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Reassessment of causality of ABCC6 missense variants
associated with pseudoxanthoma elasticum based on Sherloc

Shana Verschuere, MS'?, Nastassia Navassiolava, PhD?, Ludovic Martin, MD, PhD?3,
Pasi I. Nevalainen, MD, PhD?, Paul J. Coucke, PhD'? and Olivier M. Vanakker, MD, PhD® "2

Purpose: Pseudoxanthoma elasticam (PXE) is a heritable disorder
affecting elastic fibers in the skin, eyes, and cardiovascular system.
It is caused by biallelic pathogenic variants in the ABCC6 gene. To
date, over 300 ABCC6 variants are associated with PXE, more than
half being missense variants. Correct variant interpretation is
essential for establishing a direct link between the variant and the
patient’s phenotype and has important implications for diagnosis
and treatment.

Methods: We used a systematic approach for interpretation
of 271 previously reported and 15 novel ABCC6 missense
variants, based on the semiquantitative classification system
Sherloc.

Results: Only 35% of variants were very likely to contribute
directly to disease, in contrast to reported interpretations in ClinVar,
while 59% of variants are currently of uncertain significance (VUS).
Subclasses were created to distinguish VUS that are leaning toward

INTRODUCTION
Pseudoxanthoma elasticum (PXE, OMIM 264800) is an
autosomal recessive (AR) disorder in which mineralization
and fragmentation of elastic fibers lead to symptoms in the
skin (papular skin lesions in flexural areas), eyes (angioid
streaks, peau d’orange, subretinal neovascularization, and
hemorrhage) and (cardio)vascular system (peripheral artery
disease, gastrointestinal bleeding, ischemic stroke)." Age of
onset, disease severity, and natural evolution are highly
variable between patients and families.”

In 2000, pathogenic variants in the ABCC6 gene (OMIM
*603234) were identified in PXE.>™ The 31 exons of ABCC6
encode a 1503 amino acid-long adenosine triphosphate (ATP)-
dependent transmembrane transporter that is mainly expressed
at the basolateral membrane in liver and kidney cells (Fig. 1).°
ABCCS6 has structural similarity with other ABC transporters of
the subfamily C, with three transmembrane domains (TMDs)
and two nucleotide binding domains (NBDs). Though ABCC6
was recently shown to be involved in the homeostasis of the
calcification inhibitor inorganic pyrophosphate (PPi), its
biological substrate(s) remain elusive.”

likely benign or pathogenic, increasing the number of (likely)
pathogenic ABCC6 missense variants to 47%.

Conclusion: Besides highlighting discrepancies between the
Sherloc, American College of Medical Genetics and Genomics and
the Association for Molecular Pathology (ACMG-AMP), ClinVar,
and Leiden Open Variation Database (LOVD) classification, our
results emphasize the need for segregation analysis, functional
assays, and detailed evidence sharing in variant databases to reach a
confident interpretation of ABCC6 missense variants and subse-
quent appropriate genetic and preconceptual counseling.
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Variant detection in ABCC6 is complicated by the presence
of two pseudogenes—ABCC6P1 and ABCC6P2—with high
sequence homology with the first nine and first four exons
respectively.® To ensure that sequencing results are specific
for ABCCS, distinct primers have been designed for exons 1 to
9 based on nucleotide differences between parental ABCC6
and its pseudogenes.® Today, over 300 ABCC6 variants have
been reported in the National Center for Biotechnology
Information (NCBI) ClinVar database. These include 38
nonsense variants, 51 frameshift, 26 splice-site, and 240
missense variants. Because of their abundance, more than
50% of patients harbor at least one missense variant in their
genotype.”” However, in contrast to variants leading to
nonsense mediated decay or truncated protein formation, the
impact of these missense variants on protein function is less
predictable. They can disrupt protein function by altering the
conformational stability, trafficking, and/or transport activity
of the protein, though many will be very well tolerated. For
this reason, criteria to classify missense substitutions received
much attention. Different classification approaches however
resulted in variable interpretations of the same variant.'’

ICenter for Medical Genetics, Ghent University Hospital, Ghent, Belgium; 2Department of Biomolecular Medicine, Ghent University, Ghent, Belgium; 3PXE Reference Center
(MAGEC Nord), University Hospital of Angers, Angers, France; “4Rare Diseases Unit, Department of Internal Medicine, Tampere University Hospital, Tampere, Finland.

Correspondence: Olivier M. Vanakker (olivier.vanakker@ugent.be)

Submitted 30 April 2020; revised 10 August 2020; accepted: 11 August 2020
Published online: 2 September 2020

GENETICS in MEDICINE | Volume 23 | Number 1 | January 2021

131


http://crossmark.crossref.org/dialog/?doi=10.1038/s41436-020-00945-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41436-020-00945-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41436-020-00945-6&domain=pdf
http://orcid.org/0000-0003-4491-0332
http://orcid.org/0000-0003-4491-0332
http://orcid.org/0000-0003-4491-0332
http://orcid.org/0000-0003-4491-0332
http://orcid.org/0000-0003-4491-0332
https://doi.org/10.1038/s41436-020-00945-6
https://doi.org/10.1038/s41436-020-00945-6
mailto:olivier.vanakker@ugent.be

ARTICLE

+ 14,820,792
+ 14,824,702
T 16,148,928

n

VERSCHUERE et a/

+ 16,223,522

T 18,571,162
+ 18,598,328

(=

‘

B

ABCC6P2 .~ ABCC6 " ABCC6P1
5130 2028 2726 2524 23 22 21 20 1918 171§ 15 14 1312 11 10 9 8 7 6 5 43 2 1
b TMDO Lo TMD1 L1 TMD2

NHz

EC

PM

COOH

WB

NBD1

NBD2

Fig. 1 Genomic organization, transcript, and protein structure of ABCC6. (a) The ABCC6 gene is located on 16p13.11 and is flanked by two
pseudogenes ABCC6PT and ABCC6P2 (genomic positions according to build GRCh38). The arrows denote the direction of gene transcription. The transcript of
ABCC6 contains 31 exons. ABCC6PT and ABCC6P2 are homologous with the region spanning from exon 1 to intron 9, and exon 1 to intron 4 respectively.
(b) The ABCC6 transporter contains the following structures: 3 transmembrane domains (TMDO0-2), 2 linker domains (LO-1), and 2 nucleotide binding domains
(NBD1-2). Conserved sequences within the NBD domains are: A-loop (A), Walker A (WA), Q-loop (Q), LSGGQ-signature (C), Walker B (WB), D-loop (D), H-loop
(H) and PDZ-like sequence. Frequently mutated regions are indicated in gray circles. EC extracellular, /C intracellular, P plasma membrane.

In 2015, the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology
(ACMG-AMP) established guidelines for variant interpretation,
in which modifiers such as “benign,” “likely benign,” “uncertain
significance,” “likely pathogenic,” and “pathogenic” were used
to stratify the pathogenicity gradient."" Despite this important
effort, it was disputed that certain criteria were ambiguous, too
clinical, or lacked specificity.'>'* Recently, a refinement of these
guidelines was proposed, coined Semiquantitative, Hierarchical
Evidence-based Rules for LOCus interpretation (Sherloc)."
Sherloc offers a numerical score-based system in which evidence
types are grouped and supported by hierarchical decision trees,
producing reproducible variant interpretation results.

As more than half of ABCC6 variants are missense
substitutions, a uniform and reproducible approach for
variant classification is essential for elucidating their causal
nature, though this has never been done in a systematic way.
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We performed a systematic review and reassessed the
pathogenicity of 271 previously reported and 15 newly
identified ABCC6 missense variants using population, clinical,
segregation, experimental, and in silico predictive data within
the Sherloc classification framework. We compared results
with the ACMG-AMP, ClinVar, and Leiden Open Variation
Database (LOVD) classifications. Because a significant part of
the missense variants were class 3 (uncertain significance),
which remain difficult to use in a clinical setting, we made
adjustments to the Sherloc framework to allow a more reliable
prediction of which class 3 variants are still likely to be
disease-causing.

MATERIALS AND METHODS
Ethics statement
Written, informed consent was obtained from all patients,
and the Declaration of Helsinki protocols were followed. This
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study was approved by the local ethical committees (Ghent
University Hospital).

Collection of ABCC6 missense variants and evidence

The 286 missense variants included in this study originate
from ClinVar ((http://www.ncbinlm.nih.gov/clinvar/) and
LOVD (https://www.LOVD.nl/ABCC6), our in-house data-
base or systematic literature review (Figure S1). The clinical
and functional evidence gathered for each variant are
summarized in Table S1, along with their classification result.
Genotypes of PXE patients from our in-house database are
listed in Table S2. C-notations are based on NM_001171.6
and p-notations on NP_001162.5.

Sherloc adjustments and ABCC6-specific considerations

We used a scoring system based on Sherloc version 4.2"°
(Fig. 2). The rules and guidelines were adapted to fit the scope
of evaluating ABCC6 missense variants, as shown in Figure S2.
We made two adjustments to the framework: (1) because the
Genome Aggregation Database (gnomAD) includes bigger
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population data sets than the Exome Aggregation Consortium
(ExAC), the allele frequency (AF) threshold for “somewhat
high” of “allele count of 8” was replaced by “0.01%,”"* and (2)
we decided not to consider multiple unrelated observations as
additive, as this would lead to overestimation of pathogeni-
city. Instead, we used the highest scoring observation in case
of multiple observations, but an extra pathogenic point (1 P)
was given when more than ten unrelated observations were
found.

In our analysis, we considered the following ABCC6
functional domains: linker domain LO (residues 189-302),
NBD1 (residues 623-859), and NBD2 (residues 1254-1503)
including the PDZ-like sequence (residues 1498-1503).1>718
Exon 24 was considered a mutational hotspot.” Motifs residing
in NBDs that are highly conserved among ABC transporters
and are important for function are listed in Table S3 and were
considered “critical” residues. Experimental evidence included
results from validated, qualitative functional assays evaluating
protein function and localization."®*  Results from
morpholino-based zebrafish messenger RNA (mRNA) rescue

Variant collection:

e ClinVar (n = 237)
e Literature (n = 226)

Variants

¢ In-house database (n = 91)

3 130 27
63

Clinvar Literature

In-house

Clinical evidence

e AF in gnomAD

Evidence

¢ Variant databases (ciinvar, Hamp, Lovp,
dbSNP)

e Observations (phenotype, zygosity, segregation)

Functional evidence
¢ Variant effect
¢ Experimental data

¢ Prediction data (aign Gvab, Polyphen-2,

MutationTaster, MutationAssessor)

Sherloc scoring system
5B 38 2B

Classification

Benign Likely benign

VUS with likely benign tendency

0 3P 4P 5P

C3

VUS Likely pathogenic Pathogenic

VUS with likely pathogenic tendency

Comparison

Compare classification result with
ACMG-AMP result and ClinVar
and/or LOVD interpretation if

Refinement

available

Optional: structural analysis

3D models of the (partial) protein
can be used to predict and
evaluate structural changes
induced by the variant

Fig. 2 Approach for classification of ABCC6 missense variants. Missense variants were collected along with available clinical and functional evidence,
which were scored using a classification approach based on Sherloc.”® Based on the total score, the variant was assigned to one of five classes (C1-C5).
For class 3, variants were subdivided among three subclasses: those with a likely benign or pathogenic tendency and those that are truly uncertain.
Sherloc-derived classification results were compared with American College of Medical Genetics and Genomics—Association for Molecular Pathology
(ACMG-AMP)—derived result and with interpretations reported in ClinVar and/or Leiden Open Variation Database (LOVD) if available. AF allele frequency,

B benign point, P pathogenic point, VUS variants of uncertain significance.
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assays were excluded as a high risk for nonspecificity is
reported.”” The following prediction tools were used to produce
computational data: sequence and evolutionary conservation-
based Align-GVGD** and MutationAssessor,”> protein
sequence and structure-based PolyPhen-2,%° and supervised
learning algorithm MutationTaster”” (Table S4). A “deleterious”
or “not deleterious” effect was achieved when >3 predictions
tools reached a consensus.

Variant classes and subclasses

Based on the total score, the variant is assigned to one of
following classes: class 1 for benign variants, class 2 for likely
benign variants, class 3 for variants of uncertain significance
(VUS), class 4 for likely pathogenic variants, and class 5 for
pathogenic variants (Fig. 2). To gain more insight into the
possible pathogenic nature of class 3 variants, we created three
subclasses: class 3 variants with a tendency toward likely
pathogenic (class 3LP) or likely benign (class 3LB), and those
that are truly uncertain (class 3U). Based on the consensus
that genetic variation is mostly neutral and pathogenic
variants are rare,"> the point thresholds for class 3LB and
3LP were kept asymmetrical (2 benign points and 3
pathogenic points respectively), similar to Sherloc point
thresholds for class 2 and class 4 (Fig. 2).

Refinement of dlassification results

For each variant, the same evidence was used to classify them
using the ACMG-AMP guidelines (Table S5). Sherloc results
were also compared with the corresponding interpretation in
ClinVar and in LOVD if available (Tables S1 and S8).

We used Site Directed Mutator (SDM)*® to predict protein
stability of variants using a validated model for NBD1 of
ABCC6 6BZS in the Research Collaboratory for Structural
Bioinformatics Protein Data Bank (RCSB PDB) as input'®
(Table S6).

RESULTS

Impact of the ABCC6 pseudogenes

If not careful, variants occurring in one of the pseudogenes
can be mistaken for a potential disease-causing variant. Two
approaches are commonly used to avoid the detection of
pseudogenic variants: (1) using allele specific primers that are
designed based on nucleotide differences between ABCC6 and
its pseudogenes or (2) using long range polymerase chain
reaction (PCR) followed by nested PCR.® Some variants can
however occur in both the parental and pseudogene, and are
not necessarily neutral. For example, p.(Arg64Gln) (class 3U),
p.(Ala78Thr) (class 3U), p.(Glul25Lys) (class 3U), and
p-(Arg265Gly) (class 1) were found as pseudogenic variants,
but the same variants were found in the parental gene in other
studies (Table S7). Only variants that were proven to be
ABCCe6-specific were used for our analysis. Three variants
(p-[Alal58Val], p.[Lys281Glu], and p.[lle319Val]) were
excluded from analysis because they were only reported in
the pseudogene or it was not possible to confirm ABCC6-
specificity (Table S7).
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ABCC6 variants with founder effect
Because the AF of a variant is a strong indicator of its benign
or pathogenic character, a founder effect—when a few
individuals from an original population establish a new
population that becomes isolated—resulting in elevated
variant AF can lead to misclassification of variants. The most
common disease-causing ABCC6 missense variants in
the European-derived South Afrikaner PXE population
(p.[Argl138GIn] and p.[Argl339Cys], both class 5) were
shown to originate from common ancestors.”’ Also
p-(Arg518GIn) (class 5) was shown to be a founder variant
in English speaking South African PXE patients.”” None-
theless, the AF of these variants falls within pathogenic range.
However, for the variants p.(Glul25Lys) (class 3LB),
p-(Arg887Cys) (class 3LB), and p.(Glyl327Glu) (class 2), the
AF is elevated in the African population (0.3%, 0.3%, and
1.4% respectively). For p.(Ala950Thr) (class 3LB) the AF
is higher in the Ashkenazi Jewish population (1%), and
p-(Argl141GIn) (class 3LB) is more common in the South
Asian population (0.4%). By consequence, the total AF
observed for these five variants falls outside the pathogenic
range (>0.01%). Systematic literature review did not provide
substantial evidence of a founder effect for these variants so
that total AF was used to evaluate these variants. Their
classification should however be interpreted with caution
because of the observed AF.

Classification of ABCC6 missense variants with Sherloc
Evaluation of 286 ABCC6 missense variants with Sherloc
revealed the majority to be class 3 variants (59%), followed by
class 5 (23%), class 4 (12%), class 1 (4%), and class 2 (2%)
(Fig. 3a, Table S1).

Class 1 variants (n=12) are supported by substantial
benign clinical evidence including a high AF (>1% or > 0.3%)
and abundant homozygous observations (ranging from 8 to
138,663) in gnomAD (Table S1). None of these variants are
reported as founder or recurrent variant in affected
individuals. In case of discrepancy, the clinical data (ie., the
variant is present in a large percentage of healthy individuals)
are more persuasive than the functional data (i.e., the variant
is present in a functional domain or is predicted to be not
deleterious). All have been reported (likely) benign in
ClinVar, except for p.(Arg265Gly), which has conflicting
interpretations.

Class 2 variants are the least represented (n = 5; Table S1).
All have an elevated AF (>0.01%) not consistent with disease,
and were homozygously found in two or more individuals in
gnomAD. The latter cannot be seen as an absolute criterion,
because—although fully penetrant—the severity of the PXE
phenotype is age dependent. Therefore, the possibility of
seemingly unaffected individuals with a mild or late
phenotype being included in gnomAD populations cannot
be completely ruled out. The high AF, however, points toward
a benign effect. Segregation analysis is needed to clarify the
relationship between these variants and PXE. ClinVar
interpretations varied from likely benign to pathogenic.

Volume 23 | Number 1 |January 2021 | GENETICS in MEDICINE
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Fig. 3 Classification results based on Sherloc. (a) Classification of ABCC6 missense variants into 5 classes (C1-C5). Class 3 variants were subdivided into
those with likely benign tendency (C3LB), uncertain (C3U), and likely pathogenic tendency (C3LP). (b) Localization of variants within the ABCC6
protein structure. Light gray bars represent the total number of variants per functional domain. Dark gray bars represent the number of variants of each
Sherloc-derived (sub)class per functional domain. LO first linker domain, L7 second linker domain flanking NBD1, NBD nucleotide binding domain, TMD

transmembrane domain.

Class 3 variants—scoring not enough points in either
direction—are most abundant (n = 169) and most difficult to
interpret (Table S1). To gain more insight in the likelihood of
their benign or pathogenic nature, we isolated class 3 variants
with a tendency toward likely pathogenic (class 3LP) or likely
benign (class 3LB) from the truly uncertain variants (class
3U). As such, 9% (15/169) of class 3 variants became class
3LB, 20% (34/169) class 3LP, and 71% (120/169) remained
class 3U (Fig. 3a).

The class 3LB variants have elevated AFs (>0.01%) and
lacked evidence from segregation analysis. Experimental
evidence was available for p.(Glul25Lys) and p.(Val7871le),
the first showing no impact on membrane localization and the
latter showing minimal impact on ABCC6 biosynthesis and
folding respectively.'®*' The majority of class 3LB variants
(13/15) were predicted to be not deleterious. Nine of 15 were
interpreted as (likely) benign by ClinVar.

Class 3LP variants have an AF within pathogenic range
or are absent in gnomAD. One novel variant was found:

GENETICS in MEDICINE | Volume 23 | Number 1 | January 2021

p-(Ala452Asp). Those that were reported in ClinVar (n = 28/
34) were indicated as pathogenic.

Class 3U variants often did not receive any points from
clinical observations (93/120) because they did not meet the
requirements: information was lacking (65/93), variant was
either heterozygous (17/93) or acting in cis (2/93), or the
individual had an alternate cause of disease (7/93) or did not
have the required phenotype (2/93). The 3U class includes ten
novel variants and two variants that correspond to pseudo-
genic sequence differences (Table S7). One remarkable variant
in this group is p.(Arg391Gly). This variant has been reported
repeatedly in PXE patients and was shown to segregate with
disease in families in a compound heterozygous state.””" >
Recently, the variant was observed in 2 unrelated f-
thalassemia patients with PXE symptoms.” Another study
showed that this variant is associated with late-onset PXE, and
suggests it acts as a hypomorphic variant.”* On the other
hand, gnomAD AF for this variant is high (>0.3%) in nearly
every population and includes five homozygous observations,
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supporting a benign classification. Taken together, this variant
is supported by substantial pathogenic and benign evidence.

Class 4 variants (n = 34) often affect a residue involved in
another (likely) pathogenic variant (5/34) (Table S1). This
group includes three novel variants: p.(Trp218Arg), p.(Ser633-
Ile), and p.(Ala1385Pro). Seven class 4 variants were shown
to interfere on the protein level. Variants p.(Leu677Pro),
p.(Leu726Pro), p.(Asp778Asn), and p.(Ser1307Pro) affected
expression, protein folding, or full length processing,"**
Variants p.(Ser1121Trp), p.(Thr1301lle) display partial intra-
cellular retention which could be restored by the chemical
chaperone 4-phenylbutyrate (4-PBA).”> The intracellularly
retained variant p.(Glyl321Ser) abolished ABCC6 transport
activity.'>**** Variant p.(Arg419GIn) shows proper membrane
localization, while p.(Glu699Asp) showed minimal changes in
protein folding and full length expression, suggesting that
abnormal subcellular trafficking or protein synthesis are not the
pathomechanisms associated with PXE for these variants,'**'

Class 5 variants (n=66) are frequently reported in large
screening studies of PXE patients and are usually well
documented (Table S1). A substantial number (17/66) affect
critical residues (Table S3). Most of the variants reported
in ClinVar (52/66) were designated as pathogenic in
ClinVar. Frequently reported variants in PXE patients are
p-(Thr364Arg), p.(Arg518GIn), p.(Gly755Arg), p.(Arg765Gln),
p-(Arg807Gln), p.(Argl114Cys), p.(Argl114His), p.(Thr1130Met),
p.(Argl138Trp), p.(Arg1138Gln), p.(Argl164Gln),
p.(Argl221His), p.(Gly1302Arg), p.(Alal1303Pro), p.(Argl314Trp),
p-(Arg1314Gln), p.(Argl1339Cys), p.(Argl339His), p.(Glu1400Lys),
and p.(Argl459His). One novel class 5 variant was found:
p-(11e808Thr). For several class 5 variants, experimental data has
confirmed their pathogenicity: p.(Argl114Pro), p.(Argl138Gln),
p.(Argl314Trp), p.(Argl339Cys), and p.(Glnl1347His) were
(partially) retained in the cytoplasm of mouse hepatocytes.”
Reduced protein solubility and/or reduced full length processing
was observed for p.(Gly663Cys), p.(Leu673Pro), p.(Arg760Trp),
p-(Arg765GIn), p.(Ala766Asp), p.(Asp777Asn), p.(Val810Met),
p.(Thr811Met), p.(Ala820Pro), p.(Leu826Pro), p.(Gly1299Ser),
p-(Leul335Pro), and p.(Argl339Cys), however, not for
p.(GIn698Pr0).'*** In turn, transport assays showed diminished
transport activity for synthetic substrates for p.(Val1298Phe) and
p.(Gly1302Arg)." >

Location analysis reveals that missense variants occur
throughout the entire ABCC6 structure (Fig. 3b). Notably,
nearly half of class 1 (6/12), class 3LP (14/34), and class 4
(15/34) variants reside in one of the NBDs. The NBDs also
harbor most class 5 variants (46/66). The majority of class 2
variants (4/5) and class 3U variants (72/120) reside in the
transmembrane domains (Fig. 3b). Moreover, one third of
the variants in TMD?2 are located in exon 24, which forms the
eight cytoplasmatic loop (Table S1).

Differences between ACMG-AMP and Sherloc

Classifying the same ABCC6 missense variants with the
ACMG-AMP guidelines (Table S5) shows a 69% concordance
between ACMG-AMP and Sherloc (Fig. 4a, b). Discordance
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was mainly caused by a conflict between VUS (class 3) and
(likely) pathogenic (class 4/5) classification, and to a lesser
extent by a confidence conflict between likely pathogenic
(class 4) and pathogenic (class 5). If confidence conflicts are
not considered as discordant, then concordance increases to
80%. Notably, no clinically significant conflict between (likely)
benign (class 1/2) and (likely) pathogenic (class 4/5) was
observed (Fig. 4c).

Concordance with ClinVar and LOVD

Two hundred thirty-seven variants of 286 were reported in
ClinVar. Only 36% of our Sherloc-derived classification
results were concordant with ClinVar variant interpretation
(Fig. 4b). Similar to ACMG-AMP, a conflict between VUS
(class 3) and (likely) pathogenic (class 4/5) classification is
the main reason for discordance (Fig. 4c). Concordance
increases to 49% when confidence conflicts are not
considered as discordant. Only two clinically significant
conflicts were observed: the class 2 variant p.(Val514Ile) was
submitted as pathogenic in ClinVar, but no assertion criteria
were provided; and the class 5 variant p.(Argl357Trp) was
interpreted as benign, with criteria provided by a single
submitter.

One hundred eighty-one variants of 286 were reported
in LOVD, the majority with multiple entries per variant
(143/181) (Table S8). To date, only a small number of variants
(39/181) are assigned with a clinical classification result in
LOVD. Comparing these classification results with those
obtained with Sherloc revealed 44% concordance (Fig. 4b).
Again, a conflict between VUS (class 3) and (likely) pathogenic
(class 4/5) was most observed (Fig. 4c). When confidence
conflicts are not considered, concordance increases to 62%. No
clinically significant conflicts were observed.

DISCUSSION

In this study, we evaluated the pathogenic nature of reported
and novel ABCC6 missense variants using the integrative
Sherloc classifying system, taking into account the effects of
the ABCC6 pseudogenes and described or suspected founder
effects. Caution is required when interpreting variants that are
detected within the pseudogenic region spanning from exon 1
to 9. A previously reported pseudogenic variant occurring in
the parental gene should not be dismissed as benign and
vice versa.

We demonstrate that the majority of ABCC6 missense
variants are class 3 variants (VUS). This is not surprising,
considering that the classification is a snapshot of available
evidence at a given time and most variants do not have
enough evidence to support a classification of (likely) benign
or (likely) pathogenic at this point. Indeed, segregation data
providing information about zygosity and segregation are
missing for many variants. Cosegregation with disease
phenotype in one or more families supports the direct link
between a variant and disease. In AR diseases, co-occurrence
with a (likely) pathogenic variant in trans can be suggestive
of a pathogenic nature. On the other hand, a variant
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Fig. 4 Comparison of classification results between Sherloc and American College of Medical Genetics and Genomics—Association for
Molecular Pathology (ACMG-AMP) or ClinVar or Leiden Open Variation Database (LOVD). (a) Classification results are expressed in percentages of
total number of variants (Sherloc and ACMG-AMP; n = 286) or total number of variants for which a ClinVar or LOVD interpretation was found (ClinVar: n =
237; LOVD: n = 38). The remaining 3% of ClinVar interpretations are conflicting. (b) Concordance (C) was the highest between Sherloc and ACMG-AMP

results. Conversely, most discordance (D) was observed between Sherloc and

ClinVar results. (c) For the discordant results the contribution of each type of

conflict was expressed as a percentage of total discordant results. B benign, C7 class 1, C2 class 2, C3 class 3, C4 class 4, C5 class 5, LB likely benign, LP likely

pathogenic, P pathogenic, VUS variant of uncertain significance.

co-occurring on the same allele with a (likely) pathogenic
variant is less likely to be pathogenic, because there is no
selective pressure against accumulation of additional variants
in that allele. Twenty-five class 3 variants are reported as part
of an apparent compound heterozygous genotype with a
(likely) pathogenic variant. If the second variant is shown to
act in trans, it would push the pathogenic score past the class
4 threshold for 16 of those variants. We thus decided to create
subclasses within class 3 with point thresholds to highlight
variants on the verge of class 4 (ie, class 3LP) and
demonstrate that 12% of all variants (20% of class 3) belong
to this group. By contrast, variants on the verge of class 2
(class 3 LB) comprised only 5% of all variants (9% of class 3).
Overall this implies that currently 47% of ABCC6 missense
variants can be considered (likely) pathogenic with reasonable
certainty. Nevertheless, classification results are dynamic and
should be adjusted according to new evidence that emerges
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over time; this highlights the importance of follow-up of
patients with class 3 variants.

Experimental studies clearly become increasingly important
to evaluate class 3 variants. For our classification, we took into
account in vitro and in vivo data revealing improper plasma
membrane targeting or deficient transport activity of glu-
tathione conjugates (N-ethylmaleimide S-glutathione and
leukotriene C4) but such data are only available for a limited
number of variants.'”>**> An interesting model to study class 3
variants is zebrafish in which the ortholog abcc6a is targeted.
However, in morpholino-induced knockdown zebrafish the
results from rescue assays should be considered with
caution.”***>” For this reason, we decided not to include
such results. Alternatively, a promising CRISPR/Cas9-mediated
knockout zebrafish model, showing dysregulates osteogenesis,
could be used to functionally validate unclear variants.”® Such
functional testing is, however, time-consuming and labor
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intensive. From a clinical point of view, the Sherloc classification
system with the adaptations we have done for class 3 variants
offers a pragmatic approach to evaluate known and novel
ABCCE6 variants.

In silico models showing the 3D protein structure can
provide supporting evidence for pathogenicity and reveal the
effect of variants on the protein’s structural properties. Filop
et al. were the first to visualize missense variants on the
interaction surfaces between both NBD domains (NBD-NBD
interface) and NBD and the intracellular TMD (NBD-TMD
interface).”® A significant number of class 3 LP, class 4, and
class 5 variants (but also two class 1 variants), reside in the
NBD-NBD interface, the NBD-TMD interface, or the
predicted substrate binding positions. Recently, a detailed
model of NBD1 (RCSB PDB: 6BZS) was published, in
which various PXE-associated variants were positioned.'®
Interestingly, the variants that resulted in misfolding of
NBD1 showed little surface accessibility (RSA) and were
buried within the NBD structure. We used the 6BZS model to
calculate the RSA values of the variants occurring in NBD1
using the SDM webserver (Table $6).>* Fifty and sixty percent
of class 4 and class 5 variants respectively residing in NBD1
were buried, as opposed to 32% of class 3 and 0% of class 1
variants in this domain. No class 2 variants were found in
NBDI1. Even though this is not direct evidence for
pathogenicity, the results suggest that 3D models can indeed
be useful for variant evaluation.

Comparison with the ACMG-AMP guidelines revealed a
similar class distribution and a high—although not complete
—concordance with Sherloc, which can be further improved
by developing ABCC6-specific criteria within the ACMG-
AMP framework. Even though Sherloc is based on the
ACMG-AMP guidelines, it has implemented three useful
concepts to evaluate variant data. First, it introduces the use of
multiple fixed AF thresholds to capture the variable likelihood
of pathogenicity, as opposed to disease-specific AF threshold,
which requires knowledge about disease prevalence, pene-
trance, and genetic architecture."” Second, the delineated
criteria are grouped as clinical or functional evidence types,
allowing to determine which data are more persuasive in case
a conflict arises between clinical and functional observations.
Third, criteria are assigned with a preset number of benign or
pathogenic points that reflect the weight of the evidence type
in the evaluation process.

Comparison of the Sherloc-derived classification results
with the corresponding ClinVar variant interpretations
revealed (1) a high discordance rate of 64% (51% when
confidence conflicts are not considered) and (2) an over-
estimation of pathogenicity of class 3 and class 4 variants by
ClinVar. It is important to note that less than half of variant
reports in ClinVar (103/237) were supported by evidence
(provided by a single submitter in 84 reports) that mostly lack
detailed information about phenotype and zygosity, or were
based on publications that were published before large
population control databases became available. As a result,
the reported clinical significance of certain variants in ClinVar
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may be outdated and need reviewing. A study evaluating
performance of the same variant classification method
between different laboratories found that reassessment of
classification criteria and data sharing improves the discor-
dance rate."> Another important database that is widely
consulted by geneticists is the LOVD. Probably the most
important field of the LOVD database is the classification
field. LOVD has two types of classifications: a functional
classification indicating the effect of the variant on the
function of the gene or protein, and a clinical classification
indicating the effect of the variant on the individual’s health.
Although each variant in LOVD is assigned with an effect on
the function of the protein, we could usually not ascertain the
experimental evidence on which this classification is based.
Only few records (39 of 181 included in our analysis) have a
clinical classification result. Comparing these classification
results with those obtained with Sherloc showed 56%
discordance (38% when confidence conflicts are not con-
sidered), although it should be noted that only the results of
14% (39/286) of the total number variants included in this
analysis were eligible for comparison.

In conclusion, our evaluation of ABCC6 missense variants
emphasizes the importance of a systematic and critical
evaluation process while taking into account the variant’s
genomic context. The high number of class 3 variants stresses
the importance of segregation analysis in the family and
confirms the need for detailed evidence sharing in variant
databases and for functional testing to prove or refute their
causality before returning them to patients.
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