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Here	we	review	the	current	knowledge	about	the	mutations	of	the	gene	encoding	the	cardiac	ryanodine	receptor	
(RyR2)	that	cause	cardiac	arrhythmias.	Similarities	between	the	mutations	identified	in	the	RyR2	gene	and	those	
found	in	the	gene	RyR1	that	cause	malignant	hyperthermia	and	central	core	disease	are	discussed.	In	vitro	function-
al	characterization	of	RyR1	and	RyR2	mutants	is	reviewed,	with	a	focus	on	the	contribution	that	in	vitro	expression	
studies	have	made	to	our	understanding	of	related	human	diseases.

Introduction
Rapid mobilization of calcium from the sarcoplasmic reticulum 
(SR) into the cytosol triggers activation of contractile elements, and 
it is therefore a fundamental process in the physiology of heart and 
muscles. The channels that regulate the duration and amplitude 
of calcium efflux from the SR are the ryanodine receptors (RyRs). 
Three subtypes of these proteins exist: RyR1 is mainly expressed in 
skeletal muscle, RyR2 is highly represented in cardiac tissue, and 
RyR3 is preferentially expressed in the brain. In this review we will 
focus on the genetic diseases that affect structure and function 
of the cardiac isoform of the ryanodine receptor, RyR2, causing 
development of ventricular arrhythmias and sudden cardiac death. 
Since genetic disorders affecting the skeletal muscle isoform (1) of 
the ryanodine receptor, RyR1, were described 10 years before those 
affecting RyR2 (2), and since observations initially made about 
mutations in the RyR1 gene can be extended to those identified in 
the RyR2 gene, we will discuss selected aspects of RyR1 diseases in 
light of their similarities with RyR2 diseases.

The cardiac ryanodine receptor and  
intracellular calcium release

Structure of the cardiac ryanodine receptor, RyR2
The cardiac ryanodine receptor is a protein composed of 4,967 amino 
acids with a molecular weight of 565 kDa (3) that is encoded by the 
large RyR2 gene located on chromosome 1 (1q42-q43) (4). This is a 
large gene spanning 790 kb of genomic DNA with 105 exons (5). The 
functional channel is a tetramer that derives from the coassembly of 
4 of the subunits encoded by the RyR2 gene, resulting in a 2.2-mega-
dalton complex (Figure 1). Each RyR2 monomer is composed of 2 
major structural regions. The carboxy terminus (spanning approxi-
mately from aa 4,500 to the end of the protein) is the pore-forming 
region, which is composed of an even, but yet undefined, number of 

transmembrane segments (4–10 for each monomer, most likely 6)  
(6, 7). This portion of the protein, despite being relatively small, 
is the most important, because it contains sequences that control 
RyR2 localization and oligomerization (8) and is sufficient to form a 
functional Ca2+ release channel. The second structural region, which 
includes nine-tenths of the protein, corresponds to the large cyto-
plasmic domain that performs regulatory functions.

Function of the cardiac ryanodine receptor, RyR2
During the plateau phase of the action potential, the opening 
of L-type voltage-dependent calcium channels (dihydropyridine 
receptors) creates a small influx of calcium ions that triggers 
a massive release of calcium from the SR by opening the RyR2 
channels: this process is called calcium-induced calcium release 
and is the pivotal mechanism that controls coordination between 
electrical and mechanical functions in cardiac myocytes (9). In 
the ventricles of mammals, the ryanodine receptors are located in 
the proximity of the surface membrane and of the T tubules; this 
location is strategic to ensure a prompt interaction of RyR2 with 
L-type calcium channels (10). Thanks to this architecture, for 
every L-type calcium channel that opens, 4–6 ryanodine recep-
tors are synchronously activated to generate a Ca2+ spark (11). A 
cluster of approximately 100 ryanodine receptor channels and 25 
L-type calcium channels creates a functional unit called a junc-
tion, or couplon (12). There are approximately 10,000 couplons 
in a ventricular myocyte that are simultaneously activated by Ca2+ 
influx for every heartbeat (13). The coordination in opening and 
closing (14) is critical for timing of intracellular calcium release 
to the systolic phase of the cardiac cycle, which thus ensures 
functional silence during diastole.

RyR2 and its macromolecular complex
The ryanodine receptor interacts with a multitude of accessory 
proteins to form a macromolecular calcium release complex. Junc-
tin, triadin, and calsequestrin are the most important proteins 
that interact with RyR2 at the intra-SR level. It has been proposed 
that other proteins located in the SR, such as sarcalumenin and 
calreticulin, may also interact with RyR2 and be part of its macro-
molecular complex. Most of the regulatory functions are accom-
plished by proteins binding to the cytosolic portion of RyR2, such 
as calmodulin, protein phosphatase 1, protein phosphatase 2A,  
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protein kinase A (PKA), calmodulin-dependent protein kinase 
II,  calcineurin,  and  PKC  isoforms α  and β  (15).  Among  the 
cytosolic  ligands,  the  peptidyl-prolyl  isomerase  FKBP12.6 
(calstabin  2)  has  been  extensively  studied.  It  is  a  12.6-kDa  
protein that binds to a specific region of RyR2 that, accord-
ing to some authors, encompasses aa 2,416–2,430; it should be 
noted, however, that this binding site has been disputed (16, 17). 
FKBP12.6 stabilizes the closed state of the RyR2 channel, thus 
preventing aberrant calcium leakage (18, 19). The binding of 
FKBP12.6 to RyR2 is thought to be modulated by PKA-mediated 
phosphorylation that decreases the binding affinity of RyR2 for 
FKBP12.6, thus increasing the open probability of the channel and 
amplifying its response to calcium-dependent activation (18, 19).  
However, the role of this molecule in PKA phosphorylation has 
also been questioned, at least with regard to serine 2,030 (a major 
RyR2 phosphorylation site) (Figure 1) (20).

Ryanodine receptors and human diseases

Mutations in RyR1, central core disease,  
and malignant hyperthermia
The first evidence that human genetic diseases may be associated 
with mutations of ryanodine receptors came from studies per-
formed on the skeletal muscle isoform, RyR1. Predisposition to 
2 diseases, malignant hyperthermia (MH) and central core disease 
(CCD), was associated with RyR1 mutations (21, 22). MH is charac-
terized by acute hyperpyrexia that develops during or immediately 
after general anaesthesia. The disease shows paroxysmal manifes-
tations that occur in carriers of a mutation upon exposure to vola-
tile anaesthetics; in this setting, therefore, the mutations create a 
substrate that becomes apparent only in the presence of the spe-
cific triggering agent: i.e., it is needed, but not sufficient, to cause 

the phenotype. CCD is a rare neuromuscular disorder that causes 
weakness in the muscles of the legs and, less frequently, in other 
muscles. Its name derives from the presence of abnormal “cores” 
identified at histological examination in type I muscle fibers that 
also present sarcomeric disorganization, lack of mitochondria, 
and lack of oxidative activity.

Molecular genetics and functional characterization of RyR1 mutants. 
Most of the mutations identified in RyR1 cluster in 3 regions: the 
amino terminus (including approximately the region between 
aa 35 and aa 614), a central region (spanning aa 1,787–2,458), 
and the carboxy terminus (extending from aa 4,796 to aa 4,973). 
It should be noted, however, that as more families with RyR1 
mutations are being identified, the boundaries of these regions 
are becoming less well defined. It is interesting to observe that 
in the last 3 years, 9 distinct mutations have been reported in 
the region between aa 3,527 and aa 4,651 — a portion of the 
gene that was until then devoid of mutations. In analogy with 
what has happened with most genetic diseases, the spreading 
of genetic analysis in families with CCD and MH is broadening 
the spectrum of the clinical phenotypes and is disclosing unex-
pected findings. For example, despite that both CCD and MH are 
inherited as autosomal dominant conditions, CCD families with 
homozygous mutations have been reported (23), and 1 family 
with compound heterozygous mutations has been identified pre-
senting with an overlapping phenotype of susceptibility to MH 
combined with a mild form of CCD (24).

In a  few  instances,  RyR1 mutations have been  identified  in 
patients with phenotypes unrelated to MH and CCD: for exam-
ple, a proline-to-serine substitution at position 3,527 (25) and a 
splice error (26) have been associated with multi-minicore dis-
ease, a congenital myopathy transmitted as a recessive trait that 
manifests with hypotonia and generalized weakness in axial and 
proximal limb muscles. It seems premature to decide, based on 
these sporadic reports, whether the latter disease is allelic to CCD 
and MH; it seems more appropriate to wait until more genotyp-
ing data become available. A similar conservative approach is rec-
ommended for discussion of RyR2 mutations identified in a few 
families diagnosed with an atypical form of right ventricular car-
diomyopathy, arrhythmogenic right ventricular cardiomyopathy 
type 2 (ARVD2) (see below).

Functional  characterization  of  mutant  proteins  is  a  very 
important step in the understanding of the pathophysiological 
mechanisms of a genetic disease. In the next few paragraphs, 
we will try to summarize the key results of the in vitro stud-
ies of RyR1 mutants and will highlight data that clarify how 
mutations in the same gene may cause 2 apparently unrelated 
diseases such as CCD and MH.

Most of the RyR1 mutations characterized in different in vitro 
systems lead to a gain of function. Richter et al. (27) showed that 
the G2434R mutation identified in patients with MH enhances 
the sensitivity of RyR1 to Ca2+ and caffeine. Similar findings 
were reported by Yang et al. (28) when they expressed 6 common 
RyR1 mutants found in MH patients (R163C, G341R, R614C, 
R2163C, V2168M, and R2458H)  in myotubes differentiated 
from cells lacking endogenous RyR1, and by Wehner et al. (29) 
when they characterized RyR1 mutants in primary human myo-
tubes cultured from carriers of RyR1 mutations. Overall, these 
studies suggest that the leading pathophysiological substrate 
for MH is RyR1, which, although it functions normally at rest-
ing conditions, presents enhanced sensitivity to activators and 

Figure 1
Schematic showing the predicted structure of the cardiac ryano-
dine receptor, RyR2, including the sites of interaction with ancillary 
proteins and the phosphorylation sites. Calsequestrin, junctin, and 
triadin, proteins interacting with ryanodine receptor in the SR, are 
also depicted. PP, protein phosphatase; P, phosphorylation sites; 
CaM, calmodulin; CaMKII, calmodulin-dependent protein kinase II. 
Adapted with permission from the Journal of Molecular and Cellular 
Cardiology (13).
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reduced sensitivity to endogenous inhibitors (Ca2+ and Mg2+). 
Abnormal response to activators may therefore precipitate the 
clinical manifestations.

Different properties of RyR1 mutants have been highlighted 
in the study of defects identified in CCD patients, and at least 3 
other abnormalities have been reported: (a) mutations occurring 
in exons 101 and 102 were shown to make RyR1 leaky in basal con-
ditions without altering the response to pharmacological modula-
tors with reduced intracellular calcium stores (30); (b) uncoupling 
of sarcolemmal excitation (voltage-gated Ca2+ channel) from SR 
Ca2+ release was reported for some CCD mutations (31, 32); and (c) 
mutations located in the amino terminus of the RyR1 protein have 
been reported to share the common characteristic of increasing 
Ca2+ release (leak) at negative (resting) membrane potentials (32).

In summary, some hypotheses have been advanced to explain the 
different phenotypes associated with RyR1 mutations. DNA defects 
found in MH patients appear to produce channels that have a nor-
mal behavior at rest but overreact to exogenous activators. On the 
contrary, the majority of CCD mutants produce a channel that is 
leaky at base line, depletes the SR, and may also cause electrical 
uncoupling between RyR1 and the voltage-gated Ca2+ channels. 
To add to this interpretation, Dirksen and Avila (33) suggested 
that, since the degree of Ca2+ leakage and EC uncoupling induced 
by different mutations is variable, the combination of these effects 
may represent a critical modulator of the clinical phenotype.

Mutations in RyR2 and catecholaminergic  
polymorphic ventricular tachycardia
Mutations in the RyR2 gene have been identified in families and 
in  sporadic  patients  affected  by  catecholaminergic  polymor-
phic ventricular tachycardia (CPVT). This disease was initially 
described  in 1978 (34) and more extensively characterized  in 
1995 (35). The name derives from the clinical evidence that these 
patients develop a typical polymorphic or bidirectional ventricu-
lar tachycardia (VT) that leads to syncopal episodes during cat-
echolamine release in the setting of emotion or exercise (Figure 2). 
In most instances, CPVT is inherited as an autosomal dominant 
disease, and approximately 30% of patients have a family history 

of juvenile sudden death and/or stress-related syncope (35). The 
first clinical manifestations of the disease appear during child-
hood, although late-onset forms have been described (36).

Linkage studies localized the CPVT gene on the long arm of 
chromosome 1, 1q42-q43 (37). Thus the human cardiac ryano-
dine receptor gene (RyR2) that mapped in that region became 
a plausible candidate gene for CPVT. We performed screening 
of the coding region of this gene in DNA obtained from CPVT 
patients and were able to identify pathogenetic mutations (2). An 
uncommon autosomal recessive variant of CPVT has been identi-
fied and linked to chromosome 1p13-p21 (38); shortly after the 
publication of linkage data, mutations were found in the gene 
Casq2 that encodes for calsequestrin, thus confirming the view 
that CPVT is a disease caused by intracellular calcium handling 
abnormalities (39, 40).

Treatment of CPVT patients. Antiadrenergic treatment with β-blockers  
is the mainstay of therapy for CPVT patients, and it is indicated 
in all patients with clinical diagnosis (35, 36). No data are avail-
able to define whether asymptomatic carriers of RyR2 mutations 
should also be treated with prophylactic β-blockers. These drugs 
reduce the number of runs of polymorphic VT and their rate and 
duration in the majority of patients, but they usually fail to com-
pletely suppress ventricular tachyarrhythmias. In those patients 
in which β-blockers do not prevent the recurrence of sustained 
VT, it is recommended to consider the implantation of a cardio-
verter defibrillator (41).

Interestingly, a single group of investigators claimed the identi-
fication of RyR2 mutations in families diagnosed with an atypical 
form of right ventricular cardiomyopathy, ARVD2 (5), that com-
bines modest structural abnormalities of the right ventricle with 
typical stress-induced polymorphic VTs. The presence of RyR2 
mutations in patients with the clinical diagnosis right ventricu-
lar cardiomyopathy has not been confirmed by other groups, and, 
at the present time, whether mutations in RyR2 cause ARVD2 
remains a matter of debate that awaits further data.

Role of genetic testing in CPVT. Approximately 40% of CPVT patients 
carry a mutation on the RyR2 gene; as a consequence, it is rec-
ommended that all patients with this clinical diagnosis undergo 
genetic analysis. Because DNA analysis can be extended to all fam-
ily members to identify those who are asymptomatic but genetical-
ly affected, it is important to know whether the clinically affected 
proband carries the mutation.	Silent-mutation carriers should 
receive prophylactic treatment with β-blockers with the objec-
tive of preventing sudden cardiac death (35, 36). At the present 
time, no genotype-phenotype correlations have been established  

Figure 2
Exercise stress test in a patient with polymorphic VT and RyR2 muta-
tion. Ventricular arrhythmias are observed with a progressive worsen-
ing during exercise. Typical bidirectional VT develops after 3 minutes 
of exercise with a sinus heart rate of approximately 120 bpm. Arrhyth-
mias rapidly recede during recovery.

Figure 3
Bar graph showing the similar clustering of mutations in RyR1 (including 
both MH and CCD phenotypes) and RyR2 (both CPVT and ARVD2).
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in CPVT, and it will be important to collect data on larger num-
bers of genotyped individuals with a long clinical follow-up to 
determine whether it is possible to define risk of cardiac events or 
response to therapy based on the genetic defect (42, 43).

Molecular genetics and functional characterization of RyR2 mutants. 
All RyR2 mutations identified so far in CPVT patients are single-
base-pair substitutions that lead to the replacement of a highly 
conserved amino acid. This is at variance with RyR1 mutations 
found in MH and CCD patients, where splice errors and dele-
tions have also been reported. The distribution of mutations 
on  the  predicted  topology  of 
the proteins, however,  is  iden-
tical for RyR1 and RyR2. Most 
RyR2  mutations  are  clustered 
in  the amino  terminus,  in  the 
FKBP12.6-binding domains, and 
in the transmembrane domains 
of the protein (Figure 3). Very 
few RyR2 mutations have been 
functionally  characterized, 
so  it  is  still difficult  to define 
whether functional differences 
exist  among  mutations  and 
whether  they  account  for  the 
severity of the phenotype (33). 
Furthermore, some of the first 
mutations identified have been 
expressed  by  different  groups 
yielding different results.

The  first  RyR2  mutation  to 
be  functionally  characterized 
was the mouse homolog of the 
mutation (R4497C) identified in 
the large Italian family in which 
the  discovery  that  RyR2  is  the 
CPVT gene was made (2). This 
mutation is a mutational “hot 
spot” that has now been identi-

fied in additional families and in 1 sporadic individual (44, 45). In 
vitro studies have proven that the R4497C mutant channel shows 
important behavioral abnormalities as compared with the wild-
type channel (46): R4497C-RyR2 presents enhanced resting activ-
ity, increased single-channel open probability, and accentuated 
sensitivity to caffeine activation leading to Ca2+ overload.

When other RyR2 mutations were expressed in stable human 
embryonic kidney cell lines (HEK 293), it became clear that RyR2 
mutations that cause CPVT share some common features: they 
increase sensitivity to luminal calcium activation and enhance the 
propensity for spontaneous calcium release from the SR. These 
properties would facilitate the development of delayed afterde-
polarizations (DADs) and triggered arrhythmias (see below) and 
therefore establish a link between the molecular defect and the 
susceptibility to adrenergically mediated arrhythmias (47).

A novel and still debated interpretation of the consequence of 
RyR2 mutation was provided by Wehrens et al. (48), who suggested 
that the key feature of CPVT mutants is a reduced affinity of the 
channel for the binding of the regulatory protein FKBP12.6, lead-
ing to a channel that releases calcium during diastole. George et 
al. (49) did not confirm the data of Wehrens et al.: they found that 
mutant channels had a normal RyR2/FKBP12.6 interaction but an 
abnormally augmented response to isoproterenol and forskolin, 
resulting in excessive calcium release. The same group recently 
reported another interesting observation (50) when they expressed 
mutations identified in ARVD2 patients (5). Interestingly, 1 of the 
4 mutants studied (50) was not associated with the conventional 
gain of function (increased response to RyR2 agonists that pro-
mote calcium release from the SR, such as caffeine) but rather 
induced a loss of function. In a speculative editorial, Gomez and 
Richard (51) put forward a highly provocative hypothesis by sug-
gesting that a loss-of-function mutation would reduce Ca2+ release 

Figure 4
Representation of a cardiac action potential, showing DADs. DAD 
amplitude increases and DAD coupling interval decreases upon cycle 
length (CL) reduction. With further increase in frequency of stimulation, 
an automatic beat is generated from the DAD.

Figure 5
Bidirectional VT and ventricular fibrillation in CPVT. (A) ECG recording of bidirectional VT degenerating 
into ventricular fibrillation in a CPVT patient. (B) ECG recording of a bidirectional VT degenerating into 
ventricular fibrillation in a RyR2+/RyRR4496C mouse.
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from RyR2 and that this could in turn slow the inactivation of the 
current conducted by the sarcolemmal calcium-dependent voltage 
channel and prolong cardiac action potential. In this view, arrhyth-
mias triggered by loss-of-function mutations in RyR2 could still 
be triggered, but by early afterdepolarizations (EADs) rather than 
by DADs. Albeit appealing, this hypothesis is in contrast with 
common knowledge that EAD-induced arrhythmias occur in the 
setting of bradycardia; EADs therefore could hardly account for 
adrenergically mediated arrhythmias that originate during sinus 
tachycardia. A further improvement in the understanding of the 
pathophysiology of RyR2-related arrhythmias should now be pro-
vided by knock-in animal models.

Overall, functional characterization of mutants performed so 
far seems to agree on the presence of an increased calcium release 
response upon adrenergic stimulation and on a lower threshold 
for calcium spilling from the SR. All these dysfunctions are likely 
to promote the development of DADs and triggered arrhythmias. 
Less agreement exists on the mechanisms that mediate  these 
abnormal responses, and, specifically, the role of FKBP12.6 needs 
to be further elucidated.

From functional characterization of mutants to electrophysiological 
mechanisms of CPVT. Even before the identification of the gene 
responsible for CPVT, the hypothesis that arrhythmias were initi-
ated by DADs had been advanced based on the observation that 
the bidirectional VT observed in CPVT patients closely resembles 
digitalis-induced arrhythmias. A lot is known about the electro-
physiological mechanisms underlying digitalis-induced arrhyth-
mias: sound experimental data have demonstrated that in the 
presence of digitalis-induced intracellular calcium overload the 
Na+/Ca2+ exchanger gets activated in the attempt to reduce cal-
cium and exchanges 1 Ca2+ for 3 Na+, thus generating a net inward 
current (the so-called transient inward current). This depolarizing 
current promotes diastolic depolarizations (called delayed afterde-
polarizations, or DADs) (52) that may reach the threshold for INa 
activation and elicit premature action potentials. This mechanism 
for arrhythmia initiation is called triggered activity. Several in vitro 
studies have demonstrated that β-adrenergic stimulation induces 
DADs both in Purkinje fibers and in cardiac myocytes (52, 53). 
Based on the above-mentioned information, it becomes appeal-

ing to speculate that RyR2 mutations identified in CPVT patients 
promote the development of calcium overload in concomitance 
with sympathetic stimulation and the activation of the Na+/Ca2+ 
exchanger, thus leading to the development of DADs and trig-
gered arrhythmias (Figure 4). This hypothesis still awaits conclu-
sive experimental support: the availability of the recently described 
knock-in mouse carrier of the R4496C RyR2 mutation (54), in 
which bidirectional VTs can be induced (Figure 5), will allow dem-
onstration of whether RyR2 mutations lead to the development of 
DADs as the initiating mechanism for cardiac arrhythmias.

Conclusions
In the last few years, advancements in understanding the uncommon 
inherited arrhythmogenic disorder CPVT have given momentum to 
the study of the regulation of intracellular calcium handling.

The discovery of DNA mutations that modify the intracellular 
calcium release channel ryanodine receptor has highlighted the 
pivotal role of RyR2 in the control of intracellular calcium and 
has brought to general appreciation the link between RyR2 and 
electrophysiological properties of the cardiac myocytes. These 
observations are of major importance because they may lead to 
innovative curative approaches that may apply not only to patients 
with CPVT, but also to individuals with acquired arrhythmias 
associated with dysfunctional intracellular calcium handling, such 
as heart failure patients. As it did for long QT syndrome, collabo-
ration between clinicians, molecular biologists, and biophysicists 
has, for CPVT as well, opened new and important areas of research 
that through the advancement of basic science will eventually 
develop new hope for the cure of human diseases.
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