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Abstract

Loss-of-function (LoF) is commonly considered the dominant cause of human
rare disease. Genetic variants that lead to a putative LoF (pLoF) are viewed as
the strongest candidates during variant interpretation in rare disease. However,
numerous molecular mechanisms by which such variants can lead to incomplete
LoF have been described, and such low-confidence LoF variants are frequently
observed in studies of healthy individuals, including recent efforts involving
carrier screening and reproductive genetic testing of our biobanking cohorts.
This prompted us to test if the various measures of potential LoF evasion
can be used to distinguish between pathogenic and benign variants from the
commonly used ClinVar database. Our results confirm that some of the tools
and metrics, such as Loss-of-Function Transcript Effect Estimator (LOFTEE)
tool, proportion expressed across transcripts (pext) score, and the analysis of
nonsense-mediated decay (NMD) are informative for determination of suspected
variant pathogenicity, while others (such as the potential for translation reini-
tiation or computationally predicted splice rescue) are of lesser utility, at least
when simple rules are used for batch filtering of variants. Of note, thousands of
pathogenic variants from ClinVar showed signs of incomplete LoF according to at
least one of the metrics, highlighting challenges with automated variant filtering
on the basis of these criteria.
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1 Introduction

Protein-truncating variants (PTVs), including nonsense mutations, splice site variants,
and frame shifting indels, are of ultimate significance in human rare disease diagnostics.
Standards and guidelines for genetic variant interpretation, such as those provided by
the American College of Medical Genetics and Genomics (ACMG), assign typically
consider a potential loss-of-function (pLoF) effect of a variant as the strongest piece of
evidence for variant pathogenicity [1]. However, it has been noted a long time ago that
not every variant annotated as a pLoF actually leads to a loss of gene product function,
while many genuine LoF variants still have little to no effect on the phenotype [2, 3].

Failure of a pLoF allele to result in a complete LoF is attributable to a variety of
factors. These include discordant effects of a variant on different transcript isoforms
encoded by the same gene, potential rescue by a second variant in the same haplotype,
nonsense-mediated decay (NMD) evasion, and others, as noted in many studies of pLoF
variants in healthy cohorts (e.g., [3, 4]. Recognition of potential LoF evasion has led to
the development of specialized tools for identification and filtering of low-confidence
pLoF variants, such as Loss-Of-Function Transcript Effect Estimator (LOFTEE) [5].
Multiple studies have demonstrated high rates of incomplete LoF among variants
present in healthy individuals [6, 7].

In 2023, Singer-Berk et al. have proposed a framework for classifying pLoF variants
into categories depending on the strength of evidence supporting potential incomplete
LoF [8]. The set of features used for filtering includes information about transcript
isoform expression, potential for NMD evasion, translation reinitiation, splice variant
rescue, rescue by a second variant, and others. Application of this framework to a
set of 1,113 variants in autosomal recessive (AR) disease genes present in healthy
individuals from the Genome Aggregation Database (gnomAD) v.2.1 data showed that
up to 27.3% of pLoF evade complete LoF. Of note, the LoF-evading variants were
enriched with variants that were annotated as benign in the ClinVar database [8].
These results, as well as our own experience with interpreting pLoF variants observed
in healthy individuals during genetic testing, prompted us to more systematically
assess the proportions of variants leading to incomplete LoF in ClinVar. Our analysis
confirmed that benign pLoF variants are enriched with low-confidence LoF alleles, but
many such alleles are also present among variants reported to be pathogenic.

2 Results

According to Ensemble VEP annotation of ClinVar variants, a substantial subset
(n=2,581,089) are annotated as PTVs, encompassing nonsense, frameshift, and essen-
tial splice site alterations and distributed across all ACMG classification categories.
We first tested an assumption that benign variants should be overrepresented in
transcript isoforms with low expression levels. To this end, we used the pext met-
ric which quantifies the proportional expression contribution of a specific genomic
region across all annotated transcripts of a gene [6]. Contrary to our expectation,
this analysis revealed no clear decrease in pext values among B/LB variants com-
pared to other groups, with VUS exhibiting significantly higher average pext scores
than other categories (Figure 1a). The same pattern was observed for maximum pext



values across all tissues (Figure 1b). However, the proportion of low- (< 0.1) value
of both average and maximum pext for P/LP variants (2.1%/8.7%) was lower com-
pared to B/LB (2.5%/10.2%), but not VUS (1.8%/7.7%, Figure 1c), with the highest
numbers observed for variants with conflicting interpretations (4.3%/10.6%). These
results confirm an enrichment of sites with low pext among benign variants, though
the magnitude of this trend was subtle.

We next limited our analysis to a set of clinically relevant transcripts isoforms
from the MANE Plus annotation, and assessed the concordance of LoF variant con-
fidence assessed by LOFTEE with ClinVar pathogenicity classification. Analysis of
LOFTEE confidence categories across ClinVar classifications revealed a consistent pre-
dominance of HC pLOF variants, comprising 84-98% of variants across all clinical
significance groups. The highest proportion of HC variants was observed among P/LP
ones (98.5%). Conversely, B/LB variants exhibited the highest proportion of LC pre-
dictions (15.8% vs. 1.5% for P/LP), supporting the utility of LOFTEE as an effective
filter for identifying annotation artifacts or biologically irrelevant events. VUS and vari-
ants with COI showed intermediate distributions, with HC variants comprising 94.1%
and 93.9%, respectively. Further stratification of P/LP variants by ClinVar review
status revealed no significant enrichment of LC pLoF variants among variants with a
single submitter (the lowest review status category), despite these variant groups being
widely perceived as enriched with misclassified variants (Figure S1). Collectively, our
findings confirm that while pLoF variants designated as HC by LOFTEE represent
strong candidates for pathogenicity, LC predictions warrant additional scrutiny and
functional validation before being considered clinically significant.

Still, many of the variants flagged by LOFTEE correspond to well-established
pathogenic alleles. For example, one such variant that we observed in carrier screen-
ing of couples planning pregnancy is a frameshift variant in EYS (c.8648_8655del;
p.Thr2883Lysfs*4). This variant is classified as LOFTEE LC and shows low pext scores
(< 0.1), consistent with NMD escape, despite being responsible for 5% of AR retinitis
pigmentosa (OMIM #602772) cases [9].

Pathogenic variants are also expected to have greater disruptive effects on splicing,
as well as a lower proportion of splice rescue events. To test this, we analyzed pre-
dicted effects on splicing using SpliceAl across ClinVar classification categories (the
analysis was limited to donor and acceptor site variants). In line with the expecta-
tion, P/LP variants exhibited substantially higher delta scores of acceptor/donor loss
and acceptor gain, with a notable enrichment at values approaching 1.0, indicating
strong evidence of splice donor or acceptor disruption. Conversely, B/LB variants dis-
played lower delta scores for acceptor/donor gain and broader range of delta scores for
acceptor/donor loss. VUS demonstrated the broadest range of delta scores, reflecting
the heterogeneous nature of this category. Variants with COI also showed interme-
diate delta score distributions, suggesting that discrepancies in classification may, in
part, arise from differences in the interpretation of splice-altering evidence. Notably,
substantial overlap in delta scores was observed between P/LP, VUS and COI vari-
ants, emphasizing that SpliceAl scores alone cannot definitively discriminate between
benign and pathogenic variants. At the same time, we did not observe any evidence
that benign variants are enriched with variants that are rescued by an in-frame cryptic



splice event, with even a contrary tendency observed (Figure 1d). These results sug-
gest that the analysis of splice rescue requires a more nuanced approach and functional
validation.

Yet another expected difference between pathogenic and benign variants is the
lower proportion of NMD-escaping variants among the former. Analysis of NMD
escape across ClinVar classes revealed a clear gradient: P/LP variants exhibited the
lowest NMD escape rate (7.9%), whereas B/LB variants demonstrated the highest
(26.2%). VUS and COI showed intermediate escape rates of 23.8% and 17.5%, respec-
tively. Further stratification by ClinVar review status among P/LP variants revealed
a slight but significant enrichment of NMD-escaping variants among sites with the
lowest review status (no criteria provided) (11.7%).

Finally, another mechanism of pLoF allele rescue is translation reinitiation, which
occurs when translation restarts at a downstream in-frame methionine codon following
a premature termination event [8]. To assess the potential for rescue via transla-
tion reinitiation, we analyzed the presence and relative position of potential initiation
codons downstream of pLoF variants. Across all categories, the majority of variants
(94.6-95.3%) exhibited no signs of potential rescue by reinitiation (i.e., no methionine
codon in the first 10% or 25% of the CDS), and no statistically significant differences
were observed among ACMG classification groups.

3 Methods

3.1 Data acquisition

The analysis was performed on ClinVar [10] data v. 2026-04-15 based on the GRCh38
human reference genome assembly. Base-level proportion expressed across transcripts
(pext) data was obtained from gnomAD v.4.1.1 [6]. Isoforms from the Matched
Annotation by NCBI and Ensembl (MANE) were used unless indicated otherwise [11].

3.2 Variant annotation framework

We relied on the framework proposed by Singer-Berk et al. for variant annotation and
classification [8]. Variants were annotated using the Ensembl Variant Effect Predictor
v.110 (VEP) [12] with the LOFTEE [13] and SpliceAl plugins [14], as well as a custom
file with pext scores.

For prediction of NMD, a computational method used by Torene et al. was applied
[15]. For the analysis of potential translation re-initiation, protein sequences down-
stream of each variant were examined, and the coordinate of the next methionine
residue was calculated. Variants were flagged as potentially rescued by re-initiation if
the next methionine residue was located within the first 10% or 25% of the sequence.
Splice rescue events were defined as a potential in-frame donor/acceptor site gain with
high SpliceAl score (> 0.5) (analysis was restricted to variants with strong canonical
splice site disruption).

All intermediate data files and code used for this analysis are openly available at:
https://github.com/tanya-lazareva/clinv_plof.
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Fig. 1 Evidence of incomplete loss-of-function for protein-truncating variants across variant
pathogenicity groups in ClinVar (P/LP - pathogenic/likely pathogenic; B/LB - benign/likely benign;
VUS - variants of uncertain significance; COI - variants with conflicting interpretations of pathogenic-
ity). (a) Maximum proposition expressed across transcripts (pext) score distributions across all
tissues; (b) Average pext score distributions across tissues; (c) Distributions of SpliceAi scores for
donor site loss, donor site gain, acceptor site loss, and acceptor site gain calculated for variants affect-
ing donor and acceptor sites, respectively; (d) A heatmap showing proportions of variants filtered out
by the indicated criteria.

4 Discussion

In this work, we have systematically evaluated the extent to which various mea-
sures predictive of incomplete LoF can be used to distinguish known pathogenic and
benign variants in ClinVar. Overall, our results validate the utility of considering sev-
eral widely used factors when interpreting the pathogenic potential of pLoF alleles.
Thus, overrepresentation of variants annotated as low-confidence by LOFTEE among
benign ones (15.8%) relative to pathogenic classifications (1.5%) demonstrates the
utility of LOFTEE as a reliable filter for identifying genuine loss-of-function vari-
ants. Similarly, a clear gradient in the proportion of NMD-escaping variants across



ClinVar classifications (from pathogenic to benign) strongly supports the expectation
that variants resulting in NMD-targeted transcripts are more likely to be pathogenic.
The enrichment of high Splice AT delta scores in P/LP variants confirms the role of
state-of-the-art splice predictors in determining the definitive impact of splice-affecting
variants, even for sites that affect canonical splice sites. However, a substantial frac-
tion of variants annotated as pathogenic still show signs of incomplete LoF according
to these factors, emphasizing that: (i) existing pathogenicity classifications should be
treated with caution, especially for variants with poor review status; and (ii) each of
the metrics tested should not be considered as an ultimate filter that uniquely removes
genuinely non-LoF variants.

Some of the metrics tested, however, turned out to be less informative, for dis-
crimination between ACMG classification groups. Thus, we did not observe a clear
enrichment of variants with higher pext scores among the P/LP variants. pLoF
variants with lower pext scores that are classified as P/LP may exert their deleteri-
ous effects through disruption of critical low-expression transcripts that are essential
in specific developmental or tissue contexts [6]. Additionally, the lower pext scores
observed among P/LP variants may reflect the phenomenon wherein loss-of-function
variants in genes with highly restricted expression patterns often lead to tissue-specific
disorders. Besides pext, we also did not find significant evidence for the discriminative
power of potential for translation reinitiation and cryptic 4 site-based rescue. For the
former, this observation may in part be related to the fact that reinitiation was more
commonly observed in individuals with milder phenotypes rather than healthy ones
[16]. While our results may suggest that some mechanisms of LoF evasion may be of
lower relevance on aggregate, careful consideration of possible mechanisms is required
for accurate variant interpretation in rare disease, especially when evaluating genetic
risks for healthy individuals or couples. Besides, our results caution against overre-
liance on single in silico metrics and emphasize the need for careful interpretation,
particularly for variants with poor review status.

5 Limitations

While we believe that our findings emphasize the relatively higher importance of
certain factors for the assessment of LoF evasion, our approach has several notable
limitations that have to be considered. First, while LoF is frequently touted as the
dominant disease mechanism, it is by far not the only one, with gain-of-function and
dominant negative effects of variants playing a huge role (reviewed in [17]). Second,
despite generally higher penetrance of pLoF variants [18], many pathogenic alleles that
show signs of incomplete LoF may have lower penetrance or more subtle phenotypic
effects, but not be completely silent. Last but not least, the approach we employed
in this study was rather coarse-grained, as we did not perform manual review of the
annotations taking into account specific aspects of a particular genomic region, as
suggested by the authors of LoF curation frameworks [8].

Supplementary information. Supplementary Figure Al provides data of incom-
plete loss-of-function for pathogenic and likely pathogenic protein-truncating variants
across review status categories in ClinVar.
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Fig. A1l Evidence of incomplete loss-of-function for pathogenic and likely pathogenic protein-
truncating variants across review status categories in ClinVar. (a) Maximum proposition expressed
across transcripts (pext) score distributions across all tissues; (b) Average pext score distributions
across tissues; (c) Distributions of SpliceAi scores for donor site loss, donor site gain, acceptor site
loss, and acceptor site gain calculated for variants affecting donor and acceptor sites, respectively;
(d) A heatmap showing proportions of variants filtered out by the indicated criteria.
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