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Background—Familial polymorphic ventricular tachycardia is an autosomal-dominant, inherited disease with a relativ
early onset and a mortality rate e¥30% by the age of 30 years. Phenotypically, it is characterized by salvoes ¢
bidirectional and polymorphic ventricular tachycardias in response to vigorous exercise, with no structural evidenc
myocardial disease. We previously mapped the causative gene to chromosome 1g42-g43. In the present stud
demonstrate that patients with familial polymorphic ventricular tachycardia have missense mutations in the car
sarcoplasmic reticulum calcium release channel (ryanodine receptor type 2 [RyR2]).

Methods and Results-In 3 large families studied, 3 different RyR2 mutations (P2328S, Q4201R, V4653F) were detect
and shown to fully cosegregate with the characteristic arrhythmic phenotype. These mutations were absent ir
nonaffected family members and in 100 healthy controls. In addition to identifying 3 causative mutations, we identif
a number of single nucleotide polymorphisms that span the genomic structure of RyR2 and will be useful
candidate-based association studies for other arrhythmic disorders.

Conclusions—Our data illustrate that mutations of the RyR2 gene cause at least one variety of inherited polymor
tachycardia. These findings define a new entity of disorders of myocardial calcium sigr{@liraulation. 2001;103:
485-490.)
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I nherited cardiac disorders associated with a propensity to minK, or MiRP or activating mutations of the sodium channel
malignant ventricular tachyarrhythmias constitute an im- SCN5A23 Activating mutations of SCN5A may cause Bru-
portant cause of sudden death in both young and adultgada’s syndrome, a rare dominantly inherited electrophysio-
individuals? The identification of defective genes that cause logical disorder with right bundle branch block on ECG and
the clinical phenotype has the potential to allow molecular a propensity to ventricular fibrillatiofl Arrhythmogenic right
diagnostics to identify benign arrhythmias from those that ventricular dysplasia (ARVD) is characterized by fatty infil-
should be treated. In addition, knowledge of the defective tration and fibrosis of the myocardium, resulting in electric
protein and its cellular function will allow the development of instability and risk of fatal ventricular arrhythmias. At least 6
targeted therapies. Defective genes that cause several of thesehromosomal loci for the autosomal-dominant form of
types of arrhythmic disorders have been identified to date ARVD have been mappedi© and a deletion of the plako-
and, thus far, they primarily code for various ion channels in globin gene was recently identified in patients with an
the cardiomyocyte plasma membrane. autosomal-recessive form of ARVB.

Long-QT syndrome, which is characterized by a delayed Familial polymorphic ventricular tachycardia (FPVT) is an
repolarization phase of the cardiac action potential and a risk autosomal-dominant, inherited syndrome characterized by the
of life-threatening tachyarrhythmias such as torsade de occurrence of episodes of bidirectional and polymorphic
pointes, was recently shown to be caused by inactivating ventricular tachycardias, typically in relation to adrenergic
mutations of the cardiac potassium channels KCNQ1, HERG, stimulation or physical exercise, in the absence of any
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Figure 1. The pedigrees of the Finnish FPVT families. Deceased individuals are indicated with a slash, and mutation carriers without
clinical symptoms with an asterisk.

evidence of structural myocardial disead€*FPVT shows a D1S2670. Primer sequences were obtained from the Genome Data
highly malignant course, with estimates of mortality ranging base (http://www.gdb.org/), and pairwise linkage analyses were
from 30% to 50% by the age of 20 to 30 yeats4Recently,  Performed as previously describ&d.

we q§scrlbed the (_:Ilnlcal charagtensncs of FPVT in 2 Finnish Mutation Screening of the Candidate Genes

families and assigned the disease locus to chromosomeCHRM& GNG4, and RyR2

1g42-943: Now we report the identification of mutations in  pnaA samples from the probands of each family (Figure 1) and 2
the cardiac calcium release channel of the sarcoplasmichealthy control individuals were screened for mutations in 3 candi-
reticulum (RyR2) as the cause of FPVT. date genes. The genes encoding the type-3 muscarinic receptol
(CHMR3; Genbank #000740), the G-protein subunit (GNG4;
Methods #004485), and the cardiac ryanodine receptor (RYR2; #001035) are
located at 1g42-g43 according to GeneMap 98 (http://www.ncbi.n-
Families With FPVT Im.nih.gov). The Sanger Center Blast server was used to localize

The clinical characteristics of families 1 and 2 were reported these genes more accurately to the region of interest. The genomic
previously Since then, we identified 2 additional families (families ~ Organization of CHRM3 (1 coding exon) and GNG4 (2 coding
3 and 4) with similar phenotypic characteristics (Figure 1). All exons) were deduced using thg Sanger Center unfinished sequenc
families had a history of sudden unexplained death at an early age, CONtigs. After polymerase chain reaction (PCR), both genes were
and the index case of each family presented with frequent ventricular diréctly sequenced using the ABI Prism 377 DNA Sequencer (PE
premature complexes and/or polymorphic ventricular tachycardia. BiOSYStems). , .

On the basis of these exercise-induced ventricular arrhythmias or 1€ gene encoding RyR2 was localized to the Sanger Center
obligate carrier status, the total number of affected individuals in the Physical map using the Sanger Center BLAST server. The exon-
4 families was 30. intron boundaries were determined from the National Center for

- Biotechnology Information’s (NCBI) High Throughput Genomic
The control DNA samples from apparently healthy Finnish blood ) - .
donors were provided by the Finnish Red Cross Blood Service. Sequence database (http://www.ncbi.nlm.nih.gov/BLAST/blast_

Informed consent was obtained from all patients, and the study was 9atabases.html) by aligning the cDNA sequence against the genomic
approved by the Ethical Review Committee of the department and Eequence._aners to amplify the RyR2 exons (by N.T.) are available
performed in accordance with the Helsinki Declaration. y contacting the authors. The RyR2 exons of 4 probands (1 from
each family) were screened for mutations by 2 methods, denaturing
- . high-performance liquid chromatography (dHPLC) analysis and
Refining the Area of Linkage on di?ectpsequencing ofqPCR-ampIifiengl\Fl)AyfreEgments), and cyompared
Chromosome 1q42-943 with those from unaffected individuals. dHPLC analysis was per-
To narrow the region of linkage in our previously described families formed for each PCR fragment on the Wave DNA Fragment
and to test the hypothesis of 1g42-g43 linkage in the 2 new families, Analysis System (Transgenomic) using a DNASep column (Trans-
genotyping with a dense panel of highly polymorphic markers in the genomic). Column temperatures were calculated using WAVEmaker
region was performed in the 4 families. Individuals were genotyped software (Transgenomic). Affected samples were assumed to form
with the markers D1S179, D1S2712, D1S446, D1S2649, D1S235, heteroduplexes due to the dominant inheritance of the disease. The
ACTN2, AFM093XG5, D1S2680, D1S2850, D1S2678, and exons showing heteroduplexes by dHPLC analysis were directly
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Clinical Characteristics of the Affected Individuals in the 3 Finnish FPVT Families With
Established Missense Mutations of the RyR2 Gene

Variable Family 1 Family 3 Family 4 All Families

Mutation RyR2 P2328S RyR2 V4653F RyR2 Q4201R

No. of males/females 5/8 6/4 172 1214

Age, y 2914 (11-53) 45+20 (13-67) 5616 (46-74) 3819 (11-74)

Heart rate, bpm 71212 (53-90) 7816 (59-112) 57 7314 (53-112)

QT, ms 40030 (340-450) 39050 (340-510) 460 40040 (340-510)

QTc, ms 43020 (400-470) 44050 (390-560) 448 43040 (390-560)
Only individuals without drug treatment that could possibly affect heart rate and QT interval were included in this

table.

Values are mean=SD (range) unless otherwise indicated.

sequenced as above. The entire coding region of the RyR2 gene wasD1S179 to D1S2670 was cosegregating with the disease. In
eventually sequenced in all 4 probands, even after a causativefamily 4, a haplotype cosegregating with the disease was
mutation was identified, to ensure that there were no other amino detected. but no informative recombinant individuals were

acid changes cosegregating with the phenotype. The promoter region . . -
of the Ry}gz gene 8va§ notganalyzed.p yp P 99N bserved. All 4 families had their own distinct haplotypes,

On detection of a RyR2 amino acid change in a proband, all of his consistent with the subsequent observation that all carried
or her family members, the 3 other probands, and at least 100 DNA private mutations. Informative meiosis in pedigrees 1 and 3
samples from apparently healthy Finnish blood donors were screened|gcglized the disease gene between markers D1S235 anc
for the presence of the change. Restriction fragment length polymor- D1S2670, an intermarker distance-el.5 cM (Figure 2).

phism assays for specific mutations were based on the use of the ilv 3 had . irwise lod f2
following restriction enzymes (the allele possessing the cleavage site  -amily 3 had a maximum pairwise lod score of 2.48a0

is indicated in parentheses): P2328S, Haelll (wild type); Q4201R, With the marker D1S2670. In family 4, a lod score of 1.06
Pvull (mutant); V4653F, Ncol (wild type, an artificial site generated with the same marker was found @&t0. The combined lod

by a mismatch primer); intron 91 A to C nucleotide change gcore value of all 4 families was 8.23 at this marker.
(13682+67 C>T), Nlalll (allele C); and polymorphism Q2958R,

BsrGl (allele Q, an artificial site generated by a mismatch primer). e . . .
AIIeIes(Were igentified by electroghoresis thrgugh 12.5% poFI)yacryI)- Identlfl'catlon' of 3 Mlssen§e Mutations in the RyR2
amide gel of the cleavage products. Gene in 3 Different Families
Direct DNA sequencing of all protein-coding areas on the

Results candidate genes CHMR3 and GNG4 failed to reveal any
mutations in any of the 4 probands (data not shown). In
contrast, the dHPLC and sequence analysis of the RyR2 gene
revealed 3 missense mutations, each private to a distinct
family (Figure 3). In family 1, a mutation substituting serine

Identification of 2 New Affected Families With
FPVT and Refinement of the Area of Linkage
The phenotypic characteristics of families 1 and 2 were

reported in our previous study.Some clinical characteristics . . . o
for proline at amino acid position 2328 (P2328S) was

of the 3 families that were subsequently shown to have RyR2 . -

missense mutations are summarized in the Table. In Families.deted_ed' G'”ta”ﬁ“”e 4201 was ml.nated o arginine (Q4.2.01R)
3 and 4, the number of unexplained deaths on sudden mental” family 4. A valine to pheny_lalanm_e substitution at position
stress at the age of 16 to 25 years were 5 and 1, respec'[ively,4653 (V4653F) was founq n f"?‘m'ly s. ,A” thgse changes
thus confirming the high mortality rate (30% by the age of 30 were shown to be_ mutations in evolutl_ona_rlly conse_rved
years) reported earlier in families 1 and“Symptoms never regions of Fhe protein. The P232§S mutation is located in the
occurred before the age of 10 years in any of the families Iarge,.footllke cyt.oplasmlc domain Of RyR2, and the latter 2
studied. mutations occur in the carboxy-terminal part of the receptor,

The electrocardiographic appearance of arrhythmias. in which contains several membrane-spanning, presumably crit-
. : p . i , i
families 3 and 4 was similar to that reported in families 1 and ical regions of RyRZ. All'3 am|no.aC|d alterat!ons cosegre

214 0On exercise testing, when heart rate exceeded an indi-gatecl with the clinical phenotype in the 3 pedigrees and were

vidual threshold, isolated unifocal and multifocal ventricular absent in at least 100 healthy control individuals (200 alleles).

premature complexes and salvoes of multifocal ventricular
complexes appeared. The left and right ventricular dimen-
sions and systolic and diastolic function were normal in all D1S1
affected individuals in the 4 families, with the exception of 2  pis2712

D18446

cases (aged 46 and 47 years) in family 4, in whom a minor DiS2649

. . . D
local bulging of the right ventricular outflow tract was ACTN2

observed on right ventricular cineangiography. DIS2850

Results from haplotype analyses are summarized in Figure is2670
2. qu famlllgs 1 and 2, haplotype dat.a Were. .reported In our Figure 2. A summary of haplotypes delineating the disease
previous article* and supplemented with additional markers |5cs (boxed) in chromosome 1q42-g43. Families do not share
in the present work. In family 3, a haplotype reaching from a common haplotype.
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Family 1 (P23288) Family 2 (13682 + 67 C>T) elements of the myocardium. This hypothesis proved to be
TCGGAGGSCTGAGTG ~ GATTTCAFGATGAAC correct: we were able to pinpoint the RyR2 gene as the
apparent causative gene in Finnish FPVT patients.
Ryanodine receptors are the largest ion channels known to
exist. Three different isoforms of ryanodine receptors, each
encoded by different genes, have been characterized. The
RyR1 gene is principally expressed in skeletal mugtle,
Family 3 (V4653F) Family 4 (Q4201R) whereas RyR3 expression is virtually limited to the brgin.
TCCATAASCTTGGGG ~ GAAATGCAGCTGGCG The human RyR2 gene encodes a product containing 4967
amino acid® and is abundantly expressed in myocardium
and, to some extent, in brain and gestational myomettum.
The calcium-release channel RyR2 forms a homotetrameric
membrane-spanning calcium channel on the sarcoplastic
reticulum. Stimulation of voltage-sensitive L-type calcium
channels (dihydropyridine) on the outer myocardial cell
TATGAACG AGAATC membrane permits the cellular entrance of minute amounts of
calcium ions, which in turn activate RyR2 channels, allowing
larger amounts of calcium ions to pass from the lumen of the
sarcoplastic reticulum into the cytoplasm. This is sufficient to
initiate myocardial contraction. Thus, the RyR2 channels
Figure 3. Sequence analysis of RyR2 mutations in 4 FPVT fami- serve to couple the excitation of myocardial cells to their
lies and identification of a common Q2958R polymorphism. With actin/myosin contractile apparatus by a mechanism involving
V4653F mutation, reverse strand sequence is illustrated. a calcium-induced calcium releate2o
The RyR2 channel is composed of a carboxy-terminal
Two mutation carriers in family 1 had no clinical manifesta- domain, approximately one-fifth of its total size, that is
tions of the disease (aged 21 and 35 years). anchored to the sarcoplastic reticulum by 4 to 10 membrane-
In Family 2, no amino acid alterations were found in RyR2, spanning hydrophobic motifs and a very large, foot-like
but an intronic base change (A to C) located 67 bases cytoplasmic domain that is in close connection with the outer
downstream of the exon-intron boundary at cDNA bp 13682 cell membrane L-type calcium channétsAmino acids 4822
was detected (Figure 3). This DNA alteration fully cosegre- to 4829 seem to constitute part of the pore-forming seg-
gated with FPVT in the family, but it was also detected in 1 ment22 A potential ATP-binding site is situated between
of 100 healthy control individuals. residues 2618 and 2653; calmodulin-binding sites are presen
An amino acid polymorphism substituting arginine for between residues 2774 to 2806, 2876 to 2897, and 2997 to
glutamine (Q2958R) was detected in all pedigrees (Figure 3). 3015; and residues for other potent modulators may be
The variant Q2958R allele was present in a homozygous statepresent in these same areas between residues 2618 t
in both affected and nonaffected individuals within the 4 30152122 One of the 3 RyR2 mutations we identified
families (data not shown), and it was also detected in healthy (P2328S) is present in the amino-terminal domain, and the 2
control individuals with allele frequencies of 0.74 for Q and other mutations (Q4201R andV4653F) are located in the
0.26 for R. While screening the RyR2 gene, the following carboxy-terminal region containing the transmembrane
silent nucleotide polymorphisms were also detected (the segments.
nucleotide numbering starts from initiation codon): 1359 C/T,  There are several lines of evidence that implicate these
1776 AIT, 1863 C/T, 4160+50 A/G, 6688+72 G/T, 7221 to mutations as causes of FPVT in our families. First, all 3
56 A/G, 7808 C/T, 13 47616 A/G, 13 783t0 6 A/G, 13783  mutations affect amino acid residues that are fully conserved
to 21 A/G, 13 914+8 AIC, 14 299 to 25 A/G, and 14 299 to in both the huma¥t and rabbit RyR22 human RyR12é and
62 G/T (in case of an intronic alteration, positive numbers RyR317and pig RyR124 Second, each mutation cosegregates
start from GT splice donor site and negative numbers from with the trait in the corresponding family. Third, the 3 amino
AG splice acceptor site). None of these nucleotide alterations acid changes were not seen in 200 chromosomes from
resulted in amino acid change, and most of them were also phenotypically unaffected individuals. Finally, it is unlikely

Polymorphism (Q2958R)

present in control individuals. that these mutations would represent innocent linkage mark-
ers of putative causative RyR2 mutations because the entire

Discussion coding area was sequenced in each proband, and no othe

Stress- or emotion-induced polymorphic ventricular tachycar- amino acid changes specific to the affected individuals were
dias occasionally cluster in familiég14 Although this syn- found. Whether these mutations affect calcium-induced acti-

drome may represent a panel of etiologically heterogeneousvation, calcium permeation, modulator binding, or some other
disorders, the fact that life-threatening ventricular arrhyth- function of RyR2 awaits in vitro expression studies using
mias arise in hearts showing no apparent structural alterationsmutant RyR2 cDNA constructs.

favors the assumption that the underlying cause may affect In contrast, we cannot judge whether the intronic-@

the mechanisms regulating cardiac depolarization, repolariza-nucleotide change plays any pathogenic role. Because this
tion, or excitation-contraction coupling, rather than structural change was also presentin 1 of the 100 controls tested, it may
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represent an innocent polymorphism. Thus, we cannot fully
exclude the possibility that in family 2, a putative causal
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ventricular tachycardia, a dominantly inherited syndrome
with a poor prognosis and hitherto unknown pathogenetic

mutation escaped detection by the 2 techniques used or thabackground. These findings should foster careful in vivo and

there is a different causal gene in this family. The common
amino acid polymorphism Q2958R is localized within the
area of interaction with the RyR2 modulatorand has
remained highly conserved during the evolution of the ryan-
odine receptors:-17.23.24Therefore, it will be of interest to
study the functional consequences of this variation in vitro.

The critical role of RyR2 is substantiated by the demon-
stration that mutant mice lacking RyR2 die during embryonic
life with morphological abnormalities in the developing heart
tube2® RyR2 is downregulated in experimental heart failure
in dogs?526and the RyR2 protein and mRNA levels are also
subnormal in failing human myocardiuin.

Our data suggest that FPVT is a disease showing close

kinship to malignant hyperthermia and central core disease,
which are rare, dominantly inherited disorders of calcium
signaling in striated muscle resulting from mutations of the
RyR1 gene?.2° Malignant hyperthermia is characterized by
skeletal muscle rigidity and contractures, malignant cardiac
arrhythmias, hypermetabolism, and eventually fever, which is
typically triggered by the administration of halothane or
depolarizing skeletal muscle relaxants. In contrast, patients
with central core disease show muscular hypotonia and
weakness but are at risk of hyperthermia during the admin-
istration of inhalational anesthetics. In both cases, mutations
of the RyR1 gene seem to cluster in 3 regions: between
residues 1 to 614, 2162 to 2458, and 4800 to 4800.
A specific concealed form of ARVD (ARVD2) that has

effort-induced polymorphic tachycardias but no changes in

cardiac size or standard ECG has also been shown to map to

chromosome 1qg42-943 in specific Italian familkeslhe
clinical picture of ARVD2 shows striking similarities with
that of Finnish patients with FPVT, but differences were
reported on histopathological examination: large areas of
fatty-fibrous replacement were detected in the right ventric-
ular wall of the ltalian patiengs$° but were absent in the
Finnish patient$4 These 2 diseases may be allélicthus
forming another pair of ryanodine receptor syndromes in
addition to that composed of malignant hyperthermia and

central core disease and showing subtle phenotypic variations

that originate from similar molecular defects. Interestingly,
mutations of the cardiac sodium channel SCN5A may result
in type LQT3 of the long-QT syndron#&,Brugada’s syn-
drome? or a progressive cardiac conduction deféadding
even more complexity to the phenotypic sequelae stemming
from defects of single cardiac ion channels.

The present findings have a major impact on the under-
standing of both normal and pathological excitation-
contraction coupling mechanisms of the human myocardium,
as well as on the molecular diagnosis of severe ventricular
arrhythmias. If RyR2 mutations result in increased sensitivity
of calcium-induced activation of the calcium-release channel
complex, it will be important to determine whether the
induction of arrhythmias in the FPVT patients can be damp-
ened by blocking the L-type calcium channels.

In conclusion, mutations in the cardiac calcium-release
channel type 2 are at least 1 cause of inherited polymorphic

in vitro studies on calcium signaling in the affected patients
and should lead to a much better understanding of myocardial
excitation-contraction coupling pathways.
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