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Abstract

disorders remains unclear.

Background: Phenotypic expression of pathogenic variants in individuals with no family history of inherited

Methods: We evaluated the prevalence of pathogenic variants in 25 genes associated with Mendelian-inherited
disorders in 3015 participants from 485 families in the Long Life Family Study (LLFS). Boot-strapping and Fisher's
exact test were used to determine whether allele frequencies in LLFS were significantly different from the allele
frequencies reported in publicly available genomic databases.

Results: The proportions of pathogenic autosomal dominant mutation carriers in BRCAT and SDHC in LLFS study
participants were similar to those reported in publicly available genomic databases (0.03% vs. 0.0008%, p =1 for
BRCAT, and 0.08% vs. 0.003%, p = 0.05 for SDHC). The frequency of carriers of pathogenic autosomal recessive
variants in CPT2, ACADM, SUMF1, WRN, ATM, and ACADVL were also similar in LLFS as compared to those reported in
genomic databases. The lack of clinical disease among LLFS participants with well-established pathogenic variants
in BRCAT and SDHC suggests that penetrance of pathogenic variants may be different in long lived families.

Conclusion: Further research is needed to better understand the penetrance of pathogenic variants before
expanding large scale genomic testing to asymptomatic individuals.
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Introduction

Next generation sequencing (NGS) has revolutionized
the genetic diagnosis for several diseases such as hearing
loss, vision loss, cardiovascular disorders, and neurode-
generative disorders through testing of single genes, tar-
geted gene panels, and whole exome sequencing [1, 2].
Large scale sequencing efforts are increasingly being
used in several research studies that include participants
in the general population without a strong family history
or with subtle clinical presentations [3]. Large scale se-
quencing effort such as the 1000 Genomes Project [4]
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and 6500 Exome Sequencing Project (ESP) [5] have
demonstrated that phenotypically healthy individuals
harbor variants previously classified as pathogenic, call-
ing into question the pathogenicity of these variants.
This misclassification may be due to initial classification
of these variants being based on studies with limited
sample size or incomplete penetrance of specific patho-
genic variants [6]. The American College of Medical
Genetics and Genomics (ACMG) has published a spe-
cific list of medically actionable genes known to cause
autosomal dominant conditions in order to provide
guidance on return of secondary genetic findings to
patients and/or their care-givers when undergoing whole
genome and whole exome sequencing in the context of
clinical sequencing [7, 8]. However, the variable
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penetrance of rare variants, particularly in the absence of
relevant family history, remains a major limitation in
expanding large scale sequencing efforts beyond the nar-
rowly defined clinical settings into the general population.

Studies on centenarians are particularly informative in
this regard as variants previously classified as pathogenic
but found in these individuals are less likely to be a patho-
genic variant that causes highly penetrant monogenic
Mendelian diseases that typically have an early onset of
disease [9, 10]. A previous study on 44 Ashkenazi Jewish
centenarians who underwent whole genome sequencing
identified over 130 pathogenic or likely pathogenic vari-
ants present in the centenarians’ genomes; the authors
concluded that mutations previously classified as patho-
genic might not necessarily preclude a long life [11].

Since this study was limited to 44 centenarians of Ash-
kenazi Jewish descent, we evaluated the prevalence of
established pathogenic and likely pathogenic variants in
long-lived families of broad European descent in Long
Life Family Study (LLES), a family-based cohort study
designed to evaluate genetic and environmental factors
associated with exceptional survival to extend the
generalizability of the previous study findings to a
broader population. In addition, the family-based design
of LLFS also allowed us to evaluate segregation patterns
of pathogenic mutations within families. This study ana-
lyzed sequences from 25 loci associated with hereditary
disorders and compared the prevalence of pathogenic
variants in LLFS participants vs. a general population of
predominantly European ancestry found in publicly
available genomic databases of germline variants.

Methods

Study population

LLES enrolled long-lived probands and their siblings
(m = 1445; baseline age: 91 + 8 years), their offspring (n =
2346; baseline age: 61 +8years) and spousal controls
(n = 785; baseline age 62 + 8 years) from three U.S. field
centers (New York City, Boston, and Pittsburgh) and
one Danish field center. The study design and selection
criteria have been described previously [12, 13]. Included
in this analysis were 3015 participants from 485 families
(including spousal controls) in three US field centers.
Danish participants were excluded as Danish partici-
pants did not have appropriate consent for participation
in this genetic study. Participants of non-European an-
cestry were also excluded to minimize issues related to
variant classification in non-Caucasian populations.

Sequencing of variants

The LLES participants had 464 genes sequenced that
were selected collectively by the LLFS investigators due
to their published association with age-related pheno-
types [14]. Of these 464 genes, 25 genes associated with
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Mendelian forms of metabolic defects, familial cardio-
vascular disorders, familial cancer predispositions, and
familial neurodegenerative disorders (Supplementary
Table 1) were included for further analysis in this study.
This included seven genes on the ACMG list of second-
ary genetic findings and the remaining 18 genes associ-
ated with autosomal recessive conditions were included
to evaluate whether rates carrier status for Mendelian
diseases were different in LLFS families as compared to
the general population.

Variant classification

We used ANNOVAR [15] to annotate the genetic vari-
ants. The prevalence of the annotated variants was found
using public genome variant databases such as gnomAD
v2 [16], which consists of exome and genome data from
141,456 individuals sequenced as part of various disease-
specific and population genetic studies. Approximately
55% of individuals included in gnomAD v2 were of
European ancestry and 46% of individuals were women.
All variants with an allele frequency < 0.5% in the general
population were further evaluated manually and classi-
fied into five categories using the ACMG criteria: patho-
genic, likely pathogenic, uncertain significance, likely
benign, and benign [17, 18]. In addition to public gen-
ome variant databases such as those listed above, we
used publicly available databases of clinically relevant
genetic variants such as ClinVar [19] to determine if the
rare variants had been previously classified as pathogenic
or likely pathogenic by other clinical laboratories. Vari-
ants not previously classified in ClinVar were evaluated
using locus/disease specific databases (LOVDs). If the
variant was not classified in ClinVar or LOVDs, we con-
ducted a literature search in PubMed using common no-
menclatures, such as dbSNP reference numbers, gene
specific mutations, and chromosome position, to identify
peer-reviewed publications that had identified the
mutations.

In silico predictions were obtained using MutationTa-
ster [20], GERP [21], phyloP100way [22], LRT [23], SIFT
[24], and PolyPhen-2 [25]. If three or more of these pro-
grams listed the variant as pathogenic or conserved, then
the criterion for PP1 was met. We used GERP scores of
greater than 3.0 to be pathogenic [5]. We utilized an on-
line genetic interpretation tool from the University of
Maryland School of Medicine to assist with and
standardize variant classification using the ACMG cri-
teria [26]. All variants classified as pathogenic/likely
pathogenic were manually reviewed and confirmed by a
molecular and genetic pathologist (BT).

Statistical analysis
We used Fisher’s exact test to compare the allele fre-
quencies in LLFS and the general population of
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European descent in the gnomAD database [16]. Since
LLES is a family-based study, the observed allele fre-
quencies were skewed by the prevalence of genetic vari-
ants within individual families. To obtain an estimate of
the population frequency of variants in LLES, we esti-
mated the allele frequency in LLFS by randomly select-
ing one family member from the LLFS families,
repeating the procedure 1000 times to determine an
average estimate of the allele frequency in the LLES
population.

Results

The average age of LLFS participants in this study was
71 + 16 years, and women comprised 55% of all partici-
pants. Among 1372 variants identified in the 25 genes,
283 nonsynonymous and stop-gain variants were identi-
fied for further review after excluding common variants
(variants present in > 0.5% of the general population). Of
the 283 variants, seven (2.4%) were stop-gain variants
and 276 (97.6%) were nonsynonymous variants. Nine
variants (3.2%) were classified as likely pathogenic or
pathogenic, 241 variants (85.1%) were classified as vari-
ants of uncertain significance (VUS), and the remaining
variants were classified as likely benign (11.7%).

All 9 variants classified via ACMG guidelines as likely
pathogenic or pathogenic appeared in LLFS at similar
frequencies to general population frequencies (Table 1).
These variants were present in both autosomal dominant
(BRCA1 and SDHC) and autosomal recessive (CPT2,
ACADM, SUMFI, WRN, ATM, and ACADVL) genes
(Table 1).

Among LLFS participants, the pathogenic BRCAI vari-
ant (NM_007294.3:¢.3748G > T) had an allele frequency
similar to the general population (0.03% vs. 0.0008%; p =
1) (Table 1). However, the individuals (all heterozy-
gotes), two members of one family (92year old father
and his 49 year old daughter) and one a member of an-
other family (51year old woman), with this variant
present have not been diagnosed with breast, ovarian or
prostate cancer. The parental samples of the 92 year old
father were not available for evaluation of BRCAI muta-
tion status. In the second family, the mother of the 51
year old woman did not carry the BRCAI variant.
Though the father’'s DNA sample was not available for
evaluation, we presume this mutation was paternally
transmitted though a de novo origin of this mutation
cannot be excluded. 18 submissions to ClinVar, ranging
from 1994 to 2017 in 657 different individuals from 75
families of varying ethnicities were recorded to have this
pathogenic variant in ClinVar in patients with breast or
ovarian cancer [27-29]. Though breast and ovarian can-
cer due to BRCAI mutations have a peak incidence in
the fourth decade of life, cumulative incidence of these
cancers increases till 80 years of age [30].
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The prevalence of the SDHC variant (NM_003001.3:
¢.397C > T) in LLFS was marginally higher compared to
the general population (0.08% vs. 0.003%; p =0.05)
(Table 1). SDHC variants are associated with autosomal
dominant inherited paraganglioma and gastric stromal
sarcoma. The participants from a single family (all het-
erozygotes) that included a 99 year old mother, her 63
year old daughter and her 55 year old son, were asymp-
tomatic, to the best of our knowledge. Parental samples
of the mother were not available for further evaluation.
Six submissions to ClinVar, ranging from 2016 to 2017
have listed this particular variant as pathogenic. Among
the evidence submitted to ClinVar, this mutation was
present in multiple individuals in different families exhi-
biting paragangliomas [31, 32]. Since hereditary paragan-
gliomas typically present before 45years of age, the
LLFS participants are older than the typical age of onset
for hereditary paragangliomas.

The remaining 7 pathogenic/likely pathogenic variants
represented variants in genes that caused autosomal re-
cessive disorders and represented carrier status for these
autosomal recessive disorders. As expected, these vari-
ants were present in frequencies comparable to the gen-
eral population. These included variants in CPT2 (n =1),
ACADVL (n=1), SUMFI (n=1), WRN (n=1), ATM
(m=1) and ACADM (n=2). Three LLFS participants
were homozygous for the pathogenic variant in CPT2
(rs74315294) (Table 1).

Nonsynonymous or stop-gain mutations variants of
uncertain significance were identified in all of the genes
studied, except for FANCI and are summarized in Sup-
plementary table 2. These variants were unable to be
classified as benign or pathogenic because the only evi-
dence available for evaluating biological consequence of
these mutations was in-silico predictions from computa-
tional programs and prevalence of the variant in the
general population, which are not sufficient to classify
variants definitively using ACMG criteria.

Variants classified as likely benign (n = 33) were found
in WRN (n=18), ATM (n=7), POLG (n=4), GRN (n=
1), LDLR (n=2), and SODI (n=1). Thirty-two of these
variants were associated with nonsynonymous mutations
and one was associated with a stop-gain mutation (Sup-
plementary table 2).

Discussion

We observed that variants previously classified as patho-
genic in both autosomal dominant and autosomal reces-
sive disorders were seen in similar or higher frequencies
among individuals from long lived families as compared
to the general population. This study sequenced seven
(BRCA1L, SDHC, TP53, LMNA, LDLR, PTEN, and
SMAD3) of the 59 genes in the ACMG list of incidental
findings. This is the first study to systematically evaluate
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the prevalence of pathogenic mutations in long lived
families and tracked transmission of pathogenic muta-
tions across 2 generations within families that demon-
strate exceptional longevity. The results from this study
is consistent with the finding from the previous study of
44 Ashkenazi Jewish centenarians; in both studies, the
frequencies of pathogenic variants are not significantly
different from those of the general population [11]. In
the Ashkenazi centenarian study, 130 coding variants in
genes associated with degenerative, neoplastic and car-
diac diseases classified as pathogenic or likely pathogenic
were identified [11]. Though participants in this study
are younger than participants in centenarian studies, the
results from this study are also consistent with previous
studies on centenarians that showed that centenarians
without phenotypic evidence of specific diseases have
similar prevalence of variants associated with complex
chronic diseases as the general population [33]. In
addition, the results from this study are also consistent
with genomic sequencing performed in general risk pop-
ulations [34, 35] that have shown that pathogenic muta-
tions can be observed in individuals without any
evidence of clinical disease. Furthermore, other studies
have reported pathogenic mutations in BRCAI in
women without a family history of breast cancer and
pathogenic mutations in SCN5A or KCNH2 in patients
without phenotypic and electrophysiological evidence of
cardiac arrhythmias [36, 37]. These findings suggest that
established pathogenic variants may have incomplete
penetrance in individuals without a strong family history
of the specific disorder.

The ACMG list of reportable genes is associated with
monogenic diseases that have an intervention available
to prevent the disease or lessen its symptoms [7, 8].
However, a recent ACMG guideline on return of sec-
ondary genetic findings has clarified that the ACMG list
of 59 genes recommended for reporting of incidental
genetic findings was intended to be applied only in the
context of clinical whole exome/genome sequencing and
not intended to be applied for general population
screening [38]. Consistent with the ACMG position and
results from previous studies, this study show at least
two pathogenic variants in genes associated with
autosomal dominant conditions, BRCAI and SDHC,
that did not result in overt disease in the LLFS par-
ticipants. In addition, three LLFS participants were
homozygous for the CPT2 variant, rs74315294, which
is the most commonly identified mutation in people
with CPT II deficiency that can be characterized by
recurrent episodes of myalgia and weakness [39].
These three LLFS participants also did not specifically
report muscle weakness, although they were not ad-
equately assessed for this particular phenotype. Des-
pite the ACMG guidelines on return of secondary
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genetic findings [7, 8], there is no clear consensus
among healthcare professionals regarding return of in-
cidental findings of pathogenic variants [40]. Findings
from this study and previous studies have significant
implications for expanding large scale sequencing ef-
forts to the general population without a strong fam-
ily history of specific diseases.

This study has several strengths and limitations.
Compared to other studies on long lived individuals,
the large sample size and the generalizability of the
study findings to people of broad European descent
are significant strengths of this study, though these
findings may not be generalizable to individuals of
non-European ancestry. Furthermore, since several
LLFS participants with pathogenic mutations were
relatively young, the diseases associated with the auto-
somal dominant diseases might not have manifested
yet. For example, the participants with the BRCAI
variant were in their sixties, which is still relatively
young in terms of clinical manifestation of genetic
breast or ovarian cancer. A previous study has shown
that though the peak incidence of breast cancer was
among women in their 40s and 50s, the cumulative
risk of breast and ovarian cancer risk increased till 80
years [30]. Thus, these LLFS participants could de-
velop breast or ovarian cancer in the future. Follow-up
of LLES participants over ~ 8 years showed that the 92
year old father with the BRCAI mutation and the 99
year old mother with the SDHC mutation died of non-
cancer related causes while the remaining LLFS partic-
ipants are alive and have not reported any new diagno-
sis of cancer during the intervening years. The lack of
any family history of autosomal dominant diseases in
these families suggests that the pathogenic mutations
may not be fully penetrant in these individuals and is
these results lend further support to the recent clarifi-
cation of the ACMG guidelines on reporting second-
ary genetic findings in the context of general
population screening efforts. Despite the large sample
size, the low population prevalence of these variants
may limit estimation of differences in population
prevalence for some variants in LLFS as compared to
general population based databases. For example, this
study had only 78% power (a=0.05) to detect differ-
ences in population frequency for the BRCA1 variant
(frequency = 0.03%), while this study had 87% power
(a=0.05) to detect differences in population frequency
for the SDHC variant (frequency=0.08%). Future
studies that extend these results beyond the 25 genes
to all 59 genes listed in the ACMG secondary findings
list in other large, more diverse long-lived populations
and extending our results will further clarify the pene-
trance of pathogenic mutations in populations without
a strong family history of specific diseases.
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Conclusions

The study results suggest that penetrance of pathogenic
variants may be lower in a general population as com-
pared to targeted patient populations with a strong fam-
ily history of specific Mendelian diseases. The lack of
overt disease in two generations of family members with
pathogenic mutations in this study further supports the
idea that populations without a strong family history of
specific conditions may demonstrate incomplete pene-
trance of pathogenic variants. These findings suggest
that family history of specific diseases should be an im-
portant consideration in deciding whether specific inci-
dental genetic findings should be returned to research
participants to minimize potential harm while maximiz-
ing patient benefit. Hence, before expanding large scale
genomic testing to asymptomatic individuals in the
broader community, additional research is needed to
better understand genotype-phenotype associations and
penetrance of genetic variants in the general population.
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