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Abstract

Obijectives: To characterize the clinical manifestations and genetic basis of a familial
cancer syndrome in patients with lipomas and BHD-like clinical manifestations including
fibrofolliculomas and trichodiscomas and kidney cancer.
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Methods: Genomic analysis of blood and renal tumor DNA was performed. Inheritance pattern,
phenotypic manifestations, and clinical and surgical management were documented. Cutaneous,
subcutaneous and renal tumor pathologic features were characterized.

Results: Affected individuals were found to be at risk for a highly penetrant and lethal form

of bilateral, multifocal papillary renal cell carcinoma. Whole genome sequencing identified a
germline pathogenic variant in PRDM10(c.2029 T>C, p.Cys677Arg), which cosegregated with
disease. PRDM10 loss of heterozygosity (LOH) was identified in kidney tumors. PRDM10 was
predicted to abrogate expression of FLCN, a transcriptional target of PRDM10, which was
confirmed by tumor expression of GPNMB, a TFE3/TFEB target and downstream biomarker

of FLCN loss. In addition, a sporadic papillary RCC from the TCGA cohort was identified with a
somatic PRDMI10 mutation.

Conclusions: We identified a germline PRDM10 pathogenic variant in association with a
highly penetrant, aggressive form of familial papillary RCC, lipomas and fibrofolliculomas/
trichodiscomas. PRDMI10LOH and elevated GPNMB expression in renal tumors indicate that
PRDM10 alteration leads to reduced FLCN expression, driving TFE3-induced tumor formation.
These findings suggest that individuals with BHD-like manifestations and subcutaneous lipomas,
but without a germline pathogenic FLCN variant, should be screened for germline PRDM10
variants. Importantly, kidney tumors identified in patients with a pathogenic PRDMI10 variant
should be managed with surgical resection instead of active surveillance.

Introduction

Birt-Hogg-Dubé (BHD) syndrome is an autosomal dominant hereditary cancer disorder in
which affected individuals are at risk for the development of cutaneous fibrofolliculomas
and trichodiscomas, pulmonary cysts and renal tumors. BHD syndrome is caused by
germline pathogenic variants in the tumor suppressor gene FLCN located on chromosome
17p11.2.12

Folliculin (FLCN), which functions as an amino acid sensor, is a RagC/D GTPase
activating protein (GAP) that regulates the mechanistic target of rapamycin complex 1
(mTORC1) phosphorylation of the microphthalmia family transcription factors, TFE3 and
TFEB. When FLCN is deficient, such as in BHD syndrome, TFE3/TFEB are no longer
phosphorylated and translocate to the nucleus.3-8 TFE3/TFEB transcriptional activity in
the nucleus increases RagC and RagD expression, which in turn hyperactivates mTORC1
through a feedback loop, resulting in a powerful growth signal via phosphorylation of
S6K and 4EBP1.3: 2 10 Increased nuclear localization of TFE3 and elevated expression

of its downstream target, GPNMB, have been demonstrated in AL CN-deficient BHD renal
tumors,8 11 and TFEB and TFE3 have been shown to potentially be crucial drivers in
BHD-associated renal tumorigenesis.3 10 Most notably, we and others have seen papillary/
clear and eosinophilic clear histologic features in some BHD renal tumors,11-15 histologies
reminiscent of TFE3 and TFEB translocation fusion renal tumors.16-19

Although BHD syndrome was originally characterized by the inheritance of cutaneous
fibrofolliculomas and trichodiscomas,2° we subsequently expanded the BHD clinical
phenotype to include an association between the BHD dermatologic manifestations and
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familial renal carcinoma.?! In that initial study we identified 3 extended families in which 13
individuals presented with the BHD cutaneous manifestations, 7 of which developed renal
tumors that co-segregated with BHD skin manifestations.?! Subsequent germline testing
identified pathogenic FLCN variations in two of the three families; however, in Family 171,
a missense FLCN variant of unknown significance (p.R239H) which did not co-segregate
with the disease was found. The present study was conducted in order to characterize the
clinical phenotype, management approach and genetic basis of the disease in this BHD-like
family.

Here we report the identification a novel germline PRDM10 pathogenic variant, located in
the same codon as was recently reported in a family with a BHD-like phenotype by van

de Beek, et al.22 The PRDM10 gene encodes the PRDM10 transcription factor, a known
regulator of many genes, including £L CN.23 We present the clinical manifestations and
PRDM10 mutation analysis in Family 171 and demonstrate co-segregation of the PRDM10
variant with clinical phenotype in affected family members. We show homozygous loss

of PRDM10in tumors and discuss the potential relationship between PRDM10 loss and
FLCN function. Here we describe the genetic basis and clinical and pathologic features a
novel form of hereditary renal cell carcinoma characterized by cutaneous fibrofolliculomas
and trichodiscomas, lipomas and a highly penetrant, rapidly growing, aggressive form of
bilateral, multifocal papillary renal cell carcinoma.

Materials & Methods

Patients:

Patients in Family 171 were evaluated and managed at the Urologic Oncology Branch
(UOB) of the National Cancer Institute (NCI), National Institutes of Health (NIH). This
study was approved by the Institutional Review Board of the National Cancer Institute and
patients provided informed consent on either Urologic Oncology Branch protocol NCI-89-
C-0086 or NCI-97-C-0147. Patient clinical evaluation including imaging and dermatologic
examination, and management, including surgical procedures were conducted at the Clinical
Research Center, the Hospital at the National Institutes of Health, Bethesda, MD.

Whole Genome Sequencing:

Germline DNA from five family members with a history of renal cell carcinoma (11:4,

[11:2, 11:5, 1H1:7, and 111:8) and tumor DNA from patients 111:2 (a liver metastasis) and

[11:8 (two primary tumors from a left partial nephrectomy and a left flank metastasis) were
subjected to whole genome sequencing (WGS). DNA was extracted from blood and tumor
tissue using Promega Maxwell 16 Blood or Tissue DNA Purification Kits, or conventional
phenol extraction. Human whole genome library preparation (350bp), hWGS (NovoSeq
PE150, Q30=85%, 30X coverage, 90G raw data per sample), and standard analysis were
performed at Novogene Corporation Inc. (Sacramento, CA, USA). The lllumina NovaSeq
6000 sequencer (Illumina, Inc., San Diego, CA, USA) was used to carry out paired-end 150
bp sequencing.
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PCR and Sanger DNA sequencing:

Additional DNA was extracted from blood and tumor tissue as above using

the Maxwell RSC DNA FFPE Kit (Promega, WI, USA), or conventional phenol/
chloroform extraction. PCR of PRDM10exon 9 was performed using KOD DNA
polymerase (EMD Millipore) according to the manufacturer’s specifications and

utilizing the following PRDM10 primers: forward-AAACACGTGCGCAGCTTCCA,;
reverse-CCCAAAGAGTATCTCAGGTCCAGTTC. Bidirectional Sanger DNA sequencing
of the PCR products was performed using the Big Dye Terminator v.1.1 Cycle Sequencing
Kit (Applied Biosystems, CA, USA) according to the manufacturer’s specifications and
run on an ABI 3130xI or 3730 Genetic Analyzer (Applied Biosystems, CA, USA).

Sanger Sequencing was conducted at the CCR Genomics Core at the National Cancer
Institute, NIH, Bethesda, MD 20892. Forward and reverse sequences were evaluated using
Sequencher 5.0.1 (Genecodes, MI, USA) or Snap-Gene Viewer 6.1.2 (GSL Biotech, LLC).

Histology and Immunostaining:

Results

Five-micron thick formalin-fixed paraffin-embedded sections were cut from all available
tumor blocks. IHC staining and H&E staining were performed by either VitroVivo Biotech
(Rockville, MD) or the Molecular Histopathology Laboratory at the Frederick National
Laboratory for Cancer Research (Frederick, MD) using standardized methodologies.

IHC staining was performed using either Human Osteoactivin/GPNMB anti goat (R&D
Systems, Minneapolis, MN), TFE3 anti rabbit (Sigma Aldrich, Burlington, MA), Phospho-
S6 Ribosomal Protein (Ser235/236) anti rabbit (Cell Signaling Technology, Danvers,

MA), or Phospho-4-E-BP1 (Thr37/46) anti rabbit (Cell Signaling Technology, Danvers,
MA). For selected tumors, an immunohistology panel was performed evaluating HMB45
(Agilent Dako, Carpinteria, CA), Melan-A (Abcam, Waltham, MA), Pan-cytokeratin (Novus
Biologicals, Centennial, CO), Cytokeratin 7 (Abcam, Waltham, MA), Cathepsin K (Abcam,
Waltham, MA), and Carbonic anhydrase 1X (Cell Signaling Technology, Danvers, MA).
Images were captured using an AxioScan.Z1 Slide Scanner (Zeiss, Oberkochen, DE).

Members of Family 171 have been evaluated and managed at the National Cancer Institute
since 1998 with multiple individuals presenting with fibrofolliculomas, lipomas and renal
tumors.21 While the cutaneous phenotype of this family, including fibrofolliculomas and
trichodiscomas, was consistent with that of Birt-Hogg-Dubé syndrome, a pathogenic variant
of the FLCN gene which co-segregated with the disease was not identified (Supplementary
Table 1).

Subsequent evaluation of this family was conducted in order to more precisely identify

the clinical manifestations (Figure 1, Table 1). Five affected individuals were found to

have biopsy confirmed fibrofolliculomas or trichodiscomas, the characteristic cutaneous
manifestations described by Birt, Hogg and Dubé,20 with four of five affected family
members presenting with multiple lesions (Table 1). One individual was found to have
fibroepithelial polyps on the lip. Two affected members of the family presented with a single
lung cyst and a third had a history of pneumothorax, demonstrating minimal pulmonary
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manifestations known to be associated with BHD. Five individuals across three generations
of the family were found to have multiple subcutaneous lipomas, a phenotypic feature not
traditionally associated with BHD (Table 1).

While hybrid oncocytic RCC (50%) and chromophobe RCC (34%) are the most common
histologic tumor types known to be associated with BHD, we and others have shown

that BHD patients are also at-risk for the development of papillary RCC with clear cell
features and/or granular eosinophilic clear cell RCC11-13. 15 histologic subtypes commonly
associated with TFE3 RCC and TFEB RCC respectively.1% 24 Individuals in Family 171
were found to have a high penetrance of the papillary/clear histologic subtypes (7 of

8 affected patients with tumors; 88%), which are much less commonly associated with
BHD (Table 1). Immunohistochemical analysis performed on available tumor material
showed that each tumor was positive for Cathepsin K and Pan-cytokeratin, several tumors
were positive for Cytokeratin 7, and all were negative for HMB45 and Melan-A staining
(Supplementary Table 2). Carbonic anhydrase IX was negative in most tumors, with the
exception of a single clear cell RCC. The average age at diagnosis of kidney cancer in the
family was 62 years old, ranging from 35 to 71 years old (Table 1).

Patient 1:2 underwent a left radical nephrectomy at 68 years of age in the 1960’s. Her tumor
was >16 cm in size and demonstrated a “tubular” pattern, histologically consistent with the
current diagnosis of papillary RCC. She died of metastatic renal cancer a year after her
nephrectomy.

Patient 11:1 underwent right radical and left partial nephrectomies at 69 years of age.
The right-sided tumor was a 15.0 cm RCC with rhabdoid morphology, concurrent with
metastasis to an ipsilateral renal hilar lymph node; the left-sided surgery removed a 12.5
cm clear cell RCC with an associated tumor with vacuolated eosinophilic cytoplasm (a
histologic subtype seen in TFEB RCC)19 (Figure 2).

Patient 11:4 underwent a left radical nephrectomy at an outside hospital at 71 years of age
revealing a 2.5 cm papillary RCC with eosinophilic cytoplasm which was read at NIH as

“looks like TFE3” RCC (Figure 2). Examination of the “normal” renal tissue revealed the
presence of multiple small (“incipient”) lesions.

Patient 111:2 underwent a right radical nephrectomy at 35 years old for a 4.0 cm papillary
RCC with eosinophilic cytoplasm which was noted to “resemble TFE3” RCC (Figure 2).
Twelve years later multiple sites of metastasis were identified, including a 3.0 cm renal bed
recurrence, a 2.7 cm hepatic mass and metastases in the diaphragm and right flank. The
patient underwent surgical resection at NCI and the pathology was found to be papillary
with clear cell features, similar to the primary (Figure 2, Supplementary Figure 1).

Urology. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schmidt et al.
Patient I11:5
Patient I11:7
Patient I11:8

Page 6

Patient 111:5 had a right radical nephrectomy at 69 years of age, revealing a 7.5 cm RCC
with papillary, eosinophilic, and focal clear cell features. This tumor involved the renal sinus
and the perinephric fat with vascular invasion and a 1.5 cm metastatic mass was identified
within a hilar lymph node (Figure 2). The patient subsequently progressed to develop distant
metastatic disease.

Patient 111:7 had a right partial nephrectomy at 63 years of age for removal of a 4.5 cm
papillary RCC with oncocytic and clear cell features and focal perinephric fat invasion
(Figure 2). In addition, she was found to have multiple lesions in the left kidney on
abdominal imaging.

Patient 111:8 presented at 59 years of age with a 2.3 cm left renal mass characterized

by a recent rapid growth rate of up to 5.6 mm/yr (Supplementary Figure 2). The patient
underwent a left partial nephrectomy for a papillary RCC with clear cell features and a 1.7
cm oncocytoid neoplasm (Figure 2, Supplementary Figure 1). Less than 10 months after
his partial nephrectomy for the 2.3 cm renal mass, the patient was found to have multiple,
recurrent ipsilateral retroperitoneal metastases (Figure 3), which were resected and were
found to be papillary RCC with clear cell features (Supplementary Figure 1). He died of
metastatic disease at age 61.

Whole genome sequencing, performed on germline DNA from 5 affected individuals,
patients 11:4, 111:2, 111:5, 111:7 and 111:8, led to identification of a germline PRDM10 missense
variant p.Cys677Arg (c.2029 T>C) in all 5 patients (Supplementary Figure 2). No germline
variants were identified in the PTEN gene that has been previously associated with familial
lipomatosis (Supplementary Table 1).2°> Whole genome sequencing confirmed that affected
patients I11:5 and 111:7 did not harbor the FLCN p.R239H variant, as was previously seen by
CLIA germline mutation analysis (Supplementary Table 1). Extended sequencing analysis
and confirmation were carried out on germline DNA from 14 family members by Sanger
sequencing (Supplementary Figure 2). Germline mutation carrier status was confirmed in 7
family members and cosegregation of the p.Cys677Arg variant with clinical manifestations
was demonstrated in all 6 members over 30 years of age (Figure 1, Table 1). One family
member, 1:2, who had clinical phenotypic features passed away in the 1960’s, and no
germline DNA was available for analysis.

The identification of a specific genetic alteration in a potential tumor suppressor gene led
us to evaluate tumor tissues from this family for evidence of a “second hit” in PRDM10.
Tumor DNAs from eight primary or metastatic RCCs derived from patients I11:2 and 111:8
were available for analysis. Loss of heterozygosity (LOH) was observed in both metastatic
sites analyzed from patient 111:2, and LOH was seen in 1 of 2 primary tumors and all

4 metastatic sites from patient 111:8 (Figure 3, Supplementary Figure 2). Consistent with
the recent /n-vitro findings in HEK293 cells by van de Beek et al. and in a mouse

embryo knockout model by Han et al., this study shows suppression of ~L CN expression
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in in-vivo human PRDM10 renal tumors, as the consequence of combining the PRDM10
variant with loss of the wildtype PRDM10allele (Figure 4A).22: 23 TagMan PCR gene
expression analysis was performed on two separate metastatic samples from patient 111:2,
and one primary 2.3 cm RCC and three distinct metastatic samples from patient 111:8. This
demonstrated a significant loss of FLCN expression in all tumor samples in comparison

to the adjacent normal kidney tissue from patient 111:8 and 4 unrelated normal kidney

tissue samples (Figure 4B, Supplementary Figure 3). Furthermore, significant increases in
expression of several known TFE3/B transcriptional target genes were demonstrated in the
tumors, including RRAGC, GPNMB, NPC1, and SQSTMJ. (Figure 4B, Supplementary
Figure 3). Increased expression of GPNMB is a known downstream marker of FLCN loss
due to activation of transcription factors TFE3/TFEB in BHD-associated RCCs and was
observed in a cell line model that homozygously expressed a PRDM10 variant.8 22. 26
Immunohistochemical staining of GPNMB was available for a broader range of cases, eight
primary tumors and two metastases derived from six different patients, and all demonstrated
strong positive tumor-specific staining of GPNMB with little GPNMB expression observed
in adjacent normal tissues from two patients (Figure 2, Supplementary Figure 4). This
observation correlated with predominately nuclear localization of TFE3 in these tumors,
compared to the mostly cytoplasmic staining observed in the adjacent normal tissues (Figure
2, Supplementary Figure 4). Finally, selected tumors were evaluated for increased activity
of the canonical mTOR pathway, due in part to the increased expression of RRAGC, by
immunohistochemical staining for phospho-S6 and phospho-4E-BP1. All selected tumors
demonstrated high levels of phospho-S6 staining that were increased in comparison to the
adjacent normal tissue present in two cases (Supplementary Figure 5). The selected tumors
showed varying degrees of positive phospho-4EBP1 staining that were still increased in
comparison to the adjacent normal tissue present in two cases (Supplementary Figure 5).

The identification of PRDMI104as a potential renal cell carcinoma predisposition gene

led to a search of the RCC Cancer Genome Atlas (TCGA) project database for evidence

of sporadic PRDMZI0 alterations. Investigation of the 283 papillary RCC tumors with

DNA sequencing data available from the TCGA RCC study?” identified a sporadic type

2 papillary RCC with a somatic missense variant in the same amino acid as reported

herein (p.Cys677), but resulting in a different amino acid substitution, p.Cys677Ser

(c.2029 T>A) (Supplementary Figure 6). In addition, copy number analysis demonstrated

a shallow deletion of this gene, consistent with LOH. This 4 cm, T3NOMO tumor had
invaded into the capsule and, post-surgery, the patient was reported as alive and free of
disease at last evaluation (Supplementary Figure 6). The RNAseq data available for this
cohort demonstrated that this tumor had a higher-than-average expression of GPNMB in
comparison to either normal tissue or other type 2 papillary tumors (Supplementary Figure
6). The GPNMB expression level in the sporadic tumor with the PRDM10p.Cys677Ser
alteration was equivalent to RCC tumors characterized by TFE3 or TFEB fusions that are
known to transcriptionally upregulate GPNMB. Notably, another papillary RCC in this
cohort was found to have a somatic splice site variant in FLCN in combination with shallow
gene deletion (LOH). This tumor, harboring a FL CN variant, also demonstrated a dramatic
increase in GPNMB expression in a manner similar to the sporadic tumor with the PRDM10
variant (Supplementary Figure 6).
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Discussion

In this report we describe a familial cancer syndrome, characterized by a germline
pathogenic variant in PRDMI10and provide evidence of somatic loss of the remaining
wild-type copy of PRDM10in renal tumors, consistent with a tumor suppressor role

for the PRDM10 gene. The pathogenic PRDMI10variant phenotype was associated with
the canonical dermatologic features associated with BHD syndrome, fibrofolliculomas and
trichodiscomas; however, we found little evidence of the pulmonary manifestations that are
typically a highly penetrant feature of the BHD phenotype. The presence of subcutaneous
lipomas represents a feature in PRDM10 families not found to be associated with BHD. We
found no evidence of a germline pathogenic PTEN variant in Family 171, ruling out PTEN
as responsible for the lipoma manifestations.

We found that patients with familial PRDM10 renal cell carcinoma (PRDM10 RCC) are at
risk for the development of an aggressive and highly penetrant form of bilateral, multifocal
papillary renal cell carcinoma. All seven of the affected patients over 30 years of age
developed kidney cancer; five of the seven have died of metastatic disease and a sixth is
currently in hospice care with metastatic RCC. In contradistinction with BHD-associated
kidney cancers, PRDM10 RCC is characterized by rapid growth (up to 5.6 mm/yr).
PRDM10 RCC, like TFE3 kidney cancer, has a propensity to metastasize when the primary
tumor is small (2.3 cm). The high penetrance of renal cell carcinoma in Family 171 enabled
a more comprehensive characterization of the renal cancer phenotype associated with a
germline PRDM10 alteration and a comparison with the presentation of RCC observed in
BHD patients with a germline FLCN alteration. During their lifetime, up to one-third of
BHD patients are predicted to develop RCC. These patients are at risk to develop multiple
tumors in both kidneys, most often with hybrid oncocytic or chromophobe histologies, with
an average age of onset of 48-50 years old.2 13. 14. 28 The affected PRDM10variant carriers
developed fewer, presumably faster growing, highly penetrant tumors at a later age of onset
(average age at diagnosis 62 years old) with 7 out of 8 affected family members developing
kidney tumors. In contrast to the hybrid oncocytic or chromophobe histologies that develop
most often in BHD patients, the tumors that developed in family members with the PRDM10
variant were most often papillary RCCs, with some displaying clear cell and eosinophilic
features reminiscent of TFE3 and TFEB kidney cancer. Moreover, patient I11:8 had a 2.3

cm tumor with a rapid growth rate that subsequently metastasized. Typically, management
of BHD patients involves active surveillance of slowgrowing tumors until the largest tumor
reaches the 3 cm threshold, at which time surgical intervention is recommended.2 However,
given rapid growth and the high rate of metastasis in this family and the fact that a

small renal tumor did metastasize, we recommend consideration of careful management
and early surgical intervention for patients affected with PRDM10 RCC. We recommend
surgical resection with wider margins when a renal tumor is identified in a patient with this
pathogenic, missense variant p.Cys677Arg. Although an aggressive form of papillary RCC
was found in this family, it is possible that patients with other PRDM10 variants could have
a more indolent clinical course with a less aggressive pathologic phenotype.

The missense variant p.Cys677Arg, identified in Family 171, lies in the seventh of
ten predicted zinc-finger repeat domains in PRDM10. The previously reported variant,
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p.Cys677Tyr, located in the same codon, was demonstrated by van de Beek, at al. to cause

a loss of binding affinity to the /L CN promoter, resulting in reduced expression of FLCN.22
Notably, homozygous expression of the p.Cys677Tyr variant in the HEK293T cell line
model resulted in the complete loss of detectable FLCN protein, but retained expression

of some other PRDM10 targets. The repeated identification of amino acid substitutions at
Cys677, albeit to different amino acids, in the family described herein (p.Cys677Arg) and
the sporadic tumor from the TCGA cohort (p.Cys677Ser), highlight the importance of this
highly conserved amino acid residue. This suggests that alteration of this specific amino acid
may be only affecting a subset of PRDM10 transcriptional targets rather than all of them.

In a study by Han et al., complete knockout of Pram10in mouse cells showed significantly
decreased expression of a wide selection of Prdm10 target genes including F/cr;, however,
this was associated with growth inhibition.23 Thus, it is possible that a more selective
inhibition of PRDM10 transcriptional activity that includes FL CN suppression may result in
a pro-tumorigenic effect.

The availability of tumor DNA from this family enabled the identification of “second hit”
loss of heterozygosity in almost all samples, thereby confirming the tumor suppressive
nature of this alteration. RNA expression analysis demonstrated loss of FLCN expression
and subsequent increased expression of TFE3/B transcriptional target genes, including
RRAGC, GPNMB, NPC1, and SQSTM1, for the first time in human RCC tumors. This
was further confirmed at the protein level by immunohistochemistry demonstrating the
nuclear localization of TFE3 and subsequent upregulation of GPNMB in the renal tumors
from patients with the PRDM10variant. This matches the previous evidence of elevated
expression of GPNMB as a well-established marker of FLCN loss in BHD-associated renal
tumors.8: 26 Evidence of increased phospho-S6 and phospho-4E-BP1 IHC staining also
correlated with increased activity of the canonical mTOR pathway in response to TFE3/B
transcriptional target upregulation.

The similarities in clinical presentation between individuals affected with BHD and Family
171 with germline PRDM10 alteration could be explained by loss of FLCN function in
both cases. Conversely, the unique features of the clinical presentation (lipomas, unusual
RCC histology) might be due to the effect of the PRDM10 variant protein on other genes
in addition to FLCN. Functional analysis of the previously reported variant, p.Cys677Tyr,
showed that the alteration induced increased levels of PRDM10 protein, possibly due to

a negative feedback loop, and that the expression of some PRDM10 gene targets was not
negatively affected by the variant but upregulated by the presence of increased PRDM10
protein.22 Notably, several gene fusions involving PRDM10have been reported in cases

of undifferentiated pleomorphic sarcoma that demonstrate distinct transcriptional signatures
and suggest an oncogenic effect of increased PRDM10 activity.3? Thus, a combination of
specific FLCN loss and upregulation of other PRDM10 target genes may induce the more
aggressive kidney cancers observed in Family 171. The different amino acid substitutions
at Cys677 observed within the two reported families may also subtly alter the effects on
PRDM10 target genes and influence the clinical presentation.

This study highlights a new gene, PRDM10, responsible for a BHD syndrome-like
phenotypic presentation and provides evidence supporting PRDMI10as a tumor suppressor
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in the setting of RCC. The phenotypic similarities suggest that individuals presenting with
BHD cutaneous and renal manifestations, in whom no FLCN sequence variant has been
identified, should be screened for PRDMI10 germline variants, especially if lipomas are also
present. The observation of a sporadic TCGA case of papillary RCC with somatic PRDM10
alteration, in combination with reports demonstrating somatic £ C alterations3!, suggests
that somatic FLCN loss may also represent a rare but potentially important driver event in
sporadic RCC that requires further investigation.

Conclusions

This study identified a germline alteration in the PRDMI10gene, p.Cys677Arg, in a family
with an aggressive form of papillary RCC, lipomas and fibrofolliculomas/trichodiscomas.
Loss of heterozygosity of the PRDMI10variant in combination with elevated GPNMB
expression in the renal tumors supports the paradigm whereby PRDM1I0 alteration leads to
reduced FLCN expression and increased TFE3/TFEB transcription driving tumor formation.
These findings suggest that individuals with BHD-like manifestations should be screened
for PRDM10 germline variants when no AL CN sequence variants are identified and that
renal tumors identified in patients with PRDM10 variants should be managed with care and
consideration given to early surgical intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Family 171 pedigree
This family pedigree demonstrates the co-segregation of the p.Cys677Arg variant with
clinical features. The presence of clinical features is shown by quadrants representing
renal cell carcinoma (red), fibrofolliculoma or trichodiscoma (blue), lipoma (yellow), and
presence of lung cysts or spontaneous pneumothorax (green). Two patients each presented
with a single, unilateral lung cyst (I11:5, 111:7) and one patient (11:1) had a history of

pneumothorax.
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Figure 2: Imaging, histopathology, and immunohistochemistry of Family 171 renal tumors
Axial imaging of patients from Family 171 showing both primary RCC (patients 111:8,

111:7, and 111:5) and metastatic RCC (l11:2) is matched to the histopathology of the excised
tumors and immunohistochemistry for TFE3 and GPNMB. Histopathology, TFE3 and
GPNMB staining are shown for 4 additional primary tumors for patients 111:2, 11:4, and 11:1.
These tumors demonstrate papillary histologies with clear cell and/or eosinophilic features,
reminiscent of TFE3 and TFEB kidney cancer. All tumors demonstrated nuclear localization
of TFE3, clearly visible by 4x magnification (TFE3 Inset) and positive GPNMB staining.
pRCC — papillary renal cell carcinoma
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Figure 3: Tumor growth rate and PRDM 10 sequence analysis in patient 111:8
A) Patient 111:8 had clinical imaging on 4 occasions before the excision of their 2.3 cm left

pRCC with clear cell features. Measurements from these four events were used to calculate
the overall growth rate for the tumor over the last four and a half years and demonstrated

the increased growth rate that occurred in the last few years prior to surgery. B) Post-surgical
surveillance imaging, including fluorodeoxyglucose (FDG)-positron emission tomography
(PET), demonstrated the rapid development of multiple ipsilateral retroperitoneal metastases
less than 10 months after the excision of the 2.3 cm left pPRCC with clear cell features. C)
Sanger sequencing demonstrates the germline nucleotide variant ¢.2029 T>C in PRDM10
that results in the p.Cys677Arg substitution in the PRDM10 protein in patient 111:8. Tumor
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DNA analysis demonstrates somatic loss of heterozygosity (LOH) in both the 2.3 cm left
pRCC with clear cell features and an example of the retroperitoneal metastases.
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Figure 4: Proposed schematic of PRDM10 loss resulting in FLCN suppression and GPNMB
expression

A) In normal cells, PRDM10 transcriptionally activates # CN expression.23 The FLCN
protein, in the presence of sufficient amino acids, is a GTPase activating protein (GAP)
that targets RagC/D and regulates mTORCL1 phosphorylation of TFE3 and TFEB resulting
in their cytoplasmic sequestration. Alteration of PRDMI10in renal tumors has been

shown to result in loss of FLCN expression, mimicking FLC/N inactivation as seen in

BHD syndrome.22 Loss of FLCN results in the inability of the mTORC1 complex to
phosphorylate TFE3 and TFEB and their subsequent translocation to the nucleus to activate
expression of the CLEAR (Coordinated Lysosomal Expression and Regulation) pathway
genes. The known CLEAR genes, GPNMB, NPC1, SQSTM1, can be used as specific
markers of CLEAR pathway activation. Overexpression of another CLEAR gene, RRAGC,
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results in increased levels of RagC protein, proposed to hyperactive the mTORC1 complex
in BHD tumors resulting in a powerful growth signal via phosphorylation of S6K and
4EBP1.

B) Tumor cDNA was available for patients 111:2 (red) and I11: 8 (crimson) and this was
compared to cDNA derived from the adjacent normal kidney tissue from patient 111:8 (dark
green ) and 4 unrelated normal kidney tissue samples (light green). Dot plots demonstrate
statically significant decrease in FLCN expression and increase in RRAGC and GPNMB
expression in the tumors. Mann Whitney test, ** < 0.01.
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