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Abstract: Heterozygous carriers of pathogenic/likely pathogenic variants in autosomal recessive
disorders seem to be asymptomatic. However, in recent years, an increasing number of case reports
have suggested that mild and unspecific symptoms can occur in some heterozygotes, as symptomatic
heterozygotes have been identified across different disease types, including neurological, neuromus-
cular, hematological, and pulmonary diseases. The symptoms are usually milder in heterozygotes
than in biallelic variants and occur “later in life”. The status of symptomatic heterozygotes as separate
entities is often disputed, and alternative diagnoses are considered. Indeed, often only a thin line
exists between dual, dominant, and recessive modes of inheritance and symptomatic heterozygosity.
Interestingly, recent population studies have found global disease effects in heterozygous carriers of
some genetic variants. What makes the few heterozygotes symptomatic, while the majority show no
symptoms? The molecular basis of this phenomenon is still unknown. Possible explanations include
undiscovered deep-splicing variants, genetic and environmental modifiers, digenic/oligogenic inher-
itance, skewed methylation patterns, and mutational burden. Symptomatic heterozygotes are rarely
reported in the literature, mainly because most did not undergo the complete diagnostic procedure,
so alternative diagnoses could not be conclusively excluded. However, despite the increasing accessi-
bility to high-throughput technologies, there still seems to be a small group of patients with mild
symptoms and just one variant of autosomes in biallelic diseases. Here, we present some examples,
the current state of knowledge, and possible explanations for this phenomenon, and thus argue
against the existing dominant/recessive classification.

Keywords: symptomatic carrier; heterozygous effect; symptomatic heterozygotes

1. Introduction

As a rule of thumb, heterozygous carriers of variants associated with recessive dis-
eases are asymptomatic. This can be confirmed by large population genetic studies and
the asymptomatic status of heterozygous family members in segregation analyses [1,2].
Symptomatic heterozygotes, defined as symptomatic carriers of a recessive autosomal
disease, are individuals carrying only one copy of the pathogenic/likely pathogenic variant
in biallelic autosomal Mendelian diseases. Considering the available literature, a symp-
tomatic heterozygous status in autosomal diseases is extremely rare and has been based
on case reports only, although some large studies have suggested an increased risk for
some diseases among heterozygotes [3,4]. Although overall very rare, a heterozygous
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symptomatic state is quite common in some diseases. Also, individuals who carry just one
variant of the disease-causing gene and who display quite a severe phenotype are often
not defined as symptomatic carriers per se; rather, they are classified as an example of a
dominant inheritance with a milder disease form [5,6]. Indeed, sometimes only a fine line
exists between these two conditions. In addition, recent population studies investigating
links between genetic variants and quantitative traits have shown a spectrum of subclinical
phenotypes associated with heterozygosity in some disease variants [3,4]. A broad range of
intermediate subclinical phenotypes has suggested significant heterozygous phenotypic
effects in some Mendelian biallelic diseases.

An increasing number of case studies now describe patients with only one variant of
biallelic Mendelian diseases who display an intermediate phenotype somewhere on the
continuum between affected, symptomatic patients and unaffected individuals. These case
reports usually describe either a single individual or a whole family displaying various
phenotype degrees while having a heterozygous symptomatic carrier status; however,
in some cases larger cohorts have been reported [7-9]. The limiting factor is, however,
the lack of full molecular analysis in most cases so that symptomatic heterozygosity is a
hypothesis, and the most probable explanation is that the “second hit” has been missed.
In most cases of symptomatic heterozygotes, symptoms are milder than in the disease
state [10]. Often, the genetic status of symptomatic heterozygosity is first identified after
re-examining the family member of an affected individual because the symptoms are so
mild and unspecific that they are not noticed by the patient. Symptoms are usually located
somewhere on the continuum between healthy individuals and patients carrying two
variants. Correspondingly, symptomatic heterozygotes for genes related to neuromuscular
disorders usually present with myalgias [5,6], mild muscular atrophy [11], and for hemato-
logical diseases with jaundice and mild symptoms of anemia [12] or familiar mild ptosis
among the individuals with only one variant causative for congenital myasthenic syndrome
(CMS), but where also cases of recessive CMS occurred [13]. In some cases, only some
abnormalities in the laboratory tests may be detected [14-16]. This also suggests that it may
be a disease phenotypic spectrum between heterozygous individuals and homozygous
affected patients.

Investigating symptomatic heterozygotes can also have practical implications in terms
of treatment and protection against some diseases. Symptomatic heterozygotes with Famil-
ial Mediterranean Fever (FMF) can benefit in childhood from therapy with colchicine [17].
Also, although described in only a few case reports, treatment with enzyme replacement
therapy can be beneficial for heterozygous symptomatic late-onset Pompe disease pa-
tients [18], although the possibility that the patients present with a real symptomatic
heterozygosity is still in dispute. The literature contains one case of a heterozygous patient
with aceruloplasminemia who was successfully treated with oral zinc sulfate [19]. In terms
of treatment, an important point to highlight is that some of the heterozygous carriers may
be influenced by dietary factors. This may be the case for some deficiencies in galactose
metabolism that can lead to presenile cataracts. The development of symptoms has been
suggested to depend on the amount of galactose uptake by the heterozygotes, as only a
small percentage of them develop symptoms [20].

The goal of this narrative review is to revise the available literature and clinical infor-
mation on the symptomatic heterozygotes in autosomal biallelic diseases and heterozygous
effect on the population level for recessive Mendelian diseases. Further, we delineate possi-
ble molecular bases of this phenomenon and current knowledge on this topic. We discuss
the existing classification of recessive vs. dominant and how to approach the phenotypic
spectrum of heterozygosity in recessive Mendelian variants on the systematic level.

2. Disease Spectrum and Phenotypic Variability

Symptomatic carriers of autosomal diseases have been described for a wide range of
disorders, including neuromuscular, neurological, hematological, and pulmonary diseases
(examples are shown in Table 1). Unfortunately, the current knowledge is still based mostly
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on case reports, and only the tip of the iceberg is revealed. Also, most of the cases reported
as examples of “symptomatic heterozygosity” underwent only Sanger sequencing or whole-
exome sequencing analysis (WES), which makes missing of the second hit variant the most
probable hypothesis.

Case Reports and Diagnostic Workup

Reported symptomatic heterozygosity is often based on the facts that cases described
as carriers of autosomal diseases show milder phenotype than homozygous ones. One
example of symptomatic heterozygosity, based mainly on the fact that disease symptoms
were milder, is a platelet function disease related to the variants in the RASGRP2 gene
that encodes calcium and diacylglycerol (DAG)-regulated guanine nucleotide exchange
factor I associated with the platelet activation function [21]. Patients with biallelic RAS-
GRP2 variants have been described as having moderate-to-severe bleeding and normal
platelet counts and morphology [22]. In a recently described large family, all the carriers
but one had mild-to-moderate bleeding, but almost all had epistaxis of variable severity,
and two patients had abnormal bleeding following surgery or dental extraction. No other
concurrent diagnoses could explain this phenomenon, although it should be highlighted
that only a hemostasis disease panel of 92 genes was performed for this family, so an
alternative diagnosis, especially the existence of a second variant, cannot be excluded [21].
Symptomatic heterozygotes are also encountered relatively often in metabolic diseases.
For example, in GSD type V (McArdle disease; MIM #232600), a glycogen storage dis-
ease, heterozygous individuals carrying just one copy of the PYGM gene may develop
muscle symptoms that are probably related to the critically low residual level (30-40%) of
myophosphorylase activity in muscle [23]. A few dominant families have been reported
in which some family members were described as symptomatic heterozygotes and others
as exhibiting a recessive inheritance pattern. For example, in one case report, an obli-
gate heterozygous patient’s mother presented with myalgia and weakness after exercise,
whereas the patient’s father was reported as clinically unaffected. Interestingly, the muscle
phosphorylase activity was much lower in this woman (20%) than in the father (45% of
normal) [24]. Another metabolic myopathy due to myoadenylate deaminase deficiency
(MIM #615511) is one of the most common muscle diseases in humans, with the preva-
lence of heterozygous individuals reaching even 10% of the population in some ethnic
groups [25]. The disease manifests as muscle weakness, myalgia, and fatigue and shows
an autosomal recessive inheritance pattern. However, several symptomatic heterozygotes
have been identified [26-28]. Nevertheless, no consensus has been reached on how to
interpret the heterozygous and homozygous variants, given that most of the heterozygotes
appear asymptomatic. Oligosymptomatic individuals are also encountered among carriers
of cystinuria type 1 and type 2 (MIM #104614 and MIM #604144). They can form renal
stones; therefore, measuring renal cystine excretion in relatives of cystinuric patients is
useful for identifying heterozygous individuals at risk [29]. Several case reports have also
been published on symptomatic heterozygotes in neurological diseases, such as heredi-
tary aceruloplasminemia [30], cerebral vessel disease [31], and « sarcoglycanopathy [11],
although a full diagnostic workup was not applied and the patients underwent Sanger
sequencing or WES, so the presence of the second variant remains the most probable
hypothesis. On the other hand, some cases reported as symptomatic heterozygosity display
a variable degree of clinical symptoms between the heterozygous family members, ranging
from the full recessive disease phenotype to the mild symptoms or radiological changes
only [5,32].

While usually rare, in some diseases symptomatic heterozygosity occurs in several
cases. One example is hereditary hemochromatosis (HH). HH is a recessively inherited
disease characterized by excessive absorption of dietary iron and its accumulation in
the organs. As a consequence, iron accumulates in different organs, such as the liver,
heart, pancreas, joints, etc. [9]. HH is caused by an autosomal biallelic variant in the
HFE gene and the p.Cys282Tyr (rs1800562) pathogenic variant is frequently inherited in
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a heterozygous state [33]. The overall carrier frequency in the Caucasian population is
high and is approximately 1:16. Still, this variant accounts for a symptomatic phenotype
only in a minority of cases—around 1.5-3% of heterozygotes show symptoms [33,34].
Some of the heterozygous individuals for p.Cys282Tyr or p.His63Asp (rs1799945) develop
only an increased transferrin in the laboratory testing, while others also develop mild
symptoms [33,34]. In FMF, symptomatic heterozygotes have been reported in more than
120 cases [7,8,35,36]. In several studies, an extensive search for the second hit has been
performed and suggested that a single P/LP variant may be sufficient to cause symptoms.
The symptomatic heterozygotes show typical disease symptoms, such as recurrent fever
and abdominal attacks, usually in the milder form [7,8,36].

Table 1. Examples of cases reported as symptomatic heterozygotes in the literature. Molecular
diagnosis is often based on Sanger sequencing, and whole diagnostic algorithm, inclusive RNA, and
whole-genome sequencing studies are rarely performed.

Disease Gene 11: 3;3?;;;2 Symptoms Molecular Analysis Ref.
Non-syndromic,
autosomal recessive RASGRP? 5 P . Hematology gene panel (92 genes),
. rolonged bleeding . [21]
platelet function Sanger for segregation
disease
S .. Sanger, immunohistochemistry,
capular winging to . blotti
various degrees, proximal | lmmunobioting
o sarcoglycanopathy SGCA 7 1 Kness, calf (immunohistochemistry, [14]
hmui:re Vﬁeain o ! immunoblotting did not differ in
ypertrophy O cases relation to controls)
Fever, incomplete Sanger sequencing, qRT-PCR, Western
FMF MEFV o4 abdominal attack blot 1
Non-classic Statistically increased
congenital adrenal CYP21A2 49 17-OH 1ZV€1 onl Sanger sequencing, RFLP [15]
hyperplasia y
Most of the asymptomatic
mutation carriers appeared
to have increased
medullary echogenicity and
. polycystic liver disease.
Autko.sdomalcgolycystlc PKHD1 16 Increased medullary Sanger sequencing [37]
1aney disease echogenicity in 6 (5.5%) and
multiple small liver cysts in
10 parents (9%) out of
100 heterozygotes were
identified
Congenital
myasthenic COLQ 2 Congenital ptosis Sanger sequencing [13]
syndrome
. Extrapyramidal and
Herechta?‘y . ACP 1 cereblejl}{ar-mediated Sanger sequencing [19]
aceruloplasminemia -
movement disorder
CSVD HTRAI1 10 Cerebral vessel disease WES, Sanger,cx;al}[ﬁ.aeted in the cell [33]
Sanger sequencing of the exons,
Hereditary Iron overload at first exon-intron boundaries and the 5
h h . HFE 6 . . untranslated region of the HFE, [37]
emochromatosis genetic testing

HAMP, HJV/HFE2, TFR2 and
SLC40A1, RFLP

RFLP—Restriction fragment length polymorphism.

3. Dual Inheritance Mode vs. Symptomatic Heterozygous

For some diseases, both recessive and dominant inheritance patterns have been re-
ported. These include myotonia congenita (Thomsen and Becker myotonia) [38], collagen
6- and 12-related muscle diseases (Bethlem myopathy and Ullrich congenital muscular
dystrophy) [39], and glutaryl-CoA dehydrogenase deficiency [40]. The differences between
dominant and recessive inheritance for the same gene and symptomatic heterozygotes may
be fluent. However, symptomatic heterozygous inheritance is accepted to have only mild
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symptoms, whereas dominant and recessive inheritance show nearly the same severity for
the affected state.

In some diseases, the phenomenon of dual inheritance mode is already well known,
especially for the ion channels, whereas for other diseases it has been reported only recently.
For the ion channels, the mechanistic association with functional units has been described.
Pathogenic/likely pathogenic (P/LP) variants in the CLCN1 gene (RefSeq NC_000007)
underline two distinct types of myotonia congenita (MC): dominant Thomsen’s disease
(MIM #160800; ADMC) and recessive Becker’s disease (MIM #255700, ARMC) [41]. Becker’s
patients are clinically more affected, exhibit more severe myotonia, transient weakness and
generalized muscular hypertrophy [41]. P/LP variants associated with loss of function
(e.g., stop, out of frame, splicing) are usually associated with ARMC, whereas missense
variants usually underlie ADMC through the dominant negative mechanism. The CLC-1
chloride channel is composed of two separate pores responsible for either slow (common) or
fast gating processes. Many variants have been identified as predominantly or exclusively
affecting the common gate, explaining the dual inheritance mode [42-45]. In the case
of P/LP variants in SCN4A, there are different disease phenotypes in the dominant and
recessive forms of the diseases, representing different molecular mechanisms affecting the
sodium channel (Table 2) [46]. The variants associated with a dominant inheritance are
usually loss-of-function, but missense variants have also been reported. In calpainopathy
and dysferlinopathy, a dual inheritance mode has also been suggested, with most of the
variants transmitted recessively and a few transmitted dominantly, both missense and
loss-of-function variants [5,6,47,48]. For some diseases, a semidominant inheritance pattern
has been well described. An example of a disease inherited in an autosomal semidominant
manner is familial hypercholesterolemia (FH) caused by a defect in the PCSK9, LDLR,
and APOB genes. If an individual has biallelic (homozygous or compound heterozygous)
pathogenic variants in one of these three genes—a condition referred to as homozygous FH
(HoFH)—the presentation becomes more severe with earlier onset of features [49].

Table 2. Examples of diseases with dual, dominant and recessive, inheritance mode.

Disease Gene Phenotype Recessive vs. Dominant Citation
Mivoshi mvopath Later onset and milder symptoms, inclusive weakness and
yostu myopatiy DYSF muscular atrophy; onset in the 4th to 6th decade in the [6]
(dysferlinopathy) .
dominant form
Late-onset mild proximal weakness in a dominant form vs.
onset in the 1st or 2nd life decade manifesting mostly with a
Calpainopathy CAPN3 proximal weakness in the recessive form. Some individuals [5]

with the dominant form have only myalgias or hyperCKemia,
some of them asymptomatic even if in their 70s

Thomson and Becker disease

Myotonia congenita, main symptoms are: muscle stiffness,
electrophysiological and clinical myotonia, and weakness.
Milder symptoms and no muscle atrophy in the
dominant form.

CLCN1 [41]

Hyperkalemic periodic
paralysis and congenital
myopathy

Muscle weakness, myotonia, electromyographic myotonia in
SCN4A a dominant inheritance, in a recessive inheritance or [46]
myasthenic syndrome by hypomorphic variants

RYR1-related myopathy

Different phenotypes: Dominant P/LP variants have been
associated with central core disease and/or a susceptibility to
RYR1 malignant hyperthermia. Recessive mutations usually [50-52]
associated with multiminicore disease, centronuclear
myopathy, and congenital fiber type disproportion

Becker and Ulrich myopathy

COL6

COL12A1 More severe disease form in homozygosity [39]

4. Population Studies and Phenotypic Spectrum

Interestingly, large population studies seem to confirm the existence of a spectrum of
mild subclinical phenotypes related to disease at the population level. A study from the UK
biobank encompassing 487,409 participants showed 102 significant associations, indicating
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that many disease-associated recessive variants can produce mitigated phenotypes in
heterozygous carriers. These include, most notably, associations with a cystic fibrosis
CFTR p.Phe508del (MAF = 1.6%) variant, that in carriers showed significant associations
(q value < 0.05) with asthma (OR = 1.12; 95% CI, 1.06-1.17), aspergillosis (OR = 2.60; 95% CI,
1.63-4.13), bronchiectasis (OR = 1.40; 95% CI, 1.20-1.61), and duodenal ulcer (OR = 1.30;
95% CI, 1.15-1.45) [3]. Further examples include a POR missense variant associated with
Antley-Bixler syndrome that showed a 1.76 (SE 0.27) cm increase in height and an ABCA3
missense variant implicated in interstitial lung disease that was associated with reduced
forced expiratory volume during the first second (FEV1)/forced vital capacity (FVC) ratio.
However, this is not the case for all diseases. The UK study found no association between
SMNT carrier status (one SMN1 copy) and three traits related to neuromuscular function,
namely walking speed, grip strength, and the FEV1/FVC ratio [3]. Other recent large
biobank studies from a Finnish cohort confirmed these results and found a phenotypic effect
in the Mendelian diseases, likely pathogenic heterozygous variants in 203 likely disease
genes associated with recessive inheritance in a phenome-wide association study (pheWAS).
The Finnish population shows a strong founder effect, so the enriched variants were
chosen in order to reach a sufficient statistical study power. In particular, a heterozygous
effect has been identified for the variants SERPINA1, NPHS1, CASP7, and GJB2 that are
associated with biallelic disease [4]. The authors suggested that these be reclassified
as “recessive, with rare expressing heterozygotes” and summarized that the inheritance
of many known Mendelian variants cannot be adequately described by a conventional
definition of dominant or recessive [4].

5. Molecular Background and Possible Influencing Factors

The status of a symptomatic carrier, from a genetic point of view, is still unclear.
Possibly, some additional genetic modifiers or mutational burdens contribute to being
a symptomatic carrier. Undoubtedly, the population studies on heterozygotes suggest
that most heterozygotes for autosomal recessive disorders are asymptomatic. What is the
molecular basis for symptomatic heterozygosity, and what other alternative diagnoses can
be considered?

5.1. Types of Variants

The type of variant also seems important in heterozygous carriers of autosomal dis-
ease; however, due to the small number of individuals, no sufficient studies have been
performed [53]. A dominant effect may therefore be a result of a single functional allele not
producing sufficient gene product for proper function, resulting in haploinsufficiency, while
some variants may follow a gain-of-function mechanistic model [53]. A dominant negative
(DN) effect means that the expression of a mutant protein interferes with the activity of
a wild-type protein. The DN model has been suggested to operate in calpainopathy [5]
and dysferlinopathy [6], for example. Here, not only the deleteriousness of the variant but
also its structural location plays a role. This is especially the case for ion channels, where
variants located across both pore domains can induce disease even in the heterozygous
state. The symptoms are usually milder in the heterozygotes than in the homozygotes
and the disease starts later in life [5,6]. Interestingly, in pseuedodomiant inheritance, most
of the variants also appear to be null mutations [54,55], but missense variants have been
described as well [56,57], highlighting the possibility that in symptomatic heterozygous
individuals may indeed come to the pseudodominant inheritance.

5.2. (Deep) Splice Site Variants and Genetic Modifiers

The most obvious differential diagnostic possibility is that a second pathogenic variant
has been missed. Several diseases are known in which the variant has been reported
first as dominant, but further analysis revealed a second variant later in the diagnostic
process. An example is the pseudo-dominant inheritance reported for titinopathies [58,59].
Usually, only the flanking regions around +10 bp from the exon are sequenced, and
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even variants described as pathogenic but slightly further from the exon, such as —20 bp
variants, are often missed [60]. Although the general belief was that only splicing variants
located near the introns would have a detrimental effect, recent studies have reported deep
splicing variants in several cases, such as recently discovered deep splicing variants in
DYSF [61] and CAPN3 [62] that cause the exotification of an intron. A second, quite common
hypomorphic variant can also be overlooked, especially considering that the populational
frequency in some populations may be greater than an agreed population frequency of 1%.
This is especially the case for endemic populations where pseudodominant inheritance
has been described [17]. For example, the ABCA4 p. Gly863Ala (rs76157638) variant
described as having conflicting interpretations of pathogenicity according to ClinVar that
causes a mild form of Stargardt disease has a carrier frequency of 1.8% in Europe [63], the
GJB2 p.35delG (rs80338939) variant causing congenital deafness has a carrier frequency
of 2.9% in southern Europe [64], the ERCCS p.Tyr322Term (rs121434323) variant causing
Cockayne syndrome has a carrier frequency of 6.8% in Israeli Christian Arabs [65], the SPG7
p-Ala510Val (rs61755320) variant associated with adult-onset neurodegenerative disease
has a carrier frequency of 3—4% in the UK population [66], and the WARS2 p.Trp13Gly
(rs139548132) hypomorphic variant associated with a tremor—parkinsonism syndrome
occurs in ~0.5% of the general European population [67]. Some authors argue that the late
age onset in heterozygotes speaks against the presence of a second variant. However, a
later age onset has been described in cases with a second hypomorphic variant [68]. One
potential mechanism of the second variant is that it affects splicing by creating multiple
splicing isoforms, such as in the case of CAPN3 [69] and AMDP1 [70].

Sometimes the role of the second variant cannot be easily classified as a modifier of
pathogenic variants; however, population and clinical studies suggest some detrimental
effects. Individuals who are compound-heterozygous for p.His63Asp and p.Cys282Try
in HFE are at an increased risk of iron overload, with an estimated clinical penetrance
of 1-2% [34,71], suggesting that a second variant in the same gene may play the role of
a genetic modifier. A role of the cis-eQTL in the expression of the deleterious gene copy
has been suggested as a potential mechanism of modifying penetrance [72]. According to
this mechanism, expression of the deleterious copy should be modified by the cis-eQTL
influencing the expression of the functional copy. However, the studies investigating an
association test between opposite-haplotype genotypes and mitigated phenotype did not
show any correlations, despite being well powered [3].

5.3. Oligogenic Inheritance and Mutational Burden

Digenic/oligogenic inheritance has been identified in a number of disorders, including
neurodevelopmental disorders, cardiac disorders, eye diseases, and rare multisystemic
disorders, such as Bardet-Biedl syndrome [73-75]. Moreover, it was shown that some were
heterozygous carriers for individual mutations in more than one gene involved in these
functionally related pathways. In isolation, heterozygosity for each mutation was clinically
irrelevant, but concurrent heterozygosity was synergistic, leading to clinically relevant
biochemical derangements. This model of “synergistic heterozygosity” can be very useful
for the understanding of complex phenotypes [76,77].

Larger studies suggest a role of complex inheritance traits, including mutational
burden, in neuromuscular and peripheral nerve disorders [78]. The impact of genetic
modifiers/second genetic variants can also dictate the phenotype. An example of di-
genic inheritance, where one variant acts as a phenotype modifier, is the variation in
TIA1/SQSTM1. Identical variants in SQSTM1 are associated with four different pheno-
types: amyotrophic lateral sclerosis (ALS), frontotemporal dementia, Paget’s disease of the
bone, and distal myopathy. The TIA1 (p.Asn357Ser; rs116621885) variant acts as a mod-
ifier dictating muscular phenotype when inherited together with a pathogenic SQSTM1
variant [79]. Patients who display clinical evidence of energy metabolism disorders and
exhibit concurrent partial enzymatic deficiencies in several energy-generating pathways
have also been reported. Some of these patients were confirmed as heterozygous carriers
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for individual mutations in more than one gene involved in these functionally related
pathways. In isolation, heterozygosity for each mutation was clinically irrelevant, but
the concurrent heterozygosity was synergistic, leading to clinically relevant biochemical
derangements. This model of “synergistic heterozygosity” can be very useful for under-
standing complex phenotypes [77]. Some unsolved cases with variants in more than one
gene related to metabolic disorders have been reported. These cases were remarkable in
that concomitant reductions were identified in more than one enzyme involved in four
different energy metabolism pathways, specifically fatty acid 3-oxidation, oxidative phos-
phorylation, glycogenolysis, and high-energy phosphate recycling [77]. In HH, enhanced
iron loading and manifestation of HH may occur in persons with heterozygous HFE muta-
tions and additional mutations in the hepcidin (HAMP), H]V, or TFR2 genes, suggesting
the impact of other genetic modifiers for occurrence of symptoms in heterozygous carriers
of biallelic diseases [71]. Recently, an oligogenic background has been suggested to explain
male infertility, with the accumulation of several rare heterozygous variants in distinct but
functionally connected genes considered to be a probable disease mechanism in a mice
model [80]. Thus, the coexistence of multiple single-gene variants in an individual appears
to have resulted in complex phenotypes characterized by the emergence of symptoms
atypical of the heterozygous state of any of the individual underlying disorders.

In fact, in some cases of symptomatic heterozygosity, digenic or polygenic inheritance
may take place instead of a “real” symptomatic heterozygosity. Statistical analysis of the
unsolved affected groups may provide indirect proof of digenic inheritance. For example,
an oligogenic disease mechanism was suggested for Charcot Marie Tooth neuropathy
(CMT) based on statistical and functional studies [78].

5.4. Epigenetic Factors

Epigenetic factors have long been proven to play a role in X-linked diseases; however,
their contribution to autosomal diseases is still being discussed. For approximately 5%
of CpG sites, a significant (>30%) difference in DNA methylation can exist between the
two alleles. Consequently, methylation of the wild-type allele can lead to symptoms in
heterozygous individuals [81,82]. Genetic variation can also affect histone modifications,
which can alter chromatin accessibility and result in allele-specific binding of transcription
factors. This, in turn, can cause the expression of only the mutated allele in heterozy-
gous individuals. In age-related diseases, including cancers, cardiovascular diseases, and
neurodegeneration, the gene quite commonly will be expressed only from one allele. Phe-
notypic variation in the case of heterozygotes with autosomal diseases can be explained by
random allelic expression (RAE) of many autosomal genes.

Several examples have indicated that symptomatic heterozygosity may be linked to
methylation and other epigenetic factors. In the case of RYRI-related myopathies, the
RYR1 wild-type gene can be epigenetically silenced in heterozygous individuals. Here,
a tissue-specific genomic imprinting is observed, in which the skeletal muscle gene is
expressed only from the paternal allele. Zhou et al. (2006) showed that the maternal
allele of the RYR1 gene is silenced by DNA methylation and that differentially methylated
regions (DMRs) are not localized in the CpG islands in the 5 region of the gene [53].
Moreover, another epigenetic mechanism, histone deacetylation, appears to have no role in
this case. The skewed prevalences between the sexes further indicate the possibility of an
epigenetic factor impact in several other diseases. A sex dependence for the penetrance
of inherited mutations has been reported in a variety of different heritable disorders,
including hereditary hemochromatosis (HFE) [71], hypertrophic cardiomyopathy (MYBPC3,
MYH?) [83], arrhythmogenic right ventricular dysplasia/cardiomyopathy (PKP2) [84], long
QT syndrome (KCNQ1, KCNH2, and SCN5A) [85], and hypokalemic periodic paralysis
(CACNA1S and SCN4) [86,87]. Sex dependence is also described for cerebral autosomal
recessive arteriopathy with subcortical infarcts and leukoencephalopathy (CARASIL).
Here, males have vascular risk factors more frequently than female CARASIL patients. In
CARASIL, more than 50 symptomatic carriers have been reported, although most parents
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were asymptomatic [88]. For CARASIL, both gender and environmental factors may be
involved, as strict risk factor control decreases the risk.

5.5. Environmental Factors

The influence of environmental factors can be a further factor triggering symptomatic
heterozygosity and has been suggested for a number of diseases. For example, in FMF,
other physiological, environmental, or unidentified conditions that could cause inflam-
mation might also affect the protein threshold or the levels of pyrin required to fight the
inflammation. The risk of lung disease may be increased in antitrypsin MZ heterozygotes
depending on their environmental exposure, such as smoking and occupational exposure
(including exposure to environmental pollutants used in agriculture, mineral dust, gas, and
fumes) [89]. Diet is one of the most important factors regulating gene expression. Thus,
an inherited predisposition to obesity, exemplified by the association between dietary fat
intake and obesity in carriers of the PPARG2 p.Prol2Ala (rs1805192) variant, is modifiable
by diet [90]. The variants can also influence laboratory test results in heterozygous carriers
for hereditary fructose intolerance or homocystinuria and are suggested to cause cataract
symptoms in cases of heterozygous galactose metabolism defects [20]. For other diseases,
such as those associated with HFE, a high degree of variability in expression is observed
among p.His63Asp homozygotes and compound heterozygotes, and environmental factors,
including alcoholism and viral hepatitis, have been suggested to influence phenotypic
expression. Indeed, a recent study by Aguilar-Martinez et al. found no association between
iron overload in p.His63Asp homozygosity and the influence of other HFE-related muta-
tions [33]. Other studies have confirmed and extended the concept that the heterozygous
mutation in isolation is insufficient in itself to cause clinically significant iron overload, and
that the presence of an additional modifying factor, such as excessive alcohol consumption,
may be necessary for the expression of an overt iron overload [91].

6. Limitations

Although reported, the existence of symptomatic heterozygotes and their classification
is still discussed. The presence of symptoms in heterozygous patients is often attributed to
the inability of screening methods to identify all potentially pathogenic variants. The most
widely discussed concept is incomplete diagnostics, with most of the patients undergoing
only Sanger sequencing or whole-exome sequencing only. Therefore, re-assessing the
accuracy of this widely used method, such as exome and Sanger sequencing, became
a necessity. Heterozygous symptomatic patients should be analyzed further through
genome sequencing and other omic methods, such as RNA-Seq and proteomics. There are
also several other obstacles in analyzing heritable traits across families, such as variable
expression or penetrance. Also, the real frequency of symptomatic heterozygous patients
is often not known, as very few cases are reported in the literature and scientists may be
criticized for reporting not fully diagnosed cases. There is not a clear database of such
cases and the diagnostic procedures are also not standardized between the counties and
laboratories, so that it is quite impossible to gather a large homogeneous cohort for further
studies. For large population studies on the heterozygous effect of the recessively inherited
variants, the largest obstacle is the availability of the appropriate cohort. Often, both the
detailed phenotypic data are missing and the cohort is too small to reach a significant
statistical power or phenomena at the population level, such as a bottleneck effect or
a great level of consanguinity in some cohorts [7]. Further, functional studies on the
mechanism of the symptomatic heterozygosity phenomenon are often missing and the
studies were performed only with Sanger sequencing, not including RNA-Seq and/or
WGS. For symptomatic heterozygotes epigenetic regulation analysis has been performed
only for a few diseases and often the mechanism is only suspected.
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7. Conclusions

Symptomatic heterozygotes remain a controversial entity, with supporting evidence
sometimes based only on a few case reports. Today, genetic heterogeneous traits with
variable expressivity inheritance models are still being debated. Genetic counseling should
consider the complexity of genetic factors; however, how to approach symptomatic het-
erozygosity systematically is unclear. The group of symptomatic heterozygotes, when
compared to the heterozygous at the population level, is very small; thus, testing is not
recommended, especially since the factors contributing to symptom occurrence are un-
known. Detailed studies elucidating the mechanism of the symptomatic heterozygosity
phenomenon are needed. A lack of understanding of the molecular basis of these dis-
orders and their systematic interpretation can impose burdens on treatment. Genetic
counseling should consider the complexity of these genetic factors and the limitations of
current screening.

Author Contributions: Conceptualization, M.M.; writing—original draft preparation, M.M., K.K.
and W.S.; writing—review and editing M.M., D.S., LK. and P.D.; supervision, M.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

MacArthur, D.G.; Balasubramanian, S.; Frankish, A.; Huang, N.; Morris, J.; Walter, K.; Jostins, L.; Habegger, L.; Pickrell,
J.K.; Montgomery, S.B.; et al. A systematic survey of loss-of-function variants in human protein-coding genes. Science 2012,
335, 823-828; Erratum in Science 2012, 336, 296. [CrossRef] [PubMed]

Xue, Y.; Chen, Y.; Ayub, Q.; Huang, N.; Ball, E.V.,; Mort, M.; Phillips, A.D.; Shaw, K.; Stenson, P.D.; Cooper, D.N.; et al. Deleterious-
and disease-allele prevalence in healthy individuals: Insights from current predictions, mutation databases, and population-scale
resequencing. Am. |. Hum. Genet. 2012, 91, 1022-1032. [CrossRef] [PubMed]

Barton, A.R.; Hujoel, M.L.; Mukamel, R.E.; Sherman, M.A.; Loh, P-R. A spectrum of recessiveness among Mendelian disease
variants in UK Biobank. Am. J. Hum. Genet. 2022, 109, 1298-1307. [CrossRef] [PubMed]

Heyne, H.O.; Karjalainen, ].; Karczewski, K.]J.; Lemmeld, S.M.; Zhou, W.; Havulinna, A.S.; Kurki, M.; Rehm, H.L.; Palotie, A.; Daly,
M.J.; et al. Mono- and biallelic variant effects on disease at biobank scale. Nature 2023, 613, 519-525. [CrossRef] [PubMed]
Vissing, J.; Barresi, R.; Witting, N.; Van Ghelue, M.; Gammelgaard, L.; Bindoff, L.A.; Straub, V.; Lochmtiller, H.; Hudson, J.; Wahl,
C.M,; et al. A heterozygous 21-bp deletion in CAPN3 causes dominantly inherited limb girdle muscular dystrophy. Brain 2016,
139 Pt 8, 2154-2163. [CrossRef] [PubMed]

Folland, C.; Johnsen, R.; Gomez, A.B.; Trajanoski, D.; Davis, M.R.; Moore, U.; Straub, V.; Barresi, R.; Guglieri, M.; Hayhurst,
H.; et al. Identification of a novel heterozygous DYSF variant in a large family with a dominantly-inherited dysferlinopathy.
Neuropathol. Appl. Neurobiol. 2022, 48, €12846. [CrossRef]

Marek-Yagel, D.; Berkun, Y.; Padeh, S.; Abu, A.; Reznik-Wolf, H.; Livneh, A.; Pras, M.; Pras, E. Clinical disease among patients
heterozygous for familial Mediterranean fever. Arthritis Rheum. 2009, 60, 1862-1866. [CrossRef] [PubMed]

Moradian, M.M.; Sarkisian, T.; Ajrapetyan, H.; Avanesian, N. Genotype-phenotype studies in a large cohort of Armenian patients
with familial Mediterranean fever suggest clinical disease with heterozygous MEFV mutations. J. Hum. Genet. 2010, 55, 389-393.
[CrossRef]

Gallego, C.J.; Burt, A.; Sundaresan, A.S.; Ye, Z.; Shaw, C.; Crosslin, D.R.; Crane, PK ; Fullerton, S.M.; Hansen, K.; Carrell, D.; et al.
Penetrance of Hemochromatosis in HFE Genotypes Resulting in p.Cys282Tyr and p.[Cys282Tyr];[His63Asp] in the eMERGE
Network. Am. . Hum. Genet. 2015, 97, 512-520. [CrossRef]

Cooper, D.N.; Krawczak, M.; Polychronakos, C.; Tyler-Smith, C.; Kehrer-Sawatzki, H. Where genotype is not predictive of
phenotype: Towards an understanding of the molecular basis of reduced penetrance in human inherited disease. Hum. Genet.
2013, 132, 1077-1130. [CrossRef]

Fischer, D.; Aurino, S.; Nigro, V.; Schroder, R. On symptomatic heterozygous alpha-sarcoglycan gene mutation carriers. Ann.
Neurol. 2003, 54, 674-678. [CrossRef] [PubMed]

Mukherjee, M.B.; Surve, R.R.; Gorakshakar, A.C.; Gangakhedkar, R.R.; Colah, R.B.; Mohanty, D. Symptomatic presentation of a
sickle cell heterozygote: An evaluation of genetic factors. Am. J. Hematol. 2001, 66, 307-308. [CrossRef] [PubMed]

Schreiner, F; Hoppenz, M.; Klaeren, R.; Reimann, J.; Woelfle, J. Novel COLQ mutation 950delC in synaptic congenital myasthenic
syndrome and symptomatic heterozygous relatives. Neuromuscul. Disord. 2007, 17, 262-265. [CrossRef] [PubMed]

Joshi, PR.; Deschauer, M.; Zierz, S. Clinically symptomatic heterozygous carnitine palmitoyltransferase II (CPT II) deficiency.
Wien. Klin. Wochenschr. 2012, 124, 851-854. [CrossRef] [PubMed]


https://doi.org/10.1126/science.1215040
https://www.ncbi.nlm.nih.gov/pubmed/22344438
https://doi.org/10.1016/j.ajhg.2012.10.015
https://www.ncbi.nlm.nih.gov/pubmed/23217326
https://doi.org/10.1016/j.ajhg.2022.05.008
https://www.ncbi.nlm.nih.gov/pubmed/35649421
https://doi.org/10.1038/s41586-022-05420-7
https://www.ncbi.nlm.nih.gov/pubmed/36653560
https://doi.org/10.1093/brain/aww133
https://www.ncbi.nlm.nih.gov/pubmed/27259757
https://doi.org/10.1111/nan.12846
https://doi.org/10.1002/art.24570
https://www.ncbi.nlm.nih.gov/pubmed/19479871
https://doi.org/10.1038/jhg.2010.52
https://doi.org/10.1016/j.ajhg.2015.08.008
https://doi.org/10.1007/s00439-013-1331-2
https://doi.org/10.1002/ana.10738
https://www.ncbi.nlm.nih.gov/pubmed/14595658
https://doi.org/10.1002/ajh.1066
https://www.ncbi.nlm.nih.gov/pubmed/11279648
https://doi.org/10.1016/j.nmd.2006.11.010
https://www.ncbi.nlm.nih.gov/pubmed/17300939
https://doi.org/10.1007/s00508-012-0296-9
https://www.ncbi.nlm.nih.gov/pubmed/23184072

Genes 2023, 14, 1562 11 of 14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Silva, R.S.; Carvalho, B.; Pedro, J.; Castro-Correia, C.; Carvalho, D.; Carvalho, F.; Fontoura, M. Differences in hormonal levels
between heterozygous CYP21A2 pathogenic variant carriers, non-carriers, and females with non-classic congenital hyperplasia.
Arq. Bras. Endocrinol. Metabol. 2022, 66, 168-175. [CrossRef] [PubMed]

Langer, A.L. Beta-Thalassemia. In GeneReviews; Adam, M.P., Mirzaa, G.M., Pagon, R.A., Eds.; University of Washington: Seattle,
WA, USA, 1993-2023; 28 September 2000 [Updated 20 July 2023]. Available online: https://www.ncbi.nlm.nih.gov/books/NBK1
426/ (accessed on 26 July 2023).

Shohat, M. Familial Mediterranean Fever. In GeneReviews; Adam, M.P.,, Mirzaa, G.M., Pagon, R.A., Eds.; University of Washington:
Seattle, WA, USA, 1993-2023; 8 August 2000 [Updated 15 December 2016]. Available online: https://www.ncbi.nlm.nih.gov/
books/NBK1227/ (accessed on 26 July 2023).

Vanherpe, P,; Fieuws, S.; D’hondt, A.; Bleyenheuft, C.; Demaerel, P.; De Bleecker, J.; Bergh, PV.D.; Baets, J.; Remiche, G.; Verhoeven,
K. et al. Late-onset Pompe disease (LOPD) in Belgium: Clinical characteristics and outcome measures. Orphanet ]. Rare Dis. 2020,
15, 83. [CrossRef]

Kuhn, J.; Bewermeyer, H.; Miyajima, H.; Takahashi, Y.; Kuhn, K.; Hoogenraad, T. Treatment of symptomatic heterozygous
aceruloplasminemia with oral zinc sulphate. Brain Dev. 2007, 29, 450-453. [CrossRef] [PubMed]

Endres, W. Inherited metabolic diseases affecting the carrier. J. Inherit. Metab. Dis. 1997, 20, 9-20. [CrossRef]

Morais, S.; Pereira, M.; Lau, C.; Gongalves, A.; Monteiro, C.; Gongalves, M.; Oliveira, J.; Moreira, L.; Cruz, E.; Santos, R.; et al.
CalDAG-GEFI Deficiency in a Family with Symptomatic Heterozygous and Homozygous Carriers of a Likely Pathogenic Variant
in RASGRP2. Int. J. Mol. Sci. 2021, 22, 12423. [CrossRef]

Palma-Barqueros, V.; Ruiz-Pividal, J.; Bohdan, N.; Vicente, V.; Bastida, ].M.; Lozano, M.; Rivera, J. RASGRP2 gene variations
associated with platelet dysfunction and bleeding. Platelets 2019, 30, 535-539. [CrossRef]

Johnsen, R.D.; Harker, N.A.; Wilton, S.D.; Silberstein, E.P; Laing, N.G.; Kakulas, B.A. Diagnosis of Inherited Myopathies by
Molecular Methods. In Proceedings of the XIII International Congress of Neuropathology, Perth, Australia, 7-12 September 1997.
Schmidt, B.; Servidei, S.; Gabbai, A.A.; Silva, A.C.D.; De Oliveira, A.D.S.B.; DiMauro, S. McArdle’s disease in two generations:
Autosomal recessive transmission with manifesting heterozygote. Neurology 1987, 37, 1558-1561. [CrossRef] [PubMed]
Genetta, T.; Morisaki, H.; Morisaki, T.; Holmes, E.W. A novel bipartite intronic splicing enhancer promotes the inclusion of a
mini-exon in the AMP deaminase 1 gene. J. Biol. Chem. 2001, 276, 25589-25597. [CrossRef] [PubMed]

Valen, P.A.; Nakayama, D.A.; Veum, J.; Sulaiman, A.R.; Wortmann, R.L. Myoadenylate deaminase deficiency and forearm
ischemic exercise testing. Arthritis Rheum. 1987, 30, 661-668. [CrossRef]

Lucia, A.; Martin, M.A; Esteve-Lanao, J.; Juan, A.ES.; Rubio, J.C.; Olivan, J.; Arenas, J. C34T mutation of the AMPD1 gene in an
elite white runner. Br. ]. Sports Med. 2006, 40, €7. [CrossRef] [PubMed]

Gross, M.; Rotzer, E.; Kolle, P.; Mortier, W.; Reichmann, H.; Goebel, H.; Lochmiiller, H.; Pongratz, D.; Mahnke-Zizelman, D.;
Sabina, R. A G468-T AMPD1 mutant allele contributes to the high incidence of myoadenylate deaminase deficiency in the
Caucasian population. Neuromuscul. Disord. 2002, 12, 558-565. [CrossRef] [PubMed]

Giugliani, R.; Ferrari, I.; Greene, L.].; Opitz, ].M.; Reynolds, ].F. Heterozygous cystinuria and urinary lithiasis. Am. J. Med. Genet.
1985, 22, 703-715. [CrossRef] [PubMed]

Roberti, M.D.R.F,; Filho, HM.B.; Gongalves, C.H.; Lima, FL. Aceruloplasminemia: A rare disease—Diagnosis and treatment of
two cases. Rev. Bras. Hematol. Hemoter. 2011, 33, 389-392. [CrossRef]

Ohta, K.; Ozawa, T.; Fujinaka, H.; Goto, K.; Nakajima, T. Cerebral Small Vessel Disease Related to a Heterozygous Nonsense
Mutation in HTRA1. Intern. Med. 2020, 59, 1309-1313. [CrossRef]

Janssen, M.C.H.; van Engelen, B.; Kapusta, L.; Lammens, M.; van Dijk, M.; Fischer, J.; van der Graaf, M.; A Wevers, R.; Fahrleitner,
M.; Zimmermann, R.; et al. Symptomatic lipid storage in carriers for the PNPLA2 gene. Eur. ]. Hum. Genet. 2013, 21, 807-815.
[CrossRef]

Aguilar-Martinez, P.; Grandchamp, B.; Cunat, S.; Cadet, E.; Blanc, F.; Nourrit, M.; Lassoued, K.; Schved, J.-F.; Rochette, J. Iron
overload in HFE C282Y heterozygotes at first genetic testing: A strategy for identifying rare HFE variants. Haematologica 2011,
96, 507-514. [CrossRef] [PubMed]

Rossi, E.; Olynyk, ].K,; Jeffrey, G.P. Clinical penetrance of C282Y homozygous HFE hemochromatosis. Expert Rev. Hematol. 2008,
1,205-216. [CrossRef] [PubMed]

Shohat, M.; Halpern, G.J. Familial Mediterranean fever—A review. Genet Med. 2011, 13, 487-498. [CrossRef]

Booty, M.G.; Chae, ].J.; Masters, S.L. Familial Mediterranean fever with a single MEFV mutation: Where is the second hit?
Autoinflammatory Dis. 2009, 60, 1851-1861.

Gunay-Aygun, M.; Turkbey, B.I; Bryant, J.; Daryanani, K.T.; Gerstein, M. T.; Piwnica-Worms, K.; Choyke, P.; Heller, T.; Gahl,
W.A. Hepatorenal findings in obligate heterozygotes for autosomal recessive polycystic kidney disease. Mol. Genet. Metab. 2011,
104, 677-681. [CrossRef] [PubMed]

Dung, M.; Colding-Jergensen, E.; Grunnet, M.; Jespersen, T.; Vissing, J.; Schwartz, M. Difference in allelic expression of the
CLCNT1 gene and the possible influence on the myotonia congenita phenotype. Eur. J. Hum. Genet. 2004, 12, 738-743. [CrossRef]
[PubMed]

Foley, A.R.; Mohassel, P.; Donkervoort, S.; Bolduc, V.; Bonnemann, C.G. Collagen VI-Related Dystrophies. In GeneReviews; Adam,
M.P, Mirzaa, G.M., Pagon, R.A., Eds.; University of Washington: Seattle, WA, USA, 1993-2023; 25 June 2004 [Updated 11 March
2021]. Available online: https://www.ncbi.nlm.nih.gov/books/NBK1503/ (accessed on 26 July 2023).


https://doi.org/10.20945/2359-3997000000437
https://www.ncbi.nlm.nih.gov/pubmed/35289513
https://www.ncbi.nlm.nih.gov/books/NBK1426/
https://www.ncbi.nlm.nih.gov/books/NBK1426/
https://www.ncbi.nlm.nih.gov/books/NBK1227/
https://www.ncbi.nlm.nih.gov/books/NBK1227/
https://doi.org/10.1186/s13023-020-01353-4
https://doi.org/10.1016/j.braindev.2007.01.001
https://www.ncbi.nlm.nih.gov/pubmed/17307325
https://doi.org/10.1023/A:1005397120726
https://doi.org/10.3390/ijms222212423
https://doi.org/10.1080/09537104.2019.1585528
https://doi.org/10.1212/WNL.37.9.1558
https://www.ncbi.nlm.nih.gov/pubmed/3476861
https://doi.org/10.1074/jbc.M011637200
https://www.ncbi.nlm.nih.gov/pubmed/11331279
https://doi.org/10.1002/art.1780300609
https://doi.org/10.1136/bjsm.2005.019208
https://www.ncbi.nlm.nih.gov/pubmed/16505069
https://doi.org/10.1016/S0960-8966(02)00008-1
https://www.ncbi.nlm.nih.gov/pubmed/12117480
https://doi.org/10.1002/ajmg.1320220407
https://www.ncbi.nlm.nih.gov/pubmed/3934971
https://doi.org/10.5581/1516-8484.20110104
https://doi.org/10.2169/internalmedicine.4041-19
https://doi.org/10.1038/ejhg.2012.256
https://doi.org/10.3324/haematol.2010.029751
https://www.ncbi.nlm.nih.gov/pubmed/21228038
https://doi.org/10.1586/17474086.1.2.205
https://www.ncbi.nlm.nih.gov/pubmed/21082925
https://doi.org/10.1097/GIM.0b013e3182060456
https://doi.org/10.1016/j.ymgme.2011.09.001
https://www.ncbi.nlm.nih.gov/pubmed/21945273
https://doi.org/10.1038/sj.ejhg.5201218
https://www.ncbi.nlm.nih.gov/pubmed/15162127
https://www.ncbi.nlm.nih.gov/books/NBK1503/

Genes 2023, 14, 1562 12 of 14

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Bross, P.; Frederiksen, ].B.; Bie, A.S.; Hansen, J.; Palmfeldt, J.; Nielsen, M.N.; Duno, M.; Lund, A.M.; Christensen, E. Heterozygosity
for an in-frame deletion causes glutaryl-CoA dehydrogenase deficiency in a patient detected by newborn screening: Investigation
of the effect of the mutant allele. J. Inherit. Metab. Dis. 2012, 35, 787-796. [CrossRef]

Mazoén, M.J.; Barros, E; De la Peiia, P.; Quesada, J.E.; Escudero, A.; Cobo, A.M.; Pascual-Pascual, S.I.; Gutiérrez-Rivas, E.; Guillén,
E.; Arpa, ].; et al. Screening for mutations in Spanish families with myotonia. Functional analysis of novel mutations in CLCN1
gene. Neuromuscul. Disord. 2012, 22, 231-243. [CrossRef] [PubMed]

Dutzler, R.; Campbell, E.B.; Cadene, M.; Chait, B.T.; MacKinnon, R. X-ray structure of a CIC chloride channel at 3.0 A reveals the
molecular basis of anion selectivity. Nature 2002, 415, 287-294. [CrossRef]

Accardi, A.; Pusch, M. Fast and slow gating relaxations in the muscle chloride channel CLC-1. ]. Gen. Physiol. 2000, 116, 433—444.
[CrossRef]

Simpson, B.J.; Height, T.A.; Rychkov, G.Y.; Nowak, K.J.; Laing, N.G.; Hughes, B.P.; Bretag, A.H. Characterization of three
myotonia-associated mutations of the CLCN1 chloride channel gene via heterologous expression. Hum. Mutat. 2004, 24, 185.
[CrossRef]

Lucchiari, S.; Ulzi, G.; Magri, F.; Bucchia, M.; Corbetta, F.; Servida, M.; Moggio, M.; Comi, G.; Lecchi, M. Clinical evaluation and
cellular electrophysiology of a recessive CLCN1 patient. J. Physiol. Pharmacol. 2013, 64, 669-678. [PubMed]

Weber, F.; Lehmann-Horn, F. Hypokalemic Periodic Paralysis. In GeneReviews; Adam, M.P., Mirzaa, G.M., Pagon, R.A., Eds.;
University of Washington: Seattle, WA, USA, 1993-2023; 30 April 2002 [Updated 26 July 2018]. Available online: https://www.
ncbi.nlm.nih.gov/books/NBK1338/ (accessed on 26 July 2023).

Vissing, J.; Dahlqvist, ].R.; Roudaut, C.; Poupiot, ].; Richard, I.; Duno, M.; Krag, T. A single ¢.1715G>C calpain 3 gene variant
causes dominant calpainopathy with loss of calpain 3 expression and activity. Hum. Mutat. 2020, 41, 1507-1513. [CrossRef]
[PubMed]

Fanin, M.; Nascimbeni, A.C.; Angelini, C. Muscle protein analysis in the detection of heterozygotes for recessive limb girdle
muscular dystrophy type 2B and 2E. Neuromuscul. Disord. 2006, 16, 792-799. [CrossRef] [PubMed]

Vrablik, M.; Tichy, L.; Freiberger, T.; Blaha, V.; Satny, M.; Hubacek, J.A. Genetics of Familial Hypercholesterolemia: New Insights.
Front. Genet. 2020, 11, 574474. [CrossRef] [PubMed]

Chang, X.; Wei, R.; Wei, C.; Liu, J.; Qin, L.; Yan, H.; Ma, Y.; Wang, Z.; Xiong, H. Correlation of Phenotype-Genotype and Protein
Structure in RYR1-Related Myopathy. Front. Neurol. 2022, 13, 870285. [CrossRef] [PubMed]

Zhou, H.; Yamaguchi, N.; Le Xu, L.; Wang, Y.; Sewry, C.; Jungbluth, H.; Zorzato, F.; Bertini, E.; Muntoni, F.; Meissner, G.; et al.
Characterization of recessive RYR1 mutations in core myopathies. Hum. Mol. Genet. 2006, 15, 2791-2803; Erratum in Hum. Mol.
Genet. 2007, 16, 1269. [CrossRef] [PubMed]

Klein, A,; Lillis, S.; Munteanu, I.; Scoto, M.; Zhou, H.; Quinlivan, R.; Straub, V.; Manzur, A.Y.; Roper, H.; Jeannet, P-Y.; et al.
Clinical and genetic findings in a large cohort of patients with ryanodine receptor 1 gene-associated myopathies. Hum. Mutat.
2012, 33, 981-988; Erratum in Hum Mutat. 2012, 33, 1310. [CrossRef]

Gerasimavicius, L.; Livesey, B.].; Marsh, J.A. Loss-of-function, gain-of-function and dominant-negative mutations have profoundly
different effects on protein structure. Nat. Commun. 2022, 13, 3895. [CrossRef]

Bonyadi, M.; Esmaeili, M.; Jalali, H.; Somi, M.; Ghaffari, A.; Rafeey, M.; Sakha, K.; Lotfalizadeh, N.; Pourhassan, A.; Khoshbaten,
M.; et al. MEFV mutations in Iranian Azeri Turkish patients with familial Mediterranean fever. Clin. Genet. 2009, 76, 477-480.
[CrossRef]

Yi, E; Li, W; Xie, N.; Zhou, Y.; Xu, H.; Sun, Q.; Zhou, L. Chorea-Acanthocytosis in a Chinese Family With a Pseudo-Dominant
Inheritance Mode. Front. Neurol. 2018, 9, 594. [CrossRef]

Liu, H.; Huang, J.; Xiao, H.; Zhang, M.; Shi, E; Jiang, Y.; Du, H.; He, Q.; Wang, Z. Pseudodominant inheritance of autosomal
recessive congenital stationary night blindness in one family with three co-segregating deleterious GRM6 variants identified by
next-generation sequencing. Mol. Genet. Genom. Med. 2019, 7, €952. [CrossRef] [PubMed]

Habibi, I.; Falfoul, Y.; Tran, H.V.; El Matri, K.; Chebil, A.; El Matri, L.; Schorderet, D.E. Different Phenotypes in Pseudodominant
Inherited Retinal Dystrophies. Front. Cell Dev. Biol. 2021, 9, 625560. [CrossRef] [PubMed]

Evild, A.; Vihola, A.; Sarparanta, J.; Raheem, O.; Palmio, J.; Sandell, S.; Eymard, B.; Illa, I.; Rojas-Garcia, R.; Hankiewicz, K.; et al.
Atypical phenotypes in titinopathies explained by second titin mutations. Ann. Neurol. 2014, 75, 230-240. [CrossRef] [PubMed]
Evild, A.; Palmio, ]J.; Vihola, A.; Savarese, M.; Tasca, G.; Penttild, S.; Lehtinen, S.; Jonson, P.H.; De Bleecker, J.; Rainer, P,; et al.
Targeted next-generation sequencing reveals novel TTN mutations causing recessive distal titinopathy. Mol. Neurobiol. 2017,
54, 7212-7223. [CrossRef] [PubMed]

Macias, A.; Fichna, ].P.; Topolewska, M.; Redowicz, M.].; Kaminska, A.M.; Kostera-Pruszczyk, A. Targeted Next-Generation
Sequencing Reveals Mutations in Non-coding Regions and Potential Regulatory Sequences of Calpain-3 Gene in Polish Limb-
Girdle Muscular Dystrophy Patients. Front. Neurosci. 2021, 15, 692482. [CrossRef]

Nallamilli, B.R.R.; Chakravorty, S.; Kesari, A.; Tanner, A.; Ankala, A.; Schneider, T.; da Silva, C.; Beadling, R.; Alexander, J.J.;
Askree, S.H.; et al. Genetic landscape and novel disease mechanisms from a large LGMD cohort of 4656 patients. Ann. Clin.
Transl. Neurol. 2018, 5, 1574-1587. [CrossRef] [PubMed]

Hu, Y;; Mohassel, P.; Donkervoort, S.; Yun, P.; Bolduc, V.; Ezzo, D.; Dastgir, J.; Marshall, J.L.; Lek, M.; MacArthur, D.G.; et al.
Identification of a Novel Deep Intronic Mutation in CAPN3 Presenting a Promising Target for Therapeutic Splice Modulation.
J. Neuromuscul. Dis. 2019, 6, 475-483. [CrossRef]


https://doi.org/10.1007/s10545-011-9437-y
https://doi.org/10.1016/j.nmd.2011.10.013
https://www.ncbi.nlm.nih.gov/pubmed/22094069
https://doi.org/10.1038/415287a
https://doi.org/10.1085/jgp.116.3.433
https://doi.org/10.1002/humu.9260
https://www.ncbi.nlm.nih.gov/pubmed/24304580
https://www.ncbi.nlm.nih.gov/books/NBK1338/
https://www.ncbi.nlm.nih.gov/books/NBK1338/
https://doi.org/10.1002/humu.24066
https://www.ncbi.nlm.nih.gov/pubmed/32557990
https://doi.org/10.1016/j.nmd.2006.06.010
https://www.ncbi.nlm.nih.gov/pubmed/16934466
https://doi.org/10.3389/fgene.2020.574474
https://www.ncbi.nlm.nih.gov/pubmed/33133164
https://doi.org/10.3389/fneur.2022.870285
https://www.ncbi.nlm.nih.gov/pubmed/35693006
https://doi.org/10.1093/hmg/ddl221
https://www.ncbi.nlm.nih.gov/pubmed/16940308
https://doi.org/10.1002/humu.22056
https://doi.org/10.1038/s41467-022-31686-6
https://doi.org/10.1111/j.1399-0004.2009.01270.x
https://doi.org/10.3389/fneur.2018.00594
https://doi.org/10.1002/mgg3.952
https://www.ncbi.nlm.nih.gov/pubmed/31677249
https://doi.org/10.3389/fcell.2021.625560
https://www.ncbi.nlm.nih.gov/pubmed/33634125
https://doi.org/10.1002/ana.24102
https://www.ncbi.nlm.nih.gov/pubmed/24395473
https://doi.org/10.1007/s12035-016-0242-3
https://www.ncbi.nlm.nih.gov/pubmed/27796757
https://doi.org/10.3389/fnins.2021.692482
https://doi.org/10.1002/acn3.649
https://www.ncbi.nlm.nih.gov/pubmed/30564623
https://doi.org/10.3233/JND-190414

Genes 2023, 14, 1562 13 of 14

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Zernant, J.; Lee, W.; Collison, F.T.; A Fishman, G.; Sergeev, Y.V.; Schuerch, K.; Sparrow, ].R.; Tsang, S.H.; Allikmets, R. Frequent
hypomorphic alleles account for a significant fraction of ABCA4 disease and distinguish it from age-related macular degeneration.
J. Med. Genet. 2017, 54, 404-412. [CrossRef]

Dzhemileva, L.U.; A Barashkov, N.; Posukh, O.L.; I Khusainova, R.; Akhmetova, V.L.; A Kutuev, I; Gilyazova, I.R.; Tadinova,
V.N.; A Fedorova, S.; Khidiyatova, I.M.; et al. Carrier frequency of GJB2 gene mutations c.35delG, c¢.235delC and c.167delT among
the populations of Eurasia. |. Hum. Genet. 2010, 55, 749-754. [CrossRef]

Khayat, M.; Hardouf, H.; Zlotogora, J.; Shalev, S.A. High carriers frequency of an apparently ancient founder mutation p.Tyr322X
in the ERCCS8 gene responsible for Cockayne syndrome among Christian Arabs in Northern Israel. Am. J. Med. Genet. Part A 2010,
1524, 3091-3094. [CrossRef]

Roxburgh, R.H.; Marquis-Nicholson, R.; Ashton, F.; George, A.M.; Lea, R.A; Eccles, D.; Mossman, S.; Bird, T.; Van Gassen, K.L.;
Kamsteeg, E.-].; et al. The p.Ala510Val mutation in the SPG7 (paraplegin) gene is the most common mutation causing adult onset
neurogenetic disease in patients of British ancestry. J. Neurol. 2013, 260, 1286-1294. [CrossRef] [PubMed]

Ilinca, A.; Kafantari, E.; Puschmann, A. A relatively common hypomorphic variant in WARS2 causes monogenic disease. Park.
Relat. Disord. 2022, 94, 129-131. [CrossRef] [PubMed]

Mroczek, M.; Inashkina, I.; Stavusis, J.; Zayakin, P.; Khrunin, A.; Micule, I; Kenina, V.; Zdanovica, A.; Zidkova, |,
Fajkusova, L.; et al. CAPN3 ¢.1746-20C>G variant is hypomorphic for LGMD R1 calpain 3-related. Hum. Mutat. 2022, 43,
1347-1353. [CrossRef]

Dionnet, E.; Defour, A.; Da Silva, N.; Salvi, A.; Lévy, N.; Krahn, M.; Bartoli, M.; Puppo, F; Gorokhova, S. Splicing impact of deep
exonic missense variants in CAPN3 explored systematically by minigene functional assay. Hum. Mutat. 2020, 41, 1797-1810.
[CrossRef] [PubMed]

Morisaki, H.; Morisaki, T.; Newby, L.K.; Holmes, E.W. Alternative splicing: A mechanism for phenotypic rescue of a common
inherited defect. J. Clin. Investig. 1993, 91, 2275-2280. [CrossRef] [PubMed]

Bacon, B.R.; Powell, L.W.; Adams, P.C.; Kresina, T.F.; Hoofnagle, ].H. Molecular medicine and hemochromatosis: At the crossroads.
Gastroenterology 1999, 116, 193-207. [CrossRef]

Hunault, M.; Arbini, A.A.; Lopaciuk, S.; Carew, J.A.; Bauer, K.A. The Arg353GIn polymorphism reduces the level of coagulation
factor VII. In vivo and in vitro studies. Arter. Thromb. Vasc. Biol. 1997, 17, 2825-2829. [CrossRef]

Yigit, S.; Karakus, N.; Tasliyurt, T.; Kaya, S.U.; Bozkurt, N.; Kisacik, B. Significance of MEFV gene R202Q polymorphism in
Turkish familial Mediterranean fever patients. Gene 2012, 506, 43—45. [CrossRef]

Castel, S.E.; Cervera, A.; Mohammadi, P.; Aguet, E; Reverter, F; Wolman, A.; Guigo, R.; Iossifov, I; Vasileva, A.; Lappalainen, T.
Modified penetrance of coding variants by cis-regulatory variation contributes to disease risk. Nat. Genet. 2018, 50, 1327-13344.
[CrossRef]

Katsanis, N. The oligogenic properties of Bardet-Biedl syndrome. Hum. Mol. Genet. 2004, 13, R65-R71. [CrossRef]

Pampols, T. Inherited Metabolic Rare Disease. In Rare Diseases Epidemiology; Posada de la Paz, M., Groft, S., Eds.; Advances in
Experimental Medicine and Biology; Springer: Dordrecht, The Netherlands, 2010; Volume 686. [CrossRef]

Vockley, J.; Rinaldo, P.; Bennett, M.].; Matern, D.; Vladutiu, G.D. Synergistic heterozygosity: Disease resulting from multiple
partial defects in one or more metabolic pathways. Mol. Genet. Metab. 2000, 71, 10-18. [CrossRef] [PubMed]

Bis-Brewer, D.M.; Gan-Or, Z.; Sleiman, P; Rodriguez, A.; Bacha, A.; Kosikowski, A.; Wood, B.; McCray, B.; Blume, B,;
Siskind, C.; et al. Assessing non-Mendelian inheritance in inherited axonopathies. Genet Med. 2020, 22, 2114-2119. [Cross-
Ref] [PubMed]

Lee, Y.; Jonson, PH.; Sarparanta, ].; Palmio, J.; Sarkar, M.; Vihola, A ; Evild, A.; Suominen, T.; Penttild, S.; Savarese, M.; et al. TIA1
variant drives myodegeneration in multisystem proteinopathy with SQSTM1 mutations. . Clin. Investig. 2018, 128, 1164-1177.
[CrossRef] [PubMed]

Martinez, G.; Coutton, C.; Loeuillet, C.; Cazin, C.; Murotiova, J.; Boguenet, M.; Lambert, E.; Dhellemmes, M.; Chevalier, G.;
Hograindleur, ].-P.; et al. Oligogenic heterozygous inheritance of sperm abnormalities in mouse. eLife 2022, 11, €75373. [CrossRef]
[PubMed]

Kravitz, S.N.; Ferris, E.; Love, M.I,; Thomas, A.; Quinlan, A.R.; Gregg, C. Random allelic expression in the adult human body. Cell
Rep. 2023, 42, 111945. [CrossRef] [PubMed]

Savova, V.; Vigneau, S.; A Gimelbrant, A. Autosomal monoallelic expression: Genetics of epigenetic diversity? Curr. Opin. Genet.
Dev. 2013, 23, 642-648. [CrossRef]

Michels, M.; Soliman, O.I.; Kofflard, M.].; Hoedemaekers, Y.M.; Dooijes, D.; Majoor-Krakauer, D.; Cate, FJ.T. Diastolic abnormali-
ties as the first feature of hypertrophic cardiomyopathy in Dutch myosin-binding protein C founder mutations. ACC Cardiovasc.
Imaging 2009, 2, 58-64. [CrossRef] [PubMed]

Dalal, D.; Molin, L.H.; Piccini, J.; Tichnell, C.; James, C.; Bomma, C.; Prakasa, K.; Towbin, J.A.; Marcus, EL; Spevak, PJ.; et al.
Clinical features of arrhythmogenic right ventricular dysplasia/cardiomyopathy associated with mutations in plakophilin-2.
Circulation 2006, 113, 1641-1649. [CrossRef]

Zareba, W.; Moss, A.].; Locati, E.H.; Lehmann, M.H.; Peterson, D.R.; Hall, W.; Schwartz, PJ.; Vincent, G.; Priori, S.G.;
Benhorin, J.; et al. Modulating effects of age and gender on the clinical course of long QT syndrome by genotype. ]. Am.
Coll. Cardiol. 2003, 42, 103-109. [CrossRef] [PubMed]


https://doi.org/10.1136/jmedgenet-2017-104540
https://doi.org/10.1038/jhg.2010.101
https://doi.org/10.1002/ajmg.a.33746
https://doi.org/10.1007/s00415-012-6792-z
https://www.ncbi.nlm.nih.gov/pubmed/23269439
https://doi.org/10.1016/j.parkreldis.2022.01.012
https://www.ncbi.nlm.nih.gov/pubmed/35074316
https://doi.org/10.1002/humu.24421
https://doi.org/10.1002/humu.24083
https://www.ncbi.nlm.nih.gov/pubmed/32668095
https://doi.org/10.1172/JCI116455
https://www.ncbi.nlm.nih.gov/pubmed/8486786
https://doi.org/10.1016/S0016-5085(99)70244-1
https://doi.org/10.1161/01.ATV.17.11.2825
https://doi.org/10.1016/j.gene.2012.06.074
https://doi.org/10.1038/s41588-018-0192-y
https://doi.org/10.1093/hmg/ddh092
https://doi.org/10.1007/978-90-481-9485-8_23
https://doi.org/10.1006/mgme.2000.3066
https://www.ncbi.nlm.nih.gov/pubmed/11001791
https://doi.org/10.1038/s41436-020-0924-0
https://doi.org/10.1038/s41436-020-0924-0
https://www.ncbi.nlm.nih.gov/pubmed/32741968
https://doi.org/10.1172/JCI97103
https://www.ncbi.nlm.nih.gov/pubmed/29457785
https://doi.org/10.7554/eLife.75373
https://www.ncbi.nlm.nih.gov/pubmed/35451961
https://doi.org/10.1016/j.celrep.2022.111945
https://www.ncbi.nlm.nih.gov/pubmed/36640362
https://doi.org/10.1016/j.gde.2013.09.001
https://doi.org/10.1016/j.jcmg.2008.08.003
https://www.ncbi.nlm.nih.gov/pubmed/19356534
https://doi.org/10.1161/CIRCULATIONAHA.105.568642
https://doi.org/10.1016/S0735-1097(03)00554-0
https://www.ncbi.nlm.nih.gov/pubmed/12849668

Genes 2023, 14, 1562 14 of 14

86.

87.

88.

89.

90.

91.

Kawamura, S.; Ikeda, Y.; Tomita, K.; Watanabe, N.; Seki, K. A family of hypokalemic periodic paralysis with CACNA1S gene
mutation showing incomplete penetrance in women. Intern. Med. 2004, 43, 218-222. [CrossRef]

Ke, Q.; Luo, B.; Qi, M,; Du, Y.; Wu, W. Gender differences in penetrance and phenotype in hypokalemic periodic paralysis. Muscle
Nerve 2013, 47, 41-45. [CrossRef] [PubMed]

Liu, C; Li, M,; Yin, Q.; Fan, Y.; Shen, C.; Yang, R. HTRA1 methylation in peripheral blood as a potential marker for the preclinical
detection of stroke: A case-control study and a prospective nested case-control study. Clin. Epigenetics 2022, 14, 191. [CrossRef]
[PubMed]

Dahl, M.; Tybjeerg-Hansen, A.; Lange, P.; Vestbo, J.; Nordestgaard, B.G. Change in lung function and morbidity from chronic
obstructive pulmonary disease in alphal-antitrypsin MZ heterozygotes: A longitudinal study of the general population. Ann.
Intern. Med. 2002, 136, 270-279. [CrossRef] [PubMed]

Ramachandrappa, S.; Farooqji, I.S. Genetic approaches to understanding human obesity. J. Clin. Investig. 2011, 121, 2080-2086.
[CrossRef]

Fletcher, L.M.; Dixon, J.L.; Purdie, D.M.; Powell, L.W.; Crawford, D.H. Excess alcohol greatly increases the prevalence of cirrhosis
in hereditary hemochromatosis. Gastroenterology 2002, 122, 281-289. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2169/internalmedicine.43.218
https://doi.org/10.1002/mus.23460
https://www.ncbi.nlm.nih.gov/pubmed/23019082
https://doi.org/10.1186/s13148-022-01418-0
https://www.ncbi.nlm.nih.gov/pubmed/36581876
https://doi.org/10.7326/0003-4819-136-4-200202190-00006
https://www.ncbi.nlm.nih.gov/pubmed/11848724
https://doi.org/10.1172/JCI46044
https://doi.org/10.1053/gast.2002.30992
https://www.ncbi.nlm.nih.gov/pubmed/11832443

	Introduction 
	Disease Spectrum and Phenotypic Variability 
	Dual Inheritance Mode vs. Symptomatic Heterozygous 
	Population Studies and Phenotypic Spectrum 
	Molecular Background and Possible Influencing Factors 
	Types of Variants 
	(Deep) Splice Site Variants and Genetic Modifiers 
	Oligogenic Inheritance and Mutational Burden 
	Epigenetic Factors 
	Environmental Factors 

	Limitations 
	Conclusions 
	References

