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Abstract

Accurate determination of the clinical significance of genetic variants is critical to the integration
of genomics in medicine. To facilitate this process, the NIH-funded Clinical Genome Resource
(ClinGen) has assembled Variant Curation Expert Panels (VCEPs), groups of experts and
biocurators which provide gene- and disease-specifications to the American College of Medical
Genetics & Genomics and Association for Molecular Pathology’s (ACMG/AMP) variation
classification guidelines. With the goal of classifying the clinical significance of GAA variants in
Pompe disease (Glycogen storage disease, type I1), the ClinGen Lysosomal Diseases (LD) VCEP
has specified the ACMG/AMP criteria for GAA. Variant classification can play an important role
confirming the diagnosis of Pompe disease as well as the identification of carriers. Furthermore,
since the inclusion of Pompe disease on the Recommended Uniform Screening Panel (RUSP) for
newborns in the USA in 2015, the addition of molecular genetic testing has become an important
component in the interpretation of newborn screening results, particularly for asymptomatic
individuals. To date, the LD VCEP has submitted classifications and supporting data on 243
GAA variants to public databases, specifically ClinVar and the ClinGen Evidence Repository.
Here, we describe the ACMG/AMP criteria specification process for GAA, an update of the
GAA-specific variant classification guidelines, and comparison of the ClinGen LD VCEP’s GAA
variant classifications with variant classifications submitted to ClinVar. The LD VCEP has added
to the publicly available knowledge on the pathogenicity of variants in GAA by increasing the
number of expert-curated GAA variants present in ClinVar, and aids in resolving conflicting
classifications and variants of uncertain clinical significance.
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Pompe disease; glycogen storage disease type 1lI; GAA; variant classification; ClinGen Variant
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Introduction

Accurate determination of the clinical significance of genetic variants is foundational to
genomic and personalized medicine. Publication of guidance by the American College

of Medical Genetics and Genomics (ACMG) in collaboration with the Association for
Molecular Pathology (AMP) in 2015 was an important step towards standardizing variant
interpretationl. However, as these guidelines were written to apply to a wide range

of Mendelian disorders, the addition of specific gene and disease specifications to the

ACMG/AMP criteria is required to facilitate variant classification and to minimize possible

discrepancies in classification between different laboratories. To address this issue, the
Clinical Genome Resource (ClinGen), an NIH-funded consortium, assembles Variant
Curation Expert Panels (VCEPs) which develop specific ACMG/AMP based criteria for
different disease genes under guidance from the ClinGen Sequence Variant Interpretation
Working Group (SVI). The specified criteria are then used to classify variants in the
gene of interest, followed by submission of the classifications and supporting data to
public databases, specifically ClinVar and the ClinGen Evidence Repository, following a

standardized protocol23. ClinGen’s VCEP process has been approved as an FDA-recognized

genetic variant database and, as such, variant classifications submitted to ClinVar from

Mol Genet Metab. Author manuscript; available in PMC 2024 October 26.

Page 2



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Goldstein et al.

Page 3

ClinGen VCEPs are posted with an “FDA Recognized Database” tag at the three star review
level4,

The ClinGen Lysosomal Diseases (LD) VCEP was formed under the umbrella of the
ClinGen Inborn Errors of Metabolism Clinical Domain Working Group. This group was
formerly known as the Lysosomal Storage Diseases VCEP but recently changed its name
in keeping with the recommendations of the WORLD Symposiun®. The LD VCEP focused
its initial efforts on specification of the ACMG/AMP criteria for interpretation of variants
within GAA. GAA encodes the lysosomal enzyme acid alpha-glucosidase (GAA; EC
3.2.1.20). Deficiency of GAA causes Pompe disease (glycogen storage disease type Il; acid
maltase deficiency; MIM# 232300), an autosomal recessive lysosomal disorder with a broad
clinical spectrum. Pompe disease is categorized according to the age of onset and severity
of symptoms®.7:8. Patients with classical infantile-onset Pompe disease (IOPD) present in
infancy with cardiomegaly and severe hypotonia. Without treatment, infants with IOPD
typically die from cardiorespiratory insufficiency in the first year of life. Patients with a
non-classical form of IOPD have been reported as presenting in the first year of life but
without the severe cardiac features. Late-onset Pompe disease (LOPD) has a wide range of
disease onset and rate of progression. Patients can present in childhood or adulthood. LOPD
is characterized by progressive limb-girdle weakness and respiratory insufficiency. While
severe cardiomyopathy and aortic root dilatation are infrequent in individuals with LOPD,
vascular anomalies, such as aneurysms and arterial dolichoectasia have been reported and
available data supports screening for cardiac features, particularly arrhythmias®-13. Due to
the overlap in clinical features with many other neuromuscular conditions, there is often a
lag in the diagnosis of LOPD individuals.

Historically, Pompe disease has been diagnosed by the measurement of GAA enzyme
activity in appropriate tissues, such as fibroblasts, muscle, lymphocytes, leukocytes, and
dried blood spots, with the identification of GAA variants by DNA sequencing used for
confirmation of the diagnosis, and for testing family members4. However, genomic testing
is increasingly being used as a first tier approach in diagnostics and carrier testing. As
such, GAA variants may be identified when GAA is included on next generation sequencing
panels for various clinical indications, as well as when exome or genome sequencing is
performed. In addition, GAA sequencing can play a critical role in confirming the results
of newborn screening, particularly if the results are ambiguous and the patient is not yet
symptomatic. Furthermore, GAA has been added to the secondary findings list, which

was published by the ACMG with the goal of providing actionable findings to individuals
undergoing genomic analysis for a different indication1®.

The currently approved treatment for Pompe disease is enzyme replacement therapy (ERT),
which was first approved by the Food and Drug Administration (FDA) in the USA and by
the European Medical Agency (EMA) in 2006. Additional therapies, including gene therapy,
rescue of normal splicing by allele-specific oligonucleotides, and substrate reduction therapy
are under investigation16-20, ERT has been shown to improve the clinical symptoms and
longevity of individuals with Pompe diseasel6:21.22, As the initiation of ERT early in

the natural history of disease is essential to the prevention of irreversible damage from
occurring, newborn screening for the condition was initiated in various countries, beginning
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with Taiwan in 200523, In the United States, Pompe disease was added to the Recommended
Uniform Screening Panel (RUSP) for newborns in 2015 and screening was implemented by
37 US newborn screening programs by December 202224, While the methods vary, newborn
screening programs typically include the measurement of GAA activity in dried blood spots,
followed by confirmatory enzyme assay, clinical assessment, and GAA sequencing.

Clearly, there is a critical need to understand the clinical significance of GAA variants

in order to provide patients and their families with accurate diagnostic and prognostic
information in a timely manner. Herein, we describe the development of the LD VCEP, a
group that was initiated to generate ACMG/AMP criteria specifications for GAA variant
classification. We describe the ACMG/AMP criteria specification process and the results

of the GAA variant classification efforts to date, including submission of 243 variant
classifications to ClinVar, a publicly available database, for use by the scientific and medical
communities.

2. Methods
2.1. Development of GAA-specific ACMG/AMP criteria, Version 1

The LD VCEP (GAA subgroup) is currently composed of 17 individuals with expertise in
clinical/biochemical genetics, clinical laboratory diagnostics, variant interpretation, research,
newborn screening, and variant classification, from various institutions across the USA and
Canada (https://clinicalgenome.org/affiliation/50009/).

Following the ClinGen VCEP protocol?, the LD VCEP held biweekly conference calls

to review the ACMG/AMP variant interpretation criterial. Some criteria were deemed
“not applicable” to GAA or Pompe disease. For other criteria, the group developed

gene- or disease-specific specifications, and discussed the appropriate strength of evidence
at which the criteria could be applied. Population minor allele frequency (MAF)

threshold calculations for BA1, BS1, and PM2 were made using an online calculator
(http://cardiodb.org/allelefrequencyapp)2°. Additional efforts included identification of
key functional domains in GAA, definition of informative functional assays, and
characterization of specific phenotypic criteria. Recommendations for using ACMG/AMP
criteria from the ClinGen’s Sequence Variant Interpretation working group (SVI) were also
incorporated?8. The ClinGen SV!I is working towards improving the consistency in usage
of the ACMG/AMP criteria and transparency in classification rationale and oversees the
development of variant classification rules by ClinGen VCEPs.

2.2. Collection and analysis of data

Published literature for each variant was identified by PubMed and GoogleScholar
searches, in addition to variant-specific data from the Pompe Variant Database (https://
www.pompevariantdatabase.nl/pompe_mutations_list.php). Data was collected and entered
in the ClinGen Variant Curation Interface (VCI, https://curation.clinicalgenome.org/)?’.
under the appropriate ACMP/AMP criteria codes by biocurators following the VCEP
Standard Operating Procedure3. The VCI pulls in additional data for curation from

public databases such as gnomAD (https://gnomad.broadinstitute.org/)28, and also the
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results of in silico predictors including REVEL29. Anonymized, unpublished data from

two participating clinical laboratories (the Duke Molecular Diagnostics Laboratory and
Revvity Omics [formerly Perkin EImer Genomics]) were included when available. All
variants were annotated using NM_000152.5, and all were classified for Pompe disease
(MONDO:0009290). Using the GAA-specific ACMG/AMP guidelines, biocurators made

a provisional classification for each variant. After three experts reviewed the data and the
provisional classification, the classification for each variant was approved. The classification
and supporting data were then published in the public ClinGen Evidence Repository and
submitted to ClinVar.

2.3. Pilot study

The draft specifications were tested and refined by classifying 50 GAA variants which were
selected to represent the spectrum of variant types reported in GAA, including missense,
nonsense, frameshift, canonical splice site, intronic, and in-frame indels, as well as a range
of classifications in ClinVar. For in-frame insertion and deletions, of which there are few

in ClinVar, we classified unpublished variants identified by the Duke Molecular Diagnostic
laboratory.

The criteria applied and subsequent variant classifications were reviewed on conference calls
to stimulate further discussion, resolve discrepancies, and reach a final consensus on the
classification of each variant. Once the specifications were approved by the SVI, the GAA
variant classifications were submitted to ClinVar where they are displayed with a 3-star
evidence level and the FDA recognition tag.

2.4, Update to Version 2 GAA-specific ACMG/AMP criteria

Concurrent with approval of Version 1 of the specifications, guidance for the use of
functional data in variant classification and the recommended use of PM2 at the supporting
strength level rather than at the moderate level, were published by the ClinGen Sequence
Variant Interpretation Working Group39-3L, The specifications were updated to \Version 2 by
incorporating these recommendations as well as other adjustments based on our experience
using Version 1 of the specifications. Variant classifications made using Version 1 of the
specifications were updated using Version 2. Differences in the number of times the updated
codes were used, the strengths at which these codes were used, and the impact these code
changes on final variant classifications was determined.

2.5. ClinVar data

Data from the NCBI’s public database, ClinVar32, were surveyed to determine the number
of GAA variants and their classifications, submitted by all submitters (data obtained May 2,
2023). All ClinVar variant records for which the LD VCEP had submitted a classification
were analyzed to determine the number of novel variants added to ClinVar by the LD VCEP,
and the number of conflicting and VUS classifications that were resolved by the LD VCEP.
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3. Results and discussion

3.1. Development of the ClinGen Lysosomal Diseases VCEP

The ClinGen LD VCEP underwent the steps required for a ClinGen-associated group to
submit variant classifications to ClinVar at the 3-star review status and with the “FDA
Recognized Database” tag.

3.2. Summary of specifications

In Version 1 of the GAA variant classification specifications, 13 of the 28 ACMG/AMP
criteria were deemed by the LD VCEP to be inapplicable to GAA variant interpretation
(PS2, PS4, PM1, PM6, PP1, PP2, PP5, BS2, BS4, BP1, BP3, BP5, and BP6), 6 were
used “as is” with the option to change strength under certain circumstances (PS1, PM3,
PM4, PM5, BP2, and BP7) and 11 were modified based on characteristics specific to
GAA and Pompe disease (PVS1, PS3, PM2, PP3, PP4, BAl, BS1, BS3, and BP4). Based
on further consideration, PM1 and BS2 were specified and included in Version 2 of the
specifications. The Version 2 pathogenic code specifications are shown in Table 1, the
benign code specifications are shown in Table 2, and a summary of updates made from
Version 1 to Version 2 are shown in Table 3. The current specifications are also available in
the ClinGen Criteria Specification Registry33.

3.2.1 Computational and predictive data

Null variants (PVS1): PVS1 is defined as “null variant (nonsense, frameshift, canonical
+/-1 or 2 splice sites, initiation codon, single or multi-exon deletion) in a gene where loss of
function (LOF) is a known mechanism of disease”l. GAA encodes acid alpha-glucosidase,

a monomeric lysosomal enzyme encoded by a single gene with no evidence of alternative
active isoforms. As loss of function of GAA is the disease mechanism for Pompe disease,
PVS1 may be applied for null variants. PVS1 was applied using additional guidance from
the ClinGen SVI34 that included gene-specific considerations (see Supplemental Table 1).
For initiator codon variants, after the start methionine, the next in-frame methionine is

at position 122 but the likelihood of this start site being used is low and, even if used,

the gene product would be missing the signal sequence3®, suggesting that GAA protein
would be mislocalized and/or degraded. This prompted us to apply PVS1 at strong for
initiator codon variants. Indeed, GAA protein has been shown to be absent by Western blot
analysis from fibroblasts derived from three patients homozygous for ¢.1A>G3. For variants
involving either the +1 or +2 position of GT donor splice sites, the exon immediately 5’

of the variant is predicted to be skipped, and all variants of either the —1 or -2 position

of AG acceptor splice sites, the exon immediately 3’ of the variant is predicted to be
skipped, unless there is experimental data to indicate otherwise. The in-frame/out-of-frame
consequences for skipping any exon in GAA was determined (Supplemental Table 2) and,
for variants predicted to result in in-frame exon skipping, the strength of evidence was based
on knowledge functional domains within the relevant exon.

3.2.2. Computational predictors (PP3, BP4)—/n silico predictors are useful
ancillary tools to support variant interpretation and are incorporated into the ACMG/AMP
guidelines as “Multiple lines of computational evidence support a deleterious effect (PP3)/
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benign effect (BP4) on the gene or gene product”. Typically, computational predictions
are based on amino acid properties, protein folding characteristics, conservation through
evolution, region constraint, and allele frequency in population vs disease-based databases.
The LD VCEP uses REVEL to predict the impact of missense variants2® and SpliceAl

to predict the impact of all variants on splicing36. PP3 was applied to missense variants
with a REVEL score =0.7, and BP4 was applied for a REVEL score <0.5, based on the
sensitivity and specificity for detecting Pathogenic/Likely Pathogenic variants and Benign/
Likely Benign variants at different thresholds (Supplemental Table 3). All variants were
analyzed using SpliceAl to investigate a possible effect on splicing. A SpliceAl score of
=0.5 met PP3, while a score of <0.2 was taken to indicate no predicted impact on splicing.
Since Version 2 of the GAA specifications was approved, additional guidance has been
released by the SVI on the use of /n silico predictions for missense variants3’, and on the
incorporation of PP3 for splice variants38. These recommendations will be included in the
next iteration of the LD VCEP’s GAA variant classification specifications.

3.2.3. Population data

Allele frequency criteria (BA1, BS1, and PM2): Consideration of the allele frequency

is useful in assessing the pathogenicity of a variant. The allele frequency may be too
common to be considered disease causing (BAL), greater than expected for the disorder

in question (BS1), or rare enough to be consistent with the disease frequency, penetrance,
and inheritance pattern (PM2)1:3%. The LD VCEP used the calculator at http://cardiodb.org/
allelefrequencyapp?® to determine the minor allele frequency threshold for each of the

allele frequency criteria (BA1, BS1, PM2). This online tool requires the user to input the
prevalence, maximum allelic contribution, maximum genetic contribution, and penetrance.
For all three allele frequency criteria, we set the maximum genetic contribution at 100%
under the assumption that all cases of Pompe disease are caused by variants in GAA.

We used different values for each of the remaining variables with the goal of setting
conservative cutoffs so that no pathogenic variants would meet BS1 or BA1. While the
penetrance of Pompe disease is not known, it is assumed to be high and, therefore, we set the
penetrance to 100% for all three allele frequency criteria. The prevalence of Pompe disease
is variable depending on the population®®-42. It is typically quoted to be approximately 1 in
40,000 based on individuals diagnosed after presenting with clinical symptoms. However,
with the surge of newborn screening programs for Pompe disease in several countries and
different US states, it is now known that this is an underestimate due, at least in part,

to underdiagnosis of individuals with LOPD whose symptoms overlap with a myriad of
other neuromuscular conditions. Based on newborn screening studies, Pompe disease has an
incidence as high as 1 in 4,500 individuals in some populations when combining infantile
and late-onset cases*34°, with most studies reporting ~ 1 in 10,000 - 1 in 20,000. Therefore,
we used a prevalence value of 1 in 10,000 for the BA1 and BS1, and 1 in 40,000 for PM2.

The maximum allelic contribution, or maximum number of cases attributable to a single
variant, varies between populations and clinical cohorts. However, based on overall data
from the Pompe Registry*®, the most prevalent variant in individuals with onset of
symptoms <12 years and cardiomyopathy is ¢.2560C>T - p.(Arg854Ter), present in 7.5%
of the alleles (28/373 alleles), while c.-32-13T>G is the most common variant in late-onset
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cases, present in 45.1% of the alleles (561/1243 alleles). To calculate the thresholds for the
BA1, BS1, and PM2 criteria, we used maximum allelic contribution of 1.0, 0.5, and 0.2.

Based on these parameters, the final minor allele frequency thresholds of BA1, BS1, and
PM2 were set to >1% (>0.01), >0.5% (>0.005), and <0.1% (<0.001) respectively, while
recognizing the limitations that allele frequencies of pathogenic variants and the prevalence
of disease varies considerably between different populations. Of note, some well-known
pathogenic variants do not meet our PM2 threshold, but there is sufficient case-level and
functional evidence to support their pathogenicity. This includes ¢.2560C>T - p.(Arg854Ter)
(MAF 0.001891 in the African/African-American population), ¢.1935C>A - p.(Asp645Glu)
(MAF 0.001729 in the East Asian population), and c.-32-13T>G (MAF 0.005293 in the
European non-Finnish population).

In Version 2 of the GAA-specific ACMG/AMP guidelines, following the guidance of the
ClinGen SVI WG3, PM2 was applied at the supporting level to variants meeting the PM2
threshold, rather than at the moderate level used in Version 1.

Observation in controls inconsistent with disease (BS2): For recessive disorders, BS2 is
defined as “observed in a healthy adult individual”l. While this criterion was not included
in Version 1 of the specifications, it was specified and included in Version 2. Of note,
observation of a GAA variant in homozygosity in a healthy adult does not exclude the
variant as being pathogenic because LOPD can present late in life (51-6M decade), can
have mild symptoms, and may remain undiagnosed. It is possible that homozygotes may be
present in large population databases such as gnomAD. In fact, a homozygous individual

is reported in gnomAD for the most common pathogenic GAA variant in individuals with
late-onset Pompe disease (¢c.—32-13T>G). To apply this criterion, the LD VCEP therefore,
requires that there is clear documentation of normal GAA activity in an individual with

no clinical features of Pompe disease who is homozygous for the variant, or compound
heterozygous for the variant and a known pathogenic variant, with confirmed phase. Because
the residual GAA activity is not expected to change throughout the lifetime, this criterion
can be applied for an individual of any age, if the requirements are met.

3.2.4 Functional data

Functional assays (PS3 / BS3): The ACMG/AMP guidelines define functional assays as
“well-established /n vitro or in vivo” studies that support a deleterious (PS3) or benign
(BS3) impact of the variant on the function of the protein, recommending that these codes be
applied at the strong level. GAA activity can be measured in an appropriate cell type from
patients (fibroblasts, leukocytes, dried blood spots, muscle)*’ or in cultured cells expressing
GAA cDNA*849 GAA activity measured in cells from a patient represents a feature of

that individual and the interaction of all of the genetic variants that they carry. This data,
therefore, is included as evidence for PP4 (“disease-specific phenotype”) rather than PS3
and BS3. Assays that involve transient expression of GAA cDNA containing a variant of
interest in COS cells, HEK293 cells, or GAA-deficient fibroblasts, are broadly accepted as
in vitro functional assays for PS3 and BS3. Some studies also include analysis of GAA
synthesis and processing by Western blot or pulse chase to assess the amount of precursor
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protein (110 kDa), intermediate (95 kDa) and active enzyme (76, 70 kDa)®C. In Version

1 of our specifications, we applied PS3 and BS3 at the strong level for variants with low
(<10%) or high (>60%) activity in these /n vitro assays. However, subsequent guidance from
the ClinGen SVI prompted us to re-specify these criteria based on the recommendation that
functional assays include a minimum number of pathogenic and benign controls3.

Unfortunately, the majority of published functional assays for GAA do not include control
variants. We therefore attempted to identify variants examined in these historical studies that
could retrospectively be considered as pathogenic or benign controls, as these variants could
be classified as pathogenic or benign using other evidence, without applying PS3 and BS3.
Although this approach identified a number of suitable control variants, the number was
insufficient to meet the recommendations of the SVI. Therefore, PS3 may be applied at the
supporting level for any variant with <30% activity when transiently expressed /n vitro. PS3
may be applied at the moderate level for detailed studies that combine GAA activity with
Western blot data?849. While we recognize that GAA synthesis and processing and GAA
activity are closely correlated, analysis of the impact of a variant by two different methods
provides some verification of the results.

Critical domain (PM1): PM1 can be applied for variants that are “located in a mutational
hot spot and/or critical and well-established functional domain (e.g. active site of an
enzyme) without benign variation”?. This criterion was not included in Version 1 of the
GAA variant classification guidelines but, upon further consideration by the members of
the LD VCEP, it was included in Version 2. GAA is an exo-hydrolase cleaving both a1-4
and a.1-6 glucose linkages in glycogen and releasing a-glucose as a product. The active
site region of GAA encompasses amino acids 347-726°C. Based on the crystal structures
of native GAA and rhGAA, the following residues have been identified as important to the
active site architecture, mechanism, and/or substrate binding of GAA: Asp282, Trp376,
Aspd04, Leud05, lle441, Trpd81, Trp516, Asp518, Met519, Arg600, Trp613, Asp616,
Trp618, Phe649, Leu650, His674°1:52, No variants at these positions have been classified
as benign or likely benign in ClinVar or the Pompe Variant database®3, and all variants

of these residues were rare or absent in gnomAD v2.1.1. Of note, Asp518 is the catalytic
nucleophile and Asp616 is the catalytic acid/base 51:52:54, The other residues are important
in active site architecture and substrate binding. In Version 2 of the GAA-specific variant
classification guidelines, PM1 was applied to missense substitutions and in-frame deletions
of these residues.

3.2.5. Allelic data (PM3)—For recessive disorders, like Pompe disease, observation

of the variant of interest in trans with a pathogenic variant supports the pathogenicity of

the variant!. The LD VCEP applied PM3 following the guidance of the SVI°® which has
developed a points system based on the classification of the second variant and whether or
not the phase is known, for compound heterozygotes. The issue of circularity was carefully
considered for all variants with case-level data to ensure that the classification of the variant
on the other allele did not use evidence from the variant being interrogated, as recommended
by the ClinGen SVI WG. The allelic evidence used in evaluating compound heterozygous
cases was documented clearly within the VCI and written summary.
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3.2.6. Specific phenotype (PP4)—PP4 can be applied if the “patient’s phenotype or
family history is highly specific for a disease with a single genetic etiology”!. For Version 1
of the specifications, the LD VCEP considered that deficiency of GAA activity, measured in
a relevant sample type such as fibroblasts, leukocytes, dried blood spots or muscle, is highly
specific for Pompe disease, in the absence of “pseudodeficiency variants” (c.1726G>A p.
(Gly576Ser); ¢.2065G>A - p(.Glu689Lys); and ¢.271G>A - p.(Asp91Asn))*’ . In Version 1,
this was the only specification included for PP4, with the added detail that the data available
for a patient must meet PP4 in order for PM3 to be applied. With increased experience in
using Version 1 of the guidelines, the LD VVCEP found this specification to be overly strict,
resulting in the inability to count data for cases that had been diagnosed with Pompe disease
but for whom the data required were not provided in publications. It is important to note that
a positive newborn screen with reduced GAA enzyme activity is not considered sufficient
for the application of PP4. Deficient enzyme activity must be demonstrated by a diagnostic
assay, which may be performed on fibroblasts, leukocytes, dried blood spots or muscle?’:
56-59_ For Version 2 of the specifications, we considered all clinical and laboratory features
of Pompe disease and specificity of these features for Pompe disease in comparison to

other disorders. A points system was developed to guide curators in weighing the evidence
according to the available data; with sufficient evidence PP4 can be applied at supporting

or upgraded to the moderate level. In addition, the requirement for cases to meet PP4 in
order to count PM3 was removed, as long as there was sufficient evidence to indicate that an
individual had the diagnosis of Pompe disease (Table 4).

3.2.7. Criteria not included—Various codes were not included in the specifications
because they were found to be not applicable to GAA or Pompe disease. This includes

the codes for de novo variants (PS2, PM6) because de novo variants are rarely reported in
GAA (PMID: 7981676, 27142047) and any de novo variants would be assessed based on
the variant type, functional evidence, and /n trans data as described in these guidelines. PS4
was not included because there are no case-control studies for Pompe disease and, as this

is a recessive disorder, the number of patients with the variant is, instead, addressed by the
PM3 evidence code. The segregation codes (PP1, BS4) are not used because GAA is the
only gene involved in Pompe disease and, therefore, any variant in the gene would likely
co-segregate with the disease, regardless of whether that variant is pathogenic. Benign and
pathogenic missense variation is spread throughout the gene, with no known constrained
regions, ruling out the use of PP2 and BP1. BP5 was not used because there is no known
alternate molecular basis for deficiency of GAA activity, other than variants in GAA. The
reputable source criteria (PP5, and BP6) were removed, based on recommendations from the
ClinGen SVI%0,

3.4. Variant classification using GAA-specific ACMG/AMP variant classification
guidelines

To date the LD VCEP has classified 243 variants using GAA-specific variant classification
guidelines and has submitted those classifications to ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/) and the ClinGen Evidence Repository (https://erepo.clinicalgenome.org/evrepo/)
(Figure 1). One hundred and thirty seven variants were classified initially using Version 1

of the specifications. As mentioned, the differences between Version 1 and Version 2 of the
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specifications included less strict requirements for the application of PP4, the application

of PP4 is no longer a requirement to count points for PM3, the downgrading of PM2

to PM2_Supporting for all variants meeting the PM2 allele frequency threshold, and the
downgrading of functional evidence from PS3 to PS3_Moderate or PS3_Supporting. PP4,

at any strength, was applied to 15 variants using the Version 1 specifications and 21 times
with Version 2, reflecting the allowance to use additional types of data. For the majority of
variants, the strength increased from supporting to moderate, again due to increased data
use, but also the increase in evidence strength for data indicating GAA deficiency. Similarly,
PM3, at any strength, was applied for 15 variants with Version 1 but 37 times using \ersion
2, and applied at higher strengths, again reflecting less strict requirements which allowed the
use of additional data. Conversely, PS3 was applied at strong for 12 variants using Version 1,
but downgraded to moderate strength for 8 of those variants and to supporting strength for 4
variants. A comparison of criterion strength utilization for both Versions of the specifications
is shown in Supplemental Table 4.

To assess the overall impact of these criteria changes, the classifications of all 137 variants
classified with Version 1 were assessed using Version 2 (Supplemental Table 5). Importantly,
no new data was added for this analysis so that any differences in classification were

solely due to the criteria specifications. Eight of 34 loss-of-function variants (nonsense and
frameshift) for which only PVS1 and PM2 had been applied initially, were upgraded from
likely pathogenic to pathogenic based on the ability to use case-level evidence (PM3 and/or
PP4) in Version 2. However, the classifications of 2/22 missense variants and 2/10 in frame
deletions were downgraded (three downgraded from P to LP and one from LP to VUS)

due to the decrease in strength of functional data in Version 2 as recommended by the
SVI30, The SVI has concluded that traditional enzyme based functional expression studies
require the assessment of multiple known benign variants in addition to known pathogenic
variants in order to be used at a moderate strength30. The availability of rigorous functional
studies that comply with current recommendations is important for variant classification;
such studies are underway for GAASL,

3.5. Use of unpublished data from clinical laboratories

The use of unpublished data can have a powerful impact on variant classification®2. Two
clinical laboratories participate with the ClinGen LD VCEP by providing anonymized
laboratory data on variants of interest. Specifically, for variants that are of uncertain
significance (VUS) or likely pathogenic, the application of additional case-level data (e.g.
PP4, PM3) could result in a change of classification to likely pathogenic or pathogenic.
These laboratories provided the VCEP with a list of all variants identified in GAA. If a
variant being classified is on the list, the VCEP then requests the de-identified data from the
laboratory and incorporates the data into the curation, while being careful not to include a
patient that has already been curated from the literature. To date, laboratory data obtained
in this manner has been included in the classifications of 13 variants, 8 of which changed
classification based on the laboratory data (6 VVUS upgraded to likely pathogenic, and 2
likely pathogenic upgraded to pathogenic) (data not shown).
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3.6. ClinVar submissions

Analysis of data from ClinVar (accessed July 7, 2023) showed that, out of 2368 GAA
variants submitted, 845 (36%) were variants of uncertain significance (VUS), and 197 (8%)
had conflicting interpretations (P/LP vs VUS, n=48; VUS vs LB/B, n= 149). This illustrates
the importance of collecting and consistently evaluating data with the goal of reclassifying
these variants, to either benign/likely benign or pathogenic/likely pathogenic, in order to
facilitate the clinical utility of this information.

To date, the LD VCEP has submitted classifications and supporting data on 243 GAA
variants to ClinVar (Figure 1). Of these variants, 32 (13%) had not been previously
submitted to ClinVar by any submitter and therefore provided new information; 28 of those
32 were classified by the LD VCEP as either pathogenic or likely pathogenic (Supplemental
Table 6). Most of these variants were classified because they were identified in the published
literature as being either in compound heterozygosity with another variant of interest (PM3),
or occurring at the same amino acid position (PS1, PM5). Thus, in order to accurately apply
these criteria to the variant of interest, the second variant was also classified. In addition,
two variants, not previously submitted to ClinVar, were in-frame indel variants identified

by a clinical diagnostic laboratory. These in-frame variants were included as part of the LD
VCEP’s pilot study, recognizing that this variant type was lacking in the ClinVar database.

Of the 211 variants with a previous ClinVar record, 40 had conflicting classifications prior to
classification by the ClinGen LD VCEP; of those 40 variants, 17 were classified by the LD
VCEP as pathogenic or likely pathogenic, 6 were classified as likely benign or benign, and
17 were classified as a VUS.

Regarding resolution of VUS, 2 out of 32 variants previously classified in ClinVar as VUS
were classified by the LD VCEP as likely pathogenic. These variants are ¢.1194+3G>C,

for which all other 9 submitters to ClinVar classified the variant as a VUS but unpublished
data from participating clinical laboratories allowed us to classify the variant as likely
pathogenic; and ¢.2314T>C - p.(Trp772Arg), which had one previous submission in ClinVar,
as VUS. However, no additional information for comparison was provided from the
submitter.

4. Conclusions

The LD VCEP has significantly added to the publicly available knowledge on the
pathogenicity of variants in GAA by increasing the number of variants present in public
variant resources, such as ClinVar and the ClinGen Evidence Repository, and helping to
resolve conflicting classifications and variants of uncertain clinical significance. Future
plans include continued work on novel variants, or variants with conflicting classifications
and those with uncertain significance, collection and use of unpublished laboratory data to
facilitate variant interpretation as well as expansion to other genes involved in lysosomal
diseases.
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Classification of GAA variants submitted to ClinVar by the ClinGen LD VCEP (n=243)
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