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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 VSTM2A and IRX5 as novel cancer- and lineage-specific biomarkers in MTSCC. We 

then assessed their expression by RNA in 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 VSTM2A (mean ISH score = 255). VSTM2A gene expression assessed by 

RNA sequencing (RNA-seq) strongly correlated with VSTM2A ISH score (r2 = 0.81, P = 

0.00016). The majority of non-MTSCC tumors demonstrated negative or low expression of 

VSTM2A. IRX5, nominated as a lineage-specific biomarker, showed moderate to high expression 

in MTSCC tumors (mean ISH score = 140). IRX5 gene expression assessed by RNA-seq strongly 

correlated with IRX5 ISH score (r2 = 0.69, P = 0.00291). VSTM2A (AUC: 99.2%) demonstrated 

better diagnostic efficacy than IRX5 (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.1–3 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.4–6 Mucinous tubular and spindle cell carcinoma (MTSCC) 

is a relatively rare and recently characterized RCC subtype.7 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;7, 8 our major 

findings have been independently confirmed by other groups.9, 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.10 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 α-methylacyl-CoA-racemase 

(AMACR).14 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 VSTM2A (V-set and transmembrane domain 

containing 2A) and IRX5 (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 in situ hybridization (ISH) on various RCC 

tissue sections. Our findings suggest that assessment of VSTM2A expression in clinical 

RCC samples may be a valuable tool in the differential diagnosis of MTSCC. Furthermore, 

IRX5 is 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 
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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.24 Differential expression analyses were performed with 

limma25 on voom-transformed count data.26 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 P-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.27, 28 There were 907 tumor 

samples and 141 normal samples in total (Supplementary Table 2). The updated 

classification of TCGA RCC cases was used.29 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.25 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 P-

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 VSTM2A and IRX5 on whole tissue sections. VSTM2A RNA probes (Hs-

VSTM2A, accession # NM_182546.3, nucleotides 102–1078) and IRX5 RNA probes (Hs-

IRX5, accession # NM_005853.5, nucleotides 304–2061) are complementary to the target 

mRNA. Probes Hs-PPIB (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 I (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% × 0) + (B% × 1) + (C% × 2) + (D% × 3) + (E% × 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

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 VSTM2A and IRX5 
genes. Statistical significance was defined as a P-value < 0.05.

RESULTS

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, P < 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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VSTM2A 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.21 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 IRX5 in 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 IRX5 in 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,9 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.

VSTM2A is a Cancer-specific Marker for MTSCC

Upon querying the Genotype-Tissue Expression (GTEx; www.gtexportal.org) dataset for 

VSTM2A 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 VSTM2A RNA ISH on whole tissue sections from 117 different RCC tumor 

samples. Four cases with insufficient staining for the positive control (PPIB) 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.

VSTM2A 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 VSTM2A (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 

VSTM2A (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 VSTM2A 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 

VSTM2A (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 VSTM2A (mean ISH score = 20; range = 0 to 

95, Supplementary Figs. 4A-D), and the remaining four cases demonstrated moderate 

expression of VSTM2A (mean ISH score = 177.5; range = 125 to 210). Tumor cells showed 

similar expression of VSTM2A 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-array9 analyses further confirmed these cases as PRCC at the 

molecular level.

Seven of eight type 2 PRCC tumors demonstrated low expression of VSTM2A (mean ISH 

score = 10; range = 0 to 60; Figs. 3C-D). One type 2 PRCC tumor demonstrated 

heterogeneous expression of VSTM2A (ISH score = 170). CCRCC (n = 15) and ChRCC 

tumors (n = 15) demonstrated negative or very low expression of VSTM2A (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 VSTM2A (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 VSTM2A gene expression (RPKM) and RNA ISH 

product score (n = 16; Spearman’s correlation coefficient r2 = 0.81, P = 0.00016; Fig. 4A). 

VSTM2A expression was significantly higher in classic MTSCC tumors (n = 29) compared 

to other RCC subtypes (n = 80, P < 0.0001) and adjacent non-neoplastic renal tissues (n = 

81, P < 0.0001, Fig. 4B). VSTM2A 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 IRX5 (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 IRX5 (mean ISH score = 70; range = 50 to 120) (Supplementary Fig. S3B). 

The percentage of positive cells ranged from 40% to 60%. IRX5 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 IRX5 
(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 IRX5 (mean ISH 

score = 75; range = 0 to 230) (Supplementary Figs. S7A-H). Type 2 PRCC tumors (n = 8) 

exhibited low to moderate expression of IRX5 (mean ISH score = 25; range = 0 to 130; Figs. 

6C-D). The type 2 PRCC tumor, which showed heterogeneous expression of VSTM2A, also 

showed heterogeneous expression of IRX5 (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 IRX5 (mean ISH score = 1; range = 0 

to 60; Figs. 6E-H).

There was a strong correlation between IRX5 gene expression and RNA ISH product score 

(n=16; Spearman’s correlation coefficient r2 = 0.69, P = 0.00291, Fig. 7A). IRX5 expression 

was significantly higher in classic MTSCC tumors (n = 29) compared to other RCC subtypes 

(n = 80, P < 0.0001) and adjacent non-neoplastic renal tissues (n = 81, P < 0.0001, Fig. 7B). 

IRX5 RNA 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 IRX5 data demonstrated that, using a cutoff of 67.5, the 

sensitivity and the specificity of IRX5 for MTSCC were 93.1% and 76.25%, respectively 

(Fig. 8B). In summary, VSTM2A expression (AUC: 99.2%) demonstrated better diagnostic 

efficacy than IRX5 (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 VSTM2A and 

IRX5 for further experimental validation by RNA ISH on a comprehensive RCC cohort 

representing various subtypes (n = 113). Importantly, our results demonstrated that 

VSTM2A 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 IRX5 was 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 Our 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.9 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.14 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.9, 14 Hence, the discovery that new markers, 

such as VSTM2A overexpression, to be sensitive and specific for MTSCC could increase 

our ability to accurately classify these tumors.

The expression patterns of VSTM2A 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 in vitro and in 
vivo experiments, in which overexpression of this protein promoted adipogenesis while 

VSTM2A knockdown impaired this process. Our analysis of the GTEX data noted highly 

restricted VSTM2A 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 VSTM2A 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), VSTM2A 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 VSTM2A over-expression in MTSCC.

In this study, the majority of MTSCC demonstrated VSTM2A 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 VSTM2A for MTSCC. With an ISH score cutoff of 147.5, 

VSTM2A 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, VSTM2A 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 VSTM2A 
expression above an ISH score cutoff of 200 will support an interpretation of MTSCC. 

VSTM2A 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 atypia10 
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and uncovered moderate expression of VSTM2A 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 VSTM2A 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 VSTM2A, 

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.39, 40 IRX1, IRX2, and IRX3 
have been identified as an evolutionary conserved subset of IRX genes whose expression 

represents the earliest manifestation of intermediate compartment patterning in the 

developing vertebrate nephron.41 IRX5 is down- regulated by 1,25-Dihydroxyvitamin D3 in 

human prostate cancer and regulates apoptosis and the cell cycle in LNCaP prostate cancer 

cells.42 However, little is known about the role of IRX5 in the human kidney. Our study 

demonstrated that IRX5 was moderately to highly expressed in MTSCC at the mRNA level. 

When compared to VSTM2A expression, however, IRX5 expression demonstrated a high 

sensitivity (93.1%) but a low specificity (76.25%) for the diagnosis of MTSCC. The 

diagnostic value of IRX5 (AUC: 87.5%) was lower than VSTM2A (AUC: 99.2%) for 

detection of MTSCC in this study.

The phenotypic classification for MTSCC remains debatable.34, 35, 43, 44 Initially, this tumor 

was recognized as a distinctive subset of low-grade collecting duct carcinomas.43 In 2001, 

Parwani and colleagues44 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 IRX5 was 

previously identified to be specifically expressed in the loop of Henle in rats.21 Thus the 

observed IRX5 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 IRX5 was 

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,45, 46 is a reliable and cost-effective alternative to RNA-seq for 

the detection of both VSTM2A and IRX5 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, VSTM2A and 

IRX5 RNA 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 VSTM2A 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 

VSTM2A 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 VSTM2A over-expression to be a sensitive and specific 

marker for MTSCC. VSTM2A 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.

ACKNOWLEDGMENTS

We thank Mandy Davis and Marta Hernadi-Muller for technical assistance, Sisi Gao for assistance with manuscript 
editing and submission.

REFERENCES

1. Cancer Genome Atlas Research N. Comprehensive molecular characterization of clear cell renal cell 
carcinoma. Nature. 2013;499:43–49. [PubMed: 23792563] 

2. Cancer Genome Atlas Research N, Linehan WM, Spellman PT, et al. Comprehensive molecular 
characterization of papillary renal-cell carcinoma. N Engl J Med. 2016;374:135–145. [PubMed: 
26536169] 

3. Davis CF, Ricketts CJ, Wang M, et al. The somatic genomic landscape of chromophobe renal cell 
carcinoma. Cancer Cell. 2014;26:319–330. [PubMed: 25155756] 

4. Lindgren D, Eriksson P, Krawczyk K, et al. Cell-type-specific gene programs of the normal human 
nephron define kidney cancer subtypes. Cell Rep. 2017;20:1476–1489. [PubMed: 28793269] 

5. Shuch B, Amin A, Armstrong AJ, et al. Understanding pathologic variants of renal cell carcinoma: 
distilling therapeutic opportunities from biologic complexity. Eur Urol. 2015;67:85–97. [PubMed: 
24857407] 

6. Posadas EM, Limvorasak S, Figlin RA. Targeted therapies for renal cell carcinoma. Nat Rev 
Nephrol. 2017;13:496–511. [PubMed: 28691713] 

Wang et al. Page 11

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Udager AM, Mehra R. Morphologic, molecular, and taxonomic evolution of renal cell carcinoma: a 
conceptual perspective with emphasis on updates to the 2016 World Health Organization 
Classification. Arch Pathol Lab Med. 2016;140:1026–1037. [PubMed: 27684973] 

8. Mehra R, Vats P, Cieslik M, et al. Biallelic alteration and dysregulation of the hippo pathway in 
mucinous tubular and spindle cell carcinoma of the kidney. Cancer Discov. 2016;6:1258–1266. 
[PubMed: 27604489] 

9. Ren Q, Wang L, Al-Ahmadie HA, et al. Distinct genomic copy number alterations distinguish 
mucinous tubular and spindle cell carcinoma of the kidney from papillary renal cell carcinoma with 
overlapping histologic features. Am J Surg Pathol. 2018;42:767–777. [PubMed: 29462091] 

10. Sadimin ET, Chen YB, Wang L, et al. Chromosomal abnormalities of high-grade mucinous tubular 
and spindle cell carcinoma of the kidney. Histopathology. 2017;71:719–724. [PubMed: 28656700] 

11. Fine SW, Argani P, DeMarzo AM, et al. Expanding the histologic spectrum of mucinous tubular 
and spindle cell carcinoma of the kidney. Am J Surg Pathol. 2006;30:1554–1560. [PubMed: 
17122511] 

12. Eble JN. Mucinous tubular and spindle cell carcinoma and post-neuroblastoma carcinoma: newly 
recognised entities in the renal cell carcinoma family. Pathology. 2003;35:499–504. [PubMed: 
14660100] 

13. Argani P, Netto GJ, Parwani AV. Papillary renal cell carcinoma with low-grade spindle cell foci: a 
mimic of mucinous tubular and spindle cell carcinoma. Am J Surg Pathol. 2008;32:1353–1359. 
[PubMed: 18670354] 

14. Paner GP, Srigley JR, Radhakrishnan A, et al. Immunohistochemical analysis of mucinous tubular 
and spindle cell carcinoma and papillary renal cell carcinoma of the kidney: significant 
immunophenotypic overlap warrants diagnostic caution. Am J Surg Pathol. 2006;30:13–19. 
[PubMed: 16330937] 

15. Dhillon J, Amin MB, Selbs E, et al. Mucinous tubular and spindle cell carcinoma of the kidney 
with sarcomatoid change. Am J Surg Pathol. 2009;33:44–49. [PubMed: 18941398] 

16. Udager AM, Alva A, Mehra R. Current and proposed molecular diagnostics in a genitourinary 
service line laboratory at a tertiary clinical institution. Cancer J. 2014;20:29–42. [PubMed: 
24445763] 

17. Wang L, Williamson SR, Wang M, et al. Molecular subtyping of metastatic renal cell carcinoma: 
implications for targeted therapy. Mol Cancer. 2014;13:39. [PubMed: 24568263] 

18. Cheng L, Zhang S, MacLennan GT, et al. Molecular and cytogenetic insights into the pathogenesis, 
classification, differential diagnosis, and prognosis of renal epithelial neoplasms. Hum Pathol. 
2009;40:10–29. [PubMed: 19027455] 

19. Kenney PA, Vikram R, Prasad SR, et al. Mucinous tubular and spindle cell carcinoma (MTSCC) of 
the kidney: a detailed study of radiological, pathological and clinical outcomes. BJU Int. 
2015;116:85–92. [PubMed: 25395040] 

20. Ursani NA, Robertson AR, Schieman SM, et al. Mucinous tubular and spindle cell carcinoma of 
kidney without sarcomatoid change showing metastases to liver and retroperitoneal lymph node. 
Hum Pathol. 2011;42:444–448. [PubMed: 21194728] 

21. Lee JW, Chou CL, Knepper MA. Deep sequencing in microdissected renal tubules identifies 
nephron segment-specific transcriptomes. J Am Soc Nephrol. 2015;26:2669–2677. [PubMed: 
25817355] 

22. Dobin A, Gingeras TR. Mapping RNA-seq Reads with STAR. Curr Protoc Bioinformatics. 
2015;51:11 14 11–19. [PubMed: 26334920] 

23. Liao Y, Smyth GK, Shi W. The Subread aligner: fast, accurate and scalable read mapping by seed-
and-vote. Nucleic Acids Res. 2013;41:e108. [PubMed: 23558742] 

24. Robinson MD, Oshlack A. A scaling normalization method for differential expression analysis of 
RNA-seq data. Genome Biol. 2010;11:R25. [PubMed: 20196867] 

25. Ritchie ME, Phipson B, Wu D, et al. limma powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Res. 2015;43:e47. [PubMed: 25605792] 

26. Law CW, Chen Y, Shi W, et al. voom: Precision weights unlock linear model analysis tools for 
RNA-seq read counts. Genome Biol. 2014;15:R29. [PubMed: 24485249] 

Wang et al. Page 12

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



27. Udager AM, Alva A, Chen YB, et al. Hereditary leiomyomatosis and renal cell carcinoma 
(HLRCC): a rapid autopsy report of metastatic renal cell carcinoma. Am J Surg Pathol. 
2014;38:567–577. [PubMed: 24625422] 

28. Skala SL, Xiao H, Udager AM, et al. Detection of 6 TFEB-amplified renal cell carcinomas and 25 
renal cell carcinomas with MITF translocations: systematic morphologic analysis of 85 cases 
evaluated by clinical TFE3 and TFEB FISH assays. Mod Patho. 2018;31:179–197.

29. Chen F, Zhang Y, Senbabaoglu Y, et al. Multilevel Genomics-Based Taxonomy of Renal Cell 
Carcinoma. Cell Rep. 2016;14:2476–2489. [PubMed: 26947078] 

30. Mehra R, Udager AM, Ahearn TU, et al. Overexpression of the long non-coding RNA SChLAP1 
independently predicts lethal prostate cancer. Eur Urol. 2016;70:549–552. [PubMed: 26724257] 

31. Wang L, Harms PW, Palanisamy N, et al. Age and gender associations of virus positivity in Merkel 
cell carcinoma characterized using a novel RNA in situ hybridization assay. Clin Cancer Res. 
2017;23:5622–5630. [PubMed: 28606924] 

32. Zhang Y, Pitchiaya S, Cieslik M, et al. Analysis of the androgen receptor-regulated lncRNA 
landscape identifies a role for ARLNC1 in prostate cancer progression. Nat Genet. 2018;50:814–
824. [PubMed: 29808028] 

33. Kouba EJ, Eble JN, Simper N, et al. High fidelity of driver chromosomal alterations among 
primary and metastatic renal cell carcinomas: implications for tumor clonal evolution and 
treatment. Mod Pathol. 2016;29:1347–1357. [PubMed: 27469331] 

34. Alexiev BA, Burke AP, Drachenberg CB, et al. Mucinous tubular and spindle cell carcinoma of the 
kidney with prominent papillary component, a non-classic morphologic variant. A histologic, 
immunohistochemical, electron microscopic and fluorescence in situ hybridization study. Pathol 
Res Pract. 2014;210:454–458. [PubMed: 24702883] 

35. Shen SS, Ro JY, Tamboli P, et al. Mucinous tubular and spindle cell carcinoma of kidney is 
probably a variant of papillary renal cell carcinoma with spindle cell features. Ann Diagn Pathol. 
2007;11:13–21. [PubMed: 17240302] 

36. Cossu-Rocca P, Eble JN, Delahunt B, et al. Renal mucinous tubular and spindle carcinoma lacks 
the gains of chromosomes 7 and 17 and losses of chromosome Y that are prevalent in papillary 
renal cell carcinoma. Mod Pathol. 2006;19:488–493. [PubMed: 16554730] 

37. Secco B, Camire E, Briere MA, et al. Amplification of adipogenic commitment by VSTM2A. Cell 
Rep. 2017;18:93–106. [PubMed: 28052263] 

38. Gomez-Skarmeta JL, Diez del Corral R, de la Calle-Mustienes E, et al. Araucan and caupolican, 
two members of the novel iroquois complex, encode homeoproteins that control proneural and 
vein-forming genes. Cell. 1996;85:95–105. [PubMed: 8620542] 

39. Cheng CW, Chow RL, Lebel M, et al. The Iroquois homeobox gene, Irx5, is required for retinal 
cone bipolar cell development. Dev Biol. 2005;287:48–60. [PubMed: 16182275] 

40. Chen H, Sukumar S. Role of homeobox genes in normal mammary gland development and breast 
tumorigenesis. J Mammary Gland Biol Neoplasia. 2003;8:159–175. [PubMed: 14635792] 

41. Reggiani L, Raciti D, Airik R, et al. The prepattern transcription factor Irx3 directs nephron 
segment identity. Genes Dev. 2007;21:2358–2370. [PubMed: 17875669] 

42. Myrthue A, Rademacher BL, Pittsenbarger J, et al. The iroquois homeobox gene 5 is regulated by 
1,25-dihydroxyvitamin D3 in human prostate cancer and regulates apoptosis and the cell cycle in 
LNCaP prostate cancer cells. Clin Cancer Res. 2008;14:3562–3570. [PubMed: 18519790] 

43. MacLennan GT, Farrow GM, Bostwick DG. Low-grade collecting duct carcinoma of the kidney: 
report of 13 cases of low-grade mucinous tubulocystic renal carcinoma of possible collecting duct 
origin. Urology. 1997;50:679–684. [PubMed: 9372874] 

44. Parwani AV, Husain AN, Epstein JI, et al. Low-grade myxoid renal epithelial neoplasms with distal 
nephron differentiation. Hum Pathol. 2001;32:506–512. [PubMed: 11381369] 

45. Wang F, Flanagan J, Su N, et al. RNAscope: a novel in situ RNA analysis platform for formalin-
fixed, paraffin-embedded tissues. J Mol Diagn. 2012;14:22–29. [PubMed: 22166544] 

46. Wang MT, Holderfield M, Galeas J, et al. K-Ras promotes tumorigenicity through suppression of 
non-canonical Wnt Signaling. Cell. 2015;163:1237–1251 [PubMed: 26590425] 

Wang et al. Page 13

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
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. VSTM2A and IRX5 were among the top-

ranked biomarkers. (B) VSTM2A 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) IRX5 gene expression in MTSCC compared to other RCC subtypes and 

normal kidney tissue. (E) IRX5 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. 
VSTM2A expression in MTSCC by RNA in situ hybridization (ISH). (A, C) Classic 

MTSCC with elongated tubules in a myxoid matrix (H&E, 40X and 200X, respectively). (B, 
D) VSTM2A expression in MTSCC by RNA ISH (40X and 200X, respectively), with 

brown, punctate dots and no background staining. (E, F) Negative expression of VSTM2A in 

renal cortex and medulla, respectively (400X); inset: H&E (400X).
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Figure 3. 
VSTM2A 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 VSTM2A 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 VSTM2A 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 VSTM2A expression by RNA ISH (400X). (G) ChRCC is 

composed of large cells with defined cell membranes (H&E, 200X). (H) ChRCC was 

negative for VSTM2A expression by RNA ISH (400X).
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Figure 4. 
VSTM2A was highly expressed in MTSCC. (A) Correlation between VSTM2A gene 

expression (RPKM) and RNA ISH product score (n = 16, P = 0.00016). (B) VSTM2A 
expression was significantly higher in MTSCC (n = 29) compared to other RCC subtypes (n 

= 80, P < 0.0001) and adjacent non-neoplastic renal tissue (n = 81, P < 0.0001). (C) The 

majority of PRCC, unclassified RCC, CCRCC, and ChRCC tumors exhibited negative or 

low expression of VSTM2A. 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 

VSTM2A (ISH score > 200) had spindle cell components.
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Figure 5. 
IRX5 expression in MTSCC by RNA ISH. (A, C) Classic MTSCC (H&E, 40X and 200X, 

respectively). (B, D) IRX5 expression in MTSCC by RNA ISH (40X and 200X, 

respectively). (E) Negative expression of IRX5 in renal cortex by RNA ISH (400X); inset: 

H&E (400X). (F) Certain tubules stained positive for IRX5 in 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 IRX5 by RNA ISH (400X). (C) Type 2 PRCC (H&E, 

200X). (D) Type 2 PRCC demonstrated low expression of IRX5 by RNA ISH (400X). (E) 

CCRCC (H&E, 200X). (F) CCRCC was negative for IRX5 expression by RNA ISH (400X). 

(G) ChRCC (H&E, 200X). (H) ChRCC was negative for IRX5 expression by RNA ISH 

(400X).
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Figure 7. 
IRX5 RNA ISH product score in MTSCC and other RCC subtypes. (A) Correlation between 

IRX5 gene expression (RPKM) and RNA ISH product score (n = 16, P = 0.00291). (B) 

IRX5 expression was significantly higher in classic MTSCC (n = 29) compared to other 

RCC subtypes (n = 80, P < 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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Figure 8. 
Diagnostic values of VSTM2A (A) and IRX5 (B) for MTSCC.
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Table 1.

Clinical Characteristics of the Study Cases

Tumor type Total patients (n) Age (y) ** Male/Female (ratio) Tumor size (cm) ** WHO/ISUP grade

MTSCC 33 62 (21–78)
69 (53–82)

0.53:1
0:1

4.2 (1.3–16.5)
4.7 (3–6.6)

Low grade (29)
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) 7:1 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) 2:1 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.

**
Median (range).
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