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Report

KCNJ2 Mutation Results in Andersen Syndrome with Sex-Specific Cardiac
and Skeletal Muscle Phenotypes
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Evaluation of candidate loci culminated in the identification of a heterozygous missense mutation (R67W) in KCNJ2,
the gene encoding the inward-rectifying potassium current, Kir2.1, in 41 members of a kindred in which ventricular
arrhythmias (13 of 16 female members [81%]) and periodic paralysis (10 of 25 male members [40%]) segregated
as autosomal dominant traits with sex-specific variable expressivity. Some mutation carriers exhibited dysmorphic
features, including hypertelorism, small mandible, syndactyly, clinodactyly, cleft palate, and scoliosis, which, together
with cardiodysrhythmic periodic paralysis, have been termed “Andersen syndrome.” However, no individual ex-
hibited all manifestations of Andersen syndrome, and this diagnosis was not considered in the proband until other
family members were examined. Other features seen in this kindred included unilateral dysplastic kidney and
cardiovascular malformation (i.e., bicuspid aortic valve, bicuspid aortic valve with coarctation of the aorta, or
valvular pulmonary stenosis), which have not been previously associated. Nonspecific electrocardiographic abnor-
malities were identified in some individuals, but none had a prolonged QT interval. Biophysical characterization
of R67W demonstrated loss of function and a dominant-negative effect on Kir2.1 current. These findings support
the suggestion that, in addition to its recognized role in function of cardiac and skeletal muscle, KCNJ2 plays an

important role in developmental signaling.

Polymorphic ventricular tachycardia is an arrhythmia
characterized by a beat-to-beat alternating QRS axis and
morphology at a rate slower than torsade de pointes; some
individuals with polymorphic ventricular tachycardia
manifest bidirectional ventricular tachycardia or ventric-
ular ectopy. Recent reports of mutations in the cardiac
ryanodine receptor gene (hRyR2), the calsequestrin 2 gene
(CASQ2), and the inward-rectifying potassium channel
Kir2.1 (KCNJ2) have established the genetic heteroge-
neity of polymorphic ventricular tachycardia (Lahat et al.
2001; Laitinen et al. 2001; Plaster et al. 2001; Priori et
al. 2001). The periodic paralyses are a clinically and ge-
netically heterogeneous group of disorders characterized
by transient attacks of muscle weakness without impair-
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ment of nervous-system function (Jen and Ptacek 2001).
Recently, mutations in KCNJ2 were reported to cause a
cardiodysrhythmic type of periodic paralysis known as
“Andersen syndrome” (MIM 170390) (Plaster et al.
2001).

We evaluated a large kindred in which ventricular ar-
rhythmia (in female members) and periodic paralysis (in
male members) segregated as autosomal dominant traits.
The proband, a white female 13-year-old, experienced
a cardiac arrest during gym class. Valvular pulmonary
stenosis (peak gradient of 35 mmHg) had been diag-
nosed at age 6 mo. At age 11 years, nonsustained, poly-
morphic ventricular tachycardia with a normal QT in-
terval was diagnosed (fig. 1), and an exercise test showed
suppression of ventricular ectopy when sinus heart rate
exceeded 150 beats per minute (bpm) (not shown). At
age 12 years, she was found unconscious, floating face
down while swimming, and was revived with minimal
effort. Ventricular fibrillation was induced during elec-
trophysiological study at age 13 years (not shown), and
a cardioverter defibrillator was implanted. Medical his-
tory, obtained from nearly 250 relatives, identified other
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Figure 1

Electrocardiogram of proband. A, Sinus bradycardia and multiform premature ventricular contractions obtained as a rhythm

strip during recording of a standard electrocardiogram. B, Polymorphic ventricular tachycardia recorded during ambulatory electrocardiogram

(Holter monitor).

female relatives with a history of ventricular arrhythmia.
Male family members with a history of periodic paralysis
brought on by physical exertion were also identified.
Family members with ventricular arrhythmia or periodic
paralysis, as well as their first-degree relatives, were in-
vited to participate in a genetic study. Informed consent
was obtained from all participants, in accordance with
the Cincinnati Children’s Hospital Medical Center In-
stitutional Review Board. Participants were evaluated by
history, review of medical records, physical examination,
and 12-lead electrocardiogram. Two-dimensional trans-
thoracic echocardiography with colorflow Doppler in-
terrogation was performed in 23 individuals. Clinical
studies were performed without knowledge of genotype.

Pedigree analysis suggested that ventricular arrhyth-
mia was an autosomal dominant trait with sex-specific
variable expressivity (fig. 2A). Genomic DNA was iso-
lated from lymphocytes of participants, and individuals
with ventricular arrhythmia or whose offspring had ven-
tricular arrhythmia were genotyped at candidate loci
through use of polymorphic STRs (Benson et al. 1998).
Using STRs located at chromosome 17q23 (D175789,
D175949, D1751786, and D175840), we obtained a
maximum two-point LOD score of 3.6 at recombination
fraction 0.0, indicating linkage to chromosome 1723,
where the Kir2.1 channel, KCNJ2, is encoded. Two-
point linkage analyses were performed using MLINK,
with allele frequencies determined from family members
and with a phenocopy rate of 0.001. Male subjects with

periodic paralysis and female subjects with ventricular
arrhythmia shared a common haplotype.

PCR was used to amplify the coding region of KCNJ2
from genomic DNA, as described elsewhere (Plaster et
al. 2001), and products were prepared and sequenced
in both the sense and antisense direction through use of
an ABI PRISM 3700 DNA Analyzer (Applied Biosys-
tems). During a survey of the KCNJ2 coding region, a
C—T transition (C199T), which altered the coding sense
from arginine to tryptophan (R67W), was identified (fig.
2C). Amplification-refractory mutation system analysis
was utilized to identify the presence or absence of C199T
in family members and in unrelated unaffected white
control subjects (Little 1995). C199T is considered a
mutation because it changes the coding sense of a con-
served residue, it cosegregates with disease in this kin-
dred, and it is absent in >100 chromosomes derived from
unrelated unaffected subjects. R67W was identified in
41 of 77 genotyped family members (fig. 2A). Among
16 female carriers of R67W, 13 (81%) had ventricular
arrhythmia, which was documented by electrocardiog-
raphy at the time of the study (11 individuals) or from
history and medical record review (2 individuals) (fig.
2B). Among individuals with ventricular arrhythmia, a
history of syncope (3 individuals), cardiac arrest (1 in-
dividual), or sudden death (1 individual) was present.
Periodic paralysis was diagnosed in 10 of 25 (40%) male
subjects carrying R67W, on the basis of a characteristic
history of weakness following exertion (8 individuals)
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Genotype-phenotype features. A, Pedigree. Square symbols depict male subjects, and circles depict female subjects. Cross-hatching

indicates unknown status. The occurrence of ventricular arrhythmia, periodic paralysis and dysmorphic features are depicted by small darkened
quadrants. A box around the identifying number denotes the presence of R67W. B, Electrocardiographic recordings from four female subjects
with ventricular arrhythmia. C, C—=T transition (C199T), which alters the coding sense from arginine to tryptophan (R67W), shown in the
forward (F) direction. D, Dysmorphic features, including (clockwise, from bottom left) small mandible, hypertelorism, syndactyly of toes (black
arrow), bicuspid aortic valve (the white arrows point to line of leaflet coaptation, indicating a bicuspid valve), and clinodactyly, observed in

five different family members.

and hypokalemia during symptoms of muscle weakness
(2 individuals). A skeletal muscle biopsy had been ob-
tained from one symptomatic individual (not shown).
Facial dysmorphology, including hypertelorism (4 indi-
viduals) and small mandible (10 individuals), as well as
hand anomalies, consisting of syndactyly of second and
third digits of the hands and/or feet (9 individuals) or
clinodactyly (12 individuals), affected both male and fe-
male subjects (fig. 2D). Surgically treated scoliosis (one
female subject), cleft palate (one male subject), and uni-
lateral hypoplastic kidney (one male subject) were also
identified. Semilunar valve abnormalities, including pul-
monary stenosis (one individual), bicuspid aortic valve
(three individuals) (fig. 2D), and bicuspid aortic valve
with coarctation of the aorta (one individual), were iden-
tified. In addition, a neonate who died in 1954 (indi-
vidual [II-27) was described as having a “missing heart

valve”; medical records providing details were not avail-
able. First-degree heart block was noted in four male
subjects and one female subject; the latter individual also
demonstrated left-bundle-branch block. No genotype-
positive individual exhibited electrocardiographic evi-
dence of a long QT interval.

To assess biophysical properties of wild-type (WT)
and mutant KCNJ2 alleles, heterologous expression ex-
periments were performed in both a human cell line
(tsA201) and Xenopus oocytes. KCNJ2 expression plas-
mids were constructed in pCMV-Script (Stratagene) (for
tsA201 expression) and a modified pSP64T vector (for
Xenopus oocyte expression), from full-length coding-
region cDNA (1,367 bp, including 43 bp of the 3 UTR)
obtained by PCR amplification of human genomic DNA
(primers designed on the basis of GenBank accession
number XM_008406). The R67W mutation was engi-
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neered by PCR-mediated site-directed mutagenesis. All
constructs were sequenced in their entirety, to exclude
polymerase errors and other cloning artifacts.
Expression of WT and R67W KCNJ2 was achieved
by transient transfection of tsA201 cells through use of
FUGENE-6 (Roche). Xenopus oocytes were manually
defolliculated, incubated overnight in L-15 (Leibovitz’s
media), injected with in vitro transcribed RNA (2-4 ng/
oocyte in 50 nl water) or water (50 nl), and cultured for
3 d. Currents expressed in tsA201 cells or Xenopus oo-
cytes were measured using the whole-cell configuration
of the patch-clamp technique (Hamill et al. 1981) or
two-electrode voltage-clamp recording with a Warner
OC-725B amplifier (Warner Instrument), respectively.
In tsA201 cells, expression of WT KCNJ2 gave rise to
a large, inward-rectifying, Ba**-sensitive current (fig. 3A
and 3C) highly consistent with previous characterization
of this potassium channel (Kubo et al. 1993), but trans-
fection with R67W KCN]J2 exhibited no inward current
(fig. 3B and 3C) consistent with a complete loss of channel
function. To determine whether functional heterotetra-
mers could be generated by mutant and wild-type sub-
units, we performed additional experiments in Xenopus
oocytes injected with a mixture of WT KCNJ2 and R67W

A WT KCNJ2

O R67TW
o WT KCNJ2
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Figure 3
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RNAs. Inward current measured in oocytes expressing
WT KCNJ2 alone was robust, whereas no Ba**-sensitive
inward current was observed in oocytes injected either
with R67W RNA alone or with an equal molar mixture
of WT KCNJ2 and R67W RNAs (fig. 3D). These results
are consistent with a strong dominant-negative effect of
this mutant residue on KCNJ2 function.

The extended kindred presented here segregates a
previously unreported heterozygous KCNJ2 mutation
(R67W) with ventricular arrhythmia in female subjects
and periodic paralysis in male subjects. In addition, some
genotype-positive family members also exhibit dys-
morphic features of hypertelorism, small mandible, syn-
dactyly, clinodactyly, cleft palate, and scoliosis, which,
together with cardiodysrhythmic periodic paralysis, have
been termed “Andersen syndrome.” Additional dys-
morphic features, including unilateral hypoplastic kid-
ney and cardiovascular malformations, which have not
previously been associated with the Andersen syndrome
phenotype, were also observed. Nonspecific electrocar-
diographic abnormalities were identified in some indi-
viduals, but none had a prolonged QT interval. (For
phenotypic features of genotype-positive family mem-
bers, see online-only table.) Biophysical characterization
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KCNJ2-induced currents in human tsA201 cells and Xenopus oocytes. Shown are representative Ba*?-sensitive potassium currents

obtained from tsA201 cells expressing WT (A) and R67W (B) KCNJ2. The solid line next to the current traces indicates the zero current level.
Currents were measured from a holding potential of —90 mV to potentials from —140 to +40 mV, in 20-mV steps. C, Current-voltage
relationships for tsA201 cells expressing WT (squares) or R67W KCNJ2 (circles). Whole-cell currents were measured at 400 ms after the start
of the voltage pulse. The expression of WT KCNJ2 generated current, whereas expression of the R67W mutant did not elicit detectable current.
Data represent mean = SEM (n = 4 cells). D, Ba**-sensitive K" currents measured at —150 mV, 50 ms after the start of the voltage pulse in
Xenopus oocytes injected with WT KCNJ2 (4 ng), R67W KCNJ2 (4 ng) or coinjected with WT (2 ng) and R67W (2 ng) RNAs. Injection of
WT RNA generated current, whereas no currents were detected after injection of R67W RNA or coinjection of both WT and mutant RNAs.
Current measured in water-injected oocytes is shown for comparison. Data represent mean + SEM (7 = 5-12 oocytes).
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of R67W demonstrated loss of function and a dominant-
negative effect on Kir2.1 current, findings similar to
those reported elsewhere (Plaster et al. 2001). Variation
in expression of alleles, genetic background, or environ-
mental factors that modify the clinical features could
explain the pleiotropy manifested by the extreme intra-
familial variability in phenotype.

Andersen syndrome was previously mapped to chro-
mosome 17q23, where the inward-rectifying potassium
channel gene, KCNJ2, is encoded, and nine heterozygous
KCNJ2 mutations were identified in 13 of 16 probands
with the Andersen syndrome phenotype (Plaster et al.
2001). Heterologous expression of mutants revealed loss
of function and dominant-negative effect. KCNJ2 mu-
tations demonstrated reduced penetrance and variable
expressivity, since 4 of 28 (14%) genotype-positive in-
dividuals had no obvious phenotype, and 13 of 28
(46%) demonstrated all manifestations (ventricular ar-
rhythmia, periodic paralysis, and dysmorphic features)
of Andersen syndrome. Among 41 genotype-positive in-
dividuals in the kindred we studied, the phenotype
ranged from nonpenetrant gene carriers (8 individuals
[20%]) to individuals exhibiting two of three charac-
teristics (13 individuals [32%]). No individual exhibited
all manifestations of Andersen syndrome, and this di-
agnosis was not considered in the proband until other
family members were examined.

Inward-rectifying potassium channels have been iden-
tified in a wide range of tissues and are so named for
their ability to allow the passage of inward current to a
much greater extent than they allow the passage of out-
ward current. To date, seven families of genes that share
a similar proposed subunit structure and encode potas-
sium inward rectifiers (Kir) have been identified. Kir2
family members are expressed in excitable tissue, and
Kir2.1 function has been studied extensively in the heart
(Zaritsky et al. 2001), where subunits form either homo-
or heterotetramers (Tinker et al. 1996; Derst et al. 2001).
However, as is evident from the Andersen syndrome phe-
notype, Kir2.1 function is not limited to excitable tissue
and apparently has additional roles during development.

In the rat embryo, KCNJ2 mRNA is prominently ex-
pressed in cardiac and skeletal muscle, brain, metaneph-
ros, and developing bony structures of the craniofacial
region, extremities, and vertebrae—a configuration sim-
ilar to the distribution of abnormalities associated with
Andersen syndrome (Karschin and Karschin 1997). The
electrophysiological phenotypes of periodic paralysis and
ventricular arrhythmia, which are characteristic features
of Andersen syndrome, have been attributed to dominant-
negative effects on Kir2.1 function that typically manifest
in the 2nd decade of life. However, dysmorphic features
associated with KCNJ2 mutation are present at birth, in
both human and mouse. For example, Kir2.1 knockout
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mice exhibit narrowing of the maxilla and complete cleft
of the secondary palate at birth (Zaritsky et al. 2000),
and humans with Andersen syndrome also exhibit cleft
palate and other craniofacial and skeletal anomalies (An-
derson et al. 1971; Sansone et al. 1997; Canun et al. 1999;
Plaster et al. 2001). We speculate that the dysmorphic
features of unilateral hypoplastic kidney and cardiovas-
cular malformations not previously associated with An-
dersen syndrome also result from R67W. How Kir2.1
mutation results in these developmental anomalies re-
mains an open question. Two mechanisms appear pos-
sible: (1) reduced/absent inward-rectifier Kir2.1 current
alters the function of precursor cells (e.g., osteoclasts), or
(2) coassembly of mutant Kir2.1 in heteromultimeric com-
bination may alter function of other Kir members and
thereby result in malfunction of developmentally impor-
tant cells. Additional support for the role of ion channels
in development has come from studies of cerebellar hy-
poplasia in the weaver mouse, so named for its gait, which
is due to a mutation in the pore region of the G pro-
tein—coupled inward-rectifier potassium channel GIRK2
(KCNJ6) and presumably leads to failure of granule cell
migration (Patil et al. 1995).

Sex specificity of cardiac arrhythmias and periodic pa-
ralysis has not been previously described in Andersen
syndrome. There has been an increasing recognition of
specific electrocardiographic and electrophysiological
differences—for example, resting heart rate and cor-
rected QT intervals—between males and females, but
the precise way in which sex and gonadal steroids con-
tribute to these differences is not known (Pham and Ro-
sen 2002; Wolbrette et al. 2002). Female subjects with
R67W typically noted onset of ventricular arrhythmia
after age 10 years. An increased incidence of arrhythmias
has been reported during pregnancy, but female subjects
with R67W reported reduced ventricular arrhythmias
during pregnancy and after age 535 years, coinciding with
menopause. Additional studies are required to determine
whether the gender specificity is a specific effect of R67W
or an uncommon manifestation of loss of the inward-
rectifying K* current, I,.
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