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ABSTRACT – Aim. KCNH1 mutations have been identified in patients with
Zimmermann-Laband syndrome and Temple-Baraitser syndrome, as well
as patients with uncharacterized syndromes with intellectual disability and
overlapping features. These syndromes include dysmorphic facial features,
nail hypo/aplasia, thumb and skeletal anomalies, intellectual disability,
and seizures. We report the epilepsy phenotype in patients with KCNH1
mutations.
Methods. Demographic data, electroclinical features, response to
antiepileptic drugs, and results of significant diagnostic investigations of
nine patients carrying mutations in KCNH1 were obtained from referring
centres.
Results. Epilepsy was present in 7/9 patients. Both generalized and focal
tonic-clonic seizures were observed. Complete seizure control was
achieved with pharmacological treatment in 2/7 patients; polytherapy
was required in 4/7 patients. Status epilepticus occurred in 4/7 patients.
EEG showed a diffusely slow background in 7/7 patients with epilepsy,
with variable epileptiform abnormalities. Cerebral folate deficiency and
an increase in urinary hypoxanthine and uridine were observed in one
patient.
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Conclusions. Epilepsy is a key phenotypic feature in most individuals with
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CNH1 (potassium channel, voltage-gated, subfamily
, member 1; OMIM-603305) encodes a voltage-gated
otassium channel (Kv10.1), with prominent expres-
ion in the brain, where it is involved in the regulation
f neurotransmitter release and synaptic transmission

Mortensen et al., 2015; Haitin et al., 2013). KCNH1
utations have been recently demonstrated to have a

athogenic role in two rare disorders: Zimmermann-
aband syndrome (ZLS- OMIM 135500) and Temple
araitser syndrome (TMBTS- OMIM 611816) (Kortüm
t al., 2015; Simons et al., 2015). These syndromes

nclude dysmorphic facial features, nail hypo/aplasia,
humb and skeletal anomalies, intellectual disability,
nd seizures (Bramswig et al., 2015; Kortüm et al.,
015; Simons et al., 2015). Overlapping clinical pre-
entations have been reported in four cases from a
ohort of individuals with uncharacterized intellectual
isability (Bramswig et al., 2015). Here, we phenotype

he epilepsy features of patients with KCNH1-related
yndromes.

atients and methods

he clinical history, including medical history and
evelopmental course, seizure semiology, clinical
xamination, antiepileptic drugs treatment, EEG moni-
oring, and laboratory and neuroradiological data, was
ollected for nine cases with KCNH1-related disorders.
f the eight published cases, five had ZLS and three

ncharacterized intellectual disability (Rauch et al.,
012; Castori et al., 2013; Campeau et al., 2014; Bramswig
t al., 2015; Kortüm et al., 2015; Nair et al., 2015; Simons
t al., 2015). A new case of a 12-month-old child with
LS was also included.
he genetic mutations were identified through whole-
xome sequencing (Bramswig et al., 2015; Kortüm et
l., 2015). It was not possible to detect any of the
atients’ mutations in their parents by Sanger sequenc-

ng (Bramswig et al., 2015; Kortüm et al., 2015). Parental
osaicism was similarly excluded (Bramswig et al.,

015; Kortüm et al., 2015). Parental written informed
24

onsent was obtained for all subjects.

esults

emographic, electroclinical, and genetic features of
ine patients (six female; aged 12 months to 28 years)
re summarized in table 1.

O

M
v
a
o
p

omes, suggesting a direct role of KCNH1 in epilepto-
underlying mechanism is not understood.

ermann-Laband syndrome, Temple-Baraitser syn-
psy, undefined intellectual disability, KCNH1-related

eizure semiology

pilepsy was present in 7/9 patients. Seizure onset
anged from birth to eight months in 4/7 patients,
hile in Patients 1, 7 and 9, onset was at 10 years,

8 months, and 33 months, respectively. Febrile
eizures were observed in Patient 3 only.
ocal seizures (including clonic and versive seizures)
ccurred in six patients, while generalized seizures

including myoclonic, tonic, clonic, and tonic-clonic)
ere reported in six patients (table 2). Photosensitive

bsence seizures were observed in Patients 3 and 9.
our of seven patients had convulsive status epilepti-
us (table 2).

ther clinical features

ll patients had the previously reported pheno-
ypic hallmarks of KCNH1 disorders (Bramswig et
l., 2015; Kortüm et al., 2015; Simons et al., 2015).
ail hypo/aplasia was observed in all patients, except

atient 3.
eonatal problems, including neonatal asphyxia, res-
iratory distress, jaundice, neonatal seizures, and

eeding difficulties, were observed in 4/9 patients.
ix of nine patients had hypotonia and 3/8 patients
ad movement disorders including tremor, choreo-
thetosis, oculo-motor apraxia, and ataxia.

EG findings

EG studies showed diffuse background slowing in
/9 patients (table 1). Multifocal epileptiform abnor-
alities with prominent fronto-temporal foci were

bserved in 6/7 patients, while occipital foci were
ound in 3/7 patients (table 2). A generalized spike-wave
fter photic stimulation was detected in two patients
table 2). As an example, EEG features of Patient 4 are
hown in figure 1.
Epileptic Disord, Vol. 18, No. 2, June 2016

ther diagnostic investigations

RI showed non-specific abnormalities in 3/9 patients:
entricular asymmetry, cystic enlargement of the sub-
rachnoid spaces of the temporal lobes and dilatation
f cavum vergae, increased extra-axial spaces, and cor-
us callosal hypoplasia (table 1).
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Figure 2. Suggested diagnostic flow chart for suspected KCNH1-related disorders.
A
A
D

34

D: autosomal dominant; AR: autosomal recessive; KCNH1: p
TP6V1B2: ATPase, h+ transporting, lysosomal, 56/58-kd, v1 subun
OORS: deafness, onychodystrophy, osteodystrophy, intellectual dis
Epileptic Disord, Vol. 18, No. 2, June 2016

otassium channel, voltage-gated, subfamily h, member 1;
it b, isoform 2; TBC1D24: TBC1 domain family, member 24;
ability, and seizures syndrome; (*see Campeau et al., 2014).
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pilepsy is a key manifestation in KCNH1 disorders,
eported in 15/16 patients (six with ZLS, six with TMBTS,
nd three uncharacterized with intellectual disability
ith overlapping phenotypic features of ZLS/TMBTS).

wo mothers of patients with TMBTS, mosaic for the
CNH1 mutation, also had seizures but without other
allmarks of TMBTS/ZLS (Bramswig et al., 2015; Kortüm
t al., 2015; Simons et al., 2015). A diagnostic flow chart

s suggested in figure 2.
ll 10 reported KCNH1 mutations (five with ZLS and

our with TMBTS) result in a gain of Kv10.1 channel
unction (Kortüm et al., 2015; Simons et al., 2015). The

echanism by which KCNH1 mutations cause epilepsy
emains to be elucidated; a possible mechanism could
e that gain of Kv10.1 channel function results in

ncreased potassium conductance with subsequent
nhibition of sodium and calcium currents and pertur-
ation of neurotransmitter release (Ufartes et al., 2013;
ortüm et al., 2015; Mortensen et al., 2015). Hippocam-
al hyperexcitability, with an increased predisposition

o seizures and EEG abnormalities, has been reported
n mice after deletion and pharmacological block of
v12.2 (another member of the KCNH family encoded
y KCNH3) (Zhang et al., 2010). This is unlikely to be
elevant to KCNH1 mutations because a loss of func-
ion of the Kv10.1 channel is better tolerated (Kortüm
t al., 2015; Simons et al., 2015).
e did not find a clear relationship between our

atients’ mutations and their epilepsy phenotypes
hich were heterogeneous with regards to seizure

ype, EEG features, and refractoriness. Reported
atients with different KCNH1 mutations had infre-
uent seizures comprising both focal motor seizures
nd generalized tonic-clonic seizures with seizure
ontrol, while, in two cases, seizure outcome was not
escribed (table 2) (Bramswig et al., 2015; Kortüm et
l., 2015; Simons et al., 2015). Our EEG studies showed
ackground slowing in 8/9 patients and in two pub-

ished patients, consistent with their severe intellec-
ual disability (table 2) (Simons et al., 2015). With time,
ocal epileptiform abnormalities with secondary gen-
ralization were seen in the fronto-temporal region in
/16 and the occipital region in 4/16 subjects (table 2).
t is unknown whether the cerebral folate deficiency
nd abnormal levels of urinary hypoxanthine and
ridine of Patient 4 have any diagnostic relevance

or subjects with KCNH1 mutations, as only Patient
pileptic Disord, Vol. 18, No. 2, June 2016

underwent these metabolic investigations. Potas-
ium channel openers prevented the antidepressant
ffects of folic acid in mice that underwent forced
wimming tests (Budni et al., 2012). Similarly, a gain
f function resulting in a persistent open state of
v10.1 due to KCNH1 mutations could induce folate

s
i
n
l
T
g

Epilepsy in KCNH1-related syndromes

epletion and subsequent cortical hyperexcitability
eading to epileptogenesis. Folate depletion could also
esult from secondary inhibition of sodium currents
ith mechanisms comparable to the action of a sodium
locker, such as phenytoin (Kortüm et al., 2015). A

hird hypothesis could be based on the role of 5-
ethyltetrahydrofolate as a non-specific biomarker of

erebral dysfunction (Pérez-Dueñas et al., 2011).
ata on the antiepileptic treatment was available for

2/15 published patients (Bramswig et al., 2015; Kortüm
t al., 2015; Simons et al., 2015). Monotherapy was
ffective in 5/12 patients, while 6/12 patients required
olytherapy (table 2). The inhibition of sodium
urrents, secondary to the persistent open state of
v10.1, could have been worsened by rufinamide

n Patient 4 who experienced seizure exacerbation.
his seizure worsening could also result from spe-
ific drug dosages or drug combinations. A similar
orsening in patients with KCNH1 mutations might
e expected with potassium channel openers, such
s retigabine. No experience with this drug has been
escribed in patients with KCNH1 mutations, but the

heoretical possibility of exacerbation of the persis-
ent pathological open state of Kv10.1 would suggest
hat retigabine should be avoided in this population.
otassium channel blockers could be considered in
re-clinical models, but channel specificity, passage

hrough the blood-brain barrier, and toxicity would
eed to be carefully considered.
wo patients in our series did not have seizures.
atient 6 was a 12-month-old boy with developmen-
al delay, hypothyroidism, hypersomnolence, and EEG
ackground slowing. He had the same mutation as
atient 3 from the series of Kortüm et al., who had
nfrequent seizures beginning in adolescence (Kortüm
t al., 2015). Patient 8 was a 4-year-old girl with severe
evelopmental delay, autistic features, hypotonia, and
normal EEG. Patient 7 and 9 in our series, with an

dentical mutation, had epileptic seizures requiring
olytherapy.

onclusions

eizure types in KCNH1-related syndromes included
oth generalized and focal motor seizures, evolv-

ng to bilateral tonic-clonic seizures. EEGs were
haracterized by generalized background slowing
ith multifocal epileptiform abnormalities. KCNH1
135

equencing is strongly recommended when epilepsy
s associated with typical facial dysmorphic features,
ail hypo/aplasia, thumb/skeletal anomalies, and intel-

ectual disability resembling Zimmermann-Laband or
emple-Baraitser syndrome (see the suggested dia-
nostic flow chart in figure 2). �
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upplementary data.
ummary didactic slides are available on the
ww.epilepticdisorders.com website.
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Pérez-Dueñas B, Ormazábal A, Toma C, et al. Cerebral folate
deficiency syndromes in childhood: clinical, analytical, and
etiologic aspects. Arch Neurol 2011; 68(5): 615-21.

Rauch A, Wieczorek D, Graf E, et al. Range of genetic
mutations associated with severe non-syndromic sporadic
intellectual disability: an exome sequencing study. Lancet
2012; 380: 1674-82.

Simons C, Rash LD, Crawford J, et al. Mutations in the
voltage-gated potassium channel gene KCNH1 cause Temple-
Baraitser syndrome and epilepsy. Nat Genet 2015; 47: 73-7.

Ufartes R, Schneider T, Mortensen LS, et al. Behavioural and
functional characterization of Kv10.1 (Eag1) knockout mice.
Hum Mol Genet 2013; 22: 2247-62.

Zhang X, Bertaso F, Yoo JW, et al. Deletion of the potas-
sium channel Kv12.2 causes hippocampal hyperexcitability
and epilepsy. Nat Neurosci 2010; 13: 1056-8.
36

literature?

(3) What are the main EEG features of epileptic patients w

Note: Reading the manuscript provides an answer to all q
website, www.epilepticdisorders.com, under the section
Epileptic Disord, Vol. 18, No. 2, June 2016

ith KCNH1 pathogenic gene mutations?

uestions. Correct answers may be accessed on the
“The EpiCentre”.

http://www.ncbi.nlm.nih.gov/pubmed?term=Splitting versus lumping: Temple-Baraitser and Zimmermann-Laband syndromes
http://www.ncbi.nlm.nih.gov/pubmed?term=Role of potassium channels in the antidepressant-like effect of folic acid in the forced swimming test in mice
http://www.ncbi.nlm.nih.gov/pubmed?term=The genetic basis of DOORS syndrome: an exome-sequencing study
http://www.ncbi.nlm.nih.gov/pubmed?term=Clinical and genetic study of two patients with Zimmermann-Laband syndrome and literature review
http://www.ncbi.nlm.nih.gov/pubmed?term=The structural mechanism of KCNH-channel regulation by the eag domain
http://www.ncbi.nlm.nih.gov/pubmed?term=Mutations in KCNH1 and ATP6V1B2 cause Zimmermann-Laband syndrome
http://www.ncbi.nlm.nih.gov/pubmed?term=KV10.1 opposes activity-dependent increase in Ca2+ influx into the presynaptic terminal of the parallel fibre-Purkinje cell synapse
http://www.ncbi.nlm.nih.gov/pubmed?term=Absence of nails, deaf-mutism, seizures, and intellectual disability: a case report
http://www.ncbi.nlm.nih.gov/pubmed?term=Cerebral folate deficiency syndromes in childhood: clinical, analytical, and etiologic aspects
http://www.ncbi.nlm.nih.gov/pubmed?term=Range of genetic mutations associated with severe non-syndromic sporadic intellectual disability: an exome sequencing study
http://www.ncbi.nlm.nih.gov/pubmed?term=Mutations in the voltage-gated potassium channel gene KCNH1 cause Temple-Baraitser syndrome and epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=Behavioural and functional characterization of Kv10.1 (Eag1) knockout mice
http://www.ncbi.nlm.nih.gov/pubmed?term=Deletion of the potassium channel Kv12.2 causes hippocampal hyperexcitability and epilepsy


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU <FEFF00530065007400740069006e006700730020006f00660020004a004c00450020002d002d00200043006f0072006c00650074005f00500072006500730073005f00560038>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        28.346460
        28.346460
        28.346460
        28.346460
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B004800610075007400650020007200E90073006F006C007500740069006F006E005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 14.173230
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [566.929 822.047]
>> setpagedevice


