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BACKGROUND: Mutations in tafazzin (TAZ), a gene required for biogenesis 
of cardiolipin, the signature phospholipid of the inner mitochondrial 
membrane, causes Barth syndrome (BTHS). Cardiomyopathy and risk of 
sudden cardiac death are prominent features of BTHS, but the mechanisms 
by which impaired cardiolipin biogenesis causes cardiac muscle weakness and 
arrhythmia are poorly understood.

METHODS: We performed in vivo electrophysiology to define arrhythmia 
vulnerability in cardiac-specific TAZ knockout mice. Using cardiomyocytes 
derived from human induced pluripotent stem cells and cardiac-specific 
TAZ knockout mice as model systems, we investigated the effect of TAZ 
inactivation on Ca2+ handling. Through genome editing and pharmacology, 
we defined a molecular link between TAZ mutation and abnormal Ca2+ 
handling and contractility.

RESULTS: A subset of mice with cardiac-specific TAZ inactivation 
developed arrhythmias, including bidirectional ventricular tachycardia, 
atrial tachycardia, and complete atrioventricular block. Compared 
with wild-type controls, BTHS-induced pluripotent stem cell–derived 
cardiomyocytes had increased diastolic Ca2+ and decreased Ca2+ transient 
amplitude. BTHS-induced pluripotent stem cell–derived cardiomyocytes 
had higher levels of mitochondrial and cellular reactive oxygen species 
than wild-type controls, which activated CaMKII (Ca2+/calmodulin-
dependent protein kinase II). Activated CaMKII phosphorylated the RYR2 
(ryanodine receptor 2) on serine 2814, increasing Ca2+ leak through 
RYR2. Inhibition of this reactive oxygen species–CaMKII–RYR2 pathway 
through pharmacological inhibitors or genome editing normalized 
aberrant Ca2+ handling in BTHS-induced pluripotent stem cell–derived 
cardiomyocytes and improved their contractile function. Murine Taz 
knockout cardiomyocytes also exhibited elevated diastolic Ca2+ and 
decreased Ca2+ transient amplitude. These abnormalities were ameliorated 
by Ca2+/calmodulin-dependent protein kinase II or reactive oxygen species 
inhibition.

CONCLUSIONS: This study identified a molecular pathway that links TAZ 
mutation with abnormal Ca2+ handling and decreased cardiomyocyte 
contractility. This pathway may offer therapeutic opportunities to treat BTHS 
and potentially other diseases with elevated mitochondrial reactive oxygen 
species production.

Increased Reactive Oxygen Species–Mediated Ca2+/
Calmodulin-Dependent Protein Kinase II Activation 
Contributes to Calcium Handling Abnormalities and 
Impaired Contraction in Barth Syndrome
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Cardiolipin, the signature phospholipid of the in-
ner mitochondrial membrane, is required for the 
normal function of enzymes housed within this 

structure, most notably the electron transport chain 
and F1F0 ATP synthase.1,2 Altered cardiolipin abun-
dance and composition in heart failure have been 
hypothesized to impair mitochondrial function and 
contribute to cardiac dysfunction.3,4 Study of Barth 
syndrome (BTHS), the only known inherited disorder 
of cardiolipin metabolism, has provided critical in-
sights into the biological function of cardiolipin. BTHS 
is caused by mutation of the X-linked gene tafazzin 
(TAZ),5 which encodes a mitochondrial phospholipid-
lysophospholipid transacylase responsible for the ter-
minal step in the biogenesis of cardiolipin.6 The major 
clinical features of BTHS are cardiac and skeletal my-
opathy and neutropenia. Cardiomyopathy and sudden 
cardiac death are among the major clinical features 
that affect patient quality of life and survival.7–9

The molecular mechanisms that connect TAZ defi-
ciency with cardiomyopathy and sudden death are not 
clearly defined. Previously, we integrated human in-
duced pluripotent stem cell (iPSC)–derived cardiomyo-
cytes (iPSC-CMs), genome editing, and heart-on-a-chip 
technologies to model the cardiomyopathy of BTHS in 
a dish. We demonstrated that BTHS iPSC-CMs had high 
levels of reactive oxygen species (ROS),10 which was 

confirmed in TAZ-deficient murine cardiomyocytes.11 
BTHS iPSC-CM–based muscular thin films had impaired 
force generation, which was normalized by suppression 
of elevated ROS using the mitochondrially targeted ROS 
scavenger MitoTEMPO.10

Intracellular Ca2+ is a critical regulator of cardiac 
rhythm and contraction. During the cardiomyocyte ac-
tion potential, the L-type Ca2+ channel in the plasma 
membrane opens and allows entry of extracellular Ca2+. 
This increase in cytoplasmic Ca2+ opens ryanodine re-
ceptor 2 (RYR2), located on the sarcoplasmic reticu-
lum (SR), resulting in Ca2+-induced Ca2+ release. The 
subsequent rapid increase in intracellular Ca2+ triggers 
sarcomere contraction. Inactivation of the L-type Ca2+ 
channel, closure of RYR2, and return of Ca2+ to the SR, 
through the activity of SERCA2a (sarcoplasmic/endo-
plasmic reticulum Ca2+-ATPase 2a), and the extracellular 
space, via NCX1 (Na+/Ca2+ exchanger), restores Ca2+ to 
its normal low levels in diastole, leading to sarcomere 
relaxation and preparing the cell for the next excitation-
contraction cycle. Abnormal Ca2+ handling can impair 
cardiac contraction and relaxation and potentially pre-
cipitate lethal arrhythmias.12

Here we tested the hypothesis that impaired Ca2+ 
handling contributes to cardiac dysfunction and ar-
rhythmia in BTHS by studying BTHS iPSC-CMs. We 
found that BTHS iPSC-CMs have reduced Ca2+ tran-
sient amplitude and elevated diastolic Ca2+. We 
linked these abnormalities with excessive mitochon-
drial ROS production through activation of Ca2+/
calmodulin-dependent protein kinase II (CaMKII) and 
phosphorylation of RYR2 serine 2814 (RYR2-S2814). 
Last, we demonstrate that inhibition of this ROS-
CaMKII-RYR2 pathway ameliorated the abnormal 
Ca2+ handling and weak contraction of BTHS iPSC-
CMs. Studies on murine Taz knockout cardiomyo-
cytes confirmed that these mechanisms are operative 
in bona fide cardiomyocytes. These results provide 
new insights into the links among mitochondrial 
dysfunction, ROS, abnormal Ca2+ handling, cardiac 
muscle weakness, and arrhythmia and identify novel 
therapeutic avenues for BTHS.

METHODS
All supporting data are available within the article and the 
Expanded Methods in the Data Supplement.

iPSC Culture, Differentiation, and 
Treatment
PGP1 is a wild-type human male iPSC line that harbors a 
doxycycline-inducible CRISPR/Cas9 transgene.10,13 BTHH 
was derived from PGP1 using doxycycline-induced Cas9 
genome editing13 to introduce a TAZ frameshift mutation 
(c.517delG) found in a BTHS patient.10,13 This patient’s cells 
were also reprogrammed to yield an iPSC line, pBTHH.10 The 

Clinical Perspective

What Is New?
• TAZ mutant hearts are vulnerable to complete 

heart block and ventricular tachycardia.
• TAZ-deficient cardiomyocytes have abnormal Ca2+ 

handling.
• A reactive oxygen species (ROS)–CaMKII (Ca2+/

calmodulin-dependent protein kinase II)–RYR2 
(ryanodine receptor 2) molecular pathway links 
TAZ mutation to abnormal Ca2+ handling in Barth 
syndrome (BTHS) induced pluripotent stem cell–
derived cardiomyocytes, which contributes to 
decreased cardiomyocyte contractile function.

What Are the Clinical Implications?
• Evaluation of patients with BTHS for ventricular 

tachycardia and dynamic heart block is warranted.
• Abnormal Ca2+ handling observed in BTHS induced 

pluripotent stem cell–derived cardiomyocytes may 
contribute to cardiac dysfunction and arrhythmia 
in patients with BTHS.

• Manipulation of the identified ROS–CaMKII–RYR2 
pathway offers therapeutic opportunities for BTHS 
and potentially other forms of heart disease with 
elevated mitochondrial reactive oxygen species 
production.
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doxycycline-induced Cas9 genome editing strategy was used 
to introduce the same TAZ frameshift mutation into PGP1 
harboring RYR2-S2814A (serine 2814 to alanine) mutations 
in both alleles14 (herein named WT-S2814A), yielding BTHH-
S2814A. Sequences and primers used in this study are pro-
vided in Table I in the Data Supplement. Normal karyotype 
was validated by either G-banded karyotyping or Nanostring 
karyotype assay (Figure IA in the Data Supplement).

Cardiomyocyte differentiation was induced as described 
previously15,16 with minor modifications (Figure IB in the Data 
Supplement). iPSC-CM purity was measured by flow cytom-
etry and immunofluorescent staining using primary antibod-
ies shown in Table II in the Data Supplement.

Ca2+ Imaging
For ratiometric Ca2+ imaging, iPSC-CMs loaded with Fura-2 
am (Life Technologies) were recorded under 1-Hz pacing using 
the IonOptix Myocyte Calcium and Contractility System. The 
change in the Fura-2 signal after the addition of 10 mM caf-
feine was used to measure SR Ca2+ content. SR Ca2+ leak was 
measured as the tetracaine-induced reduction of the Fluo-3 
am signal, as described previously.17 For nonratiometric Ca2+ 
imaging, cells were programmed to express the GCaMP6f-
Junctin Ca2+ nanosensor, expressed from an adenovirus,18 
or GCaMP5 lentivirus (Addgene No. 46027)19 and recorded 
by confocal line scan imaging (Olympus FV3000) or a Vala 
Biosciences Kinetic Image Cytometer.

Protein Expression
Proteins were analyzed using the WES capillary Western sys-
tem (ProteinSimple). Primary antibodies are shown in Table 
II in the Data Supplement. HRP-conjugated secondary anti-
bodies were from ProteinSimple. Total RYR2 was measured by 
ELISA (LifeSpan BioSciences, Inc).

Contractility Measurement
Engineered heart tissues (EHTs) were generated from iPSC-
CMs (1E6 cells per EHT) as described20 using iPSC-CMs 
treated with adenovirus that expressed ChR2-YFP.14 EHTs 
were optically paced at 1 Hz at 37 °C and recorded at 30 
frames per second using a Keyence BZ-X Fluorescence 
Microscope with a ×2 objective. Videos were analyzed using 
MuscleMotion.21

Taz Knockout Mice and Murine 
Cardiomyocytes
Animal experiments were performed following proto-
cols approved by Boston Children’s Hospital Animal Care 
and Use Care Committee. Electrophysiology studies 
were performed as described previously.22 Tazflox/flox mice 
on a C57BL/6J background were described previously.23 
Neonatal cardiomyocytes were isolated and purified using 
kits from Miltenyi Biotec. Cells were treated with adenovi-
rus expressing either LacZ (Ad:LacZ; control) or Cre (Ad:Cre; 
Taz knockout).24 Tazflox/Y; Myh6-Cre (cardiomyocyte-specific 
Taz knockout, CKO) and TazWT/Y; Myh6-Cre (control) mice 
were used for adult cardiomyocyte isolation by retrograde 
collagenase perfusion.25

Statistical Analysis
Results are displayed as mean±SD. Normally distributed data 
were analyzed with Welch 2-tailed t test (2 groups) or ANOVA 
with Dunnett post hoc test (≥3 groups). Otherwise, we used 
the Kruskal–Wallis test with the Dunn post hoc test or a per-
mutation test. Values of P<0.05 were considered significant.

RESULTS
In Vivo Arrhythmias in Taz Cardiac 
Knockout Mice
Patients with BTHS are at risk for sudden death.7–9 Ar-
rhythmia mechanisms are not well described, although 
case reports suggest vulnerability to ventricular tachy-
cardia (VT).26 To better characterize arrhythmia vulnera-
bility in TAZ deficiency, we performed electrophysiology 
studies on mice with cardiac-specific Taz inactivation 
(CKO) at 6 weeks of age (Figure 1A), when they had 
mild or no cardiac dysfunction27 (Figure IIA in the Data 
Supplement). Six of 9 CKO mice had arrhythmias (Fig-
ure  1B–1D): 2 developed progressive atrioventricular 
node dysfunction that culminated in lethal complete 
heart block (Figure IIB in the Data Supplement); 2 de-
veloped bidirectional VT after adrenergic stimulation; 1 
developed induced VT; and 1 developed induced atrial 
tachycardia. Among littermate controls, 2 of 8 devel-
oped induced VT, which had a much shorter duration 
than VT in CKO mice (Figure 1E). The overall frequency 
of arrhythmias was greater in CKO, and, despite the 
small sample size and transient induced VT in 2 controls, 
this difference trended toward statistical significance 
(permutation test, P=0.096). These results suggest that 
cardiac Taz deficiency increases vulnerability to different 
types of arrhythmias. We were particularly interested 
in the vulnerability to bidirectional VT given that this is 
an uncommon arrhythmia most closely linked to digi-
talis toxicity and catecholaminergic VT,28 conditions that 
both involve elevated cytosolic Ca2+.

iPSC-CM Differentiation and Metabolic 
Characterization
iPSCs were efficiently differentiated to yield >70% 
TNNT2+ (Troponin T Type 2) iPSC-CMs (Figure IB–ID in 
the Data Supplement), which exhibited robust contrac-
tion and Ca2+ transients (Video I in the Data Supple-
ment). Most iPSC-CMs expressed ventricular cardio-
myocyte marker MLC2V (HUGO Gene Nomenclature 
Committee: Myosin Light Chain 2) and not immature 
or atrial cardiomyocyte marker MLC2A (HUGO Gene 
Nomenclature Committee: MYL7; Figure IE in the 
Data Supplement). The wild-type male human iPSC 
line PGP-1 was used as wild-type control (WT), and 
the PGP1-TAZc.517delG line,10 generated from PGP-1 by 
genome editing (Figure IIIA in the Data Supplement), 
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Figure 1. Cardiac arrhythmias in Taz cardiac-specific knockout mice.
Male control (TazFL/Y) or cardiac-specific mutant mice (CKO, Myh6-Cre; TazFL/Y) underwent intracardiac electrophysiology study at 6 weeks of age. Stud-
ies and analyses were performed blinded to genotype. A, Schematic of electrophysiology study protocol. B, Fraction of mice with arrhythmia. Numbers 
indicate sample sizes. Permutation test. C, Classification of types of arrhythmia within each genotype. D, Representative surface electrocardiograms 
demonstrating types of arrhythmias observed in CKO. • and ○ green circles indicate S1to S2 programmed ventricular stimulation. Red → highlights 
nonconducted p-waves. Bidirectional VT was induced by treatment with epinephrine and caffeine. E, Longest duration of VT. VT duration was greater in 
CKO mice, although this was not statistically significant at these low sample sizes. Permutation test. CKO indicates cardiac-specific Taz inactivation; TAZ, 
tafazzin; and VT, ventricular tachycardia. 
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was used as the TAZ mutant line (BTHH). Sanger se-
quencing confirmed the single base pair frameshift 
mutation in the TAZ gene of BTHH (Figure IIIB in the 
Data Supplement), and capillary Western demonstrat-
ed absence of TAZ protein in BTHH iPSC-CMs (Figure 
IIIC in the Data Supplement). Lipid mass spectrometry 
confirmed abnormal cardiolipin composition in BTHH 
iPSC-CMs (Figure IIID in the Data Supplement). Mito-
chondrial networks, visualized by mitotracker green, 
demonstrated reduced branching number and branch 
length in BTHH iPSC-CMs compared with WT (Figure 
IIIE and IIIF in the Data Supplement). Mitochondrial 
function, measured using an extracellular flux ana-
lyzer, was impaired in BTHH iPSC-CMs (Figure IIIG and 
IIIH in the Data Supplement).

BTHH iPSC-CMs Exhibit Abnormal Ca2+ 
Handling
To assess Ca2+ handling in BTHH iPSC-CMs, we loaded 
iPSC-CMs with the Ca2+ indicator Fura-2 and performed 
ratiometric Ca2+ imaging under electric pacing at 1 Hz. 
Compared with WT, BTHH iPSC-CMs Ca2+ transient am-
plitude was lower by 30%, and the diastolic Ca2+ concen-
tration was higher by 34% (Figure 2A–2C). The maximal 
upstroke and recovery velocities of BTHH Ca2+ transients 
were significantly depressed compared with control (Fig-
ure 2D and 2E). Similar abnormal Ca2+ handling was also 
observed in pBTHH iPSC-CMs, derived from a BTHS pa-
tient (Figure IVA in the Data Supplement).

Diastolic Ca2+ leak through RYR2, the major cardio-
myocyte intracellular Ca2+ release channel, is a key de-
terminant of cytoplasmic diastolic Ca2+ concentration. 
We quantified diastolic Ca2+ leak through RYR2 using 
the previously described “tetracaine shift” assay.17 This 
showed that the diastolic Ca2+ leak through RYR2 was 
significantly greater in BTHH iPSC-CMs compared with 
WT (Figure IVB in the Data Supplement).

Increased Ca2+ leak through RYR2 often produces 
spontaneous Ca2+ release events known as Ca2+ sparks. 
To corroborate our finding of increased RYR2 Ca2+ leak, 
we measured Ca2+ sparks by using adenovirus to ex-
press a genetically encoded Ca2+ nanosensor, in which 
GCaMP6f is fused to Junctin, a protein that colocalizes 
with RYR2 in cardiomyocytes.18 BTHH iPSC-CMs exhib-
ited more frequent Ca2+ sparks (Figure 2F and 2G). To 
better define the prevalence of aberrant Ca2+ release 
events, we used a higher-throughput Ca2+ imaging 
system to record Ca2+ transients in a larger number of 
cells. The results confirmed that a much larger fraction 
of BTHH iPSC-CMs exhibited abnormal Ca2+ release 
events during pacing or immediately after pacing (Fig-
ure IVC–IVF in the Data Supplement).

Increased diastolic SR Ca2+ leak and reduced Ca2+ 
transient amplitude suggested the possibility of de-
pleted SR Ca2+ stores. To test this hypothesis, after a 

standard pacing protocol, iPSC-CMs were treated with 
caffeine, which opens RYR2 and rapidly empties SR 
Ca2+ stores. BTHH iPSC-CMs showed significantly re-
duced caffeine-induced Ca2+ release compared with 
isogenic control iPSC-CMs (Figure 2H and 2I), suggest-
ing reduced SR Ca2+ stores.

ROS Links TAZ Mutation to Abnormal 
Ca2+ Handling in BTHH iPSC-CMs
We aimed to delineate mechanisms by which deficiency 
of TAZ, a mitochondrial protein, induced elevated SR 
Ca2+ leak through RYR2. We showed previously that 
BTHS iPSC-CMs have elevated levels of mitochondrial 
ROS,10 and we hypothesized that high ROS levels in BTHS 
iPSC-CMs may contribute to abnormal Ca2+ handling.

We first confirmed that BTHH iPSC-CMs have elevat-
ed ROS by using flow cytometry to measure the mean 
fluorescence intensity of BTHH and WT mitochondria 
isolated from iPSC-CMs and stained with MitoSOX, a 
mitochondrially targeted, fluorescent ROS indicator 
(Figure 3A). Elevated ROS was also detected at the level 
of whole cells in BTHH iPSC-CMs stained with CellROX, 
a whole-cell fluorescent ROS probe (Figure  3B). Con-
sistent with these measurements, BTHH iPSC-CMs had 
elevated levels of 4-hydroxynonenal, a product of lipid 
peroxidation (Figure 3C).

We next tested whether elevated ROS contributes to 
impaired Ca2+ handling in BTHH iPSC-CMs. To reduce 
ROS, we treated cells with the mitochondrially targeted 
ROS scavenger MitoTEMPO. MitoTEMPO reduced ROS in 
BTHH iPSC-CMs (Figure 3D). We then analyzed the effect 
of MitoTEMPO on iPSC-CM Ca2+ handling. MitoTEMPO 
treatment significantly improved Ca2+ transient amplitude 
and normalized diastolic Ca2+ concentration in BTHH iP-
SC-CMs (Figure 3E and 3F). However, the Ca2+ transient 
maximal upstroke and recovery velocities were not sig-
nificantly changed (Figure 3G and 3H). MitoTEMPO also 
reduced the high Ca2+ spark frequency observed in BTHH 
iPSC-CMs (Figure IVG in the Data Supplement). For com-
parison, we treated cells with TAZ modified mRNA (TAZ 
modRNA), which we showed previously rescues TAZ mu-
tant iPSC-CM metabolic, structural, and contractile phe-
notypes.10 TAZ modRNA corrected Ca2+ amplitude, dia-
stolic Ca2+ concentration, and Ca2+ transient maximum 
upstroke velocity so that they were not significantly dif-
ferent between BTHH and WT (Figure 3E–3G), although 
it did not significantly correct the Ca2+ transient maximum 
recovery velocity (Figure  3H). These data demonstrate 
that ROS is an essential intermediate that links TAZ defi-
ciency with abnormal Ca2+ handling in BTHH iPSC-CMs. 
Less complete rescue by MitoTEMPO compared with TAZ 
modRNA suggests that either MitoTEMPO incompletely 
suppressed excessive ROS levels or that both ROS-depen-
dent and non–ROS-dependent mechanisms contribute to 
the phenotype of TAZ mutant cells.
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Figure 2. Abnormal Ca2+ handling in BTHH iPSC-CMs.
A, Representative Ca2+ transients of WT and BTHH iPSC-CMs imaged by Fura-2. Cells were electrically paced at 1 Hz. B through E, Quantitative analysis of the Ca2+ 
transient amplitude, diastolic Ca2+ concentration, and maximal Ca2+ upstroke and recovery velocities of WT and BTHH iPSC-CMs paced at 1 Hz. Each dot represents 
a different cell cluster. F and G, Ca2+ sparks in BTHH and WT iPSC-CMs cells. iPSC-CMs expressing a GCaMP6f-Junctin Ca2+ nanosensor18 were paced at 1 Hz. Ca2+ 
sparks were recorded by confocal line scan imaging (F). Yellow →, Ca2+ sparks. Quantitative analysis (G) showed that Ca2+ spark frequency was significantly higher 
in BTHH compared with WT. n indicates number of cells studied. H and I, Sarcoplasmic reticulum Ca2+ stores were measured by quantifying caffeine-induced Ca2+ 
release in Fura-2–loaded iPSC-CMs. H, representative Ca2+ transient traces of caffeine-induced Ca2+ transient. I, quantitative analysis of caffeine-induced Ca2+ 
release in BTHH compared with WT. Two-tailed t test: **P<0.01, ***P<0.001, ****P<0.0001. BTHH indicates Barth syndrome; iPSC-CM, induced pluripotent stem 
cell–derived cardiomyocyte; and WT, wild-type control. 

D
ow

nloaded from
 http://ahajournals.org by on July 24, 2021



Liu et al CaMKII Activation in TAZ Mutant Cardiomyocytes

May 11, 2021 Circulation. 2021;143:1894–1911. DOI: 10.1161/CIRCULATIONAHA.120.0486981900

OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

A B

C D

E F

G H

Figure 3. Elevated ROS in TAZ mutant iPSC-CMs contributes to abnormal Ca2+ handling.
A and B, Mitochondrial or cellular ROS levels in BTHH and WT iPSC-CMs were measured by flow cytometry of mitochondria stained with MitoSOX (A) or cells 
stained with CellROX (B), respectively. C, Levels of the lipid peroxidation product 4-HNE were detected in BTHH and WT iPSC-CMs by ELISA. D, MitoTEMPO (MT) 
treatment reduced ROS levels in BTHH iPSC-CMs to WT levels. E through H, Effect of MT or TAZ modRNA on BTHH iPSC-CM Ca2+ handling. Fura-2–loaded iPSC-
CMs were electrically paced at 1 Hz and analyzed by ratiometric Ca2+ imaging. Comparisons were with either mock-treated BTHH or mock-treated WT, as indicated 
by the labeled reference (ref.), using Kruskal–Wallis with Dunn multiple comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. BTHH indicates Barth 
syndrome; iPSC-CM, induced pluripotent stem cell–derived cardiomyocyte; ns, not significant; ROS, reactive oxygen species; TAZ, tafazzin; and WT, wild type. 
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Excessive ROS-Induced CaMKII Activation 
Leads to Abnormal Ca2+ Handling in 
BTHH iPSC-CMs
CaMKII is a key kinase that modulates the activity of 
multiple Ca2+ handling proteins, including RYR2.29,30 
After activation by calcified calmodulin, CaMKII oxi-
dation or autophosphorylation locks CaMKII in an 
active form.30,31 We hypothesized that elevated ROS 
activates CaMKII in BTHH iPSC-CMs and contributes 
to their Ca2+ handling abnormalities. To test this hy-
pothesis, we measured CaMKII activation in BTHH 
and control iPSC-CMs using antibodies that detect 
phosphorylated, activated CaMKII (phosphorylated 
threonine 286; p-CaMKII), oxidized CaMKII (M281-
M282 oxidation; ox-CaMKII), or total CaMKII. Capil-
lary Westerns showed that the ratio of p-CaMKII to 
total CaMKII (Figure  4A) was significantly higher in 
BTHH iPSC-CMs. Furthermore, ox-CaMKII–specific 
antibody demonstrated greater CaMKII oxidation in 
BTHH iPSC-CMs (Figure 4B and Figure VA in the Data 
Supplement). To further assess CaMKII activity, we 
measured PLN (phospholamban) phosphorylation at 
Thr-17 (p-PLN), a well-established CaMKII phosphory-
lation site.32 We observed that p-PLN (PLN monomer) 
was markedly elevated in BTHH iPSC-CMs (Figure VB 
in the Data Supplement), consistent with elevated 
CaMKII activity. Next, we assessed the effect of scav-
enging ROS by MitoTEMPO treatment on CaMKII acti-
vation in BTHH iPSC-CMs. Capillary Westerns showed 
that MitoTEMPO treatment reduced ox-CaMKII levels 
in BTHH iPSC-CMs (Figure VC and VD in the Data 
Supplement). The mean level of p-CaMKII was also 
lower in MitoTEMPO-treated BTHH iPSC-CMs, but 
this did not reach statistical significance because of 
substantial intragroup variation (Figure VC and VD in 
the Data Supplement). Collectively, these data dem-
onstrate that BTHH iPSC-CMs have elevated levels of 
activated forms of CaMKII (ox-CaMKII and p-CaMKII) 
and increased CaMKII activity, as reflected by greater 
p-PLN, and that CaMKII activation depends on in-
creased mitochondrial ROS.

To evaluate the contribution of increased CaMKII 
activation to the Ca2+ handling abnormalities of BTHH 
iPSC-CMs, we treated iPSC-CMs with a cell-permeable 
(myristoylated) form of autocamtide-2-related inhibi-
tory peptide (AIP), a highly potent and selective CaMKII 
inhibitory peptide,33 and measured the effect on Ca2+ 
handling. AIP significantly but incompletely corrected 
BTHH iPSC-CM Ca2+ transient amplitude and reduced 
diastolic Ca2+ concentration to a level that was com-
parable to control (Figure 4C and 4D). Maximal Ca2+ 
transient upstroke velocity of AIP-treated cells had an 
intermediate value such that it did not significantly dif-
fer from either control or BTHH iPSC-CMs (Figure 4E). 
Maximum Ca2+ transient recovery velocity was not 

significantly affected by AIP (Figure 4F). AIP treatment 
of BTHH iPSC-CMs also reduced the aberrant sponta-
neous Ca2+ release observed during or immediately af-
ter pacing (Figure IVE and IVF in the Data Supplement). 
Incomplete correction of Ca2+ transient amplitude and 
upstroke and recovery velocities may have been attrib-
uted to incomplete inhibition of CaMKII or to a com-
bination of both CaMKII-dependent and -independent 
mechanisms that are responsible for the Ca2+ handling 
defects in TAZ mutant iPSC-CMs. Indeed, a previous 
study found that murine TAZ-deficient cardiomyocytes 
had reduced maximal SERCA2a activity linked to in-
creased tyrosine nitration.34 Consistent with this study, 
SERCA2a tyrosine nitration in BTHH iPSC-CMs tended 
to be higher than in WT (P=0.09; Figure VE–VG in the 
Data Supplement). Other studies have demonstrated 
that elevated ROS can oxidize RYR2 and thereby in-
crease aberrant Ca2+ release. To investigate whether 
this occurs in BTHH iPSC-CMs, we measured RYR2 oxi-
dation using the monobromobimane assay (Figure VH 
and VI in the Data Supplement). We did not detect a 
measurable difference in RYR2 oxidation between con-
trol and BTHH iPSC-CMs.

These data implicate mitochondrial ROS acti-
vation of CaMKII in the aberrant Ca2+ handling of 
TAZ-deficient iPSC-CMs. Other mechanisms, such as 
SERCA2a nitration, likely also contribute to the Ca2+ 
handling phenotype.

RYR2 Phosphorylation by CaMKII 
Contributes to Abnormal Ca2+ Handling 
in TAZ Mutant iPSC-CMs
Among the Ca2+ handling proteins phosphorylated by 
CaMKII is RYR2. CaMKII-mediated RYR2 phosphoryla-
tion at serine 2814 (RYR2-pS2814) increases RYR2 dia-
stolic Ca2+ leak, promotes arrhythmia, and adversely im-
pacts myocardial outcome in heart disease models.35,36 
Our data indicate elevated diastolic Ca2+ concentration 
in conjunction with elevated RYR2 Ca2+ flux (Figure 3F 
and Figure IVA and IVB in the Data Supplement) and 
ROS-dependent CaMKII activation in BTHH iPSC-CMs. 
These findings led us to evaluate the contribution of 
CaMKII-mediated RYR2 at serine 281429 to abnormal 
Ca2+ handling in BTHH iPSC-CMs. RYR2-pS2814 immu-
noreactivity was markedly elevated in BTHH iPSC-CMs, 
whereas total RYR2 expression levels detected by ELISA 
were unchanged (Figure 5A).

To delineate the contribution of elevated RYR2-
pS2814 to Ca2+ handling abnormalities of BTHH iPSC-
CMs, we used Cas9 genome editing to ablate this 
phosphosite by converting serine 2814 to alanine 
in both RYR2 alleles in the context of WT or mutant 
TAZ. We confirmed successful genome editing in the 
WT-S2814A and BTHH-S2814A iPSC lines by Sanger 
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sequencing of the target loci (Figure 5B). We did not 
detect off-target genome modification (Table III in the 
Data Supplement). Immunoblotting confirmed loss of 
RYR2-S2814 phosphorylation (Figure 5C).

We used ratiometric Ca2+ imaging to measure 
Ca2+ transients in BTHH-S2814A and WT-S2814A. 
In cells with functional TAZ, S2814A mutation did 

not significantly affect Ca2+ handling (Figure 5D–5G; 
Figure IVG in the Data Supplement). In contrast, in 
cells with mutant TAZ, ablation of the RYR2-S2814 
phosphorylation site increased maximal Ca2+ tran-
sient upstroke velocity and reduced diastolic Ca2+ 
concentration (Figure  5D–5F). RYR2-S2814A muta-
tion also reduced Ca2+ spark frequency of TAZ mutant 

A B

C D

E F

Figure 4. CaMKII activation promotes aberrant Ca2+ handling in TAZ mutant iPSC-CMs.
A and B. Capillary Westerns for phosphorylated (Thr286), oxidized (M281/M282), and total CaMKII, in WT and BTHH iPSC-CMs. Left, Representative virtual blot 
images. Right, quantification; t test. C through F, Effect of CaMKII inhibition on BTHH iPSC-CM Ca2+ handling. Fura-2–loaded iPSC-CMs were electrically paced 
at 1 Hz and analyzed by ratiometric Ca2+ imaging. Data for vehicle and TAZ modRNA groups, statistical analysis, and symbols are the same as in Figure 3E through 
3H. BTHH indicates Barth syndrome; CaMKII, Ca2+/calmodulin-dependent protein kinase II; iPSC-CM, induced pluripotent stem cell–derived cardiomyocyte; TAZ, 
tafazzin; WT, wild type. 
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iPSC-CMs (Figure IVG in the Data Supplement). In-
deed, diastolic Ca2+ concentration and maximal Ca2+ 
transient upstroke velocity became indistinguishable 
from control cells, suggesting that CaMKII-mediated 
phosphorylation of RYR2-S2814 plays a predominant 
role in the derangement of these parameters in TAZ 
mutant cells. However, Ca2+ transient amplitude and 
Ca2+ spark frequency were incompletely corrected, 

and Ca2+ transient recovery velocity was not signifi-
cantly changed (Figure 5G), suggesting that additional 
CaMKII targets, or CaMKII-independent mechanisms, 
contribute to these abnormalities.

Collectively, these results indicate that ROS-medi-
ated CaMKII activation, RYR2-S2814 phosphorylation, 
and elevated diastolic RYR2 Ca2+ flux contribute to ab-
normal Ca2+ handling in BTHH iPSC-CMs.

A B C

D E

F G

Figure 5. RYR2 phosphorylation contributes to abnormal Ca2+ handling in TAZ mutant iPSC-CMs.
A. Elevated RYR2-pS2814 in BTHH iPSC-CMs. The level of RYR2 phosphorylated at S2814 was measured by capillary Western. Left, Representative virtual image. 
→, RYR2-pS2814 band. Middle, Quantitative analysis of RYR2-pS2814 in BTHH and WT. Right, Measurement of total RYR2 by ELISA. Two-tailed t test. B. Homo-
zygous mutation of RYR2 to convert S2814 to alanine. Dox-induced Cas9 genome editing was used to ablate the RYR2 S2814 phosphosites. Sanger sequencing 
of a genomic DNA amplicon confirmed successful mutation of both RYR2 alleles in WT and BTHH iPSCs. C, Loss of RYR2-S2814 phosphorylation in WT/BTHH-
S2814A iPSC-CMs was confirmed by immunoblotting. BTHH iPSC-CMs were used as a positive control. D through G, Effect of RYR2 S2814A mutation on BTHH 
and WT Ca2+ handling. Fura-2–loaded iPSC-CMs were electrically paced at 1 Hz and analyzed by ratiometric Ca2+ imaging. Data for vehicle and TAZ modRNA 
groups, statistical analysis, and symbols are the same as in Figure 3E through 3H. BTHH indicates Barth syndrome; iPSC-CM, induced pluripotent stem cell–derived 
cardiomyocyte; RYR2, ryanodine receptor 2; and TAZ, tafazzin. 

D
ow

nloaded from
 http://ahajournals.org by on July 24, 2021



Liu et al CaMKII Activation in TAZ Mutant Cardiomyocytes

May 11, 2021 Circulation. 2021;143:1894–1911. DOI: 10.1161/CIRCULATIONAHA.120.0486981904

OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

Activated ROS-CaMKII-RYR2 Pathway 
Induced Ca2+ Abnormalities in Taz Mutant 
Murine Cardiomyocytes
The immaturity of iPSC-CMs can raise questions as to 
the extent to which observed abnormalities translate to 
bona fide cardiomyocytes. Therefore, to complement 
the human iPSC-CMs studies, we studied cardiomyo-
cytes isolated from Tazflox mice, in which loxP elements 
flank exons 5 to 10.

We first studied ventricular cardiomyocytes pre-
pared from Tazflox/Y (male) neonatal mice. We treated 
isolated neonatal murine ventricular cardiomyocytes 
(NMVMs) prepared from these mice with adenovi-
rus that expressed either Cre (Ad:Cre; Taz ablated) or 
LacZ (Ad:LacZ; control). Capillary Western confirmed 
efficient Taz ablation after treatment with Ad:Cre at a 
multiplicity of infection of 20 (Figure VIA in the Data 
Supplement). Ad:Cre-treated NMVMs had higher levels 
of ROS than Ad:LacZ controls (Figure 6A). As in BTHH 
iPSC-CMs, Ad:Cre-treated NMVMs showed significant-
ly higher levels of ox-CaMKII (Figure VIB and VIC in the 
Data Supplement). However, the level of p-CaMKII did 
not differ significantly from controls (Figure VIB and VIC 
in the Data Supplement). RYR2-pS2814 was markedly 
elevated and total RYR2 was not significantly altered 
in Taz-deficient NMVMs compared with controls (Fig-
ure 6B). These data support ROS-mediated CaMKII ac-
tivation and RYR2-pS2814 phosphorylation in Taz mu-
tant NMVMs.

To evaluate Ca2+ handling in Taz mutant and con-
trol NMVMs, we performed ratiometric Ca2+ imaging 
(Figure 6C–6F; Figure VID in the Data Supplement). 
Consistent with our observations in TAZ mutant iP-
SC-CMs, Taz-ablated NMVMs had significantly lower 
Ca2+ transient amplitude and reduced maximal Ca2+ 
transient upstroke velocity (Figure 6C and 6E). Dia-
stolic Ca2+ concentration also tended to be elevated 
in Taz mutant NMVMs (P=0.051; Figure 6D). How-
ever, unlike the iPSC-CM model, maximal Ca2+ tran-
sient recovery velocity was not significantly changed 
in Taz mutant NMVMs (Figure 6F). Thus, Taz mutant 
NMVMs exhibited abnormal Ca2+ handling that was 
largely consistent with the abnormalities observed in 
BTHH iPSC-CMs.

We next evaluated the effect of reducing ROS levels 
with MitoTEMPO or inhibiting CaMKII with AIP on Ca2+ 
handling of control and Taz mutant NMVMs. Consis-
tent with the results from iPSC-CMs, both MitoTEMPO 
and AIP corrected the Ca2+ transient amplitude, diastol-
ic Ca2+ concentration, and maximal Ca2+ transient up-
stroke velocity of Taz mutant NMVMs so they became 
indistinguishable from control values (Figure  6C–6F). 
These results mechanistically implicate mitochondrial 
ROS and CaMKII activation in the aberrant Ca2+ han-
dling of Taz mutant NMVMs.

Ca2+ handling of cardiomyocytes changes substan-
tially during the first weeks of postnatal life. Therefore 
we also studied the Ca2+ handling of Taz mutant (My-
h6Cre+; Tazfl/Y) and control (Myh6Cre–;Tazfl/Y) adult mu-
rine ventricular cardiomyocytes (AMVMs). Using both 
CellRox staining and ELISA to measure levels of the lipid 
peroxidation product 4-HNE, we confirmed elevated 
levels of ROS in Taz mutant AMVMs (Figure 7A; Figure 
VIE in the Data Supplement). By capillary Western, ox-
CaMKII tended to be elevated in Taz mutant AMVMs 
(P=0.077; Figure VIF and VIG in the Data Supplement). 
Mean p-CaMKII:total CaMKII ratio was elevated in Taz 
mutant AMVMs, although this observation did not 
reach statistical significance (Figure VIF and VIG in the 
Data Supplement). Taz mutant AMVMs also had sig-
nificantly elevated phosphorylation of CaMKII targets 
RYR2-pS2814 (Figure 7B) and PLN-pT17 (Figure VIH in 
the Data Supplement).

Ratiometric Ca2+ imaging demonstrated that the 
Taz mutant AMVMs had Ca2+ handling defects similar 
to those observed in iPSC-CMs (Figure  7C–7F; Figure 
VID in the Data Supplement): reduced Ca2+ transient 
amplitude, elevated diastolic Ca2+ concentration, and 
lower maximal Ca2+ transient recovery velocity. How-
ever, Ca2+ transient maximal upstroke velocity was not 
significantly altered. Inhibition of CaMKII by AIP tend-
ed to increase the Ca2+ transient amplitude (P=0.058; 
Figure 7C) and significantly reduced the diastolic Ca2+ 
concentration (Figure 7D). However, AIP treatment of 
Taz mutant AMVMs did not significantly correct the 
maximal Ca2+ transient recovery velocity and did not 
significantly affect the maximal Ca2+ upstroke velocity 
(Figure 7E and 7F).

Together these data demonstrate that Taz mutant, 
bona fide murine cardiomyocytes have Ca2+ handling 
abnormalities that are largely consistent with those ob-
served in iPSC-CMs and that are ameliorated by reduc-
tion of ROS or inhibition of CaMKII.

Normalization of Ca2+ Handling Improves 
BTHH EHT Contractile Function
Ca2+ is the central mediator of excitation-contraction 
coupling. Reduced Ca2+ transient amplitude and Ca2+ 
upstroke velocity, as well as elevated diastolic Ca2+, 
impair cardiomyocyte contraction and relaxation, 
respectively. To investigate a potential link between 
aberrant Ca2+ handling and contractile dysfunction 
in BTHS, we assembled control or BTHH iPSC-CMs, 
transduced with the optogenetic actuator ChR2-YFP, 
into EHTs (Figure VIIA in the Data Supplement). BTHH 
iPSC-CMs cultured on a stiff, 2-dimensional, pat-
terned substrate exhibited defective sarcomere or-
ganization.10 In the 3-dimensional EHT context, both 
control and BTHH iPSC-CMs displayed elongated, 
aligned morphology and well-organized sarcomeres 
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(Figure VIIB and VIIC in the Data Supplement), indi-
cating that the EHT culture conditions enabled cells 
to overcome barriers to sarcomere assembly posed by 

TAZ deficiency in the cell patterning assay.10 Never-
theless, BTHH EHTs showed weaker contraction than 
controls (3.7-fold reduction; Figure 8A; Video II in the 

A B

C D

E F

Figure 6. Abnormal Ca2+ handling in Taz KO neonatal mouse ventricular cardiomyocytes.
A, Mitochondrial ROS levels in control and Taz-ablated neonatal mouse ventricular cardiomyocytes. Cultured Tazfl/fl neonatal mouse ventricular cardiomyocytes 
were treated with Ad-Cre or Ad-LacZ. Three days later they were stained with MitoSox and DAPI. Left, Representative image. Right, Quantitative analysis of the 
mean fluorescence intensity of 3 randomly acquired fields per group. Two-tailed t test. B, RYR2-S2814 phosphorylation in Taz mutant or control NMVMs. Left, 
Representative virtual capillary Western image. Top right, Quantification of capillary Western measurement of RYR2-pS2814. Bottom right, ELISA quantifica-
tion of total RYR2 level. Two-tailed t test. C through F, Effect of ROS scavenger (MT) or CaMKII inhibition (AIP) on Ca2+ transients in Taz KO and control NMVMs. 
Fura-2–loaded NMVMs were electrically paced at 1 Hz and analyzed by ratiometric Ca2+ imaging. Only Ca2+ transient amplitude fit a normal distribution and was 
analyzed by ANOVA with the Dunnett multiple comparison test, whereas the remaining parameters were analyzed by Kruskal–Wallis with Dunn multiple compari-
son test. Comparisons were to either mock-treated Taz KO or mock-treated WT, as indicated by the labeled reference (ref.) group in each row. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. AIP indicates autocamtide-2-related inhibitory peptide; KO, knockout; MT, MitoTEMPO; NMVM, neonatal murine ventricular cardio-
myocyte; ns, not significant; ROS, reactive oxygen species; RYR2, ryanodine receptor 2; and TAZ, tafazzin. 
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Data Supplement), consistent with our previous stud-
ies of TAZ mutant muscular thin films.10

We studied the effect of TAZ replacement by TAZ 
modRNA, ROS scavenging by MitoTEMPO, and CaMKII 

inhibition by AIP on BTHH EHT contraction (Figure 8B). 
TAZ modRNA, MitoTEMPO, and AIP treatments did not 
alter the contractile function of control EHTs (Figure 8C–
8E). In contrast, TAZ modRNA markedly improved the 

A B

C D

E F

Figure 7. Abnormal Ca2+ handling in adult Taz KO mice ventricular cardiomyocytes.
A, ROS levels in isolated Taz KO and control AMVMs. Cells were stained with CellROX. Left, Representative images. Right, Quantification. Each point represents 
1 cell. Two-tailed t test. B, RYR2-S2814 phosphorylation in Taz KO and control AMVMs. RYR2-pS2814 was measured by capillary Western. Top, Capillary Western 
virtual image. Bottom left, RYR2-pS2814 quantification. Bottom right, Total RYR2 quantification by ELISA. Two-tailed t test. C through F, Ca2+ transient parameters 
of Taz KO and control AMVMs. Two-month-old Taz KO (Myh6Cre+; TAZfl/Y) and control AMVMs were dissociated, loaded with Fura-2, and analyzed using ratiometric 
Ca2+ imaging with 1 Hz pacing and AIP or vehicle treatment. Maximal Ca2+ upstroke velocities were analyzed with Kruskal–Wallis with Dunn multiple comparison test, 
whereas the remaining parameters were analyzed by ANOVA with Dunnett multiple comparison test. Comparisons were with either vehicle-treated Taz KO or WT, as 
indicated by the labeled reference group (ref.) in each row. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. AIP indicates autocamtide-2-related inhibitory peptide; 
AMVM, adult murine ventricular cardiomyocytes; KO, knockout; ns, not significant; ROS, reactive oxygen species; RYR2, ryanodine receptor 2; and TAZ, tafazzin. 
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Figure 8. Inhibition of ROS–CaMKII–RYR2 pathway restored contractile function of TAZ mutant cardiomyocytes.
A, Reduced contractile function of BTHH EHTs compared with controls. BTHH or control iPSC-CMs were assembled into EHTs. Contractile function was measured 
at 14 days after EHTs started contracting using MuscleMotion. Two-tailed t test. B through H, Effect of TAZ modRNA, MT, or AIP on control or BTHH EHT contrac-
tile function. B, experimental timelines. TAZ or RFP modRNA iPSC-CMs were assembled into EHTs. EHTs were treated again with TAZ or RFP modRNA on day 3. 
EHTs were assayed on day 7. Two-tailed t test. For MT or AIP experiments, EHTs were assayed on day 17 before treatment. EHTs were then treated with AIP or MT 
for 1 or 2 days, respectively, and then assayed again. Relative contractile function is expressed as fold-change compared with pretreatment values. Paired t test. C 
and F, TAZ modRNA treatment of WT or BTHH EHTs. D and G, MT treatment of WT or BTHH EHTs. E and H, AIP treatment of WT or BTHH EHTs. (Continued )
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contraction of BTHH EHTs by 3.7-fold (Figure 8F; Video 
III in the Data Supplement), indicating that the contrac-
tile defects are largely reversible by gene replacement. 
Scavenging ROS with MitoTEMPO partially restored 
contractile function (2.4-fold, Figure  8G; Video IV in 
the Data Supplement), although not to the same level 
as TAZ modRNA (Figure 8F). Treatment of EHTs with AIP 
also improved contractile function (1.5-fold; Figure 8H; 
Video V in the Data Supplement), although the effect 
was weaker than that of TAZ modRNA or MitoTEMPO.

We further evaluated the effect of TAZ mutation on 
AMVM contraction, using edge detection to measure 
sarcomere length during the contraction of dissociated 
cardiomyocytes. TAZ mutant (Myh6Cre; Tazfl/Y) and con-
trol cardiomyocytes were isolated from 2-month-old 
mice, when the mutant mice have mild cardiac dys-
function.27 Consistent with the EHT model, individual 
TAZ mutant cardiomyocytes had reduced contraction 
amplitude (P<0.01) and relaxation velocity (P<0.05; Fig-
ure 8I–8L). Treatment with AIP to inhibit CaMKII tended 
to increase contraction amplitude (P=0.093), shorten-
ing velocity (P=0.055) and relaxation velocity (P=0.081; 
Figure 8J–8L). These data suggest that TAZ deficiency 
contributes to impaired contraction of individual car-
diomyocytes and implicate excessive CaMKII activation 
as a factor in TAZ mutant cardiomyocyte dysfunction.

DISCUSSION
Patients with BTHS have cardiomyopathy and risk of 
sudden cardiac death from incompletely described 
arrhythmias.7–9,26 Here we studied mice with cardiac-
restricted Taz knockout and show that a subset de-
veloped complete heart block, atrial tachycardia, and 
bidirectional VT, which were not observed in WTs. The 
significance of complete heart block after anesthesia 
and catheter placement but before drug treatment or 
ventricular stimulation is uncertain, because some vul-
nerable mice develop this arrhythmia nonspecifically un-
der anesthesia, and progressive functional heart block 
has not been reported to our knowledge in patients 
with BTHS. On the other hand, VT requiring implant-
able cardioverter defibrillator placement occurs in some 
patients with BTHS.7–9,26 A subset of Barth mice devel-
oped bidirectional VT under adrenergic stimulation. 
This arrhythmia is closely associated with dysregulated 
Ca2+ handling in digitalis toxicity and catecholaminergic 

polymorphic VT because of mutations in RYR2.28 In the 
latter condition, we demonstrated recently that RYR2-
S2814 phosphorylation by CaMKII is a critical event 
that unmasks latent arrhythmia mutations during cat-
echolamine stimulation.14,22 Our results suggest that, in 
BTHS, ROS-mediated CaMKII activation drives excessive 
RYR2-S2814 phosphorylation, predisposing hearts to 
the development of bidirectional VT. Unfortunately the 
low penetrance of VT in this model will make it difficult 
to use for therapeutic trials of antiarrhythmic efficacy.

The mechanisms that lead from TAZ mutation to 
contractile dysfunction and arrhythmia are incomplete-
ly understood. Diminished energy reserves may con-
tribute to baseline cardiac dysfunction and limited aug-
mentation of heart function with exercise in patients 
with BTHS.37 iPSC-CMs successfully model aspects of 
the BTHS cardiomyopathy phenotype.10,38 In iPSC-CMs, 
the cardiomyopathy phenotype was corrected by nor-
malization of ROS levels with MitoTEMPO but not by 
culture conditions that normalized ATP levels.10 Here 
we demonstrate that elevated ROS in BTHS iPSC-CMs 
and murine cardiomyocytes activate CaMKII and impair 
Ca2+ handling, which could contribute to both cardiac 
dysfunction and arrhythmias.

Oxidative stress is well established to exacerbate car-
diac dysfunction and predispose to arrhythmias. A key 
mediator of these deleterious effects of ROS is CaMKII, 
which can be “locked” in an activated state by oxida-
tion of methionine 281/282.30,31 Here, we link mitochon-
drial ROS production in TAZ mutant cardiomyocytes with 
CaMKII activation. TAZ mutation likely elevates mito-
chondrial ROS through at least 2 mechanisms. First, TAZ 
mutation destabilizes electron transport chain supercom-
plexes by impairing the biogenesis of cardiolipin, which 
is required for supercomplex assembly.38–41 Second, TAZ 
mutation impairs mitophagy, thereby reducing mito-
chondrial quality control.42 Extension of excessive ROS 
into the cytoplasm, likely in the form of hydrogen perox-
ide, activates CaMKII and exposes the myocardium to its 
associated deleterious outcomes. The mechanism likely 
extends to other forms of mitochondrial disease, which 
trigger increased levels of oxidative stress.

Our identification of a ROS-CaMKII pathway that is 
active in the pathogenesis of cardiac disease in BTHS 
suggests that antagonizing this pathway may be a pro-
ductive therapeutic strategy. In mice with partial TAZ 
depletion induced by short hairpin RNA against TAZ, 

Figure 8 Continued. I through L, Effect of TAZ mutation and CaMKII inhibition on AMVM contractile function. Cardiomyocytes were isolated from 2-month-old 
Taz KO (Myh6Cre+; Tazfl/Y) or control hearts. Contractile function of individual myocytes was measured by video measurement of sarcomere length. I, Representa-
tive traces of WT and Taz KO sarcomere length during 1-Hz pacing. J, Fractional shortening of Taz KO and control cardiomyocytes treated for 2 hours with vehicle 
or AIP. K and L, Maximal velocity of shortening or relaxation of WT and Taz KO cardiomyocytes. Maximal shortening velocity did not fit a normal distribution and 
was analyzed with Kruskal–Wallis with a Dunn multiple comparison test, whereas the remaining parameters were analyzed by ANOVA with a Dunnett multiple 
comparison test. Comparisons were either mock-treated BTHH or mock-treated WT, as indicated by the labeled reference (ref.) group in each row. *P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001. AIP indicates autocamtide-2-related inhibitory peptide; AMVM, adult murine ventricular cardiomyocyte; a.u., arbitrary 
units; BTHH, TAZ mutant line; CaMKII, Ca2+/calmodulin-dependent protein kinase II; EHT, engineered heart tissues; KO, knockout; iPSC-CM, induced pluripotent 
stem cell–derived cardiomyocyte; modRNA, modified mRNA; MT, MitoTEMPO; ns, not significant; RFP, red fluorescent protein; ROS, reactive oxygen species; RYR2, 
ryanodine receptor 2; TAZ, tafazzin; and WT, wild type.
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elevated ROS levels were detected, but expression of 
mitochondrially targeted catalase did not affect cardiac 
function.11 However, these mice did not exhibit cardiac 
dysfunction and cardiac rhythm was not investigated, so 
it was not possible to evaluate the contribution of ROS to 
pathogenesis of this phenotype. CaMKII activation has 
been implicated in the pathogenesis of multiple forms 
of heart disease and arrhythmia.43,44 Our studies suggest 
that CaMKII inhibition may improve heart function and 
ameliorate arrhythmia in BTHS and potentially other mi-
tochondrial myopathies with elevated ROS production. 
However, it is important to note that CaMKII inhibition 
only partially rescued most phenotypes, possibly from a 
combination of incomplete inhibition and important con-
tributions of CaMKII-independent mechanisms, includ-
ing increased tyrosine nitrosylation of SERCA2a. Among 
potential additional mechanisms are other kinases acti-
vated downstream of oxidative stress, including mitogen 
activated protein kinases, protein kinase A, some protein 
kinase C isoforms, protein kinase D, and protein kinase 
G, as well as direct oxidation or nitrosylation of key bio-
molecules, including sarcomeric proteins such as titin.45

Across the iPSC-CM and murine TAZ mutant models 
that we studied, a common feature was elevated dia-
stolic Ca2+ concentration. Elevated diastolic Ca2+ con-
centration was associated with increased diastolic Ca2+ 
leak through RYR2 and was fully corrected by suppres-
sion of ROS, inhibition of CaMKII, and ablation of the 
RYR2-S2814 CaMKII phosphosite, which is known to 
increase RYR2 diastolic Ca2+ leak.36 These data strongly 
implicate ROS–CaMKII–RYR2-S2814 phosphorylation 
as a primary mechanism underlying elevation of diastol-
ic Ca2+ in TAZ mutant cardiomyocytes. Elevated diastolic 
Ca2+ impairs cardiac relaxation46 and promotes cardiac 
arrhythmias,12 phenotypes observed in some patients 
with BTHS. Additional studies are needed to fully test 
this hypothesis and to evaluate whether interruption 
of this signaling pathway can ameliorate these disease 
phenotypes in BTHS animal models and patients.

In conclusion, our studies identify Ca2+ handling 
abnormalities in both human iPSC-derived and mu-
rine cardiomyocytes with TAZ mutation. We show that 
ROS-mediated activation of CaMKII contributes to the 
pathogenesis of aberrant Ca2+ handling in BTHS. These 
mechanistic insights suggest therapeutic approaches to 
cardiac dysfunction and arrhythmia in BTHS and pos-
sibly other mitochondrial cardiomyopathies. Because 
cardiolipin abnormalities are also observed in acquired 
heart disease,3,4 the mechanisms revealed by this study 
may also contribute to the pathogenesis of more preva-
lent forms of heart disease.
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