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1 | BACKGROUND

Hereditary leilomyomatosis and renal cell cancer (HLRCC)
is a hereditary cancer predisposition condition character-
ized by cutaneous leiomyomas, an increased risk for renal
cell cancer, and uterine leiomyomas (uterine fibroids).
Heterozygous germline pathogenic variants of the fuma-
rate hydratase (FH) gene, located on chromosome 1qg43,
are responsible for the clinical features of HLRCC. The
most distinguishing feature of HLRCC is multiple cuta-
neous leiomyomas, which had previously been reported
as occurring in nearly all patients with heterozygous FH

Hereditary leiomyomatosis and renal cell cancer (HLRCC) is an inherited cancer
predisposition syndrome caused by autosomal dominant heterozygous patho-
genic variants in the fumarate hydratase (FH) gene. FH pathogenic variant car-
riers are at an increased risk for cutaneous leiomyomas, renal cell cancer, and
uterine fibroids. We present a case series of patients identified at two different
medical institutions with clinically diagnostic features of HLRCC and a shared
rare variant in the FH gene.
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pathogenic variants."* However, with increased population
screening and the ability to detect milder presentations,
the incidence of cutaneous leiomyomas among individu-
als with HLRCC is estimated to be around 50%.> HLRCC
is also associated with an approximate 15% lifetime risk of
renal cell cancer (RCC), with a tendency for aggressive type
2 papillary RCC.* Uterine leiomyomas are the last of the
three hallmark features of HLRCC, and while common in
the general population, they occur in a vast majority (86%—
100%) of females with FH pathogenic variants.>> The asso-
ciated uterine leiomyomas also tend to be more numerous
and of an earlier onset than in the general population,
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often resulting in early total abdominal hysterectomies.*”
Additional studies have proposed that individuals with FH
pathogenic variants may also be at increased risk of pheo-
chromocytoma(s) and paraganglioma(s).*’

The causal relationship between heterozygous FH
pathogenic variants and HLRCC was first reported by
Tomlinson et al. in 2002 ®and has since been well described
in the literature. FH encodes for the enzyme fumarate hy-
dratase (FH), which converts fumarate to malate in the
Krebs cycle, and research suggests that this enzyme plays
arole in repairing double strand DNA (dsDNA) breaks.*"°
This role in dsDNA break repair is thought to be related to
the tumor suppressor role of FH.

While there is not current consensus on the diagnostic
criteria for HLRCC, experts suggest that the major criteria,
which signifies a high likelihood of HLRCC, is multiple cu-
taneous leiomyomas with at least one biopsy-proven/patho-
logically confirmed lesion.>** Proposed minor criteria that
indicates a suspicion for HLRCC includes (a) surgical treat-
ment for severely symptomatic uterine leiomyomas before
age 40, (b) type 2 papillary RCC before age 40, and/or (c) a
first-degree relative that meets one of the previous criteria.”

The FH gene is currently the only reported gene associated
with HLRCC. While true for most patients, not all individu-
als with a clinical diagnosis of HLRCC will have a detectable
pathogenic variant in the FH gene, with one study reporting
a 93% pathogenic variant detection rate in individuals with
clinical HLRCC® and another reporting an 89% pathogenic
variant detection rate in HLRCC families.'* As of January
2022, the ClinVar database includes 217 pathogenic and 102
likely pathogenic single gene variants within the FH gene."*

We present a case series of patients identified at two
different medical institutions with clinically diagnostic
features of HLRCC and a shared rare variant c.977G>A
(p.Gly326Glu) in the FH gene. Further evidence presented
includes variant interpretation and bioinformatic assess-
ment of the rare variant in FH.

2 | CASE REVIEW

The three patients identified from two families underwent
germline genetic testing via blood samples at the same
commercial CAP/CLIA certified clinical testing labora-
tory. The testing laboratory reports that analysis was per-
formed using Illumina next-generation sequencing with
reported >99% sensitivity and specificity for single nucleo-
tide variants and insertions and deletions <15 bp.

2.1 | Family A, Patient #1

Patient #1, a 24-year-old woman, was referred for genetic
counseling to discuss genetic testing for HLRCC following

an evaluation by her dermatologist for two groupings of
11 total pathologically confirmed leiomyomas (Figure 1,
Images A & B). Prior to the genetic counseling consult,
the patient underwent a transvaginal combo with limited
pelvis and renal ultrasounds to evaluate for uterine leio-
myomas and renal cancer with unremarkable results.

The patient's initial genetic counseling consult re-
vealed a family history striking for features associated
with HLRCC (Figure 2), including a paternal uncle with
a history of papillary RCC (unknown type) in his 40s, a
paternal grandmother with a history of papillary RCC
(unknown type) in her 50s and a hysterectomy at a young
age for unknown reasons, a paternal great aunt (grand-
mother's sister) with a history of renal cancer (unknown
type) in her 60s and a hysterectomy due to uterine fi-
broids, and a paternal great grandmother (grandmother’s
mother) with a history of renal cancer (unknown type) at
an unknown age.

Given the patient's family and personal history, multi-
cancer panel testing was pursued at a commercial labo-
ratory which revealed a variant of uncertain significance
(VUS) in the FH gene NM_000143.4(FH): c.977G>A
(p.Gly326Glu). In addition, a low penetrance pathogenic
variant was discovered in the CHEK2 gene c.470T>C
(p.Ille157Thr), which is expected to be non-contributory
for the personal and family history that is concerning for
HLRCC.

At the time of testing, the clinical laboratory reported
the FH VUS had not been seen in their laboratory previ-
ously, did not appear in population databases, and was
not published in the general literature. Despite this vari-
ant being classified as a VUS, the patient met proposed
clinical criteria for HLRCC given her personal history of
multiple'® pathologically confirmed cutaneous leiomy-
omas.>™ The patient was advised to follow surveillance
recommendations for HLRCC including annual gyneco-
logical ultrasound examination for uterine fibroids, an-
nual renal cancer screening, and continued dermatologic
monitoring of cutaneous leiomyomas.? Given the identi-
fied FH VUS and concerning paternal family history, the
patient's father and sister were encouraged to undergo
genetic counseling with consideration of testing for the
familial FH VUS.

2.2 | Family A, Patient #2

Patient #2, a 55-year-old man, presented for evaluation
and discussion of genetic testing for the familial VUS in
FH ¢.977G>A (p.Gly326Glu) identified in his daughter,
patient #1. This patient reported he received renal ultra-
sounds every 18 months due to his family history of renal
cancer (Figure 2), he was not followed by a dermatologist,
and he did not have any known cutaneous leiomyomas.
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FIGURE 1 Dermatology images
of pathologically confirmed cutaneous
leiomyomas. (A) Patient #1, six o b
leiomyomas of the chest. (B) Patient #1,

one leiomyoma of the calf. (C): Patient #3, .& @

leiomyomas of the back. (D) Patient #3,
leiomyomas of the arm

Patient #2 decided to pursue genetic testing for the famil-
ial FH VUS in order to aid segregation analysis, and also
elected to pursue a multi-gene panel due to the family his-
tory of multiple cancers.

The results of patient #2’s genetic testing revealed the
same FH variant c.977G>A (p.Gly326Glu) identified in
his daughter. Given these testing results and his daugh-
ter's clinical diagnosis of HLRCC, patient #2 was encour-
aged to follow surveillance guidelines for FH pathogenic
variants.” In addition, full gene analysis of the CHEK2
gene revealed a pathogenic deletion of exons 9-10, a
different pathogenic variant than the one discovered in
his daughter. This CHEK?2 variant is expected to be non-
contributory for the concerning family history of HLRCC.
Since his initial genetic counseling consult, patient #2 has
passed away.

2.3 | Family B, Patient #3

Patient #3, a 31-year-old man, presented to a separate
medical institution for genetic testing due to multiple
biopsy-proven cutaneous leiomyomas (Figure 1C,D).
The patient first noticed the cutaneous lesions at age
16, and the lesions were biopsied on two separate occa-
sions, confirming the diagnosis of leiomyoma. Genetic
testing revealed a VUS in FH c.977G>A (p.Gly326Glu)
(the same FH VUS identified in Family A). The patient's
maternal family history was unremarkable for features of
HLRCC, and the paternal family history was unavailable.
Although the testing laboratory classified this variant as
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a VUS when the result was reported, a variant interpre-
tation specialist at the ordering hospital reviewed the FH
VUS and was suspicious that the variant was pathogenic.
The variant specialist, in conjunction with the genetic
counseling team at the ordering hospital, recommended
increased follow-up for the patient based on proposed
HLRCC management guidelines because of the personal
history of multiple biopsy-proven cutaneous leiomyomas
and unknown family history.>"*

3 | VARIANT INTERPRETATION

Analysis of the FH ¢.977G>A (p.Gly326Glu) variant using
in-silico tools designed to predict impact on protein func-
tion (BayesDel, Sift, Polyphen2, GERP++, Mutation
Taster, SiPhy29way, CADD, rhapsodyscore, Foldx energy,
Rosetta energy, RSA), predicts deleterious or destabilizing
impact on FH function.'>'® FH Gly326Glu is absent from
the gnomAD population database. FH Gly326 is a highly
conserved amino acid in the highly conserved D2 subunit
(amino acid residues 189-439) within a-helical structure
three of six, contributing to the 20-helix bundle core that
interacts to form the FH homotetramer. Two D2 mutants
underwent in vitro enzymatic and oligomerization assays
to determine impact of mutations in this region: “A308T
and H318Y render human fumarase enzymatically inac-
tive via defective oligomerization. Therefore, some forms
of FH deficiency and HLRCC can be linked to improperly
folded quaternary structure”.'’ Additionally, heterozy-
gous LOF FH mutations have been found to be highly
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FIGURE 2 Pedigree of Family A. Family pedigree, taken at the time of the initial appointment, detailing the cancer history and HLRCC

related features. Assigned females at birth are represented as circles. Assigned males at birth are represented as squares. Lines through a

symbol indicate the individual is deceased. Patient #1 is IV-3, and indicated as the proband with an arrow. Patient #2 is III-2. BSO, bilateral

salpingo-oophorectomy; d., deceased at age; TAH, total abdominal hysterectomy

penetrant, with FH loss of activity reported in D2 domain
R190H-FH and E319Q-FH cells by Lorenzato et al: "ex-
pression of equal amount of wild-type and R190H-FH
in the same cell... mutated FH protein directly inhibited
enzymatic activity by nearly abrogating the FH homote-
tramer formation. These data demonstrate the dominant
negative effect of the RI90H missense mutation in the FH
gene and suggest that the FH tumor-suppressing activity
might be impaired in cells carrying a heterozygous muta-
tion”.'® A loss of enzymatic activity due to loss of function
(LOF) FH mutations in the D2 subunit is also supported
by metabolomics data.'® Overall, available data suggest
that heterozygous FH c.977G>A (p.Gly326Glu) may have
a deleterious impact on FH activity; however, additional
supportive data are needed for a robust likely pathogenic
or pathogenic classification. These data would include

functional studies demonstrating disruption of FH ho-
motetramer formation, or otherwise inhibited enzymatic
activity, in heterozygous Gly326Glu cells and additional
segregation data within proband relatives.

4 | DISCUSSION

We report a case series of individuals from two families
with clinical diagnoses of HLRCC who carry a shared rare
variant in the gene FH c.977G>A (p.Gly326Glu). The pres-
ence of pathologically confirmed cutaneous leiomyomas
in patient #1 indicates a clinical diagnosis of HLRCC, and
the segregation analysis of this variant through patient
#2 links this variant to the paternal family history of renal
cancer and uterine fibroids. Additionally, the presence
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of pathologically confirmed cutaneous leiomyomas, and
thus, clinical diagnosis of HLRCC in patient #3 adds evi-
dence toward the pathogenicity of this variant. Finally, lit-
erature review of similar variants and bioinformatic tools
adds evidence that this rare variant in FH may be deleteri-
ous to the protein function of fumarate hydratase.

Classification of genetic variants is an important
tenant of clinical genetics, and steps have been taken
within the field to standardize the variant classification
system used to provide evidence toward pathogenic or be-
nign status for any given variant. In 2015, the American
College of Medical Genetics (ACMG) released an updated
guideline with which to classify variants in clinical lab-
oratories.'” Using this ACMG framework and their own
internal processes, clinical genetic testing laboratories
classify variants between the categories of benign, likely
benign, variant of uncertain significance, likely patho-
genic, and pathogenic. When new information about a
variant becomes available, such as evidence of disease in
carriers, segregation of the variant in families with multi-
ple affected individuals, functional studies of protein ex-
pression, RNA analysis, and/or variant predictions from
functional models, laboratories may consider reclassify-
ing the variant.

At the time these patients were seen, this variant was
classified as a VUS by the clinical genetic testing labora-
tory which performed the analysis. This variant was also
detected once by two other commercial clinical genetic
testing laboratories (representing two patients). Each of
the laboratories had varying degrees of evidence toward
its pathogenicity, though all classified it as a VUS.

Since the commencement of this project, the clinical
testing laboratory where the patients described in this
study were tested has internally reclassified this variant
from a VUS to a likely pathogenic variant. Personal com-
munication with the commercial clinical testing labora-
tory revealed that evidence toward this likely pathogenic
classification includes the absence of the variant from
healthy population databases, clinical phenotypes of the
patients identified with the variant, and internal modeling
of the predicted protein sequence and biophysical proper-
ties of the protein product of this variant.

Research has shown that reclassification of variants
from VUS to pathogenic is beneficial to patient care.”>?!
Reclassification is especially important in cancer genet-
ics, since patients identified to have pathogenic variants
in cancer predisposition genes may choose to undergo
screening for earlier detection of cancer. For the FH
c.977G>A (p.Gly326Glu) variant, broad reclassification
from a VUS to a pathogenic variant could increase access
to renal cancer screening, improve insurance coverage
for recommended HLRCC management, and reduce psy-
chological burden from uncertain results. These potential

outcomes are important for the families identified in this
study and for other families who carry this specific variant.

In summary, this case series presents information re-
garding the characteristics and family history of individuals
identified to have a rare c.977G>A (p.Gly326Glu) variant in
the FH gene who meet proposed clinical diagnostic criteria
for HLRCC. To our knowledge, there have been no other de-
tailed publications regarding this variant, and in light of the
presented information, a broader reclassification of this vari-
ant from VUS to likely pathogenic or pathogenic is indicated.
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