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Abstract 
Genomic alterations (GA) in NF2 tumor-suppressor gene have been associated with aggressive behavior in kidney tumors. We used com-
prehensive genomic profiling (CGP) to evaluate the frequencies of NF2 GA in histologic subtypes of kidney tumors and co-occurring GA in 
other genes and biomarkers. Advanced kidney tumors included 1875 clear cell (ccRCC), 405 papillary (pRCC), 108 chromophobe (chRCC), 
171 sarcomatoid (sRCC), 61 collecting duct (cdRCC), 49 medullary (mRCC), 134 unclassified (uRCC), 906 urothelial carcinoma of renal pelvis 
(UC), and 147 Wilms tumors underwent hybrid-capture based CGP to evaluate all classes of GA. 192 (4.9%) of kidney tumors featured NF2 
GA which were predominantly structural variant mutations (89%), followed by copy number alterations (9%). Gender and age were similar 
between NF2-mutant (NF2mut) and NF2-wild type (NF2wt) cohorts with male preponderance. NF2 GA frequency was highest in cdRCC 
(30%), sRCC (21%), uRCC (15%), and pRCC (12%) while lowest in ccRCC (3%), UC (3%) Wilms tumor (1%), and chRCC (0%). NF2 muta-
tional status was associated with loss of Ch 22 (P < .001). NF2mut RCC harbored co-occurring GA including CDKN2A, CDKN2B, SETD2, and 
BAP1. VHL, PBRM1, PTEN, and FGFR3 GA were significantly more frequent in NF2wt than in NF2mut tumors. MTOR pathway GAs were 
uncommon in NF2mut tumors. No NF2 mutated RCC featured MSI-high or high TMB. sRCC was associated with high PD-L1 expression. 
PD-L1 SP142 tumoral (P = .04) and immune cells (P = .013) were more frequent in NF2mut as compared to NF2wt group. Among histologic 
subtypes of RCC, cdRCC, sRCC, pRCC, and uRCC are enriched in NF2 GA. Co-occurrent GA in CDKN2A/B, SETD2, and BAP1 may represent 
potential therapeutic targets. Higher level of PD-L1 expression in NF2mut cohort suggests that these tumors might be sensitive to immune 
checkpoint inhibitor therapies.
Key words: NF2; genomic alteration; kidney tumors; renal cell carcinoma; comprehensive genomic profiling; PD-L1.

Implications for Practice
In this study, 192 (4.9%) kidney tumors that featured NF2 genomic alterations (GA) were found. Among histologic subtypes of renal 
cell carcinoma (RCC), aggressive variants, such as collecting duct RCC, sarcomatoid RCC, papillary RCC, and unclassified RCC were 
found to be enriched in NF2 GA (30%, 21%, 12%, and 15%, respectively). In these RCC subtypes, NF2 genomic alteration appears to 
serve as predominant driver mutation, with corresponding suppression of additional driver mutations in the MTOR pathway and other 
targetable kinases. Co-occurrent GA in CDKN2A/B, SETD2, and BAP1 may represent potential therapeutic targets. The higher level of 
PD-L1 expression seen in NF2-mutated kidney tumors suggests they may be sensitive to immune checkpoint inhibitor therapies.

Introduction
Kidney tumors are heterogeneous and categorized by dis-
tinct histopathological features and genomic alterations.1 
Renal cell carcinoma (RCC) is a the most common kidney 

malignancy and is classified into clear cell RCC (ccRCC, 
75%), and more rare histologic variants collectively grouped 
as non-clearcell RCC (nccRCC, 25%). nccRCC include pap-
illary RCC (pRCC, 15%), chromophobe RCC (chRCC, 5%), 
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unclassified RCC (uRCC, 5%), and other rare subtypes such 
as medullary (mRCC, <1%) and collecting duct (cdRCC, 
<1%).1. Sarcomatoid differentiation (sRCC) is a morphologic 
change that can be seen in all subtypes and typically portends 
a poor prognosis.2

Molecular profiles have long been known to correlate 
with histologic kidney cancer subtypes.3 There is a well- 
established genotype-phenotype association between VHL 
alterations and ccRCC, cMET protooncogene activation in 
low grade pRCC, fumarate hydratase (FH) inactivating muta-
tions and hereditary leiomyomatosis and RCC (HLRCC) 
syndrome-associated renal cancer, succinate dehydrogenase 
(SDH)-inactivating mutations and SDH-deficient RCC, 
amongst others.4 In the most recent 2022 WHO classification 
of renal tumors, molecularly driven subtypes have been intro-
duced including SMARCB1-deficient medullary RCC, TFEB-
rearranged RCC, ALK-rearranged RCC, and ELOC-mutated 
RCC.5

Recently, a RCC with NF2 genomic alteration (GA) gained 
attention not only due to morphologic features6,7 but also due 
to its association with treatment responses in nccRCC.6 In 
a recent phase II clinical trial of advanced nccRCC, 5 of 6 
patients with NF2 mutations achieved an objective response 
to multi-targeted tyrosine kinase inhibitor cabozantinib 
plus human programmed death receptor-1 (PD-1) blocker 
nivolumab.8

NF2 gene on chromosome 22q encodes the tumor sup-
pressor protein moesin-ezrin-radixin-like protein (merlin), 
also known as schwannomin important for the function of 
various mitogenic signaling pathways, including receptor 
tyrosine kinases (RTKs), Rac/p-21 activated kinase (RAK), 
mammalian target of rapamycin (mTOR), and the Hippo 
pathway.9,10 Neurofibromatosis type 2 syndrome is caused by 
heterozygous germline NF2 loss or inactivation and results in 
the development of vestibular schwannomas, meningiomas, 
ependymomas, and ocular disturbances.11 NF2 GA have been 
postulated to defect the NF2 protein at the interface between 
the plasma membrane and the cytoskeleton, leading to dys-
function in adhesion, which is essential to cellular develop-
ment and regeneration.12,13

Currently, there is expanding interest in defining predic-
tive and prognostic role of PD-L1 expression for immune 
checkpoint inhibitors therapies.14-16 Across 15 tumor types 
including RCC, Davis et al. demonstrated PD-L1 was pre-
dictive for sensitivity to immune checkpoint blockade in 
28.9% of cases, not predictive in 53.3%, and not tested in 
the remaining 17.8% of cases.16 A retrospective study of 
306 ccRCC patients revealed PD-L1 (B7-H1) expression to 
be significantly associated with poorer cancer survival rates 
(41.9%) when compared to those whose tumors did not 
express PD-L1 (82.9%).17 PD-1-specific therapies including 
nivolumab18,19 and pembrolizumab,20 along with the PD-L1 
antibody avelumab,21 have received FDA approval in meta-
static RCC.

In this study, we performed comprehensive genomic pro-
filing (CGP) of a large cohort of 3919 clinically advanced 
kidney tumors. Our findings demonstrate that NF2 GA are 
frequent in nccRCCs, and especially enriched in cdRCC. NF2-
mutant (NF2mut) tumors often harbor CDKN2A/B, SETD2, 
and BAP1 GA, which are potentially amenable to targeted 
therapies. Higher frequencies of PD-L1 expression in NF2mut 
group suggest that these patients may benefit from immune 
checkpoint inhibitors.

Materials and Methods
Patient Selection
Approval for this study was obtained from the Western 
Institutional Review Board (Protocol No. 20152817). We 
reviewed the Foundation Medicine, Inc. (Cambridge, MA) 
database to retrieve all kidney tumors tested between 2015 
and 2021. All cases submitted to Foundation Medicine were 
reviewed by pathologist with genitourinary expertise. All cases 
were clinically advanced, and the vast majority were stage IV. 
These cases were analyzed by CGP and PD-L1 immunohis-
tochemistry (IHC) during routine clinical care. Demographic 
data were extracted from pathology reports.

This study received approval by the Institutional Review 
Board at Foundation Medicine, Inc. (Cambridge, MA).

A second validation cohort from The Cancer Genome Atlas 
(TCGA) included 1486 patients across the following publicly 
available datasets. Cases of ccRCC were retrieved from (1) 
The Cancer Genome Atlas, Firehose Legacy; (2) Nat Genet 
2014; (3) Beijing Genome Institute, Nat Genet 2012; (4) 
Dana-Farber Cancer Institute, Science 2019; (5) University of 
Tokyo, Nat Genet 2013, chRCC; (6) TCGA, Firehose Legacy, 
pRCC; (7) TCGA, Firehose Legacy, renal non-clear cell car-
cinoma; (8) Genentech, Nat Genet 2014, uRCC; (9) MSK, 
Nature 2016, Pediatric Rhabdoid Tumor; (10) TARGET, 
2018, Rhabdoid Cancer; (11) BCGSC, Cancer Cell 2016, 
Pediatric Wilms Tumor; and (12) TARGET, 2018. Care 
was taken during cohort creation to not select overlapping 
patients and samples were excluded if they were unprofiled 
for NF2. The bookmark query for this study from CBioPortal 
is listed here: https://www.cbioportal.org/study?id=62070c1f
0934121b56de2448.

Comprehensive Genomic Profiling
CGP was performed using the FDA-approved FoundationOne 
CDx assay (Foundation Medicine, Cambridge, MA) in a 
Clinical Laboratory Improvement Amendments (CLIA)-
certified and College of American Pathologists (CAP)-
accredited laboratory using previously described methods.22 
Prior to nucleic acid extraction, hematoxylin and eosin-stained 
slides were reviewed to confirm the presence of tumor. DNA 
extracted from formalin-fixed paraffin-embedded tissues 
underwent hybrid-capture based next generation sequencing 
using the FoundationOne platform which interrogates all 
coding exons of 324 cancer-related genes and introns from 31 
genes commonly rearranged in cancer. Data were analyzed 
for all types of genomic alterations, including base substitu-
tions, insertions/deletions, copy number alterations, and gene 
rearrangements. In addition, variant-level loss of heterozygos-
ity (LOH), tumor mutational burden (TMB), and microsatel-
lite instability (MSI) were determined. TMB was evaluated on 
up to 1.1 Mb of sequenced DNA, and MSI was assessed from 
DNA sequencing across 95 loci as previously described.23,24 
TMB ≥ 20 mutations/Mb was considered High (TMB-High), 
>10 mutations/Mb considered intermediate (TMB-Int), and 
0-9 mutations/Mb to be TMB low (TMB-low).

Immunohistochemistry
PD-L1 testing was performed according to individual stan-
dard of care and clinical requirements. IHC for PD-L1 was 
performed according to the manufactures instructions and 
guidelines using the DAKO PD-L1 22C3 PharmDx assay 
(Agilent Technologies, Santa Clara, CA) or Ventana PD-L1 
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SP142 companion diagnostics (CDx) assay (Roche, Tucson, 
AZ) in a CLIA-certified and CAP-accredited reference labora-
tory (Foundation Medicine, Morrisville, NC).

For DAKO 22C3 PD-L1 assay was evaluated using the 
tumor proportion score (TPS) of any intensity, and the com-
bined positive score (CPS). PD-L1 expressing tumor cells 
were categorized as negative (<1%), low positive (1%-49%), 
or high positive (≥50%). CPS was calculated as the number 
of PD-L1 stained cells including tumor cells and immune 
cells, divided by the total number of tumor cells multiplied 
by 100. For Ventana SP142, evaluation was based on either 
the proportion of tumor area occupied by PD-L1 express-
ing tumor-infiltrating immune cells (IC) of any intensity or 
the percentage of PD-L1 expressing tumor cells (TPS) of any 
intensity. PDL-1 IC were scored as negative (IC < 1%), low 
positive (IC ≥ 1%), and high positive (IC ≥ 10%).

Merlin immunohistochemistry was performed using 
Ventana Discovery XT autostainer (Roche Diagnostics, 
Indianapolis, IN). Tissue sections were deparaffinized and 
pretreated in CC1 solution (EDTA, pH8). The primary anti- 
Merlin antibody (clone D3S3W, rabbit monoclonal, Cell 
Signaling Technology, Danvers, MA) was used at 1:100 dilution.

Statistical Analysis
To examine the landscape of genomic biomarkers in our 
patient cohort, we extracted the top 50 genes with GA and 
compared these between the NF2mut and NF2-wild type 
(NF2wt) tumor subsets. Descriptive statistics such as fre-
quencies and percentages were calculated for the GA in each 
cohort. Statistical analysis was performed using ANOVA, χ2 
contingency test, or Fisher’s exact test as appropriate. Analysis 
was performed using SPSS 1.0.0.1508. A critical P value of 
<.05 was used to indicate statistical significance. We also per-
formed Bonferroni correction for multiple testing by dividing 
the critical P value by the number of cooccurring gene com-
parisons (30), allowing for a modified P value of .00167.

Results
Clinicopathologic and Molecular Characteristics
The study cohort of 3919 patients included 1875 ccRCC, 
405 pRCC, 108 chRCC, 171 sRCC, 61cdRCC, 49 mRCC, 
134 uRCC, 906 urothelial carcinoma (UC), and 147 Wilms 
tumors (Table 1). The median age of the cohort was 62 years 
(Supplemental Table S1). No significant difference in age of 
the patients was observed between ccRCC and nccRCC histo-
logic types except patients with mRCC and Wilms tumor. The 
patients with mRCC and Wilms tumor were younger (median 
27 and 6 years, respectively) as compared to other RCC sub-
types. In all histologic subtypes except Wilms tumor male 
patients outnumbered the female ones. The age of patients 
with NF2mut tumors was 60 years (15->89; Table 1). There 
was a male predominance in the NF2mut ccRCC, pRCC, 
cdRCC, and sRCC, while in mRCC and WT the gender was 
equal, and in UC female patients slightly predominated.

One hundred ninety-two of kidney tumors featured NF2 
GA (4.9%), while 3727 (95.1%) did not. NF2 GA frequency 
was highest in cdRCC (30%) and sRCC (21%) and lowest 
in ccRCC (3%) and UC (3%) (Table1). Of note, in cdRCC 
most common GA were involving NF2 gene. No NF2 GA 
were identified in chRCC and therefore this cohort was 
excluded from further analysis. The most common type 
of GA in the NF2 gene was structural variation mutations 

(89%), followed by copy number alterations (homozygous 
deletions and amplifications) (9%) and gene rearrangements 
(2%). Loss of chromosome 22q harboring the NF2 gene was 
found in the majority (79%) of NF2mut tumors. Overall, 
69% of NF2mut specimens were under LOH, either with one 
mutant allele remaining or with multiple copies of mutant 
allele (homozygous mutations), 9% were heterozygous muta-
tions, and zygosity was unknown in 22%. All NF2 GA were 
predicted to be inactivating based on disruption of the FERM 
domain (amino acids 22-311), which includes in-frame dele-
tions that disrupt the Paxillin-binding region (aa 50-70) of 
the FERM domain2 as well as the C-terminal region (amino 
acids 506-547).

To confirm that NF2 GA result in protein loss, we evalu-
ated merlin expression by immunohistochemistry in 2 cases in 
which tissue was available. Both tumors demonstrated com-
plete loss of merlin expression (Fig. 1). In contrast, inflam-
matory cells and non-neoplastic kidney tissue adjacent to 
tumors showed retained merlin expression in renal tubules 
and Bowman capsule (Fig. 1d, inset).

Analysis of co-mutated genes revealed that VHL was the 
most common co-altered gene in NF2mut ccRCC. Deletion 
of cyclin-dependent kinase inhibitor CDKN2A was the most 
common co-alteration in pRCC (19%), sRCC (57%), cdRCC 
(14%), and uRCC (32%). CDKN2B GA co-occurred with 
CDKN2A in slightly lower frequencies. FBXW7 was the 
most altered gene in mRCC (100%). TERT was the most 
commonly co-altered GA in UC (37%). The most commonly 
co-mutated genes across kidney tumor subtypes can be found 
in Supplemental Fig. S1.

Two NF2mut kidney tumors featured MSI high and 6 fea-
tured TMB high status, although exclusively in UC. Variations 
in PD-L1 positivity were found across different kidney tumor 
types (Fig. 2). sRCC was found to be associated with strong 
positivity for PD-L1 expression in tumor cells (TPS) with 
both DAKO SP22C3 (43%) and Ventana SP142 (50%). One 
uRCC case was found to have strong SP22C3 TPS staining 
(11%), while one case of ccRCC (14%) and one case of UC 
(20%) were found to have a high IC (SP142), and one case of 
UC (20%) was found to have a high CPS (SP22C3).

The total number of GA per tumor in the NF2mut cohort 
including NF2 GA and other co-occurring GA was 4.74, for 
a total of 911 GA. Seven hundred twenty-five GA were co- 
occurring including 331 base substitutions (46%), 182 inser-
tion/deletions (25%), 141 homozygous deletions (19%), 41 
amplifications (6%), and 30 gene rearrangements (4%).

Genomic landscape showing co-mutation plots of the top 
50 genes with GA in total cohort and NF2mut subset can be 
seen in Fig. 3. The 4 most common GA in the total disease 
cohort were: VHL, PBRM1, CDKN2A, and TP53; which 
contrasted with the NF2mut disease cohort: NF2, CDKN2A, 
VHL, and CDKN28.

Of the top 50 genes in the total cohort, 30 were genes 
with shared GA in the NF2wt and NF2mut cohorts. The 
frequencies of 16 of the 30 shared genes were significantly 
different between the NF2wt and NF2mut subsets (Fig. 4). 
The following GA were found to be enriched in NF2mut 
tumors: CDKN2A (P < .001), CDKN2B (P = .025), SETD2  
(P = .009), and SMARCB1 (P < .001). In contrast, NF2wt 
tumors featured GA in VHL (P < .001), PBRM1 (P < .001), 
TP53 (P = .003), TERT (P = .004), PIK3CA (P = .043), PTEN 
(P < .001), KDM5C (P = .002), FGFR3 (P < .001), TSC1  
(P = .002), MDM2 (P = .046), CCND1 (P = .022), and FGF19 
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(P = .033). The remaining GA were not found to be associated 
with NF2 mutational status. Only rare co-occurring muta-
tions were identified in mTOR pathway in NF2mut tumors, 
including PIK3CA (4%), MTOR (3%), TSC1 (1%), and 
PTEN (2%). Following Bonferroni correction and a modified 
P value of .00167, only CDKN2A (P < .001), SMARCB1 (P < 
.001), VHL (P < .001), PBRM1 (P < .001), PTEN (P < .001), 
and FGFR3 (P < .001) were found to be significant.

The results for comparisons between NF2wt and NF2mut 
cohorts are presented in Table 2. TMB was not associated 
with NF2 mutational status (P = .619). Chromosome 22 
was more likely to be lost in the NF2mut cohort when com-
pared to NF2wt tumors (P < .001). There was no association 
between MSI and NF2 mutational status (P = .651).

Analysis of PD-L1 expression revealed no difference in 
PD-L1 22C3 assay TPS (P = .228) and CPS (P = 1.00) between 
NF2wt and NF2mut groups. However, PD-L1 SP142 assay 
TPS (P = .040) and IC (P = .013) were found more frequent in 
NF2mut kidney tumors.

Findings from the Combined TCGA Cohort
In the TCGA validation cohort, 35/1486 (2.4%) kidney 
tumors harbored NF2 GA and 37 types of different mutations 
were seen. Briefly, 32 were driver mutations: 24 truncating 
and 8 splice, while 5 were variant of undetermined signifi-
cance (VUS), all of which were missense. The breakdown 
of patients according to corresponding study percentages 
can be seen in Fig. 5a. Regarding tumor subtype, NF2 GA 
were found to be more common in uRCC and pRCC (P < 

10e-10) as compared to other histologic types (Fig. 5b). High 
pathologic stage (P = .160e-3) and high WHO/ISUP histo-
logic grade (P = .179) were characteristic of tumors with NF2 
GA (Fig. 4c, 4d). The top 30 genes found in the Foundation 
Medicine cohort were analyzed in relation to NF2 GA (Fig. 
4e). The fraction of GA was higher in the NF2mut cohort 
(median = 0.2) compared to NF2wt tumors (median = 0.14; 
P = .0211); a finding also seen with TMB (P = 5.12e-7; Fig. 
4g, 4h). Mutation diagram circles are colored with respect 
to the corresponding mutation types can be seen in Fig. 4i. 
Regarding survival, NF2mut kidney tumors featured lower 
disease-free (P = 1.35e-8) and overall survival (P = 1.145e-4) 
when compared to the NF2wt group (Fig. 4j, 4k). VHL was 
validated as being more commonly mutated in the NF2wt 
cohort (P = .0393), while NF2mut tumors harbored SETD2 
(P < .001) and BAP1 (P = .0344) GA, similarly to Foundation 
Medicine cohort. Following Bonferroni correction and a 
modified P value of .00167, only SETD2 was found to be 
significant. Findings from the validation of the top 30 co- 
occurring genes can be found in Supplemental Table S2.

Discussion
In this study, we characterized the genomic landscape of 
NF2-mutated kidney tumors in a large cohort of 3919 
cases. Germline NF2 loss or inactivation is associated with 
neurofibromatosis type 2 syndrome, which results in the 
development of bilateral vestibular schwannomas, menin-
giomas, and ependymomas.10 Loss of merlin encoded by 

Figure 1. Immunohistochemical analysis of merlin expression in NF2-mutated RCC. Representative histologic sections of tumors (H&E) show solid and 
papillary architecture with small cells clustering around hyaline material and forming micropapillae surrounded by larger cells and scattered calcifications 
(a, c). Negative staining of tumor cells for merlin (b, d). The inflammatory cell (b, lower left) renal tubules and Bowman capsule (d, inset) show retained 
merlin immunoreactivity.

https://academic.oup.com/oncolo/article-lookup/doi/10.1093/oncolo/oyad040#supplementary-data
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NF2 gene is found also in 40%-60% of sporadic meningi-
omas.25 In addition to tumors of the nervous system, NF2 
GA alterations and merlin inactivation also occur in a large 

proportion of malignant mesothelioma (MM) patients. NF2 
GA were found as the most frequent GA in asbestos non-
exposed patients with a third of the patients carrying NF2 

Figure 2. PDL1 scoring with DAKO PD-L1 22C3 and Ventana PD-L1 SP142 in the total cohort (a) and NF2-mutated cohort (b). TPS, tumor proportion 
score; CPS, combined positive score; IC, immune cells.
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mutations.26 NF2 GA are less frequent in ovarian serous car-
cinoma, glioblastoma multiforme, breast, colorectal, skin, 
hepatic, medullary thyroid, prostate cancer, and melanoma.10

Inactivating NF2 GA have been described in spectrum of 
kidney tumors including aggressive variants such as cdRCC 
(29%),27 pRCC (12%),28,29 sRCC (19.2%),30 and uRCC 
(18%),31 as well as in more indolent mucinous and spindle 
cell carcinoma of the kidney.32 The frequencies of GA in his-
tologic subtypes of renal tumors in our cohort are similar to 
previous studies.

Differences in NF2 GA frequencies between the Foundation 
Medicine (4.9%) and TCGA (2.4%) cohorts could be sec-
ondary to selection bias since most tumors being tested in 
the Foundation Medicine were advanced stage IV kidney 

tumors in contrast to the limited number of patients with con-
firmed stage IV disease in TCGA cohort. Based on a modified  
P value of .00167, only SETD2 was found to be significant. 
Many genes trended towards being significant (CDKN2A, 
CDKN2B, and SMARCB1) but the cohort was small (35 
patients).

The relatively high prevalence of NF2 GA in a subset of 
nccRCC, lack of other driver genes, and low NF2 GA frequency 
(3%) in ccRCC suggest its driving role in the tumorigenesis. 
Our finding of low incidence of NF2 mutations in ccRCC is 
congruent with previous cohort of 220 metastatic ccRCC in 
RECORD3 study (4%).33 Co-occurrence of NF2 GA with 
VHL mutations in ccRCC cohort suggests that NF2 GA may 
be a secondary event in ccRCC, similarly to co-occurrence of 

Figure 3. Frequency of pathogenic gene mutations in the total cohort (a) and NF2-mutated kidney tumors (b).
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TSC1 and TSC2 GA in VHL driven ccRCC.34 In the study of 
sarcomatoid ccRCC Malouf et al. presented one tumor with 
deleterious NF2 mutation in its sarcomatoid component only, 
suggesting that NF2 GA may represent a late event in ccRCC 
with sarcomatoid differentiation.35

The significant proportion of NF2mut renal tumors in 
our series have co-occurring inactivating GA in other tumor 
suppressor genes. These include cell cycle regulator genes 
CDKN2A/2B, chromatin remodeler genes BAP1, SETD2, 
and SWI/SNF-related chromatin remodeler SMARCB1. In 

the study of uRCC by Chen et al., NF2 GA also co-occurred 
with SETD2 and BAP1, and the occurrence of SETD2 muta-
tions was significantly higher in uRCC tumors with NF2 loss 
than in remaining uRCC tumors (44% vs 9%.).31 In recent 
study of 14 NF2-mutated RCC cases, co-occurrence of NF2 
and chromatin modulator PBRM1 GA was found in 5 (42%) 
cases.6 However, no NF2wt group was included in this study 
for comparison, and the number of cases was relatively small 
in contrast to our series.6 Although PBRM1 GA were found 
in 3.6% of NF2mut tumors in our study, the prevalence of 

Figure 4. Frequency of top 30 co-occurring genomic alterations (GA) between the NF2wt and NF2mut tumors. *Significant based on a modified P value 
of .00167 following Bonferroni correction.
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this alteration was significantly lower as opposed to NF2wt 
group (25.1%).

NF2 tumor suppressor gene inactivation along with muta-
tions in CDKN2A/B, and chromatin modulators BAP1, 
SETD2, and SMARCB1 has been described as driving GA 
in high-grade/progressive meningioma, and MM similarly 
to NF2mut RCC.36-38 All these are highly aggressive tumors 
refractory to conventional therapies. Our analysis of TCGA 
data supports aggressive behavior of NF2mut renal tumors. 
Mutations in CDKN2A/B were found to be the most associ-
ated co-alteration in aggressive NF2mut meningiomas, seen 
in 24% of cases.37 SMARCB1 mutations were also found in 
NF2mut intraventricular meningioma.39 Recently, a mouse 
model of MM was generated based upon disruption of the 
NF2, BAP1, and CDKN2A/B tumor suppressor loci in various 
combinations as also frequently observed in human MM.40 
Inactivation of all 3 loci in the mesothelial lining of the tho-
racic cavity led to a highly aggressive MM that recapitulates 

the histologic features and gene expression profile observed 
in human MM.

As all major GA in NF2mut RCC are tumor suppressor 
genes, targeted therapies that exploit abnormal tumor sup-
pressor genes have proven far more difficult as opposed to 
inhibition of oncoproteins. It is important to mention that 
the loss or inactivation of NF2 may have the ability to 
predict sensitivity to focal adhesion kinase inhibitors, this 
is based on strong preclinical data from malignant pleu-
ral mesothelioma.41 Preclinical mouse models of NF2mut 
meningiomas have shown overexpression of the mTOR 
signaling complex 1 pathway, which can be suppressed by 
mTOR inhibitors.42 Limited preclinical and clinical evidence 
in vestibular schwannoma suggest possible sensitivity of 
NF2-deficient tumors to the pan-ERBB inhibitor lapatinib.43 
Similarly, based on limited clinical and preclinical evidence, 
NF2 inactivation may predict sensitivity to MEK inhibitors, 
such as approved agents trametinib and cobimetinib.44 Data 
from a Chinese breast cancer cohort suggest that NF2 loss- 
of-function mutations may increase sensitivity to Hippo-
targeting strategies.45 Targeting the Hippo pathway including  
downstream effectors YAP/TAZ can be a valid approach in 
renal tumors as well.35 In a preclinical model of NF2mut 
pRCC, inhibition of the YAP1 partner YES1 by dasatinib 
or sarcatinib led to repression of Hippo transcriptional tar-
gets and provided potent antitumor activity.46 CDKN2A/B, 
BAP1, and SETD2 may also represent potential therapeutic 
targets, as demonstrated in preclinical studies of other tumor 
types.25 These potential therapeutic strategies warrant fur-
ther investigation in clinical trials.

Immunotherapy is another potential target for investiga-
tion in NF2mut RCC, as we demonstrated higher level of 
PD-L1 expression in NF2mut cohort. Expression of PD-L1 
on tumor and immune cells appears to impact efficacy of 
PD-L1 inhibitor pembrolizumab. In the KEYNOTE-427 trial 
from advanced non-clear cell RCC the response rate was 
35.3% with a CPS ≥1 as opposed to 12.1% in patients with 
CPS less than 1.47 Combinations of immune checkpoint inhib-
itors with TKIs such as cabozantinib and axitinib have higher 
anti-tumor activity and are currently approved for treatment 
of metastatic clear cell RCC.48,49 Selecting tumors with higher 
PD-L1 expression such as those with NF2 GA might expand 
the benefit of these combinations to non-clear cell RCC. In 
a phase II trial of cabozantinib that targets MET, AXL, and 
VEGFR2 plus nivolumab, a human PD-1 blocking antibody, 
NF2 GA were found in 19% of unclassified/papillary, and 
translocation-associated RCC (6). Of note, objective tumor 
responses were seen in 5/6 patients with tumors harboring 
NF2 mutations (6). Although conclusions are limited by small 
sample size, they suggest that NF2 GA may predict treatment 
responses in non-clear cell RCC. Paintal et al. reported 2 cases 
of NF2mut RCC with dramatic response to immune check-
point inhibitors (ipilimumab/nivolumab).6 Our findings of 
more frequent PD-L1 tumor and immune cell expression in 
NF2mut tumors support that these patients may benefit form 
immune checkpoint inhibitors.

There are several limitations of this study. First, the study 
suffers from selection bias, as it includes only samples sent 
to molecular analysis, and therefore, the results may not be 
representative of general population. Similar studies, includ-
ing consecutive unselected cases of kidney tumors, are needed 
to further characterize RCCs harboring NF2 GA. Second, 
although the FoundationOne panel of the 324 genes is quite 

Table 2. Comparisons between NF2wt and NF2mut cohorts.

Patient characteristics NF2 wild type  
(n = 3727)

NF2 mutant  
(n = 192)

P value

Age, years —

 � Median 62 60

Gender

 � Male 2504 133 .548b

 � Female 1223 59

TMB (mutations/Mb) .619b

 � TMB-high 89 6

 � TMB-int 603 27

 � TMB-low 3035 159

Ch 22 status <.001b

 � Lost 528 89

 � Retained 1770 33

MSI .651b

 � MSI-H 27 2

MSS 3276 168

PD-L1 DAKO 22C3

 � TPS positive 59 4 .228a

 � TPS low positive 175 15

 � TPS negative 368 17

 � CPS positive 48 1 1.000b

 � CPS low positive 148 4

 � CPS negative 27 0

PD-L1 Ventana SP142

 � TPS positive 2 2 .040b

 � TPS low positive 14 1

 � TPS negative 144 11

 � IC positive 0 1 .013b

 � IC low positive 30 5

 � IC negative 130 8

aχ2 contingency test.
bFisher’s exact test.
Bolded values are significant based on a P value of <.05.
Abbreviations: CPS, combined positive score; IC, immune cells; MSI, 
microsatellite instable; MSS, microsatellite stable; TMB, tumor mutational 
burden; TPS, tumor proportion score.
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comprehensive, it is possible that there may be other import-
ant genes that were simply not included in the testing panel, 
thus limiting our findings. Third, epigenetic mechanisms 
of NF2 inactivation were not addressed in this study. 
Comprehensive studies of promoter methylation and epi-
genetic inactivation of NF2 gene are needed. Fourth, his-
tology of the NF2mut tumors was not evaluated. Argani et 
al. described a series of histologically distinct NF2mut that 
they termed biphasic hyalinizing psammomatous RCC.7 
Paintal et al. described common morphologic features of 
NF2mut RCC in a series of 14 cases.6 While the individual 
morphologic features seen in these cases are non-specific 

in isolation, the presence of the typical morphologic con-
stellation (eosinophilic cytology, high nuclear grade, tub-
ulopapillary architecture, sclerotic stroma, microscopic 
coagulative necrosis, and psammomatous calcifications) 
can allow for their prospective identification and triage 
for confirmatory molecular studies. The utility of ancillary 
techniques such as immunohistochemical detection of NF2 
protein expression is limited.7,29 NF2 gene deletion can be 
detected by fluorescent in situ hybridization in MM50; how-
ever, this has not been validated in renal tumors. Currently, 
comprehensive genomic profiling proved to be a reliable 
platform for detection of NF2 GA in RCC.

Figure 5. Findings from the TCGA cohort. (a) Breakdown of patients according to corresponding originating cancer study. (b) Histologic subtypes 
according to NF2 mutational status. (c) AJCC pathologic stage according to NF2 mutational status. (d) Histologic grade according to NF2 mutational 
status. (e) The top 30 co-altered genes found in the Foundation Medicine cohort were analyzed and demonstrated in relation to NF2 mutational status. 
(f) NF2 mutational status in relation to gene panels. (g) The fraction of genomic alteration according to NF2 mutational status (h) TMB according to NF2 
mutational status. (i) Mutation diagram circles are colored with respect to the corresponding mutation types. In case of different mutation types at a 
single position, color of the circle is determined with respect to the most frequent mutation type. Mutation types and corresponding color codes are as 
follows: green, missense mutations; black, truncating mutations; red, inframe mutations; orange, splice mutations; purple, fusion mutations; pink, other 
mutations (for colour figure refer to online version). (j) Kaplan-Meier for disease-free-survival between NF2mut and WT groups. (k) Kaplan-Meier for 
overall survival between NF2mut and NF2wt groups.
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In conclusion, the present study is the largest to characterize 
genomic findings in NF2-mutated kidney tumors. Although 
these aggressive tumors are driven by tumor-suppressor 
genes, they harbor potentially targetable genomic alterations. 
Higher frequencies of PD-L1 expression in NF2mut tumors 
suggest that these patients may benefit from immune check-
point inhibitors. Further studies and clinical trials imple-
menting these therapies are warranted to confirm the clinical 
relevance and benefit.
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