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Summary

Predicted loss of function (pLoF) variants are often highly deleterious and play an important role in disease biology, but many pLoF var-
iants may not result in loss of function (LoF). Here we present a framework that advances interpretation of pLoF variants in research and
clinical settings by considering three categories of LoF evasion: (1) predicted rescue by secondary sequence properties, (2) uncertain bio-
logical relevance, and (3) potential technical artifacts. We also provide recommendations on adjustments to ACMG/AMP guidelines’
PVS1 criterion. Applying this framework to all high-confidence pLoF variants in 22 genes associated with autosomal-recessive disease
from the Genome Aggregation Database (gnomAD v.2.1.1) revealed predicted LoF evasion or potential artifacts in 27.3% (304/1,113)
of variants. The major reasons were location in the last exon, in a homopolymer repeat, in a low proportion expressed across transcripts
(pext) scored region, or the presence of cryptic in-frame splice rescues. Variants predicted to evade LoF or to be potential artifacts were
enriched for ClinVar benign variants. PVS1 was downgraded in 99.4% (162/163) of pLoF variants predicted as likely not LoF/not LoF,
with 17.2% (28/163) downgraded as a result of our framework, adding to previous guidelines. Variant pathogenicity was affected (mostly
from likely pathogenic to VUS) in 20 (71.4%) of these 28 variants. This framework guides assessment of pLoF variants beyond standard
annotation pipelines and substantially reduces false positive rates, which is key to ensure accurate LoF variant prediction in both a

research and clinical setting.
Introduction

Loss-of-function (LoF) variants can have important impli-
cations in human disease biology by either partial or com-
plete loss of gene expression depending on the zygosity of
the variant."”” Loss of protein abundance is known to be
caused by nonsense, frameshift, essential splice site, initia-
tion codon variants, and structural variants spanning one
or several exons, such as deletions and tandem partial
gene duplications. Missense variants can also result in
loss of protein function, though it is not straightforward
to computationally predict the impact of a missense
variant on protein abundance. To date, nonsense, frame-
shift, and essential splice site variants are the three types
of single-nucleotide variants (SNVs) annotated as pLoF
(predicted LoF) by standard annotation pipelines and
what we define as pLoF throughout this work.**
Databases of human population genetic variation, such
as the Genome Aggregation Database (gnomAD), enable
us to refine our ability to interpret population genome-
sequencing data and assess variant pathogenicity.” pLoF
variants identified through large-scale sequencing efforts

like gnomAD require careful evaluation to predict their
true effect.”’” Previous studies have indicated that late
truncating variants and variants that disrupt splicing at
in-frame exons do not result in nonsense-mediated decay
(NMD), but instead produce truncated protein products
or in-frame deletions.®” Furthermore, all sequencing data
are at risk for inclusion of sequencing artifacts, defined as
variation introduced by a non-biological process such as
read mis-mapping and base mis-calling.'®

Current ACMG/AMP guidelines for sequence variant
interpretation enable assessment of variants using criteria
such as computational and predictive evidence, functional
evidence, segregation evidence, de novo evidence, popula-
tion evidence, and allelic data.'' These guidelines are used
worldwide to classify variants as pathogenic, likely patho-
genic, uncertain, likely benign, or benign. PVS1, the
ACMG/AMP evidence code for LoF variation in a gene
where LoF is a known mechanism of disease, is the stron-
gest weighted evidence in the ACMG/AMP curation pro-
cess, which can result in pLoF variants being classified as
pathogenic with only minimal additional evidence
required. As such, it is clear that pLoF variants require a
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more in-depth assessment to accurately predict their effect.
Therefore, the ClinGen Sequence Variant Interpretation
(SVI) working group developed LoF interpretation guide-
lines, which outline how and when to count evidence for
pLoF variants and apply strength modifications to the
PVS1 code.* These additional specifications go into detail
regarding how to accurately identify falsely annotated
pLoF variants that are not subject to NMD, such as pLoF
variants in the most 3’ exon of a gene that may produce a
functional, albeit truncated, protein and therefore should
not be given the full strength of PVS1.

Interpretation of pLoF variants is also important, and sub-
stantially more challenging, in the context of large popula-
tion cohorts, where such variants have been consistently
shown to be highly enriched for a wide variety of sequencing
rescues, artifacts, and annotation errors. The driver of this
enrichment is Bayesian: there is a high prior probability
thatapLoF variant observed in a gene associated with disease
in a rare disease patient is real, but this probability is much
lower for a similar variant observed in an individual ascer-
tained at random from the population.”'* As a result, studies
applying careful curation to population cohorts have found
consistently high rates of sequencing and classification er-
rors.”'*"1° High error rates complicate studies leveraging
pLoF variants seen in large cohorts to explore human gene
function, an approach that has proven extremely valuable
for the identification and validation of potential therapeutic
targets.'® While automated approaches to pLoF variant
filtering remove a fraction of errors,”'’ multiple studies
have demonstrated the value of deep manual curation of
pLoF variants to identify evasion modes and sequencing ar-
tifacts missed by these automated tools.'*'*'®

Here we present an advanced LoF curation framework for
interpreting pLoF variants (nonsense, frameshift, and
essential splice site) that expands on current guidelines.
This framework highlights when a pLoF variant may not
be subject to NMD or when it is a potential technical
artifact, the latter being especially useful when assessing
data from population databases like gnomAD, where
sequencing validity cannot be verified with orthogonal
methods. The framework considers three main categories:
(1) predicted rescue by secondary sequence properties, (2)
uncertain biological relevance, and (3) potential technical
artifacts. We present the result from manually curating all
high-quality pLoF (heterozygous) variants in 22 genes asso-
ciated with autosomal-recessive (AR) disease in 141,456 in-
dividuals from gnomAD v.2.1.1 using this framework. Addi-
tionally, we provide guidance on how to utilize this
framework for applying PVS1 criteria and interpreting path-
ogenicity, in line with, and further building on, the ACMG/
AMP and ClinGen SVI recommendations for PVS1 use.™""

Material and methods

The framework was developed by defining established mecha-
nisms of pLoF evasion and identifying potential technical arti-

facts as previously reported in the literature.**>~""'>'3 A set of
22 genes associated with AR disease with 1,113 pLoF variants
was selected for manual curation. The genes were selected based
on unrelated collaborations with advocacy groups to define dis-
ease prevalence. The analysis included variants passing gnomAD
quality control filters, excluding low-confidence genotypes
(depth < 10, genotype quality < 20, allele balance < 20% for
non-reference heterozygous variants) and excluding outliers of
the random forest model that considers allele-specific annota-
tions.” Any variant annotated as pLoF by the Variant Effect Pre-
dictor (VEP; stop-gained/nonsense, essential splice acceptor/
donor [*1-2], or frameshift variants) in either exomes or ge-
nomes for any protein-coding transcript in gnomAD v.2.1.1
(VEP version 85 using GENCODE v.19 on GRCh37) was included.
Variants annotated as low-confidence by the Loss-of-Function
Transcript Effect Estimator’ (LOFTEE; removing variants less
likely to result in LoF) were excluded. Manual curation was
then independently performed by two biocurators in a
custom curation interface (https://github.com/macarthur-lab/
variant-curation-portal), and any discrepancies were resolved by
group discussion. Resources used for curation of pLoF variants
included gnomAD variant and gene pages,'> UCSC genome
browser,'? and SpliceAl for essential splice site variant interpreta-
tion.”” For transcript-level flags, variants were evaluated using
“Basic Gene Annotation Set from GENCODE version 19” in the
UCSC genome browser. A subset of pLoF variants curated as likely
not LoF/not LoF were additionally assessed for effects on PVS1 us-
ing ACMG/AMP and ClinGen SVI guidelines.*'"' The correlation
between variants that are predicted to evade LoF and benign var-
iants in ClinVar was determined using variants that had at least
one submission to ClinVar (479/1,113, https://ftp.ncbi.nlm.nih.
gov/pub/clinvar/, January 5, 2023).

Each variant was assessed for evidence suggesting LoF evasion
and potential technical artifacts by the rules that define the final
verdict of LoF, likely LoF, uncertain LoF, likely not LoF, or not
LoF (Table 1). The thresholds can be modified (conservative or
lenient) depending on the overall aim of a curation project (Ta-
ble 2). A conservative cut-off generates fewer false positive LoF/
likely LoF but more false negatives (variants called as not LoF while
in fact they cause true LoF), while lenient rules are more inclusive
and will discard fewer variants as likely not LoF/not LoF but
instead result in more false positive pLoF variants. Flags were
applied conservatively to identify any variant potentially not
causing LoF given that gnomAD, like any population database of
genome and exome research data, is likely to be enriched for
pLoF variants that do not result in LoF, especially in genes associ-
ated with disease.

Results

Evidence suggesting LoF evasion determines final
verdict

Each pLoF variant is assessed for evidence of LoF evasion
and assigned flags according to rules (Table 1) subdivided
into three categories: (1) predicted rescue by secondary
sequence properties, (2) uncertain biological relevance,
and (3) potential technical artifacts (Figure 1). The combi-
nation of flags is used to determine pLoF verdict: (1) LoF,
(2) likely LoF, (3) uncertain LoF, (4) likely not LoF, or (5)
not LoF. The visualization of read data to assess variant
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Table 1. Rules that define LoF verdicts

LoF Likely LoF Uncertain

Likely not LoF Not LoF

Predicted rescue by secondary sequence properties

translation re-initiation
removing >25%
coding sequence

Splice rescue that
introduces stop codon

Intron retention
rescue events

weak translation reinitiation”

in-frame and out-of-frame

A

splice rescue with
weak predictions®

splice rescue with
strong predictions®

variant falls within
overhang exon

MNV resulting in a
missense/synonymous
variant

strong translation
re-initiation®

frame-restoring indel

in-frame exon skipping
(according to splicing
prediction)

Uncertain biological relevance

Minority of transcripts
with pext at maximum
for gene”

minority of transcripts

with pext close to

maximum for gene®
(pext > 20% of
maximum)®

weak exon conservation

with pext close to

maximum for gene®

Weak exon conservation
with pext at maximum
for gene”

minority of transcripts
with pext < 50% of the
maximum of the gene

Pext < 20% of maximum
for the gene”

weak exon conservation
with pext < 50% of the
maximum of the gene
(pext > 20% of maximum)®

nonsense variant in
overprinted transcript

splice variant not
supported
by pext®

variant terminates within
the last exon or last 50 bp
of the penultimate exon”

Potential technical artifacts

No read data for splice no read data for

and nonsense variants

genotyping errors above
threshold”

GC-rich region
Strand bias low complexity sequence

minor mapping errors®

frameshift variants

genotyping errors
below threshold”

homopolymer®

complex mapping errors®

When multiple rules apply to a pLoF variant, the most impactful consequence is assigned. LoF, loss of function; MNV, multi-nucleotide variant; pext, proportion

expressed across transcripts; bp, basepairs.

Specific thresholds and additional recommendations for a subset of these rules are found in Table 2.

quality and potential rescues (such as frame-restoring in-
dels) is essential to this protocol. Thus, frameshift variants
without read data were classified as “uncertain,” unless
additional evidence of the variant suggested LoF evasion
or predicted the variant as a potential technical artifact.
Alternatively, lack of nearby rescues could be confirmed us-
ing vcf files if access to visualization tools is not possible.
However, when a nearby secondary variant is present, a
vcf is insufficient to predict phasing.

Predicted rescue by secondary sequence properties
Rescue flags are assigned to pLoF variants that are pre-
dicted to be rescued by a secondary sequence property
such as an in-phase multi-nucleotide variant (MNV),
frame-restoring indel, essential splice site rescue, in-frame
exon skipping, translation reinitiation, and overhanging
exon.”’ % Since standard variant annotation pipelines
do not assess the variant in the context of the surround-
ing sequence, these variants will be annotated as pLoF
despite nearby rescues.

MNVs refer to multiple SNVs found within the same
codon and haplotype that have arisen either as a single
mutational event or as multiple coincidental mutations.

MNVs often have a different effect on the protein sequence
in aggregate than the same variants considered individu-
ally,>??3% but existing variant annotation pipelines
consider all SNVs as independent events, resulting in errors
in impact prediction of MNVs (Figure S1). Frame-restoring
indels can also be rescued by the presence of another
variant on the same haplotype; for example one variant
annotated as causing a frameshift can be rescued by one
or several nearby indels, with the aggregate impact being
an in-frame indel (potentially with some intervening
sequence resulting in multiple missense substitutions)
rather than a frameshift (Figure S2).

Essential splice site variants cause LoF by disrupting
splicing, typically resulting in usage of a cryptic splice
site and/or exon skipping leading to introduction of an
early termination codon.’'*? Using established splice
predictors like SpliceAI can help predict the effect of vari-
ation at an essential site, i.e., using an up- or downstream
cryptic splice site that is either in-frame or out-of-frame,
exon skipping, intron retention, or a combination of
these events. Out-of-frame cryptic splice sites will in
most cases result in introduction of an early termination
codon and NMD, while in-frame cryptic sites result in an
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Table 2. LoF curation rules details

Rule Conservative rules

Lenient rules

Other factors to consider

Predicted rescue by secondary sequence properties

Essential splice rescue™” SpliceAl predicts rescue at above
threshold score of 0.2. strong
rescue determined by rescue event

prediction at score within 0.2 of

distance from canonical splice site

out-of-frame cryptic splice sites

Translation reinitiation®

In-frame exon

donor/acceptor loss

downstream methionine within
first exon removes >25% of
coding sequence and is fairly
well conserved

SpliceAl predicts in-frame exon
skipping that removes <25%
coding sequence

downstream methionine within
first exon removes >10% of
coding sequence and is fairly
well conserved

SpliceAl predicts in-frame exon
skipping that removes <10%
coding sequence

strength of splicing predictors
type of splicing predictor used
inclusion of termination codon

differences for donor vs. acceptor
splice sites

alternative methionine start sites
beyond first exon, specifically for
genes with small first exons

functional domain at 5’ end of gene

other pathogenic variants in
same region

functional domain contained
within exon

Uncertain biological relevance

Low pext®

pext < 20% max for gene

pext < 10% max for gene

tissue-specific pext

Minority of transcripts/
weak exon conservation/
low pext®

pext < 50% max for gene

termination event removes <25%
coding sequence

Last exon®

pext < 30% max for gene

termination event removes <10%
coding sequence

multiple biologically relevant
transcripts

low pext for whole gene
long genes (3’ bias)

same as above

other pathogenic variants in 3’ end of gene

functional domain at 3’ end of gene

Potential technical artifacts

Genotyping errors read depth < 15

(DP, AB, GQ)*

allele balance < 35%

genotype quality < 30
Mapping errors® UCSC repeat masker tracks > 5
Homopolymer® number of nucleotide repeats in

reference > 5

read depth < 10

number of nucleotide repeats
in reference > 7

combinations of multiple
technical errors

allele balance < 25%
genotype quality < 20

UCSC repeat masker tracks > 3

indels vs. SNVs at homopolymer
repeats

known pathogenic variants occurring
at this position

Each rule includes a list of other factors to consider when defining a framework for LoF curation. SNVs, single-nucleotide variants; pext, proportion expressed

across transcripts; bp, base pairs.
LoF verdicts that are defined by these thresholds can be found in Table 1.

PEssential splice rescue flag relies on the prediction of in silico tools, thus the recommended threshold for that tool applies. For SpliceAl that is 0.2, with no lenient

threshold.

in-frame indel without a loss of protein abundance. Of
note, for in-frame cryptic splice sites resulting in partial
intron retention, the intronic sequence needs to be as-
sessed for inclusion of termination codons that could
result in early truncation and NMD. Essential splice site
variants at the border of an in-frame exon can also result
in an in-frame deletion of that exon rather than intro-

ducing an early termination codon and NMD, which
can also be predicted by SpliceAl.

Other types of transcript rescue include translation rein-
itiation and overhang exons. The translation reinitiation
flag is assigned to variants that have a nearby in-frame
methionine downstream of the termination event that
may re-initiate translation. The overhang exon flag is
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A Rescue by Secondary Sequence Properties
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Figure 1. Schematic showing the main
categories of evidence in pLoF interpreta-
tion

(A) LoF evasion as a result of a predicted
rescue by secondary sequence properties. A
termination event near a source of rescue al-
lows for translation of the sequence into
protein and escapes NMD.

(B) A termination event within an exon of

pLoF variant
from WES/WGS

True termination
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to evade loss of protein abundance. Uncer-
tain biological relevance can be identified
here by a combination of the location of
the termination event within a minority of
transcripts, weakly conserved exon relative
to surrounding region, and low mean pext
score, suggesting that the affected exon is
in fact of low biological importance.

(C) Potential technical artifacts where
analytical confirmation is needed to
confirm the variant.

| S Translation

worthy that most splice variants fall

C Potential Technical Artifacts

Annotation of I >  No protein
pLoF variant

Annotation from \ Y
Analytical E‘> .L\‘%L
confirmation No variant detected o

outside the coding region, and in those
cases the pext score will always be O.
However, the biological relevance of
the splice site can be interpreted by
looking at the score of the adjacent
exon; if the adjacent exon has a low
pext score it is likely biologically

assigned to variants that fall in an exon extension
(Figure S3). Overhang exons are often weakly conserved,
have a lower pext score, and fall in a minority of coding
transcripts. Variants that fall within overhang exons are
considered rescued by splicing out the overhanging
sequence through essential splice sites of other transcripts
and thus are predicted to evade LoF.

Uncertain biological relevance
Variants of uncertain biological relevance are expected to
result in NMD within at least one transcript, but their ef-
fect on the overall protein abundance is not predicted to
have a biological impact. Specific flags include minority
of transcripts, weak exon conservation, low pext, and over-
printing. We also include variants in the last exon where
NMD is not expected but the functional impact of the
pLoF variant is unclear. These flags highlight the require-
ment for in-depth interpretation of the variant, transcript,
and conservation.”**°

Pext, proportion expressed across transcripts, scores are
available on the gnomAD browser gene page and inform
the relative per-base expression across transcripts in
GTEx tissues.'’ Variants that fall in low pext regions,
defined as an exon with mean pext value < 20% of the
maximum pext across the gene, are often in biologically
dispensable alternative transcripts (Figure S4). It is note-

dispensable. We also used the absence
of a drop in the pext score within an
exon at an annotated splice site as evi-
dence that it is likely a splice site (and transcript) of low
biologic relevance (Figure S5).

Variants that are annotated as pLoF in a minority of cod-
ing transcripts across the gene need to be assessed for
whether or not they fall in the most biologically relevant
transcript (e.g., MANE Select and MANE Plus Clinical are
recommended for GRCh38). In genes with multiple tran-
scripts, transcript expression in a specific tissue or the
mean expression across tissues might be a useful indicator
of biological relevance. In this protocol, we flagged vari-
ants occurring in <50% of coding transcripts. Likewise, a
pLoF variant located in a weakly conserved exon may indi-
cate that loss of that exon does not impact gene function.
Some variants are located in exons with slightly lower pext
scores (~50% of gene maximum), a minority of transcripts,
and/or weakly conserved exons, implying that the exon it-
self is less relevant to gene function. The combination of
these flags (minority of transcript, weak exon conserva-
tion, and low pext) can be used to assess the biological rele-
vance of the transcripts in which the variant is annotated
as pLoF. Of note, lack of a pext score should not be used
as evidence for or against LoF evasion, as this is likely
due to the variant being located in a transcript that was
not included when pext scores were generated. It is also
important to consider that GTEx gene-expression data
used to generate pext is derived from adult postmortem
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tissues, which may not accurately represent gene expres-
sion during early development®’ and not all disease-rele-
vant tissues are available (e.g., inner ear).

The overprinting flag is applicable for a variant in a tran-
script with an unconserved alternate open reading frame
(OREF; Figure S6). Overprinting has been described as a means
for denovo genebirth and is widely reported in viral DNA, and
more recently in plants and animals.** *’If a variant is anno-
tated as pLoF only in the “novel” overprinted transcript and
has a different annotation (missense/synonymous) in the
ancestral frame, it is not considered to cause LoF in the pri-
mary gene annotated at the locus.

Variants that terminate in the last exon of a gene or the
last 50-55 bp of the penultimate coding exon typically
result in truncated protein products due to NMD
escape.’"*> Therefore, pLoF variants assigned with the
last exon flag are not predicted to result in lost protein
abundance but rather the presence of a truncated protein,
which may or may not have a deleterious effect on pro-
tein function and needs further assessment. LOFTEE
(v.1.0.3) does not flag by NMD location but instead by
GERP score of the affected region of the protein, so a
number of pLoF variants predicted to escape NMD are
not annotated as such by LOFTEE.> Furthermore, not all
genes are subject to NMD, and those that are not subject
to NMD need to be interpreted differently. This is un-
known for most genes and in the absence of other knowl-
edge, our default assumption is to expect NMD.

Potential technical artifacts
Technical flags are assigned to pLoF variants that are likely
artifacts from sequencing data rather than true variants
and include genotyping, mapping, and homopolymer
flags. Technical flags are used for variants in regions where
the confidence of finding a real LoF variant is decreased by
the region quality and where there is a higher rate of false
positive variant calls in exome and genome capture.***®
Genotyping flags are assigned to variants with a skewed
allele balance, low read depth, or low genotype quality; or
that fall in low complexity or GC-rich regions; or demon-
strate strand bias (variants called predominantly on the for-
ward or reverse strand; Figure S7). Mapping flags are assigned
to variants that fall in a region of the genome where there are
known mapping difficulties due to repetitive genome-wide
sequences, and variation in these regions might be a result
of mis-mapped reads (Figure S8). UCSC genome browser’s re-
peats tracks can be used to identify regions that are likely to
be mis-mapped. Homopolymers, a sequence of consecutive
identical bases, are enriched for false positive indels due to
polymerase slippage during PCR amplification. Slippage re-
sults in inaccurate reports of repeat length, which are then
incorrectly annotated as frameshift variants.**~>*

Curation framework predicts that 27% of pLoF variants
do not result in LoF

Curation was performed on 1,113 pLoF high-confidence
by LOFTEE variants in 22 genes associated with AR disease.

LOFTEE pre-filtered 143 variants as low confidence mostly
due to their location in the end-truncating region of the
gene (Figure S9).° Of the 1,113 LOFTEE high-confidence
pLoF variants, 304 (27.3%) were interpreted as likely not
LoF/not LoF, 42 (3.8%) were interpreted as uncertain LoF,
and 767 variants (68.9%) remained LoF/likely LoF after cu-
ration (Figure 2A; Table S1). The frequency of pLoF evasion
and potential technical artifacts in AR genes was signifi-
cantly lower than the 66.5% evasion rate observed for het-
erozygous pLoF variants in genes associated with domi-
nant disease (n = 403),'” where LoF variants are expected
to be absent or depleted from gnomAD (p = 5.44 X
10~*3; Figure S10).

A variable proportion of LoF evasion and potential tech-
nical artifacts was observed between genes, explained by
gene-specific properties (Figures 2B and S9). HADH dis-
played the highest degree of LoF evasion and potential
technical artifacts, 72.7% (24/33), mainly due to several re-
gions with low pext scores, while GBE1 displayed the
lowest degree, 5.0% (2/40) of LoF evasion and potential
technical artifacts. Across the 1,113 variants, the most
common variant class was frameshift, with 470 variants
(42.2%), followed by 360 (32.3%) stop-gained/nonsense
variants, 283 (25.4%) essential splice variants, 153 donors
(13.8%), and 130 acceptor variants (11.7%) (Figures S11A-
S11C). The proportion of variants that were predicted to
not result in LoF depended on variant class
(Figure S11D). Stop-gained/nonsense variants were most
likely to be predicted as true LoF compared to other variant
types (p = 4.01 x 107 post hoc 2 x 2 chi-squared test;
Bonferroni significance threshold p < 0.0125 for 4 post
hoc tests) with only 19.1% predicted as likely not LoF/
not LoF, whereas 40.0% of essential splice acceptor variants
were predicted as likely not LoF/not LoF (p = 2.81 x 107%,
post hoc 2 x 2 chi-squared test). Frameshift variants also
had a slightly elevated proportion of predicted likely not
LoF/not LoF (30.9%, p = 0.0102, post hoc 2 x 2 chi-
squared test). Essential splice donor variants did not signif-
icantly deviate from the mean across other variant types
(24.8%, p = 0.463, post hoc 2 x 2 chi-squared test).

Variants curated as likely not LoF/not LoF had a median
of two flags per variant (Figure S12), though for the vast ma-
jority (91.1%, 277/304 variants) a single flag was sufficient
to label them as likely not LoF/not LoF: last exon (32.6%),
homopolymer (13.8%), low pext (13.2%), splice rescue
(11.8%), in-frame exon (7.9%), MNV or frame-restoring in-
dels (4.6%), overprinting (3.9%), other transcript rescues
(e.g., translation reinitiation, overhang exon) (1.6%), map-
ping errors (1.3%), and multiple technical artifacts (0.3%)
(Figure 2D). Variants interpreted as likely not LoF/not LoF
due to their location, either in the last exon or at the border
of an in-frame exon, were only considered likely not LoF/
not LoF if they removed less than 25% of the coding
sequence. Of 99 variants interpreted as likely not LoF/not
LoF due to location in the last exon, 75.7% (75/99) termi-
nated in the last 10% of the coding sequence and the re-
maining 24.2% (24/99) of variants terminated in the last
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multiple.

10%-25% of the coding sequence. A similar pattern was
observed for splice variants at the border of in-frame exons;
75.0% (18/24) resulted in a deletion of less than 10% of the
protein coding sequence, and 25.0% (6/24) of variants re-
sulted in a deletion spanning 10%-25% of the protein-cod-
ing sequence. Although the vast majority of variants had a
single primary explanation for evasion (91.1%), they often
had additional less impactful flags (Figure S13). Only 8.9%
(27/304) of variants were assigned multiple flags that are
sufficient for a prediction of likely not LoF/not LoF, with
the most prevalent combination being other transcript res-
cues (overhang exon) and low pext.

An analysis on the effect of all splice variants (n = 283)
using SpliceAl revealed that 25.8% (73/283) of splice vari-
ants are predicted to lead to a potential LoF rescue by an in-
frame cryptic splice event, in-frame exon skipping, or loca-
tion at a non-essential exon (Figure S14). Of note, 2.1% (6/
283) were predicted to splice an in-frame intronic sequence
that included a termination codon. These were expected to
result in LoF, highlighting the need to consider several
rescue mechanisms in parallel when assessing a final ver-

dict. Other categories of splicing effects that retained
LoF/likely LoF interpretations were out-of-frame rescues,
out-of-frame exon skipping, multiple out-of-frame events,
and presumed intron retention.

Variants given a verdict of LoF/likely LoF either had no
flags (white, Figure 2C) or had potential technical artifacts
and/or uncertain biological relevance flags (light blue and
purple, Figure 2C) not considered strong enough evidence
for the variant to be predicted as likely not LoF/not LoF (Ta-
ble 1). The 42 variants (3.8%) that were given a verdict of
uncertain LoF were mainly uncertain because of unavai-
lable read data for visualization of potential frame-
restoring indels in the surrounding region for variants in
gnomAD. Of the 42 variants, 5 (11.9%) had no flags as-
signed to them but were marked uncertain LoF mostly
due to unclear splicing mechanisms.

ACMG/AMP-guided pLoF interpretation

The LoF curation protocol presented above predicts a vari-
ant’s likelihood to result in LoF but does not assess the vari-
ant’s pathogenicity. A pLoF variant curated as likely not
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LoF/not LoF may still be pathogenic via other mechanisms
besides complete loss of gene expression, such as an in-frame
deletion of a functional domain resulting in a catalytically
inactive protein. Here we build upon the previous ClinGen
SVI guidelines by Abou Tayoun et al.* and provide a frame-
work for further adjusting PVS1 for pLoF variants with a ver-
dict of uncertain LoF, likely not LoE, or not LoF (Figure 3).

The assessment of variants as technical artifacts is impor-
tant for the accurate return of individual patients results, as
well as the review of evidence from population databases
such as gnomAD to ensure that variant occurrence and pop-
ulation allele frequencies are accurately represented. All var-
iants assigned technical flags are by definition located in a
region with quality concerns, and therefore allele fre-
quencies in these regions in gnomAD may be higher than
expected and thus, need to be interpreted with care.'? Var-
iants with quality concerns should be confirmed by an
orthogonal method before assessing pathogenicity, as
only a real variant will confer a disease risk. However, the
analytic validity of a variant is a separate step from pathoge-
nicity classification and therefore technical artifact consid-
eration is not used to modify PVS1 strength in the context
of a variant classification framework.

Figure 3 highlights modifications to the application of
PVS1 following use of this framework for further pLoF inter-
pretation. If a variant has been assigned several flags that
suggest downgrading PVS1, the flag resulting in the most
substantial downgrade should be applied to the curation
(and not the sum of different consequences). For example,
if a curation has resulted in both a splice rescue flag (down-
grade PVS1) and a low pext flag (do not use PVS1), then
PVS1 should not be applied, instead of downgrading.

Evaluation of the 479 variants (of the 1,113 assessed)
that had ClinVar entries demonstrated that the 125/479
pLoF variants that were predicted as likely not LoF/not
LoF were more likely to be classified as B/LB (16/125,
12.8%) in ClinVar compared to the 346/479 pLoF variants
predicted as LoF/likely LoF (2/346, 0.6%) (p < 0.0001,
Fisher’s exact test). We further assessed the 89 variants pre-
dicted as likely not LoF/not LoF that had been submitted as
pathogenic/likely pathogenic in ClinVar (Figure S15;
Table S2). The majority, 63 of 89 variants, were patho-
genic/likely pathogenic in ClinVar by multiple submitters
(2-star submission and above), and 45 of 63 variants had
multiple reported cases and functional studies. The 2-star
and above submissions were mostly likely not LoF/not
LoF due to last exon flag and homopolymer flag
(Figure S15). Of note, the accuracy of the ClinVar pathoge-
nicity classifications was not formally evaluated.

To investigate the concordance between variants pre-
dicted to evade LoF and the effect on PVS1, we assessed a sub-
set of 200 out of 304 pLoF variants curated as likely not LoF/
not LoF (Figure 3; Table S3). Variants flagged as potential ar-
tifacts cannot be assessed using PVS1 unless analytically
confirmed, so 37 variants with a technical artifact flag result-
ing in likely not LoF/not LoF verdict were excluded, leaving
163 variants. Including the updates to PVS1 presented in this

manuscript and the ACMG/AMP guidelines for interpreta-
tion of loss-of-function variants, the PVS1 criteria was down-
graded by at least 1 level, to PVS1_strong or lower, for 162 of
163 variants (99.4%). Of the 162 downgraded variants, PVS1
was affected due to updated guidelines of this framework in
17.2% (28 variants), with an effect on the final ACMG/AMP
classification for 20 of those 28 variants (19 variants down-
graded from likely pathogenic to VUS and one variant
from pathogenic to likely pathogenic).

Discussion

There are several mechanisms by which pLoF variants can
escape LoF, which is why careful assessment beyond stan-
dard annotation pipelines are key to reduce false positive
rates and ensure accurate prediction in both research and
clinical settings. We present a new framework that refines
the interpretation of pLoF variants’ predicted impact and
introduces a structured methodology to predict variants
as LoF, likely LoF, uncertain LoF, likely not LoF, or not
LoF. Further, we expand on how this evidence ties into
the assessment of pathogenicity by current ACMG/AMP
guidelines, and specifically how PVS1 should be modified,
in line with and further building upon standards provided
by the ClinGen SVI working group.”

The LoF curation protocol introduces three different cat-
egories of evidence that should be assessed: rescue by sec-
ondary sequence properties, uncertain biological relevance,
and potential technical artifacts. Of 1,113 high-confidence
pLoF variants in 22 genes associated with AR disease inves-
tigated here, 304 variants (27.3%) were predicted as likely
not LoF/not LoF. The main reasons were truncation in the
3’ end of the gene, location in a homopolymer region, loca-
tion in a low-pext region, and essential splice variants with
in-frame cryptic rescues, highlighting the importance of
detailed assessment to accurately interpret a pLoF variant.
Only 47/304 variants (15.5%) were predicted as likely not
LoF/not LoF because of potential technical artifacts, high-
lighting that this is a minor category and the majority
(84.5%) are predicted likely not LoF/not LoF due to rescue
by secondary sequence properties or uncertain biological
relevance. A similar rate of LoF evasion and potential tech-
nical artifacts is observed for homozygous pLoF variants in
gnomAD, in line with the expected enrichment of rescue
mechanisms and artifacts seen for pLoF variants in
general.””*

In addition to the expected difference in evasion between
gene sets, there were differences in frequency of evasion be-
tween LoF variant classes. Nonsense variants were more
likely to be predicted as true LoF with a lower evasion rate
of 19%, while 40% of essential splice acceptor variants
were predicted likely not LoF/not LoE. The elevated evasion
rate for essential splice acceptor variants was mainly driven
by location in the last exon and cryptic splice site rescue,
with the cryptic splice acceptor variant rescues suggestively
being due to less consensus site conservation for splice
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acceptor than donor sites.***° This can guide how we think
of splice acceptor variants as escape seems more common,
whereas nonsense variants to a large extent are predicted
as true LoF (Figure S11).

The LoF curation protocol does not determine variant
pathogenicity, but rather predicts the likelihood of a pLoF
variant evading LoF or acting as a technical artifact.
Additional information regarding variant classification is
required to determine a pLoF variant’s pathogenicity,
including if there is a non-NMD or other less damaging pre-
dicted effect of a pLoF variant, as well as segregation data,
case-level evidence, functional evidence, de novo evidence,
and population evidence. Variants predicted as likely not
LoF/not LoF were enriched for variants classified as
benign/likely benign in ClinVar, highlighting that our
framework can identify variants that potentially evade LoF
and do not cause disease. The two variants predicted as likely
LoF by our framework but classified as benign/likely benign
in ClinVar (indicating potential missed evasion of LoF) are
annotated as pLoF in one non-MANE Select IDUA transcript
(Ensembl: ENST00000247933.4) (three transcripts reported
in Gencode v.19), with a mean pext score of 0.4 (max for
the gene is 0.6-0.7), which suggests some biological rele-
vance and the variants were therefore not excluded as likely
not LoF/not LoF across all tissues. One can speculate that the
affected transcript is non-essential for the enzymatic func-
tion of IDUA that is disrupted in the IDUA-associated meta-
bolic condition mucopolysaccharidosis (MIM: 607014).

Importantly, variants predicted as likely not LoF/not LoF
by our framework may still be pathogenic via mechanisms
other than loss of protein abundance. In some genes, trun-
cating variants within the last exon may alter the function
of the gene rather than result in LoF. For example, trun-
cating variants in the last exon of CCND2 can remove a
ubiquitination site and prevent normal cyclin degrada-
tion.”® In particular, the 89 variants predicted as likely not
LoF/not LoF but classified as pathogenic/likely pathogenic
in ClinVar were assessed for alternative pathogenicity evi-
dence. For +2-star ClinVar submissions with multiple re-
ported cases and functional studies (63/89), the majority
were defined as likely not LoF/not LoF due to the location
of the variant in the last exon (which can be pathogenic
via impact on the protein function) or due to location in
an homopolymer (which would be reclassified as LoF if
the variant was confirmed by an orthogonal method).
Those variants with 0-1 stars in ClinVar had a larger num-
ber of reasons for LoF evasion, highlighting the utility of
this framework. Of note, 3/89 previously classified as path-
ogenic in ClinVar changed classification during the period
of revising this paper, demonstrating that ClinVar variants,
especially those classified by a single submitter, warrant
further scrutiny to confirm their pathogenicity. We estab-
lished an effect on PVS1 in 99.4% (162 of 163) of assessed
variants predicted as likely not LoF/not LoF using the exist-
ing PVS1 guidelines*'' in combination with our frame-
work. Importantly, PVS1 was affected in 17.2% (28 of 163)
of variants as a result of the updated guidelines provided

in this report, mostly due to essential splice site variants pre-
dicted to be rescued by in-frame cryptic splice events,
MNVs, or frame-restoring indels. This result highlights
theimportance of considering the new properties presented
here when assessing pLoF variants and their pathogenicity.
Further, for 71.4% (20/28) variants, the effect on PVS1 re-
sulted in a downgraded ACMG/AMP variant classification,
mostly from likely pathogenic to uncertain significance,
highlighting the clinical impact of this framework. Over-
looking these mechanisms of escape confers a risk of overes-
timating the pathogenicity of pLoF variants. As a future di-
rection, we plan to incorporate lessons learned through this
advanced framework of pLoF interpretation into LOFTEE to
improve automated LoF prediction, though we anticipate
that manual evaluation will continue to serve a critical role.

One important consideration during LoF curation is that
the general rate of evasion and potential technical artifacts
(27.3% in this variant set) will vary depending on how the
variants were ascertained (from affected individuals or
from population data), as well as methods used for identi-
fying the variants (large-scale sequencing or standardized
clinical sequencing including orthogonal confirmation).
Since LoF variants as a group are under negative selection
and the proportion of artifacts from genotyping will be con-
stant across the genome and variant classes, pLoF variants in
population data will be more enriched for artifacts, espe-
cially in genes associated with disease that are constrained
for LoE."*** In cohorts enriched with individuals affected
by severe disease, the contrary is true, with an expected
enrichment for pLoF variants that are true positives and
also pathogenic. Therefore, it is expected that the evasion
rate and number of technical artifacts are much lower in a
cohort of affected individuals. Thus, the source of the variant
data should impact the conservative or lenient threshold set
for the different flags presented in this protocol, and we
recommend a conservative approach for any curation of
population data.

This protocol aims to include any of the community-es-
tablished and -accepted mechanisms of LoF evasion and
predictions of technical artifacts to improve pLoF predic-
tions. However, additional mechanisms resulting in LoF
evasion have been suggested and are likely to be estab-
lished in the future. For example, it has been suggested
that pLoF variants in an exon longer than 400 bp or a
variant located in the first 150 coding bp will escape
nonsense-mediated decay.” Clonal hematopoiesis should
be considered when assessing pLoF variants in genes asso-
ciated with this phenomenon.>”*® Genes susceptible to
clonal hematopoiesis due to proliferative advantage from
haploinsufficiency (monoallelic LoF) is an aspect not
within the scope of this protocol (beyond hard filtering
variants with an allele balance of less than 20%).

In conclusion, we present a framework that aids in the
interpretation of pLoF variants by considering mecha-
nisms of LoF evasion and indications of potential technical
artifacts, alongside updated guidelines for applying PVS1
for classifying pLoF variant pathogenicity. The results
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presented here highlight how inadequate pLoF variant
assessment stands a risk of overinterpreting the effect
and pathogenicity of pLoF variants and that this frame-
work can substantially reduce the false positive rate of
pLoF in both research and clinic settings.

Data and code availability

The curation results generated during this study are available
as a supplemental table, for download at https://gnomad.
broadinstitute.org/downloads, or can be viewed at the respective
gene page at https://gnomad.broadinstitute.org.

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2023.08.005.
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