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RELAZIONE:  

 
 
Background.  

Kv7.2 and Kv7.3 (KCNQ2, KCNQ3) channels underlie the M-current (IKM), a potassium-selective neuronal 

current playing a crucial role in the control of neuronal excitability. Structurally, Kv7.2 and Kv7.3 subunits 

are characterized by the presence of six transmembrane segments and a long C-terminal region containing 

domains required for homo- or heteromeric subunit assembly and for a complex network of mutually 

interacting molecules, such as calmodulin, syntaxyn, and others (Soldovieri et al., 2011). Mutations in 

KCNQ2 or KCNQ3 genes are responsible for genetically-determined epileptogenic diseases, showing a wide 

phenotypic heterogeneity, ranging from Benign Familial Neonatal Seizures (BFNS) (Plouin et al., 1994) to 

Early-Onset Epileptic Encephalopathy (EOEE), a severe condition characterized by pharmacoresistant 

seizures, abnormal EEG and various degrees of developmental delay (Weckhuysen et al., 2012). The 

molecular basis for such phenotypic heterogeneity is unknown, but the mutation-induced functional 

changes in the ionic currents seem to play a major role.  
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Aims of the study.  

In the present Project, we have proposed: 

1. to characterize the biochemical and functional consequences prompted by previously-described 
(S195P, A265T, R325G and R581G; Weckhuysen et al., 2013) or unpublished (S187F and G256R) 
Kv7.2 mutations found in EOEE-affected patients, affecting different domains (voltage sensor, pore 
domain or C-terminus) of Kv7.2 subunits (Fig. 1): 
 

 

 
 

 
Figure 1. Topological representation of a Kv7.2 subunit and localization of mutations herein investigated. Gray 

boxes indicate the 6 transmembrane segments of a Kv7.2 subunit; among them, S1 to S4 encompass the voltage sensor 

domain (VSD), whereas the S5 and S6 segments and the intervening linker form the pore domain. Boxes labeled with A, 

B, C, and D indicates four putative -helical regions in the C-terminus encompassing the binding site of many 

regulatory molecules (mainly A, B, and C helices) and domains required for homo- or heteromeric subunit assembly (C 

and D helices). Colored circles indicate the different mutations studied in the present project and their localization on 

the Kv7.2 protein.   
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2. to investigate the ability of Kv7 modulators to counteract mutation-induced alterations, as most of 
EOEE-affected patients carrying these mutations are resistant or poorly responsive to diverse 
widely used antiepileptic drugs (Table 1): 

 

 

Nucleotide 
change 

c.560 
C>T 

c.583  
TC 

c.766 
GA 

c.793  
GA 

c.973  
AG 

c.1741 CA 
(isoform c:  

c.1657 CA) 

Protein 
change 

p.S187F p.S195P p.G256R p. A265T p. R325G 
p. R581G 

(isoform c: p. 
R553G) 

Localization 
in Kv7.2 

Loop  
S3-S4 

S4 Pore Pore C-terminus C-terminus 

Seizures 
onset 

- 5 months - 2nd day of life 
1st or 2nd day  

of life  
(2 patients) 

1st day of life 

Seizures 
type at 
onset 

- 
Extension 

spasms 
- 

Tonic 
generalized 

seizures  
Tonic seizures 

Tonic seizures 
with cyanosis 

AEDs 
response 

- 
Zonisamide 

(seizure free) 
- 

No response 
to PB, ACTH, 

VGB, CLB 

1st patient:   
some response to 
PHT, LEV, CBZ, or 
TPM; no response 

to VGB or KD. 
2nd patient:  

response to VPA, 
temporary 

response to PB, 
no response to 

LEV or TPM   

Little 
improvement 
with PB; clear 
improvement 
adding B6 and 

FA to PB.  
No response to 
STM, LEV, PHT  

Cognition - Profound ID - Profound ID Profound ID Severe ID, ASD 

Neurological 
examination 

- 

Severe axial 
hypotonia; 

unable to sit 
unassisted; 

head control 
at 2 years; 

microcephaly, 
swallowing 
difficulties 

- 

Wheelchaired 
from 

childhood, 
axial 

hypotonia, 
pyramidal 

tetraparesis, 
poor speech, 
nystagmus  

Axial hypotonia, 
limb spasticity 
absent speech 

(only 1st patient) 

Axial hypotonia, 
excessive 
sweating, 

stridor, 
strabism, 

macrocephaly 

Reference - 
Weckhuysen 
et al., 2013 

- 
Weckhuysen 
et al., 2013 

Weckhuysen et 
al., 2013 

Weckhuysen et 
al., 2013 

 

Table 1. Genetic and main clinical features of EOEE-affected patients carrying mutations in Kv7.2. 

Abbreviations: ASD: autism spectrum disorder; CBZ: carbamazepine; CLB: clobazam; FA: folinic acid; ID: 

intellectual disability; KD: ketogenic diet; LEV: levetiracetam; PB: phenobarbital; PHT: phenytoin; STM: 

sulthiame; TPM: topiramate; VGB: vigabatrine; VPA: valproico acid. 
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Materials and Methods.  

Newly-identified (by collaborations with pediatric neurologists at the “Gaslini” hospital, Genoa) or 

previously-identified (Weckhuysen et al., 2013) KCNQ2 mutations in EOEE-affected patients have been 

engineered in a plasmid for mammalian expression containing the cDNA encoding for the human Kv7.2 

(isoform c) by site-directed mutagenesis. The successful incorporation of mutations was checked by direct 

sequencing. Wild-type and mutant plasmids were used for heterologous expression in Chinese Hamster 

Ovary (CHO) cells by transient transfection using Lipofectamine 2000. These cells were used for both 

biochemical and functional assays: in particular, western-blot experiments were performed on CHO cells 

transiently expressing wild-type or mutant Kv7.2 subunits, to evaluate possible alterations in Kv7.2 protein 

levels prompted by specific mutations on total or plasma membrane fractions; in parallel, 

electrophysiological recordings of mascroscopic currents were performed on transiently-transfected CHO 

cells by the whole-cell configuration of the patch-clamp technique to evaluate possible mutation-induced 

alterations on Kv7.2 currents. These experiments were performed both in the absence and presence of 

specific Kv7.2 activators (Retigabine, RTG; Barrese et al., 2010) or inhibitors (ML252; Cheung et al., 2012). 

Finally, the TEA-insensitive Y284C mutation (TEA: tetraethylammonium; Hadley et al., 2000) was used to 

investigate mutant subunit incorporation in heteromeric channels with wild-type Kv7.2 subunits.  
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RESULTS  

1. Functional characterization of homomeric channels carrying EOEE-associated variants by whole-cell 

recordings 

Electrophysiological recordings performed on transiently-transfected CHO cells revealed that Kv7.2 

channels express outward K+ currents, activated at ~-40 mV, saturating at ~0 mV, and showing slow 

activating/deactivating kinetics and no inactivation. No current was measured in non transfected CHO cells. 

Notably, cells expressing Kv7.2 subunits carrying mutations in the pore domain (Kv7.2-G256R or Kv7.2-

A265T) or in the initial part of the C-terminus (Kv7.2-R325G) were non functional, whereas small currents 

were measured in cells expressing Kv7.2 subunits carrying a mutation in the subunit interaction domain 

(Kv7.2-R553G) (Fig. 2).  

 

 

 

Figure 2. Macroscopic currents measured in cells expressing homomeric wild-type or mutant Kv7.2 channels.  

Representative current traces recorded in CHO cells untransfected (NT) or transiently expressing wild-type or mutant 

Kv7.2 subunits, as indicated. The inset indicates the voltage protocol used for all recordings. 
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By contrast, channels carrying a mutation in the voltage sensor (Kv7.2-S187F) appeared functional and 

showed a rightward shift in their voltage-dependence of activation: 

 

 

 

Figure 3. Macroscopic currents measured in cells expressing homomeric wild-type or Kv7.2-S187F channels.  (A, B) 

Representative current traces recorded in CHO cells expressing wild-type (A) or Kv7.2-S187F (B) channels, as indicated. 

The inset indicates the voltage protocol used for all recordings; the blue arrows indicate the voltage threshold for 

current activation. (C) i/V relationships for currents expressed by wild-type (black symbols) or Kv7.2-S187F (white 

symbols) channels, as indicated. (D) Quantification of the maximal current density measured at 0 mV for wild-type or 

Kv7.2-S187F channels, as indicated.  
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2. Biochemical evaluation of potential changes in total and plasma membrane expression levels of 

mutant subunits  

To investigate whether the absence of currents observed in cells expressing Kv7.2-G256R, Kv7.2-A265T or 

Kv7.2-R325G subunits was the consequence of an alteration in the steady-state protein levels, western-blot 

experiments were performed on total lysates of CHO cells transiently expressing mutant Kv7.2 subunits 

carrying each of these mutations. The results obtained suggested that mutant subunits were expressed at a 

similar level when compared to wild-type Kv7.2 channels: in fact, the ratio between the optical density of 

the band detected by anti-Kv7.2 antibodies and that detected by anti-tubulin antibodies in the same lane 

was not significantly different among wild-type and mutant channels (Fig. 3, left panel).  

We therefore tested whether mutant channels, although expressed at a similar level than wild-type 

subunits, were correctly trafficked at the plasma membrane. To this aim, we performed additional western 

blot experiments on plasma membrane-enriched fractions from CHO cells transiently expressing wild-type 

or mutant Kv7.2 subunits. As shown in Fig. 3 (right panel), mutant subunits appear to be expressed at the 

plasma membrane at a similar level when compared to wild-type channels: in fact, when the optical density 

of the bands corresponding to Kv7.2 subunits detected in the plasma membrane fractions was normalized 

to that measured for Kv7.2 or tubulin in the corresponding total lysates, no significant difference was 

measured between wild-type or mutant subunits.  

 

 

Figure 4. Biochemical evaluation of wild-type or mutant Kv7.2 subunits. Representative images of Western blot 

experiments performed on total lysates (left panel) or plasma membrane fractions (right panel) obtained from CHO 

cells untransfected (NT) or expressing wild-type or mutant Kv7.2 subunits, as indicated. In each panel, the bands 

detected by anti-Kv7.2 (Kv7.2) or anti-tubulin (Tub) antibodies are shown. The arrows and the numbers on the left of 

each panel indicate the molecular mass of protein marker. 

 

Altogether, these results suggest that G256R, A265T or R325G mutations failed to interfere with Kv7.2 

subunit expression or plasma membrane trafficking, and that therefore other mechanisms should be taken 

into account to explain the absence of function observed for Kv7.2 subunits carrying each of these 

mutations. 
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3. Functional characterization of heteromeric Kv7.2/3 channels carrying EOEE-associated variants by 

whole-cell recordings 

To reproduce the genetic balance of EOEE-affected patients, carrying the mutations on a single Kv7.2 allele, 

and considering that most of M-current is underlined by the heteromeric assembly of Kv7.2 and Kv7.3 

subunits, we performed additional patch-clamp recordings on CHO cells co-expressing Kv7.2 subunits 

carrying each of the mutation herein investigated together with wild-type Kv7.2/3 subunits. In particular, 

we co-transfected Kv7.2+Kv7.3 at a 1:1 transfection ratio, to reproduce the genetic balance of control 

individuals, whereas Kv7.2+mutant Kv7.2+Kv7.3 were co-transfected at a 0.5:0.5:1 ratio to reproduce the 

genetic balance of EOEE-affected patients. Additionally, we co-expressed only wild-type subunits present in 

a patient (namely Kv7.2+Kv7.3, 0.5:1), to evaluate possible dominant-negative effects prompted by mutant 

subunits on wild-type current levels.  

The results obtained suggest that, when only one half of Kv7.2 subunits was co-expressed with Kv7.3 

subunits, maximal current densities were significantly reduced when compared to that measured in cells 

expressing Kv7.2+Kv7.3 (1:1), suggesting that these experimental conditions allow to correlate the quantity 

of cDNA used for transfections with current levels. When mutant subunits were co-expressed with wild-

type Kv7.2/3 subunits, maximal current densities resulted intermediate between those measured in both 

control groups (in the case of Kv7.2-S187F subunits) or identical to that measured in the Kv7.2+Kv7.3 0.5:1 

control group (in the case of Kv7.2-G256R, Kv7.2-A265T or Kv7.2-R553G subunits), suggesting 

haploinsufficiency as the pathogenetic mechanism for all these mutations. Noteworthy, current levels 

measured in cells co-expressing wild-type Kv7.2/3 with Kv7.2-R325G mutant subunits were also lower than 

that measured in Kv7.2+Kv7.3 0.5:1 control group, suggesting that these mutant subunits also prompted 

dominant-negative effects on wild-type current levels.  

 

 

Figure 5. Functional characterization of mutant subunits expressed in heteromeric channels with wild-type Kv7.2/3 

subunits. Quantification of maximal current densities measured at 0 mV in CHO cells expressing (at the transfection 

ratios noted in parenthesis) wild-type or mutant subunits, as indicated. *=p<0.05 versus the black bar; **= p<0.05 

versus the gray bar. The cartoon depicts a plausible heteromeric channel configuration obtained in cells co-expressing 

Kv7.2/3 subunits. The blue arrow indicates the only case in which dominant-negative effects of mutant subunits on 

wild-type current levels were measured. 
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4. Dominant-negative effects required mutant subunits incorporation into functional channels  

To better investigate dominant-negative effects prompted by Kv7.2-R325G mutant subunits, we performed 

additional experiments to verify whether these mutant subunits are actually incorporated in heteromeric 

channels with wild-type Kv7.2 subunits.  

To this aim, we took advantage by the evidence that the Y284C pore mutation dramatically reduces the 

sensitivity of Kv7.2 channels to tetraethylammonium (TEA): in fact, although currents expressed by wild-

type Kv7.2 subunits are almost completely blocked by 3 mM TEA (Fig. 6), Kv7.2-Y284C subunits are almost 

insensitive to this TEA concentration (Fig. 6), being partially blocked only at higher doses (Castaldo et al., 

2002). Furthermore, currents expressed by cells co-expressing wild-type and Kv7.2-Y284C subunits show an 

intermediate TEA sensitivity (Fig. 6), indicating that both kinds of subunits are simultaneously present in 

heteromeric channels. We therefore introduced some of the mutations herein investigated (G256R, A265T, 

R325G, or R553G) in the Kv7.2-Y284C template, in order to render insensitive to TEA these mutant Kv7.2 

subunits; then, double mutant Kv7.2 subunits were co-expressed with wild-type Kv7.2 subunits to test their 

ability to form heteromeric channels: currents recorded in cells co-expressing wild-type Kv7.2 with Kv7.2-

Y284C/G256R, Kv7.2-Y284C/A265T or Kv7.2-Y284C/R553G subunits failed to show alterations in TEA-

sensitivity when compared to wild-type Kv7.2 currents, suggesting that double mutant channels are not 

incorporated in heteromeric channels with Kv7.2 subunits. By contrast, currents recorded in cells co-

expressing wild-type Kv7.2 with Kv7.2-Y284C/R325G subunits showed a TEA-sensitivity not significantly 

different than that measured when wild-type and Kv7.2-Y284C subunits were co-expressed, suggesting that 

these double mutant channels are instead effectively incorporated in heteromeric channels with Kv7.2 

subunits. These results reinforce the evidence that only Kv7.2-R325G, but not Kv7.2-G256R, Kv7.2-A265T or 

Kv7.2-R553G subunits, exerted dominant-negative effects on wild-type Kv7.2 subunits (see Fig. 5).  

  

Figure 6. Study of the incorporation of mutant Kv7.2 subunits in heteromeric channels with wild-type Kv7.2 

subunits. Quantification of TEA sensitivity of currents expressed by wild-type and/or mutant channels, as indicated. 

The asterisk indicates values significantly different versus the control (first coloumn).   

* 
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5. Pharmacological rescue of loss-of-function mutant channels by a Kv7 opener  

All mutant Kv7.2 subunits above described appear to induce, with different mechanisms, loss-of-function 

effects on Kv7.2 subunits: we therefore tested the ability of a known Kv7 opener (retigabine, 10 M) to 

restore these functional alterations. As quantified in Figure 7, the exposure to this drug was able to restore 

at wild-type levels the currents measured in cells co-expressing wild-type Kv7.2/3 subunits with mutant 

Kv7.2 subunits carrying each mutation herein investigated.  

 

 

Figure 7. Study of the effects of the Kv7 activator retigabine on currents recorded in cells expressing 

mutant Kv7.2 subunits. Quantification of the current density measured at 0 mV in cells co-expressing the 

indicated channels in the absence (black bars) or in the presence (white bars) of 10 M retigabine (RTG). 

The asterisk indicates values significantly different versus the control (first black bar). 
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6. Functional and pharmacological properties of a novel gain-of-function mutant channel  

Noteworthy, a further mutation affecting the voltage sensor domain of Kv7.2 channels (Kv7.2-S195P) 

prompted functional consequences completely different when compared to all other mutations herein 

investigated: in fact, these mutant channels showed a significant increase in their maximal current density 

and a leftward shift in their voltage-dependence of activation, both in homomeric and heteromeric 

configuration with Kv7.2/3 subunits, revealing that a gain-of-function mechanism is instead associated to 

this mutation.  

Exposure to the potent and selective Kv7.2 blocker ML252 reduced by about 50% currents carried by 

homomeric Kv7.2 or heteromeric Kv7.2/3 channels incorporating Kv7.2-S195P mutant subunits, rescuing 

wild-type current levels. 

 

 

 

 

Figure 8. Study of the Kv7.2-S195P mutant subunits. (A, B, C) Representative current traces (A), Boltzman fits (B) and 

current density quantification (C) in control solution (black bars) or in the presence of 100 nM ML252 (white bars) for 

wild-type (Kv7.2; black lines) or Kv7.2-S195P (orange lines) channels, as indicated. (D, E, F) Representative current 

traces (D), Boltzman fits (E) and current density quantification (F) in control solution (black bars) or in the presence of 

150 nM ML252 (white bars) for wild-type Kv7.2/3 (Kv7.2+Kv7.3; black lines) or mutant (Kv7.2+S195P+Kv7.3; orange 

lines) subunits, as indicated.   
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Conclusions  
Altogether, the results obtained suggest that EOEE-associated mutations can lead to divergent biophysical 

consequences on Kv7.2 channels, ranging from gain-of-function (only when localized at the voltage sensor) 

to loss-of function (when localized at the pore or at the C-terminus) effects. These mutation specific effects 

suggest the potential for patient-tailored pharmacological treatments.  
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Final considerations 

The results herein described fulfill the aims proposed in the original Project. Most of them have been 

presented at two National Congresses (XVI Congress of the Italian Society for Neuroscience, October 8-11 

2015, Cagliari, abstract P 37/10; XXXVII National Congress of the Italian Society for Pharmacology, October 

27-30 2015, Naples, abstract P1/119), and at the International Congress of the American Epilepsy Society 

(December 4-8 2015, Philadelphia, Pennsylvania, abstract 3.018). 
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