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1 ABSTRACT 

 

Background: Advances in sequencing technology have made genetic 

diagnostics more efficient and accurate. The number of genes and pathogenic 

variants associated with rare neurological disorders has dramatically expanded 

in the past two decades, broadening our knowledge on genetic-based 

neurological disorders. 

Methods: Patients were referred by neurologists from different centers for 

genetic testing. Whole exome sequencing (WES) was performed from patients’ 

and their parents’ DNA isolated from EDTA-blood for diagnostic purposes. 

Functional consequences of identified variants in the genes KCNC1 and 

SLC12A6 were studied in Xenopus oocytes.  

Results: WES identified previously unreported de novo variants in HIVEP2, 

KCNC1, and SLC12A6. Two patients with different truncating variants in HIVEP2 

presented with mild intellectual disability without any dysmorphic features, 

congenital malformations or behavioral difficulties. Three new de novo missense 

variants in KCNC1 were found in five unrelated individuals causing different 

phenotypes such as isolated non-progressive myoclonus, intellectual disability or 

epilepsy with ataxia and developmental delay. Autosomal dominant de novo 

variants in SLC12A6 caused progressive early-onset neuropathy without MRI 

abnormalities. All identified missense variants in the KCNC1 and SLC12A6 led to 

a significant reduction of the protein function in the oocytes. 

Conclusion: To date, only few cases were reported who carried pathogenic 

variants in HIVEP2, KCNC1, and SLC12A6. Clinical characteristics of the patients 

reported in this study were different from the previously published patients. Thus, 

we report new de novo variants and new phenotypes thereby expanding the 

clinical spectrum of the genes and underlining the importance of de novo genetic 

variation and the complexity of genotype-phenotype correlations in these genes.  
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2 INTRODUCTION 

 

In the last two decades, tremendous progress has been made in our 

understanding of the genetic causes underlying neurological disorders (Zoghbi 

and Warren, 2010). The number of genes and mutations associated with rare 

neurological disorders is constantly increasing (Rauch et al., 2012). 

 

Genetic studies in neurology help to understand the role of genes and proteins in 

the development and function of the central and peripheral nervous system, not 

only expanding our knowledge on the mechanisms of brain-mediated disorders 

but also providing prospects for new and emerging therapies (Steinlein, 2008). 

Advanced sequencing technology with efficient analytic methods and skills 

enables rapid identification of the rare genetic causes that are involved in a large 

number of neurological disorders helping clinicians to diagnose their patients and 

in some cases, treat them accordingly based on the molecular mechanism 

(Zoghbi and Warren, 2010, Steinlein, 2008, Oyrer et al., 2018).  

2.1 NEXT GENERATION SEQUENCING 

Next generation sequencing (NGS) is a parallel sequencing technology that 

sequences millions of DNA fragments simultaneously (Voelkerding et al., 2009, 

Tucker et al., 2009). Whole exome sequencing (WES) is a sequencing method in 

which protein coding (exonic) regions are enriched for subsequent sequencing. 

Currently, it is a faster and more cost-effective method than whole genome 

sequencing (WGS) which sequences the complete genome (Helbig et al., 2016a, 

Ostrander et al., 2018).  

 

Similar to Sanger sequencing, NGS uses fluorescent nucleotides to identify each 

nucleotide (Voelkerding et al., 2009). Genomic DNA is sheared into fragments 

and special adapters are ligated to both ends of each fragment (Tan et al., 2019). 

This enables sequencing from both ends (pair-end sequencing) producing a 
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forward and a reverse read. One read has approximately 100 – 150 base pairs 

(bp) (Tan et al., 2019). The reads are processed through a bioinformatics pipeline 

and aligned to a reference genome sequence (Oliver et al., 2015). After alignment, 

differences between the read sequences and the reference genome can be 

detected (Oliver et al., 2015).  

 

For data analyses, genomic variants are usually filtered for rare variants with a 

minor allele frequency (MAF) of <0.1% in the population (Fritzen et al., 2018). 

There are several public databases that provide exome and genome data sets of 

control healthy population such as ExAC (http://exac.broadinstitute.org/), 

gnomAD (https://gnomad.broadinstitute.org/), and 1000 genomes project 

(http://browser.1000genomes.org/index.html). The filtered rare variants are 

prioritized according to the patient’s phenotype (Park et al., 2019a). In silico tools 

such as CADD (http://cadd.gs.washington.edu/), SIFT (http://sift.jcvi.org/) and 

PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) help predict the degree of 

possible pathogenicity of a variant based on an algorithm considering 

evolutionary conservation, mutation type and protein function (Yu, 2009). The 

large number of genomic variants needs to be filtered strategically for an efficient 

analysis and also to avoid discarding relevant candidates in an earlier filtering 

step.  

2.1.1 Types of Genetic Variation 

Chromosomal aberration is a structural alteration of chromosomal DNA where a 

section of chromosomal DNA is missing, added or dislocated (Genetic-Alliance, 

2009). In a point mutation, a single nucleotide is substituted with another. If the 

substitution codes a different amino acid, the mutation is called missense 

mutation and if it codes the same original amino acid, it is a synonymous mutation. 

A nonsense mutation occurs when the substitution leads to a stop codon 

terminating the protein synthesis (Nordheim et al., 2015). 

 

http://exac.broadinstitute.org/
https://gnomad.broadinstitute.org/
http://browser.1000genomes.org/index.html
http://cadd.gs.washington.edu/
http://sift.jcvi.org/
http://genetics.bwh.harvard.edu/pph2/
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A frameshift mutation leads to a different amino acid sequence creating an altered 

protein or a truncated shortened protein due to a premature stop codon (Kurosaki 

and Maquat, 2016, Hug et al., 2016). In order to reduce the production of 

dysfunctional shortened proteins, nonsense-mediated mRNA decay (NMD) is 

activated to eliminate shortened mRNAs (Hug et al., 2016). NMD activation 

depends on the size of the mRNA product (Hug et al., 2016). Deletion or 

duplication of a considerable number of nucleotides, e.g. more than one exon, is 

considered as a copy number variant (CNV), which can also result in an altered 

or truncated protein. 

 

Since the introduction of the standard human sequence variant nomenclature by 

the committee of the Human Genome Variation Society (HGVS), the term variant 

is preferably used to describe a difference in a DNA sequence than mutation 

(Richards et al., 2015). Both terms are considered as synonyms for genetic 

alterations; a variant as well as a mutation might be frequent or rare in a 

population and its consequence can be benign or deleterious (Richards et al., 

2015). The term mutation is additionally used to describe the DNA changing event. 

2.1.2 De novo Variants 

Monogenetic disorders have a variety of inheritance patterns that can be 

autosomal dominant, autosomal recessive, X-linked or mitochondrial (Ropers, 

2008, Deciphering Developmental Disorders, 2015). Since genetic disorders 

were believed to be inherited, genetic studies in the past primarily concentrated 

on large families with multiple affected family members, preferably 

consanguineous families (Hu et al., 2019). However, recent studies have 

indicated that spontaneously occurring variants, referred to as de novo variants, 

are increasingly found to cause monogenetic and sporadic severe neurological 

disorders in childhood (Deciphering Developmental Disorders, 2015, Veltman 

and Brunner, 2012, Vissers et al., 2010).  
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Spontaneous mutation rate in humans are estimated to be approximately 

between 1.1 and 1.7 × 10-8 per base pair in a generation with approximately 50-

100 de novo variants in a genome of an average newborn (Lynch, 2010, Roach 

et al., 2010, Narasimhan et al., 2017, Conrad et al., 2011). 1.5% of these variants 

will affect the coding regions in DNA leading to approximately 0.86 non-

synonymous variants in coding DNA per newborn (Lynch, 2010). When deletions, 

insertions, inversions and splice variants close to the coding DNA are considered 

as well, the numbers add up to 0.9 to 4.5 possibly deleterious de novo variants 

per person (Lynch, 2010). While fetal chromosomal abnormalities have a direct 

association with increasing maternal age, recent observations reported that the 

rate of de novo variants are higher in advanced paternal age with more than two 

additional de novo variants per year (Kong et al., 2012). If a de novo variant is 

non-synonymous, approximately 5% will result in nonsense variant and the 

remaining 95% will be missense variants (Lynch, 2010). 

 

The application of trio-WES simplified the identification de novo variants in 

affected patients, rapidly increasing the diagnostic yield of genetic testing, 

expanding the knowledge on rare genetic disorders which has been scarce so far 

and establishing further variants and genes as disease causing (Heyne et al., 

2018, Wang et al., 2019).  

2.2 CLINICAL GENETICS 

Identifying the underlying genetic cause of a rare neurogenetic disorder is a 

complex and time-consuming process. Apart from basic clinical encounter that 

includes medical examination and patient history taking, standard diagnostics 

such as EEG, EMG, MRI and blood/cerebral fluid analyses are important for 

accurate phenotyping (Zoghbi and Warren, 2010). In particular, patients 

suspected of having neurogenetic disorders should be asked for family history 

and their early developmental phase. Alongside this information, molecular 

genetic diagnostics enables clinicians to diagnose their patients and also end the 
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diagnostic journey, which is of great value to patients and families, in rare cases 

even allowing precision medicine (Rauch et al., 2012, Ropers, 2010). 

2.2.1 Genetic Background of Intellectual Disability 

Intellectual disability (ID) is a common neuropediatric disorder with a prevalence 

estimated at around 1-3% depending on the socioeconomic environment (Polder 

et al., 2002, Maulik et al., 2011). The term ID is used in patients with reduced 

learning ability and limited adaptive behaviors with an intellectual quotient (IQ) 

lower than 70 (Ropers, 2008).  

 

ID can be caused by a variety of non-genetic factors such as toxic causes, birth 

complications, accidents, malnutrition, infections, environmental burdens and 

poor social care (Ropers, 2010, Kaufman et al., 2010). Yet, genetic defects 

remain as one of the main causes for ID (Ropers, 2008). A large number of cases 

are affected by chromosomal abnormalities or CNVs containing multiple genes. 

The most common ID disorder is trisomy 21 (1 in approximately 700 live births), 

also known as Down syndrome, a chromosomal disorder where a third copy of 

chromosome 21 is present (Ropers, 2010, Reeves et al., 2001).  

 

Syndromic ID disorders are severe forms of ID where patients present additional 

neurologic symptoms and/or congenital malformations (Kaufman et al., 2010). In 

non-syndromic ID, patients have mild cognitive deficits without any other medical 

signs or symptoms (Kaufman et al., 2010). Family members are often deeply 

concerned about the social abilities, medical presentations as well as prognosis 

of the patients, for which genetic diagnosis plays an important role. Although ID 

is a notably common inherited disorder, the genetic causes in individual cases 

are very rare. In most cases the pathogenic variants occurred de novo (Hu et al., 

2019, Rauch et al., 2012, Veltman and Brunner, 2012, Vissers et al., 2010).  
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2.2.2 Genetic Background of Epilepsy 

Epilepsy is a common neurological condition affecting approximately 0,4-1% of 

the population (World-Health-Organization, 2019). Less common are epilepsies 

and epilepsy syndromes that are believed to have a genetic origin. They were 

initially classified as idiopathic epilepsy. Epileptic encephalopathy patients have 

a higher rate of positive findings in genetic testing than other epilepsy patients 

(Hamdan et al., 2017).  

 

The number of genes associated with epilepsy is continuously growing, therefore, 

when using a selected gene panel, a constant update of panels is needed to 

incorporate newly discovered disease genes. Meanwhile, there are more than 

500 genes associated with epilepsy and seizures (Ortega-Moreno et al., 2017). 

There are several genes such as SCN1A, KCNQ2, STXBP1, TPP1, PCDH19, 

CACNA1A, GABRA1, GRIN2A, SLC2A1, CDKL5, ARX and TSC2 where 

pathogenic variants are more frequently identified (Hamdan et al., 2017, Heyne 

et al., 2019, Heyne et al., 2018, Parrini et al., 2017). A targeted diagnostic panel 

of about 100 genes would only solve about 20% of cases, while WES and WGS 

identifies pathogenic variants in about 32-45% of epilepsy patients (Butler et al., 

2017, Hamdan et al., 2017, Helbig et al., 2016a, Parrini et al., 2017, Ortega-

Moreno et al., 2017). Therefore, WES significantly increases the diagnostic yield 

in epilepsy patients.  

 

Early identification of the underlying genetic cause in epilepsy syndromes can be 

of paramount importance for clinicians to initiate effective antiepileptic medication. 

The majority of disease causing genes in epilepsy syndromes encodes voltage- 

or ligand-gated ion channels (Steinlein, 2008, Oyrer et al., 2018). The trend 

towards targeted molecular therapy directed against the specific gene defects is 

rapidly increasing. Especially in severe, refractory and monogenetic disorders, 

clinicians and scientists are striving to find targeted treatment options to alleviate 

seizure symptoms. In addition, discovery of the genes underlying genetic 
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epilepsies also contributed to our knowledge about the cellular pathomechanisms 

that are involved in epileptogenesis. Therefore, understanding the genetic bases 

of epilepsy may provide new insights and possibilities for therapy.  

2.2.3 Genetic Background of Charcot-Marie-Tooth disease 

Hereditary peripheral neuropathy is a clinically and genetically heterogeneous 

disorder that is classified based on the clinical characteristics, 

electrophysiological measurements, inheritance patterns and gene defects (Tazir 

et al., 2014). The most common inherited disorder of the peripheral nervous 

system is hereditary sensory and motor neuropathy (HSMN), also known as 

Charcot-Marie-Tooth (CMT) disease (Klein et al., 2013, Tazir et al., 2014). Prior 

to genetic diagnostics, other possible causes for peripheral neuropathy need to 

be considered. These include inflammatory neuropathies, vascular diseases, 

metabolic disorders, toxic causes or nutritional deficiencies (Baets et al., 2011, 

Wilmshurst et al., 2019).  

 

The eponym CMT and its classification are more frequently used than the Dyck 

classification using the term HSMN (Tazir et al., 2014). Hereditary demyelinating 

neuropathies are referred to as CMT1 and axonal neuropathies as CMT2. Severe 

demyelinating neuropathy with onset in early infancy was first described as 

Dejerine-Sottas syndrome and later classified as CMT3. Rare autosomal 

recessive demyelinating neuropathy was labeled as CMT4 (Tazir et al., 2014). In 

addition, the term dominant intermediate CMT (DI-CMT) was introduced for 

autosomal dominant inherited CMT with both axonal and demyelinating features 

and X-linked CMT disorder was named CMTX (Berciano et al., 2017, Nicholson 

and Myers, 2006, Nicholson and Nash, 1993).  

 

However, the number of CMT-related genes almost doubled in the past 10 years 

expanding the clinical spectrum of CMT genes (Rossor et al., 2013). It became 

apparent that many genes could not be assigned to one phenotype or one 
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classification (Baets et al., 2011, Berciano et al., 2017, Tazir et al., 2014). Some 

genes had both dominant and recessive mutations and caused overlapping 

clinical features such as hereditary spastic paraplegia (Toft et al., 2019). 

Peripheral neuropathy was also often overshadowed by other clinical features in 

severe syndromic disorders, where both central and peripheral nervous system 

were affected (Baets et al., 2011, Wilmshurst and Ouvrier, 2011, Wilmshurst et 

al., 2019). Patients with severe early onset neuropathy presented first with 

muscular hypotonia, weakness, delayed motor development and distal sensory 

loss, often followed by foot deformities (Baets et al., 2011, Wilmshurst and 

Ouvrier, 2011).  

2.3 STUDY DESIGN AND AIMS 

Patients were referred for genetic testing by different neurologists. Patients’ 

exome data were evaluated for diagnostic purposes. This led to identification of 

new variants in known disease genes (HIVEP2, KCNC1 and SLC12A6). So far, 

very few patient cases were published who harbored pathogenic variants in these 

three genes. Our patients showed different clinical features than the previously 

published patients, thus, we expanded the phenotypic spectrum of HIVEP2, 

KCNC1 and SLC12A6 related disorders. The new findings (new variants and new 

phenotypes) were published in the journals Molecular Syndromology, Annals of 

Clinical and Translational Neurology and Journal of Medical Genetics.  
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3 RESULTS 

 

The results section consists of three first author publications. The first article has 

been published in Molecular Syndromology as an original article providing 

detailed clinical course of two patients harboring pathogenic variants in HIVEP2 

gene and a review of the literature. The second article has been published in 

Annals of Clinical and Translational Neurology in which we report three new de 

novo missense variants in KCNC1 identified in five unrelated individuals and their 

consequences functionally confirmed in Xenopus oocytes. The third article, 

published in Journal of Medical Genetics, describes dominant-acting de novo 

variants in SLC12A6 causing a milder phenotype than the previously known 

SLC12A6-related recessive disorder, Andermann syndrome.  
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3.1 NOVEL HIVEP2 VARIANTS IN PATIENTS WITH INTELLECTUAL 

DISABILITY 
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3.2 KCNC1-RELATED DISORDERS: NEW DE NOVO VARIANTS EXPAND THE 

PHENOTYPIC SPECTRUM 
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3.3 DE NOVO VARIANTS IN SLC12A6 CAUSE EARLY-ONSET PROGRESSIVE 

SENSORIMOTOR NEUROPATHY 
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4 DISCUSSION 

 

Diagnostic WES revealed two novel de novo variants in HIVEP2, three in KCNC1, 

and two in SLC12A6. In total, these seven new variants were found in ten 

unrelated patients. In 8 patients, the de novo variants were found using trio WES 

and the variants from the other two patients were tested in parental DNA per 

Sanger sequencing which confirmed the de novo status. Our patients presented 

different clinical phenotypes than the previously published patients with 

pathogenic variants in these three genes (Park et al., 2019a, Park et al., 2019b, 

Park et al., 2019c). 

4.1 HIVEP2 

Loss-of-function (LoF) variants in HIVEP2 have been suggested to cause 

autosomal-dominant mental retardation type 43 (MRD43, OMIM 616977) 

(Srivastava et al., 2016, Steinfeld et al., 2016). Our two patients showed mild ID 

without any dysmorphic features, neurological symptoms or behavioral 

abnormalities (Park et al., 2019a). In contrast, nine previously published patients 

exhibited mild to severe ID, dysmorphic features and behavioral difficulties. 8 of 

9 patients showed motor development delay, muscular hypotonia as well as other 

overlapping neurological symptoms such as dystonia, ataxia, dysphagia, 

spasticity, progressive Parkinsonism or quadriplegia (Srivastava et al., 2016, 

Steinfeld et al., 2016). Subsequently, Jain et al. reported another ID patient with 

a nonsense variant in HIVEP2 gene and Goldsmith et al. introduced two 

additional patients with ID, hyperphagia, variable dysmorphic features and 

Angelman-like syndromes (figure 1) (Goldsmith et al., 2019, Jain and Atwal, 

2019). 

 

In total, 13 of 14 published ID patients had frameshift or nonsense variants, while 

one patient had a missense variant (Goldsmith et al., 2019, Jain and Atwal, 2019, 

Srivastava et al., 2016, Steinfeld et al., 2016, Park et al., 2019a). All variants 
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occurred de novo. In a cohort study with bipolar disorders, one patient had a de 

novo missense variant and another cohort study published an ID patient with a 

nonsense variant in the last exon in HIVEP2, but both publications did not provide 

any detailed clinical information on their patients (Hamdan et al., 2017, Kataoka 

et al., 2016).  

 

 

Figure 1: Published de novo HIVEP2 variants. Complementary to the figure 2 from Park et al., 

2019a, the protein domains of HIVEP2 (NP_006725.3) are illustrated in different colors. Three 

new truncating variants that have been reported after the publication of Park et al., 2019a are 

marked as red. 

 

HIVEP2 serves as a transcription factor that is involved in neural maturation and 

is expressed in several brain regions (Srivastava et al., 2016, Takao et al., 2013). 

HIVEP2 knock-out mice exhibit severe cognitive impairments, anxiety and 

hyperactive behaviors that have also been seen in the majority of the reported 

patients (Takagi et al., 2006). The probability of LoF intolerance (pLI) score is 1.0 

in gnomAD and ExaC browers, predicting that heterozygous LoF variants in 

HIVEP2 gene are rare and probably not tolerated. All publications so far support 

the evidence that truncating variants in HIVEP2 gene cause ID, proposing 

haploinsufficiency as the main pathomechanism (Goldsmith et al., 2019, Jain and 

Atwal, 2019, Srivastava et al., 2016, Steinfeld et al., 2016, Park et al., 2019a).  
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Functional experiments on the variants to confirm LoF theory have not yet been 

conducted. According to the NMD phenomenon, if the termination codon is 

downstream of 50 nucleotides of the last exon complex, the mRNA is likely to be 

translated that could result in a deleterious gain-of-function (GoF) or a dominant-

negative acting protein (Brogna and Wen, 2009, Hug et al., 2016). Four patients, 

including our two patients (Glu2204* and Arg2223*), have a de novo variant 

leading to a stop codon in the last exon predicted to escape the NMD. Since our 

patients showed a milder phenotype, we discussed that the truncated protein 

could have some residual or a dominant-negative function. The patient with 

Tyr2209Leufs*53 also had a slightly milder phenotype than other patients, but 

this patient additionally showed dyspraxia and delayed myelination compared to 

our patients (Steinfeld et al., 2016). Unfortunately, detailed clinical information on 

the patient with Gln2291* has not been provided (Hamdan et al., 2017). Steinfeld 

et al. identified a de novo missense variant Asp397Tyr in a 2-year-old patient, 

who exhibited mild GDD without any other neurological features at the time of 

publication (Steinfeld et al., 2016). It is possible that the de novo missense variant 

leads to a protein with reduced residual function or dominant-negative effect as 

we have discussed for our two truncating variants in the last exon. However, the 

severity of ID, dysmorphic features, neurological features as well as social 

capabilities varied among other patients regardless of the location of the 

truncating variants. Therefore, a clear genotype-phenotype distinction could not 

be drawn. 

 

Further clinical follow-up studies will be needed to evaluate the development and 

prognosis of HIVEP2-associated disorders. Our patients are the oldest reported 

patients so far who are both fully grown adults with mild ID, but without behavioral 

difficulties or any other medical issues (Park et al., 2019a).  

4.2 KCNC1 

Patient 1 (Cys208Tyr) exhibited non-progressive mild action-induced myoclonus 

without any cerebellar signs or seizures. The Ala421Val variant was found 
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recurrent in three unrelated patients (Park et al., 2019c). One month after the 

appearance of our paper, Cameron et al. also found the same Ala421Val variant 

recurrent in six unrelated patients (Cameron et al., 2019). All patients harboring 

the Ala421Val variant had a homogenous phenotype with early-infantile epileptic 

encephalopathy with non-progressive ataxia, myoclonic seizures and 

developmental delay, but no action-induced progressive myoclonus (Cameron et 

al., 2019, Park et al., 2019c). In addition, we found a de novo missense variant 

(Thr399Met) in patient 2, who showed ID and dysmorphic features without any 

seizures (Park et al., 2019c).  

 

Initially, KCNC1 was associated with progressive myoclonus epilepsy. Muona et 

al. found one recurrent missense variant (Arg320His) in KCNC1 causing 

progressive myoclonus epilepsy establishing a new syndrome: myoclonus 

epilepsy and ataxia due to potassium channel mutation (MEAK) (Muona et al., 

2015). Phenotypic comparison of MEAK patients demonstrated that they all 

suffered from severe progressive myoclonus seizure and ataxia leading to 

wheelchair dependency in 50% of affected patients (Kim et al., 2018, Muona et 

al., 2015, Oliver et al., 2017). Recently, Poirier et al. detected a nonsense variant 

(Arg339*) in KCNC1 in a family with three affected members with notable ID and 

dysmorphic features but no seizures (Poirier et al., 2017). The clinical 

presentation of our patient 2 was more comparable to the family who had the 

nonsense variant (Arg339*), but his dysmorphic features were different.  

 

Functional analysis of all identified de novo variants showed a complete loss-of-

function of Kv3.1 channel. When the mutant channel was injected in 1:1 ratio with 

the wildtype (WT) channel, the previously published Arg320His reduced the 

Kv3.1 potassium current amplitude by 80% in a dominant-negative manner 

(Muona et al., 2015). The Cys208Tyr channel did not have any dominant-

negative effect, which might possibly account for the less progressing disease 

course (Park et al., 2019c). Haploinsufficiency was suggested to cause ID without 

seizures, since mRNA quantification of Arg339* showed >50% reduced 
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expression of KCNC1 (Poirier et al., 2017). However, when the Arg339* mutant 

Kv3.1 channel was co-expressed with WT channel, there was a dominant-

negative reduction of current amplitude. Therefore, Cameron et al. proposed that 

some mutant protein may have escaped NMD causing additional damaging effect. 

Our patient 2 with Thr399Met had a similar phenotype to the patients with 

Arg339* and the Thr399Met mutant Kv3.1 channel also displayed a significant 

dominant-negative effect (Park et al., 2019c). We illustrated here that Ala421Val 

had similar biophysical properties as the previously published Arg320His, but with 

less dominant-negative reduction of potassium current amplitude by 50%. 

Cameron et al. did not detect any dominant negative effect or a shift in the 

voltage-activation curve for Ala421Val measured in Xenopus oocytes (Cameron 

et al., 2019). Nonetheless, electrophysiological data assessed in Xenopus 

oocytes could not explain the clinical differences of the putative pathogenic 

variants. In vitro, Kv3.1 interacts with other Kv3 subunits: Kv3.2, Kv3.3 and Kv3.4 

(Cameron et al., 2019, Rudy and McBain, 2001, Song et al., 2006). Functional 

consequences of these co-expressed subunits by the mutant variants have not 

been examined yet. 

 

Kv3.1 channels are predominantly expressed in fast spiking GABAergic 

interneurons, thus the LoF variants possibly lead to neuronal disinhibition due to 

impaired firing of the GABAergic interneurons (Sekirnjak et al., 1997, Song et al., 

2006, Rudy and McBain, 2001). Valproate was the most effective antiepileptic 

drug for patients with Arg320His and Ala421Val. Besides valproate, some 

patients responded to zonisamide and benzodiazepines. Topiramate, 

levetiracetam and lamotrigine were less effective. Since LoF is the key 

pathomechanism, direct activation of Kv3.1 channels may be a potential 

therapeutic intervention for KCNC1 related disorders (Cameron et al., 2019, 

Oliver et al., 2017, Park et al., 2019c). Currently, there is no activator of Kv3 

channels available, but such approach has been recently trialed in vitro with a 

compound called RE01 (Munch et al., 2018).  
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The two variants, Arg320His and Ala421Val, seem to be hotspots for de novo 

variants since the variants were found recurrent in multiple unrelated patients 

internationally (Cameron et al., 2019, Park et al., 2019c). For these two variants, 

a distinctive genotype-phenotype correlation could be assessed. All patients with 

Arg320His showed the MEAK syndrome and all patients with Ala421Val had GDD 

with myoclonic and absence seizures. While the clinical course of MEAK patients 

is well described, information on clinical development lack in patients with 

Ala421Val because they are still very young. Therefore, there is a need for further 

clinical follow-up studies as well as functional analyses of the individual variants 

to evaluate possible therapeutic options (Cameron et al., 2019, Oliver et al., 2017, 

Park et al., 2019c). 

4.3 SLC12A6 

The final paper published in Journal of Medical Genetics describes a new 

inheritance pattern of SLC12A6 gene showing that dominant-acting de novo 

variants cause a milder phenotype than the recessive disorder, Andermann 

syndrome, which was the only disorder that had been so far associated with the 

gene SLC12A6 (Park et al., 2019b). Our patients had a homogenous phenotype 

with infantile onset motor development delay, muscle weakness and progressive 

intermediate neuropathy. All patients had normal cognition and unremarkable 

brain MRI. Patient 3 had a different de novo variant (Tyr679Cys) than the other 

two patients and showed spastic gait additionally. Kahle et al. found a 

heterozygous de novo missense variant (Thr991Ala) in a 10-year-old patient 

showing the same phenotype as our patients (Kahle et al., 2016). We classified 

the disorder as dominant intermediate CMT (DI-CMT). To date, only six genes 

have been associated with DI-CMT (Berciano et al., 2017).  

 

Andermann syndrome is characterized by developmental delay, severe 

progressive motor and sensory neuropathy and variable degrees of agenesis of 

the corpus callosum (Howard et al., 2002, Akcakaya et al., 2018, Hauser et al., 

1993, Larbrisseau et al., 1984, Rudnik-Schoneborn et al., 2009, Uyanik et al., 
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2006). Numerous biallelic LoF variants (nonsense, splice and frameshift) have 

been associated with Andermann syndrome. One missense variant, Gly539Asp, 

has been found in a compound-heterozygous state with a splice variant in a 

patient with Andermann syndrome (Rudnik-Schoneborn et al., 2009). Uyanik et 

al. identified a homozygous missense variant Arg207Cys in a single patient 

(Uyanik et al., 2006). The recurrent de novo variant Arg207His found in two of 

our patients affects the same amino-acid codon, yet causes an early onset CMT 

in a heterozygous state (Park et al., 2019b). The parents carrying heterozygous 

Arg207His variant were described to be asymptomatic (Uyanik et al., 2006). 

Slc12a6-/- mice exhibit a severe phenotype comparable to the Andermann 

syndrome with impaired motor function accompanied by hypomyelination and 

axonal swelling while Slc12a6-/+ mice are asymptomatic (Byun and Delpire, 

2007). However, slightly decreased sciatic nerve amplitude was measured in the 

heterozygous mice (Kahle et al., 2016).  

 

SLC12A6 is predominantly expressed in the central and peripheral nervous 

system and encodes a potassium chloride cotransporter (Pearson et al., 2001, 

Shekarabi et al., 2011). Functional analyses demonstrated complete LoF of the 

variants Arg207His and Arg207Cys (Park et al., 2019b). The Tyr679Cys mutant 

co-transporter illustrated a slight reduction of potassium influx and the previously 

published Thr991Ala demonstrated a GoF (Kahle et al., 2016). Although all 

patients with heterozygous de novo variants had a homogenous phenotype, all 

variants displayed different biophysical properties.  

 

Since LoF variants are associated with Andermann syndrome, it is plausible that 

homozygous Arg207Cys variant causes Andermann syndrome as a LoF variant. 

In this context, homozygous Arg207His might also cause Andermann syndrome. 

The question yet arises, why the substitution to Histidine is deleterious in a 

heterozygous form. Since Tyr679Cys had residual effect and Thr991Ala was 

reported as a GoF variant, we speculated that Arg207His might have additional 

residual function in a dominant-negative manner. Injection of Arg207Cys mutant 
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co-transporter with WT co-transporter produced a pronounced dominant-

negative effect, while Arg207His did not affect the WT co-transporter 

(unpublished data), which did not support our hypothesis. Continuing functional 

evaluation is needed to shed light on the importance of this arginine residue in 

these diseases. 

4.4 LOSS-OF-FUNCTION DE NOVO VARIANTS 

All our new de novo variants in HIVEP2, KCNC1 and SLC12A6 were reported as 

LoF.  

 

LoF variants in HIVEP2 cause ID with variable facultative clinical features 

(Goldsmith et al., 2019, Srivastava et al., 2016, Steinfeld et al., 2016, Jain and 

Atwal, 2019, Park et al., 2019a). The primary pathomechanism is possibly 

haploinsufficiency, but our two truncating variants were located in the final exon, 

that may escape NMD and show residual function. It is yet difficult to conclude 

that this is the reason for the less severe disease course of our patients, since 

we lack detailed clinical information on the other two patients who also had 

truncating variants in the final exon (Hamdan et al., 2017, Steinfeld et al., 2016). 

Furthermore, the severity of HIVEP2 related disorder varied among other 

truncating variants prior to the final exon as well.  

 

All putative pathogenic de novo variants in KCNC1 revealed LoF in Xenopus 

oocytes (Cameron et al., 2019, Muona et al., 2015, Park et al., 2019c). Some 

variants caused additional reduction of potassium current amplitudes in a 

dominant negative manner. Truncating variants were associated with ID without 

seizures, but haploinsufficiency alone may not be causal for ID since Arg339* 

mutant channel had a dominant-negative effect and Gln492* produced 70% of 

potassium currents compared to the WT currents (Cameron et al., 2019). Also, 

we reported an ID patient without seizures harboring a dominant-negative 

missense variant (Park et al., 2019c).  
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Biallelic LoF variants in SCL12A6 were associated with Andermann syndrome, 

indicating that haploinsufficiency does not cause DI-CMT (Bowerman et al., 2017, 

Rudnik-Schoneborn et al., 2009, Uyanik et al., 2006). Although the previously 

published Thr991Ala yielded GoF, the de novo variants we identified displayed 

LoF, but no dominant-negative effect (Kahle et al., 2016, Park et al., 2019b). 

Heterozygous LoF alone would not explain the dominant phenotype since LoF 

variants cause the recessive disorder.   

 

Specific molecular mechanisms causing the various disorders by HIVEP2, 

KCNC1 and SLC12A6 are not well understood. Measurement of protein 

expression level e.g. by quantifying mRNA in fibroblasts might contribute to 

determine whether the LoF variants cause haploinsufficiency or dominant-

negative effects. The level of mRNAs subjected to NMD might vary in individuals 

which could account for the variable severity. For the first characterization of the 

identified heterozygous variants, we used Xenopus oocytes which allow a proper 

investigation of dominant-negative effects since the amount of mRNA can be well 

controlled. In a second step, further characterization in different models such as 

neural line IPS cells or mouse models will be needed to estimate the biophysical 

properties of the variants in vivo. Apart from the individual function of the mutant 

proteins, the pathogenic variants might also influence other cell regulatory factors 

or key molecules. Another possibility is that there is a variant in the second allele, 

that alone would not be pathogenic but combined with one of the de novo variants 

causes various symptoms. But in this case, the inheritance mode would be 

recessive and the de novo variants should be found in some healthy controls as 

well.  

 

Briefly, this cumulative dissertation states that the phenotypic consequences of 

heterozygous LoF variants are variable in different genes and their 

pathomechanism is more complex. LoF variants do not always simply conclude 

that the variants cause a 50% reduction of protein function or expression in the 
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cell and it cannot be stated that this mechanism alone is responsible for the 

clinical outcome.  

5 CONCLUSION/SUMMARY 

 

Using diagnostic WES and trio-WES, we found new de novo variants in the genes 

HIVEP2, KCNC1 and SLC12A6. Clinical phenotypes of our patients were 

different from the previously reported HIVEP2, KCNC1 and SLC12A6 related 

disorders. 

 

Patients with de novo truncating variants in HIVEP2 had ID with other non-

specific variable clinical characteristics (Park et al., 2019a, Srivastava et al., 2016, 

Steinfeld et al., 2016). A clear genotype-phenotype regarding the severity of ID 

and neurological features could not be concluded. The de novo Arg320His variant 

in KCNC1 caused MEAK syndrome and patients with a de novo Ala421Val 

change showed GDD with epilepsy, thus a clear genotype-phenotype correlation 

could be assessed for these two variants (Cameron et al., 2019, Muona et al., 

2015, Oliver et al., 2017, Park et al., 2019c). However, trio-WES revealed other 

de novo variants causing ID without seizures or non-progressive mild 

myoclonus/tremor. Therefore, we propose that the phenotypic spectrum of 

KCNC1 related disorder might be more diverse, and rare de novo variants in 

KCNC1 should be considered in patients with epilepsy, ID as well as 

myoclonus/tremor. Heterozygous de novo variants in SLC12A6 have been 

identified in infantile-onset progressive neuropathy patients; we classified the 

disorder as DI-CMT. Homozygous or compound-heterozygous truncating 

variants are known to cause Andermann syndrome (Hauser et al., 1993, 

Larbrisseau et al., 1984, Rudnik-Schoneborn et al., 2009, Uyanik et al., 2006). 

  

Functional evaluation in Xenopus oocytes displayed LoF for all our new identified 

variants in KCNC1 and SLC12A6, but a clear correlation between the gene 
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variant function and phenotype could not be deduced. Therefore, it should be 

reflected that variant-specific pathomechanism leading to a certain phenotype 

can be far more complex. Clarifying the consequences of pathogenic variants in 

vivo may play an important role for developing a molecular targeted therapy. 

 

Our publications demonstrate that the phenotypic spectrum of all three genes is 

wider than first described. Further identification of patients and functional 

analyses might provide a clear genotype-phenotype correlation and even further 

extend the phenotypic spectrum, but they might also reveal that the clinical 

presentation, disease severity and progression will vary between individuals 

regardless of the specific location or function of a single variant. 
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6 DEUTSCHE ZUSAMMENFASSUNG 

 

Durch diagnostische Exom-Sequenzierung sowie Trio-Exom-Sequenzierung bei 

neurogenetisch erkrankten Patienten identifizierten wir neue de novo Varianten 

in den Genen HIVEP2, KCNC1 und SLC12A6. Wir berichten hier nicht nur von 

neuen Varianten, sondern auch von neuen Phänotypen, die bisher noch nicht mit 

diesen Genen assoziiert worden waren.  

 

Patienten mit trunkierenden de novo Varianten im HIVEP2-Gen zeigten eine 

unspezifische Intelligenzminderung mit verschiedenen neurologischen 

Symptomen. Eine eindeutige Genotyp-Phänotyp-Korrelation bezüglich des 

Schweregrads der Erkrankung konnte nicht festgestellt werden.  

 

Eine zuvor berichtete heterozygote Arg320His Variante im KCNC1-Gen 

verursachte ein MEAK-Syndrom (Progressive Myoklonusepilepsie und Ataxie 

durch Kaliumkanaldefekt), und Patienten mit einer heterozygoten de novo 

Ala421Val Variante zeigten eine globale Entwicklungsverzögerung mit Epilepsie, 

so dass für diese beiden Varianten eine klare Genotyp-Phänotyp-Korrelation 

festgestellt werden konnte. Es wurden noch zwei weitere de novo Varianten im 

KCNC1-Gen gefunden, die jeweils eine Intelligenzminderung ohne Krampfanfälle 

oder einen nicht progressiven leichten Myoklonus/Tremor verursachten. Daher 

gehen wir davon aus, dass das phänotypische Spektrum von KCNC1 noch 

vielfältiger sein könnte. Zudem möchten wir hervorheben, dass seltene de novo 

Varianten bei Patienten mit Epilepsie, Intelligenzminderung oder auch 

Myoklonus/Tremor in Betracht gezogen werden sollten.  

 

Heterozygote de novo Varianten im SLC12A6-Gen wurden bei Patienten mit 

frühbeginnender progredienter Neuropathie identifiziert. Wir klassifizierten die 

Erkrankung als DI-CMT (dominant intermediate Charcot-Marie-Tooth). Bisher 
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wurden homozygote oder compound-heterozygote Nonsense-, Splice- und 

Frameshift Varianten mit dem Andermann-Syndrom assoziiert.  

 

Die funktionelle Auswertung in den Xenopus Oozyten zeigte für alle neu 

identifizierten Varianten in den Genen KCNC1 und SLC12A6, eine Loss-of-

Function (LoF). Ein eindeutiger Zusammenhang zwischen den Funktionen der 

Genvarianten und den verschiedenen Phänotypen konnte jedoch nicht abgeleitet 

werden. Der genaue Pathomechanismus, der zu einem bestimmten Phänotyp 

führt, ist wahrscheinlich komplexer und wird vermutlich durch andere bisher 

unbekannte Faktoren verursacht, so dass weitere funktionelle Studien zur 

Entwicklung einer zielgerichteten Therapie eine wichtige Rolle spielen werden. 

  

Unsere Studien unterstreichen, dass das phänotypische Spektrum von 

Mutationen in den drei Genen breiter ist als zuvor beschrieben. Eine ausführliche 

Phänotypisierung durch längere Beobachtung sowie weitere Rekrutierung von 

Patienten könnten das phänotypische Spektrum sogar noch mehr erweitern und 

vielleicht in der Zukunft einen klaren Zusammenhang zwischen den 

verschiedenen Varianten und Phänotypen liefern. Es ist jedoch auch möglich, 

dass der klinische Verlauf unabhänging von der spezifischen Position oder 

Funktion einer einzelnen Variante immer etwas unterscheiden wird.  
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