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Abstract

We report eight cases of a distinctive, previously undescribed renal cell carcinoma associated with 

somatic mutations in the neurofibromin 2 (NF2) gene. All patients were adults, ranging from 51 to 

78 years of age and of cases of known gender six of seven were males. The carcinomas were 

predominantly unencapsulated, and all had a rounded, nodular interface with the native kidney. 

The neoplasms were all solid with papillary architecture evident in most cases (7/8), while one 

was only tubular. All cases were biphasic, characterized by larger and smaller carcinoma cells. The 

smaller cells clustered around basement membrane material similar to the characteristic pattern of 

the t(6;11) renal cell carcinoma associated with TFEB gene fusions. In 6 of 8 carcinomas, 

branching nodules of small cells clustered around basement membrane material within larger acini 

yielding a distinctive glomeruloid pattern. In 6 of 8 carcinomas, the small cells were focally 

spindle-shaped and unassociated with basement membrane material. The stroma was sclerotic in 

all eight carcinomas, and all eight contained psammoma bodies that were abundant in two. In 

some carcinomas, focal or predominant areas had a less distinctive appearance; two had areas that 

resembled clear cell renal cell carcinoma, two had high-grade eosinophilic areas, while one had 

branching tubular architecture that resembled mucinous tubular and spindle cell carcinoma. Two 

carcinomas demonstrated cellular necrosis. While we have minimal clinical follow-up, one case 
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presented with distant metastasis, progressed, and resulted in patient death. While NF2 mutations 

may be found in other established renal cell carcinoma subtypes (often as secondary genetic 

alterations), they are potentially the genetic driver of this distinctive entity.
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INTRODUCTION

Perhaps more than any other cancer, distinctive morphologic features of renal cell 

carcinomas (RCCs) correlate with specific genetic alterations. For example, prominent 

nucleoli with a perinucleolar halo correlate with fumarate hydratase deficiency,1, 

eosinophilic cytoplasmic inclusions correlate with succinate dehydrogenase (SDH) 

deficiency2, basophilic cytoplasmic precipitates correlate with tuberous sclerosis complex 

(TSC) gene mutations3–5, and the constellation of clear cells with papillary architecture, 

voluminous cytoplasm and psammoma bodies correlate with translocations involving 

chromosome Xp11 resulting in gene fusions involving the TFE3 transcription factor gene6,7.

We report herein eight cases of a morphologically distinctive, previously undescribed renal 

cell carcinoma that is associated with somatic mutations in the neurofibromin 2 (NF2) gene. 

As NF2 has previously been implicated in renal neoplasia, we review these publications to 

put our findings into context.

METHODS

IRB Approval

This study was approved by the Institutional Review Boards at our institutions.

Cases

The eight cases reported herein were retrieved from the files of three authors (PA, VER, 

JNE) during a review of unclassified primary renal carcinomas. Seven of the eight cases 

were reviewed as consultations for renal tumor classification, while the eighth (Case #3) was 

an in house case reviewed during routine sign out at one of our institutions. Cases were 

submitted with a variety of differential diagnoses; these included papillary renal cell 

carcinoma type 2 (2 cases), MiTF family translocation carcinoma (2 cases), and ectopic/

metastatic sex cord stromal tumor (2 cases).

Immunohistochemistry

Immunohistochemistry with HMB45, cathepsin K, cytokeratins AE1/3 and Cam5.2, 

epithelial membrane antigen (EMA), PAX8, S100 protein, melan A, desmin, SF-1, GATA3, 

smooth muscle actin, and TFE3 was performed as previously described8,9. 

Immunohistochemistry for YAP1 was performed using the Abcam antibody #52771 at 1:200 

dilution. Immunohistochemistry for NF2 was performed using the Abcam antibody #217016 

at 1:500 dilution.
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DNA and RNA sequencing

DNA and RNA sequencing were performed by the Genomics and Molecular Pathology Core 

at UT Southwestern Medical Center on all cases except case #3. Briefly, tumor hematoxylin 

and eosin slides were examined and marked by 2 pathologists (P.A. and D.N.P.) for 

subsequent macro-dissection, nucleic acid isolation, and molecular testing. Areas enriched 

with tumor were then scraped from adjacent 5-μm thick formalin-fixed paraffin embedded 

(FFPE) sections. Adjacent normal tissue was separately isolated and processed for select 

cases when available. Extraction and purification were performed using Qiagen Allprep kits 

(Qiagen, Germantown, MD). Libraries were prepared using KAPA Hyperplus kits (Roche 

Sequencing and Life Science Kapa Biosystems, Wilmington, MA) with genomic regions of 

interest captured by custom DNA probes covering all exons of over 1425 cancer-related 

genes. The libraries were sequenced to an average unique read depth of >600X (95% of 

exons at or above 100X) using Sequencing by Synthesis (SBS) paired-end cluster generation 

on the Illumina NextSeq 550 platform (Illumina Inc., San Diego, CA). Sequence reads were 

aligned to reference genome GRCh38 and subsequent analyses were performed using 

custom germline, somatic, and mRNA bioinformatics pipelines run on the UTSW Bio-High 

Performance Computer cluster and optimized for detection of single nucleotide variants, 

indels, and known gene fusions. Minor allele frequency limit of detection for the assay: 

single nucleotide variants - 5%; indels and known gene fusions - 10%. Variants in exons 

with less than 100X coverage are not reported.

Somatic variants were identified on the basis of their variant allele frequencies (VAF) and 

relative absence in matched normal tissue (if available) and/or presence at frequencies below 

0.5% in databases of germline variants (dbSNP, gnomAD). Variants were classified 

according to the Association for Molecular Pathology/American Society for Clinical 

Oncology/College of American Pathologists guidelines10, and all variant calls were 

inspected using Integrated Genomics Viewer version 2.3.4 (IGV; Broad Institute, MIT 

Harvard, Cambridge, MA) prior to reporting.

Copy number variants (CNV) were detected using CNVKit and an internally derived panel 

of normal FFPE tissue samples.

Case #3 was evaluated using MSK-Impact (Integrated Mutational Profiling of Actionable 

Cancer Targets), a targeted ultra-deep next generation sequencing platform designed to 

capture all exons and selected introns of over 400 oncogenes, tumor suppressor genes, and 

members of targetable pathways11.

Case #1 was additionally subjected to RNA sequencing using a different technique. RNA 

was extracted from formalin-fixed paraffin-embedded (FFPE) tissue using Amsbio’s 

ExpressArt FFPE Clear RNA Ready kit (Amsbio LLC, Cambridge, MA). Fragment length 

was assessed with an RNA 6000 chip on an Agilent Bioanalyzer (Agilent Technologies, 

Santa Clara, CA). RNA-sequencing libraries were prepared using 20 to 100 ng total RNA 

with the TruSight RNA Fusion Panel (Illumina, San Diego, CA). Each sample was subjected 

to targeted RNA sequencing on an Illumina MiSeq at 8 samples per flow cell (∼3 million 

reads per sample). All reads were independently aligned with STAR (version 2.3) and 
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BowTie2 against the human reference genome (hg19) for Manta-Fusion and TopHat-Fusion 

analysis, respectively.

Photomicrographs

Composite images were compiled using Adode Photoshop CC.

RESULTS

Clinical History and Gross/Radiologic Appearance

The clinical and pathologic features of the cases are summarized in Tables 1 and 2. Patient 

ages ranged from 51 to 78 years. There were six males, one female, and one patient of 

unknown gender. One neoplasm (case 2) arose in a native atrophic kidney 21 years after that 

patient had received a renal transplant for end stage renal disease. In two other cases, the 

surrounding kidney demonstrated simple cysts. Another neoplasm arose in the setting of 

renal adrenal fusion. Of the seven patients for whom the procedure was specified, five 

underwent partial nephrectomy while two underwent radical nephrectomy. Clinical follow-

up was limited. However, patient 3 presented with bone metastasis, and immediately after 

partial nephrectomy was found to have lung metastasis. The patient died of disease two 

months later.

Gross Pathology

Tumor sizes ranged from 1 to 7cm. All tumors were grossly solid. In six cases in which the 

neoplasm’s color was described, the color was either white or tan in five, while the other was 

described as variegated, orange and pink (Figure 1). The texture was described as firm in all 

four cases in which it was commented upon. All tumors were organ confined at diagnosis 

with the exception of case 3 (which presented with distant metastasis) and case 6 (which 

invaded perirenal fat).

Microscopic Pathology and Immunoprofile.

All the neoplasms shared distinctive morphologic features and therefore they are described 

together (Figures 2–9). All neoplasms had a rounded, nodular appearance at low power. 

Among seven cases in which the interface with the native kidney was sampled, three were 

unencapsulated, three were partially unencapsulated, while one was completely encapsulated 

(Figures 2A, 3A, 4A, 5A, 7A, 8A, 9A). In two cases, the unencapsulated neoplasm 

entrapped native renal tubules (Figure 9E).

All neoplasms were predominantly solid, though papillary architecture was evident in seven 

cases. The other case had only solid and tubular architecture (Figure 8A).

All neoplasms had a characteristic biphasic appearance, with both larger epithelial cells with 

vesicular chromatin and well-developed pale cytoplasm and smaller cells with darker 

condensed chromatin and minimal cytoplasm. In all cases, the smaller cells clustered around 

hyaline nodules similar to the Call-Exner bodies of adult granulosa cell tumor and the small 

cell population typical of the t(6;11) RCC12,13 (Figures 2B-C, 3A-B, 4B-C, 7B, 9C). This 

appearance was prominent in seven cases and only focal in one. In six cases, the small cells 
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surrounding hyaline material and capillaries branched within dilated acini of larger cells, 

forming distinctive structures vaguely resembling glomeruli (“glomeruloid bodies”) (Figures 

2D-F, 3C, 5C). In five cases, the smaller cells were focally spindle-shaped and formed solid 

foci that extended away from the hyaline nodules (Figure 2C). All eight cases contained 

psammoma bodies that were abundant in two.

While these neoplasms were solid and cellular in most areas, all at least focally 

demonstrated hyalinized sclerotic stroma. In two cases, neoplastic epithelium was 

compressed within more desmoplastic stroma, forming cords or trabeculae (Figure 7D, 9F). 

Two cases had focal clear cell areas that suggested clear cell RCC (Figures 6B, 9D), while 

two had focal areas with prominent eosinophilic cytoplasm and round nuclei with prominent 

nucleoli (Figures 7E,7F, 8C,8D). One case had focal branching architecture similar to that 

seen in mucinous tubular and spindle cell carcinoma (Figures 6C, 6D). Two neoplasms 

demonstrated necrosis (Figures 3D, 7F). Mitotic figures were typically sparse, with fewer 

than one per 10 high power fields in all cases except case 1 (2 per 10 high power fields) and 

case 4 (3 per 10 high power fields).

The immunohistochemical profiles were not specific. By immunohistochemistry, all cases 

tested were positive for PAX8 (4/4), CK7 (5/5), HNF1-beta (2/2), and EMA (2/2). In case 2, 

CK7 preferentially labelled the larger cells while EMA preferentially labeled the smaller 

cells (Figures 3E, F). All cases tested were negative for GATA3 (0/7), cathepsin K (0/7), 

Melan A (0/4), inhibin (0/6), SF-1 (0/6), and WT-1 (0/6). SDHB (2/2 cases) and fumarate 

hydratase (3/3 cases) were intact. The hyaline material labeled for type 4 collagen in the one 

case with available material for this stain, consistent with duplicated basement membrane 

material as seen in the t(6;11) RCC (Figure 2G). All five cases tested were negative for 

TFE3 and TFEB rearrangements by break apart FISH14,15. One other case was negative for 

TFE3 overexpression and one of the cases that was FISH negative was also negative for 

TFE3 and TFEB overexpression by immunohistochemistry (IHC)13,16.

The neoplasms generally demonstrated low Ki-67 indices. In three cases, the Ki-67 index 

was less than 5% (Figure 2H), in three it was approximately 5%, while in one (case 3, which 

had the highest mitotic index) it was 10%. Notably, the Ki-67 index was not increased in the 

small cell component, and in cases 1 and 4 specifically appeared to be decreased in it. We 

attempted YAP1 staining as a marker of Hippo pathway activation; however, high 

background staining in the native kidney was found, possibly due to the age of the unstained 

slides available. Nonetheless, three of 8 cases demonstrated nuclear and cytoplasmic 

labeling; in two of these the labeling was stronger in the tumor than the surrounding native 

renal tubules (Supplementary Figure 1). Four neoplasms demonstrated cytoplasmic staining 

which was similar to that of the surrounding native renal tubules, while neither the neoplasm 

nor the surrounding kidney stained in one case.

RNA sequencing

No fusions were identified in the eight cases studied.
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DNA Mutational Analysis

All cases (8/8) harbored pathogenic or likely pathogenic variants in the NF2 gene (Figure 

10). Most variants were frameshift (3/8) or truncating (3/8) mutations. Other NF2 alterations 

included an in-frame deletion of 7 amino acids (case 7) and a splice acceptor variant (case 

4). The in-frame deletion occurs in a highly conserved C-terminal region of the merlin 

protein and includes the functionally significant serine-518 residue, the phosphorylation of 

which modulates merlin’s ability to form intramolecular association between residues in the 

N-terminal and C-terminal domains17. The splice acceptor variant (c.600–1G>A) is likely 

pathogenic having been previously reported as a germline mutation in a young patient with 

bilateral vestibular schwannomas and meningioma18. Most of the NF2 variants were 

confirmed as somatically acquired (cases 1, 3, 4, 6–8). The two cases (cases 2 and 5) that did 

not have matched normal tissue sequenced had either a frameshift or truncating stop 

mutation occurring at allelic frequencies that closely approximated tumor purity estimates 

(73% and 81%, respectively).

While there were no other recurrently altered genes, variants in recurrently altered cellular 

pathways were noted in many cases (DNA repair –ERCC5, FANCD2, MRE11A, POLQ, 
RAD50, RAD54L, WHSC1; chromatin remodeling – ARID1A, ARID2, AUTS2, CHD6, 
KMT2B, NCOA1, SMARCA4; cell cycle and differentiation – CHD6, CYLD, GLI1, 
PPP2R1B, PPP2R2B, RB1; cell proliferation, survival, and apoptosis – BCL2, MIB1, 
NPM1, SGK1, SAMD9).

Multiple broad chromosomal copy number variants were also present. The most frequent 

chromosomal alterations included gain of chromosome 20 (7/8), loss of chromosome 6 

(6/8), loss of chromosome 1p (6/8), and loss of chromosome 22q (the location of NF2) (5/8). 

Gain of chromosome 16 was seen in 4/8 cases, while loss of 9q and 19q was seen in 3/8 

cases each.

DISCUSSION

We report eight cases of a distinctive, previously undescribed renal cell carcinoma 

associated with somatic NF2 mutations. Key morphologic features included a biphasic 

appearance with larger and smaller carcinoma cells clustered around basement membrane 

material, spindling of smaller cells, papillary architecture, glomeruloid bodies, sclerotic 

stroma (likely contributing to the firm white gross appearance), and psammoma bodies. We 

refer to this tumor as biphasic hyalinizing psammomatous renal cell carcinoma, or BHP 

RCC for short.

The neurofibromin 2 (NF2) gene encodes merlin, a protein that suppresses multiple 

receptor-dependent mitogenic signaling pathways that promote tumor growth. Merlin 

inhibits cellular proliferation in response to cell-cell contact. Merlin blocks cell growth by 

binding and disrupting CD44 function, inhibiting the oncogenic effects of Ras, inhibiting 

phosphate inositide 3-kinase (PI3K)/AKT pathway activity, negatively regulating the Hippo 

developmental pathway, and blocking mTORC1 pathway signaling. The latter presents a 

potential therapeutic target for neoplasms harboring NF2 inactivation. Inactivation of NF2 

has been described in many tumor types19,20. Patients with neurofibromatosis type 2 
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syndrome are not known to develop renal cell carcinomas at increased frequency, though a 

distinctive benign sclerosing peritubular lesion that does not resemble the neoplasms 

described in this report has been described21–23. Five of our 8 NF2 mutant RCC 

demonstrated loss of chromosome 22q where NF2 resides, consistent with biallelic 

inactivation of this tumor suppressor gene. We suspect that other mechanisms of inactivation 

of the second allele (such as methylation or copy-neutral loss of heterozygosity which our 

assays would not detect) may be at play in the remaining cases. We were unable to more 

convincingly demonstrate functional effects of the NF2 mutations in our cohort of cases. We 

attempted to demonstrate downstream Hippo pathway activation in these neoplasms using 

immunohistochemistry for YAP1, a downstream target of this pathway. While all but one 

case labeled for YAP1, we also noted labeling for native renal tubules at similar levels in 

most cases, precluding a definitive assessment of Hippo pathway activation. Similarly, we 

noted loss of labeling for NF2 protein by immunohistochemistry in the only case we tested 

(case 1), but the absence of labeling in native renal tubules precluded our using this as 

evidence of NF2 protein loss (data not shown). Both of these proteins are difficult to detect 

reliably by immunohistochemistry in formalin-fixed, paraffin-embedded tissue. Hence, the 

functional consequences of the NF2 mutations found in our cases remain unproven, though 

the absence of other consistent genetic alterations along with the pathogenic or likely 

pathogenic nature of the NF2 mutations found suggest that they are potentially the drivers of 

this cancer.

The role of the NF2 gene in renal neoplasia is not well defined. The Cancer Genome Atlas 

(TCGA) sequencing studies have shown that the NF2 gene is infrequently mutated in the 

common subtypes of renal cell carcinoma. Approximately 1.7% of clear cell RCCs (6 out of 

354) published by the TCGA group have alterations in NF2 (one nonsense mutation, one 

missense mutation, four splice site mutations) (Table 3). Three of these are genetically 

completely consistent with clear cell RCC, as 2 of these 6 NF2 altered cases have concurrent 

VHL missense mutations (one L135F, one D121Y), while the third case has a deep 

chromosomal deletion involving the VHL locus on 3p2524. Review of the online images of 

these three clear cell carcinomas from the TCGA database with both 3p alterations and NF2 
mutations (TCGA-CJ-4901, TCGA-CJ-4638, and TCGA-B8–4153) reveals typical 

morphology for clear cell RCC without any unusual features (Supplementary Figure 2). 

Therefore, we believe that the NF2 alterations most likely represent secondary, progression-

related changes in neoplasms driven by VHL loss. Along these lines, these NF2-mutated 

clear cell RCC have a significantly worse prognosis relative to NF2 wild-type clear cell RCC 

(log rank test p value 4.9e-5), suggesting a significant biologic role for NF2 loss in 

neoplastic progression. NF2 mutations were reported in slightly more than 3.2% of papillary 

RCCs in the TCGA database (9 of 283)(Table 4). However, two of the nine papillary RCC 

illustrated in that database (TCGA-EV-5902 and TCGA-SX-A7SL) show biphasic 

morphology and hyaline nodules that overlaps with the neoplasms described herein, and we 

suspect that these two cases may represent examples of BHP RCC (Supplementary Figure 

3). Case TCGA-Y8-A896 shows some morphologic features that suggest this BHP RCC, but 

is not definitive. The other papillary RCC in this cohort do not. 25 More recently, mutations 

in NF2 (22% of cases) and phosphatase non-receptor type 14 (PTPN14) (31% of cases) 

resulting in inactivation of the Hippo pathway have been identified as the primary driving 
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genetic alteration in mucinous tubular and spindle cell carcinoma (MTSC) 26,27. These 

results are particularly interesting given the MTSC-like areas in case #5 of this series. 

Another study found mutations of NF2 in 29% of cases classified as collecting duct 

carcinomas, though these cases were not illustrated28. Finally, NF2 mutations and Hippo 

pathway activation have recently been associated with sarcomatoid transformation of 

RCC29.

We suspect that the role of NF2 in renal neoplasia is similar to that of the tuberous sclerosis 

genes TSC1 and TSC2. First, both NF2 and TSC1/TSC2 genes may be inactivated as 

secondary events in established subtypes of renal cell carcinoma, such as the clear cell 

carcinomas with established VHL gene inactivation noted above. In the case of NF2, an 

association with more aggressive clinical course appears likely. Second, in less common 

distinctive neoplasms, TSC1/TSC2 or NF2 can be the primary driver mutation, and these 

neoplasms have a distinctive morphology. TSC1/TSC2 mutations are the key underlying 

genetic alteration in eosinophilic solid and cystic renal cell carcinoma (ESC RCC)3–5, and 

TSC2 or mTOR mutations have now been described in a lesion characterized as 

“eosinophilic and vacuolated RCC” or “high grade oncocytic tumor” which overlaps 

morphologically with ESC RCC30,31. Similarly, NF2 mutations appear to be the genetic 

driver of MTSC and may be the driver of distinctive BHP RCC reported herein, which as 

case #5 of this series shows may overlap morphologically. Third, some cases of high grade 

RCC which are currently considered unclassified are driven by NF2 or TSC1/2 alterations. It 

is possible that careful examination of some of these cases may reveal clues as to origin 

from a distinctive lower-grade lesion such as ESC RCC or BHP RCC. For example, the 

high-grade eosinophilic morphology of cases #5 and #6 and clear cell areas of cases #5 and 

8 of the BHP RCC in this series contributed to their initially being considered unclassifiable, 

as the distinctive features of these neoplasms were only focally or incompletely developed. 

Along these lines, in a landmark study of unclassified renal cell carcinomas, Chen et al. 
found somatic NF2 mutations in approximately 18% and mTOR/TSC/PTEN pathway 

alterations in approximately 21% of high grade unclassified renal cell carcinomas32, and 

noted that the NF2 mutated RCC were more aggressive clinically. While these mostly high-

grade neoplasms did not have a hallmark, distinctive morphology, Chen et al. did note that 

some of the NF2-mutated neoplasms were nodular.

The differential diagnosis for BHP RCC is broad as reflected in the submitted consultation 

differential diagnoses. The glomeruloid architecture seen in most cases raises the differential 

diagnosis of papillary renal cell carcinoma, which was the submitted diagnosis in several of 

these cases. As noted above, nine cases included within the TCGA cohort of papillary renal 

cell carcinoma harbor NF2 mutations, and the provided images of two of them demonstrate 

significant overlap with the BHP RCC cases reported herein. We suspect that NF2 mutated 

BHP RCC comprise a small but distinct genetic subset of lesions having the papillary renal 

cell carcinoma type 2 phenotype33. Since a high-grade papillary pattern is a recognized 

phenotype of collecting duct carcinoma, it is also possible that some BHP RCC may have 

been grouped into the latter category; this might explain reports in NF2 mutations in a subset 

of collecting duct carcinomas28. The biphasic cytology and frequent presence of hyaline 

basement membrane nodules raised the differential diagnosis of MiTF family translocation 

carcinoma, particularly those harboring the t(6;11) (p21;q12) translocation resulting in a 
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MALAT1-TFEB gene fusion. While MiTF family translocation RCC have a broad 

morphologic spectrum as documented previously, the absence of immunoreactivity for 

cathepsin K and absence of rearrangements for TFE3/TFEB in these cases help exclude that 

diagnosis. Moreover, among 14 cases of renal cell carcinomas with TFE3 or TFEB 
rearrangements present in the TCGA database of clear cell and papillary RCC, none 

demonstrates NF2 gene mutations (www.cbioportal.org) 24,25. The primitive appearance of 

the small cells and their spindle-shapes raise the possibility of adult Wilms tumor or 

metanephric neoplasia. The absence of WT1 immunoreactivity, absence of blastemal 

elements and open, non- primitive chromatin of the larger cells excludes adult Wilms tumor. 

Gonadal sex cord stromal tumors such as gonadoblastoma or granulosa cell tumor were 

considered given the clustering of smaller cells around basement membrane material, 

resembling Call-Exner bodies. As previously noted, such structures are also hallmarks of the 

TFEB-rearranged renal carcinomas. The absence of immunoreactivity for inhibin and SF-1, 

along with the absence of clinical evidence of similar lesions in the gonads of these patients 

excludes this possibility. The variably tubulopapillary and glomeruloid architecture, hyaline 

nodules, and HNF1-beta immunoreactivity raise the possibility of a mesonephric 

adenocarcinoma34. The latter have not been described in the kidney, which is of metanephric 

origin. Moreover, mesonephric adenocarcinomas are associated with GATA3 

immunoreactivity and Kras mutations which distinguish them immunohistochemically and 

genetically from the BHP RCC35.

We have minimal clinical follow-up in these cases. However, the primitive cytology, along 

with the cellular necrosis suggested that they have malignant potential, which was confirmed 

by the hematogenous metastases and lethal clinical course of case 3. However, the low Ki-67 

indices and low mitotic rates found suggest that these are low-grade carcinomas.

In summary, we report a novel, morphologically distinctive subtype of renal cell carcinoma 

associated with NF2 mutations. The latter suggests the potential for targeted therapy, such as 

small molecular inhibitors of the downstream target protein YAP1, in cases that behave 

aggressively36.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Biphasic Hyalinizing Psammomatous RCC case #3. The 4 cm neoplasm has a white, fibrous 

appearance, which contrasts with the yellow perinephric fat lobules to the left and the 

maroon-red native renal parenchyma to the upper right.
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Figure 2: 
Biphasic Hyalinizing Psammomatous RCC case #1. The neoplasm is unencapsulated and 

has a rounded, nodular border with the native kidney at the top of the figure (A). The 

biphasic pattern is evident, as smaller cells with condensed chromatin cluster around 

hyalinized material while larger cells with vesicular chromatin form tubules and larger acini 

(B). The smaller cells also form solid spindle cell foci unassociated with basement 

membrane material (C). The small cells on papillae associated with basement membrane 

branch within larger acini, resulting in a glomeruloid pattern (D-F). The hyalinized material 
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labels with type IV collagen, consistent with basement membrane material (G). The 

neoplasm has a low proliferative index as measured by Ki67 immunohistochemistry, 

particularly in the smaller cells (H).
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Figure 3: 
Biphasic Hyalinizing Psammomatous RCC case #2. The neoplasm has a rounded, nodular 

border with the native kidney (A). At intermediate power, one can appreciate the biphasic 

nature of the neoplasm, with smaller cells clustered around the basement membrane material 

within larger acini formed by larger epithelioid cells (B). Branching clusters of smaller cells 

associated with basement membrane material within larger acini produced the striking 

glomeruloid appearance (C). This neoplasm demonstrated central tumor necrosis as shown 

to the left of the figure (D). Cytokeratin 7 preferentially labels the larger cells forming the 
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larger acini (E). Epithelial membrane antigen (EMA) preferentially labels the smaller cells 

in the glomeruloid bodies (F).
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Figure 4: 
Biphasic Hyalinizing Psammomatous RCC case #3. The neoplasm is unencapsulated; note 

the native renal parenchyma at the upper left. The neoplasm has a striking biphasic 

appearance, with solid clusters of larger epithelioid clear cells and smaller cells forming 

branching papillae (A). At higher power, one can appreciate the smaller cells with 

condensed chromatin clustered around basement membrane material, the larger cells with 

vesicular chromatin, as well as extensive psammomatous calcification (B) (C). In other 

areas, the neoplasm has more fibrotic stroma and the architecture is more solid with 

epithelioid cells surrounding smaller cells around hyalinized material and psammomatous 

calcifications (D).
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Figure 5: 
Biphasic Hyalinizing Psammomatous RCC case #4. At lower power, one can appreciate the 

unencapsulated nature of the neoplasm that borders the native kidney at the right (A). At 

intermediate power, one can appreciate both the tubulopapillary pattern at the right and the 

solid tubular pattern at the left (B). The tubulopapillary pattern demonstrates smaller cells 

clustered around basement membrane material in larger acini, yielding a glomeruloid pattern 

(C). The more solid areas feature sclerotic stroma in which there are tubules, more 

cribriform structures clustered around basement membrane material, and psammomatous 

calcification (D).
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Figure 6: 
Biphasic Hyalinizing Psammomatous RCC case #5. Much of this neoplasm had the 

appearance of an unclassifiable RCC. At low power, the neoplasm demonstrates 

hyalinization with prominent psammomatous calcifications to the right, and a clear cell 

appearance to the left (A). Higher power view of the clear cell area reveals a nondescript 

solid clear cell proliferation that would be difficult to distinguish from high-grade 

conventional clear cell RCC (B). Other areas of the neoplasm demonstrates anastomosing 

tubular pattern in myxoid stroma that is reminiscent of mucinous tubular and spindle cell 
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carcinoma (note the psammomatous calcification to the right of both Figures) (C, D). In 

other areas, one can appreciate tubular architecture and biphasic cytology (E). Higher power 

view of these areas reveals larger epithelioid cells with open chromatin and eosinophilic 

cytoplasm and smaller cells with condensed chromatin and minimal basophilic cytoplasm 

(F).
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Figure 7: 
Biphasic Hyalinizing Psammomatous RCC case #6. The neoplasm demonstrated an 

unencapsulated border with the native kidney to the right (A). The majority of the neoplasm 

demonstrates the typical biphasic appearance with small cells forming glomeruloid bodies 

within larger acini lined by larger cells (B). Centrally, the neoplasm demonstrates extensive 

sclerosis (C). Neoplastic epithelium within this sclerotic and desmoplastic stroma has a 

cord-like and tubular appearance that raises the differential diagnosis of collecting duct 

carcinoma (D). The more typical biphasic areas (left bottom) merge with areas having more 
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prominent eosinophilic cytoplasm (upper right) (E). The neoplastic cells in the latter areas 

have abundant eosinophilic cytoplasm, vesicular chromatin and prominent nucleoli and are 

associated with necrosis (F).
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Figure 8: 
Biphasic Hyalinizing Psammomatous RCC case #7. This neoplasm has an unencapsulated 

border with the native kidney. The dominant appearance is that of a solid tubular lesion with 

extensive psammomatous calcifications (A). The neoplasm intermingles amongst native 

renal elements at its border to the left (B). At higher power, one can appreciate solid nests of 

neoplastic cells with vesicular chromatin, prominent nucleoli and abundant eosinophilic 

cytoplasm forming solid nests, frequently associated with psammomatous calcification (C, 

D).
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Figure 9: 
Biphasic Hyalinizing Psammomatous RCC case #8. At low power, the neoplasm has a solid 

and papillary architecture, and has an unencapsulated border with the native kidney to the 

right (A). The neoplasm has a biphasic appearance, with solid, tubular and papillary areas to 

the right and a nested clear cell area to the left (B). The solid papillary areas demonstrate the 

typical biphasic appearance with smaller cells clustered on basement membrane material and 

larger cells at the periphery (C). The solid clear cell areas are indistinguishable from clear 

cell RCC (D). Other areas of this neoplasm demonstrated sclerotic and desmoplastic stroma, 
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as cords and tubules of neoplastic cells permeate amongst renal native tubules and glomeruli 

(E). In other areas, the neoplastic cells form linear cords in a desmoplastic and sclerotic 

stroma (F).
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Figure 10: 
Recurrent molecular findings in biphasic hyalinizing psammomatous renal cell carcinoma 

(BHP RCC). a) Lollipop plot of the NF2 gene (ENST00000338641, NM_000268) showing 

the distribution of alterations identified. Each mutation is plotted with the corresponding 

case number. In-frame deletion – green; splice acceptor variant – black; frameshift or 

nonsense mutation – magenta; b) CNV scatter plot of Case 2 showing broad copy number 

alterations in chromosomes 1p, 6, 16, 20, and 22q.
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