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2 Presentation of the paper 

2.1 Context of the study 

2.1.1 Major new findings  

Ion channels are crucial to maintain normal physiological functions of the body at the 

cellular and molecular level. Potassium channels play a very important role in 

regulating cell resting membrane potential and membrane repolarization, and they can 

be subdivided into various subtypes. Among these subtypes, voltage-gated potassium 

(Kv) channels are widely distributed in nerve and muscle tissues. In particular, rapidly 

inactivating (A-type) voltage-gated potassium (Kv4) channels mediate the 

subthreshold activating somatodendritic A-type current (ISA) and the transient outward 

current (Ito), controlling the excitability of neurons and cardiac myocytes, respectively 

(Jerng et al. 2004, Patel and Campbell 2005). The human voltage-gated potassium 

channel gene subfamily D (KCND) has three members (KCND1, KCND2 and KCND3), 

which encode three types of channel proteins, respectively (Kv4.1, Kv4.2 and Kv4.3). 

The molecular structure of Kv4 channel is basically clear: each protein (-subunit) 

circuitously crosses the cell membrane 6 times generating 6 transmembrane segments, 

named S1-S6, with a P-loop sandwiched between S5 and S6, and every Kv4 channel 

complex has four -subunits. This structure shares a high degree of conservation.  

If Kv4 potassium channels are expressed in heterologous systems, the kinetic 

characteristics of activation and inactivation of the current are significantly different 

from those of native A-type current, suggesting that normally there are regulators or 

factors in the cytoplasm that play a regulatory role in the process of activation and 

inactivation of Kv4 channels (Maffie and Rudy 2008). In fact, potassium channel 

interacting proteins 1–4 (KChIP1-4) with four 'EF-hand' like calcium binding motifs, 

were found to specifically bind to Kv4 potassium channels (An et al. 2000, Morohashi 

et al. 2002). KChIPs can increase the surface channel density, slow macroscopic 

inactivation, shift the voltage-dependent inactivation to the right and accelerate 

recovery from inactivation (An et al. 2000). In addition to KChIPs, dipeptidyl 

aminopeptidase-like proteins (DPPs) are also another kind of auxiliary subunit for Kv 

potassium channels, which are also important for channel gating dynamic 

characteristics and functional regulation. As reported, DPP6 modulates A-type currents 

by a variety of mechanisms: increase the cell membrane expression of Kv4.2 channel, 
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shift the voltage-dependent activation and inactivation to the left, and accelerate both 

macroscopic inactivation and recovery from inactivation (Nadal et al. 2003).  

Recent data has found that the Kv4.2 channel is particularly important in the Kv4 family, 

and has a high density in the dendrites of pyramidal neurons (Hoffman et al. 1997), 

indicating the association between Kv4.2 channel function and neuronal networks. 

Genetic mutations, which can change channel functions and which are associated with 

disease pathogenesis, make people know more and more about the physiological 

importance of ion channel proteins. In the present paper a group of young individuals 

with global developmental delay (GDD) are shown to carry missense variants of 

KCND2, leading to single amino acid substitutions in Kv4.2.  

Each of the individuals reported in the present paper carries one of the four mutations 

in Kv4.2: E323K, P403A, V404L, V404M. These amino acid substitutions are located 

in positions known to be critical for channel gating. To verify the hypothesis that the 

mutations critically affect Kv4.2 channel gating, particularly inactivation, the mutants 

were expressed in the Xenopus oocyte heterologous system and currents were 

measured under two electrode voltage clamp (TEVC).  

There is one peculiar mutation (P403A) among the four KCND2 variants, which is 

located in the second proline of the PVP motif that is likely to bend the helical S6 to 

allow gate opening and closing. The present paper confirms this notion, and it 

additionally shows that the PVP motif also plays a role in Kv4 channel inactivation, 

which corroborates the involvement of S6 motion in Kv4.2 channel inactivation. 

Intriguingly, substituting the valine residue directly following the PVP motif (V404L and 

V404M) left activation kinetics more or less unaffected, but still critically influenced 

Kv4.2 channel inactivation. As to the S4-S5 linker, E323K also showed impaired 

channel function, but the function could be rescued almost completely by KChIP2 and 

DPP6. 

The present paper supports the notion that the S4-S5 linker and the distal S6 segment 

play a particularly important role in Kv4.2 gating (Barghaan and Bähring 2009), and 

are instrumental in the installment of closed state inactivation (CSI). Although there is 

common agreement in the literature that Kv4 channels preferentially adopt CSI 

(Bähring and Covarrubias 2011), the molecular mechanism is still unclear. From a 

previous finding (left-shifted steady state inactivation curve for V404M; Lin et al. 2018), 

it had been concluded that a loss of contact between S4-S5 linker and S6 segment, 
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i.e., the previously proposed “uncoupling” (Barghaan and Bähring 2009), could not 

underlie CSI in Kv4.2 channels, because the side chain volume of methionine is larger 

than the one of valine. However, the present results and previously published ones 

suggest that side chain volume is not the major factor which determines CSI. In the 

present paper, although leucine (165 Å3) has the same side chain volume as 

methionine (168 Å3), the voltage dependence of inactivation has almost no shift in 

V404L mutant. Also, a previously studied V404A mutant (Barghaan and Bähring 2009), 

in which side chain volume was reduced from 139 to 90 Å3, also displayed a negative 

shift in the voltage dependence of inactivation, which was even more obvious than 

observed for V404M in the present paper. In addition, there is another difference 

between the present paper and recent work (Lin et al. 2018). For E323K, the side chain 

was substituted to a positive charge which accelerated the recovery from inactivation, 

whereas the kinetics did not differ significantly between wild-type (WT) and E323D (Lin 

et al. 2018), suggesting that side chain charge at this position may be another 

influential factor of Kv4.2 channel gating. In a word, the present paper adds more 

complexity to the view published in the previous studies (Lee et al. 2014, Lin et al. 

2018). More work is necessary to resolve the structural determinants of Kv4.2 channel 

CSI (see below § 2.1.3). 

In order to judge the likely pathogenicity of the heterozygous KCND2 mutations in the 

patient cohort, all the four Kv4.2 mutants were tested in a heteromeric ternary 

configuration (WT + mutant in the presence of both types of auxiliary subunits), which 

is referred to as the “native setting”. Many other potassium channel variants have been 

characterized previously, but in the present paper, it is the first time to test rigorously 

in a native setting. This may put some mutant effects into perspective because the 

mutant effects may be relativized or may even disappear due to the KChIP and/or DPP 

effects on channel expression and gating. A short description for all the mutants in the 

present paper is that they showed loss of function (LOF) and/or gain of function (GOF). 

WT+E323K ternary only had the LOF on the current size, while WT+P403A ternary 

had partial LOF and mixed with GOF. WT+V404M ternary only had GOF and 

WT+V404L had both.  

Most of the known diseases related to Kv channel mutants including epilepsy (Allen et 

al. 2020) exhibit LOF which is much easier to reconcile with neuronal hyperexcitability, 

but several recent studies identified GOF variants associated with human epilepsy or 



58 

 

neurodevelopmental disorders, raising the possibility that enhanced K+ channel activity 

may also lead to hyperexcitability. Several explanations for the pathogenic GOF 

mechanisms are possible: (1) Kv channel GOF and reduced intrinsic excitability in 

inhibitory interneurons may lead to hyperexcitability in postsynaptic neurons 

(disinhibition); (2) Kv channel GOF and a resultant strong (after-) hyperpolarization 

following an action potential may remove sodium channel inactivation particularly well 

and, thus, lead to facilitated action potential firing; (3) Kv channel GOF leading to 

reduced activity of a neuron may increase the number of synapses and/or the number 

of postsynaptic glutamate receptors (homeostatic plasticity; Niday and Tzingounis 

2018). In principle, the present paper agrees with the explanation given in a previous 

study (Lee et al. 2014) that disinhibition is responsible for epilepsy found in a V404M 

patient. The data of the present paper identify substitutions of V404 (both V404M and 

V404L) as a possible hot spot for epileptic seizure susceptibility. 

GDD, as diagnosed for all the individuals in the present paper, is a disease 

characterized by obvious functional mental impairment and the deficiency of 

adaptability in social interaction, movement, cognition, language and other aspects. 

GDD applies to children younger than 5 years, who lag behind in two or more aspects 

of developmental functions significantly compared with children of the same age 

(Shevell et al. 2003). The etiologies of GDD are very complex, and the specific 

mechanism is still unclear. The results of the present paper strongly suggest that Kv4.2 

channel GOF may be critically involved (see also Hamilton and Suri 2020).  

Many studies have reported that KCND variants are associated with clinical 

phenotypes. For instance, GOF mutations in KCND3 (Kv4.3) have previously been 

described in Brugada Syndrome (Giudicessi et al. 2011), and KCND3-pathogenic 

variants causing spinocerebellar ataxia type 19/22 introduce LOF (Smets et al. 2015). 

As for KCND2 variants, one example is S447R, which was identified via analysis of 

whole-exome sequencing on 9 Jewish-Persian family members who suffered early-

onset paroxysmal atrial fibrillation, exerted a GOF effect on Kv4.3 (Drabkin et al. 2018). 

Generally, all the previously published KCND variants seem to be that GOF causes 

cardiac phenotypes, whereas LOF causes neuronal phenotypes. But this trend is 

broken by the results of a recent publication (Lee et al. 2014) and the present paper, 

which both show that KCND GOF can also be related to neuronal phenotypes. The 

present paper raises a new finding that Kv4 dysfunction is not only related to epilepsy 
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and autism, but also to GDD, physical dysmorphology (see also Hamilton and Suri 

2020) and developmental disorder in other aspects. However, there's a little bit of 

complexity about association between mutations and phenotypes. Although in case 4, 

5 and 6 they have the same affected amino acid (V404), only case 4 suffers an autism. 

Coincidentally, only case 4 is male while case 5 and 6 are female. This also appeared 

on the previously reported autistic identical twin boys harboring the V404M variant (Lee 

et al. 2014). Taken together, it can therefore be assumed that gender is one of the 

factors that influences the genetic pre-disposition for autism. On the other hand, all the 

cases in the present paper exhibit a delayed motor and speech development together 

with a cognition problem, which can be seen as the key features associated with 

KCND2 variants. Presumably, the exact clinical phenotypes a patient exhibits depends 

on the mutation in the protein (associated with either LOF or GOF or both), gender, 

early treatment, and probably other still unknown factors. 

2.1.2 Limitations of the study 

In the present paper, Xenopus oocytes are used as a heterologous expression system 

to study mutant effects on Kv4.2 channel function. Although oocytes have their own 

benefits, such as large in size, large in number and easy to manipulate and inject, there 

are still flaws that cannot be ignored. For instance, the endogenous ion channels in 

Xenopus oocytes may cause a contamination of the expressed channel current, 

especially for those mutants with tiny currents. Also, protein expression in Xenopus 

oocytes occurred at 16°C instead of 37°C (cell culture), which may have influenced the 

way channel proteins fold and assemble. Thus, the experimental results could have 

been reproduced in other heterologous expression systems, such as mammalian cell 

cultures (combined with whole cell patch clamp). 

The reason for the reduced current amplitudes generated by P403A and E323K, even 

in the heteromeric ternary configuration, is still unclear. A possible explanation is that 

impaired channel trafficking and surface expression may contribute to the low current 

size. However, when using epitope-tagged Kv4.2 channels (external HA, C-terminal 

EGFP) combined with immunocytochemical methods to check the membrane 

expression of WT and these two mutants, no significant differences were found 

(experiments done by Claudia Schob, data not shown). 

The present paper relies on the stoichiometry of channel subunits as defined by the 

amount of RNA injected. However, subunit assembly was not controlled, and 
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heteromer formation was not directly and convincingly shown, except for P403A, where 

the theoretical sum of WT and mutant currents clearly deviated from the measured 

currents. Notably also, in co-expression experiments biphasic curves were often 

obtained, raising the question whether the data were actually produced by one single 

channel population. Most strikingly, P403A exhibited a biphasic fitting curve of steady 

state inactivation reminiscent of two separate channel populations, which differ in their 

voltage dependences of inactivation. This issue was addressed by expressing P403A 

with KChIP2 at a 1:9 RNA ratio and measuring on the second day after injection to 

make sure all the KChIP2 RNA were expressed well, and all the channels were equally 

well complexed with KChIP2. Notably, the same biphasic fitting curve was obtained 

(data not shown), suggesting that this is an intrinsic feature of the P403A mutant 

channels in the presence of KChIP2. Due to the scope of the journal chosen for 

publication (Human Molecular Genetics), it seemed inappropriate to study this peculiar 

feature in more detail in the present paper. 

The “native setting” in the present paper (Kv4.2 WT + mutant + KChIP2b + DPP6s) is 

arbitrary, and the real heteromers in the brain may be formed also with other Kv4 

subtypes, other KChIPs and/or other DPPs. To test this issue, a brief check for the two 

particular channel mutants E323K and P403A has been done in the presence of 

different KChIPs (not mentioned in the present paper). It was found that, no matter 

which of the four KChIP subtypes was involved in ternary complex formation, WT + 

E323K heteromers almost completely resembled WT, whereas WT + P403A 

heteromers exhibited LOF with respect to the voltage dependence and kinetics of 

activation and the kinetics of recovery from inactivation, and GOF with respect to the 

voltage dependence and kinetics of inactivation and the kinetics of channel closure. 

Thus, the data obtained with different KChIPs resembled the ones published in the 

present paper. 

The data generated in the present paper could have been used for a combined 

modeling approach, implementing Markov state models of Kv4.2 channel gating into 

more integrative models able to simulate cellular discharge behavior, based on the 

combination of gating models for all relevant channels. However, due to the lack of the 

necessary expertise, such global modeling was not performed in the present paper, 

and the Discussion had to remain hypothetical and speculative in many aspects.  
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Last but not least, it was not possible to develop an appropriate scoring system to 

correlate clinical phenotypes with a specific form of Kv4.2 channel dysfunction. Such 

a scoring system would allow for an accurate correlation between the genetic variants 

and clinical phenotypes. 

2.1.3 Scientific and clinical outlook 

Despite the limitations mentioned above, the results of the present paper will advance 

research in Kv4.2 channel biophysics and eventually bring benefits to patients with 

KCND2 variants. A lot of experimental things still should be done in the future based 

on the present paper. 

Much remains to be learnt regarding the molecular mechanisms that cause Kv4.2 

channel dysfunction. One major push is to study clearly about the precise mechanisms 

of the CSI or channel gating process. The recent technique, patch clamp fluorometry, 

will be a good way to make it. This technique can combine the current with structure 

movement via showing with fluorescence. One can label the S4-S5 linker and S6 

segment and once the physical interaction uncoupled, the fluorescence will change. 

Certainly, the interaction between the Kv4.2 mutants and auxiliary subunits also should 

be studied in more detail by using the same technique. In addition, cryogenic electron 

microscopy is an advanced technique to most directly study channel structure in a 

native environment. Also, more experiments should be done in order to verify the role 

of side chain volume on the interaction between S4-S5 linker and S6 segment. Based 

on the previously reported V404A and V404M, together with the V404 mutants in the 

present paper, more other substitutions should be tested in the future at this site to 

analyze systematic structure-function association. And also, P403A should be studied 

in more detail about the biphasic Boltzmann-curves. 

Pharmacological treatment of epilepsy is based on two aspects: one is the inhibition of 

excitatory ligand and voltage-dependent ion channels and the inhibition of excitatory 

neurotransmitter release, the other is potentiation of GABAergic effects. The present 

paper may now open a novel opportunity for pharmacological interventions in 

developmental epileptic encephalopathy by targeting Kv4.2 channel in an appropriate 

manner, such as the inhibition of GOF. More pharmacological compounds, i.e., the 

tarantula toxins and the scorpion toxins, should be explored in more details to address 

their effectivity in neuronal and their tolerability in cardiac tissue, which could bring 

benefits to affected individuals. 
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Expressing all the mutants in cultured hippocampal neurons or expressing KCND2 

variants in transgenic mice would be a great method to study the mutants’ dysfunctions 

in a real native setting. Animal models provide the opportunity to reproduce the growth 

process in vivo, and enable people to see the functional changes more intuitively 

through electrophysiological techniques, so as to explore the pathogenesis of nervous 

system diseases and drug research from the cellular and molecular levels. Since 

mouse genes are conserved with human, phenotypes of transgenic mice are also 

highly similar to those of human diseases, thus the relationship between mutated 

genes and diseases can be clearly studied. 

From a clinical perspective, an advance in stem cell technology offers a way forward. 

Then the mutations can also be studied in a real native setting. Stem cell technology 

can provide a mean for assessing the pathophysiological mechanisms of individual 

Kv4.2 mutations (Zaydman et al. 2012).  
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3 Summary 

Four KCND2 missense variants, identified in six unrelated individuals with early onset 

GDD, were functionally characterized. For this purpose, the respective Kv4.2 mutants 

with single amino acid substitutions, all at functionally relevant sites (E323K, P403A, 

V404L and V404M), were expressed in a heterologous system, and the currents were 

measured under two electrode voltage clamp. The mutant channels showed 

characteristic gating modifications both in the absence and presence of the auxiliary 

-subunits KChIP2 and DPP6, and auxiliary -subunit co-expression augmented the 

functional expression of both WT and mutant channels. In the heteromeric ternary 

configuration (co-expression of WT + mutant and simultaneous co-expression of both 

KChIP and DPP), which is referred to as the “native setting”, E323K displayed mild 

LOF, P403A and V404L a mixture of partial LOF and GOF features, and V404M only 

GOF features. The results of the present paper corroborate the functional importance 

of the S4-S5 linker and the distal S6 segment in Kv4.2 channel inactivation, they 

indicate a critical involvement of Kv4.2 channel dysfunction in the etiology of GDD, and 

they identify substitutions of V404 as likely determinants of epileptic seizure 

susceptibility. Thus, the present paper will support the development of early 

mechanism-based precision medicine to benefit young individuals and minimize 

developmental disturbances. 
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4 Zusammenfassung 

Es wurden vier KCND2-Missense-Varianten von insgesamt sechs nicht verwandten 

Individuen mit globaler Entwicklungsverzögerung funktionell charkterisiert. Zu diesem 

Zweck wurden die entsprechenden Kv4.2-Mutanten mit einzelnen Aminosäure-

Substitutionen, alle an funktionell relevanten Stellen (E323K, P403A, V404L und 

V404M), in einem heterologen System exprimiert, und die Ströme wurden mittels Zwei-

Elektroden-Voltage-Clamp gemessen. Die mutierten Kanäle zeigten sowohl in der 

Abwesenheit als auch in der Anwesenheit der akzessorischen -Untereinheiten 

KChIP2 und DPP6 charakteristische Veränderungen im Gating, und die Coexpression 

akzessorischer -Untereinheiten erhöhte die funktionelle Expression sowohl von 

Wildtyp- als auch von mutierten Kanälen. In der heteromeren ternären Konfiguration 

(Coexpression von WT + Mutante und gleichzeitige Coexpression von sowohl KChIP2 

als auch DPP6), hier als „native Situation“ bezeichnet, zeigte E323K einen milden LOF, 

P403A und V404L eine Mischung aus partiellen LOF- und GOF-Eigenschaften, und 

V404M ausschließlich GOF-Eigenschaften. Die Ergebnisse der vorliegenden Arbeit 

untermauern die funktionelle Bedeutung des S4-S5-Linkers und des distalen S6-

Segments für die Kv4.2-Kanalinaktivierung, sie deuten auf eine entscheidende 

Beteiligung einer Kv4.2-Kanaldysfunktion bei der Ätiologie globaler 

Entwicklungsverzögerungen hin, und sie identifizieren Austausche von V404 als 

wahrscheinliche Determinanten für eine erhöhte Wahrscheinlichkeit epileptischer 

Anfälle. Somit wird die vorliegende Arbeit die Entwicklung einer frühzeitigen 

mechanismus-basierten Präzisionsmedizin unterstützen, zum Nutzen junger 

Individuen, und um Entwicklungsstörungen zu minimieren.  
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