tumors and non-
MTSCC tumors.
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Figure8.
Diagnostic values of VSTMZ2A (A) and /RX5 (B) for MTSCC.
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Clinical Characteristics of the Study Cases

Table 1.

Tumor type Total patients(n)  Age(y) ™™ Male/Female(ratio) Tymor size(cm) ** WHO/ISUP grade
MTSCC 33 62 (21-78) 0.53:1 4.2 (1.3-16.5) Low grade (29)
69 (53-82) 0:1 4.7 (3-6.6) High grade (4)
Type 1 PRCC 40 60 (41-87) 4:1 3.6 (1.3-16.9) Grade 2 (28)
Grade 3 (11)
Grade 4 (1)
Type 2 PRCC 8 72 (58-80) 71 3.6 (1.3-7.9) Grade 3 (7)
Grade 4 (1)
Unclassified RCC ™ 2 62 1 10.2 Grade 3 (2)
CCRCC 15 63 (30-82) 2.75:1 6.0 (2.2-12.5) Grade 2 (3)
Grade 3 (6)
Grade 4 (6)
ChRCC 15 61 (37-72) 211 4.3(2.3-11) N/A

Abbreviations: MTSCC, mucinous tubular and spindle cell carcinoma; PRCC, papillary renal cell carcinoma; CCRCC, clear cell renal cell

carcinoma; ChRCC, chromophobe renal cell carcinoma; N/A, not available.

*
One patient has missing data.

*:

ok
Median (range).
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