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1. Introduction

In recessive monogenic diseases, individuals with a 
single pathogenic variant are typically asymptomatic 
and symptomatic disease is only observed in patients 
with two pathogenic variants (1). For some genes 
however, particular variant combinations can give rise 
to specific disease expression profiles. For example, we 
recently highlighted the Goldilocks situation that can 
arise for Mendelian diseases where the presence of two 
loss of function (LoF) variants is lethal prenatally, and 
symptoms are only observed in individuals with a LoF-
hypomorphic variant combination (2) as in the case of 
recessive diseases linked to aminoacyl-tRNA synthetases 
(2) and thrombocytopenia-absent radius syndrome (3). 
In some cases therefore, phenotypic severity depends 
on the combined activities of pathogenic variants. 
While it is clear that some LoF variants are lethal when 
homozygous, conversely, extremely hypomorphic 
variants could be benign when homozygous and 
pathogenic only in association with a more severe 
variant. In this article, we briefly outline the mechanisms 
and consequences of this Schrödinger cat-like effect and 

its implications for patient care, with reference to ABCA4 
variants and Stargardt disease-1 (STGD1).

2. The importance of the variant in trans: A 
theoretical illustration 

In recessive disorders, assuming that disease only occurs 
where protein concentrations or activity are below 50% 
of normal (since in recessive diseases, most carriers 
are asymptomatic) some hypomorphic variants could 
be deleterious in association with a LoF variant, but 
nevertheless yield > 50% protein activity/concentration 
when homozygous (Figure 1A). In theory for example, 
a hypomorphic variant producing a protein with 25% 
activity will be pathogenic in association with a null 
variant, but not when homozygous (50% activity) or 
with a > 25% functional allele in trans. The distribution 
of these variants in the population may depend on (or 
reflect) the clinical threshold of the corresponding 
disease, which is not necessarily 50%, as illustrated in 
Figure 1. 
 One such variant may be c.5603A>T (p.Asn1868Ile), 
in ABCA4, which is pathogenic in trans with a null or 
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missense variant but not when homozygous (except 
if it is associated with a deleterious variation in cis). 
Pathogenic variations in the ABCA4 gene cause STGD1, 
the most common cause of Mendelian recessive retinal 
dystrophy. c.5603A>T (p.Asn1868Ile) is a common 
variant (minor allele frequency, 5.8% in gnomAD) 
and has been implicated in 50% of cases of Stargardt 
disease-1 previously thought to be monoallelic (which 
represent 25% of cases of STGD1), with a milder 
phenotype and later onset (4,5). It is notable that this 
association was only identified because Zernant et al.'s 
study was large enough (> 600 patients) to significantly 
identify its overrepresentation in STGD1 patients (4). 
Patel et al. have also recently suggested that this type 
of variant may also be implicated in some cases of 
Knobloch syndrome (6). 
 These examples highlight both the existence of 
extremely hypomorphic variants and their potential 
phenotypic expression in patients in association with 
a more pathogenic variant. Presumably, these types 
of variants would be very weakly eliminated by 
natural selection, if at all, and thus their frequency in 
the population could increase by genetic drift. The 
population frequency criterion often used to qualify 
variants as benign (7) would be misleading in these 
cases, as would the presence of homozygous occurrences 
in databases (there are 2,989 homozygous occurrences 
of p.Asn1868Ile in GnomAD for example). In patients, 
these variants should occur more often than in the 
general population, and be associated with an extremely 
deleterious variant (either null or missense), and probably 
milder phenotypes. Proof of pathogenicity would require 
functional studies with a null allele in trans, because the 
homozygous state would not be pathogenic. The fact that 

p.Asn1868Ile is classified by AlphaMissense as likely 
benign (https://alphamissense.hegelab.org/results), 
suggests that pathogenicity prediction is insufficient. 
Note that this concept differs from those of risk alleles 
or low/reduced penetrance alleles in dominant disorders 
(8-11), because in recessive disorders, alleles cannot be 
considered in isolation and "penetrance" always depends 
on the variant in trans. In our theoretical example, 
the variant would be 0% penetrant when isolated or 
homozygous but 100% penetrant when associated with a 
LoF variant.

3. Conclusion

In conclusion, we think clinicians should be aware that in 
some cases, notably in trans of very deleterious variants, 
the second allele may have the features we describe 
theoretically here. We refer to these variants as pathonign 
variants, since they are simultaneously pathogenic and 
benign in the population.
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Figure 1. Tile plots of the combined activity (not frequency) of hypothetical variants in which the disease threshold is (A) 50% and (B) 30% 
protein activity/concentration. The tiles are colored in dark blue when the variants are pathological when homozygous and when combined with a 
hypomorphic variant, light green when the variants are always benign, and blue when the variants' pathogenicity is defined by the variant in trans (what 
we call pathonign variants): pathogenic (denim blue) when the combined activity from the two variants is below the disease threshold, but benign (light 
blue) when the combined activity from the two variants is above the disease threshold.
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