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Abstract 1 

Background: Phosphoinositide 3-kinase  (PI3K) is a proto-oncogene with high activity in the heart.  2 

BYL719 (BYL) is a PI3K-selective small molecule inhibitor and a prospective drug for advanced solid 3 

tumors.  We investigated whether acute pharmacological inhibition of PI3K has pro-arrhythmic effects.  4 

Methods & Results: In isolated wild-type (WT) cardiomyocytes, pharmacological inhibition of PI3K 5 

(BYL719) increased contractility by 28%, Ca2+ release by 20%, and prolonged action potential (AP) 6 

repolarization by 10-15%.  These effects of BYL719 were abolished by inhibition of reverse-mode 7 

Na+/Ca2+ exchanger (NCX) (KB-R7943) or by inhibition of late Na+ current (INa-L) (ranolazine).  BYL719 had 8 

no effect on PI3K-deficient cardiomyocytes, suggesting BYL719 effects were PI3K-dependent and 9 

mediated via NCX and INa-L.  INa-L was suppressed by activation of PI3K, application of exogenous 10 

intracellular PIP3, or ranolazine.  Investigation of AP and Ca2+ release in whole heart preparations using 11 

epicardial optical mapping showed that inhibition of PI3K similarly led to prolongation of AP and 12 

enhancement of Ca2+ release.  In hearts of PI3K-deficient mice, -adrenergic stimulation in the 13 

presence of high Ca2+ concentrations and 12-Hz burst pacing led to delayed afterdepolarizations and 14 

ventricular fibrillation.  In vivo, administration of BYL719 prolonged QT interval [QTcF (Fridericia) 15 

increased by 15%] in WT, but not in PI3K-deficient mice.   16 

Conclusions: Pharmacological inhibition of PI3K is arrhythmogenic due to activation of INa-L leading to 17 

increased sarcoplasmic reticulum Ca2+ load and prolonged QT interval.  Therefore, monitoring of cardiac 18 

electrical activity in patients receiving PI3K inhibitors may provide further insights into the 19 

arrhythmogenic potential of PI3K inhibition.  20 

Key Words: PI3K, arrhythmias, long QT, afterdepolarization, adrenergic stimulation 21 

 22 
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1. Introduction 1 

Phosphoinositide 3-kinase (PI3K) consists of the p110 catalytic subunit of PI3K (encoded by 2 

PIK3CA gene) and a p85 regulatory subunit.  The kinase is activated by receptor tyrosine kinase 3 

(TK) and modulates cell survival, growth, metabolism, and myocardial contractility via 4 

production of phosphatidylinositols (PtdIns) (3,4,5)P3 (PIP3) [1-3].  Upregulation of PI3K 5 

signaling due to gain-of-function mutations in the PIK3CA gene is common in many cancers, 6 

making the PI3K pathway a target for new cancer drugs [2, 4, 5].  A number of clinical trials are 7 

in progress to test specific PI3K inhibitors (e.g., taselisib, GDC0032 [6]; alpelisib, BYL719 [7, 8]; 8 

TAK117, MLN1117 [9]), pan-PI3K inhibitors (e.g., BKM120 [10]), and tyrosine kinase inhibitors 9 

that inhibit PI3K activity [11] (e.g., ibrutinib [12]).  Inhibition of PI3K and/or TK activity is 10 

known to adversely impact the heart as such inhibitors had been linked to cardiotoxicity and 11 

heart failure [2, 4].  Arrhythmogenic side effects have been reported for copanlisib and ibrutinib 12 

[5, 11].  Copanlisib, a novel pan-PI3K inhibitor, prolonged QTc (QTcB ≥ 60 ms) in up to 6.6% 13 

patients, which resulted in a request for further monitoring by the FDA [5].  Ibrutinib increased 14 

instances of a cardiac disorder and atrial fibrillation by 2- and 3-fold, respectively, in 15 

comparison to the anti-CD20 monoclonal antibody ofatumumab [12].  Besides that, ibrutinib is 16 

linked to ventricular arrhythmias and sudden cardiac death in patients [13, 14].  A link between 17 

PI3K activity and arrhythmias has been observed not only for cancer drugs but also for 18 

diabetes, which also lowers PI3K activity [15, 16].  Diabetes mellitus is known to be associated 19 

with a prolonged QT interval, which was linked to activation of late Na+ current (INa-L) due to a 20 

lack of PI3K activity [15, 16].  Conversely, upregulation of PI3K activity in the heart protects it 21 
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from ventricular arrhythmias and sudden death associated with pathological hypertrophy and 1 

heart failure [17, 18].   2 

Arrhythmogenic activation of INa-L secondary to PI3K inhibition was also shown for 3 

some classical blockers of rapidly activating delayed rectifier K+-channels (IKr blockers), such as 4 

dofetilide and E4031 [19].  In addition, gain-of-function mutations in genes encoding Na+ 5 

channels (SCN5A and SCN10) are involved in the development of heart failure in a rodent model 6 

[20] and associated with dilated cardiomyopathy [21] as well as arrhythmias, including sudden 7 

cardiac death [22, 23]. This growing body of evidence linking PI3K inhibition, INa-L, and 8 

arrhythmogenic phenomena necessitates a rigorous examination of the underlying mechanisms 9 

and rigorous testing of new generation PI3K inhibitors. Our preliminary report showed that 10 

PI3K inhibition results in enhanced contractility and Ca2+ release accompanied by prolongation 11 

of an action potential (AP) and QT interval [24].  Most of the previous studies on the link 12 

between inhibition of PI3K signaling and arrhythmogenic consequences such as long-QT (LQT) 13 

syndrome and atrial fibrillation [11, 19, 25] were mainly based on non-specific PI3K inhibitors 14 

and were limited to isolated cardiomyocytes. The specific PI3K inhibitor (BYL719) increased 15 

INa-L and triggered activity in cardiomyocytes [26].  However, no previous studies performed ex 16 

vivo and in vivo studies or considered the involvement of Ca2+ cycling or possible interplay with 17 

-adrenergic stimulation, both of which are important contributors to the development of 18 

several arrhythmias [23, 27].  19 

In this study, we used a specific inhibitor of PI3K (BYL719) and mice with 20 

cardiomyocyte-specific PI3K deficiency (p110f/f-Cre) to elucidate the consequence of specific 21 

PI3K inhibition at the cellular, organ, and animal levels.  First, our work confirmed that PI3K 22 
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inhibition is inherently pro-arrhythmic (associated with QT prolongation and triggered activity). 1 

Second, we demonstrated that the inhibition is associated with increased Ca2+ load of 2 

sarcoplasmic reticulum (increased caffeine-induced Ca2+ release, Ca2+ transients, and myocyte 3 

contractility). Thirdly, the effects of PI3K inhibition are additive with -adrenergic stimulation.  4 

Lastly, we found that the effects of PI3K inhibition can be mitigated by a late Na+ current 5 

blocker (e.g., ranolazine) and/or reverse-mode Na+-Ca2+ exchanger blocker.   6 

 7 

2. Methods 8 

2.1. Experimental animals. 9 

At 10-12 weeks of age, C57BL/6J male mice [wild type (n=57), p110flx/flx (p110f/f, 10 

n=24), and MHC-Cre-p110flx/flx (p110f/f-Cre, n=20)] were studied.  Transgenic mice, 11 

p110f/f-Cre, were obtained by cross-breeding mice with constitutively active Cre recombinase 12 

under the control of the αMHC promoter and mice carrying PI3K gene (PIK3CA) flanked with 13 

loxP sites, as previously described [28].  Hearts were excised under anesthesia (2% isoflurane) 14 

and were either used for whole-heart perfusions or isolations of cardiomyocytes as previously 15 

described [29].  Electrocardiographic recordings (ECG) were performed in anesthetized mice 16 

(1.5% isoflurane).  All animals received care according to the standards of the Canadian Council 17 

of Animal Care, and all procedures were approved by the University of Alberta Health Sciences 18 

Animal Welfare Committee.  All procedures were compliant with the Guidelines for the Care 19 

and Use of Laboratory Animals published by the US National Institutes of Health (NIH 20 

Publication, 8th Edition, 2011; University of Alberta assurance number: A5070-01).  21 
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 1 

2.2. Isolation and culture of cardiomyocytes. 2 

Myocytes were isolated as described previously [29].  After isolation, myocytes were 3 

kept in perfusion buffer solution (pH 7.4) and used for contractility or patch-clamp 4 

measurements, loading with FURA-2AM or FURA-4F-AM for Ca2+ measurements, or plating for 5 

myocyte culture.  Isolated cardiomyocytes were cultured as described previously [29] with 6 

plating buffer containing 25 µmol/l (–)-blebbistatin (Sigma-Aldrich, Canada).  After Ca2+ 7 

reintroduction and plating in media containing 10% serum, cardiomyocytes were cultured in 8 

serum-free media with ITS supplement (Sigma Aldrich, Canada) for 30 min before the 9 

introduction of 0.2% fetal bovine serum supplemented with 50 U/L (1.74 mg/l) insulin and the 10 

addition of 100 nmol/l BYL.  BYL was added from a stock solution of 10 mmol/l in dimethyl 11 

sulfoxide (DMSO), stored frozen at –20 °C. 12 

 13 

2.3. Single cardiomyocyte contractility. 14 

Myocytes were superfused with modified Tyrode’s solution (containing in mmol/l: 135 15 

NaCl, 5.4 KCl, 1.2 CaCl2, 1 MgCl2, 1 NaH2PO4, 10 Taurine, 10 HEPES, 10 glucose; pH 7.4 with 16 

NaOH) at 35-36°C and paced with field stimulation at 1 Hz.  Sarcomere length was calculated in 17 

real time by software (900B VSL, Aurora Scientific, Canada) from images captured by a high-18 

speed camera at the rate of 200 s–1.  Myocytes producing contraction of stable amplitude and 19 

kinetics at steady state were selected for analysis.  Measurements of fractional shortening, –20 
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dL/dt (rate of contraction, C), and +dL/dt (rate of relaxation, R) were done at steady state (after 1 

2 min of continuous stimulation).  2 

 3 

2.4. Ca2+ transients and caffeine spurts in isolated myocytes. 4 

Ca2+ transients. Myocytes were loaded with membrane-permeable Ca2+ sensitive dye [1 5 

µM FURA-2AM (ThermoFisher Scientific, Canada) in Ca2+-free Tyrode’s solution] for 15 min at 6 

35-36 °C.  After that, myocytes were incubated in Ca2+-free modified Tyrode’s solution for 15 7 

min at 35-36 °C and stored later at room temperature protected from light.  Aliquots of the 8 

solution containing myocytes were placed in a bath mounted on top of an inverted microscope 9 

(Olympus IX71, Olympus, Canada) connected to a spectrofluorometer (RatioMaster, Photon 10 

Technology International, Inc., USA).  Myocytes were superfused with modified Tyrode’s 11 

solution (same as for contractility measurements) containing 1.2 mM Ca2+ at 35-36 °C and 12 

paced with field stimulation at 1 Hz (stimulator Grass S48, Astro-Med Inc., USA).  Ca2+ transients 13 

were recorded at emission frequency 510 nm using two excitation frequencies (340 nm and 380 14 

nm) at 200 cycles/s.  Transients for the final 40 s of 1 min stimulation were consequently 15 

averaged to reduce the noise.  The ratio of the signal at 340 nm to the signal at 480 nm was 16 

used to calculate the amplitude of Ca2+ release [the difference between peak (systolic Ca2+ 17 

levels) and trough (diastolic Ca2+ levels)] and time constant of the Ca2+ transient.  18 

Caffeine spurts. Myocytes were loaded with membrane-permeable Ca2+ sensitive dye [2 19 

µM FURA-4F-AM (ThermoFisher Scientific, Canada) in Ca2+-free Tyrode’s solution] the same way 20 

as for Ca2+ transients.  FURA-4F fluorescence was measured in the same experimental 21 
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equipment using the same solutions (1.2 mM Ca2+) at 35-36 °C and the same 1 

excitation/emission wavelengths at 200 cycles/s.  Maximal Ca2+ release was invoked in 2 

quiescent myocytes by application of 20 mM caffeine via custom-built rapid-application 3 

perfusion system.  The opening of the wide pipet was placed near the myocyte (<100 µm away) 4 

using a micromanipulator to ensure rapid application of caffeine.  The signal was filtered by the 5 

adjusted averaging algorithm with the window size of 17 data points.  The resulting trace was 6 

used to calculate the diastolic Ca2+ level and maximal Ca2+ level.  Maximal Ca2+ release was 7 

reported as a difference between maximal Ca2+ level and diastolic Ca2+ level.  8 

 9 

2.5. Patch-clamp recordings. 10 

Aliquots of the solution containing myocytes were placed in a bath mounted on top of 11 

an inverted microscope (Olympus IX71, Olympus, Canada), and rod-shaped quiescent myocytes 12 

were selected for the study.  Myocytes were superfused with modified Tyrode’s solution (same 13 

as for contractility measurements) at 35-36 °C.  Pipettes with a resistance of 1.5-2.5 MOhm 14 

filled with either K+ pipette solution (used for measurement of action potential and K+ currents) 15 

or Cs+ solution (used for measurement of Ca2+ and late-Na+ currents) were zeroed in the 16 

solution, then used to form a tight seal, and after that the membrane under the pipette was 17 

ruptured using the zap function of the amplifier and gentle suction.  Current and membrane 18 

potential was measured using a Multiclamp 700B amplifier (Molecular Devices, USA) in voltage 19 

or current-clamp mode, respectively.  Measured signal was digitized at 10 kHz by 16-bit analog-20 

digital board DigiData 1440A (Molecular Devices, USA) under control of pClamp 10 software 21 

(Molecular Devices, USA) and stored for offline analysis.  Action potentials and K+ currents were 22 
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measured using modified Tyrode’s solution (same as for contractility measurements) as 1 

superfusate and K+ pipette solution containing in mmol/l: 30 KCl, 110 K-aspartate, 5 MgATP, 5 2 

EGTA, 10 HEPES.  Ca2+ current was measured with nominally K+-free modified Tyrode's solution 3 

as superfusate and Cs+ pipette solution containing in mmol/l: 25 CsCl, 5 NaCl, 110 CsOH, 110 4 

aspartic acid, 5 MgATP, 5 EGTA, 10 HEPES.  Small stabilizing hyperpolarizing current (–50...–75 5 

pA) was constantly injected to ensure consistent and stable recording of action potentials.  Late 6 

Na+ current was measured with nominally K+-free modified Tyrode's solution with 3 µmol/l 7 

nisoldipine (Sigma Aldrich, Canada) as superfusate and Cs+ pipette solution. 8 

K+ currents were measured in myocytes superfused with modified Tyrode’s solution and 9 

dialyzed with K+ pipette solution.  Total K+ current was elicited in response to 500-ms 10 

depolarizations from –85 to +20 mV and reported as time-dependent (IK,TD; peak – steady state) 11 

and steady-state (IK,ss, the amplitude at the end of 500-ms depolarization).  IK1 was elicited by 12 

100-ms hyperpolarizations from –85 to –120 mV and reported as amplitude at 100-ms 13 

hyperpolarization.  L-type Ca2+ current (ICa,L) was measured in myocytes superfused with 14 

nominally K+-free modified Tyrode's solution and dialyzed with Cs+ pipette solution.  The 15 

current was elicited in response to step depolarization from –40 mV to 0 mV.  Nisoldipine (3 16 

µmol/l; Sigma Aldrich, USA) was used to record background current and isolate ICa,L.  Late Na+ 17 

current (INa-L) was measured in myocytes superfused with nominally K+-/Ca2+-free modified 18 

Tyrode's solution containing 1 µmol/l nisoldipine and dialyzed with Cs+ pipette solution.  The 19 

current was elicited by depolarizations from –120 (pre-pulse) to –40 mV.  Tetrodotoxin in 20 

citrate buffer (5 µmol/l TTX, Abcam, USA) was used to record background and isolate INa-L.  In 21 

general, currents were measured at 6-8 min dialysis time (baseline), then vehicle or drug was 22 
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applied for 6-8 min, followed by a specific blocker (e.g., nisoldipine or TTX) if required to 1 

determine background current.  2 

 3 

2.6. Ex-vivo epicardial optical mapping. 4 

Simultaneous voltage and Ca2+ mapping were performed as described [30].  Hearts were 5 

cannulated and perfused using a Langendorff column with modified Krebs-Henseleit solution 6 

[1.2 or 3.6 mmol/l Ca2+, 1 g/l albumin, 10 µmol/l (–)-blebbistatin under 70 mm Hg pressure 7 

(resulting in the flow rate of 1.5-2 ml/min) at 36-37 °C.  After initial perfusion for 5-10 min, 8 

hearts were loaded with Ca2+-sensitive dye Rhod-2AM (ThermoFisher Scientific, Canada) (80 µl 9 

per heart of 1 g/l solution) for 15 min followed by loading with voltage-sensitive dye RH237 10 

(ThermoFisher Scientific, Canada) (60 µl per heart of 1 g/l solution) for 6 min.  MiCAM Ultima 11 

(Brainvision Inc., Japan) was used to record and process optical signals from the hearts.  Images 12 

were recorded at a frame rate of 1 kHz. Hearts were paced at 6 Hz (applied to the right atria).  13 

For arrhythmia induction, hearts were paced at 12 Hz for 1.5 s (applied to the left ventricle) and 14 

then allowed to excite autonomously.  Baseline measurements were taken 5 min after loading 15 

the dyes.  Drug or placebo was applied, followed by another measurement 7 min later.  Action 16 

potential duration (APD) were reported as averages for the heart.  17 

 18 

2.7. Electrocardiographic (ECG) recording and administration of BYL. 19 

Mice were placed under isoflurane anesthesia (1.5-2%) on a heated pad (body 20 

temperature maintained at 37 °C, measured by the rectal probe).  ECG leads were placed in 21 



Zhabyeyev P. et al. 2019  9 

 

Lead I configuration.  Signal was digitized using acquisition interface ACQ-7700 (Data Science 1 

International, USA) with P3 Plus software (ver. 5.0, Data Science International, USA).  ECGs were 2 

recorded before administration of BYL or vehicle (base recording), followed by daily gavaging of 3 

the vehicle (corn oil) or BYL (30 mg/kg; dissolved in corn oil (3.75 g/l) for 4 days.  Another ECG 4 

was taken 2 h after the last dose of vehicle or BYL, and change expressed as % control change 5 

from the base (the first measurement).  6 

 7 

2.8. Immunoblot analysis. 8 

For Western blots, cardiomyocytes were collected from plates and lysed using a CelLytic 9 

M Cell Lysis Reagent (Sigma Aldrich, Canada) with cOmplete and PhosSTOP inhibitors (Roche, 10 

Canada).  Upon transfer to Immobilon PVDF membranes (EMD Millipore, Canada), antibodies 11 

used were from Cell Signaling (Product ID: 9272, 9271, 9275 and 7074).  PVDF membranes were 12 

stained for total protein as a loading control using MemCode (Thermo Fisher Scientific). 13 

 14 

2.9. Drugs. 15 

The following drugs were used: BYL719 (BYL; ChemieTek, USA) as 10 µmol/l stock in 16 

DMSO, KB-R7943 mesylate (KB-R; Tocris Bioscience, USA) as 100 mmol/l stock in DMSO, 17 

Nisoldipine (Sigma Aldrich, USA) as 10 mmol/l stock in DMSO, ranolazine (Ran; Tocris 18 

Bioscience, USA) as 100 mmol/l stock in double-distilled water (ddH2O), and tetrodotoxin in 19 

citrate buffer (TTX, Abcam, USA) as 10 mmol/l stock in ddH2O.  All stocks were stored at –20 °C.  20 

 21 
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2.10. Data transformation and statistics. 1 

For statistical comparison, unless otherwise indicated, most measurements were 2 

expressed as absolute change from the baseline ().  Changes from baseline for vehicle group 3 

(Vehicle – basevehicle) were compared with changes from baseline in the BYL (BYL – baseBYL) to 4 

account for non-specific changes with time.  All vehicle measurements were vehicle time 5 

control, i.e., the vehicle was applied at similar time points as drug applications.  Comparisons 6 

between vehicle and drug applications were made using a non-paired Student's t-test or one-7 

way ANOVA with Tukey post-hoc test as appropriate.  Independent-sample Kruskal-Wallis test 8 

was used for non-parametric comparisons.  Statistical analysis was performed using SPSS 25 9 

software.  Values are reported as mean ±SEM. Values of p < 0.05 are considered significant.  10 

Absolute values for baseline and measurement are provided in the supplemental figures as 11 

time series plots.  12 

 13 

3. Results 14 

3.1. Pharmacological inhibition of PI3K increases contractility of isolated cardiomyocytes. 15 

Single-myocyte contractility was recorded at baseline and in the presence of increasing 16 

concentrations of BYL719 (vehicle, 10, 100, or 1000 nmol/l BYL).  The resulting average traces 17 

showed a BYL dose-dependent increase in the amplitude of contraction (Figure 1A).  Fractional 18 

shortening (FS), the rate of contraction (C, or –dL/dt max), and rate of relaxation (R, +dL/dt 19 

max) increased as BYL concentration increased, whereas the ratio of rates of relaxation to 20 

contraction (R/C) remained unchanged (Figure 1B).  All measurements were expressed as a 21 
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percent change from their baseline (taken before application of either vehicle or BYL).  BYL 1 

significantly increased fractional shortening (FS), the rate of contraction (C), and rate of 2 

relaxation (R) at both 100 nmol/l and 1000 nmol/l (Figure 1C).  Increases in rates of contraction 3 

(C) and relaxation (R) were proportional as evident from lack of change in R/C (Figure 1B) and 4 

R/C (Figure 1C).  5 

To investigate the mechanism of BYL action, we selected the second highest 6 

concentration of BYL (100 nmol/l) that resulted in increased contractility (FS and –dL/dt) in 7 

isolated cardiomyocytes.  BYL did not increase the contractility of PI3K-deficient myocytes 8 

(myocytes isolated from p110flx/flx-MHC-Cre mice, p110f/f-Cre) (Figure 2A and Figure S1A), 9 

indicating that the BYL effect is PI3K specific.  There is also a possibility that BYL cannot 10 

increase contractility in PI3K-deficient myocytes because the contractility is already saturated.  11 

We applied 1 µmol/l isoproterenol and found that PI3K-deficient myocytes has an increase in 12 

FS in response to isoproterenol (Figure S1B).  Since diminished PI3K activity was linked to 13 

activation of INa-L [15, 16, 26], we investigated the possible involvement of the late Na+ current 14 

(INa-L) and Na+-Ca2+ exchanger (NCX) by using INa-L blocker, ranolazine (10 µM RAN; which 15 

predominantly blocks the late phase of the Na+ current, but not the peak current) [31], and a 16 

reverse-mode NCX blocker, KB-R7943 (3 µM KB-R) [32] in WT cardiomyocytes.  Both ranolazine 17 

and KB-R abolished the effect of BYL on contractility (Figure 2B,C and Figure S1C,D) suggesting 18 

the involvement of INa-L as a source of Na+ entry and NCX as a source of Ca2+ entry via reverse 19 

mode, promoting myocyte contractility.  20 

 21 
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3.2. Pharmacological inhibition of PI3K increases Ca2+ release in isolated cardiomyocytes. 1 

Application of BYL increased the amplitude of Ca2+ transients (ACa) and decreased the 2 

time constant of clearing intracellular Ca2+ (Ca) in WT myocytes (Figure 3A and Figure S2A), 3 

whereas PI3K-deficient myocytes (Cre) did not respond to BYL (Figure 3B and Figure S2B).  In 4 

the presence of INa-L blocker ranolazine, BYL failed to increase Ca2+ release (Figure 3C and Figure 5 

S2C), suggesting that the BYL effect on contractility is mediated via enhancement of 6 

sarcoplasmic reticulum (SR) Ca2+ release and INa-L.  7 

 8 

3.3. Pharmacological inhibition of PI3K prolongs action potential in isolated cardiomyocytes. 9 

In response to BYL, WT myocytes had prolonged action potential duration (APD) at 10 

repolarization levels 20%, 50%, and 90% (APD20, APD50, and APD90).  Repolarization phase was 11 

prolonged by 10-15% in the presence of BYL in control (Figure 4A and Figure S3A), but not in 12 

PI3K-deficient myocytes (Figure 4B and Figure S3B).  In the presence of ranolazine, BYL failed 13 

to prolong action potentials at APD20 and APD90, but some prolongation at APD50 remained 14 

(Figure 4C and Figure S3C).  APD prolongation due to BYL can contribute to an increase in Ca2+ 15 

release due to additional Ca2+ influx via reverse mode of NCX with some contribution from L-16 

type Ca2+ channels.  17 

 18 

3.4. Identification of ionic currents regulated by PI3K in isolated cardiomyocytes. 19 

Voltage clamp was used to determine changes in K+-, Ca2+-, and Na+-currents underlying 20 

the prolongation of the action potential by BYL.  Total K+ current (ITO, Islow, and Iss) was not 21 
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affected by BYL (Figure S4).  L-type Ca2+ current (ICa,L) was inhibited by BYL in control myocytes 1 

(CTR; pooled p110f/f littermates and WT), but was unaffected in PI3K-deficient myocytes 2 

(p110f/f-Cre) (Figure 5A and Figure S5A,B).  The effects of BYL on contractility, Ca2+ transients, 3 

and action potentials suggest that PI3K activity is responsible for the suppression of INa-L.  To 4 

test this, we compared the effects of PI3Kactivation with 0.2% FBS and 50 U/L insulin (FBS) by 5 

itself and in the presence of BYL (BYL+FBS) on INa-L.  In the CTR group, activation of PI3K 6 

reduced late Na+ current (INa-L), but not when PI3K was inhibited by BYL (Figure 5B and Figure 7 

S5C).  To confirm that FBS mixture can activate PI3K and that 100 nmol/l BYL is sufficient to 8 

block this activation, we treated cultured myocytes with the vehicle, FBS mixture, or FBS 9 

mixture with BYL for 15 min.  Immunoblotting of proteins from collected myocytes showed that 10 

FBS markedly upregulated Akt phosphorylation at both Thr308 and Ser473 and this 11 

phosphorylation was abrogated by BYL (Figure 5C and Figure S5D).  Consistent with the notion 12 

that PI3K inhibits INa-L, PI3K-deficient myocytes (p110f/f-Cre) had a considerably higher 13 

density of INa-L than that in CTR myocytes (Figure 5D,E).  The current in the PI3K-deficient 14 

myocytes was insensitive to BYL (Figure 5D,E).  Moreover, application of intracellular PIP3 15 

(PIP3i) in PI3K-deficient myocytes (p110f/f-Cre) resulted in a substantial reduction of INa-L 16 

(Figure 5D,E).  The current in PI3K-deficient myocytes was also sensitive to ranolazine (RAN), 17 

INa-L blocker (Figure 5D,E).  Our data demonstrate that activation of PI3K suppresses late Na+ 18 

current (INa-L), whereas the absence of PI3K is associated with increased INa-L density.  PIP3, 19 

produced by PI3K is the most probable mediator of PI3K-mediated INa-L suppression.  20 

 21 
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3.5. Pharmacological inhibition of PI3K in ex vivo hearts prolongs action potential, enhances 1 

Ca2+ release, and triggers arrhythmias. 2 

Changes in voltage-sensitive fluorescence (action potentials, AP) and changes in Ca2+-3 

sensitive fluorescence (Ca2+ release) were optically recorded from ex vivo hearts.  Application of 4 

BYL resulted in a small prolongation of the action potential (Figure 6A), similar to results 5 

obtained in isolated myocytes (Figure 4A), and a modest increase in the amplitude of Ca2+ 6 

release (Figure 6B), analogous to the changes in Ca2+ release at the cellular level (Figure 3A).  7 

Action potentials were affected measurably only at APD50, (Figure 6C) whereas APD20 and APD90 8 

remained unaffected (Figure S6).  The amplitude of Ca2+ transient (ACa) increased by about 15% 9 

in the presence of 1.2 mM extracellular Ca2+ (Figure 6C; Figure S7 shows voltage- (V) and Ca2+- 10 

fluorescent images of the representative heart).  The ability of BYL to enhance Ca2+ release 11 

raises the question of whether the effect of BYL is additive or can be occluded by -adrenergic 12 

stimulation.  To explore this possibility, vehicle or BYL was applied in the presence of 200 nmol/l 13 

isoproterenol (Iso).  BYL elicited an additional increase in Ca2+ release in the presence of Iso 14 

(Figure 6D,E), and 10 µmol/l ranolazine (RAN) prevented BYL-mediated increase in Ca2+ release 15 

in the presence of Iso (Figure 6D,E).  Since excessive Ca2+ load of sarcoplasmic reticulum is 16 

potentially arrhythmogenic, [33, 34] we used arrhythmogenic protocol [isoproterenol (200 17 

nmol/l) in combination with high Ca2+ (3.6 mM) and burst pacing (1.5 s at 12 Hz)] to provoke 18 

arrhythmic events [35].  In response to arrhythmogenic protocol, most littermate controls 19 

(p110f/f) exhibited no arrhythmic events (1 out of 6 hearts tested had delayed 20 

afterdepolarizations, DAD; Figure 6F), and many PI3K-deficient hearts (p110f/f-Cre) showed 21 

delayed afterdepolarization (4 out of 7; Figure 6F; Supplement Video DAD) with one heart 22 
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developing sustained ventricular fibrillation (Figure 6G; Supplement Video VFib).  The DAD 1 

burden calculated as a sum of DAD events during 2-s post burst at 5, 7, and 9 min of exposure 2 

to isoproterenol and high Ca2+ was significantly higher in PI3K-deficient hearts in comparison 3 

to control hearts (Table S1).  4 

 5 

3.6. Pharmacological inhibition of PI3K prolongs QT interval. 6 

Control mice (CTR) were administered placebo or BYL for 4 days.  Representative Lead I 7 

electrocardiograms (ECGs) for placebo and BYL are shown in Figure 7A, with absolute values of 8 

intervals RR, QRS, PR, and QT plotted in Figure 7B.  Changes from the baseline in all intervals 9 

except QT were not significant (Figure 7C).  QT interval exhibited 20% prolongation (not 10 

corrected) in response to BYL treatment, and QT corrected intervals (Bazett’s correction, QTcB, 11 

and Fridericia’s correction, QTcF) exhibited about 15% prolongation.  The PI3K-deficient mice 12 

(p110f/f-Cre) had longer QT interval than control mice (Figure 7B, D), and application of BYL 13 

failed to prolong QT, suggesting that BYL action is PI3K-dependent (Figure 7D,E).   14 

 15 

4. Discussion 16 

Development of new cancer therapies raises questions of possible adverse side effects, 17 

including heart-related side effects.  This is especially the case for the PI3K pathway, which is 18 

very important not only for tumorigenesis and cancer progression but also plays a central role 19 

in the control of hypertrophy, contractility, and metabolism in the heart.  Cancer therapeutics 20 

targeting PI3K specifically (taselisib, GDC0032 [6]; alpelisib, BYL719 [7, 8]; TAK117, MLN1117 21 
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[9]) along with other PI3Ks (pan-PI3K inhibitors; e.g., BKM120 [10]), or inadvertently (ibrutinib 1 

[12]) are in clinical trials.  2 

Low PI3K activity is associated with arrhythmias.  So far, QT interval prolongation has 3 

been reported for alpelisib (BYL719) [8] and copanlisib [5].  In the case of BYL719, 4 

hyperglycemia was common in all trials with PI3K inhibitors [6-9], which is consistent with 5 

systemic pharmacological inhibition of PI3K in mice [29].  Also, off-target inhibition of PI3K 6 

by ibrutinib is linked to increases in cardiac disorders (2-fold) and atrial fibrillation (3-fold) in 7 

comparison to the anti-CD20 monoclonal antibody ofatumumab [12], as well as instances of 8 

sudden death and ventricular arrhythmias in patients with no prior cardiac history [13, 14].  In 9 

mice, high doses of ibrutinib increase the susceptibility to induced atrial and ventricular 10 

arrhythmias, and this susceptibility was normalized on withdrawal of the drug [36].  11 

Corroborating this point further, reduced activation of the PI3K pathway due to diabetes 12 

mellitus is also associated with prolongation of QTc interval [15, 16, 37, 38].  Various animal 13 

models of diabetes mellitus across many species exhibited prolongation of the action potential 14 

and QTc interval [37, 38], which is consistent with the idea that reduced sensitivity to insulin 15 

leads to diminished PI3K activity and prolongation of action potential [15, 16].  16 

Pharmacokinetics of BYL. In our study, we mainly used 100 nmol/l BYL for in vitro and ex 17 

vivo experiments.  This concentration is considerably less than plasma concentration achieved 18 

in the pre-clinical models and patients.  In mice, 2-8 h after BYL treatment with prospective 19 

dosages of 25 mg/kg and 50 mg/kg, plasma concentrations achieved ~10-15 µmol/l and ~15-25 20 

µmol/l, respectively, whereas the peak plasma concentration (1 h after treatment) reached 25 21 

and 40 µmol/l for dosages of 25 mg/kg and 50 mg/kg, respectively [39].  In patients, BYL (300 22 
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mg daily) resulted in AUCtau ~25,000 h ng/ml with Tmax = 4 h, [8] which will be equivalent to 1 

average plasma concentration of ~14 µmol/l. A more detailed study on pharmacokinetics and 2 

pharmacodynamics of BYL in patients (daily dosage of 270-400 mg) reported median plasma 3 

concentrations 2,000-5,000 ng/ml (2-8h after treatment), which is equivalent to 4.5-11.3 µmol/l 4 

[40].  5 

PI3K, excitation-contraction coupling, and arrhythmias. We showed that activation of 6 

PI3K leads to inhibition of INa-L. Conversely, inhibition of PI3K is known to activate (disinhibit) 7 

INa-L [19, 25, 26] most likely due to the production of PIP3 [25, 26].  Consistent with that 8 

framework we observed higher current densities of INa-L in PI3K-deficient myocytes.  Active INa-9 

L will produce an additional persistent depolarizing Na+ influx (INa-L; see (1) in Figure 8A), which 10 

will increase cytosolic Ca2+ either via reverse mode of Na+-Ca2+ exchanger or by reduction of 11 

Ca2+ extrusion via forward mode (2).  Prevention of BYL effect by KB-R (a specific inhibitor of the 12 

reverse mode) suggests the involvement of reverse mode in the buildup of intracellular Ca2+.  13 

Increased cytosolic Ca2+ will promote an increased Ca2+ load of the SR due to SERCa2 activity 14 

(3), which, in turn, will lead to enhanced Ca2+ release (4) and enhanced contractility (5) (Figure 15 

8A).  The increase in Ca2+ load was corroborated by increases in caffeine-induced Ca2+ release, 16 

Ca2+ transients (in myocytes and ex vivo hearts), and myocyte contractility.  Surprisingly, PI3K-17 

myocytes exhibited neither increased Ca2+ release nor contractility in comparison to normal 18 

myocytes suggesting that cardiac excitation-contraction coupling may adapt for the lack of 19 

PI3K signaling with time and/or during normal development.  We were able to block the 20 

increases in Ca2+ release and contractility at step (1) by ranolazine (INa-L blocker) and step (2) by 21 

KB-R (reverse-mode NCX blocker).  However, in our opinion, these seemingly beneficial 22 
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increases in contractility and Ca2+ release are the signs of potentially dangerous arrhythmias 1 

since the increases are achieved due to an increase in INa-L and associated with increased Ca2+ 2 

load of the SR that can lead to prolongation of action potential, abnormal automaticity, early 3 

and delayed afterdepolarization, and increased dispersion of repolarization [41, 42].  4 

Disinhibition of INa-L due to suppression of PI3K activity (see (LQT) in Figure 8B) will produce 5 

additional depolarizing current that will prolong action potential producing a situation 6 

analogous to gain-of-function mutations in SCN5A that have been linked to arrhythmias 7 

(including long QT, LQT, and sudden cardiac death) and heart failure (dilated cardiomyopathy) 8 

[21-23, 43].  We observed prolongation of AP (in myocytes and ex vivo hearts) and QTc (in mice 9 

treated with BYL) suggesting that PI3K inhibitors may produce drug-induced LQT.  Besides 10 

direct prolongation of the action potential, the additional influx of Na+ via INa-L will increase Ca2+ 11 

load of the SR (Figure 8B).  That increase occurs independently of -adrenergic stimulation and 12 

thus will add additional Ca2+ load creating a risky situation analogous to catecholaminergic 13 

polymorphic ventricular tachycardia (CPVT) [34, 44], which is characterized by excessive Ca2+ 14 

load from -adrenergic stimulation (see (6) in Figure 8B).  We observed BYL-induced increase in 15 

instances of delayed afterdepolarization in hearts under -adrenergic stimulation suggesting 16 

that an excessive Ca2+ load may lead to spontaneous Ca2+ release (7) that will generate 17 

depolarizing current (INCX) via forward mode of NCX (8) producing DAD and possibly triggered 18 

activity (Figure 8B).   19 

Arrhythmias as clinical implications of reduced PI3K activity.  Arrhythmias generated by 20 

activation of INa-L and additional Ca2+ influx via NCX that accompanies activation of INa-L have 21 

been linked to the development of heart failure in murine pressure overload model [20] 22 
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possibly due to hypertrophic calcineurin-NFAT signaling [45].  In the case of overt heart failure, 1 

when -adrenergic stimulation tries to maintain cardiac output [46], additional Ca2+ influx via 2 

NCX due to enhanced INa-L would aggravate the effects of -adrenergic stimulation leading to 3 

the accelerated onset of heart failure.  Moreover, pro-arrhythmic effects of INa-L disinhibition 4 

due to PI3K inhibition will be amplified because failing myocardium has high levels of Na+-Ca2+ 5 

exchanger in humans [47] and rodent models [48].  The link between PI3K activity and heart 6 

failure is especially important for older cancer patients who are at considerable risk of 7 

comorbidities such as heart failure [49].  Another risk factor associated with inhibition of PI3K 8 

activity is polymorphisms in genes that are involved in all steps of generation of Ca2+ overload 9 

(Figure 8).  First, genes that are responsible for Na+ influx via INa-L (SCN5A and SCN10A).  10 

Polymorphisms in these genes have already been linked to heart failure (dilated 11 

cardiomyopathy) and arrhythmias (including sudden cardiac death) [21-23, 43]. LQT related 12 

polymorphisms and mutations in SCN5A or SCN10A may be aggravated by additional QTc 13 

prolongation due to disinhibition of INa-L that is carried via SCN5A and/or SCN10A.  Second, 14 

polymorphisms and mutations related to CPVT.  These mutations and polymorphisms will 15 

exacerbate sensitivity to Ca2+ overload [44] that may develop due to PI3K inhibition.  A 16 

breadth of possibilities of polymorphisms and/or mutations involved in the development of 17 

cardiotoxicity may require the development of a carefully selected panel of genetic markers to 18 

screen cancer patients for possible adverse reactions to PI3K inhibition.  A potential strategy 19 

for prevention of PI3K-related cardiotoxicity could be the use of a late Na+ current blocker 20 

(e.g., ranolazine) [31] that, as shown here, was able to prevent AP prolongation, potentiation of 21 

Ca2+ release, and enhanced -adrenergic stimulation resulting from inhibition of PI3K.  Our 22 
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findings suggest that a reverse-mode Na+-Ca2+ exchanger blocker can also be used to achieve 1 

similar results.  Ranolazine will be a particularly fitting choice of adjuvant therapy because it has 2 

been shown to improve heart function in heart failure (not related to drug-induced 3 

cardiotoxicity) [50-52] as well as in the settings of anthracycline cardiotoxicity [53].  4 

In conclusion, inhibition of PI3K is inherently pro-arrhythmic with a potential for drug-5 

induced LQT.  Although inhibition of PI3K can be tolerated by healthy hearts under quiescent 6 

conditions, it may present a significant risk in the cases of (i) excessive activation of -7 

adrenergic stimulation, (ii) heart failure (high levels of NCX), and/or (iii) in the presence of 8 

polymorphisms or mutations that prolong QTc (LQT syndromes), exacerbate Ca2+ overload 9 

(CPVT), or associated with risk of life-threatening arrhythmias (sudden cardiac death).  Our 10 

findings suggest that administration of PI3K inhibitors may require monitoring of cardiac 11 

electrical activity for possible adverse electrophysiological side effects. Inhibition of late Na+ 12 

current and/or reverse-mode Na+-Ca2+ exchanger may be worthy of further investigation as a 13 

possible adjuvant therapy.  14 

 15 

Limitations 16 

BYL is a specific inhibitor of PI3K [39]. However, specificity in this context means that the 17 

inhibitor distinguishes between different isoforms of PI3K.  PI3K is inhibited with IC50 ~ 5 18 

nmol/l, which is ~50-fold lower than the closest IC50 for PI3K [39].  Authors are not aware of 19 

any off-target activity of BYL719.  Similarly, KB-R is a specific inhibitor of the reverse mode of 20 

NCX, but again specificity in this context means that the reverse mode is targeted over the 21 
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forward mode.  KB-R is known to inhibit various membrane channels at concentrations that are 1 

necessary to inhibit the reverse mode [54-56].  Ranolazine is capable of inhibiting other 2 

isoforms of Na+ channels besides NaV1.5, delayed rectifier K+ channels, and ICa,L at much higher 3 

concentrations (IC50 ~ 300 µmol/l) [57, 58].  Ranolazine has been shown to upregulate RISK 4 

pathway, improve mitochondrial function, decrease reactive oxygen species production, and 5 

reduce apoptosis [59, 60].  Most of these off-target actions of ranolazine could not contribute 6 

to the ranolazine action in isolated myocytes or whole-hearts except for the activation of the 7 

RISK pathway, whose activation will lead to activation of ATP-dependent K+ channels in the 8 

cellular and mitochondrial membrane.  Activation of K+ (ATP) channels may have contributed to 9 

the shortening of action potential however since the effect of BYL was defined as change from 10 

the baseline, such measure is relatively insensitive to the changes of the baseline value itself.  11 
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Figure Legends 1 

Figure 1. PI3Kα inhibition with BYL increases contractility of isolated ventricular myocytes in a 2 

dose-dependent manner. A. Average time courses of change in sarcomere length before (base, 3 

black) and after (measurement, red) application of vehicle (0), 10, 100, or 1000 nmol/l (nM) 4 

BYL. B. Time series plots of absolute values for fractional shortening (FS), the rate of contraction 5 

(C, –dL/dt), the rate of relaxation (R, +dL/dt), and the ratio of R to C (R/C). Open symbols 6 

represent baseline and filled symbols are either vehicle (0) or BYL (10, 100, or 1000 nM); n = 12-7 

14 myocytes per group (50 myocytes from 9 hearts) C. Absolute change from baseline  = 8 

measurement – baseline for the data plotted in B. * p < 0.05 compared with vehicle (ANOVA 9 

with Tukey post-hoc test). Fraction by the box graphs represents p close to 0.05 for comparison 10 

with the vehicle. Field stimulation at 1 Hz.  11 

 12 

Figure 2. Loss of BYL effect on contractility of isolated ventricular myocytes in PI3K-deficient 13 

model and by pharmacological interventions. A. Lack of BYL effect on contractility in PI3K-14 

deficient myocytes (p110f/f-Cre); n = 9-10 myocytes per group (19 myocytes from 4 hearts). 15 

B. Lack of BYL effect on contractility in the presence of 10 µmol/l ranolazine (Ran); n = 8-12 16 

myocytes per group (20 myocytes from 4 hearts). C. Lack of BYL effect on contractility in the 17 

presence of 3 µmol/l KB-R7943 (KB-R); n = 8-9 myocytes per group (17 myocytes from 4 hearts). 18 

In all panels (A-C), average time courses of change in fractional shortening (FS), the rate of 19 

contraction (C, –dL/dt), and rate of relaxation (R, +dL/dt) are plotted on the right. The time 20 
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course before (black) and after (red) application of vehicle (0) or 100 nmol/l BYL. CTR is wild-1 

type (WT) and p110f/f littermates of p110f/f-Cre mice. Field stimulation at 1 Hz.  2 

 3 

Figure 3. Effect of BYL on Ca2+ transients in isolated ventricular myocytes and ablation of the 4 

effect in PI3K-deficient myocytes and by pharmacological inhibition. A. BYL enhances Ca2+ 5 

transients in control myocytes (CTR); n = 13-15 myocytes per group (28 myocytes from 6 6 

hearts). B. Lack of BYL effect on Ca2+ transients in PI3K-deficient myocytes (p110f/f-Cre); n = 7 

7-8 myocytes per group (15 myocytes from 4 hearts). C. Lack of BYL effect on Ca2+ transients in 8 

CTR myocytes in the presence of 10 µmol/l ranolazine (10 µM Ran); n = 8-9 myocytes per group 9 

(17 myocytes from 4 hearts). D. BYL enhances caffeine-induced Ca2+ release, and ranolazine 10 

prevents the effect of BYL. Representative releases are plotted on the left, and absolute values 11 

of amplitudes of Ca2+ releases (max ACa) are plotted on the right; n = 8-9 (25 myocytes from 6 12 

hearts). In A-C, myocytes were field stimulated at 1 Hz, and average time courses of Ca2+ 13 

transients are plotted on the left, and change from baseline () for Ca2+ transient amplitude 14 

(ACa), the time constant of the decay (Ca), and diastolic Ca (CaD) are plotted on the right. The 15 

time course before (black) and after (red) application of vehicle (0) or 100 nmol/l BYL. CTR is 16 

wild-type (WT) and p110f/f littermates of p110f/f-Cre mice. * p < 0.05 compared with vehicle; 17 

# p < 0.05 compared with BYL group.  18 

 19 

Figure 4. Effect of BYL on action potential in isolated ventricular myocytes and ablation of the 20 

effect in the PI3K-deficient model and by pharmacological intervention. A. BYL prolongs action 21 
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potential in control (CTR) myocytes; n = 9-10 myocytes per group (19 myocytes from 4 hearts). 1 

B. Lack of BYL effect on action potential in PI3K-deficient myocytes (p110f/f-Cre); n = 7-8 2 

myocytes per group (15 myocytes from 4 hearts). C. Lack of BYL effect on action potential in 3 

CTR myocytes in the presence of 10 µmol/l ranolazine (10 µM Ran); n = 9-10 myocytes per 4 

group (19 myocytes from 4 hearts). In all panels (A-C), representative action potentials are 5 

plotted on the left, and change in action potential duration (APD) at repolarization levels 20%, 6 

50%, and 90% are plotted on the right. The action potentials before (black) and after (red) 7 

application of vehicle or 100 nmol/l BYL. CTR is wild-type (WT) and p110f/f littermates of 8 

p110f/f-Cre mice. * p < 0.05 compared with vehicle.  9 

 10 

Figure 5. Effect of inhibition and activation of PI3K on ionic currents in isolated ventricular 11 

myocytes. A. Inhibition of L-type Ca2+ current (ICa,L) by 100 nmol/l BYL and lack of the effect of 12 

BYL in PI3K-deficient myocytes (p110f/f-Cre). Representative records of ICa,L for control 13 

myocytes (CTR) in response to depolarization from –40 to 0 mV [before (black) and after (red) 14 

application of vehicle or 100 nmol/l BYL] (left). Change in amplitude of the peak ICa,L (ICa,L) 15 

(right); n = 7-11 per group (34 myocytes; 8 hearts). B. Inhibition of late Na+ current (INa-L) by FBS 16 

and diminished inhibition by FBS + 100 nmol/l BYL (FBS + BYL); n = 6-7 myocytes per group (13 17 

myocytes; 4 hearts). C. Activation of PI3K by FBS and inhibition of PI3K by FBS + 100 nmol/l 18 

BYL (+BYL) in cultured isolated CTR cardiomyocytes. Ctl is control (no FBS, no BYL); n = 4 blots 19 

from 2 hearts. D. Current densities of INa-L in normal (CTR) and PI3K-deficient myocytes 20 

(p110f/f-Cre) for vehicle (Veh), 100 nmol/l BYL (BYL), 1 µmol/l intracellular PIP3 (PIP3i), and 10 21 
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µmol/l ranolazine (RAN); n = 5-11 myocytes per group (36 myocytes; 9 hearts). 1 

E. Representative traces of late Na+ current (INa-L) for conditions listed in D; times listed are 2 

post-dialysis time. In D and E, late Na+ current (INa-L) was invoked in response to 500-ms 3 

depolarization from –120 to –40 mV and was measured as TTX-sensitive current at the end of 4 

500-ms depolarization. Representative records: current before intervention (black), after 5 

intervention (red), and background (blue, +5 µmol/l TTX). FBS, a mixture of 0.2% fetal bovine 6 

serum with 50 U/L insulin (FBS); CTR, WT and p110f/f littermates. * p < 0.05 compared with 7 

vehicle; # p < 0.05 compared with FBS.  8 

 9 

Figure 6. BYL prolongs action potential, enhances Ca2+ release, and trigger arrhythmias in ex 10 

vivo hearts. A. Representative action potentials before (black) and after (red) application of 100 11 

nmol/l BYL, paced at 6 Hz. B. Representative traces of Ca2+ release before (black) and after (red) 12 

application of 100 nmol/l BYL, paced at 6 Hz. C. Change in the action potential duration at 50% 13 

repolarization (APD50) and in the amplitude of Ca2+ transient due to application of vehicle or 14 

BYL, paced at 6 Hz; n = 6-7. D. Representative traces of Ca2+ transients before (black) and after 15 

(red) application of vehicle, 100 nmol/l BYL (BYL), or 10 µmol/l RAN + 100 nmol/l BYL (RAN + 16 

BYL) in the presence of 200 nmol/l of isoproterenol; paced at 12 Hz. E. Change in the amplitude 17 

of Ca2+ transients in the presence of 200 nmol/l of isoproterenol in response to application of 18 

vehicle, 100 nmol/l BYL (BYL), or 10 µmol/l RAN + 100 nmol/l BYL (RAN + BYL); paced at 12 Hz, n 19 

= 8-9. F. Representative frame and traces for p110f/f littermate (p110f/f) (left) and PI3K-20 

deficient hearts (p110f/f-Cre) (right) in the presence of 3.6 mmol/l Ca2+ + 200 nM isoproterenol 21 

(Iso) in response to burst pacing for 1.5 s at 12 Hz. Instances of delayed afterdepolarizations are 22 
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marked with arrows; calibration bar 5 %F and 400 ms. G. An instance of ventricular fibrillation 1 

in PI3K-deficient heart (p110f/f-Cre) heart in response to application of 200 nmol/l 2 

isoproterenol (Iso) in the presence of 3.6 mmol/l Ca2+; calibration bar 2 %F and 20 ms. * p < 3 

0.05 compared with vehicle. # p < 0.05 compared with BYL. 4 

 5 

Figure 7. BYL prolongs QT interval in a PI3K-dependent manner. A. Representative pairs of 6 

electrocardiographic (ECG) traces for WT and p110f/f littermate mice (CTR): before (base) and 7 

after administration of the vehicle (left) and before (base) and after administration of BYL 8 

(right). B. Interval duration for RR, PR, and QT intervals for CTR mice. C. Change in the duration 9 

of RR, QT, QTcB (Bazett correction), and QTcF (Fridericia correction) calculated from values in B. 10 

D. Interval duration for RR, PR, and QT intervals for PI3K-deficient mice (p110f/f-Cre). 11 

E. Change in the duration of RR, QT, QTcB (Bazett correction), and QTcF (Fridericia correction) 12 

calculated from values in D. * p < 0.05 compared with vehicle, ‡ p < 0.05 for comparison 13 

between pooled baselines.  14 

 15 

Figure 8. PI3K, Ca2+ cycling, contractility, and arrhythmias. A. Enhanced Ca2+ release and 16 

contractility due to PI3K inhibition. (1) PIP3 produced by PI3K suppresses activation of late 17 

Na+ current (INa-L). Once PI3K is inhibited by BYL, lack of PIP3 activates (dis-inhibits) INa-L, and 18 

additional Na+ flows into the cell during an action potential. (2) Additional Na+ is exchanged for 19 

additional intracellular Ca2+ via reverse mode of Na+-Ca2+ exchanger (NCX). (3) Additional Ca2+ is 20 

re-uptaken into sarcoplasmic reticulum (SR) via sarco-endoplasmic reticulum Ca2+-ATPase 21 
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(SERCa2) increasing Ca2+ load of the SR. (4) Increased Ca2+ load leads to larger Ca2+ release via 1 

Ca2+ release channels (RYR2) and, in turn, (5) enhanced contractility. Ca2+ build up in the SR can 2 

be interrupted at step (1) by ranolazine (INa-L blocker) or step (2) by KB-R (reverse-mode NCX 3 

blocker). B. Pro-arrhythmic effects of PI3K inhibition. (LQT) Inhibition of PI3K (e.g., BYL) will 4 

activate (dis-inhibits) INa-L, a depolarizing current, that may directly prolong action potential. 5 

Pro-arrhythmic action due to (6) Ca2+ overload (-adrenergic stimulation and PI3K inhibition) 6 

is initiated by (7) spontaneous Ca2+ release via RYR2. Excess of Ca2+ is exchanged for Na+ (8) 7 

generating net inward (depolarizing current) current via NCX (INCX; 3 Na+ – 1 Ca2+ = 1+ net 8 

transfer into the cell). The depolarizing INCX produces membrane depolarization (delayed 9 

afterdepolarization, DAD) that may result in triggered activity. LTCC, L-type Ca2+ channel. 10 

 11 
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Figure 3. Effect of BYL on Ca2+ transients in isolated ventricular myocytes and ablation of the effect in PI3K�-de-
ficient myocytes and by pharmacological inhibition. A. BYL enhances Ca2+ transients in control myocytes (CTR); 
n = 13-15 myocytes per group (28 myocytes from 6 hearts). B. Lack of BYL effect on Ca2+ transients in PI3K�-de-
ficient myocytes (p110�f/f-Cre); n = 7-8 myocytes per group (15 myocytes from 4 hearts). C. Lack of BYL effect on 
Ca2+ transients in CTR myocytes in the presence of 10 µmol/l ranolazine (10 µM Ran); n = 8-9 myocytes per group 
(17 myocytes from 4 hearts). D. BYL enhances caffeine-induced Ca2+ release and ranolazine prevents effect of 
BYL. Representative releases are plotted on the left and absolute values of amplitudes of Ca2+ releases (max ACa) 
are plotted on the right; n = 8-9 (25 myocytes from 6 hearts). In A-C, myocytes were field stimulated at 1 Hz, and 
average time courses of Ca2+ transients are plotted on the left, and change from baseline (�) for Ca2+ transient 
amplitude (ACa), time constant of the decay (�Ca) and diastolic Ca (CaD) are plotted on the right. The time course 
before (black) and after (red) application of vehicle (0) or 100 nmol/l BYL. CTR is wild-type (WT) and p110�f/f litter-
mates of p110�f/f-Cre mice. � p < 0.05 compared with vehicle; # p < 0.05 compared with BYL group.
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Figure 5. Effect of inhibition and activation of PI3K� on ionic currents in isolated ventricular myocytes. A. Inhibition 
of L-type Ca2+ current (ICa,L) by 100 nmol/l BYL and lack of the effect of BYL in PI3K�-deficient myocytes (p110�f/f-
Cre). Representative records of ICa,L for control myocytes (CTR) in response to depolarization from –40 to 0 mV 
[before (black) and after (red) application of vehicle or 100 nmol/l BYL] (left). Change in amplitude of the peak ICa,L

(�ICa,L) (right); n = 7-11 per group (34 mycytes; 8 hearts). B. Inhibition of late Na+ current (INa-L) by FBS and dimini-
shed inhibition by FBS + 100 nmol/l BYL (FBS + BYL); n = 6-7 myocytes per group (13 myocytes; 4 hearts). C. Ac-
tivation of PI3K� by FBS and inhibition of PI3K� by FBS + 100 nmol/l BYL (+BYL) in cultured isolated CTR cardio-
myocytes. Ctl is control (no FBS, no BYL); n = 4 blots from 2 hearts.  D. Current densities of INa-L in normal (CTR) 
and PI3K�-deficient myocytes (p110�f/f-Cre) for vehicle (Veh), 100 nmol/l BYL (BYL), 1 µmol/l intracellular PIP3 
(PIP3i), and 10 µmol/l ranolazine (RAN); n = 5-11 myocytes per group (36 myocytes; 9 hearts). E. Representative 
traces of late Na+ current (INa-L) for conditions described in D; times listed are post-dialysis times. In D and E, late 
Na+ current (INa-L) was invoked in response to 500-ms depolarization from –120 to –40 mV and was measured as
TTX-sensitive current at the end of depolarization. Representative records: current before intervention (black), after 
intervention (red), and background (blue, +5 µmol/l TTX). FBS, mixture of 0.2% fetal bovine serum with 50 U/L insu-
lin; CTR, WT and p110�f/f littermates. � p < 0.05 compared with vehicle; # p < 0.05 compared with FBS. 
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Figure 6. BYL prolongs action potential, enhances Ca2+ release, and trigger arrhythmias in ex vivo
hearts. A. Representative action potentials before (black) and after (red) application of 100 nmol/l BYL, 
paced at 6 Hz. B. Representative traces of Ca2+ release before (black) and after (red) application of 
100 nmol/l BYL, paced at 6 Hz. C. Change in the action potential duration at 50% repolarization 
(APD50) and in the amplitude of Ca2+ transient due to application of vehicle or BYL, paced at 6 Hz; n =
6-7. D. Representative traces of Ca2+ transients before (black) and after (red) application of vehicle, 
100 nmol/l BYL (BYL), or 10 µmol/l RAN + 100 nmol/l BYL (RAN + BYL) in the presence of 200 nmol/l 
of isoproterenol, paced at 12 Hz; n = 8-9. E. Change in the amplitude of Ca2+ transients in the presence 
of 200 nmol/l of isoproterenol, paced at 12 Hz, in response to application of vehicle, 100 nmol/l BYL 
(BYL), or 10 µmol/l RAN + 100 nmol/l BYL (RAN + BYL), paced at 12 Hz. F. Representative frame and 
traces for p110�f/f littermate (p110�f/f) (left) and PI3K�-deficient hearts (p110�f/f-Cre) (right) in the pre-
sence of 3.6 mmol/l Ca2+ + 200 nM isoproterenol (Iso) in response to burst pacing for 1.5 s at 12 Hz. In-
stances of delayed afterdepolarizations are marked with arrows; calibration bar 5 %F and 400 ms. G. 
An instance of ventricular fibrillation in PI3K�-deficient heart (p110�f/f-Cre) heart in response to applica-
tion of 200 nmol/l isoproterenol (Iso) in the presence of 3.6 mmol/l Ca2+; calibration bar 2 %F and 20 
ms. � p < 0.05 compared with vehicle. # p < 0.05 compared with BYL.
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Figure 8. PI3K�, Ca2+ cycling, contractility, and arrhythmias. A. Enhanced Ca2+ release and contractility due to 
PI3K� inhibition. (1) PIP3 produced by PI3K� suppresses activation of late Na+ current (INa-L). Once PI3K� is in-
hibited by BYL, lack of PIP3 activates (dis-inhibits) INa-L, and additional Na+ flows into the cell during action po-
tential. (2) Additional Na+ is exchanged for additional intracellular Ca2+via reverse mode of Na+-Ca2+ exchanger 
(NCX). (3) Additional Ca2+ is re-uptaken into sarcoplasmic reticulum (SR) via sarco-endoplasmic reticulum Ca2+-
ATPase (SERCa2) increasing Ca2+ load of the SR. (4) Increased Ca2+ load leads to larger Ca2+ release via Ca2+ 
release channels (RYR2) and, in turn, (5) enhanced contractility. Ca2+ build up in the SR can be interrupted at 
step (1) by ranolazine (INa-L blocker) or at step (2) by KB-R (reverse-mode NCX blocker). B. Pro-arrhythmic 
effects of PI3K� inhibition. (LQT) Inhibition of PI3K� (e.g., BYL) will activates (disinhibits) INa-L, a depolarizing cur-
rent, that may directly prolong action potential. Pro-arrhythmic action due to (6) Ca2+ overload (during β-adrener-
gic stimulation and PI3K� inhibition) is initiated by (7) spontaneous Ca2+ release via RYR2. Excess of Ca2+ is ex-
changed for Na+ (8) generating net inward (depolarizing current) current via NCX (INCX; 3 Na+ – 1 Ca2+ = +1 net
transfer into the cell). The depolarizing INCX produces membrane depolarization (delayed afterdepolarization, 
DAD) that may result in triggered activity. 



 DAD count 

5 min 7 min 9 min Total 

CTR 

0 0 0 0 

0 0 0 0 

0 0 0 0 

0 0 0 0 

1 1 0 2 

0 0 0 0 

p110αf/f-
Cre 

0 0 0 0 

3 3 4 10 

3 3 3 3 

0 0 1 1 

1 0 0 1 

4 4 4 12 

4 4 3 11 

Table S1. Delayed afterdepolarization (DAD) count for normal (CTR) and PI3Kα-deficient (p110αf/f-Cre) 
hearts subjected to arrhythmic protocol. Hearts were exposed to 3.6 mmol/l Ca2+ and 200 nmol/l 
isoproterenol and 1.5 s of 12-Hz pacing. DAD were counted 2 s after pacing burst. Independent sample 
Kurskal-Wallis test suggest mean rank difference between the groups (p = 0.02) 
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t i o n  p o t e n t i a l  d u r a t i o n s  ( A P D s )  i n  c o n t r o l  m y o c y t e s  ( C T R )  e x p o s e d  t o  v e h i c l e  ( 0 )  o r  B Y L .  B .  R e s t i n g  m e m b r a n e  p o -
t e n t i a l  V r e s t  a n d  m a x i m a l  u p s t r o k e  v e l o c i t y  ( V m a x )  i n  c o n t r o l  m y o c y t e s  ( C T R )  e x p o s e d  t o  v e h i c l e  ( 0 )  o r  B Y L .  A - B :  n  =  
9 - 1 0  m y o c y t e s  p e r  g r o u p  ( 1 9  m y o c y t e s  f r o m  4  h e a r t s ) ;  f o r  s t a t i s t i c a l  a n a l y s i s  s e e  F i g u r e  4 A .  C .  A c t i o n  p o t e n t i a l  d u -
r a t i o n s  ( A P D s )  i n  P I 3 K α- d e f i c i e n t  m y o c y t e s  ( p 1 1 0 αf / f - C r e )  e x p o s e d  t o  v e h i c l e  ( 0 )  o r  B Y L .  D .  R e s t i n g  m e m b r a n e  p o -
t e n t i a l  V r e s t  a n d  m a x i m a l  u p s t r o k e  v e l o c i t y  ( V m a x )  i n  P I 3 K α- d e f i c i e n t  m y o c y t e s  ( p 1 1 0 αf / f - C r e )  e x p o s e d  t o  v e h i c l e  ( 0 )  
o r  B Y L .  C - D :  n  =  7 - 8  m y o c y t e s  p e r  g r o u p  ( 1 5  m y o c y t e s  f r o m  4  h e a r t s ) .  E .  A c t i o n  p o t e n t i a l  d u r a t i o n s  ( A P D s )  i n  c o n -
t r o l  m y o c y t e s  ( C T R )  t r e a t e d  w i t h  1 0  µ m o l / l  r a n o l a z i n e  ( R A N )  e x p o s e d  t o  v e h i c l e  ( 0 )  o r  B Y L .  F .  R e s t i n g  m e m b r a n e  
p o t e n t i a l  V r e s t  a n d  m a x i m a l  u p s t r o k e  v e l o c i t y  ( V m a x )  i n  c o n t r o l  m y o c y t e s  ( C T R )  e x p o s e d  t o  v e h i c l e  ( 0 )  o r  B Y L .  E - F :  
n  =  9 - 1 0  m y o c y t e s  p e r  g r o u p  ( 1 9  m y o c y t e s  f r o m  4  h e a r t s ) .
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Figure S5. Changes in L-type Ca2+ current (ICa,L), late Na+ current (INa-L), and phosphorilation of Ca2+/calmo-
dulin-dependent protein kinase II (CaMKII) in response to BYL. A. Current densities of peak ICa,L before and 
after application of vehicle (0) or BYL in controlmyocytes (CTR) in response to depolarizations from –40 to 0 
mV. ICa,L is defined as 3-µM nisoldipine-sensitive current; n = 8 myocytes per group (16 myocytes; 4 hearts 
total). B. Current densities of peak ICa,L before and after application of vehicle (0) or BYL in PI3K�-deficient 
myocytes (p110�f/f-Cre) (the same protocol as in A); n = 7-11 myocytes per group (18 myocytes; 5 hearts to-
tal. C. Current densities of INa-L before and after application of 0.2% fetal bovine serum with 50 U/I insulin 
(+FBS) in the absence and in the presence of 100 nmol/l BYL. INa-L was elicited in response to depolarization 
from –120 to –40 mV and defined as 5-µM tetrodotoxin-sensitive current. D. Representative blots of phos-
phorylation levels of Akt Thr308 and Akt S473 in cultured CTR cardiomyocytes in response to mixture of 0.2% 
fetal bovine serum and 50 U/l insulin (FBS) and to FBS + 100 nmol/l BYL (+BYL); Ctl, no FBS or BYL was 
added. E. CaMKII phosphorylation levels in the hearts from animals treated with vehicle or BYL (30 mg/kg for 
4 days).
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F i g u r e  S 6 .  E f f e c t  o f  B Y L  o n  a c t i o n  p o t e n t i a l  d u r a t i o n  ( A P D )  i n  e x  v i v o  h e a r t s .  A P D  a t  2 0 %  r e p o l a r i z a t i o n  
( A P D 2 0 ) ,  A P D  a t  5 0 %  r e p o l a r i z a t i o n  ( A P D 5 0 ) ,  a n d  A P D  a t  9 0 %  r e p o l a r i z a t i o n  ( A P D 9 0 )  b e f o r e  a n d  a f t e r  
a p p l i c a t i o n  o f  v e h i c l e  ( 0 )  a n d  B Y L ;  p a c e d  a t  6  H z ;  n  =  6 - 7 .
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Figure S7. Examples of heart images with voltage and Ca2+ sensitive dyes.  A. Vehicle (DMSO) treatment. B. BYL 
(100 nmol/l) treatment. A and B. Images of hearts with voltage (V) sensetive (RH237, top row) and Ca2+ sensitve 
(Rhod-2AM, bottom row) dyes at the time points marked on adjacent time plot and corresponded to rest, maximal 
voltage signal (Vmax), and maximal Ca2+ signal (Camax).
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