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Abstract: Up to 40% of pheochromocytomas (PCCs) and para-
gangliomas (PGLs) are hereditary. Germline mutations/deletions
in fumarate hydratase (FH) cause hereditary leiomyomatosis and
renal cell carcinoma syndrome which manifests predominantly
with FH-deficient uterine/cutaneous leiomyomas and renal cell
carcinomas (RCCs)—tumors characterized by loss of im-
munohistochemical (IHC) expression of FH and/or positive
staining for S-(2-succino)-cysteine. Occasional patients develop
PCC/PGL. We investigated the incidence, morphologic, and
clinical features of FH-deficient PCC/PGL. We identified 589
patients with PCC/PGLs that underwent THC screening for FH
and/or S-(2-succino)-cysteine. Eight (1.4%) PCC/PGLs were FH
deficient (1.1% in an unselected population). The median age for
FH-deficient cases was 55 (range: 30 to 77 y) with 50% arising in
the adrenal. All 4 with biochemical data were noradrenergic. Two
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(25%) metastasized, 1 dying of disease after 174 months. Germ-
line testing was performed on 7 patients, 6 of whom had FH
missense mutations. None were known to have a significant
family history before presentation or developed cutaneous leio-
myomas, or FH-deficient RCC at extended follow-up. The pa-
tient wild-type for FH on germline testing was demonstrated to
have somatic FH mutation and loss of heterozygosity corre-
sponding to areas of subclonal FH deficiency in her tumor. One
patient did not undergo germline testing, but FH mutation was
demonstrated in his tumor. We conclude that FH-deficient PCC/
PGL are underrecognized but can be identified by IHC. FH-
deficient PCC/PGL are strongly associated with germline mis-
sense mutations but are infrequently associated with leiomyoma
or RCC, suggesting there may be a genotype-phenotype corre-
lation. FH-deficient PCC/PGL may have a higher metastatic risk.

Key Words: fumarate hydratase, FH, 2SC, pheochromocytoma,
paraganglioma

(Am J Surg Pathol 2023;47:25-36)

Paragang]iomas (PGLs) are tumors that arise from the
neuroendocrine cells of paraganglia. PGLs that arise
from the largest paraganglion in the body, the adrenal
medulla, are known as pheochromocytomas (PCCs). As a
group, PCC/PGL are rare, with a reported incidence of ~2
to 8 cases per million per year'3; although this is likely to
be an underestimate, as incidental tumors are detected in
up to 0.05% to 0.1% of autopsies.* PCC/PGL carry one of
the highest degrees of heritability among all human neo-
plasms, with up to 40% of cases being associated with
germline mutations.>> 8 In recent decades, advances in
molecular genetics and genomics have led to remarkable
improvements in our understanding of the genomic land-
scape of PCC/PGL.? Currently, > 20 susceptibility genes
for PCC/PGL have been identified including RET, VHL,
the SDH genes (SDHA, SDHB, SDHC, SDHD, and
SDHAF2), NF1, TMEM127, MAX, KIFIB, FH, MDH?,
EPASI (HIF24), EGLN2 (PHDI), EGLN! (PHD?2),
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GOT2, SLC25A411, BAPI, MENI, KMT2D (MLL2),
DLST, IDH3B, and DNMT3A.3812

The absence of a family history in no way excludes
the possibility of syndromic disease, and in some series, the
incidence of germline mutations in clinically apparently
sporadic PCC/PGL has been as high as 35%.31317 It has
therefore been recommended that all patients with PCC/
PGL be offered some degree of genetic counseling and
testing, regardless of family history.>!>13 This facilitates
surveillance programs for other neoplasms which cluster
with hereditary PCC/PGL in the index case and permits
cascade genetic counseling and testing of family members
with a view to early intervention.!”! However, the degree
of testing actually offered in clinical practice depends on a
variety of factors including local resources/availability and
the pretest probability of hereditary disease.

As a combined group, mutations in the succinate
dehydrogenase complex (SDH) genes (SDHA, SDHB,
SDHC, SDHD, and SDHAF2) are the most common
cause of hereditary PCC/PGL.>!> Immunohistochemistry
(IHC) for SDHB is used routinely as a screening test for
PCC/PGL associated with mutations in the SDH genes.
Because SDHB IHC becomes negative whenever there is
biallelic inactivation/mutation/deletion of any of the SDH
genes, and somatic-only mutations in the SDH genes are
very rare in the absence of germline mutation, loss of ex-
pression of SDHB in a PCC/PGL is strong prima facie
evidence of a pathogenic germline SDH mutation.>!>1?
Furthermore, loss of expression of SDHB can also be used
as functional evidence of pathogenicity when a variant of
uncertain significance (VUS) is identified by sequencing
one of the SDH genes.'>1%-19-20 For this reason, reflex IHC
for SDHB has been recommended for all PCC/PGL.!%15-19

The next most common germline mutations asso-
ciated with PCC/PGL occur in RET (which causes MEN2
syndrome), VHL (von Hippel Lindau syndrome), and NFI
(neuroﬁbromatosis type 1) which, together with mutations
in the SDH genes, account for the great majorlty of he-
reditary PCC/PGL.? Unfortunately, in our experience, no
reliable surrogate THC markers are identified for these
mutations, but molecular testing for RET and VHL is
widely available, and most patients with neurofibromatosis
will have cutaneous manifestations by the time PCC/PGL
are diagnosed.!>!? Therefore, most patients with these most
common syndromes presenting with PCC/PGL are identi-
fied in most settings using current techniques. However, in
routine clinical practice, the identification of patients with
PCC/PGL who have any of the less common hereditary
syndromes is more problematic. Many of these low-in-
cidence genes are not included in molecular screening
panels, and the cost of screening for all these genes, even if
only performed in high-risk patients, may be prohibitive.

Pathogenic germline variants in fumarate hydratase
(FH) cause the autosomal dominant hereditary leiomyo-
matosis and renal cell carcinoma (HLRCC) syndrome
(OMIM reference 150800). HLRCC syndrome predom-
inantly manifests with uterine and cutaneous leiomyomas
and a distinctive subtype of renal carcinoma now termed
FH-deficient renal cell carcinoma (RCC).2"2* THC for
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FH and S-(2-succino)-cysteine (2SC) is widely used to
screen leiomyomas and renal carcinomas with compatible
morphology for biallelic FH inactivation/mutation—
termed FH deficiency.>'~?* Briefly, loss of expression of
FH by IHC is highly specific for FH deficiency, while
aberrant positive staining for 2SC is highly sensitive. In
renal carcinoma, positive staining for 2SC lacks specifici-
ty; however, in leiomyomas, 2SC IHC appears to be both
highly sensitive and specific.”?! ?* While the majority of
patients with FH-deficient RCC will be shown to have a
germline FH mutation (ie, HLRCC syndrome),'-*2->* the
majority of patients with single FH-deficient uterine leio-
myomas have somatic-only biallelic mutation/inactivation
and do not have HLRCC syndrome.?3

Occasionally, patients with HLRCC syndrome also
develop PCC/PGL, and it is estimated that ~1% of patients
with PCC/PGL will have a germline H mutation, often in
the absence of a family history or other -clinical
manifestations.>?>27 As the population prevalence of
pathogenic germline FH variants is estimated to range from
0.0308% to 0.0390%,28 it is clear that germline FH muta-
tion predisposes to PCC/PGL, but the penetrance of PCC/
PGL in this syndrome is low. These patients with HLRCC
syndrome presenting with PCC/PGL are difficult to identify
as the diagnosis is often not considered, other clinical fea-
tures are commonly absent, testing for FH mutation is not
included on some molecular screening panels used to
identify patients with hereditary PCC/PGL syndromes, and
the resources required to offer genetic testing for rare causes
of hereditary PCC/PGL are not available in all settings.

Although there are isolated case reports of THC for
FH and 2SC being used to identify patients with HLRCC
presenting with PCC/PGL,?%3 the sensitivity, specificity,
and practicality of reflex screening IHC for FH and 2SC
has not been explored in a large cohort. There have been
suggestions that FH mutations are more likely to be as-
sociated with aggressive behavior of PCC/PGL, but this
has not been validated.?’ It is not clear if there are mor-
phologic or anatomic clues to FH deficiency in PCC/PGL
as there appears to be with SDH mutations.!>1%3! Tt is
uncertain if FH mutations arising in PCC/PGL are more
commonly somatic-only as they are in uterine leiomyoma
or if they are usually associated with germline mutation as
they are in RCC.2!?? Finally, it is unclear if there is a
genotype-phenotype correlation, as there is with VHL
syndrome,>? so that some classes of FH mutations may be
more commonly associated with PCC/PGL, whereas other
classes of mutation may be more commonly associated
with the presence of the classic features of HLRCC
syndrome-leiomyomas and RCCs.

For these reasons, we sought to share our experience
of the incidence, clinical, morphologic, IHC, and molecular
features of FH-deficient PCC/PGL.

MATERIALS AND METHODS
We searched the computerized database of the
Department of Anatomical Pathology, Royal North
Shore Hospital, for all cases of PCC/PGL diagnosed
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between January 1, 1991, and May 1, 2022. If THC for FH
and/or 2SC was performed at the time of primary diag-
nosis, these results were noted and included in the series. If
this IHC was not performed at the time of diagnosis and
formalin-fixed paraffin-embedded tissue blocks were
available in the files, the IHC was performed on the ar-
chived tissue blocks. For consultation and external review
cases, paraffin blocks were usually not available in the
files, and therefore we had to rely on IHC performed at the
time of primary reporting. For these external consultation
cases, provided a paraffin block or sufficient unstained
sections were available, we had performed IHC for FH
routinely on all cases from 2016, and 2SC IHC from 2020.

For any cases recorded as actually or potentially
demonstrating negative FH or positive 2SC THC at the
time of primary reporting, the material was retrieved from
the archives or external referrer, and IHC was repeated for
the purposes of this study. Available clinical data were
collected for each FH-deficient case. This included dem-
ographic information, clinical presentation, personal and
family history of neoplasia, and clinical follow-up.
Pathologic data collected included gross appearance, tu-
mor location, laterality, and size. At least 1 hematoxlin
and eosin-stained section from each FH-deficient tumor
was reviewed to permit morphologic correlation.

A PCC/PGL was defined as being FH-deficient if it
demonstrated loss of expression of FH and/or positive
staining for 2SC by IHC. Our IHC methods have pre-
viously been described in detail.?!~?3-33 Briefly, we used an
automated staining platform—the Leica Bond III
Autostainer (Leica Biosystems, Mount Waverley, Vic.,
Australia). For FH, a commercially available mouse
monoclonal antibody was used at a dilution of 1 in 2000
(clone J-13, cat no sc-100743; Santa Cruz Biotechnology),
with heat-induced epitope retrieval for 30 minutes at 97°C
in the manufacturer’s alkaline retrieval solution ER2 (VBS
part no: AR9640). For 2SC, a rabbit polyclonal antibody
(crb2005017, Discovery Antibodies; Cambridge Research
Biochemicals Cleveland, UK) was used at a 1 in 2000
dilution, with heat-induced epitope retrieval for 30 mi-
nutes at 97°C in the manufacturer’s acidic retrieval sol-
ution ER1 (VBS part no: AR9961).

The IHC was interpreted by a single observer (A.J.G.).
Negative stating for FH was defined as absent staining in
neoplastic cells in the presence of a positive internal control
in non-neoplastic cells such as endothelial and stromal cells.
If the tumor cells were negative but there was no internal
positive control, staining was considered indeterminate and
repeated. Focal expression was considered positive unless
there was a clearcut expansile nodule of neoplastic cells with
loss of expression of FH in the presence of excellent internal
positive controls in the areas of negative staining, in which
case it was interpreted as a subclonal loss. 2SC positivity was
defined as strong and diffuse cytoplasmic or nuclear and
cytoplasmic staining of all neoplastic cells. Again, if there
was a clearcut expansile nodule of neoplastic cells with
positive staining, this was considered subclonal positivity.

All patients with FH-deficient PCC/PGL were offered
germline testing as part of their clinical care. Genetic testing

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

was performed at various clinical laboratories in Australia
using massively parallel sequencing (MPS) with Sanger
confirmation. If paraffin blocks were available, FH muta-
tion testing was also performed in our laboratory on DNA
extracted from macrodissected neoplastic and non-
neoplastic formalin-fixed paraffin-embedded tissue. This
mutation testing was performed by both Sanger sequencing
and MPS. For Sanger sequencing, previously described
custom primer sets were used.”> For MPS, a MiSeq Plat-
form and TruSeq Custom Amplicon Assay (Illumina, CA)
was used. If a mutation was identified by MPS but not
found on Sanger sequencing, repeat targeted Sanger se-
quencing of the exon of interest was performed before the
mutation was considered confirmed. Loss of heterozygosity
(LOH) studies were performed using a previously described
set of 6 polymorphic short tandem repeat markers
(D1S517, D1S2785, D1S180, AFM214xel1, D1S547, and
D1S2842) surrounding the FH gene.?> Metabolomic
profiling was performed on one of the tumors using high-
performance liquid chromatography (Shimadzu, Australia)
coupled to an API QTRAP 5500 spectrometer (SCIEX,
Australia), according to previously described methods.3334
This study was approved by the North Sydney Local
Health District Medical Ethics Review Board.

RESULTS

Patient Characteristics and Clinical Data

We identified 589 different patients with PCC/PGL
diagnosed between 1991 and 2022, where FH IHC was
performed at the time of diagnosis or was able to be
performed retrospectively for this study. Of these, results
for 2SC were also available for 316 (54%) cases. Of the 589
patients with PCC/PGL, 414 (70.3%) were external con-
sultation cases often sent to our institution primarily for
SDHB IHC and therefore perhaps with a selection bias
towards hereditary disease; whereas 175 (29.7%) patients
had their primary treatment and surgery at our institution
and therefore represent an unselected cohort. For the
overall cohort, 311 patients (53%) were female (female:
male =1.1:1) and the median age at diagnosis was 51 years
(mean =50 y; range: 10 to 88 y).

A total of 8 PCC/PGL (1.4%) demonstrated negative
staining for FH and/or positive staining for 2SC and were
therefore classified as FH-deficient PCC/PGL. Six of these
PCC/PGL patients were from consultation cases, whereas
2 of these patients were among the 175 patients from our
institution, suggesting that the incidence in an unselected
population is 1.1%. For the consultation cases, a variety of
fixation and processing protocols would have been used,
and some of the local cases had been in paraffin blocks for
up to 30 years. Despite this, we had no difficulty in per-
forming and interpreting THC.

The clinical, pathologic, IHC, and molecular features
of the FH-deficient PCC/PGL are summarized in Table 1.
Of these cases, 7 (87.5%) showed both negative staining for
FH and positive staining for 2SC, whereas
1 (12.5%) was positive for FH and positive for 2SC.
The median age at the time of diagnosis of FH-deficient
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TABLE 1. Clinical, Pathologic, IHC, and Molecular Features of 8 FH-deficient PCC/PGL Identified by Screening a Cohort of 589

Consecutive Cases

Patient | Age | Sex Other tumors Site Size FHIHC | 2sC Germline FH Tumor FH

LOH in Necrosis | Mitoses Soft tissue | LVI Metastases Duration Status Biochemical

D (yrs) (mm) HC status status tumor (per 2mm?) | extension of follow at last profile
up follow
(months) | up
1 30 | M Left para- Right 38 Neg Pos ¢.1142C>T u u Nil <1 Nil Nil No 370 ANED | Noradrenergic
adrenal PGL adrenal (subcl | (p.Thr381lle)
age 52 onal)
(pathology
not available)
2 36 | F Nil Retro- 100 Neg Pos WTt ¢.1516A>G Present | Nil <1 Nil Nil No 82 ANED | Catecholamine
peritoneum (subcl | (subcl (p.Met506Va) production§
onal) onal) mutation
detected in
the area of
subclonal FH
IHC losst
3 69 | F Nil Right 28 Neg Pos C.222A>T u Absent Nil <1 Nil Nil No 72 ANED
adrenal (p.Arg74Ser)
4 77 | M Synchronous Retro- 65 Neg Pos V] ¢.203A>G Absent Nil 2 Present Yes | No 36 ANED
non-Hodgkin peritoneum (p.Tyr68Cys)
lymphoma
(FH-retained)
5 59 | F Synchronous Right 72 Neg Pos c.1142C>T V] U Nil Nil Nil No 3 ANED
high-grade adrenal (p-Thr381lle)
serous
carcinoma of
the ovary
(FH-retained)
6 32 | F Synchronous Right 75 Neg Pos ©.1142C>T u u Nil 1 Nil Nil No 27 ANED | Noradrenergic
conventional adrenal (p.Thr381lle)
clear cell
RCC (FH-
retained)
7 57 | M Nil Carotid u Pos Pos €.700A>G u Present | Nil 1 Nil Nil Yes — 174 DOD Initially non-
body (p-Thr234Ala) Widesprea functioning.
d bone and
liver mets Metastases
at120 became
months noradrenergic
8 53 | F Nil Retro- 55 Neg Pos C.222A>T u u Nil 1 Present Nil Yes — two 6 AWD Noradrenergic
peritoneum (p.Arg74Ser) lymph
nodes mets
at
presentatio
n

*Patients 1, 5, and 6 are all from the same extended kindred. Patient 5 had been unaware of patient 1’s diagnosis of HLRCC and only after genetic counseling and

molecular testing was undertaken, was patient 6 found to be related to this kindred.
+A synonymous germline FH ¢.330T > C (p.Tyr110Tyr) VUS was detected.

IA synonymous FH ¢.920C>T (p.Val306Val) variant was also detected in the FH-deficient part of the tumor.

§Patient 2 biochemistry was not tested before removal. However, there was strong clinical evidence of catecholamine production including takotsubo-like cardiomy-
opathy, postoperative acute respiratory distress syndrome, labile blood pressure requiring vasopressors, and delayed extubation.

ANED indicates alive no evidence of disease; AWD, alive with disease; DOD, dead of disease; F, female; LVI, lymphovascular invasion; M, male; U, unknown/not

tested; WT, wild-type.

PCC/PGL was 55 years (mean=>51 y; range: 30 to 77 y).
There was no statistically significant difference in mean age
at diagnosis between the FH-deficient and FH-retained
cases (50 vs. 51 y, P=0.891). Five patients (63%) were
female. Tumor locations were as follows: adrenal (4 cases),
retroperitoneum (3 cases), and carotid body (1 case). Four
patients had comprehensive biochemical profiling before
surgery, and all were shown to have noradrenergic tumors.
One patient, patient 2, did not have biochemical testing
before surgery as the diagnosis was not suspected.
However, she had clear clinical evidence of life-
threatening catecholamine crises in the lead-up to
diagnosis including an intrauterine growth retardation
pregnancy and urgent preterm delivery; and acute
Takotsubo-like cardiomyopathy with pulmonary edema
requiring inotropic support. Immediately postoperatively,
she developed acute respiratory distress syndrome, labile
blood pressure requiring vasopressors and delayed
extubation.

None of the 8 patients were known to have a family
history of HLRCC at the time of diagnosis. The mother of
patient 1 had a large uterine leiomyoma removed in her
30s and was subsequently demonstrated to carry the

28 | www.ajsp.com

family mutation after her daughter was diagnosed. This
leiomyoma was not available for review or IHC. None of
the other patients were known to have a personal or family
history of other FH-deficient neoplasms such as cutaneous
leiomyomas, clinically significant uterine leiomyomas or
FH-deficient RCC even at long-term follow-up. Interest-
ingly, it was only after patient 5 was diagnosed with
FH-deficient PGL that she was made aware that she was a
distant relative of patient 1; and only during the prepa-
ration of this paper was it found that patient 6, who shared
the same germline mutation [c.1142C>T (p.Thr3811le)],
was also distantly related to these 2 patients. That is, al-
though 3 of the patients were from the same large ex-
tended kindred, all 8 patients with FH-deficient PCC/PGL
presented as clinically sporadic disease.

Three patients had apparently unrelated synchro-
nous FH-retained neoplasms at the time of resection of
their FH-deficient PCC/PGL. Patient 4 had non-Hodgkin
lymphoma (diffuse large B-cell type) and patient 5 had
ovarian high-grade serous carcinoma. The blocks from
these other tumors were retrieved, the diagnoses con-
firmed, and the tumors demonstrated to be FH-sufficient
(FH positive and 2SC negative). Patient 6 deserves special

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.



Am | Surg Pathol » Volume 47, Number 1, January 2023

FH-deficient PCC/PGL

discussion as she was diagnosed with conventional clear
cell RCC at the time of presentation at age 32. Suspecting
that this may represent misdiagnosed FH-deficient RCC,
we retrieved all the slides and paraffin blocks. The tumor
demonstrated typical morphology for clear cell RCC and
was FH-sufficient (positive for FH and negative for 2SC).
Furthermore, on sequencing of the RCC, although the
trace germline FH mutation (c.1142C>T) was detected,
no somatic second hit or LOH was identified in the RCC.
We therefore concluded that this RCC was indeed
an incidental conventional clear cell RCC and not a
FH-deficient RCC.

The median duration of follow-up was 54 months
(mean =96 mo, range: 3 to 370 mo). Of the 8 patients,
2 (25%) had metastatic disease. Patient 8, who had
lymph node metastases resected at presentation, was
alive with disease (other lymph node metastases) at
6 months. Patient 7, who had a carotid body PGL, was
diagnosed with widespread bone and liver metastases
10 years after his initial presentation and died of the
disease at 174 months. The remaining 6 patients were
alive with no evidence of disease at last follow-up
(Table 1). One patient developed a metachronous PCC
22 years after her first tumor was diagnosed. None of the
patients developed cutaneous leiomyomas, FH-deficient
RCCs or clinically significant uterine leiomyomas during
follow-up.

Morphologic Characteristics

The pathologic characteristics of the 8 FH-deficient
PCC/PGLs were reviewed. The median tumor size was
65 mm (mean=62 mm, range: 28 to 100 mm). All FH-
deficient tumors demonstrated retained expression of
SDHB and SDHA. Of the 589 patients in our cohort, 103
(ie, 17.5%) showed loss of expression of SDHB by IHC (ie,
they were SDH deficient) and of these patients, 7 were also
negative for SDHA by IHC. As all these SDH deficient
tumors demonstrated retained FH expression, this sup-
ports the suggestion that SDH deficiency and FH defi-
ciency are mutually exclusive.

The morphology of the tumors is illustrated in Figures
1-4. All cases demonstrated a somewhat nested architecture,
although they lacked the strikingly well-developed, tight
nesting pattern described in SDH-deficient PCC/PGL.%!
Some tumors showed areas of trabecular architecture.
There was no sheet-like growth. The neoplastic cells lacked
the cytoplasmic clearing reported in SDH-deficient PGLs’!
and all demonstrated distinctly granular eosinophilic to
amphophilic cytoplasm. No cytoplasmic inclusions were
seen. No spindle cell morphology was seen, and there was no
significant pleomorphism. In contrast to FH-deficient
leiomyoma and RCC, which are characterized by very
prominent inclusion-like nucleoli,>’>* the nucleoli were
inconspicuous. None of the tumors showed necrosis.
Mitotic activity was low, with a maximum of 2 mitotic
figures per 2 mm?. Two cases showed extension of tumor
cells beyond the capsule and into the adjacent soft tissue.
Capillary and lymphatic invasion was identified in 1 case. In

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

summary, there were no clear morphologic clues to the
presence of FH deficiency.

The pattern of FH and 2SC staining is illustrated in
Figures 2-4. All non-neoplastic tissues (including
endothelial cells and adjacent non-neoplastic adrenal
parenchyma) demonstrated positive staining for FH in a
mitochondrial pattern (ie, granular and cytoplasmic),
whereas the neoplastic cells of FH-deficient tumors were
either completely negative for FH or exhibited only a
weak cytoplasmic diffuse blush, which contrasted
markedly to the distinctly granular expression seen in
the non-neoplastic cells (Fig. 4). 2SC was diffusely
strongly expressed in the cytoplasm of all neoplastic
cells, occasionally also with nuclear expression. 2SC was
not expressed in non-neoplastic tissue nor in any of the
308 FH-sufficient cases tested and not known to be
associated with somatic or germline FH mutation.

One PGL (patient 2) demonstrated subclonal FH
deficiency, defined as an expansile nodule of tumor cells
which were FH negative and 2SC positive, arising from
within a PGL with otherwise normal (FH positive and
2SC negative) IHC. The FH-deficient clone in this tumor
accounted for ~25% of the total tumor volume.

Molecular Analysis

All 8 patients had molecular testing performed and
were found to have an FH mutation in their germline or
tumor (summarized in Table 1). Seven patients had
germline testing, of whom 6 were shown to have
pathogenic variants in FH. Patient 2 with subclonal
FH deficiency was wild-type in the germline on both
sequencing and MLPA analysis. We macrodissected this
tumor and were able to demonstrate a somatic FH
c.1516A>G (p.Met506Val) mutation in the FH-
deficient nodule, which was absent in the FH-sufficient
regions and germline. In silico analyses predicted this
variant to be damaging to protein function (PolyPhen-2,
score 0.999; SIFT, score 0) and metabolomic profiling
demonstrated an altered succinate:fumarate ratio. The
subclonal area of FH deficiency demonstrated LOH. We
therefore concluded that the addition of a somatic FH
mutation with LOH in a PGL led to the subclonal FH
deficiency.

Six patients had germline missense mutations within
coding regions of the FH gene. The following mutations
were detected: c¢.1142C>T (p.Thr3811le) (3 patients, all
subsequently found to be from one extended kindred),
c.222A>T (p.Arg74Ser) (2 patients, unrelated to our
knowledge), and ¢.700A > G (p.Thr234Ala) (1 patient).
The ¢.222A > T (p.Arg74Ser) mutation has not previously
been described in FH-deficient PCC/PGL and is currently
classified as a VUS in ClinVar. However, given the THC-
confirmed loss of tumor FH protein expression and cose-
gregation with PCC/PGL in both patients 3 and 8 with
this variant, we believe that there is sufficient evidence to
classify it as likely pathogenic.

LOH testing on tumor tissue was performed on
4 tumors. As described above, patient 2 with somatic-only
mutation demonstrated LOH. Patient 7 with germline FH
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FIGURE 1. The variable morphology of FH-deficient PCC/PGL. A, Prominent vascular spaces. B. Typical nested and trabecular
growth pattern with sustentacular cells. The cytoplasm is abundant and varies from amphophilic (C) to palely eosinophilic (D).
E, Most cases were circumscribed and encapsulated, with a clear demarcation from the normal adrenal gland. F, Irregular extension
of tumor cells into adjacent soft tissue was seen in a minority of cases.

¢.700A > G (p.Thr234Ala) mutation was also shown to  therefore are unable to exclude a somatic second hit mu-
have LOH in his tumor. No LOH was found in patient 3  tation. Patient 4 did not have germline testing performed
with a germline FH ¢.222A>T (p.Arg74Ser) mutation,  but was found to have an FH ¢.203A > G (p.Tyr68Cys)
however, we were unable to sequence the tumor and  mutation in his tumor without LOH. Based on available
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FIGURE 2. Serial sections stained with hematoxlin and eosin (A, C) and FH IHC (B, D). The neoplastic cells show completely
negative staining for FH. In contrast, the non-neoplastic adrenal (arrows) and endothelial/stromal cells within the main tumor mass
(arrowheads) demonstrate positive staining for FH in a granular cytoplasmic (mitochondrial) pattern and serve as an internal
control.

data, we were unable to determine if this mutation was
somatic-only or germline.

Role of FH and 2SC IHC to Support
Pathogenicity in FH VUS

We reviewed the IHC findings of 3 patients identified
with  VUS in FH on germline sequencing. Two
patients (a 60-y-old male and a 45-y-old female)
harbored the FH germline variant c.1431_1433dupAAA (p.
Lys477_Asn478insLys).>>37 This variant is known to be
associated with the severe autosomal recessive metabolic
disorder of FH deficiency and was initially assumed to also
be pathogenic for HLRCC. However, both patients dem-
onstrated normal IHC in their tumors (FH positive, 2SC
negative) and lacked somatic second hits or LOH. Sub-
sequently, convincing data have demonstrated that this FH
variant is relatively common in the general population and is
not associated with an increased risk of neoplasia.>>>7 In
fact, the 45-year-old female was eventually shown to have a

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

germline pathogenic variant in exon 11 of RET ¢.1902C > G
(p-Cys634Trp), subsequently developed medullary thyroid
carcinoma, and was therefore diagnosed with MEN2A
syndrome. Similar normal IHC staining was found in a
49-year-old female with PCC and an exon 10 variant
c.1421C>T (p.Thrd74lle), which is currently considered a
VUS but is likely benign.

That is, in all 3 patients, the normal staining (FH
positive, 2SC negative) was clinically useful as it provided
further support to the decision to consider these variants
as likely non-pathogenic.

DISCUSSION
Our study has several direct implications for patient care.
First, we provide proof that, like SDHB IHC, reflex FH and
2SC THC on all PCC/PGL is a rational approach. If the
presence of either germline or somatic mutation is considered
the gold standard, FH/2SC THC is 100% specific for FH de-
ficiency. Our study was not designed nor intended to assess the
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FIGURE 3. Serial hematoxlin and eosin—stained (A, C), 25C IHC-stained (B), and FH IHC-stained (D) sections. The non-neoplastic adrenal
gland (asterisk) is negative for 2SC IHC, while the tumor cells show diffuse cytoplasmic expression. The non-neoplastic endothelial cells
within the tumor mass (arrowheads) demonstrate positive staining for FH, in contrast to the PCC cells which are completely negative.

sensitivity of FH/2SC IHC. However, we note that using
screening THC, we found that 1.4% of all PCC/PGLs were FH
deficient (1.1% in an unselected population). Given that the
combined results of other studies have estimated the incidence
of FH germline mutation in PCC/PGL as being 1.1%,2>3¢ we
conclude that FH/2SC THC is also highly sensitive.

Whilst it could be argued that many of these patients
will also undergo panel molecular testing and, in some
sense, FH/2SC could be considered redundant, we note
that molecular testing is not always completely sensitive
and that identification of an FH-deficient PCC/PGL at
diagnosis may permit a more targeted approach to genetic
testing. Furthermore, as we have demonstrated, [HC has a
clear role in assessing the potential pathogenicity of any
VUS in the FH gene found by sequencing. Therefore, like
SDHB IHC, we now perform FH and 2SC THC on all
PCC/PGL at the time of diagnosis. Although we only
report 8 FH-deficient cases and therefore care should be
taken before drawing firm conclusions, we note that no
FH-deficient cases were also SDH deficient and that no
FH loss was found in 103 SDH-deficient PCC/PGL.
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Furthermore, to date, co-mutation of SDH and FH have
not been reported.?>-26-343¢ Therefore, we conclude that
SDH deficiency and FH deficiency are highly likely to be
mutually exclusive and if cascade IHC testing is preferred,
FH/2SC THC may need only be performed on SDHB
IHC-positive PCC/PGL.

In RCC and uterine leiomyoma, it has been esti-
mated that, compared with 2SC, IHC for FH alone has a
sensitivity of 80% to 90%.21:23:24.38-40 The finding that 7 of
8 PCC/PGL in our series were negative for FH, whereas
all 8 were positive for 2SC, suggests a similar sensitivity of
87.5% for FH THC in PCC/PGL compared with 2SC.
Although 2SC THC is imperfectly specific in RCC,21-%* it
appears to be 100% specific in PCC/PGL (similar to ute-
rine lelomyoma), and there was no significant staining at
all in any of the other PCC/PGL. Therefore, an argument
could be made to perform only 2SC IHC rather than
combined FH and 2SC.

Most FH-deficient RCCs are associated with germ-
line FH mutation, probably of the order of 80% to
90%,%1* whereas the majority of FH-deficient uterine

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 4. Serial sections stained with hematoxlin and eosin (A, C) and FH IHC (B, D) from patient 2. This tumor showed subclonal
loss of FH expression with an area of preserved FH staining (asterisk). Of note, the area showing loss of FH staining demonstrates
positive staining within the non-neoplastic endothelial/stromal cells (arrowheads) which serve as an internal control. In the FH-
deficient areas, there is weak non-specific diffuse cytoplasmic expression which contrasts with the strong granular expression in the
internal positive controls. This pattern of staining should be considered negative (FH deficient). This tumor was found to have a
somatic FH mutation in this subclonal FH-deficient nodule but no germline mutation.

leiomyomas, particularly if solitary and occurring at an
older age, are not associated with FH mutation.??8:3% Of
the 7 patients in our series who underwent genetic testing,
6 (85.7%) were found to have an FH germline mutation.
Therefore, we conclude that most FH-deficient PCC/PGL
are associated with germline mutations and therefore the
diagnosis of an FH-deficient PCC/PGL is an absolute
indication for genetic testing.

Review of different germline FH mutations associated
with PCC/PGL reveals an interesting insight (Table 2).
Including the 8 patients from our study, 11 different germline
FH mutations have now been reported in 18 patients with
FH-deficient PCC/PGL, of which 17 are missense
mutations. 2263436 A]l 8 patients in our series had
missense mutations and were notable for having no
evidence of FH-deficient leiomyoma or RCC. In contrast,
truncating variants account for more than half of the
mutations associated with HLRCC as currently defined
based on leiomyomas and RCC.?’ This genotype-phenotype

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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distinction is reminiscent of VHL syndrome, in which
patients with VHL large-scale deletions or pathogenic
truncating or missense variants that are predicted to
grossly disrupt the folding of the VHL protein have a very
low risk of developing PCC but remain at risk of other
features including hemangioblastoma, RCC, pancreatic
cysts, and neuroendocrine tumors.’> These patients are
considered to have VHL type 1. In contrast, patients with so-
called VHL type 2 generally have pathogenic missense
variants in the VHL gene. All these patients are at high risk
of PCC and can be further subdivided into type 2a (PCC and
hemangioblastoma but low risk of RCC), type 2b (PCC,
hemangioblastoma, and high risk of RCC), and type
2¢ (PCC only).

If the striking genotype-phenotype correlation in FH
is upheld in other studies, it may be reasonable to sub-
divide FH mutation into 2 types—for example, FH defi-
ciency type 1 which would have a high risk of RCC and
leiomyoma without PCC/PGL and is associated with
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TABLE 2. Clinical and Molecular Features of Reported FH-deficient PCC/PGL Cases

References

Patient

ID

Germline DNA Change

Protein Change

Age at
Diagnosis
(y) Sex

Predicted Consequence Clinical Phenotype

Letouzé et al2®

and Castro-
Vega et al?s

Clark et al’’

Richter et al’®’

1

— N — W

c.349G>C

c.268-2A>G
c.1142C>T

c.580G > A

c.986A>G
c.1301G>A

c.157G>A

c.700A>G

p-Alal17Pro

(splice defect)
p-Thr3811le

p-Alal94Thr

p-Asn329Ser

p-Cys434Tyr

p.Glu53Lys
p-(Thr234Ala)

2 ¢c.908T>C p-(Leu303Ser)

3 c.816_836del

This study 1 c.1142C>T p.Thr3811le

2 WT NA

3 c.222A>T p.Arg74Ser

4 U NA

5 c.1142C>T p.Thr3811le

6 c.1142C>T p-Thr3811le
7 c.700A>G p-Thr234Ala

8 c.222A>T p-Arg74Ser

p
(Ala273_Val279del)

Missense 63 F Unilateral PCC

Metastatic

PCC and PGL
PGL
Metastatic
PCC and PGL
Metastatic
HNPGL
Unilateral PCC
Unilateral PCC
Unilateral PCC
Aberrant tumor
fumarate:malate
ratio on metabolomics,
FH
deficient by IHC
Unilateral PCC
Aberrant tumor fumarate:
malate ratio on
metabolomics, FH deficient
by IHC
Unilateral PCC
Aberrant tumor fumarate:
malate ratio on
metabolomics and LOH
detected
Unilateral PCC
Family history of HLRCC
Metachronous PGL diagnosed
22 y later (pathology not
available)
PGL with somatic FH
c.1516A > G (p.Met506Val)
mutation
Unilateral PCC
No LOH
PGL with somatic FH
¢.203A > G (p.Tyr68Cys)
mutation
No LOH
Unilateral PCC
Synchronous high-grade
serous carcinoma of the
ovary
Unilateral PCC
Synchronous clear cell RCC
PGL with LOH
Metastatic
Missense 53 F PGL
Metastatic to lymph node

Splicing defect 20
Missense 28

Missense 54

Missense 70
Missense 6
Missense 41
Missense 36

mMEEE m £

Missense 53

-

In-frame deletion U U
leading to loss of
6 amino acids

Missense 30 M

NA 36 F

Missense 69 F

NA 77 M

Missense 59 F

Missense 32 F

Missense 57 M

F indicates female; M, male; NA, not available; U, unknown; WT, wild-type.

deletions, truncations or variants that disrupt the folding
of the protein; and FH deficiency type 2 which would be
associated with (possibly selected) missense variants and
predominantly causes PCC/PGL.

Although these concepts require further studies to
develop, at the very least it is critical to note that the types
of FH mutations that cause PCC/PGL may be different to
the types of mutations that cause RCC and leiomyoma
and may also be different to the types of mutations that
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cause autosomal recessive FH deficiency. There is cer-
tainly ample evidence that the absence of leiomyomas and
RCC should not be used as an argument against patho-
genicity of these FH variants in patients with PCC/PGL.
Failure to recognize this may lead to misclassification of
the pathogenicity of variants and suboptimal patient care.

This is well illustrated in our study where we identified
familial PCC associated with FH ¢.1142C>T (p.Thr3811le)
(patients 1, 5 and 6); and another 2 apparently unrelated

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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patients with FH-deficient PCC/PGL and germline FH
c.222A > T (p.Arg74Ser) variants. The latter missense variant
has never previously been associated with the classic HLRCC
syndrome phenotype of lelomyoma and RCC and is currently
listed as a VUS in ClinVar. However, our 2 patients with the
same variant and FH-deficient PCC/PGL provide strong
evidence that this variant is linked to an isolated PCC/PGL
phenotype, with a low risk of leiomyomas and RCC. That is,
some of these variants may be much more penetrant for PCC/
PGL than leiomyoma or RCC. In fact, if we were to apply
Bayesian analysis (methods described in the study by Benn
et al*?), the estimated penetrance for FH variants associated
with PCC/PGL in our study is 22.5% (95% confidence inter-
val: 3.8%-68.3%)—similar to the penetrance of SDHB mu-
tation, and with similar metastatic potential.*>

FH is a tumor suppressor gene, and therefore requires
mutations in both alleles for initiation of tumorigenesis. LOH
is one of the most common mechanisms accounting for the
second hit. However, LOH was only detected in 2 of 5 tumors
tested in this study. These findings are similar to those reported
in SDH-deficient disease, in which LOH is only identified in
80% of SDHB-related and 50% of SDHD-related PCC/
PGL.## Possible alternative mechanisms for inactivation of
the wild-type allele in these instances include large deletion
events or hypermethylation, both of which would require dif-
ferent techniques for detection. Given that these tumors are
known to be highly methylated, it is possible that hyper-
methylation contributes to tumorigenesis in some of the cases
in this study and was not detected using our techniques.

Metastatic disease was reported in 2 of 8 patients
(25%) in this study, one of whom ultimately died of
widespread disease 174 months after initial presentation.
When combined with other cases reported in the literature,
the estimated incidence of metastasis in FH-deficient PCC/
PGL is 28%.2>3% Although caution is required because of
the small number of cases reported, this is significantly
higher than the reported 15% rate of metastatic disease for
PCC/PGL overall 3%10 We, therefore, hypothesize that
FH-deficient PCC/PGL, similar to FH-deficient RCC,
may be associated with more aggressive biological
behavior and requires close and long-term follow-up.

Although the majority (86%) of FH-deficient PCC/
PGL were associated with germline mutations, purely
somatic mutations in the FH gene may rarely give rise to
FH-deficient PCC/PGL, as was seen in one of the cases in
this study (patient 2). This patient’s tumor demonstrated
subclonal loss of FH staining by IHC (Fig. 4). Molecular
testing found an FH c.1516A > G (p.Met506Val) mutation
in the FH negative part of the tumor, which was
confirmed to be pathogenic by metabolomic profiling
and in silico analyses. Interestingly, germline testing in
this patient showed a synonymous FH ¢.330T>C
(p.Tyr110Tyr) VUS. A somatic synonymous FH
c.920C>T (p.Val306Val) variant was also detected in
the FH-deficient part of the tumor. The significance of
these synonymous variants is uncertain. Although this
patient would not be expected to demonstrate other
syndromic manifestations of HLRCC, the absence of a
germline mutation may not necessarily change the

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

potentially aggressive clinical behavior associated
with FH-deficient neoplasia, as is described in patients
with non-syndromic FH-deficient RCC.2*2 However,
additional follow-up studies will be required to
determine the true clinical significance, if any, of PCC/
PGL with somatic-only FH mutations.

In conclusion, FH deficiency occurs in ~1% of all PCC/
PGL and is associated with germline FH mutation in the
majority (80% to 90%) of cases. This association is usually not
suspected clinically as many of these patients present at an
older age and without other syndromic features. Although
there are no reliable morphologic clues, these tumors can be
readily identified quickly and cheaply in routine clinical
practice by 2SC IHC which is highly sensitive and specific,
with or without FH THC which is highly specific but less
sensitive. FH-deficient PCC/PGL are commonly nora-
drenergic, may have a higher risk of metastasis, and there
appears to be a genotype-phenotype correlation so that mis-
sense mutations are particularly associated with PCC/PGL but
not with leiomyoma or RCC. We, therefore, recommend that
reflex IHC for 2SC and/or FH be performed on all PCC/PGL.
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