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Abstract

BACKGROUND: Hereditary leiomyomatosis and renal cancer (HLRCC) is a cancer syndrome
associated with a germline mutation in fumarate hydratase (FH). The syndrome is associated with
cutaneous and uterine leiomyomas, and some patients develop a lethal form of kidney cancer. This
study provides estimates for the FH carrier frequency and kidney cancer penetrance.

METHODS: Data sets containing sequencing data for the ~H gene were used: the 1000 Genomes
Project (L000GP) and the Exome Aggregation Consortium (EXAC). Alterations in the ~H gene
were characterized on the basis of different variant risk tiers: 1) ClinVar annotated variants,

2) loss-of-function alterations, and 3) highly impactful missense alterations. The cumulative
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incidence of FH alterations overall and by different world populations was evaluated in 1000GP
and EXAC. A lifetime penetrance of HLRCC kidney cancer risk was generated with 3 estimates of
the annual incidence.

RESULTS: The overall allele frequencies of tier 1 to 3 FH alterations in the EXAC and 1000GP
data sets were 2.54 x 1073 (1 in 393) and 1.20 x 102 (1 in 835), respectively. There were
differences in the allele frequencies of FH alterations between world populations. Based on
various estimates of the percentage of kidney cancers with FH alterations, the lifetime kidney
cancer penetrance for carrier estimate 3 in EXAC was 1.7% to 5.8%.

CONCLUSIONS: FH alterations are common and are carried by approximately 1 in 1000
individuals according to the more conservative estimates. The lifetime kidney cancer penetrance
appears lower than previously estimated. Although databases are not population cohorts, they
provide a useful quantitative estimate of rare variants with low penetrance.

Keywords

fumarate hydratase (FH); hereditary; hereditary leiomyomatosis and renal cancer (HLRCC); renal
cell carcinom

INTRODUCTION

More than 50 cancer syndromes have been linked to specific germline alterations. In renal
cell carcinoma (RCC), more than a dozen syndromes have been recognized since the first
description of von Hippel-Lindau disease more than a century ago.1:2 Hereditary cutaneous
leiomyoma (Reed’s syndrome) was first reported in the dermatology community in the
1970s.2 Since that time, the condition has been associated with RCC,* uterine fibroids,>
and adrenal nodular hyperplasia,® and it has been renamed hereditary leiomyomatosis and
renal cancer (HLRCC). The gene associated with HLRCC was first linked to chromosome
1g42.3-g43 and was later identified as the Krebs cycle enzyme fumarate hydratase (FH).”
The condition is inherited in an autosomal dominant fashion, and individuals with 1 altered
allele are considered affected. A fumarase deficiency can result with 2 altered alleles and is
lethal in childhood. Because only 200 families have been described in the literature,8 there is
still limited information on the penetrance of manifestations such as RCC.

Recognition of both a syndrome’s population incidence and the disease penetrance should
influence clinical suspicion and ultimately referrals to genetic counseling/testing. For
hereditary papillary renal cancer, for which there are fewer than 30 known families,®
screening broadly would have limited value. For some cancer syndromes such as von
Hippel-Lindau disease, clinical recognition is less of a challenge because of the high disease
penetrance (nearly 90%) of multiple manifestations not often seen sporadically and the high
population frequency (approximately 1 in 27,000 individuals).10-11 As for less penetrant,
nonsyndromic conditions with manifestations that occur sporadically, we may be grossly
underestimating how common they are. For HLRCC, the population frequency is unknown,
but it is believed to be a very rare condition.12 Given how common the benign and often
asymptomatic manifestations of HLRCC are in the general population (uterine fibroids,
cutaneous leiomyomas, and adrenal nodules), we may be significantly underestimating the
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population frequency. Even for individuals affected by RCC, an opportunity for diagnosis
may be missed because of the challenging pathologic recognition of HLRCC. However, with
aggressive screening of affected individuals, renal tumors may be found with localized and
curable disease.13

We sought to estimate ~H alterations in publicly available databases containing whole
exome and genome data. We hypothesized that HLRCC is a fairly common disease with low
RCC penetrance.

MATERIALS AND METHODS

Utilization of Data Sets

We used 2 publicly available data sets containing high-quality, high-coverage germline
sequencing data for the ~+ gene: the 1000 Genomes Project (1000GP) and the Exome
Aggregation Consortium (ExAC). 1000GP is a population-scale database of human variation
containing the whole genome sequences of 2504 individuals.1# For 1000GP, because of the
freely available nature of the data, no phenotype information was collected for any of the
samples. All donors were older than 18 years and declared themselves to be healthy at

the time of collection. There are 26 populations included in the phase 3 data set, and they
form 5 continental superpopulations: African (AFR; 661 individuals), Ad Mixed American
(AMR; 347 individuals), East Asian (EAS; 504 individuals), European (503 individuals),
and South Asian (SAS; 489 individuals). EXAC (v.0.3.1) contains exome sequencing

results from 60,706 individuals.1® It combines exome sequencing data from 14 consortium
projects evaluating patients affected by diseases such as inflammatory bowel disease,
schizophrenia and bipolar disorder, and diabetes (for a detailed cohort/study breakdown,
please see http://exac.broadinstitute.org). The patients included in the EXAC project may be
further subdivided according to sex and according to 6 world populations: African/African
American (AFR [AFR populations in 1000GP and ExAC slightly differ in definition]; 5203
individuals), Latino (AMR; 5789 individuals), EAS (4327 individuals), Finnish (FIN; 3307
individuals), non-Finnish European (NFE; 33,370 individuals), SAS (8256 individuals), and
Other (OTH; 454 individuals). These populations are separated by principal component
analysis. The OTH population includes individuals who cannot cluster unambiguously. We
excluded 7601 patients with cancer sequenced in conjunction with The Cancer Genome
Atlas (TCGA). EXAC contains 1000GP in its data set (approximately 4% of the overall
cohort), and because of privacy policies, it is not feasible to identify and exclude specific
patients. Together, both databases provide unique estimates of the prevalence of germline
variants from a large cohort of healthy individuals (1000GP) and a broader cohort including
individuals with a diversified genetic background (ExAC). Data from kidney cancer cases
at Yale New Haven Hospital was reviewed using an institutional review board approved
protocol (#0805003787).

We used common bioinformatic programs, Polymorphism Phenotyping (PolyPhen; version
2.2.2) and Sorting Intolerant From Tolerant (SIFT; version 5.2.2), to predict variant
pathogenicity based on sequence homology across species and similarity of alternate amino
acids. PolyPhen and SIFT are 2 well-established algorithms for predicting the effects

of variants in coding regions.16:17 Although both algorithms rely on sequence/homology
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features, PolyPhen also uses additional structure-based predictors such as amino acid residue
contacts. Both tools have been also used by the EXAC consortium and integrated into its data
release. For validation purposes, we also ran 2 ensemble methods, Variant Effect Scoring
Tool 4 (VEST4) and Rare Exome Variant Ensemble Learner (REVEL), and we reported the
results for our variants,18:19

Identifying Deleterious FH Variants

To isolate variants of likely deleterious consequences, we built inclusion criteria associated
with 3 variant risk tiers of putative impact (Fig. 1 and Supporting Table 1). These 3 tiers
correspond to separate confidence levels (Cls) according to the likelihood of deleterious
consequences. Variant tier 1 (VT1) includes “pathogenic” and “likely pathogenic” variants
in ClinVar (v2018.4.1), a publicly available database annotating the relationship of genomic
variation to human health (http://www.ncbi.nlm.nih.gov/clinvar/). VT1 alterations have been
annotated by experts and submitted to ClinVar; thus, they are most likely to have functional
impact. Variant tier 2 (VT2) includes all alterations that are also likely pathogenic because
they result in an imputative gene loss of function (LOF), including premature stop codons,
stop loss, and start loss. Variant tier 3 (VT3) expands our estimate by including all missense
alterations likely to have functional consequence. VT3 missense variants were stratified
according to expected impact, and only those with a PolyPhen score > 0.9 (>90% probability
of being damaging) and a SIFT classification as “deleterious” were retained. Two ensemble-
based methods were used to confirm pathogenic variant classification, and those variants
considered to be benign were to be excluded from further analyses.1819

Filtering based on the allele frequency was also applied according to the principle that
common variants are unlikely to be deleterious. Any common individual variant with a
minor allele frequency higher than 0.005 (in 2000GP)20 or 0.001 (in EXAC)1® in any of
the subpopulations and with at least 3 observed allele counts was excluded. This population-
level filter mitigated confounding differences in the population genetic background. This
included a common FH variant, 1431 1433dupAAA, which had an allele frequency of
0.00136 in the NFE population (n = 74). Ensembl transcript support levels were used to
ensure that variants affected actually expressed transcripts. Transcripts with higher support
levels had more evidence for being truly expressed (eg, they were supported by nonsuspect
messenger RNA). Only variants affecting transcript support level 1 (the most confident
one) were included in VT2. In VT3, we expanded this to include all alterations affecting
transcript support levels 1 to 3.

Estimation of the Underlying Allele Frequency

We statistically modeled each variant as a Bernoulli process, and our observed allele
frequencies followed a binomial distribution with parameter £, which is the underlying allele

frequency in the population. The estimator 7 is given by

Number of minor alleles
Number of total observed alleles

f=

Cancer. Author manuscript; available in PMC 2023 July 03.


http://www.ncbi.nlm.nih.gov/clinvar/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shuch et al.

Page 5

A1-7)

Number of total observed alleles

var(f) =

To estimate the total allele frequency (f...), we simply added our estimated f value. Under
the assumption of independency, the variance estimator was the sum of var(f). We formed
the 95% CI by taking a standard deviance of £1.96 around the estimation:

95% CILof fi

=(Z/-196/Z var(f), E f+ 196/ Z var (/)

This interval should be always nonnegative.

Testing Allele Frequency Differences Across Populations

Our variance estimation was lower than expected because it assigned zero variance to
unobserved mutations; this could be due to a lack of power caused by the small sample size.
Therefore, we designed a more conservative combined Fisher exact test to evaluate the allele
frequency differences between populations.

For each allele that occurred at least once in any population, we performed two 1-sided
Fisher exact tests between 2 populations on the raw counts of wild-type and alternative
alleles. Then, we combined all the Pvalues from the same side with the Fisher method.
We ran tests on every variation separately because they had different numbers of reliably
observed alleles due to sequencing coverage and errors.

Estimates of the Percentage of RCC Attributable to HLRCC

There are no comprehensive estimates of kidney cancers attributable to HLRCC. It is
assumed that HLRCC does not account for a large number of kidney cancers. Available
cohorts of patients who have been counseled, have been sequenced, or have undergone close
clinical evaluations could provide an estimate. Because institutions and practice patterns
vary, there may be a wide range of estimates. To provide a range, 3 estimates were obtained
from separate sources. Estimate 1 was generated from the Yale Urology and Genitourinary
Cancer Genetics and Prevention Program (2013-2017), which screens all patients with
kidney cancer for hereditary risk on the basis of common clinical factors and suspicious
pathology.21-23 Estimate 2 was obtained from the combination of data from published
papillary RCC cohorts that had genomic profiling (TCGA and a Foundation Medicine
cohort; medium estimate).2425 Estimate 3 was taken from a published Memorial Sloan
Kettering Cancer Center cohort of 254 advanced (stage 111/1V) RCC cases that underwent
clinical sequencing.28 The stage distribution of HLRCC and the distribution of stage 111/IV
RCC were used to adjust the overall RCC attribution to HLRCC. The stage distribution

of HLRCC kidney cancer was based on Grubb et al,28 and the distribution of stage 111/1V
cases (up to 28%) was based on data from the National Cancer Database.2”-28 Brief clinical
characteristics of the cohorts are presented in Supporting Table 2.
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Estimating Allele/Carrier Frequency and Lifetime RCC Risk

RESULTS

Individuals with fumarase deficiency (a loss of both alleles) rarely survive past early
childhood. Therefore the likelihood of individuals being homozygous for two deleterious
variants is low and unlikely to significantly contribute to the population frequency. When
allele frequency pis small, the higher order £ can be neglected. On the basis of the

total minor allele frequency of this type of dominant homozygous-lethal variant (ie, o), we
estimated the carrier frequency to be 2p.

We calculated the annual incidence of HLRCC kidney cancer with the following
information: 1) the US population (325 million),2° 2) the incidence of RCC (15.1 per
100,000 individuals),39 3) the 3 different estimates of HLRCC identification in RCC
cohorts, and 4) the carrier frequency estimates (cumulative) of the 3 variant risk tiers of
FH alterations. For carrier estimates (CEs), different scenarios were created, including the
addition of estimates from the more stringent variant risk tier (Fig. 1). For example, CE3
included the estimates from VT1, VT2, and VT3.

The penetrance or lifetime risk of RCC in HLRCC was determined from the number of
years at risk starting with the age of screening (10 years). Because the life expectancy in
the United States is nearly 80 years (79 years from the Centers for Disease Control and
Prevention/National Center for Health Statistics), the number of at-risk years is 70. The
lifetime risk estimates were calculated with the following formula:

1 — (1 — Annual incidence)Aat_rISk years

With various estimates of 1) the carrier frequency and 2) the HLRCC percentage of total
RCC, ranges were used to provide the penetrance or lifetime kidney cancer risk.

Using the lifetime risk estimates as well as the CE3 frequency and the HLRCC/RCC
estimates (lowest to highest), we estimated the number of individuals with HLRCC who
needed to be screened to identify a kidney cancer (100/lifetime risk of RCC). To develop a
simple model of cost in the United States, we estimated how costly surveillance would be if
all potential carriers (CE3) were identified. Currently, screening begins around the age of 10
years with annual magnetic resonance imaging (MRI). On the basis of the current cost for
abdominal MRI (approximately $2600 according to CMS.gov), we estimated the annual cost
if all carriers of a likely damaging allele were identified in childhood (age < 10 years) by
using population size estimates (325 million).2® An estimated 70 years of screening from the
age of 10 years to the median life expectancy (approximately 80 years) was used for lifetime
health care costs per individual.

Multiple FH alterations were identified within the EXAC and 1000GP databases (Fig. 2A
and Table 1). The 2 databases had different frequencies of tier 1 to 3 estimates (Fig. 2B).
The EXAC registry contained 11 distinct known pathogenic/likely pathogenic F~H variants
found in ClinVar. The overall carrier frequency in ExAC of VT1 alterations was 7.44 x 10~
(1 in 1344; Table 1). We did not identify any VT1 alterations in 1000GP. VT2 alterations
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were found in both EXAC and 1000GP data sets. CE2 (including the rates for VT1 and
VT2) was 1.11 x 1073 (1 in 901) and 0.0008 (1 in 1252) for the EXAC and 1000GP data
sets, respectively (Table 1). There were multiple impactful VT3 missense alterations. The
overall CE3 values in the EXAC and 1000GP data sets were 0.00254 (1 in 393) and 0.00120
(1 in 835), respectively. The frequency differences between EXAC and 1000GP were not
statistically significant (all Zvalues >.8 [combined 1-sided Fisher exact test]). These variants
were widely distributed across the gene (Supporting Fig. 1). All identified variants were
confirmed with VEST4 and REVEL. VEST4 was highly consistent with our PolyPhen 0.9
cutoff (all Pvalues <.1 except for 1 variant with £=.119). REVEL further confirmed our
variant classification because all scores were >0.794, a score higher than the threshold of
>0.75, which produced >96% specificity.1% A list of classified pathogenic variants can be
found in Supporting Table 3.

Because of the limited sample size of 1000GP, FH alterations were compared only by
ExAC world populations. The OTH category was the smallest (<500 individuals), and
because it represented a heterogeneous population in the registry, it was excluded when we
were comparing populations. There were differences in the FH alterations between world
populations (Fig. 3). The SAS population had the highest allele frequency of £+ variants,
but it was not statistically significant (0.00198; = .357 in comparison with the other
populations unified [combined 1-sided Fisher exact test]); the FIN population had the lowest
(0.00030), and this may have been due to the small population sample size. There were
also notable differences in the distributions of VT1, VT2, and VT3 alterations between
groups. The SAS population had the highest frequency of VT3 alterations (P=.0067 in
comparison with the other populations unified [combined 1-sided Fisher exact test]). The
NFE population had higher but not statistically significant frequencies of VT1 and VT2
alterations (P=.73 and P= .45, respectively [combined 1-sided Fisher exact test]), and
this was perhaps related to ClinVar reporting practices. Indeed, when plotting the carrier
frequencies (CE3) against ClinVar annotated pathogenic mutations in subpopulations (Fig.
2C), we found that the SAS, AFR, and, to a lesser extent, EAS populations shifted to the
upper left part of the plot; this indicated possible underannotation in those population.

The annual number of cases of RCC attributed to HLRCC (HLRCC/RCC) varied
significantly, although all the numbers reinforced that this is a less common histology.
Estimate 1 was based on the number of cases seen at our institution. Despite a Clinical
Laboratory Improvement Amendments—approved FH immunostain to test tumors with
suspicious morphology and a dedicated cancer genetics program, only 3 of 741 new kidney
cancer diagnoses (0.4%) were due to HLRCC. Estimate number 2 was derived from the
identification of 23 FH-altered tumors (presumed germline) from a pooled cohort of 330
papillary RCCs from Foundation Medicine and TCGA. Because papillary kidney cancers
constitute approximately 15% of kidney cancers,3! the estimate was 1.05%. Estimate 3 was
based on 254 patients with stage 111/ RCC undergoing genomic testing; 7 had an FH
alteration. Using the stage distribution of HLRCC?® and the known distribution of stages of
kidney cancer (as high as 28% for stage 111/1V),27:28 we obtained our highest estimate of
1.41%.
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Based on the population and the incidence of kidney cancer, the annual estimates of HLRCC
kidney cancer in the United States were 202, 523, and 703 from HLRCC/RCC estimates

1, 2, and 3, respectively. The annual RCC risk for FH carriers, based on HLRCC/RCC
estimates 1, 2, and 3 for CE3, ranged from 0.024% to 0.085% for the EXAC registry and
from 0.052% to 0.181% for 1000GP. The penetrance or lifetime risk based on a 70-year
at-risk life expectancy varied significantly according to the CE used, but all remained
significantly lower than previous estimates (Fig. 4). Supporting Table 4 provides a detailed
list of the penetrance or lifetime risk for each CE based on our estimations. A very
conservative estimate of the carrier frequency (based on CE2) would provide a lifetime
penetrance ranging from 3.9% to 12.8% for EXAC and from 5.3% to 17.3% for 1000GP
according to the estimated HLRCC frequencies. A broader carrier frequency definition
(using CE3) expanded upon the population by including likely pathogenic variants (missense
+ ClinVar + LOF) confirmed with 4 predictive models. CE3 provided a lifetime penetrance
ranging from 1.7% to 5.8% for EXAC and from 3.6% to 11.9% for 1000GP.

The number needed to screen all individuals (CE3) to detect 1 individual with RCC would
be 17 to 59 (approximately $3 million to $10 million in health care costs to identify a case).
Based on all carriers (CE3) in the United States, the annual cost of screening in the United
States would be approximately $3 billion.

DISCUSSION

We examined 2 large cohorts of whole exome and genome databases to estimate the
population frequency of HLRCC, which is defined as carrying 1 deleterious variant in

FH. Variants affecting ~H were prioritized into 3 variant tiers. These 3 scenarios provide
useful information: VT1 (ClinVar)/CE1 is the most conservative estimate because these
variants are reported to cause the HLRCC phenotype. From EXAC, we found a carrier
frequency of 1 in 1344 individuals, which was higher than expected for what has been
considered a rare disease.12 In 1000GP, we did not identify a known pathogenic variant.
Because HLRCC is a newer hereditary cancer syndrome, it is possible that ClinVar does
not yet have a comprehensive list. Currently, there are only several hundred reported
families with HLRCC, mostly from North America and Europe; therefore, we expanded
our evaluation of FH variants. VT2 (LOF variants) includes likely pathogenic alterations that
affect FH function and are probably yet to be recognized as disease-causing. In EXAC and
1000GP, CE2, including VT1 and VT2, was 1 in 901 individuals and 1 in 1252 individuals,
respectively. Although CE2 is a useful estimate of the carrier frequency, it still may
represent a conservative estimate. The inclusion of highly impactful missense variants (VT3)
expands upon the likely pathogenic variants. Computational algorithms predict whether
missense variants alter protein function by determining whether these are highly conserved
residues within a critical regulatory region or there are mechanistic studies evaluating the
influence of positional variants. The CE3 estimates are 1 in 393 individuals and 1 in 835
individuals from EXAC and 1000GP, respectively. Not all FH missense variants will cause
a phenotype in affected individuals; however, we used very stringent cutoffs (maximum
subpopulation frequency, PolyPhen score > 0.9 and SIFT score < 0.05). Strict cutoffs such
as a REVEL score of 0.75 (>0.794 for all our variants) would have a sensitivity of 52% for
the identification of disease-causing variants.1® Therefore, our conservative estimates may

Cancer. Author manuscript; available in PMC 2023 July 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shuch et al.

Page 9

underestimate the allele prevalence in the population by misclassifying some pathogenic
variants as benign.

Because HLRCC is the most aggressive kidney cancer syndrome, recognition of an affected
individual’s risk is critical for counseling and screening. Current estimates of kidney cancer
risk among individuals with HLRCC range from 15% to 32%12:26 and have been developed
by risk assessment from single-institution case series. However, these numbers are strongly
influenced by specialty, referral pattern, and the availability of genetic counseling. This is
best evidenced by the highest estimate (32%) coming from a urologic oncology program
focusing on hereditary kidney cancer.19 Affected individuals with cutaneous and uterine
leiomyomas but without kidney cancer may not seek out medical care for these benign/
sporadically occurring conditions. Although the initial reports of cutaneous leiomyomas
mentioned pain in 89% of lesions,32 we have noted in our experience with cascade testing
that many unaffected carriers have asymptomatic lesions found only with a total body

skin examination. Similarly, for HLRCC-associated uterine fibroids, although these occur
approximately 10 years earlier than sporadic forms, most women with early-onset fibroids
will not be found with HLRCC.33-35 Although there are some characteristic pathologic
features, these are subtle and are not always present.3® The variable penetrance, the difficulty
in distinguishing these hereditary variants, and our data suggest a much larger reservoir of
at-risk individuals.

The carrier frequencies from ExXAC and 1000GP provide a useful reference overall, and

our most comprehensive CE3 of the continental superpopulations grossly agrees, but there
are some differences across various racial/ethnic groups. In particular, we observed that the
SAS population had higher estimates (especially for tier 3 mutations), whereas those for the
AMR and FIN populations were lower. The significant variability may be related to inherent
structural factors such as founder effects, testing and reporting bias (as demonstrated in Fig.
2C), and regional genetic heterogeneity. In particular, we noticed that ClinVar overannotated
the NFE and FIN populations and underannotated the AFR and SAS populations; this
highlights the bias in our current clinical practice and reporting. It is also likely that the

true reference sequences vary in less well-studied populations and that this influences the
incidence of missense variants. A better understanding of structural bias and patterns helps
with more accurate risk assessments of individuals from various genetic backgrounds and
raises awareness to include more underannotated races in future studies. Moreover, some of
the mutation frequency variability also may account for the frequency of HLRCC kidney
cancer in different regions, and this is perhaps responsible for the high frequency recently
observed in a large referral center in Shanghai, China (Dr. Jin Zhang, Renji Hospital,
communication, written communication 10/2018). In the United States, the number of
kidney cancer cases attributable to HLRCC is currently unknown. To provide an estimate,
we used 3 resources to provide 3 different estimates (HLRCC/RCC). Although the estimates
vary, they all confirm that HLRCC makes up a small percentage of kidney cancers, and they
provide a useful range of 0.4% to 1.8%. With an improved understanding of the FH carrier
frequency and annual estimates of HLRCC kidney cancer, we provide the first estimate of
the lifetime RCC penetrance (see Supporting Table 4 and Fig. 4). Based on EXAC, this

risk among carriers is significantly lower than previously believed because of the expected
higher disease prevalence. With the broadest definition of who would be a carrier (CE3), the
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lifetime risks estimated from 1000GP and EXAC range from 3.6% to 11.9% and from 1.7%
to 5.8%, respectively. The lower risk may be reassuring to individuals coming in for routine
screening.

The much lower lifetime risk estimates also call into question whether current screening
practices are appropriate and cost-effective. The estimated number needed to be screened
in a lifetime ranges from 1 in 17 individuals to 1 in 59 individuals according to the
aforementioned ExAC estimates using CE3. The current recommendations call for annual
MRI starting around the age of 10 years. The costs to identify 1 case are significant ($3
million to $10 million), and although theoretical, the cost for HLRCC population screening
($3 billion) would further contribute to the ongoing health care crisis. Because HLRCC
kidney cancer is uniformly lethal with dissemination, we strongly advocate screening;
however, we must also consider whether there could be alternative, cost-effective screening
strategies. The current guidelines for annual imaging frequency or modality are based

not on evidence but on anecdotal experiences. Further investigation into the sensitivity

of less expensive modalities such as renal ultrasound (used in other hereditary kidney
cancer syndromes) could be considered. Extending imaging frequency beyond the annual
recommendations also deserves further investigation, especially for those without any
family history of RCC. However, until further data emerge from well-designed studies,

we advocate for adherence to expert recommendations. A better understanding of the
genotype-phenotype will also be critical for further refining which individuals are at greatest
risk for kidney cancer. First understanding the functional impact of common missense
alterations would be useful for determining which are truly deleterious and would allow us
to individualize kidney cancer screening.

Our methods for calculating the allele frequency are not without limitations. The EXAC
registry, though useful for evaluating genetic variants, is not an unbiased population
database. We excluded the EXAC TCGA cases, which may actually lower the estimate

of FH variants. The studies entered into EXAC try to exclude individuals with syndromic
manifestations and pediatric genetic conditions, but how effective this is remains unknown.
Whole exome sequencing is generally not reliable in reporting large structural variants,

so we could not consider larger deletions affecting FH3%; this may potentially make our
estimates of the allele frequency slightly lower and our estimates of the penetrance higher.
However, large deletions in FH are believed to be rare because this gene is under strong
selection, and a recent report has found that it makes only up a minority of HLRCC cases.3’
Although this database may not be useful for understanding highly penetrant conditions,
which could be screened, EXAC remains a useful resource for assessing less penetrant
conditions. Meanwhile, for rare diseases, the sample size of either database might be too
low to capture many rare and impactful mutations, and thus the allele frequency might be
underestimated. For example, we were unable to detect any VT1 in 1000GP, and the CEs
from 1000GP suffer from very wide Cls. On the other hand, differences in sample sizes
across populations might bias our estimate. In EXAC, the NFE population was several times
bigger than any other superpopulation; thus, we had greater power to detect rare events (eg,
we detected VT2 only in the NFE population). With such a rare genetic condition, detecting
power is often a significant concern. We expect that more and diversified sequencing results
in the future will mitigate this issue.
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Our estimation of the HLRCC contribution to RCC may not be representative of the

actual value seen clinically. The cohorts that contributed to estimates 2 and 3 (TCGAZ®

and Foundation Medicine38) were mainly from specialized academic centers. Similarly,
estimate 3 was from a highly specialized center with a large hereditary cancer program

and systemic therapy trials for less common subtypes, and perhaps a referral bias led to

an enrichment of advanced disease and an overestimation of the frequency.3° Although

it is chronologically and geographically unlikely that the same patients could have been
included in the different cohorts, this could have influenced the data. Other factors could
have led to an underestimation of the frequency because often HLRCC tumors can resemble
other histologic morphologies, such as collecting duct morphology.2! Our estimate 1 (Yale)
routinely evaluated these types of tumors for possible HLRCC and still had the lowest
incidence. However, this was a consecutive series from a single hospital system including
tertiary and several community affiliates, so perhaps this could be less biased by referral
patterns. Finally, our estimation of RCC risk is simplistic and does not account for known
environmental factors contributing to RCC, and it assumes a constant annual incidence of
RCC from the time of screening to the current life expectancy. Also, within each variant
tier, the allele frequencies are summarized together. This assumes that all risk is similar;
however, there currently is no recognized genotype/phenotype association in HLRCC, but
that may change with further research. Nonetheless, our estimates are meaningful until
future studies further characterize additional molecular epidemiology risk factors.

In conclusion, we provide detailed estimates of carrier frequencies of FH variants by

using those annotated in ClinVar, LOF, and high-impact missense mutations (using 4
predictive models). We demonstrate that the carrier frequency is very high but varies across
populations. The higher reservoir of carriers suggests that the lifetime risk of RCC is

lower than previously believed. Further research is needed to define risk, establish how
genotype influences phenotype, and determine the optimal surveillance strategies for at-risk
individuals.
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FIGURE 1.
Fumarate hydratase variant classification scheme. 1000GP indicates 1000 Genomes Project;

AF, allele frequency; EXAC, Exome Aggregation Consortium; PolyPhen, Polymorphism
Phenotyping; SIFT, Sorting Intolerant From Tolerant; TSL, transcript support level.
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FIGURE 2.
Fumarate hydratase variant allele frequencies by (A) databases and (B) databases and

tiers. Error bars indicate 95% confidence intervals. (C) Frequencies of all impactful
mutations (scenario 3) and ClinVar annotated pathogenic mutations in subpopulations.
Solid lines indicate 95% confidence intervals; the dashed line is the zero-intercept linear
fitting (coefficient = 3.35). 1000GP indicates 1000 Genomes Project; AFR, African/African
American (AFR populations in 1000GP and ExAC slightly differ in definition); AMR, Ad
Mixed American; EAS, East Asian; EXAC, Exome Aggregation Consortium; FIN, Finnish;
NFE, non-Finnish European; SAS, South Asian.
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Estimated lifetime risk of HLRCC kidney cancer based on the carrier frequency estimates
and the HLRCC kidney cancer annual incidence (low to high). Three dotted lines indicate
CEs (1-3) based on the Exome Aggregation Consortium. CE indicates carrier estimate;
HLRCC, hereditary leiomyomatosis and renal cancer; RCC, renal cell carcinoma.
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