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Altered Ca*" handling in atrial fibrillation (AF) has been associated with dysregulated protein phosphatase 1 (PP1) and
subcellular heterogeneities in protein phosphorylation, but the underlying mechanisms remain unclear. This is due to a
lack of investigation into the local, rather than global, regulation of PP1 on different subcellular targets such as ryanodine
receptor type 2 (RyR2), especially in AF.

We tested the hypothesis that impaired local regulation of PP1 causes RyR2 hyperphosphorylation thereby promoting
AF susceptibility. To specifically disrupt PP1’s local regulation of RyR2, we used the spinophilin knockout (Sp~/ ™) mice
(Mus musculus) since PP1 is targeted to RyR?2 via spinophilin. Without spinophilin, the interaction between PP1and RyR2
was reduced by 64%, while RyR2 phosphorylation was increased by 43% at serine (S)2814 but unchanged at S2808. Lipid

'~ hearts had an increased open probability.
i

bilayer experiments revealed that single RyR2 channels isolated from Sp
Likewise, Ca®" spark frequency normalized to sarcoplasmic reticulum Ca®*™ content was also enhanced in Sp
atrial myocytes, but normalized by Ca*/calmodulin-dependent protein kinase Il (CaMKII) inhibitors KN-93 and AIP
and also by genetic inhibition of RyR2 $2814 phosphorylation. Finally, Sp~’~ mice exhibited increased atrial ectopy
and susceptibility to pacing-induced AF, both of which were also prevented by the RyR2 S2814A mutation.

PP1 regulates RyR2 locally by counteracting CaMKIl phosphorylation of RyR2. Decreased local PP1 regulation of RyR2
contributes to RyR2 hyperactivity and promotes AF susceptibility. This represents a novel mechanism for subcellular
modulation of calcium channels and may represent a potential drug target of AF.

Atrial fibrillation e Protein phosphatase 1 e Ryanodine receptor type 2 ¢ Spinophilin e Ca®*/calmodulin-
dependent kinase Il

1. Introduction

Atrial fibrillation (AF) is the most common sustained arrhythmia, asso-
ciated with an increased risk of stroke and all-cause mortality. Previously,
studies have found that protein phosphatase 1 (PP1) is dysregulated in
AF patients, and that this is associated with inhomogeneous protein
phosphorylation levels across different subcellular domains." The PP1
holoenzyme is the main serine/threonine PP in the heart and consists

of a highly conserved catalytic subunit (PP1c) and a regulatory subunit,
of which there are close to 200 known.> A number of previous studies
have tried to elucidate the role of PP1 in cardiac pathophysiology by
either overexpressing PP1c? or altering its inhibitors such as protein
inhibitors 1 (I-1) and 2 (I-2).*> While these studies have generated
much interest and uncovered potential therapeutic strategies, they
were conducted in the context of cardiac hypertrophy and heart
failure, and not AF. Moreover, these studies did not directly address

* Corresponding author: Baylor College of Medicine, One Baylor Plaza, BCM 335, Houston, TX 77030, USA. Tel: +1 713 798 4261; fax: +1 713 798 3475, Email: wehrens@bcm.edu

TD.Y.C. and N.L. contributed equally to this study.

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2014. For permissions please email: journals.permissions@oup.com.



PP1 dysregulation promotes atrial fibrillation

179

the observation that the PP levels are different across subcellular com-
partments in AF patients.’ For example, while the total activity of PP1
in chronic AF patients is elevated," the phosphorylation level of ryano-
dine receptor type 2 (RyR2) is also paradoxically increased.®” These
observations underscore anincomplete understanding of PP1’s function
at the subcellular level, and suggest that PP1 locally regulates Ca**-
handling proteins within specific microdomains.

Recent studies have shown that a hyperphosphorylated and hyper-
active RyR2 is one of the main drivers of AF pathogenesis, by contributing
to inappropriate diastolic sarcoplasmic reticulum (SR) Ca** release and
triggered activity.~” Hyperphosphorylation of RyR2 has generally been
attributed to hyperactivity of RyR2-bound kinases, such as protein
kinase A (PKA) and Ca**/calmodulin-dependent protein kinase |l
(CaMKII)."? However, the steady-state RyR2 phosphorylation reflects
a delicate balance between kinases and PPs, namely PP1 and PP2A,
which are also found in the RyR2 macromolecular complex.'®"" While
several studies have documented the global protein and/or activity
levels of PP1 in patients with cardiac diseases including AF,"*'>"3 [ittle is
known about the mechanisms by which PP1 regulates RyR2 locally, espe-
cially in the context of AF.

Since the target specificity of PP1 depends on its regulatory subunit
and spinophilin is the regulatory subunit that targets PP1c to RyR2,"
we used spinophilin knockout (Sp~'~) mice to study how PP1 locally
regulate RyR2."" We tested the hypothesis that, in the absence of spi-
nophilin, decreased PP1-mediated dephosphorylation of RyR2 leads
to RyR2 hyperactivity, thereby contributing to AF pathogenesis. Our
data showed that reduced PP1 regulation of RyR2 enhanced phosphor-
ylation of serine (5)2814 but not 52808 on RyR2, which was also asso-
ciated with increased RyR2 activity. Furthermore, this was associated
with increased ectopic activity and susceptibility to pacing-induced AF
in mice, both of which were rescued with genetic ablation of the
$2814 phosphorylation site on RyR2. Finally, we further validated our
findings in vitro by showing that overexpression of spinophilin leads to
selective dephosphorylation of RyR2 at S2814 but not at S2808.
Takentogether, these findings demonstrate for the first time the import-
ance of PP1’s local regulation of RyR2, as it relates to AF susceptibility.

2. Methods

Further details are provided in Supplementary material online.

2.1 Study animals

All animal studies were performed according to the protocol (AN-4044)
approved by the Institutional Animal Care and Use Committee of the
Baylor College of Medicine conforming to the Guide for the Care and Use of
Laboratory Animals. All animals used in this study were Mus musculus main-
tained on a C57BL/6 background for more than 10 generations. Spinophilin
knockout mice (Sp~' ) and RyR2 $2814A (S2814A) knockin mice were gen-
erated previously.™ We intercrossed Sp™’~ mice with $2814A mice to
obtain the double-mutant Sp~/:52814A mice. Wild-type (WT), Sp~'~,
and Sp™/7:52814A mice between the ages of 2 and 4 months and from
both sexes were used for the experiments. Mice were anaesthetized using
1.5-2% isoflurane in 95% O, during telemeter implantation, intracardiac
electrophysiology studies, echocardiography studies, and prior to cervical
dislocation for tissue harvesting.

2.2 Western blotting

Protein extraction and western blotting were performed as previously
described.® Details are provided in Supplementary material online.

2.3 Co-immunoprecipitation

Cardiac SR preparation and immunoprecipitation were performed based on
previously described methods.'® Details are provided in Supplementary
material online.

2.4 Single-channel recordings

Single-channel recordings were obtained under voltage-clamp conditions at
0 mV as previously described."” Details are provided in Supplementary ma-
terial online.

2.5 Ca’* imaging
Single atrial myocytes were isolated using a modified collagenase method as
described."® Details are provided in Supplementary material online.

2.6 Telemetry ECG recordings
To record ECG from conscious unrestrained mice aged 2—4 months, tele-
meters (Data Sciences International, MN, USA) were implanted intraperito-
neally as previously described.'” The recordings were analysed using the
ECG-Auto software (Emka Technologies) and spontaneous atrial ectopic
events were counted between 12 am.and 5 a.m.

2.7 Intracardiac electrophysiology in mice

In vivo electrophysiology studies were performed in mice at the age of 2—4
months as previously described.”® AF inducibility was determined by using
an overdrive pacing protocoland defined as the occurrence of rapid and frag-
mented atrial electrograms with irregular RR intervals for at least 1 s.

2.8 Molecular cloning and cell culture

Spinophilin was cloned from a cardiac cDNA library and co-transfected with
RyR2 (gift from Dr Andrew Marks, Columbia University), and CaMKII3 (gift
from DrMark Anderson, University of lowa) into HEK293 cells maintainedin
DMEM medium (Invitrogen, Carlabad, CA, USA) supplemented with 10%
foetal bovine serum, 1% penicillium and streptomycin, and 2 mM
L-glutamine. Details are provided in Supplementary material online.

2.9 Statistical analysis

Dataare presented as mean + SEM. One-way ANOVA followed by the post
hoc Bonferroni test and category Fisher’s exact test were applied, where
appropriate; otherwise, two-tailed Student’s t-test was applied. A
P-value <0.05 was considered statistically significant.

3. Results

3.1 Decreased association of PP1 with RyR2
in spinophilin-deficient mice

To confirm the existence of spinophilin in cardiac tissue, we first evalu-
ated the endogenous expression of spinophilin in the mouse heart, in
particular the mouse atria. Using western blotting, we detected spino-
philin expression in both the atria and ventricles of WT mice, and
found that its protein level was significantly higher in the atria (see Sup-
plementary material online, Figure S7). In order to selectively interrupt
the interaction between RyR2 and PP1 without altering the global
levels of PP1, we used Sp~/~ mice for our studies.'* Western blotting
confirmed that the global protein levels of RyR2, PP1,and PP2Awere un-
changed in Sp™' ™ atria (Figure 1A). Furthermore, the levels of other key
Ca2+-handling proteins were also unaltered (Figure 1B).

The initial report that PP1 is targeted to RyR2 via spinophilin was
based on artificial in vitro assays where GST-RyR2 fusion proteins were
overexpressed and used for co-immunoprecipitation.11 Since then
(2001), no study has repeated the findings nor demonstrated this inter-
action in vivo. To establish that the interaction between RyR2 and PP1 is
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Figure 1 Decreased association of PP1 with RyR2 in the absence of spinophilin. Representative western blots and quantification showing that with
spinophilin ablation. (A) The protein levels of RyR2, PP1, and PP2A are unaltered. (B) The protein levels of other key Ca®"-handling proteins are also
unchanged and (C) the association between RyR2 and PP1, but not between RyR2 and PP2A, is significantly decreased. ***P < 0.001 vs. WT.

mediated by spinophilin in vivo, we performed co-immunoprecipitation (IP)
and showed that the amount of PP1 associated with RyR2 was reduced by
64% (P < 0.001) in the absence of spinophilin (Figure 1C). However, even
with extensive washing as evident by the absence of signalin the IgG control
lane, there was residual PP1 that was pulled-down with RyR2. In contrast,
the amount of PP2A that was co-immunoprecipitated with RyR2 was un-
altered (Figure 1C), suggesting that spinophilin deficiency specifically altered
RyR2 regulation by PP1 and not PP2A.

To further study the disruption of this interaction between RyR2 and
PP1 in the absence of spinophilin in the native cellular environment, we
performed immunocytochemistry in isolated atrial myocytes from
Sp '~ and WT mice with antibodies against RyR2 and PP1 (see Supple-
mentary material online, Figure S2A). We found a subtle but noticeable
difference in the PP1 signal between the Sp ™/~ and WT atrial myocytes,
where the PP1 signal in green was more scattered and less regularly
formed in a striated pattern (see Supplementary material online, Figure
$2B). This observation was confirmed by quantifying the co-localization
between RyR2 and PP1 using the correlation R coefficient, which is sig-
nificantly lower in the Sp~/~ cells (0.40 + 0.02) vs. WT cells (0.56 +
0.02; P < 0.001; see Supplementary material online, Figure S2C).

3.2 Impaired PP1 local regulation enhances
RyR2 phosphorylation at S2814

Since the amount of PP1 bound to RyR2 was decreasedin Sp~/~ hearts
(Figure 1C), we initially anticipated that RyR2 at S2808 would be
increased based on a previous report.’’ However, western blotting
using phospho-specific antibodies revealed that RyR2 phosphorylation
at 52808 was not significantly altered in Sp~’~ mice (Figure 2A). In con-
trast, phosphorylation of the primary CaMKll site $2814 was elevated by
43% (P < 0.05). In order to test whether changes in phosphorylation
were specific for RyR2 in the absence of spinophilin, we also measured
the phosphorylation status of phospholamban (PLN), whichis also in the
cardiac SR. Consistent with the model that spinophilin targets PP1 to
RyR2 and not to PLN, we did not find any significant changes in the phos-
phorylation of PLN at both S16 and T17 in the absence of spinophilin
(see Supplementary material online, Figure S3). This further supports
the notion that spinophilin deficiency specifically impairs PP1’s local
regulation of RyR2.

To further assess whether the hyperphosphorylation of RyR2 at $2814
was caused by changes in the kinases, we measured both the cytosolic
protein and activity levels of PKA and CaMKIl in WT and Sp™’~ mice
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Figure 2 Impaired local regulation by PP1 leads to increased phosphorylation of RyR2 at S2814. Representative western blots and quantification showing
(A) increased phosphorylation of RyR2 at $2814 (pS2814) but not at 52808 (pS2808) in atria from Sp~' ~ mouse, (B) unchanged global protein levels of PKA
and CaMKll, and (C) unaltered level of CaMKIl in the RyR2 complex as determined by co-immunoprecipitation. *P < 0.05 vs. WT.

and found no significant changes (Figure 2B and see Supplementary mater-
ial online, Figure S4). Furthermore, since the CaMKlI site S2814 was hyper-
phosphorylated (Figure 2A), we performed co-immunoprecipitation and
found no increase in the amount of CaMKIl binding to RyR2 (Figure 2C).
Taken together, these data suggest that PP1 primarily regulates 52814
on RyR2 in vivo and that disruption of PP1 binding to RyR2 promotes
hyperphosphorylation of RyR2 at $2814.

3.3 Impaired PP1 local regulation enhances
RyR2 channel activity

Since changes in RyR2 phosphorylation status can alter channel activity,®
we assessed the activity of single RyR2 channels from the Sp ™/~ and WT
hearts in planar lipid bilayers. The open probability (Po) of RyR2 channels
from Sp™'~ mice was significantly higher (Po = 0.10 + 0.02) compared
with WT (Po=10.01 £ 0.01; P < 0.01; Figure 3A and B). The mean
open time was also higher for RyR2 channels from Sp™'~ mice (18.6 +
7.6 ms), compared with RyR2 from WT mice (1.2 &+ 0.3 ms; P < 0.05).
Finally, there was a non-significant trend towards a reduced mean
closed time for RyR2 from Sp™/~ mice (246 + 82 ms) compared with
channels from WT mice (3818 + 3333 ms; P = NS; Figure 3Cand D).
To assess RyR2 activity in the cellular environment, we performed
Ca®" spark experiments in atrial myocytes isolated from Sp~/~ and
WT mice. After loading the myocytes with Fluo-4-AM, a Ca>*-sensitive

dye, we measured the Ca*" spark frequency (CaSF) as well as deter-
mined the SR Ca** load using a caffeine dump protocol.”* At baseline
following 1-Hz pacing, there was a significant increase in CaSF normal-
izedto SR Ca*" loadinSp ™/~ atrial myocytes (1.7 + 0.2 a.u.) compared
with WT (0.8 + 0.2 a.u,; P < 0.05; Figure 4A and B). When CaMKIl was
activated by pacing the myocytes at a higher frequency of 3 Hz, there
was an even greater increase in CaSF in Sp~/~ myocytes (3.5 +
0.6 a.u.) compared with WT (1.7 + 0.2 a.u; P<0.05; Figure 4C).
Taken together, these results suggest that, with impaired local PP1
regulation, enhanced RyR2 activity promotes spontaneous SR Ca”"
release in isolated cardiomyocytes.

3.4 Mechanistic basis of RyR2 hyperactivity
with impaired PP1 regulation

To gain more insights into the mechanisms underlying enhanced RyR2
phosphorylation with impaired PP1 regulation, we applied CaMKIl inhi-
bitors to Sp~’~ myocytes (Figure 4). Two different CaMKIl inhibitors
(KN-93 and AIP) both reduced the higher CaSF levels in myocytes
from Sp~/~ mice to levels similar to those observed in WT myocytes
(0.9 + 0.2 a.u. for KN-93 and 0.9 + 0.3 a.u. for AIP; P <0.05 vs.
Sp~'~ for both; Figure 4A and B). In contrast, the inactive analogue of
KN-93, KN-92, did not reduce the CaSF in myocytes from Sp~'~
mice (2.1 + 0.3 a.u., P = NSvs. Sp~’'~; Figure 4B).
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Figure 5 Impaired regulation of RyR2 by PP1 increased atrial ectopy in mice. (A) Representative telemetry ECG recordings of conscious, freely roaming
mice. Arrow points to an atrial ectopic beatina Sp~/~ mouse. (B) Bar graph summarizing the number of atrial ectopic beats per hour in WT, Sp /™, and
Sp /7 :52814A mice. Numbers under the bars indicate the number of mice studied. *P < 0.05 vs. WT. #P < 0.05 vs. Sp~/ ™.

Since phosphorylation of the S2814 site was increased in Sp7/7 mice
(Figure 2A), we sought to assess whether genetic inactivation of the
$2814 phosphorylation in Sp™'~ mice could attenuate the increased
RyR2 activity. Therefore, Sp7/7 mice were crossed with mice in
which the S2814 phosphorylation site on RyR2 was inactivated by
mutation to alanine (52814A). Ca*" spark measurements in atrial
myocytes from Sp7/7:52814A mice revealed significantly reduced
CaSF levels (1.1 + 0.2 a.u.) compared with those in myocytes from
Sp~’~ mice (1.7 4+ 02au; P<0.05; Figure 4A and B). The same
rescue effect was also observed when the atrial myocytes were paced
at the higher frequency of 3 Hz (2.2 + 0.6 vs. 3.5 + 0.6 a.u. for Sp'~;
P < 0.05; Figure 4C). Taken together, these data demonstrated that
abnormal RyR2-mediated SR Ca®" release events observed in Sp7/7
atrial myocytes could be normalized by CaMKIl inhibition or genetic
ablation of S2814 phosphorylation on RyR2. These data support the
concept that PP1 regulates RyR2 primarily at the 52814 site and that
this directly counteracts CaMKIl phosphorylation of RyR2.

3.5 Impaired PP1 regulation predisposes
mice to atrial ectopy and AF induction

Previous studies have associated RyR2 hyperphosphorylation and
hyperactivity with AF in various animal models.*®"®%3 Since our data
demonstrate that RyR2 is both hyperphosphorylated (Figure 2) and
hyperactive with impaired PP1 regulation (Figures 3 and 4), we assessed
whether Sp™/~ mice are more prone to developing AF. ECG telemetry
revealed that Sp~/~ mice exhibited a larger number of ectopic beats
(4.5 £+ 1.3 events/h) compared with WT mice (0.3 £ 0.2 events/h;
P < 0.05; Figure 5). In contrast, there was a reduced number of ectopic
beats in Sp~’'~:52814A mice (0.4 + 0.3 events/h, P < 0.05 vs. Sp~'~;
Figure 5). Baseline ECG parameters are provided in Supplementary
material online, Table ST.

To determine whether Sp™’~ mice were also more susceptible to
develop AF, we subjected them to programmed electrical stimulation'®
and found that AF was induced in 83% of the Sp~’~ mice compared with
only 25% of the WT mice (P <<0.05; Figure 6). In contrast, the
Sp~/7:52814A mice were resistant to pacing-induced AF (14.3% vs.
Sp~'7; Figure 6). Taken together, these findings suggest that Sp~'~
mice are more susceptible to AFas a result of abnormal RyR2 phosphor-
ylation due to reduced PP1-mediated dephosphorylation of S2814.

3.6 Absence of structural remodelling in
atria of Sp~'~ mice

Additional experiments were performed to determine whether the
enhanced susceptibility to AF in Sp™’~ mice could be attributed to
structural remodelling of the atria. Histological analysis was performed
on hearts from WT and Sp~'~
months. Haematoxylin—eosin stained longitudinal heart sections

mice obtained at the age of 2—4

revealed the absence of gross morphological changes in Sp™’~ hearts,
although they were slightly smaller overall, consistent with their smaller
body size as previously reported (see Supplementary material online,
Figure S5A)."* Echocardiography revealed normal cardiac ejection frac-
tions, and slightly reduced end-systolic and end-diastolic diameters
(ESD and EDD) of Sp™’~ hearts (both P < 0.01vs. WT; see Supplemen-
tary material online, Table S2). However, when normalized to the total
body weight, the heart weight-to-body weight ratio (HW/BW) was
actually slightly increased in Sp™’~ mice (see Supplementary material
online, Figure S5B). This was mainly due to a minor but statistically signifi-
cant increase in the ventricular weight-to-body weight ratio (VW/BW;
P <0.05 vs. WT; see Supplementary material online, Figure S5C).
Importantly, however, the atrial weight-to-body weight ratio (AW/BW)
was unaltered in Sp~/~ mice compared with WT mice (P = NS; see
Supplementary material online, Figure S5D). Finally, Masson’s trichome
staining revealed no difference in the amount of atrial fibrosis, comparing
atria from Sp~'~ and WT mice (see Supplementary material online,
Figure S6). Taken together, these findings suggest that Sp™/~ mice are
more susceptible to AF as a result of abnormal RyR2 phosphorylation
due to reduced PP1-mediated dephosphorylation of $2814.

3.7 Invitro validation of PP1-spinophilin
targeting of RyR2 S2814

To further validate our findings which suggest that PP1—spinophilin
targets RyR2 specifically at S2814 and not at 52808 (Figure 2A), we
co-transfected HEK293 cells with constructs containing RyR2 and
CaMKIl with either spinophilin or an empty vector. Using the western
blot, we first confirmed the overexpression of spinophilin, while levels
of CaMKIl and PP1 were not significantly changed (Figure 7A). Next,
we measured the phosphorylation level of RyR2 at 52808 and $2814
and found a significant decrease only at S2814 in the presence of
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Figure 6 Impaired regulation of RyR2 by PP1 increased AF susceptibility in mice. (A) Representative simultaneous recordings of surface ECG and intra-
cardiac electrograms (atrial and ventricular) after burst pacing. (B) Bar graph summarizing the incidence of pacing-induced AF in WT, Sp~/~, and
Sp~/7:52814A mice. Numbers in the bars indicate the number of mice studied. *P < 0.05 vs. WT. *P < 0.05vs. Sp~/ ™.
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Figure 7 Overexpression of spinophilin decreases RyR2 phosphorylation at S2814. (A) Representative western blots and summary bar graphs showing
overexpression of spinophilin in HEK293 cells co-transfected with spinophilin (Sp), RyR2, and CaMKIIl. Empty, empty pcDNA3.1 vector. (B) Representative
western blots and summary bar graphs showing a significant decrease in RyR2 phosphorylation at $2814 but not at S2808 in HEK293 cells co-transfected
with spinophilin, RyR2, and CaMKIl. Numbers in the bars indicate the number of independent co-transfection experiments. *P << 0.05 vs. WT.

spinophilin overexpression (Figure 7B). Taken together with our

previous findings, this further supports the notion that spinophilin

targets PP1 to dephosphorylate RyR2 specifically at S2814 and not at

$2808.

4. Discussion

Previous studies have described the importance of enhanced RyR2-

dependent SR Ca®* release in the pathogenesis of AF.*** However,
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the molecular mechanisms underlying enhanced RyR2 activity have
remained incompletely understood and quite controversial."¢”"°
Here, we demonstrated for the first time an important role for the
local regulation of PP1 in modulating RyR2 activity in the atria. Our
data revealed that when this local regulation is disrupted, RyR2
becomes hyperphosphorylated at S2814 and also hyperactive leading
to enhanced SR Ca®" release in atrial myocytes. Furthermore,
reduced PP1 binding to RyR2 also increased both atrial ectopic events
and the susceptibility to pacing-induced AF. Taken together, these
data support the novel concept that reduced PP1-dependent depho-
sphorylation of RyR2 can promote triggered activity and enhance AF
susceptibility in mice.

4.1 Abnormal RyR2 function in AF

The mechanisms underlying AF are complex, involving both spontan-
eous ectopic firing and impulse re-entry through the atria.*® Abnormal
SR Ca®" release is now believed to be a main cause of atrial ectopy,
and sustained ectopic activity may create a rapid local ‘driver’ that pro-
motes fibrillatory conduction and AF.**” Delayed afterdepolarizations,
which result from enhanced diastolic SR Ca®* leak, constitute the most
important cause of focal atrial activity. Increased SR Ca®* leak could the-
oretically result from RyR2 dysfunction and/or SR Ca** overload, al-
though there is currently no experimental evidence to support the SR
overload hy|:)othesis.8'9’28 On the other hand, biochemical analysis of
atrial samples from AF patients revealed profound remodelling of the
RyR2 macromolecular complex.*® For example, the level of FKBP12.6
bound to RyR2 was decreased in AF patients, which might contribute
to enhanced RyR2 activity.” Moreover, RyR2 phosphorylation at
$2808 (mainly due to PKA) and S2814 (mainly due to CaMKIl) was
increased in chronic AF pa‘cien'cs.6‘7'9 Furthermore, pharmacological in-
hibition of CaMKII but not PKA suppressed aberrant diastolic SR Ca**
release events in atrial myocytes isolated from AF patients. This suggests
that enhanced CaMKIl activity and $S2814 phosphorylation are causally
linked to Ca®" release defect.” Furthermore, genetic inhibition of
$2814 phosphorylation on RyR2 suppressed atrial ectopy and AF induc-
tion in S2814A knockin mice, as also is evident in our present study
(Figures 5 and 6).%"® Taken together, these studies support the model
that enhanced phosphorylation of RyR2 at S2814 promotes AF.

4.2 Emerging role of PPs in AF

The potential role of differential regulation of RyR2 by PPs has not been

(% demonstrated

well studied, in particular in the context of AF. Klein eta
anenhanced L-type Ca*" current (LTCC, I, ) in atrial myocytes from AF
patients. The PP1/PP2A inhibitor okadaic acid (OA) was able to increase
LTCC Po only in control but not in AF patients, suggesting an impaired
PP-mediated regulation of LTCC. In contrast, Christ et al.*® demonstrated
that reduced LTCC current in AF patients was caused by increased PP ac-
tivity, since OA increased basal I, more effectively in AF than in control
patients. Whereas mRNA levels of PP1 and PP2A isoforms were
decreased, PP1 protein levels were unaltered while PP2 protein levels
were increased in AF patients.*® El-Armouche et al." also found a higher
total activity of both PP1 and PP2A in patients with chronic AF, but
reported inhomogeneous changes of protein phosphorylation levels in
different subcellular compartments. For example, PKA phosphorylation
of myosin-binding protein-C at 5282 was reduced, troponin | phosphor-
ylation was preserved, and phosphorylation of PLN at S16 and T17 was
enhanced.” Furthermore, there was a 10-fold increase in the ratio of
T35-phosphorylated to total PP1 inhibitor I-1, implying that PP1 is

inhibited within the SR, consistent with hyperphosphorylated PLN and
RyR2." Thus, these prior studies indicate substantial inhomogeneities in
PP protein and activity levels across subcellular compartments.

To specifically study the effects of PP1 regulation on RyR2 in the
context of AF, we used a model with altered PP1 binding to RyR2 by
genetic ablation of the PP1-regulatory subunit spinophilin.""™* This ap-
proach enabled us to isolate the effect of PP1 catalytic activity on
RyR2, since spinophilin only targets PP1c to RyR2, whereas another
PP1-regulatory subunit (PPP1R3A, Rgl) targets PP1c to PLN.""*' Con-
sistent with this model, we showed that, in the absence of spinophilin,
RyR2 was hyperphosphorylated while the phosphorylation of PLN,
another SR protein, was unchanged (Figure 2A and see Supplementary
material online, Figure $3). In addition, our data demonstrated that spino-
philin—PP1 primarily dephosphorylates S2814 but not S2808 on RyR2,
since only S$2814 phosphorylation was enhanced in Sp~'~ mice
(Figure 2A). To further validate this model, we showed that overexpres-
sion of spinophilin in HEK293 cells led to a selective decrease in the
phosphorylation of RyR2 at S2814 but not at S2808 (Figure 7). Taken to-
gether, our study is the firstin vivo and functional demonstration that spi-
nophilin serves as the PP1-regulatory subunit targeting PP1c to RyR2.
Similar findings were originally reported in a recombinant expression
system using fusion proteins and mutagenesis."’

At first, we were surprised by the finding that RyR2 became hyper-
phosphorylated at S2814 and not at S2808 because of the current
understanding in the field that PP1 primarily regulates $S2808 and
PP2A primarily dephosphorylates S2814. This understanding is illu-
strated by one previous study in which immunoprecipitated RyR2
was incubated with either PP1 or PP2A in vitro, and rat myocytes that
were exposed to the general PP inhibitor OA." The authors concluded
that while PP1 appeared to more efficiently dephosphorylate $2808
and PP2A 52814, both PPs could completely dephosphorylate both
sites.”’ To further complicate the matter, a few other studies have
investigated the effect of PP on RyR2 activity with conflicting
results. duBell et al.>* applied PP1 and PP2A catalytic subunits to
patched myocytes and suggested that PP1 and PP2A could decrease
excitation—contraction coupling gain by dephosphorylating RyR2.
Similarly, Sonnleitner et al.*® showed using a lipid bilayer system that
PP1 treated RyR1 (isolated from rabbit skeletal muscles) has decreased
single-channel activity. However, in contrast to this understanding,
Terentyev et al.>* reported that PP1 actually increased diastolic RyR2
activity using myocytes permeabilized with saponin and a lipid bilayer
system. Finally, Carter et al.>® reported the paradoxical finding that
both PKA phosphorylation and PP1 dephosphorylation of RyR2 increase
its activity in a lipid bilayer, suggesting a non-linear relationship between
phosphorylation state and activity.

In light of these previous studies, all of which manipulated the PP1
catalytic subunit by either applying it exogenously or inhibiting it globally
with OA, the present study specifically disrupts PP1’s binding to RyR2 in
the native cardiac environment without altering the total PP1c level or
activity. In this system, we found that RyR2 S2814 is preferentially depho-
sphorylated by PP1, and that this increases RyR2 activity with functional
consequences both at the myocyte and at the whole animal level. In
other words, our data suggest that, in the native cardiac environment,
PP1 mainly regulates RyR2 S2814 and not S2808 in vivo. On the other
hand, PP2A may also target 52814 on RyR2 as suggested by a recent
study that targeted a PP2A regulatory subunit B56a via miR-1,
although that study was limited to isolated myocytes and not in the
whole animal.*®
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4.3 Potential alternative targeting
mechanism of PP1 to RyR2

Our data revealed some residual binding of PP1 to RyR2 in the Spfl*
mice (Figure 1C), suggesting that there might be an alternative mechanism
by which PP1interacts with RyR2. Targeting of PP1 to RyR2 via spinophi-
lin was first demonstrated by Marx et al. T using in vitro assays. However,
an earlier study by Zhao et al¥ using affinity columns showed that PP1
can bind directly to both RyR1 and RyR2. Thus, it is possible that some
PP1 might bind directly to RyR2. Alternatively, it is possible that additio-
nal regulatory subunits may also target PP1 to the RyR2 macromolecular
complex, since PP1c binds a number of other regulatory subunits in the
heart (unpublished data). Further experimental studies are needed to
explore such possibilities.

4.4 Potential limitations

We took advantage of the Sp~’~ mice to study PP1’s local regulation of
RyR2. However, the gene ablation in this mouse model was not atrial-
specific." Nevertheless, prior papers and our current results demon-
strated no gross abnormalities in the Sp™/~ mice, except for a slightly
reduced body weight, heart, and brain size (see Supplementary material
online, Figures S5 and $6)."* Also, cardiac contractility and ventricular
functions were largely unaltered (see Supplementary material online,
Table S2). Therefore, atrial arrhythmogenesis is probably not secondary
to atrial or ventricular remodelling or extra-cardiac effects. Another po-
tential limitation is that Sp~’~ mice did not exhibit spontaneous AF. Our
studies were conducted in 2- to 4-month-old mice, so it is possible that
older Sp~/~ micewill be more likely to develop spontaneous AF. On the
other hand, it is well recognized that only few transgenic mouse models
exhibit spontaneous AF.*® Nevertheless, many other genetic mouse
models with an enhanced susceptibility to pacing-induced AF have pro-
vided valuable information on the molecular pathways involved in atrial
ectopy and remodelling. Finally, the residual PP1 bound to RyR2 in the
absence of spinophilin may complicate the interpretation of our findings
(Figure 1C). Nevertheless, even though this binding between PP1 and
RyR2 is not completely abolished in Sp™/~ mice, it is still significantly
decreased or ‘impaired’ and thereby supports the overall conclusion
of this study.

4.5 Conclusion

The results of this study clearly demonstrate for the first time that the
local regulation by PP1 is required for the homeostasis of RyR2 phos-
phorylation in vivo in mouse atria. Specific dissociation of PP1c from
the RyR2 macromolecular complex promotes hyperphosphorylation
of RyR2, which is associated with enhanced RyR?2 activity, spontaneous
Ca*" release events, atrial ectopy, and enhanced AF susceptibility in
mice. These phenotypes both at the cellular and organ levels can be
rescued pharmacologically by CaMKIl inhibition or genetically by abla-
tion of the RyR2 $2814 phosphorylation site. Taken together, our data
suggest that (i) PP1 directly opposes CaMKII's action on RyR2 S2814
in vivo and (i) disruption of PP1’s regulation on RyR2 contributes to
AF susceptibility. This represents a novel understanding of AF pathogen-
esis and offers insights into new therapeutic strategies such as strength-
ening the targeting of PP1 to RyR2.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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