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Abstract

Hereditary renal cell carcinoma syndromes (HRCCS) are characterized by the presence of pathogenic germline variants that
predispose patients to renal cell carcinomas as well as additional extra-renal manifestations. The importance of identifying
HRCCS patients cannot be overemphasized, as patients and their families can begin surveillance for syndrome-associated
manifestations once identified. The present study is a retrospective clinical and morphologic review of 60 hereditary renal
tumors from 30 HRCCS patients treated at our institution with either Von Hippel-Lindau disease (VHL), Birt-Hogg-Dubé
syndrome (BHD), tuberous sclerosis complex (TSC), hereditary leiomyomatosis and renal cell cancer syndrome, or succinate
dehydrogenase (SDH) deficiency syndrome. Hereditary renal cell carcinoma syndromes kidney tumors often demonstrate
specific morphologic features, characteristic background changes in renal parenchyma, and extra-renal manifestations, which,
when recognized by the pathologist, can trigger genetic testing referral for specific familial cancer syndromes. Our study dem-
onstrates the majority of tumors were consistent with the anticipated clinicopathologic profile of renal tumors found within
HRCCS patients, although we found some unique characteristics within this cohort including a case of clear cell papillary
renal cell carcinoma within a VHL patient, and a unique renal tumor with tubulopapillary features present in a patient with a
germline SDHD mutation. Additionally, although the literature reports the presence of epithelioid angiomyolipoma (AML)
as a common occurrence in TSC patients, our cohort of 3 patients with AMLs demonstrated only classic features. The find-
ings we describe facilitate pathologist-based recognition of HRCCS and can prompt genetic evaluation for relevant patients.
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Introduction

Renal cell carcinomas (RCCs) accounted for 2.2% of inci-
dent cases of cancer worldwide in 2018, with an incidence
of 403,262 [1]. Most cases of RCC are sporadic, although
as many as 3—-8% of cases may be associated with a heredi-
tary renal cell carcinoma syndrome (HRCCS) [2-5]. HRC-
CSs are characterized by underlying pathogenic germline
variants, frequently inherited in an autosomal dominant
manner, that predispose affected individuals to developing
renal cell carcinomas and/or benign renal neoplasms [3, 6].
Hereditary renal cell tumors are frequently bilateral and/
or multifocal, often occur at a young age, and may show
morphologic features that suggest a particular HRCCS [2,
7]. Due to the increased risk of RCC, identifying HRCCS
is important so that patients and their families can begin
surveillance for renal and/or extra-renal tumors [4].

The most common and well-described HRCCSs are Von
Hippel-Lindau disease (projected incidence of 1:36,000
individuals), Birt-Hogg-Dubé syndrome (1:200,000),
and Tuberous Sclerosis Complex (1:6,000 to 1:10,000)
[2, 4]. Von Hippel-Lindau (VHL) syndrome is caused by
germline pathogenic variants in the VHL tumor suppres-
sor gene located on chromosome 3p25.3 and is typically
associated with clear cell renal cell carcinoma (CCRCC).
VHL-associated CCRCCs are often morphologically
indistinguishable from sporadic CCRCC, but tend to be
multifocal/bilateral and develop at a younger age. Birt-
Hogg-Dubé (BHD) syndrome is characterized by a loss
of function mutation of the folliculin (FLCN) gene. Renal
tumors in BHD patients are generally low-grade and
include hybrid oncocytic tumors (HOTs), oncocytomas,
and chromophobe renal cell carcinomas (ChRCCs). Tuber-
ous sclerosis complex (TSC), defined by TSCI or TSC2
germline pathogenic variants, is associated with multifo-
cal renal angiomyolipomas (AMLs), and less commonly
TSC-associated RCCs. Unlike many familial renal cell
cancer syndromes, most 7.SC germline pathogenic vari-
ants develop de novo, where 60-70% of cases are sporadic
[7, 8].

Hereditary leiomyomatosis and renal cell carcinoma
(HLRCC) syndrome, and succinate dehydrogenase (SDH)
deficiency syndrome are more recently described HRC-
CSs that are becoming better recognized. HLRCC syn-
drome, characterized by pathogenic variants in the fuma-
rate hydratase (FH) gene, is unlike many HRCCS in that
RCCs have low penetrance (20-30%), and when present
are usually unilateral and solitary [9]. HLRCC-associ-
ated RCC often demonstrates a distinct morphology with
prominent eosinophilic/orangeophilic nucleoli and tends
to be aggressive, high-grade tumors. SDH-deficient RCCs,
defined by mutations in one of four genes that code for
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a SDH enzyme, are rare tumors that show characteristic
cellular features including vacuolated cytoplasm, and floc-
culent eosinophilic inclusions. SDH-deficient RCCs can
metastasize, especially if aggressive histologic features are
present, but can also behave indolently [9]. Other rarer
reported HRCCS are hereditary papillary RCC syndrome,
hyperparathyroidism-jaw tumor syndrome, and constitu-
tional chromosome 3 translocation RCC [10].

Due to the under recognition and rarity of hereditary renal
cell tumors, there are relatively few comprehensive reviews
of renal tumor morphology in HRCCS patients. Although
afflicted patients are frequently identified through a combi-
nation of family history and extra-renal clinical and patho-
logic findings, recognition of hereditary renal cell tumor
morphology is important to identify patients who have a de
novo germline mutation where other clinical/pathologic find-
ings are not present or extra-renal clinical findings have not
been recognized. The present study is a retrospective review
of renal tumor morphology in VHL, BHD, TSC, HLRCC,
and SDH deficiency syndrome patients at our institution. In
addition, we review renal tumor biopsies performed in these
patients to determine the role of renal biopsy in the manage-
ment of HRCCS patients. Finally, as indicated above, inher-
ited renal neoplasms can demonstrate specific morphologic
features, which, when recognized by the pathologist, can
trigger genetic counseling and testing referral for specific
familial cancer syndromes; this study aims to facilitate such
pathologist based recognition and genetic evaluation for the
relevant patients.

Materials and methods
Cohort description

This study was approved by the Institutional Review Board
at the University of Michigan Medical School. (Patient
consent was deemed not necessary as part of the ethical
review that was conducted.) With approval by the Univer-
sity of Michigan Institutional Review Board, the University
of Michigan surgical pathology and clinical database was
searched for HRCCS tumor resections and biopsies, and ger-
mline mutations diagnosed between 2000 and 2017 by key-
word search of “Von Hippel-Lindau,” “VHL,” “Birt-Hogg-
Dubé,” Tuberous Sclerosis Complex,” “TSC,” “hereditary
leiomyomatosis and renal cell carcinoma,” “HLRCC,” “suc-
cinate dehydrogenase deficiency,” and “SDH.” All patients
with a clinical and/or molecular HRCCS diagnosis with a
biopsy and/or resection were included in the current cohort.
56 unique tumors sampled by 23 biopsies and 37 resec-
tions (total N = 60) from 30 patients were interrogated. All
available hematoxylin and eosin (H&E)-stained slides with
paraffin-embedded blocks were reviewed by two pathologists
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(JMK, RM). Tumor morphological characteristics, immu-
nohistochemical findings, tumor size, tumor classification,
stage, and grade were recorded through morphologic review
and/or pathology reports obtained from the medical record
for each case. Additional clinicopathologic information,
including clinical management, molecular testing, radiologic
information, syndrome-related clinical findings, and clini-
cal follow-up information was obtained from the medical
record. Table 1 shows criteria used to establish the clinical
diagnosis of specific HRCCS [11-14].

Immunohistochemistry and RNA in situ
hybridization

Immunohistochemistry was performed on select cases
as necessary. Antibodies used for immunohistochemical

labeling employing standard protocols were as follows: CK
7 (catalog number 307 M-96; 1:200 dilution; Cell Marque),
CA-IX (catalog number NB100-417; 1:600 dilution; Novus
Biologicals), and SDHB (mouse monoclonal antibody, clone
21A11AE7; 1:100 dilution; Abcam, Cambridge, MA).
VSTM2A gene expression was detected on formalin-
fixed paraffin-embedded (FFPE) tissue sections using the
RNAscope 2.5 HD Brown kit (Advanced Cell Diagnostics,
Newark, CA) and the target probe against human VSTM2A
gene (cat # 492031). RNA quality was evaluated by positive
control probe against human low-copy housekeeping gene
PPIB. Assay background was evaluated by negative control
probe targeting bacterial DapB gene. FFPE tissue block was
cut into 4 um sections. The tissue sections were baked at
60 °C for an hour, deparaffinized in xylene, and dehydrated
in 100% ethanol followed by air dry. After hydrogen perox-
ide pretreatment and target retrieval in citrate buffer, tissue

Table 1 Clinical criteria for diagnosis of hereditary renal cell carcinoma syndromes [11-14]

Von Hippel Lindau (VHL)

Patients with family history of VHL: One CNS/retinal hemangioblastoma or visceral lesion (e.g., CCRCC, pheochromocytoma)

Patients without family history of VHL: Two hemangioblastomas, or hemangioblastoma and visceral lesion

Birt-Hogg-Dube (BHD)
1 major criteria, or 2 minor criteria required for diagnosis

Major criteria

1. Five fibrofolliculomas or trichodiscomas (one histologically confirmed)

2. FLCN germline mutation

Tuberous sclerosis complex (TSC)

Minor criteria

1. Early onset renal cancer (<50 years), renal cancer multifocal/
bilateral, or mixed chromophobe/oncocytic histology

2. Multiple lung cysts with or without spontaneous pneumothorax
3. First degree relative with BHD

2 major criteria, or one major and two or more minor features required for diagnosis

Major criteria

. Hypomelanotic macules (>3, at least 5 mm diameter)
. Angiofibromas (>3)

. Ungual fibromas (>2)

. Shagreen patch

. Multiple retinal hamartomas

. Cortical dysplasias (e.g., tubers)

. Subependymal nodules

. Subependymal giant cell astrocytoma
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. Cardiac rhabdomyoma
10. Lymphangioleiomyomatosis (LAM)
11. Angiomyolipomas (>2)

Minor criteria

1. “Confetti” skin lesions (1 to 2 mm hypomelanotic macules)
2. Dental enamel pits (>3)

3. Intraoral fibromas (>2)

4. Retinal achromic patch

5. Multiple renal cysts

6. Non-renal hamartomas

Hereditary leiomyomatosis and renal cell carcinoma syndrome (HLRCC)

Criteria to prompt clinical suspicion of HLRCC
1. Multiple cutaneous piloleiomyomas (histologically confirmed)
2. At least two of the following manifestations

— Surgical removal of symptomatic uterine leiomyomas before age 40

— Type 2 papillary renal cell carcinoma before age 40
— First-degree family member who meets one of the above criteria

CCRCC clear cell carcinoma
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sections were permeabilized using protease and hybridized
with target probe in the HybEZ oven for 2 h at 40 °C, fol-
lowed by a series of signal amplification steps. Finally, the
sections were chromogenically stained with DAB and coun-
terstained with 50% Gill’s Hematoxyline I (Fisher Scientific,
Rochester, NY).

Targeted next-generation sequencing

Available H&E stained slides were reviewed by an experi-
enced genitourinary pathologist (AMU) to select formalin-
fixed paraffin-embedded (FFPE) tissue for sequencing, and
multiple 1.5 mm punches were obtained manually from a
representative area of tumor with at least 30% tumor cell
nuclei. DNA was extracted using the AllPrep DNA/RNA
FFPE Kit (80234; Qiagen, Venlo, Netherlands) and quan-
titated using the Qubit™ dsDNA HS Assay Kit (Q32851;
Thermo Fisher Scientific, Waltham, MA). An amplicon
library was generated from 20 nanograms of FFPE-extracted
DNA by multiplex PCR using the Ion AmpliSeq Library Kit
2.0 (4475345; Thermo Fisher Scientific) and a custom pan-
cancer DNA AmpliSeq panel (Oncomine Comprehensive
Panel, version 1c¢), as described [15]. The amplicon library
was quantitated using qPCR, and sequencing templates were
generated using the ITon PI™ Hi-Q™ OT2 200 Kit (A26434;

Thermo Fisher Scientific). The resulting templated library
was then pooled with other libraries and sequenced on an
Ion Torrent Proton machine using the Ion PI™ Chip Kit v3
(A26771; Thermo Fisher Scientific). Sequence alignment
and analysis were performed using Ion Torrent Suite Soft-
ware (version 5.0.4; Thermo Fisher Scientific), including
the variantCaller and coverageAnalysis plugins, and vali-
dated in-house bioinformatics pipelines, as described previ-
ously [15]. A total of 2,376,208 aligned reads were obtained
(on target % =96.07, mean depth=942.1, and uniformity
% =95.49). Potential variants and copy number alterations
were manually curated by an experienced molecular patholo-
gist (AMU) using previously established criteria [15].

Results

The review of the medical record yielded 23 biopsies and 37
resections from 30 patients with HRCCS, including VHL,
BHD, TSC, HLRCC, and SDH deficiency. Thirty tumor
resections were available for morphologic review. Tables 2
and 3 summarize the clinical features and renal tumor find-
ings, respectively, for the HRCC syndrome patients in the
cohort.

Table 2 Clinical features of hereditary renal cell carcinoma syndrome patients with hereditary renal cell tumors

Clinical characteristics of hereditary renal cell carcinoma patients

Average age at Ist  Male/female ratio ~ Germline CKD Average age of Average age of alive
resection pathologic death patients (range)
variant
VHL 31.2 (range 19 to 1:2 42% (5/12) 25% (3/12) 49.0 (range 43 to 46.1 (38t0 54); N=7
38); N=10 60); N=4
BHD 55.0 (range 42 to 100% males T1% (5/7) 29% (2/7) None reported 61.4 (48to 76); N=5
72); N=5
TSC 22.5 (range 7 to 3:4 14% (1/7) 57% (417) 1 patient died at 31.5(1to57); N=4
48); N=4 18 years old
VHL lesions

CNS hemangioblas- Retinal angiomas

Pheochromocytoma Pancreatic NET Pancreatic cysts/ Renal cysts

Other cystic lesions

tomas cystadenomas (liver, lung, ovary,
fallopian tube)
83% (10/12) 83% (10/12) 33% (4/12) 42% (5/12) 58% (7/12) 100% (12/12) 17% (2/12)
BHD lesions TSC lesions
Cutaneous Lung cysts Lipomas Brain tumors® Retinal hamarto-  Cutaneous lesions®
lesions?® mas
86% (6/7) 71% (517) 14% (1/7) 71% (517) 14% (1/7) 86% (6/7)

VHL Von Hippel-Lindau, BHD Birt-Hogg-Dube, TSC tuberous sclerosis complex, CKD chronic kidney disease, NET neuroendocrine tumor

2Fibrofolliculomas, trichodiscomas, acrochordons
bCortical tubers, subependymomas, giant cell astrocytoma

¢ Angiofibromas, hypopigmented macules
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Table 3 Hereditary renal cell tumor resections: distribution, tumor type, stage, grade, and morphologic features

# of resections Available ~ Tumor type Multifocal Average # of  Average Stage of Grade Morphologic
for review tumors per tumor size RCCs of RCCs features
resection (excluding
ChRCC)
VHL 20 19 CCRCC:95% RCC: 80% RCC: 3.9 RCC:23cm TI: 100% Gr2: 45% Cystic: 95%
(19/20) (16/20) (N=20) (N=60) (20/20) (9/20) (18/19 resec-
tions available
for review)
CCPRCC: 5% Gr3: 55% Hyalinization:
(1/20) 47% (9/19
resections
available for
review)
CCRCC tumor-
lets: 44% (4/9
patients with
resections
available for
review)
BHD 8 4 ChRCC: 50% RCC: 0% RCC: 1.0 RCC:3.0cm  TI: 100% Gr2: 100% Oncocytosis: 1
(4/8) (0/5) N=5) N=5) (5/5) /1) of 3 patients
available for
review
CCRCC: HOT: 100% HOT: N/A HOT:3.6 cm Renal cysts: 0
12.5% (1/8) 3/3) (N=6) of 3 patients
available for
review
HOT: 37.5%
(3/8)
TSC 5 3 RCC-unclas-  RCC: 50% N/A RCC:55cm  T1:50% (2/4) Gr2: 50% Background
sified: 40% 2/4) (N=4) 2/4) cysts (3 of
2/5) 3 patients
available for
review)
TSC-associ- AML: 100% AML: N/A T2:50% (2/4) Gr3:25% AML tumorlets
ated RCC: (4/4) (1/4) (20of3
20% (1/5) patients
available for
review)
CCRCC: 20% Grd: 25%
(1/5) (1/4)
AML: 80%
(4/5)
HLRCC 3 2 HLRCC-asso- 0% (0/3) 1 7.5cm (N=3) TI1NO: 33% Gr3: 33% Prominent
ciated RCC: (1/3) (1/3) eosinophilic/
(3/3) orangeophilic
T3N1:33%  Grd: 66% nucleoli (2/2
1/3) (2/3) resections
available for
review)
T4 NO: 33%
(1/3)
SDH defi- 1 0 RCC unclassi- 1 of 1 2 22and 1.7cm TI1 (1/1) Gr2 (1/1) Solid and cystic.
ciency fied, (1/1) N=2) Tubulopapil-

lary morphol-
ogy

VHL Von Hippel-Lindau, BHD Birt-Hogg-Dube, TSC tuberous sclerosis, HLRCC hereditary leiomyomatosis and renal cell carcinoma, SDH suc-
cinate dehydrogenase, CCRCC clear cell renal cell carcinoma, CARCC chromophobe renal cell carcinoma, CCPRCC clear cell papillary renal
cell carcinoma, HOT hybrid oncocytic tumor, AML angiomyolipoma, RCC renal cell carcinoma, N/A not available
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Clinical features of hereditary renal cell carcinoma
syndrome patients

Clinical findings in Von Hippel Lindau patients (N=12
patients)

Table 4 details the clinical findings of 12 VHL patients in
the cohort, and Tables 2 and 3 summarize the clinical fea-
tures and renal tumor findings, respectively, for HRCCS
(including VHL) patients. Molecular testing established a
germline VHL pathologic variant in 42% of patients (5/12),
while the remainder of patients were diagnosed by fam-
ily history and clinical syndromic findings (Table 1). The
VHL cohort showed a female predominance, with a male/
female ratio of 1:2 (N=12). The average age of patients’ first
renal tumor resection was 31.2 years (range 19 to 38 years;
N=10). Clear cell renal cell carcinoma (CCRCC) was the
most common renal neoplasm resected (95%; 19/20), while
one resection was diagnosed as clear cell papillary renal cell
carcinoma (1/20). Ninety-five percent of renal tumors dem-
onstrated cystic changes upon morphological review (18/19).

Review of the medical record revealed that non-renal
cystic lesions were common (67%; 8/12 VHL patients) and
were identified in the pancreas, lung, and liver. Hemangio-
blastomas and retinal angiomas were seen in 83% (10/12) of
patients. Pancreatic neuroendocrine tumors and pheochro-
mocytomas were diagnosed in 42% (5/12) and 33% (4/12) of
patients, respectively. Twenty-five percent (3/12) of patients
had chronic kidney disease.

Thirty-three percent (4/12) of patients in our cohort died
due to complications of VHL, with the average age of death
at 49 years (range 43 to 60). One patient (patient 1) died due
to complications of chronic kidney disease and complica-
tions of stroke, which was likely related to multiple CNS
hemangioblastomas (Table 4). A second patient (patient 3)
died of stroke, also likely related to the patient’s multiple
CNS hemangioblastomas (Table 4). Patients 4 and 9 died of
metastatic pancreatic neuroendocrine carcinoma, and meta-
static clear cell renal cell carcinoma, respectively (Table 4).

The average age of the seven patients alive and not lost to
follow-up was 46.1 years (range 38 to 54).

Clinical findings in Birt-Hogg-Dubé patients (N=7 patients)

Table 5 details the clinical findings of the seven individual
BHD patients in the cohort, and Tables 2 and 3 summarize
the clinical features and renal tumor findings, respectively, for
HRCCS (including BHD) patients. Molecular testing estab-
lished a germline FLCN pathogenic variant in 71% (5/7) of
patients, while the remainder of the patients were diagnosed
based on family history and syndromic clinical findings
(Table 1). All patients in our cohort were male (N="7). Chro-
mophobe renal cell carcinoma, hybrid oncocytic tumors, and
clear cell renal cell carcinomas made up 50% (4/8), 37.5%
(3/8), and 12.5% (1/8) of resected tumors in the cohort,
respectively. The average age of first renal tumor resection
or biopsy was 55 years (range 42 to 72 years; N=35).

Syndromic cutaneous lesions, including fibrofolliculo-
mas, trichodiscomas, and acrochordons, were present in
86% (6/7) of patients. Lung cysts were present in 71% of
patients (5/7). Of patients with lung cysts, 60% (3/5) had an
associated pneumothorax (Table 5). One patient (patient 19)
had numerous excisions of multifocal subcutaneous lipomas
(Table 5). Twenty-nine percent (2/7) of BHD patients had
chronic kidney disease. The average age of alive patients
at the time of the study was 61.4 (range 48 to 76; N=35).
No deaths have been reported in our cohort; however, two
patients were lost to follow-up.

Clinical findings in tuberous sclerosis complex patients
(N=7)

Table 6 details the clinical findings of individual TSC
patients in our cohort, and Tables 2 and 3 summarize the
clinical features and renal tumor findings, respectively, for
HRCC syndrome (including TSC) patients. All patients were
diagnosed based on family history and syndromic clinical

Table 5 Syndromic clinical

. i Patient Age® Sex Skinlesions® Lung cysts Lipomas CKD Follow-up (age)

findings and tumors in Birt-

Hogg-Dube patients 13 52 M Y Y, with pneumothorax N N Alive (57)
14 70 M Y Y, with pneumothorax N Y Lost to follow-up (70)
15 42 M N Y N N Lost to follow-up (45)
16 72 M Y N N N Alive (76)
17 58 M Y Y, with pneumothorax N Y Alive (63)
18 47 M Y Y N N Alive (63)
19 47 M Y N Y N Alive (48)

CKD chronic kidney disease

4Age at first resection

bFibrofolliculomas, trichodiscomas, acrochordons
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PEComas LAM CKD Follow-up (age)

Non-

Skin lesions

Retinal

Table 6 Syndromic clinical findings and tumors in tuberous sclerosis complex patients

Patient Age® Sex Brain tumors

@ Springer

renal

hamarto-

mas

AML

Lost to follow-up (27)

N

N

Angiofibromas, hypopigmented macules N

Cortical tubers, subependymomas, giant cell N

F

26

20

astrocytoma

DOD (18); Chronic renal failure

Alive (57)

Y
Y

N
N

Angiofibromas, hypopigmented macules N

Giant cell astrocytoma

13 F

48

21

22
23

Alive (17)

Angiofibromas

M  Cortical tubers, subependymomas

F

13
7

Alive (11)

Y

N

Angiofibromas, hypopigmented macules N

Y

Cortical tubers, subependymomas, giant cell

24

astrocytoma

Lost to follow-up (57)

Alive (41)

N

N

Angiofibromas

57 M N

25

Angiofibromas

M  Giant cell astrocytoma

37

26

CKD chronic kidney disease

2Age at first resection

findings (Table 1), with no confirmed germline 7SC1/TSC2
pathogenic variants. The male/female ratio of TSC patients
was 3:4 (N=7). The average age of first tumor biopsy or
resection was 22.5 years (range 7-48 years; N=4). Eighty
percent (4/5) of resections were for renal cell carcinoma, with
unclassified type RCC, TSC-associated RCC, and CCRCC
were diagnosed in 40% (2/5), 20% (1/5), and 20% (1/5) of
resections, respectively. The two cases of RCC, unclassified
were not available to us for morphologic review to confirm
the morphologic diagnosis. Angiomyolipomas were identi-
fied in 80% (4/5) of resection specimens, including 3 of 4
resections (75%) performed for a renal cell carcinoma.

Syndromic brain tumors (cortical tubers, subepend-
ymomas, giant cell astrocytomas) were present in 71%
(5/7) of patients. Retinal hamartomas were present in
one patient (14%; 1/7). Cutaneous lesions (hypopig-
mented macules, angiofibromas) were common, being
present in 86% (6/7) of patients. Fifty-seven percent of
patients (5/7) had chronic kidney disease. No patients in
our cohort were diagnosed with PEComas or pulmonary
lymphangioleiomyomatosis.

One patient in our cohort died at the age of 18 from
complications of chronic kidney disease due to multiple
kidney resections for RCCs (Table 6). Two patients were
lost to follow-up. The remainder of patients were alive at
the time of the study, with an average age of 31.5 years
(range 11 to 41 years; N=4).

Clinical findings in hereditary leiomyomatosis and renal cell
carcinoma patients (N=3)

Table 7 details the clinical features of each HLRCC patient
in our study, and Tables 2 and 3 summarize the clinical
features and renal tumor findings, respectively. All patients
(N=3) had a germline FH gene mutation confirmed by
molecular testing. Two patients in the study group were
male, and one was female. The average age at first resec-
tion was 47.3 years (range 28—64 years; N =3). All three
patients received one resection for a HLRCC-associated
renal cell carcinoma. None of the patients had documented
cutaneous leiomyomata, but the sole female in the study
group had uterine leiomyomata. Two patients are alive
with disease at 50 and 68 years of age. One patient was
lost to follow-up at age 28.

Clinical findings in succinate dehydrogenase deficiency
patients (N=1)

There was one 35-year-old male patient in our cohort with
SDH deficiency. The patient presented with two renal
masses discovered incidentally on imaging, which were
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Table 7 Syndromic clinical

o - Patient Age® Sex Cutaneous leio-  Uterine leio- Follow-up (age)
ﬁndlngs and .turnors in . myomas myomas
hereditary leiomyomatosis
renal cell carcinoma syndrome 27 64 M N NA AWOD (68)
(HLRCC) patients 28 28 F N Y LFU (28). AWOD when LFU
29 50 M N NA AWOD (50). Diagnosis

of acute lymphoblastic
leukemia

NA not applicable, AWOD alive without disease, LFU lost to follow-up

4Age at first resection

both diagnosed as renal cell carcinoma with tubulopap-
illary features, morphologically suspicious for mucinous
tubular and spindle cell cell carcinoma (MTSCC), on
biopsy and resection. Due the presentation of multifocal
RCCs at a young age, the patient underwent genetic evalu-
ation for an underlying HRCCS and was found to have a
pathogenic germline SDHD variant by molecular testing.
The patient had no systemic findings, such as pheochro-
mocytomas or paragangliomas, pointing toward a clinical
syndrome, but had multiple excisions for cutaneous lipo-
mas. The patient is alive without disease (38 years old)
undergoing surveillance imaging.

Biopsy study group (N=23 biopsies)

The biopsy indication, radiologic diagnosis, histologic diag-
nosis, and subsequent post-biopsy management for each
individual patient in the biopsy group, and biopsy summary
table are detailed in Tables 8 and 9, respectively. Twenty-
three biopsies were performed on 19 HRCCS patients with
renal tumors in this cohort. Of the 23 biopsies performed, 7
were in VHL patients, 7 in BHD patients, 6 in TSC patients,
2 in HLRCC patients, and 1 in a SDH deficiency syndrome
patient.

Summary of renal tumor biopsy indications, diagnoses,
and post-biopsy management

Most of the biopsies were performed on renal masses under-
going surveillance imaging in patients with an established
diagnosis of a HRCCS (57%; 13/23). Renal tumor biop-
sies were also performed on masses found during an initial
workup of patients clinically suspected to have a HRCCS
(9%; 2/23). Confirmation of effective ablation following rad-
iofrequency or cryoablation (9%; 2/23), incidental discovery
of a renal mass on radiologic imaging (17%; 4/23), and the
discovery of a renal mass after symptomatic flank pain (9%:;
2/23) were additional indications leading to renal mass biop-
sies. The average radiologic size of all biopsied renal hered-
itary tumors was 3.5 cm (N =14), with the average mass
size for VHL and TSC tumors being 2.1 cm (N=6), and
3.8 cm (N=5), respectively. The radiologic average mass

size in BHD patients was not calculated, as many radio-
logic reports reported “multifocal masses” without giving
size measurements.

Forty-three percent (10/23) of biopsied masses resulted
in a definitive renal cell carcinoma diagnosis, with masses
suspicious for RCC (9%; 2/23), benign neoplasms (43%;
10/23), and necrosis (4%; 1/23) accounting for the remain-
der of renal mass diagnoses. Surveillance imaging was
the most common (39%; 9/23) form of post-biopsy man-
agement, followed by partial nephrectomy (35%; 8/23),
and radioablation/cryoablation therapy (17%; 4/23). One
biopsy (4%) was performed to confirm successful radioa-
blation/cryoablation of a previously biopsied mass. Three
biopsies (13%) led to molecular testing for a hereditary
renal cell carcinoma cancer syndrome.

Biopsies performed on patients without a pre-biopsy
hereditary renal cell carcinoma syndrome diagnosis

Of the 19 patients who received renal biopsies, 14 (74%)
had a HRCCS diagnosis prior to biopsy, while 5 patients
(26%) had no known HRCCS diagnosis prior to biopsy. Of
the 5 patients without a HRCCS diagnosis prior to biopsy,
3 had histologic findings on biopsy that suggested an
underlying HRCCS that led to molecular testing. Molecu-
lar testing confirmed an underlying HRCCS in all 3 of
these cases (2 BHD diagnoses, 1 HLRCC diagnosis).
The two remaining patients (2/5) without a HRCCS
diagnosis prior to renal biopsy did not have histologic
features on biopsy suggestive of a HRCCS. One of these
patients (patient 28; Table 8) was found to have two renal
masses after imaging was performed for flank pain. One
mass was suspicious for RCC and was not biopsied. The
other mass was suspicious for hilar metastasis and was
biopsied to confirm malignancy. The biopsied hilar mass
was consistent with a paraganglioma (with no features
of an underlying HRCCS) and was later conservatively
excised. The mass suspicious for RCC (not biopsied)
on imaging was partially resected and diagnosed as an
RCC, unclassified. Two years post-resection, after clinical
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Table 9 Summary of hereditary renal cell tumor biopsy indications, diagnoses, and post-biopsy management

VHL BHD TSC HLRCC SDH deficiency All heredi-
tary renal
tumors

Patients with known HRCCS Dx prior to first Bx 100% (5/5) 67% (4/6)  100% (5/5) 0% (0/2) 0% (0/1) 74% (14/19)
Morphologic Dx suggested hereditary renal cell tumor® N/A 100% (2/2) N/A 50% (1/2) 0% (0/1) 60% (3/5)
Average size of bx masses (cm) 2.1 (N=6) N/A 3.8(N=5) 77(N=2) 22(N=1) 3.5(N=14)
Biopsy indication
Imaging surveillance 71% (5/7)  57% (417)  67% (4/6) 0% 0% 57% (13/23)
Post-ablation 29% 2I7)y 0% 0% 0% 0% 9% (2/23)
Renal mass screening after clinical suspicion of HRCCS 0% 29% 2I7) 0% 0% 0% 9% (2/23)
Incidental renal mass on imaging 0% 14% (1/7)  33% (2/16) 0% 100% (1/1) 17% (4/23)
Symptomatic mass 0% 0% 0% 100% (2/2) 0% 9% (2/23)
Biopsy diagnosis
CCRCC 86% (6/7) 0% 17% (1/6) 0% 0% 30% (7/23)
RCC, unclassified 0% 0% 17% (1/6) 0% 0% 4% (1/23)
Oncocytic neoplasm 0% 57% (4I7° 0% 0% 0% 17% (4/23)
HOT 0% 43% (3/7) 0% 0% 0% 13% (3/23)
AML 0% 0% 67% (416) 0% 0% 17% (4/23)
HLRCC-associated RCC 0% 0% 0% 50% (112) 0% 4% (1/23)
Other neoplasm 0% 0% 0% 50% (1/2)°  100% (1/1)¢ 9% (2/23)
Necrosis 14% (1/7) 0% 0% 0% 0% 4% (1/23)
Post-biopsy management
Imaging surveillance 29% (2/7)  43% (3/7)  67% (4/6) 0% 0% 39% (9/23)
Radioablation/cryoablation 57% (417) 0% 0% 0% 0% 17% (4/23)
Confirm successful ablation 14% (1/7) 0% 0% 0% 0% 4% (1/23)
Partial resection 0% 57% (417)  33% (2/6)  100% (1/2) 100% (1/1) 35% (8/23)
Total resection 0% 0% 0% 50% (172) 0% 4% (1/23)
Molecular testing 0% 29% 2/7) 0% 50% (172) 0% 13% (3/23)

VHL Von Hippel-Lindau, BHD Birt-Hogg-Dube, TSC tuberous sclerosis complex, HLRCC hereditary leiomyomatosis renal cell carcinoma syn-
drome, SDH succinate dehydrogenase, HRCCS hereditary renal cell carcinoma syndrome, dx diagnosis, bx biopsy, CCRCC clear cell carcinoma,
RCC renal cell carcinoma, HOT hybrid oncocytic tumor, AML angiomyolipoma

*Patients with no prior familial cancer syndrome diagnosis

"Details of BHD oncocytic tumor biopsies: 1. cannot exclude RCC, 2. Favor ChRCC, 3. Oncocytic neoplasm, 4. Low-grade oncocytic neoplasm

“Paraganglioma

4RCC with tubulopapillary features

suspicion of an underlying HLRCC syndrome, molecular
testing confirmed the presence of a germline FH mutation.

The second patient (patient 30; Table 8) without a
HRCCS diagnosis prior to renal biopsy that did not have
histologic features suggesting a HRCCS presented with
two renal masses discovered incidentally on imaging. On
biopsy, both of these masses were diagnosed as RCC with
tubulopapillary features, suspicious for MTSCC. After
resection of the masses, similar diagnoses were rendered.
One month post-resection, clinical suspicion of an under-
lying HRCCS led to molecular testing that identified a
SDHD germline mutation.

Von Hippel Lindau biopsy study group (N=7 biopsies in 5
patients)

Each patient in the VHL biopsy group had a known diagno-
sis of VHL prior to biopsy. Most biopsies (71%; 5/7) were
performed after surveillance imaging revealed an enlarging
mass or mass suspicious for RCC. All of the masses (N=5)
found on surveillance imaging proved to be CCRCC on
biopsy. Of the masses biopsied after imaging (N=15), 80%
(4/5) were ablated after the diagnostic biopsy. One mass
was continued on surveillance because ablation was deemed
too risky. This was surveilled until it was 3.2 cm 3 years
post-biopsy and then was removed by partial nephrectomy.
One biopsy (1/7; 14%) was performed to confirm successful
tumor ablation.
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Birt-Hogg-Dubé (BHD) biopsy study group (N=7 biopsies
in 6 patients)

Thirty-three percent of patients (2/6) in the BHD biopsy
group did not have a BHD diagnosis prior to the diagnostic
biopsy. One of these patients had clinical features sugges-
tive of BHD that initiated radiologic imaging to screen
for renal masses, and led to a subsequent biopsy of a renal
mass. In the second patient without a BHD diagnosis prior
to biopsy, the mass was discovered incidentally and there
was no clinical suspicion of BHD. Both patients had his-
tologic features suggestive of BHD on the renal tumor
biopsies, which led to molecular testing that confirmed the
presence of a germline FLCN gene mutation.

Fifty-seven percent (4/7) of biopsies were performed on
renal masses followed by surveillance imaging. Twenty-
nine percent (2/7) of biopsies were performed on tumors
discovered during initial BHD renal mass screening, and
one biopsy (1/7) was performed on an incidentally discov-
ered renal mass. Forty-three percent (3/7) of all biopsied
masses were hybrid oncocytic tumors (HOT). Two of the
HOTs are undergoing surveillance imaging post-biopsy,
with no subsequent resections to date, and one HOT was
resected along with other un-biopsied masses for sympto-
matic treatment. The remainder of biopsied masses (4 of
7; 57%) were diagnosed as oncocytic neoplasms, with 2
of the 4 being suspicious for RCC. Both of the biopsies
suspicious for RCC led to partial nephrectomies, where
the tumors were diagnosed as CCRCC and ChRCC. The
other two oncocytic neoplasm biopsy diagnoses occurred
in the same patient, with the first biopsy leading to surveil-
lance imaging, and the second biopsy leading to a partial
nephrectomy; the resected mass was diagnosed as a HOT.

Tuberous sclerosis complex biopsy study group (N=6
biopsies in 5 patients)

All patients (N=15) in the TSC biopsy study group had an
established TSC diagnosis prior to biopsy. Sixty-seven per-
cent (4/6) of biopsies were performed after surveillance imag-
ing demonstrated an enlarging mass or a mass with features
suspicious for RCC. Three (3/4) of the surveillance imaging
biopsies were diagnosed as angiomyolipoma (AML) with
classic features. Surveillance imaging continued on all three
of these AMLs (2 of 3 patients have no resection to date, and
1 of 3 patients was lost to follow-up). One (1/4) of the surveil-
lance imaging biopsies was diagnosed as a RCC, unclassified,
for which the patient received a partial nephrectomy.

Two biopsies (33%; 2/6) were performed after a renal
mass was discovered incidentally on imaging. One mass
was diagnosed as a CCRCC on biopsy, which led to a par-
tial nephrectomy. The other biopsied mass was diagnosed

@ Springer

as an AML and has continued on surveillance without
resection for 4 years post-biopsy.

Resection study group (N =37 resections)

Thirty-seven resections from 23 patients were identified
for the study. Of the 37 resections, 28 were available for
morphologic review. Table 3 summarizes the tumor clas-
sification, stage, grade, distribution, and morphologic
characteristics for each HRCCS.

Von Hippel Lindau resection study group (N=20 resections
in 12 patients)

Table 10 details the tumor classification, stage, grade, dis-
tribution, and morphologic characteristics for each VHL
patient. All the tumors in the VHL resection study group
were diagnosed as a RCC, with CCRCC being the most
common (95%; 19/20), followed by clear cell papillary
renal cell (CCPRCC, 5%; 1/20). Eighty percent (16/20)
of tumors were multifocal, with an average of 3.9 tumors
per resection (N =20). The average RCC tumor size was
2.3 cm (N=60). All RCCs were tumor stage T1, and no
lymph node or distant metastases were identified in any
of the cases (N =20). Nuclear grade 2 (45%; 9/20) and
grade 3 (55%; 11/20) tumors were common.

CCRCC was the most common (95%; 19/20) RCC in the
VHL study group. CCRCC in VHL patients of our cohort
were often indistinguishable from the morphology of spo-
radic CCRCC, which shows nests of clear cells with a delicate
vascular network (Fig. 1a). Our cohort demonstrated cystic
changes in 95% (18/19) of resections available for review
(Fig. 1b). The cystic changes ranged from benign cysts with
a single layer of bland clear cells, to atypical cysts (Fig. lc,
d) lined by thickened layer of 2 to 3 atypical clear cells that
may include focal papillary tufting. Cystic RCC with cysts
lined by a layer of > 3 atypical cells (Fig. 1b) with or without
associated with a component of solid RCC were present in
many cases. Secondary degenerative changes characterized
by hyalinization were also frequent, occurring in 47% (9/19)
of reviewed resections. Clear cell tumorlets within the back-
ground benign renal parenchyma were also a common fea-
ture, occurring in 44% (4/9) of patients with tumor resections
(Fig. le-h). The tumorlets manifested as either solid nests of
clear cells (Fig. le, f), or clear cell-lined cysts (Fig. 1g, h).

One tumor (5% of resections) in the VHL resection cohort
was CCPRCC. Large areas of the tumor had the morpho-
logic appearance of CCRCC with prominent cystic changes,
characterized by a prominent tubulopapillary architecture of
low-grade clear cells with reverse nuclear polarity (Fig. 2a,
b). Immunohistochemical stains demonstrated strong, com-
plete membranous staining for cytokeratin 7 (CK7), and
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membranous cup-like staining for carbonic anhydrase IX
_é.: (CA-IX), classic for CCPRCC (Fig. 2c, d). Targeted next-
= generation sequencing confirmed the presence of a germline
§ VHL mutation without evidence of chromosome 3p25 loss.
=
% Birt Hogg Dubé resection study group (N=8 resections in 5
g patients)
§ Table 11 details the tumor classification, stage, grade, distribu-
= —§ tion, and morphologic characteristics for each BHD patient.
gb e 62.5% (5/8) of resections in the BHD study group were diag-
;/- % § § § nosed as a RCC, including ChRCC (50%; 4/8) and CCRCC
E E E E E (12.5%; 1/8). The average size of RCC (N=5) was 3.0 cm. All
2|z = 5 = resected RCCs were solitary, pT1 tumors (N=5). Hybrid onco-
£ cytic tumors (HOTs) comprised 37.5% (3/8) of resections in
§ the BHD resection study group. All HOTSs in our study group
o were multifocal (N=3), and the average tumor size was 3.6 cm
§ Eﬁ (N=6). Renal oncocytomas were not identified in this cohort.
g S Morphologically, HOTs demonstrated morphologic fea-
E z tures consistent with those described previously, including
T | Z Zz > > Z Z Z > = = nests with a mixture of cells resembling oncocytoma (round
g monomorphic nuclei, prominent nucleoli, and eosinophilic
fg cytoplasm), and cells with relatively clear cytoplasm and min-
g g imal to no koilocytic atypia resembling those seen in ChRCC
é 8 (Fig. 3a, b). One case of ChRCC was available for review and
Elm sz 2z 2z 2| 2 demonstrated features consistent with the eosinophilic variant
é of ChRCC. The tumor consisted of a solid growth pattern of
< cells with occasional irregular nuclei, frequent binucleation,
3 § some perinuclear halos, and eosinophilic cytoplasm (Fig. 3c,
O o o oz e e e g d). Background oncocytosis was present in 1 of 3 resection
= specimens available for review (Fig. 3e-h), and consisted of
:5 nodules, small clusters, and cysts of oncocytic cells within the
‘fg S é benign renal parenchyma, morphologically resembling cells
g Mo d e A . ;8 a which may be seen in oncocytoma and/or ChRCC.
5 8
5 ED Tuberous sclerosis resection study group (N=5 resections
§0 o § g in 4 patients)
A|lBHEFHEHEBEBEBEBREH S Z)
g oy Table 12 details the tumor classification, stage, grade, dis-
=:% é tribution, and morphologic characteristics for each TSC
g 5 patient. Angiomyolipoma (AML) was common (80%; 4/5)
< i § in the TSC resection specimens in our cohort, all of which
2 Z £ & were multifocal (N=4). Only one resection contained AML
e § £ = % alone, while the remainder of resections with AML (N=3)
E" g L had concurrent RCC. All reviewed AMLs had triphasic
g § & ._%0 E‘ 2 morphology; no epithelioid AMLs were identified in this
| _ﬂg men = ow = § ‘g S g cohort (Figs. 4a, b). One resection showed an AML that was
'§ % :: E E E E - E E ;f z § El ; largely cystic, where the cyst walls contained foci of typi-
E|lfF|lvi S ~S Scia=—=m|3 E % S 38 cal AML. AML tumorlets were present within background
§ § i‘j £ i Y benign renal parenchyma in 67% (2 of 3) patients with resec-
: 2 § E < § tions available for review (Fig. 4c). All resections available
2 E E gﬁ % 8 £ for review showed background cysts with a single layer of
2l&]e = « T<FEL eosinophilic cells (N=3).
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Fig. 1 Morphologic findings

in VHL renal tumors. CCRCC
in VHL patients often show a
similar morphology to sporadic
CCRCC (a), although cystic
CCRCC (b) can usually be
identified. Atypical cysts (c,

d) lined by a layer of 2-3 clear
cells, often with focal papillary
tufting, are frequently found in
the nearby renal parenchyma
uninvolved by RCC. Clear cell
tumorlets, a feature unique to
VHL, can be seen within benign
renal parenchyma as solid nests
(e, f), or cysts (g, h)

Eighty percent (4/5) of resections in our cohort were per-
formed for RCC. One resection was a solitary classic CCRCC.
The remainder of RCCs resected (N=3) were initially diag-
nosed as RCC, unclassified. Of these cases (patient 21,
Table 12), one was available for morphologic review and was
reclassified as tuberous sclerosis complex-associated RCC
(TSC-associated RCC-eosinophilic, granular and macrocystic

type; Figs. 4d-h). Numerous foci of AML were present
throughout the resection specimen and were frequently inter-
mingled or directly adjacent to the RCC (Fig. 4d). The RCC
had variable morphologies, including eosinophilic, granular
tumor cells arranged in a papillary architecture (Fig. 4e), and
microcysts and macrocysts lined by large cells with volu-
minous, eosinophilic to clear cytoplasm (Fig. 4f, g). Large
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Fig.2 Clear cell papillary RCC
in a VHL patient. Clear cells
arranged in a tubulopapillary
architecture with reverse nuclear
polarity are demonstrated (a, b).
Immunohistochemical stain for
cytokeratin 7 (c) shows strong,
diffuse membranous staining,
while carbonic anhydrase-IX
immunostain (d) demonstrates
cup-like membranous staining

portions of the tumor consisted of dyscohesive giant cells with
abundant, granular eosinophilic cytoplasm (Fig. 4h).

The average size of resected RCCs was 5.5 cm (N=4).
Fifty percent (2/4) of RCCs were T1, while the other 50%
(2/4) were T2 tumors. Fifty percent (2/4) of RCCs were
nuclear grade 2, one was grade 3, and one was grade 4.

Hereditary leiomyomatosis-associated renal cell carcinoma
resection study group (N=3 resections in 3 patients)

Table 13 details the tumor classification, stage, grade, dis-
tribution, and morphologic characteristics for each HLRCC
patient. Each of the 3 patients in this HLRCC cohort had a
single resection of a HLRCC-associated RCC. All 3 resec-
tions contained a solitary tumor, with an average tumor size
of 7.5 cm (N=3). The HLRCC tumors tended to be a high
pT stage, with one pT4 tumor, and one pT3 tumor that also
had lymph node metastases (pN1). One tumor was pT1; two
tumors were WHO/ISUP grade 4; one tumor was WHO/
ISUP grade 2, and per pathology report was consistent with
low-grade oncocytic HLRCC-associated RCC. The slides
for this case were not available for review.

Both HLRCC-associated RCC tumors available for mor-
phologic review had eosinophilic/orangeophilic nucleoli,
although not as prominent as classic RCCs from HLRCC
patients (Fig. 5a). One tumor showed predominantly papil-
lary morphology (Fig. 5b), while the other had scattered
tubules with cords and small cluster of cells with eosino-
philic cytoplasm (Fig. 5¢). Immunohistochemistry showed

@ Springer

loss of FH expression in the tumor cells, consistent with
the known profile of HLRCC-associated RCC (Fig. 5d).

Succinate dehydrogenase deficiency resection study group
(N=1)

One SDH deficiency patient was included in the study. The
patient had a resection for a pT1, grade 2, multifocal renal
tumor that was favored to represent a renal cell carcinoma
with tubulopapillary features on initial diagnosis. The tumor
was solid and cystic with a tubulopapillary architecture, con-
sisting predominately of tightly packed tubules with luminal
blue mucin and a focal spindle cell component (Fig. 6a, b).
VSTM2A expression, a marker of MTSCC was assessed by
RNA ISH for this study, and was negative, which along with
other ancillary work up (data not shown), was supportive of
this tumor representing a RCC, type unclassified (Fig. 6¢) [16].
The tumor retained SDHB by immunohistochemistry (Fig. 6d).

Discussion

Von Hippel Lindau

Clinical and pathologic findings in Von-Hippel Lindau (VHL)
patients

VHL is a highly penetrant autosomal dominant syndrome
defined by pathogenic germline deletions, missense



Page 190f30 74

opeI3 uewyn,,

wa)sAs Surpers (dNST) £30[0ted [ed150]01N) JO AIR100S [BUOTRUIIUL/OHMq

sIsougerp Jown) [eual 381y je A3y,

J[qe[IeA. JoU YA “Town) d13Ko00uo PLGAY [OH ‘BWOUIDIED [[99 [eudl 9qoydowoIyd HHyy) ‘BWOUIDIED [[39 [BUAI [[30 Jed[0 DY) ‘@dur[[roains SurSewr §7 ‘Ansnuoydo)sIjounuwi gy

(8%) oAy 61
(€9) oAy 81
N X goomdn
(€9) oAy (+) L11aD “(Ayored) £3D N N Tyordn LT
(CHEN Y VN VN Cr81 91
‘(+) €9aD “(+) uneyped-g (+) L11AD “(+) LD VN VN papeis JoN IL (94
(S) dn-mofjog 03 3507 VN N papeIs 10N 1L Tl SI
(0) dn-mofjog 03 3507 VN VN popeIs 10N 1L Ay 4!
(=) TXVvd ‘(Kyored) £3D “(+) L11AD N N papeis JoN 1L (4
(LS) ATy VN VN oC IL 9 €1
(a3e) dn-mofoq S1SKD S1S0)£000UQ 42PEID a3eig (wod) 9z1s JoWN], juened
LU SREREHV A N Ly 61
UOoI3s31 ON A N Ly 81
(VN) 1eoonmin A sossew Jursre[ud ofdnppy *ST Q) renred g
(6) Ted0ynMA N sossew ursre[ua d[dnnuA *SI (D Tened 1 A N 8¢ L1
() TedoynMN N sossew ursre[us d[dnnA *SI () renred [ N W (7 91
Krejrjos N 9Z1S UI JUISBAIOUT SSBIA *S] () rented 'z
Kreyrjog X VN () renred [ A W (4% SI
Kreyjog N 9zIs Ur SUISLaIout SSE “ST QD Tenred '[ N W 0L 4l
%Hmuﬂom -an_oﬁiwoo rUUMQU QZIs ul mcﬂw.mvuoﬁﬂ SSBIA “ST AIC Tenied "¢
Ksdorq uo QY opnoxe
jouued ‘wise[doau d1}A000U0 Pamoys
Kreyrjog SuruLa108 (JHE [ENNHUL UO PUNOJ SSEIN () renred [ A N (49 ¢l
JUBLIBA QUITWLISZ
Am.ﬁogsu Jo ‘GQE_\EV \Qﬁmoom U0onodasal I0J uonedipuyp Au—uﬂmv UOI)I3SAY owmoﬁoﬁ—uwm pawIguo) Xas mom< juaned

Medical Oncology (2019) 36:74

soInyesy o13o[oyied pue [BOIUI[D :SUONIISAI JoWwN) [BUd YIim sjuaned oqn-330H-111g L1 9|qel

pringer

a's



74 Page 20 of 30

Medical Oncology (2019) 36:74

Fig. 3 Morphologic findings

in BHD renal tumors. HOTs
demonstrate a nested arrange-
ment of cells resembling
conventional oncocytomas and
ChRCC (a, b). ChRCCs are
the most common RCC and are
similar to sporadic ChRCCs,
showing a solid growth pattern,
irregular nuclei, perinuclear
halos, frequent binucleation,
and prominent cell membranes.
Pictured is an eosinophilic
variant of ChRCC (¢, d). Renal
oncocytosis is characterized

by nests (e, f) or cysts (g, h) of
oncocytic to clear cells within
benign renal parenchyma

mutations, or non-sense mutations in the VHL tumor sup-
pressor gene located on chromosome 3p25.3. Most patho-
genic germline VHL variants are inherited, but as many as
20% arise de novo [17]. A subsequent somatic mutation
(“second hit”) results in the loss of the VHL protein, ulti-
mately leading to the development of numerous highly vas-
cular tumors including renal clear cell renal cell carcinomas

@ Springer

(25-45% of VHL patients), CNS hemangioblastomas
(60-80%), retinal hemangioblastomas (25-60%), pheo-
chromocytomas (10-20%), and pancreatic neuroendocrine
tumors (8-17%) [7, 17-19]. Benign simple cysts are com-
mon in VHL patients, especially in the kidney (50-70%)
and pancreas (17-56%), but also in the ovary, fallopian tube,
liver, and lungs [17, 19]. Cystadenomas of the epididymis
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Fig.4 Morphologic findings

in TSC renal tumors. Classic
triphasic AML (a, b) showing
a mixture of adipose tissue,
spindled or epithelioid smooth
muscle cells, and dystrophic
vessels. Smooth muscle cells
can have clear cell change and
often appear to radiate from
vessel walls. AML tumorlets
(c) are often found in the
background renal parenchyma.
TSC-associated RCCs have
variable morphologies and may
resemble CCRCCs, ChRCC/
HOTs, type-2 PRCCs, or have a
renal angiomatous-like stroma.
Pictured is a TSC-associated
RCC (d-h), granular eosino-
philic-macrocystic type, with a
solid tubulopapillary component
(d, e) along with microcysts and
macrocysts lined by with large
cells with voluminous eosino-
philic to clear cytoplasm (f, g).
Portions of the tumor consisted
of granular, eosinophilic,
multinucleated giant cells

(h). Numerous foci of AML
intermingled or were directly
adjacent to the RCC (d)

(25-60% of male VHL patients), ovary, and pancreas, as
well as inner ear endolymphatic sac tumors (10% of VHL
patients) can also be seen [7, 17, 19]. VHL syndromic
tumors present at a young age, on average at 25 years for
retinal hemangioblastomas, 30 years for CNS hemangio-
blastomas, and 37 years for CCRCC [17, 19-21]. Meta-
static CCRCC is responsible for 35-45% of VHL patient
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deaths and is historically the leading cause of death in VHL
patients, although death due to metastatic CCRCC may have
decreased in recent years due to increased surveillance and
improved imaging [4, 11].

In our cohort, extra-renal tumors and benign cysts
occurred at similar frequencies as reported in the literature
(Table 2) [17, 19]. The average age of first renal resection



Page230f30 74

Medical Oncology (2019) 36:74

wo)shs Surpeis (dN1ST) A30[oyred [e9150[01() JO KI1SIO0S [EUOEUINUI/OHMq

sIsouSerp Jown) [eual 1s1y je a5y,

dn-mo[[0J 03 IS0 /7,17 ‘OSBISIP INOYIIM QAI[E JOMYV ‘Q[qR[IBAR 10U /N ‘QWOIPUAS BUIOUIDIED [[99 [BUAI SISOJRWOAWOIS] AIRIIPAIdy DY TH ‘@oue[[IoaIns SuiSewl §7 ‘AnsTuayoolsijounuuit DHJ

BIWAY
-n9 onsejqoydwA|
QInoe Jo srsougeIp J3ueyo
w200y (0S) AOMV  Aydred pue yeam H A Te[npue[S/re[nqny,  PIOJEWIOOILS YIIM “f ON ‘vL plos L11 6¢
=)
01dD (=) XIVD
‘(=) uaypeo-q ()
D (-) YOVIAV
N7 uayM (=) LD "(+) un
AoMmV "(87) NAT -UdUWIA “(+) VINA V/IN V/N C IL onsAs pue prjos 8Y 8¢
(=) €9d “(+) TINI a3ueyd
(89)dOMV  “(+) 8XVd “(+) 3D X Areqnded g odK,  projewoores s y IN ‘€L RICN 19 LT
[o97oNnu
orydoa3ueroyoryd
(a3e) dn-mofjoq DHI -0UIS03 JUAUTWOIJ QIMOAIYIIY 49PeID 93e1S  o1sAd snsIoA pIjog (WD) 9zIs Jowny, jusned
ODYTH Yim juo
-JSISUOD BWOULOIRD wSenyderp
DOV TH Yim opea3-y3ry pamoys ‘ue9rds ‘searoued
JUQISISUOD ‘BUIOU Asdoiq ‘sossews [eual  [eISIp ‘pue[3 [BUAIPE
-101D [0 [RUAX P2[BIAAI UONUIRI 1J9 JO UONOISAI
A1II[0S  PAIBTIURIIP A[1004 A Areurm 10§ Surdewy 20[q U9 ‘(T) TeI0L, A W 0S 62
ewIOI3
-uedered QDY SSew [BUAI PaMOYS (uono9sar
Kxeyrjos pajeroosse-)N TH N ured yuep 10y SurSewy () renreq -3sod s1eak 7) X I 8T 8T
JDYTH Yim
JUQ)SISUOD ‘BWIOU
-101D [[95 [BUAX SSew [BUAI PaMOYS
KrejoS  pojenuaIdyIp A[1004 X eumewoy 10f SurSewy () TeI0L, X W 9 1T
uon JUBLIEA QUITUIIOS
Ayeooq sisougerq MOIAQI IOJ SOPI[S  -09SaI JOJ UOTIBDIpU (op1s) uonoasay or3ojoyred pawLiguo)) X3S A3y juaned

soInyeay d1Sooyred pue [EOTUI]D :SUOTIOISAT JOWN) [BUI YIIM Sjuaned SWOIPUAS BWOUTOIED [[99 [BUAI SISOJEWOAWOIS] ATE)IPAISH €1 d|qel

pringer

a's



74 Page 24 of 30

Medical Oncology (2019) 36:74

Fig.5 HLRCC-associated
RCCs. The most diagnostic
finding in HLRCC-associated
RCC is a large nucleus with

a prominent eosinophilic/
orangeophilic nucleoli (a). b

A case with predominately
papillary architecture, and (c) a
HLRCC-associated RCC with
scattered tubules, and cords and
small clusters of tumor cells.
Loss of FH expression is a char-
acteristic finding in HLRCC-
associated RCC (d). FH expres-
sion is retained in normal renal
parenchyma (lower right)

GINGY ) P

.

Fig.6 Renal cell carcinoma,
type unclassified, in a patient
with a germline SDHD muta-
tion. The tumor had a cystic
component (a), but was pre-
dominantly solid with compact
tubules filled with blue mucin
(b). The spindle cell component
of the tumor was focal. Expres-
sion of VSTM2A by RNA
ISH, a marker of mucinous
tubular and spindle cell renal
cell carcinoma, was negative
(¢). The tumor retained SDHB
expression by immunohisto-
chemistry (d)

was 31.2 years, compared to the average age of RCC presen-
tation of 37 years reported in the literature [20]. CCRCC was
the most common RCC in VHL in our study, a finding also
seen in the literature (Table 2). The average resected tumor
was 2.3 cm (V= 60), which is smaller than size threshold
(3.0 cm) recommended to prompt tumor resection (Table 3).
This finding most likely reflects that the majority of VHL
patients adhere to annual surveillance and while resection
is triggered by the largest tumor approaching ~3 cm, multi-
ple small tumors are usually resected along with the largest
tumor (Table 10). Interestingly, 55% of resected tumors in
our study were WHO/ISUP grade 3, whereas the literature
reports that most resected VHL CCRCCs to be low-grade
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(WHO/ISUP grade 1 or 2) [2]. All resected CCRCCs in the
cohort were T1 tumors, reflecting that most resections (75%)
in the study were performed in response to concerning find-
ings discovered during surveillance for renal cell carcinomas
(Table 10). There were no patients in our cohort where the
first clinical manifestation of VHL was a CCRCC. Only one
patient in our cohort died of metastatic CCRCC (Table 4),
while the remaining 3 deaths in our cohort were attributed to
stroke related to multiple hemangioblastomas, chronic kid-
ney disease from multiple renal resections, and metastatic
pancreatic neuroendocrine carcinoma.

The present study demonstrated a high frequency (95%;
18/19) of cysts and/or cystic CCRCC in resection specimens
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(Table 3; Fig. 1b, d), and all VHL patients in the study had
radiologic evidence of renal cysts (Table 2). Clear cell
tumorlets were seen in 44% of VHL patients with a resec-
tion in our cohort, although many resections had little renal
parenchyma uninvolved by tumor for evaluation. With more
thorough sampling of normal renal parenchyma, we suspect
a higher frequency of tumorlets would be identified. Clear
cell tumorlets within benign renal parenchyma in an undiag-
nosed patient should raise strong suspicion of an underlying
VHL syndrome.

Atypical renal cysts in Von Hippel Lindau (VHL) patients

It has been estimated that over 1000 benign and atypical
clear cell-lined cysts can exist in a VHL kidney and that
atypical clear cell-lined cysts are the precursor lesion to
CCRCC in VHL patients [22-24]. Atypical cysts in VHL
patients have been shown to have second-hit VHL gene
deletions and overexpress CA-IX protein by immunohis-
tochemistry, supporting the notion that atypical cysts are
precursor lesions to CCRCC in VHL patients [24]. Benign
clear cell cysts and renal tubular epithelial cells in VHL
patients have also been shown to harbor the second-hit VHL
gene deletion and may also represent precursor lesions [23,
24]. Additionally, CCRCCs in VHL patients have demon-
strated cytogenetic heterogeneity, supporting the idea that
atypical cysts and CCRCCs are multiclonal and arise from
de novo genetic events after the initial germline VHL gene
mutation [25]. It appears that multifocal CCRCCs in VHL
patients represent individual primary tumors rather than a
single clonal tumor forming multiple metastases.

Atypical clear cell-lined cysts are not unique to VHL
patients and can be seen in association with clear cell
neoplasms such as multilocular cystic clear cell renal cell
neoplasm of low malignant potential, cystic CCRCC with
or without regression, and clear cell papillary RCC. Clear
cell cysts can also be seen in acquired cystic disease of the
kidney (ACDK) and in TSC patients, although eosinophilic
cell-lined cysts may be common in these entities [23, 26,
27]. Infrequently, atypical clear cell-lined cysts occur in
association with other sporadic renal tumors such as PRCC
and oncocytomas [23, 26].

A recent case series by Matoso et al. reviewed morpho-
logic, immunohistochemical, and molecular characteristics of
atypical renal cysts [26]. Atypical cysts were classified into
three morphologic subtypes: clear cell, eosinophilic strati-
fied, and eosinophilic papillary. Nine cases of atypical clear
cell cysts were reviewed and were associated with neoplasms
(PRCC, CCRCC, oncocytoma), lithiasis, dialysis, or had no
associated lesions or comorbidities. Interestingly, 7 of the 9
cases were positive for both CK7 and CA-IX by immunohis-
tochemistry, with cup-like staining seen in two cases. None of
the atypical clear cell-lined cysts demonstrated a 3p deletion.

This study highlights that atypical clear cell-lined cysts can
arise from etiologies unrelated to VHL gene abnormalities
and also that atypical clear cell cysts can at least immunophe-
notypically resemble the profile seen in CCPRCC. Outside of
atypical clear cell-lined cysts seen in VHL patients, the role
of atypical clear cell-lined cysts as a precursor to malignancy
is uncertain. In our cohort, atypical clear cell-lined cysts were
a common finding juxtaposed to CCRCC.

Clear cell papillary renal cell carcinoma (CCPRCC) in Von
Hippel Lindau (VHL) patients

Clear cell papillary RCC (CCPRCC) is a low-grade RCC
that shares a morphologic resemblance to CCRCC, although
lacks the molecular alterations, such as VHL gene mutation
or chromosome 3p deletion, characteristic of CCRCC [28].
Additionally, CCPRCC typically lack trisomy of chromo-
somes 7 and 17, as well as loss of chromosome Y character-
istic of PRCC, although gains of chromosome 7 and 17 have
been documented in a few tumors [29]. To date, no consist-
ent molecular aberration has been identified in CCPRCC.

The distinction of CCPRCC from CCRCC is important,
as CCPRCC have a good prognosis [29, 30]. Morphologi-
cally, CCPRCC consists of clear cells, often with reverse
nuclear polarity, arranged in a tubulopapillary architecture.
Immunohistochemically, the tumor cells typically show
strong membranous expression of CK7, and membranous
cup-like CA-IX expression.

Recently, cases with features of clear cell papillary RCC
(CCPRCC) have been investigated in VHL patients [31, 32].
Williamson et al. reported morphologic, immunohistochem-
ical, and molecular findings of 14 CCPRCC-like tumors
in four VHL patients. Only two tumors demonstrated the
characteristic CCPRCC immunohistochemical profile
(CK7+, CA-IX+), and 82% of tumors demonstrated loss
of chromosome 3p by FISH, suggesting that the CCPRCC-
like tumors in these VHL patients more closely resembled
CCRCC [32]. To the contrary, Rao et al. described three
CCPRCCs in VHL patients that demonstrated the classic
immunohistochemical profile of CCPRCC and lacked 3p
deletions [31].

CCPRCC was seen in one VHL patient (patient 2) in our
cohort and demonstrated strong membranous expression
of CK7 and membranous cup-like CA-IX expression, and
lacked chromosome 3p25 loss by targeted next-generation
sequencing. These findings are relatively supportive of what
is seen in sporadic CCPRCCs, as well as the VHL-related
findings of Rao et al.

Birt-Hogg-Dubé

Birt-Hogg-Dubé (BHD) is an autosomal dominant syn-
drome characterized by a pathogenic germline variant of the
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FLCN gene located on chromosome 17p11.2, which codes
for protein folliculin. The clinical findings of BHD include
cutaneous lesions (fibrofolliculomas, trichodiscomas, and
acrochordons), which occur in 90% of BHD patients, and
pulmonary cysts (83% of BHD patients) [2, 7, 12, 33, 34].
Pneumothorax is a common complication of pulmonary
cysts, occurring in 23-38% of BHD patients, most com-
monly in patients <40 years old [7, 12, 33, 35].

Renal tumors occur in 34-49% of BHD patients, pre-
senting at a mean of 50 years, and are frequently multifo-
cal and bilateral [2, 34, 36]. The most common tumor is
hybrid oncocytic tumor (HOT), which accounts for 50% of
renal tumors [36]. Pure oncocytomas has also been reported.
Renal cell carcinomas include chromophobe renal cell carci-
noma (ChRCC) and clear cell renal cell carcinoma (CCRCC)
making up 34% and 9% of BHD renal tumors, respectively,
comparable to the findings in the present study (Table 3)
[36]. Papillary renal cell carcinomas can also occur. Meta-
static renal cell carcinoma is rare in BHD patients, but have
been reported [34]. Although most tumors in BHD patients
are benign or low-grade, the potential for the development
of RCCs justifies screening BHD patients for RCCs. In
our cohort, no cases of RCC led to recurrent or metastatic
disease.

Benign renal cysts, often lined by eosinophilic cells,
are commonly seen in BHD patients, but their frequency
is unknown [2, 12]. Oncocytosis is common and occurs
in 58% of BHD patients and is characterized by oncocytic
clusters or cysts within the renal parenchyma, or oncocytic
change in non-neoplastic tubules (Fig. 3e-h). [36] Oncocy-
tosis frequently occurs in association with ChRCC, HOT,
or oncocytoma, tumors commonly seen in BHD [37]. Most
cases of oncocytosis are now thought to be related to BHD,
although there are rare reports of oncocytosis occurring in
patients without BHD [38].

The clinical findings of cutaneous lesions, pulmonary
cysts, and pneumothorax in the present study are comparable
to what has been reported in the literature (Table 2). In our
study, one BHD patient was afflicted with numerous small
(<2 cm) angiolipomas involving the chest, arms, and thighs
(Table 5). An association of BHD with multifocal lipomas
has been noted in the literature, although only a few cases
have been reported [35, 39]. HOTs were seen in 37.5% (3/8)
resection specimens in the study, slightly lower than the 50%
renal tumor frequency rate in BHD patients reported in the
literature (Table 3) [36]. Likewise, ChRCC accounted for
50% (4/8) of resected tumors in our cohort, higher than the
34% reported in the literature (Table 3) [36]. CCRCC was
seen in 12.5% of resections (1/8), similar to what is reported
in the literature. No renal cysts were seen in BHD resection
specimens in our study, and oncocytosis was seen in 1 of 3
resections available for review.
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Tuberous sclerosis complex

TSC is an autosomal dominant syndrome with pathogenic
germline variants of 7SC/ (located on 9q34) or TSC2
(located on 16p13.3), which encode hamartin and tuberin,
respectively. Hamartin and tuberin are tumor suppressors
in the mTOR (mammalian target of rapamycin) signaling
pathway. Renal tumors are common, occurring in 70-90% of
TSC patients, most of which are angiomyolipomas (AMLs)
[4, 40, 41]. Renal failure and hemorrhage due to multifo-
cal AMLs are the leading causes of morbidity and death in
TSC patients [4, 41]. Renal cell carcinomas occur in 2—4%
of TSC patients, similar to the prevalence of sporadic renal
cell carcinomas, although TSC-associated renal cell carci-
nomas present at a much younger age (average 28 years) and
show a female predominance [9, 42]. Concurrent, multifocal
angiomyolipomas (56-94%) are frequently seen in associa-
tion with TSC-associated RCCs [41, 43].

Other clinical manifestations of TSC include brain
tumors, including cortical tubers (80% of TSC patients),
and subependymal giant cell astrocytomas (10%) [4]. Nota-
bly, 57% (4/7) of TSC patients in the present study were
diagnosed with giant cell astrocytomas (Table 2). Retinal
hamartomas are prevalent, comparable to findings in our
study, and skin lesions (angiofibroma, periungual fibroma,
hypomelanotic macules) are seen in 90-100% of patients
(Table 2) [4]. Tumors from the PEComa family (lymphangi-
oleiomyomatosis, clear cell tumors, and extra-renal angio-
myolipomas) can occur at various sites, but were not identi-
fied in our study.

Renal angiomyolipomas (AMLs) in tuberous sclerosis
complex (TSC) patients

Renal angiomyolipomas most often occur sporadically and
have several variant morphologies such as classic triphasic,
epithelioid, lipid-rich, sclerosing, and smooth muscle-like
with epithelial cysts. Epithelioid AMLs are of particu-
lar interest, as they have a reported association with TSC,
especially when they are seen in combination with epithelial
cysts and microscopic tumorlets, and they may have poten-
tial for malignant behavior [2]. Malignant behavior is not
as common as previously thought, occurring in only 4.6%
of sporadic AMLs in a recent study by He et al. [44-47].
Epithelioid AMLs have variable morphologic patterns [44].
One pattern consists of uniform populations of small clear
to eosinophilic epithelioid cells organized as nests, in an
alveolar pattern, or as sheets. Another pattern consists of
large eosinophilic epithelioid cells with abundant cytoplasm,
sometimes with pleomorphic multinucleated giant cells,
ganglion-like cells, and atypical nuclear features (vesicular
nuclei, prominent nucleoli, and nuclear pleomorphism) [44,
46]. It has been proposed that tumors with >70% atypical
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epithelioid cells, >2 mitoses per 10 high power fields, atypi-
cal mitoses, and necrosis have an increased risk of malignant
behavior [48]. No epithelioid AMLs were identified in our
cohort.

Tuberous sclerosis complex association renal cell carcinoma
(TSC-associated RCC)

TSC-associated RCCs have a large degree of morphologic
heterogeneity and may resemble CCRCCs, ChRCC/HOTs,
TCEB1-mutated tumors, and type-2 PRCCs, among other
growth patterns. Guo et al. organized TSC-associated
RCCs into three general categories: 1. Carcinoma resem-
bling renal angiomyoadenomatous tumor (RAT-like)/
RCC with smooth muscle stroma. 2. Carcinomas resem-
bling sporadic ChRCC (chromophobe-like). 3. Granular
eosinophilic-macrocystic [43]. RAT-like TSC-associated
RCCs often resemble sporadic CCRCC with nests of clear
cells, although branching tubules and focal papillary archi-
tecture can be present. Admixed bundles of smooth mus-
cle are the most characteristic feature. Chromophobe-like
TSC-associated RCC shows nests and sheets of clear to
eosinophilic cells with hyperchromatic, irregular nuclei
with at least focal perinuclear halos, although large areas
can exhibit monomorphic nuclei as in oncocytomas. Focal
intratumoral cysts are common. The most unique type of
TSC-associated RCC is the granular eosinophilic-macro-
cystic morphology, which is characterized by microcystic
and macrocystic cysts lined by granular eosinophilic cells
with admixed solid foci of RCC [43, 49]. One case of TSC-
associated RCC (patient 21; Table 12) in this study dem-
onstrated a granular eosinophilic-macrocystic morphology,
along with large areas resembling type 2 PRCC and focal
areas resembling CCRCC (Fig. 4d-h).

Histologic features suggestive of underlying tuberous
sclerosis complex (TSC)

In addition to characteristic clinical and morphologic tumor
findings, the background uninvolved renal parenchyma can
provide additional diagnostic clues that suggest underly-
ing TSC. One such finding is microscopic AML tumorlets,
which was seen in two TSC patients in our study (Table 3).
Additionally, renal cysts, seen in 30-40% of TSC patients,
in benign renal parenchyma are common [23]. They are typi-
cally lined by eosinophilic cells and can sometimes show
papillary tufting. All TSC patients (N =3) with slides avail-
able for morphologic review demonstrated renal cysts in our
study (Table 12). If a patient has a combination of AML,
eosinophilic renal cysts, and microscopic AML tumorlets,
TSC should be suspected [44].

Recognition of renal features suggestive of TSC is of
particular importance, as the clinical presentation of TSC

is variable and 60-70% of cases arise by de novo muta-
tion without an associated family history [7, 8]. Pathology
assessment can play an important role in the diagnosis of
TSC patients who are difficult to diagnose clinically.

Hereditary leiomyomatosis and renal cell carcinoma
syndrome (HLRCC)

Hereditary leiomyomatosis and renal cell carcinoma
(HLRCC) syndrome is an autosomal dominant syndrome
characterized by pathogenic germline variants in the FH
gene, predisposing affected individuals to renal carci-
noma, and cutaneous and uterine leiomyomata. Renal cell
carcinomas in HLRCC have relatively low penetrance
(20-30%), although they present at a young age (median
age 39-44 years) and tend be aggressive, high-grade tumors
associated with a high mortality [2, 14, 50-53]. Unlike most
hereditary syndrome tumors, they tend to be solitary and
unilateral. Morphologically, most tumors have papillary or
tubulopapillary growth patterns and often resemble type 2
papillary RCC at least focally [9]. Other growth patterns
include solid, tubular, or tubulocystic, or resemble collecting
duct carcinomas. The most distinctive morphologic feature
are large nuclei with perinuclear halos and prominent eosin-
ophilic/orangeophilic nucleoli, although this feature may not
be prominent in all cases as demonstrated in one tumor in
our cohort (Fig. 5a). Loss of FH expression in tumor cells
is often demonstrated by immunohistochemistry. Due to its
rarity and challenge to diagnose, HLRCC-associated RCC
is likely an under recognized entity. There should be a high
degree of suspicion for HLRCC if a young patient presents
with a high-grade tumor that demonstrates any morphologic
characteristics suggestive of HLRCC-associated RCC.

Similar to what is commonly reported in the literature, all
two of the three HLRCC-associated RCCs in the study were
solitary, high-grade tumors that tended to present at a high
T stage with lymph node metastases in one case. One tumor
was a T1, low-grade oncocytic HLRCC-associated RCC.
Two patients presented at an older age (50 and 64 years of
age) than is typically described in the literature, and one
patient presented at 28 years of age. Two patients are alive
without disease at 4 and < 1 years of follow-up, and one
patient was lost to follow-up.

Succinate dehydrogenase deficiency syndrome (SDH
Deficiency)

SDH-deficient RCCs, defined by pathogenic germline vari-
ants in one of four genes (SDHA, SDHB, SDHC, SDHD) that
encode for components of a mitochondrial SDH enzyme,
are rare tumors with an incidence of 0.1-0.2% of all RCCs
[54]. Patients with SDH deficiency predominately develop
pheochromocytomas and paragangliomas. In addition, these
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patients may develop renal cell carcinomas, carotid body
tumors, and gastrointestinal stromal tumors. SDH mutation
involving SDHB accounts for the vast majority of RCCs in
SDH-deficient patients, although mutations in SDHA, SDHC,
and SDHD rarely occur. The estimated risk for development
of an RCC by age 60 in SDHB pathogenic variant carriers
i8~5% [55]. The average age of RCC presentation is 37 years,
and not uncommonly (26% of tumors) present bilaterally [54].
Most cases of SDH-deficient RCC appear indolent, although
metastases have been reported in as high as 21% of cases in
one study [54]. Tumors with metastatic disease are frequently
ISUP/WHO grade 3 or 4, and were associated with tumor
necrosis. Patients have been reported to progress rapidly to
metastatic disease, with death resulting within 1 year, although
some patients have been reported to develop metastases after
a disease-free interval of greater than 10 years [54, 56]. Fur-
ther studies will be needed to further elucidate the malignant
behavior and metastatic potential of SDH-deficient RCCs.

The majority of SDH-deficient RCCs are associated with
the mutation of SDHB and frequently demonstrate character-
istic morphologic findings. Tumors are typically composed
of solid nests or tubules of eosinophilic cells, although cystic
change may be present. Most cases (72%) have inconspicu-
ous nucleoli and are WHO/ISUP grade 1 or 2 [2]. Vacu-
olated cytoplasm and cytoplasmic inclusions consisting of
pale eosinophilic, flocculent material is the most character-
istic finding, and is at least found focally in SDH-deficient
tumors with a SDHB mutation [54, 57]. In the rare cases
with SDHC or SDHD mutations, RCCs have been suggested
to morphologically resemble CCRCCs [58].

There was one patient (patient 30) with SDH deficiency
in our cohort with a germline SDHD mutation. The patient’s
renal tumor was initially diagnosed as RCC with tubulopap-
illary features. Upon re-review of the tumor for this study, a
negative RNA ISH for VSTM2A expression along with other
ancillary work-up (data not shown) supported that this tumor
is best categorized as a renal cell carcinoma, type unclassi-
fied. The tumor retained SDHB expression by immunohisto-
chemistry. SDHD mutations are rarely documented in SDH-
deficient RCCs, and have been reported to resemble CCRCCs
in the literature [58]. Our cohort demonstrates a unique kind
of renal cell carcinoma with tubulopapillary morphology to
occur within a patient with germline SDHD mutation; apart
from the germline defect, we were unable to confirm a somatic
loss within this tumor and therefore the true association with
the underlying syndrome remains elusive.

Summary
Our study characterizes the clinical trajectory including

clinical surveillance, biopsy, and resection information with
outcomes for a cohort of patients at a tertiary hospital and
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cancer center. We were able to confirm the previously known
clinical stigmata of HRCCS patients, as well as character-
ize renal lesions and tumors from a clinical, radiologic and
pathologic perspective. While the majority of tumors were
consistent with the anticipated clinicopathologic profile of
renal tumors found within HRCCS patients, we found some
unique characteristics within this cohort. Tumor classification
and molecular characterization confirmed a bona fide case
of CCPRCC within a VHL patient. Furthermore, while the
previous literature reports the presence of epithelioid AML
as a common occurrence in TSC patients, the 4 resections (3
patients) with AMLs in our cohort demonstrated only classic
features. We ascribe this phenomenon to a better understand-
ing of tumor classification and biologic behavior of relatively
enigmatic/uncommon renal entities like epithelioid AML.
Finally, we describe a unique renal tumor with tubulopapil-
lary features presenting in a patient with an SDHD variant;
whether this tumor shows a consistent association with the
SDH-deficient realm of HRCCS needs to be determined in
a larger series.

Identifying HRCCS patients and their families is impor-
tant so that appropriate genetic testing and surveillance
measures can be taken. The pathologist can play an impor-
tant role in identifying these patients in renal tumor biop-
sies. In our study, five of the nineteen (26%) patients with
a kidney biopsy had no HRCCS diagnosis prior to biopsy,
and in three of these five patients’ biopsies the pathologist
recognized morphologic features of a hereditary renal tumor
that prompted molecular testing and confirmed a HRCCS
diagnosis (2 BHD, 1 HLRCC).

In addition to specific morphologic features of HRCCS
tumors, tumor multifocality or bilaterality, tumor presenta-
tion at a young age, and/or background renal cysts may assist
in the recognition of HRCCS renal tumors. Clinical clues
such as a family history of renal tumors, and extra-renal
syndromic clinical findings are also helpful. In addition to
patient care, the identification of HRCCS tumors is impor-
tant to better understanding their underlying genetics and
potential therapeutic targets [59].
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