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1 | INTRODUCTION

Burgeoning demand for genetic screening and correspondingly expanded
diagnostic sequencing efforts have dramatically increased the number of
sequence variants, many of unknown significance, which require clinical
annotation. The collection, assessment, and evaluation of variant evi-
dence required to determine clinical actionability is a resource-intensive
process, influenced by expert opinion and differences in methodologies
and thresholds across clinical laboratories (Harrison et al., 2017). Toward
an effort to establish a common framework for variant classification
based on a standardized and transparent assessment of different lines of
evidence, in 2015, the American College of Medical Genetics and
Genomics (ACMG) and the Association for Molecular Pathology (AMP)
published joint recommendations for the interpretation of variants in
genes associated with Mendelian disorders (Richards et al., 2015). The
ACMG/AMP framework defined 28 evidence criteria, organized by type
and strength, and developed a five-tier scheme to classify variants as
pathogenic, likely pathogenic, of uncertain significance, likely benign, or
benign. This framework was designed for general use across different
genes, diseases, and inheritance patterns, thus necessitating the applica-
tion of expert judgment when evaluating and weighing evidence for the
interpretation of variants. In response to the need for standardized
evidence-based methods to characterize the clinical relevance of gene-
and disease-specific sequence variants, the Clinical Genome Resource
(ClinGen) assembles Variant Curation Expert Panels (VCEPs) to develop
specifications for the ACMG/AMP framework (Rehm et al., 2015). In
addition, ClinGen established the Sequence Variant Interpretation
Working Group (SVI WG) to provide general refinement of the ACMG/
AMP guidelines for criteria that are applicable across diverse domains and
to harmonize guideline specifications made by the individual VCEP
(Harrison et al., 2019). The SVI WG systematically reviews the ACMG/
AMG guidelines and has already published recommendations for the
specification of multiple evidence types (https://www.clinicalgenome.
org/svi/).

The ClinGen Hemoglobinopathy VCEP (www.clinicalgenome.org/
affiliation/50052/) was created collaboratively between the ITHANET
Portal (https://www.ithanet.eu/) and the Global Globin Network of the
Human Variome Project (http://www.humanvariomeproject.org/gg2020/
) to perform gene- and disease-specific modifications to the ACMG/AMP
framework for variants related to hemoglobinopathies. Hemoglobino-
pathies are the commonest monogenic disorders worldwide, with an
extremely diverse clinical spectrum of conditions of varying severity and
can be broadly classified into the thalassemia syndromes, characterized

by a reduction in protein synthesis, and the structural hemoglobin

recessively inherited hemoglobinopathies, including five evidence categories, as use cases

demonstrating the process of specification and the underlying rationale.

ACMG/AMP criteria, ClinGen VCEP, globin gene variants, hemoglobinopathy, variant

variants, characterized by changes in protein stability and structure. He-
moglobinopathies are caused by both short nucleotide variants (SNVs)
and copy number variants in the two globin gene clusters, namely the a-
globin locus (NG_000006), including genes HBA1, HBA2, and HBZ, and
the B-globin locus (NG_000007), including genes HBB, HBD, HBG1,
HBG2, and HBE1, and locus-specific regulatory elements (Higgs
et al,, 2012). They predominantly have a recessive mode of inheritance,
although dominantly inherited phenotypes have also been described and
a large number of genetic modifiers are known to affect disease ex-
pressivity and penetrance (Stephanou et al., 2019). An epidemiological
complication of hemoglobinopathies in regions historically endemic for
malaria is the resistance of heterozygotes for established pathogenic
variants to malaria (heterozygote advantage), which over time has led to
an atypical enrichment of disease-causing alleles in corresponding po-
pulations (Kountouris et al., 2014; Roberts & Williams, 2003).

Normal adults have a complement of four alpha (aa/aa) and two
beta (B/B) globin genes, which encode the globin chains constituting the
main adult tetrameric aB, hemoglobin molecule. Correspondingly, the
underlying HBA1, HBA2, and HBB genes are primary pathology de-
terminants in adults and are, therefore, the focus of initial guideline
specification efforts for the hemoglobinopathies. The spectrum of phe-
notypes and disease severity depend on the properties of the protein
variant in the case of structural defects (Thom et al., 2013), and on the
number of genes that are lost, abnormally expressed, or, in some cases,
duplicated in the case of the thalassemias (Farashi & Harteveld, 2018;
Thein, 2013). For the thalassemias, the severity of the co-inherited mu-
tant alleles, from mild (++) to moderate (+) to absolute (0) deficiency of
globin expression, affects survival (Kountouris et al, 2020) and de-
termines disease severity through anemia, that is, an overall reduced level
of hemoglobin, and through the toxicity of homotetramers formed by
unaffected, excess globin chains. The degree of globin chain imbalance is
thus central to thalassemia pathophysiology, with most thalassemia alleles
causing observable changes in the hematological indices of heterozygotes
(Kohne, 2011). These gene-disease characteristics pose challenges for
current ACMG/AMP variant interpretation guidelines and require cus-
tomized criteria for accurate variant interpretation.

The Hemoglobinopathy VCEP is tasked with providing expert review
of all globin gene variants and resolution of conflicting interpretations in
the ClinVar variant database using the specified ACMG/AMP guidelines.
Table 1 shows current summary data for hemoglobinopathy variants
available on ClinVar (accessed on May 14, 2021). Accordingly, a total of
794 sequence variants affecting HBB are annotated in ClinVar, and a
smaller number of 199 and 242 sequence variants affecting HBA1 and
HBA2, respectively. Most importantly, only a fraction of these variants has
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a review status of two stars in ClinVar, denoting two or more submissions
with assertion criteria and evidence (or a public contact) providing the
same interpretation. Specifically, the percentage of these variants with a
two-star review status in ClinVar is 26.4%, 8%, and 10.7%, for HBB,
HBA1, and HBA2, respectively, highlighting the need for expert review of
variants in these genes.

The Hemoglobinopathy VCEP specifications were approved by
ClinGen in April 2021 (Step 2 approval), which initiated the process of
further validation and adaptation with known globin gene variants in a
pilot study (toward Step 3 approval). Correspondingly, this report avoids
detailed presentation of the current specifications and instead uses the
perspective of the Hemoglobinopathy VCEP to describe the process of
ACMG/AMP guideline adaptation for SNVs with recessive inheritance in
HBB, HBA2, and HBA1. Owing to the involvement of two loci, the unusual
epidemiology, and the complexity of allele interaction and phenotypes for
hemoglobinopathies, our observations help amplify the challenges gen-
erally encountered during variant curation and interpretation, and during
the specification of ACMG/AMP guidelines for future VCEPs.

TABLE 1  Number of annotated globin gene variants in ClinVar
(accessed on May 14, 2021)
HBB HBA1 HBA2
(Two-star (Two-star (Two-star
status) status) status)
Pathogenic 407 (101) 103 (3) 120 (12)
Likely pathogenic 70 (42) 4 (1) 12 (3)
Variant of uncertain significance 163 (28) 42 (4) 50 (4)
Likely benign 114 (23) 21 (4) 17 (3)
Benign 40 (16) 29 (4) 43 (4)
Conflicting interpretations 52 10 16

_WILEY—2*

The ACMG/AMP framework constitutes a classification system for
Mendelian variants based on evidence criteria that assess variant fre-
quency in the general population, variant types with disease causality,
protein domains and mutational hotspots implicated in disease, disease/
trait phenotypes in probands and families with observed segregation, in
silico predictions and functional evidence. Evidence criteria are divided
into those that support a benign and a pathogenic classification, with
intermediate categories being likely pathogenic, of uncertain significance
and likely benign, each with a suggested measure of strength, name-
ly supporting, moderate, strong, or very strong (Richards et al., 2015). The
Hemoglobinopathy VCEP has a total of 31 unique evidence codes, shown
in Table 2, some of which are assigned at different levels of strength
depending on the amount of evidence that is available. These criteria can
be broadly grouped into five categories that are discussed in the sub-

sequent sections of this article.

2 | POPULATION DATA (PM2, BA1,
AND BS1)

The frequency of a variant in the general population can be in-
formative for its pathogenicity, as variants of high frequency in any
large general population or control cohort are unlikely to be disease-
causing. For this reason, a stand-alone benign criterion (BA1) was
introduced in the original ACMG/AMP guidelines for all variants with
a frequency of at least 5% in a general or control population. This
threshold is very conservative, is selected for use across different
genes and diseases, and is adjusted by VCEPs to reflect known allele
frequencies in the genes of interest. In addition, BS1 is used for
variants with a frequency higher than expected for the disorder and it
is also VCEP-specific (Ghosh et al., 2018). A statistical framework has

been developed to facilitate the estimation of these thresholds and is

TABLE 2 An overview of the ClinGen Hemoglobinopathy VCEP-specified ACMG/AMP criteria

Benign criteria Pathogenic criteria
Weight of | Stand | Strong | Supporting | Supporting | Moderate | Strong | Very strong
evidence | alone
Evidence
category
Population data BA1 BS1 PM2_P
PMA1 (g)
Variant type & PM4 m
location PM5 PSt PVST :;,U
PS1 M ®
PM3 | PS2 3 &
BP2 PP1 @
Case—lev_el & BS4 BP5 PS4 P PM6 PS4 PM3_VS = ;
segregation data BS2 BS2 P PM3 P PS4 M PM3_S 2
- - PP1_M PP1_S @
. BP4 >
Computational data BP7 PP3 %
Functional data BS3 P PS3_P

Abbreviations: ACMG, American College of Medical Genetics and Genomics; AMP, Association for Molecular Pathology; VCEP, Variant Curation Expert Panel.
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available at the Allele Frequency App (Whiffin et al., 2017). The
framework accounts for disease prevalence, genetic and allelic het-
erogeneity, inheritance mode, penetrance, and sampling variance in
reference data sets. Currently, gnomAD is the largest available po-
pulation database and is widely used as a reference data set for the
calculation of these thresholds (Karczewski et al., 2020).

In the case of hemoglobinopathies, the high frequencies of some
established pathogenic variants in historical malaria regions directly affect
the application of criteria BA1 and BS1. Hence, to ensure the effective
use of minor allele frequency evidence, the VCEP compiled a list of es-
tablished variants that are excluded from criteria requiring population
data (i.e, BA1, BS1, and PM2_Supporting) based on their frequency in
different populations globally. The variant frequencies were derived from
the IthaMaps database (Kountouris et al., 2014, 2017), which manually
curates relative allele frequencies of specific globin gene variants at the
country and regional level.

Extremely low frequency of genetic variants in the general po-
pulation is considered moderate evidence for pathogenicity, based on
the original ACMG/AMP guidelines (PM2). After further analysis and
modeling, the ClinGen SVI subsequently recommended downgrading
the strength of evidence to supporting. The threshold for
PM2_Supporting is often defined to an order of magnitude lower
than the BS1 threshold, while it can be alternatively defined by
analyzing the frequency of established pathogenic or benign variants
for the gene of interest and calculation of likelihood ratios for dif-
ferent thresholds. Using variants with established pathogenicity, the
Hemoglobinopathy VCEP has selected the threshold that maximizes
the likelihood ratio for globin gene variants and this approach will be
validated and adjusted as required during the ongoing pilot study.

3 | VARIANT TYPE AND LOCATION
(PVS1, PS1, PM1, PM4, AND PM5)

The interpretation of a sequence variant requires an understanding of
its effect on the structure and function of the gene product and prior
knowledge of the molecular mechanism of disease. While some
variants have a deleterious impact on protein production and/or
function, others may cause partial or no discernible changes in phe-
notype. In contrast to variants that can lead to loss of function owing
to premature termination of translation and protein synthesis, mis-
sense variants are difficult to assess for their pathogenicity, which
largely depends on the variant position in the protein sequence and
the biochemical consequence of the amino acid change. In addition,
variants may act as benign bystanders to disease, or they may con-
tribute to disease in the presence of another variant in the same
gene. The molecular consequences of sequence variants depending
on the variant type and the genomic location are evaluated by several
rules in the ACMG/AMP framework (i.e., PVS1, PS1, PM4, and PM5).

Loss of function is an established primary disease mechanism for
hemoglobinopathies, hence the PVS1 criterion for null variants (e.g.,
nonsense, frameshift, canonical +1,2 splice sites, initiation codon, single-

exon, or multi-exon deletion) would apply, particularly in the case of the

thalassemia syndromes. In fact, there is currently no null globin gene
variant with a benign or likely benign effect reported in ClinVar, further
highlighting the role of loss of function as a primary disease mechanism.
Nevertheless, in line with ClinGen SVI recommendations (Abou Tayoun
et al,, 2018), the Hemoglobinopathy VCEP is currently working on PVS1
modification for different null variant types. Specifically, the VCEP will
evaluate existing evidence on variant pathogenicity for each null variant
type as well as alternative splicing and alternate routes of nonsense-
mediated decay for globin genes (Peixeiro et al., 2011).

In addition, PM4 (protein length changing variant) will be applied
for in-frame deletions/insertions and losses of stop codons that
disrupt protein function, such as the widespread stop-loss variant
NM_000517.4:c.427T>C (Hb Constant Spring). Furthermore, as the
globin genes are affected by both pathogenic and benign missense
variants, standard ACMG/AMP criteria PP2 (missense variants are a
common cause of disease with little benign variation) and BP1
(truncating variants are the only known mechanism of variant pa-
thogenicity) do not apply to hemoglobinopathies. Likewise, globin
genes do not contain a repetitive region without known function, as
would be a prerequisite for applying BP3 (in-frame indels in a re-
petitive region without known function).

The location of a variant within a protein can impart changes to the
protein structure, function, and other properties. Expert opinion is ne-
cessary for specifying the important regions of a protein in the context of
the molecular mechanisms of disease, also acknowledging that these
regions must have a low rate of benign variants. The hemoglobin mole-
cule is among the best-characterized proteins, for which several
structure- and function-critical domains, such as a1l and alp2 inter-
faces, the heme-binding pocket, and other biologically relevant sites, have
already been associated with molecular mechanisms, including the Bohr
effect, 2,3-DPG binding or AHSP binding (Thom et al., 2013). The ACMG/
AMP criteria PM1 (variant in a critical domain/mutational hotspot), PS1
(variant creates same amino acid change as a known pathogenic variant),
and PM5 (novel missense variant at the same position as known patho-
genic variant) evaluate the variant location and similarly argue that var-
iants affecting critical domains are more likely to cause functional
disruption and, thus, a pathogenic effect. In hemoglobinopathies, the
HBA2 and HBA1 genes are paralogous with identical structure and
function, and can thus be incorporated in these criteria to provide addi-
tional evidence for variant hotspots in critical functional domains
(Moradkhani et al, 2009). The ACMG/AMP criteria can be further
adapted to accommodate variants found in regions that affect the ex-

pression or splicing of globin genes.

4 | COMPUTATIONAL DATA (PP3, BP4,
AND BP7)

Computational (in silico) tools predicting the effect of sequence
variants can also facilitate variant interpretation. A plethora of tools is
available with important differences in their algorithmic approach and
the type of sequence variants they can predict. Some tools, such as
SIFT (Kumar et al., 2009) and PolyPhen-2 (Adzhubei et al., 2010),
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predict the impact of missense variants, and others, such as Max-
EntScan (Yeo & Burge, 2004) and SpliceAl (Jaganathan et al., 2019),
are focused on predicting the variant effect on splicing, while more
recent tools can predict the effect of both coding and noncoding
variants (Kircher et al., 2014). With the accuracy of in silico tools in
the range of 65%-80% (Thusberg et al., 2011), the ACMG/AMP
framework recommends the use of these predictions as supporting
evidence for variant interpretation (PP3, BP4, and BP7). Never-
theless, the original framework does not recommend the use of
specific in silico tools and, therefore, ClinGen VCEPs use different
approaches to provide gene-specific recommendations based on the
predictive performance of multiple tools. Some VCEPs require an
agreement in variant effect prediction among multiple tools. Other
VCEPs opt for simplicity by using a meta-predictor, such as REVEL
(loannidis et al., 2016), which combines the results of multiple in silico
tools, thus, providing a single prediction for each sequence variant.
Rather than using the default threshold recommended by the in silico
tool, several VCEPs have used data from established pathogenic and
benign variants to identify the threshold that maximizes the pre-
dictive performance in the genes of interest. More recently, a
quantitative approach (Johnston et al., 2021) has been proposed to
calibrate different thresholds for benign and pathogenic computa-
tional evidence by using a Bayesian Classification Framework
(Tavtigian et al., 2018).

The Hemoglobinopathy VCEP recognizes the varying strengths and
weaknesses of computational tools and recommends the use of REVEL
for evaluating the effect of missense variants in the globin genes. For
assessing the impact of variants in splicing, the specified criteria require
concordant predictions across at least 50% of the tested tools. The He-
moglobinopathy VCEP is currently conducting a large-scale study with
over 1000 annotated globin gene variants to compare the performance of
computational tools, adjust the prediction thresholds and, thus, further
specify the criteria that use computational data (manuscript under pre-
paration). Notably, the use of computational evidence is not allowed for
loss-of-function variants that meet the PVS1 rule, to avoid accounting for
the same evidence in different criteria.

5 | CASE LEVEL/SEGREGATION DATA
(PS2, PS4, PM3, PM6, PP1, BP2, BP5, BS2,
AND BS4)

Case-level data capture information about individuals who carry the
variant of interest and can satisfy several components of the ACMG/
AMP framework, such as PP4 (phenotype specific for disease), PS2/
PMé (de novo with/without parental testing), PM3/BP2 (in-trans or
in-cis with a pathogenic variant), PP1/BS4 (cosegregation in affected
family members, or lack thereof), PS4/BS2 (variant observation in
cases or controls), and BP5 (alternate locus observations).
Disease-specific phenotype information is necessary to ensure that
all affected individuals meet uniform diagnostic criteria. The inactivation
of two B-globin genes (B-thalassemia) or three a-globin genes (Hb H
disease) results in disease with both hematological and clinical

phenotypes. The absence of all four a-globin genes causes the hydrops
fetalis syndrome, which results in death in utero or shortly after birth.
Furthermore, the inactivation of one B-globin gene or two a-globin genes
characterizes the trait state of B- and a-thalassemia, respectively, and
produces a hematological phenotype that includes the change of red
blood cell indices, hemoglobin pattern, and globin chain synthesis ratio.
Such readily detectable clinical signs are usually uncovered by routine
laboratory diagnostic screening since trait individuals are clinically
asymptomatic and, thus, often unaware of their carrier status. Accord-
ingly, prevention strategies for thalassemias and other hemoglobino-
pathies depend in large part on population and newborn screening, which
has allowed diagnostic laboratories across different countries to amass
evidence about common and rare variants in the heterozygous state. To
utilize this large volume of data on heterozygous trait individuals in he-
moglobinopathies as a resource for variant annotation, the Hemoglobi-
nopathy VCEP has adapted the ACMG/AMP framework to capture the
phenotype of heterozygous trait individuals as additional evidence for
variant pathogenicity. In light of many rare variants only ever being de-
tected in the compound heterozygous or carrier state, this step made
many more globin variants accessible to formal annotation. Due to the
lack of case-control studies with hemoglobinopathy variants, PS4 has
been adapted to count individuals with the trait phenotype. In contrast to
B-thalassemia, a-thalassemia cannot be discerned from iron deficiency
based on hematological parameters, which will prompt differential
strength-level adjustments for corresponding data in both major tha-
lassemias. In addition, the ACMG/AMP criterion that pertains to phe-
notypic correlation (PP4) will not be applied as it would double-count
evidence collected in PS4 (observation in heterozygotes) and PM3 (in-
trans occurrence in an individual with disease). The Hemoglobinopathy
VCEP follows ClinGen SVI recommendations for elevating the weight of
in-trans occurrence (PM3) and implements quantitative thresholds to
modulate the strength of segregation evidence based on the number of
individuals examined (PP1). Furthermore, specifications are provided to
guide expert curation of variants with alternate locus observations, such
as a B-thalassemia phenotype caused by heterozygous (-thalassemia in
combination with duplication of the a-globin locus and a correspondingly
aggravated imbalance of the a-globin/pB-globin ratio (Clark et al., 2018).

6 | FUNCTIONAL DATA (PS3 AND BS3)

Functional assays are powerful tools to provide variant-level evi-
dence of the effect on protein function and splicing to meet PS3
(damaging effect) or BS3 (no effect). The Hemoglobinopathy VCEP
reviewed functional assays used by multiple investigators and se-
lected those that reflect the pathophysiological mechanism of disease
for the assessment of thalassemia and structural hemoglobin variants.
Well-recognized assays include those that evaluate globin chain
biosynthesis, red cell inclusions (e.g., denatured B4 tetramers), and the
stability, solubility, and oxygen affinity of the hemoglobin molecule.
Functional criteria are also applied for evidence of abnormal RNA or
protein expression of the variant allele as a consequence of a null or

splicing effect. Other assays involve in vitro transcription assays,
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which are mainly used in research and, thus, do not conform to di-
agnostic laboratory standards. Functional evidence has a strong level
of strength in the ACMG/AMP framework, yet not all assays are
consistent predictors of a certain variant effect or uniformly eval-
uated across clinical laboratories. The SVI WG provides re-
commendations based on the validation, reproducibility, and
robustness of data for individual assays, so as to advise on the ap-
propriate level of strength of evidence to apply (Brnich et al., 2019).
However, as validation controls and replicates are rarely documented
for functional assays in hemoglobinopathies, the functional data will
initially be considered as supporting level evidence in favor of pa-
thogenicity or of benign interpretation in the ongoing pilot study,
pending evaluation by the Hemoglobinopathy VCEP of applying in-
creased weight during annotation of variants with established

pathogenicity.

7 | A PILOT FOR SPECIFIED CRITERIA
AND THEIR EVALUATION

Table 2 lists the draft VCEP-specified criteria organized by evidence
type and strength, which are currently being tested in a pilot variant
curation study comprising an informative mixture of established
structural and thalassemia mutations in the HBA1, HBA2, and HBB
genes. In the process, the ACMG/AMP framework provides rules
for combining criteria to arrive at a classification; however, it does
not guide the interpretation of variants with conflicting evidence.
By contrast, interpretation within the Bayesian Classification Fra-
mework (Tavtigian et al., 2018) provides a quantitative approach to
the combination of rules and, thus, allows refining the strength of
evidence and combining rules for the classification of variants that
have contradictory benign and pathogenic evidence. In the evalua-
tion and refinement of its draft criteria, the Hemoglobinopathy
VCEP will use the standard ACMG/AMP framework in parallel to
the application of the Bayesian Classification Framework, thus ad-
ditionally testing the impact of a quantitative approach in sequence

variant interpretation.

8 | CONCLUSION

The ClinGen Hemoglobinopathy VCEP is a group of experts and
biocurators with diverse specialties tasked with the adaptation of the
2015 ACMG/AMP guidelines for the classification of genetic variants
in the HBA1, HBA2, and HBB genes for hemoglobinopathies. This
report provides insights into the challenges and considerations of
specifying the ACMG/AMP criteria to evaluate all available evidence
relevant to hemoglobinopathies and the globin genes, with the aim to
standardize the curation and interpretation of variants in different
conditions. The current test by the ClinGen Hemoglobinopathy VCEP
of its specifications in a small set of globin gene variants with known
pathogenicity will lead to further specifications and minor adjust-
ments of the rules described in this report. Once approved by

ClinGen, the resulting final set of classification rules will be the first
standardized framework for the interpretation of sequence variants
in the globin genes. Most importantly, following the 2018 recognition
of ClinGen by the Food and Drug Administration, assertions in the
framework of ClinGen VCEPs are considered to be valid scientific
evidence and can be used for test development and validation pro-
cesses. An ever-accelerating accumulation of diagnostic sequencing
data for the globin loci, with global relevance of reliable variant in-
terpretation for genetic counseling, diagnosis, and prognosis for he-
moglobinopathies, means that both diligence and speed are of the
essence in the current refinement and application of specified He-
moglobinopathy VCEP criteria.

WEB RESOURCES

ITHANET Portal: https://www.ithanet.eu/

Genome  Aggregation Database (gnomAD): https://gnomad.
broadinstitute.org/
ClinVar: https://www.ncbi.nlm.nih.gov/clinvar/

Allele Frequency App: https://cardiodb.org/allelefrequencyapp/
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