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Phenotypes of undiagnosed adults
with actionable OTC and GLA variants
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Summary

Inherited metabolic disorders (IMDs) are variably expressive, complicating identification of affected individuals. A genotype-first
approach can identify individuals at risk for morbidity and mortality from undiagnosed IMDs and can lead to protocols that improve
clinical detection, counseling, and management. Using data from 57,340 participants in two hospital biobanks, we assessed the fre-
quency and phenotypes of individuals with pathogenic/likely pathogenic variants (PLPVs) in two IMD genes: GLA, associated with
Fabry disease, and OTC, associated with ornithine transcarbamylase deficiency. Approximately 1 in 19,100 participants harbored an un-
diagnosed PLPV in GLA or OTC. We identified three individuals (2 male, 1 female) with PLPVs in GLA, all of whom were undiagnosed,
and three individuals (3 female) with PLPVs in OTC, two of whom were undiagnosed. All three individuals with PLPVs in GLA (100%)
had symptoms suggestive of mild Fabry disease, and one individual (14.2%) had an ischemic stroke at age 33, likely indicating the pres-
ence of classic disease. No individuals with PLPVs in OTC had documented hyperammonemia despite exposure to catabolic states, but all
(100%) had chronic symptoms suggestive of attenuated disease, including mood disorders and migraines. Our findings suggest that GLA
and OTC variants identified via a genotype-first approach are of high penetrance and that population screening of these genes can be

used to facilitate stepwise phenotyping and appropriate care.

Genetic testing is a powerful diagnostic tool in the evaluation
of individuals with symptoms suggestive of rare disease, how-
ever, this “phenotype-first” approach may overlook individ-
uals with misdiagnoses or subclinical disease, leading to un-
derdiagnosis, symptom progression, and inappropriate
recurrence risk counseling.' In contrast, “genotype-first”
methods, in which unbiased genomic studies are carried out
through biobanks or other population cohorts, followed by
subsequent phenotype delineation, have revealed a higher
frequency and a wider range of phenotypic heterogeneity
than expected for many monogenic disorders.”” For action-
able disorders, such as inherited metabolic disorders (IMDs),
it is important to identify individuals who could benefit
from appropriate surveillance and management to prevent
unnecessary morbidity and mortality. Conversely, identi-
fying and describing the clinical features of undiagnosed indi-
viduals with pathogenic/likely pathogenic variants (PLPVs)
can allow for more accurate counseling regarding phenotype
variability in IMDs and can inform protocols to prevent the
inappropriate application of costly or risky therapeutics in in-
dividuals with minimal signs of disease. Although individuals
with IMDs have been previously identified in unselected co-

horts, to our knowledge, no efforts to ascertain the pheno-
types of such individuals has been undertaken.

The genes designated for secondary findings (SFs) by the
American College of Medical Genetics and Genomics
(ACMG) represent a clinical genotype-first approach in
which individuals with PLPVs in medically actionable genes
may be identified during an evaluation process for unrelated
symptoms. Variants in the 56-59 genes originally selected for
SFs* have consistently been found in 1%-3% of individ-
uals.>® The current list (ACMG SF v.3.1) now includes 78
genes, including four genes associated with IMDs: BTD, asso-
ciated with biotinidase deficiency (MIM: 609019); GLA, asso-
ciated with Fabry disease (MIM: 300644); OTC, associated
with ornithine transcarbamylase (OTC) deficiency (MIM:
300461); and GAA, associated with Pompe disease (MIM:
606800).” The frequency and phenotypes of unselected indi-
viduals in biobanks with PLPVs in genes associated with these
IMDs have not been systematically evaluated.

In this study, we used a genotype-first approach to assess
the prevalence and expressivity of two X-linked IMDs, Fabry
disease and OTC deficiency, in two hospital biobanks. Fabry
disease is commonly associated with neurologic, cardiac,
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andrenal disease and has previously been estimated to occur
in 1in40,000to 1in 117,000 individuals,® although arecent
genotype-first analysis in the UK Biobank revealed more
than 1in 10,000 participants with PLPVs in GLA.” OTC defi-
ciency, estimated to occur in 1 in 14,000 to 1 in 77,000 indi-
viduals'® and found in 1 in approximately 22,000 unse-
lected individuals in the eMERGE study,' leads to variably
expressive hyperammonemia, encephalopathy, neuropsy-
chiatric symptoms, and hepatic dysfunction, particularly
in the setting of malnutrition, intercurrent illness, or sys-
temic steroid usage. X-linked disorders such as OTC defi-
ciency and Fabry disease are ideal candidates for study given
that heterozygous and hemizygous PLPVsin these genes can
cause symptoms and do not require parental sequencing or
other strategies for variant phasing. The identification of in-
dividuals with PLPVs in GLA and OTC in hospital biobanks
can inform the prognosis and potential role for therapy for
individuals receiving SFs in these genes.

The Mass General Brigham Biobank (MGBB) is a bio-
repository within the Mass General Brigham (MGB) aca-
demic medical center and is linked to electronic medical re-
cords (EMRs). Between July 1, 2010, and March 31, 2021,
the MGBB enrolled 124,391 individuals.'* A subset of
13,340 samples underwent exome sequencing at the Clin-
ical Research Sequencing Platform (CRSP) of the Broad
Institute of Harvard and MIT using a custom capture li-
brary from TWIST Biosciences with sequencing on the Illu-
mina NovaSeq using 150 bp paired reads, as previously
described.'' Variants were filtered to a list of 59 genes
comprising ACMG SF v.2.0,'> which included GLA and
OTC. Variant annotation, additional filtration, and classifi-
cation are described in detail by Blout Zawatsky et al."’

The Penn Medicine Biobank (PMBB) is an EMR-linked bio-
repository at the University of Pennsylvania. Since its creation
in 2013, the PMBB has enrolled 174,712 participants and has
completed exome sequencing on approximately 44,000 par-
ticipants using an Illumina NovaSeq platform, recently
detailed by Verma et al."> PMBB exome sequencing data
were subsetted to include only the GLA and OTC gene loci
and were subsequently annotated using the Ensembl Variant
Effect Predictor (VEP; v.102) with the LOFTEE (v.0.3) and
dbNSFP (v.4.2) plugins. We excluded participants with vari-
ants in allele balance <40% in females and <80% in males.

Informed consent for broad use of samples and data,
including but not limited to exome sequencing, phenotype
assessment, and publication of results, was obtained at the
time of enrollment for both MGBB and PMBB participants.
EMR review for this study was approved by the Institutional
Review Board (IRB) of both Massachusetts General Hospital
and the University of Pennsylvania. Participants provided
informed consent at the time of biobank enrollment.

Phenotyping was completed through EMR review in both
biobanks. All documentation in the EMRs, including prog-
ress and consult notes, operative reports, and reports from
diagnostic procedures, were reviewed to identify features
known to be associated with either Fabry disease or OTC defi-
ciency. Data from the EMR were collected using the REDCap

electronic data capture tool. Criteria for the REDCap survey
were based on physical manifestations described in Batshaw
etal.'* and in Saudubray'” (Tables S3 and $4). Demographic
information was also ascertained (Table S5).

Three individuals (all from MGBB) had a PLPV in GLA
(Figure 1). Two individuals had one X chromosome (chro-
mosomal males) and one had two X chromosomes (chro-
mosomal females) (Table S6). None had a diagnosis or
known family history of Fabry disease.

Retrospective phenotyping suggested a possible family
history of Fabry disease in one individual whose maternal
aunt (MS5) had a stroke at unknown age. All individuals had
previously had at least one encounter with a medical
specialist that evaluated a system affected in Fabry disease,
including cardiology (2/3, 66.7%), ophthalmology (1/3,
33.3%), neurology (1/3, 33.3%), or dermatology (1/3,
33.3%). No individuals had an assessment by nephrology
prior to the receipt of genomic results.

At least one potential sign or symptoms consistent with
Fabry disease was present in all identified individuals
(Figure 2B). One individual (MS5) had an ischemic stroke
at 33 years of age. Another individual (M4) had concentric
left ventricular hypertrophy and an abnormal electrocar-
diogram (first-degree atrioventricular block, right bundle
branch block). The only female individual (F1) endorsed
subjective symptoms of Fabry disease including acropares-
thesia, vertigo, and heat intolerance, but had no objective
signs of disease on an ophthalmologic exam and transtho-
racic echocardiogram.

Three individuals (one from MGBB, two from PMBB), all
chromosomal females, had a PLPV in OTC. Two of these
three individuals were previously undiagnosed. One chro-
mosomal female (F2) had previously received a molecular
diagnosis of OTC deficiency due to a known history of dis-
ease in her daughter. No other individuals had a docu-
mented family history that was suggestive of OTC defi-
ciency, and, aside from F1, none had received prior
clinical diagnoses.

Allindividuals with PLPVsin OTC had at least one clinical
exposure that could precipitate hyperammonemia, in-
cluding pregnancy, prolonged fasting, or major infection;
but none had documentation of acute hyperammonemia,
aprotracted episode of altered mental status, or seizures. Im-
aging of the liver in one individual (F2) did not reveal any
OTC-related findings such as hepatic inflammation or
fibrosis. However, all individuals with OTC variants
(100%) had symptoms of attenuated disease. The most
common clinical features were mood disorders (3/3,
100%) and migraines (2/3, 66.7%) (Figure 2A).

A genotype-first approach can identify the frequency
and variable expressivity of IMDs in unselected biobank
participants, thereby better informing the prognosis and
utility of treatment in individuals who receive PLPVs in
genes related to these conditions outside of diagnostic
testing, such as by genomic newborn screening or as a clin-
ical SE. In this study, we found that approximately 1 in
19,000 adults in two hospital biobanks harbored

2 Human Genetics and Genomics Advances 4, 100226, October 12, 2023



¢.335G>A C.647A>G
GLA p.R112H p.Y216C
: ! .
— 2l Eal A s e 7
C.868A>C
p.M290L
oTe c.118C>T C.583G>A
p.R40C p.G195R

. ! ! i

— 1 —12 3415 167189 10 —
.274C>T
p.R92X

Figure 1. Pathogenic and likely pathogenic variants

in OTC and GLA identified in hospital biobank participants
Gene schematic of OTC (top) and GLA (bottom) showing patho-
genic or likely pathogenetic variants (PLPVs) identified in the
Mass General Brigham Biobank and Penn Medicine Biobank. Path-
ogenic variants are bolded. PLPVs identified in individuals with
one X chromosome are in blue, and PLPVs identified in individ-
uals with two X chromosomes are in purple.

previously unrecognized PLPVs in GLA or OTC. This paral-
lels the rate of PLPVs in OTC found in the eMERGE study.
For GLA, our rate is lower than that found in the UK Bio-
bank study or newborn screening for Fabry disease in
Taiwan, possibly due to the difference in enrolled popula-
tions or variant curation criteria.”'® Phenotypes in indi-
viduals in this study with PLPVs ranged from very mildly
symptomatic to classic disease, with the majority demon-
strating signs of attenuated disease.

Our findings suggest that PLPVs in IMD genes may serve as
markers of disease risk much like other genes on the ACMG
SFlist, such as those associated with hereditary cancer predis-
position or heart disease, rather than as straightforward diag-
nostic markers. Although most individuals had signs of
attenuated disease, one individual (M2) with a PLPV in
GLA experienced an ischemic stroke at age 33, possibly as a
direct result of classic Fabry disease. The identification of a
PLPV in an IMD gene may be used to prompt disease surveil-
lance such as a targeted history and physical exam, biochem-
ical laboratory tests, and imaging, the results of which can be
used in concert to determine the need for further therapy.
Additionally, this information can be used to initiate cascade
familial screening and recurrence risk counseling.

This study highlights the importance of medically action-
able return of genomic results (gRoR) in research. Variants
identified in participants from the MGBB underwent orthog-
onal confirmation via Sanger sequencing, which we suggest
isan essential measure prior to the return of genotype-first re-
sults from research. All four of the individuals in this study
from the MGBB were then offered gRoR, and three accepted,
thereby facilitating appropriate evaluations and therapy. In
two of three such individuals, biochemical testing was
consistent with the genetic variant, substantiating the mo-
lecular diagnosis. For some individuals, such information

can be lifesaving. Additionally, genetic information may be
useful in the management of common, complex disease
symptoms such as mood disorders, migraines, and cardio-
myopathy. Although such symptoms are widespread in the
adult population, in rare cases, they can be due to an attenu-
ated form of a genetic disorder.'®2° Future studies can deter-
mine the frequency of IMD-related PLPVs in biobank partic-
ipants with common diagnoses, such as mood disorders, to
explore the utility of genomic testing in this population.

This study also highlighted the importance of assessing
the allelic fractions of variants identified in biobank partic-
ipants. Initial analyses demonstrated a higher proportion of
individuals with pathogenic variants in GLA and OTC. In
several instances, these variants were found to have low
allelic fractions, however, suggesting that they may be due
to post-zygotic mosaicism or sequencing artifact. As such,
we must take caution when using biobank data to assess
variant prevalence and penetrance by first ensuring that
the allele balance of each variant is consistent with the
appropriate mechanism of inheritance and disease.

This study has several limitations. First, hospital bio-
banks may not represent the general population. Both
the MGBB and the PMBB are limited in their representa-
tion of participants from diverse backgrounds. Individuals
with complex medical needs or developmental disabilities
may have been less likely to consent to biobank protocols.
Data available for EMR review are also limited among those
individuals with limited interaction with the healthcare
system. The forms used to capture participant information
did not distinguish between a lack of information in EMRs
and the absence of a symptom. It is therefore possible that
some individuals might report more symptoms if they
were asked targeted disease-related questions, suggesting
that return of results and recalling participants for deeper
phenotyping is an important next step in studying the
penetrance of IMDs. Additionally, several of the symptoms
of attenuated IMDs are common, complex disorders, such
as mood disorders and migraines, that may be caused by a
variety of factors. Comparison of rates of these conditions
among individuals with PLPVs and control participants, or
statistical methods such as phenome-wide association
studies, may be useful to determine which symptoms are
most strongly linked to IMD genes in the future.

Taken together, our findings demonstrate that unselected
individuals in hospital-based biobanks with PLPVs in genes
associated with IMDs are at high risk for disease symptoms.
Although only a minority of individuals with PLPVs had
classic symptoms of disease, all had signs of at least attenu-
ated disease and would benefit from appropriate surveillance
and possibly therapy. Although the expressivity of the PLPV
varies, the overall positive predictive rate of genomic
screening for these genes would be expected to be high.
Over time, data from unselected individuals in biobanks
will be essential to determine the variable expressivity of
PLPVs in genes associated with IMDs and other monogenic
disorders, thereby improving the counseling of individuals
who receive unanticipated PLPVs in such genes.
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Figure 2. Phenotypes of individuals with
pathogenic and likely pathogenic variants
in OTC xand GLA identified via a geno-

2w type-first approach in hospital biobanks
o2 (A and B) Phenotypes of individuals with

pathogenic or likely pathogenic variants in
OTC (A) or GLA (B). For individuals with var-
iantsin OTC, there was no documentation of

o & & " .
& & & the following signs or symptoms: prenatal or
™ . . . .
?‘e S 3 y )
v S ostnatal complications, psychosis, histor

of altered mental status, cognitive impair-
ment, cyclic vomiting, seizures, protein
intolerance, self-restricted diet, malignancies
of the liver (including hepatocellular carci-

noma), Reye syndrome, hyperammonemia, or elevated transaminases. For GLA, there was no documentation of the following signs or
symptoms of Fabry disease: exercise intolerance, aortopathy corneal whotls, proteinuria, end-stage renal disease (including history of dial-

ysis or renal transplantation), heart failure, or hypohidrosis.

Data and code availability

The data supporting the current study have not been
deposited in a public repository because data from hospital
biobank participants is not public. Deidentified data are
available upon request through Dr. Nina Gold.
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