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Abstract

Rationale: Barth syndrome (BTHS) is an X-linked cardiac and skeletal myopathy caused by
mutation of the gene Tafazzin (7AZ2). Currently there is no targeted treatment for BTHS. Lack of a
proper genetic animal model that recapitulates the features of BTHS has hindered understanding
of disease pathogenesis and therapeutic development.

Objective: We characterized murine germline (TAZ-KO) and cardiac specific (TAZ-CKO) 7az
knockout models and tested the efficacy of AAV-mediated TAZ gene replacement therapy.

Methods and Results: TAZ-KO caused embryonic and neonatal lethality, impaired growth,
dilated cardiomyopathy, and skeletal myopathy. TAZ-KO mice that survived the neonatal period
developed progressive, severe cardiac dysfunction and fibrosis. Cardiomyocyte specific
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inactivation of floxed 7azin CMs using Myh6-Cre caused progressive dilated cardiomyopathy
without fetal or perinatal loss. Using both constitutive and conditional knockout models, we tested
the efficacy and durability of 7azreplacement by AAV gene therapy. Neonatal AAV-TAZ rescued
neonatal death, cardiac dysfunction, and fibrosis in TAZ-KO mice, and both prevented and
reversed established cardiac dysfunction in TAZ-KO and TAZ-CKO models. However, both
neonatal and adult therapies required high CM transduction (~70%) for durable efficacy.

Conclusions: TAZ-KO and TAZ-CKO mice recapitulate many of the key clinical features of
BTHS. AAV-mediated gene replacement is efficacious when a sufficient fraction of CMs are
transduced.
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INTRODUCTION

Barth Syndrome (BTHS) is an X-linked, potentially lethal genetic disease that affects about
1in 0.3 to 0.4 million live births. Hallmarks of BTHS are cardiomyopathy, skeletal
myopathy, neutropenia, growth delay, poor feeding, and organic aciduria, with cardiac
disease and neutropenia being the leading causes of BTHS-related mortalityl:2. Over 70% of
BTHS patients develop cardiomyopathy in their first year, and 14% of BTHS patients
require heart transplantationl. The skeletal myopathy results in life-altering, debilitating
fatigue that severely limits activities®.
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Mutation of the gene Tafazzin (742) causes BTHS?. TAZ is a mitochondrial protein
associated with the mitochondrial inner membrane. TAZ is required for the normal
biogenesis of cardiolipin (CL)?, the signature phospholipid of mitochondria. CL is
synthesized in nascent form with four non-specific acyl chains and undergoes TAZ-
dependent remodeling, in which the acyl chains acquire a characteristic fatty acid
composition, e.g. tetralinoleoyl cardiolipin in striated muscle®. The characteristic fatty acid
composition of mature CL promotes its association with proteins in the inner mitochondrial
membrane, facilitating the formation of mitochondrial super complexes’-8. Protein binding
protects CL from degradation to monolysocardiolipin (MLCL), which lacks one of CL’s
four fatty acid residues®. 742 mutation impairs CL remodeling and protein binding,
resulting in reduced mature CL and elevated MLCL10.11, This change in CL composition
impairs the normal function of enzymes housed within the inner mitochondrial membrane,
resulting in impaired electron transport chain function8, increased production of reactive
oxygen species (ROS), and inefficient ATP synthesis!2.

Several experimental models of BTHS have been reported'2-16 including a doxycycline-
induced short hairpin RNA TAZ knockdown mouse in which high dose doxycycline leads to
80-90% TAZ protein depletion®16, However, important limitations of this model are
residual TAZ expression, relatively mild cardiac involvement, high inter-animal variability,
and the need for continuous, high dose doxycycline treatment, which itself impacts
mitochondrial functionl” and metalloprotease activity!8. The lack of a TAZ knockout mouse
that recapitulates the cardinal features of the human condition has hindered BTHS research.

Currently there are no targeted therapies for BTHS. Patients are treated with supportive
medical management for cardiomyopathy (standard heart failure medications;
transplantation) and neutropenia (GM-CSF). One attractive strategy is AAV gene therapy to
replace mutant TAZ. TAZ gene replacement normalized function of BTHS human iPSC-
CMs!2, and AAV-TAZ partially normalized cardiac and skeletal muscle function in the TAZ
knockdown model®. While promising, this proof-of-concept study had several important
caveats that limit extrapolation to clinical translation. First, the study was based on the TAZ
knockdown model, which has residual TAZ expression and relatively mild disease. Second,
the study did not evaluate dose-response, a key issue given failure of a recent clinical cardiac
AAV gene therapy trial likely as a result of insufficient dosing2C. Third, the study did not
evaluate the ability of AAV-TAZ to reverse established cardiac disease. Fourth, the study did
not evaluate the durability of the therapeutic response.

Here we characterize the phenotype of mice with germline or cardiac-specific TAZ
knockout. Germline TAZ knockout caused substantial fetal and perinatal demise that was
likely due to skeletal muscle weakness. Survivors developed progressive cardiomyopathy
and cardiac fibrosis, as did mice with cardiac-specific TAZ knockout. AAV-TAZ rescued
neonatal demise, prevented cardiac dysfunction, and reversed established heart disease.
However, therapeutic efficacy and durability were dependent on transduction of at least 70%
cardiomyocytes (CMs). These results establish a platform for testing of BTHS therapies and
demonstrates the efficacy of TAZ gene therapy when administered at a sufficient dose.
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METHODS

The authors declare that all supporting data are available within the article and its online
supplementary files. The AAV constructs can be obtained through Addgene. The mouse
model can be obtained by contacting the authors.

Please see the Supplemental Materials for Expanded Materials and Methods. Major
resources from this study are summarized in the Major Resources Table of the Online
Supplemental Materials.

Animal.

Mice harboring the Tazf and Taz2 allele were described previously2l. Mice were genotyped
by PCR using the primers indicated in Online Table I.

AAV Vectors.

AAV-GFP, AAV-Luciferase, and AAV-hTAZ contained a CAG promoter driving GFP,
luciferase or codon optimized human full-length Tafazzin cDNA (hTAZ). AAV was
administered by subcutaneous injection (age < P10), and to older mice by retro-orbital
injection. High and medium AAV doses were 2x1010 and 1x1010 vg/g, respectively.

RNA in situ hybridization.

Transcripts of A”TAZand ActnZwere visualized using RNAscope® Multiplex Fluorescent
Reagent Kit and probes from Advanced Cell Diagnostics.

Behavior studies

Open field assay of spontaneous activity was performed before and after mild treadmill
exercise. Mice were also evaluated by treadmill exercise to exhaustion.?2

Statistics.

Data are presented as mean * standard deviation. Statistical testing was performed using
GraphPad Prism 8 as described in each figure legend.

RESULTS

Global deletion of Tafazzin in mice caused embryonic and neonatal lethality.

The 7aZ2 allele was generated by treating 7az" sperm with Cre (Fig. 1A)2L. Since male mice
lacking Taz are sterile?3, heterozygous females ( 7az*/4) were used to generate Taz2/Y
constitutive knockout (TAZ-KO) and littermate control ( 7az*/") offspring. The mutant and
wild-type alleles were easily distinguished by PCR genotyping (Fig. 1B). Immunoblotting
using a capillary western system confirmed TAZ deletion in TAZ-KO (Fig. 1C). TAZ-KO
mice were born at below the expected Mendelian ratio (Fig. 1D), although this was not
statistically significant due to the relatively small sample size. Most liveborn TAZ-KO died
in the neonatal period, so that only ~20% of live born mice survived to term (Fig. 1E). TAZ-
KO neonates had mild to moderate ventricular systolic dysfunction (Fig. 1F).
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Like BTHS patients'-2, TAZ-KO newborn mice exhibited growth retardation and poor
feeding. They also had reduced movement, hunchback, and dropping forelimbs, signs of
neuromuscular weakness24 (Online Movie | and Online Fig. 1-A). A milk spot was rarely
observed in TAZ-KO neonates, and body weight declined between P1 and P2 in TAZ-KO
whereas it increased in control littermates (Online Fig. 1-B). Neonatal survival was related to
birth weight, as TAZ-KO mice with body weight greater than 1.2 g at postnatal day 1 (P1)
survived better than those with lower body weight (Fig. 1G). TAZ-KO mice who survived
the newborn period had lower body weight and reduced body length throughout life (Fig.
1H). TAZ is required for CL remodeling, and BTHS patients have abnormal CL profiles
with elevated MLCL:CL ratiol%.25, Mass spectrometry of lipids isolated from TAZ-KO
hearts demonstrated that the MLCL:CL ratio was markedly elevated compared to controls
(Fig. 11 and Online Fig. 1-C).

Together, these data demonstrate that Taz is essential for embryonic and neonatal
development and survival, and indicate that TAZ-KO mice recapitulate many of the clinical
and biochemical hallmarks of BTHS patients.

Cardiac phenotype of TAZ-KO mice.

Although most TAZ-KO mice did not survive the neonatal period, through intensive
breeding we obtained sufficient TAZ-KO mice for analysis of adult phenotypes. In these
TAZ-KO survivors, which largely had initial body weight > 1.2g at P1, the left ventricle was
dilated and thin-walled compared to control, consistent with a dilated cardiomyopathy
phenotype (Fig. 2A). Although our neonatal studies showed cardiac dysfunction (Fig. 1F), at
4-8 weeks-of-age TAZ-KO survivors had relatively normal cardiac function (Fig. 2B). This
difference likely reflects survival bias. In the TAZ-KO survivor cohort, cardiac dysfunction
and dilation typically manifested after 8 weeks-of-age and became progressively more
severe (Fig. 2B-C). Adult TAZ-KO hearts had significantly increased fibrosis (Fig 2D-E).
We confirmed that human BTHS hearts also have considerable cardiac fibrosis (Online Fig.
I1). Because cardiac fibrosis often occurs in the setting of increased CM death, we measured
CM apoptosis in TAZ-KO and littermate control hearts. TUNEL staining demonstrated
significantly increased CM apoptosis in TAZ-KO (Fig 2F-G).

We used electron microscopy to evaluate the ultrastructure of TAZ-KO cardiomyocytes and
mitochondria. TAZ-KO sarcomere Z-lines had normal morphology, but the A bands and M
lines were poorly delineated, indicating abnormal sarcomere structure (Online Fig. 111-A).
TAZ-KO mitochondria displayed a drastic reduction in internal complexity (Fig 2H) and
disorganized cristae, in contrast to the neatly organized and densely packed cristae of control
mitochondria. Compared to controls, TAZ-KO mitochondria were smaller (Fig. 21), and as a
result there was a greater number of mitochondria per unit area (Online Fig. 111-B). The
spatial organization of mitochondria was also impaired by TAZ deficiency: whereas control
mitochondria were aligned adjacent to sarcomeres, TAZ-KO mitochondria formed poorly
organized clusters (Online Fig. I11-C).

We analyzed TAZ-KO and control ventricular RNA for expression of genes related to
cardiac stress, inflammation, fibrosis, and mitochondrial function (Fig. 2J). Consistent with
myocardial stress, in TAZ-KO Myh6was downregulated, and My#h7and Nppa were
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markedly upregulated. The inflammatory cytokine //Zawas also strongly upregulated.
Collagen type | (Co/1al) was significantly upregulated whereas the expression of collagen
type Il (Col3al) was unchanged. Several nuclear mitochondrial transcripts were
significantly downregulated (Apool, Opal) or had a tendency to downregulation (Mfn2).
Levels of mitochondrially encoded transcripts Co-1, Nd-1, and Afp6 were lower in TAZ-KO,
although these comparisons did not reach statistical significance after multiple testing
correction.

Non-cardiac phenotypes of TAZ-KO mice.

Skeletal muscle weakness/fatigability is a cardinal feature of BTHS3. We further
characterized the skeletal muscle phenotype of TAZ-KO mice. TAZ-KO muscle fibers had
smaller caliber and were more fibrotic than controls (Online Fig. IV A-F). As with cardiac
mitochondria, skeletal muscle mitochondria were small and had severely compromised
cristae (Online Fig. IV-G-J).

Next we measured skeletal muscle performance (Online Fig. IV-K). To evaluate endurance,
we ran TAZ-KO and WT mice on a treadmill and measured the time to exhaustion (see
Methods). On average, six month old TAZ-KO mice ran 110 seconds, whereas wild-type
mice did not show exhaustion by the end of the test (840 seconds; P<0.05; Online Fig. V-
L). BTHS patients experience severe fatigue after sub-maximal exertion. To assess this
phenotype in mice, animals were placed individually in open field chambers equipped to
measure movement, before and after exercise. TAZ-KO mice had normal baseline activity
prior to exercise (Online Fig. IV-M-N), but after exercise TAZ-KO had significantly
voluntary movement (Online Fig. IV-O-P).

Neutropenia is another clinical feature of BTHS patients. The number of circulating
neutrophils in 6-month-old TAZ-KO was significantly lower than WT (Online Fig. V).
However, the value for both groups was within the normal range for mice (0.1-2.4K/uL;
Online Fig. V). Neutropenia in BTHS patients can be sporadic, so further studies of are
required to fully evaluate neutropenia in TAZ-KO mice.

Cardiomyocyte-restricted TAZ deletion.

To assess the contribution of 7azinactivation in cardiomyocytes to the TAZ-KO phenotype,
we performed cardiomyocyte-specific TAZ inactivation using Myh6-Cre (Fig. 3A).
Cardiomyocyte-specific 72z mutant mice (TAZ-CKO; 7az'"Y; Myh6-Cre) were compared to
littermate controls (Ctrl; 7az*/Y;: Myh6-Cre). We validated the loss of TAZ protein by
capillary immunoblotting (Fig. 3B) and abnormal cardiolipin remodeling by mass
spectrometry (Fig. 3C).

TAZ-CKO mice were born at the expected Mendelian ratio with body weight comparable to
controls. The mice survived normally to adulthood (Fig. 3D) and during 6 months of
observation. TAZ-CKO had normal LV size and function at 1 month (Fig. 3E-F). LV
function progressively declined on subsequent monthly echocardiograms (Fig. 3E),
accompanied by an increase in LV chamber size (Fig. 3F). At 6 months, heart weight
normalized to body weight was elevated (Fig. 3G). Histological evaluation demonstrated
myocardial fibrosis and CM apoptosis in TAZ-CKO (Fig. 3H-I, L-M). Consistent with
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reduced cardiac function in TAZ-CKO hearts, cardiac stress markers Myhé, Myh7, and
Nppa were significantly dysregulated., while nuclear encoded mitochondrial genes Apool,
Min2, and Opal were significantly downregulated (Fig. 3J-K).

Collectively, the TAZ-CKO model does not develop the fetal and perinatal loss observed in
the whole body TAZ-KO, perhaps due to fetal or perinatal requirement of TAZ in non-
cardiomyocytes, e.g. skeletal muscle. On the other hand, TAZ inactivation in CMs was
sufficient to reproduce the progressive dilated cardiomyopathy and cardiac fibrosis observed
in adult TAZ-KO mice.

AAV-hTAZ rescue of TAZ-KO neonatal lethality.

AAV gene therapy is an attractive strategy to treat Barth syndrome. We generated AAV9 in
which full length, codon-optimized human TAZ was expressed from the potent and widely
expressed CAG promoter (AAV-hTAZ; Fig. 4A). Both AAV9 and CAG are components of
the FDA-approved gene therapy Zolgensma. AAV carrying the coding sequence of
luciferase (AAV-Ctrl) was used as the control virus. First, we studied the impact of AAV-
hTAZ on the demise of low body weight (< 1.2 g at P1) TAZ-KO mice in the first week of
life (Fig. 4B). At birth, TAZ-KO pups were weighed and genotyped. At P1, low body weight
TAZ-KO or control littermates were treated with either AAV-hTAZ or AAV-Ctrl via
subcutaneous injection at a dose sufficient to transduced 65% of cardiac and 60% of skeletal
muscle cells, as measured at P7 by RNA /n situ hybridization using a probe specific to the
codon-optimized ATAZ transcript (Fig. 4C) or by administration of a similar dose of AAV-
GFP (Online Fig. VI-A). The primary endpoint was survival to P28. Secondary endpoints
were cardiac function, as assessed by echocardiography monthly for 4 months and cardiac
fibrosis at 4 months. Conversion of the single stranded AAV genome to a double-stranded
episome is a rate-limiting step of AAV transduction?6, and this process can be expedited by
self-complementary AAV27 (scAAV; Online Fig. VI-A). Because the rapid neonatal loss of
TAZ-KO mice made transduction kinetics a potential concern, we also included sSCAAV-
hTAZ (Fig. 4A) in the study. We estimated the level of AAV-mediated hTAZ expression by
gRTPCR. Because #7TAZ and mTaz nucleotide sequences differ, qPCR primers did not
amplify both transcripts with the same efficiency. We circumvented this problem by using
standard curves (Online Fig. VI-B) to compare relative expression AAV-expressed #/7AZ and
endogenous m7AZ (Online Fig. VI-C; see Detailed Methods). AAV-hTAZ and scAAV-hTAZ
drove equivalent levels of hTAZ cardiac expression when evaluated at 4 months after
administration (Online Fig. VI-C), which we estimated to be 10-fold higher than
endogenous m7AZ Both AAV-hTAZ and scCAAV-hTAZ partially corrected MLCL:CL to a
similar degree (Online Fig. VI-D).

Both AAV-hTAZ and scAAV-hTAZ dramatically enhanced neonatal survival compared to
AAV-Ctrl (Fig. 4D). Survival was comparable between scAAV-hTAZ and AAV-hTAZ.

We used echocardiography to monitor the heart function of rescued mice to 4 months-of-
age. Due to the high frequency of neonatal demise among low birth weight TAZ-KO, we
were only able to analyze one AAV-Citrl treated low body weight TAZ-KO mouse, and this
mouse exhibited progressive dilated cardiomyopathy that was more severe than observed in
unselected TAZ-KO mice (which were almost all in the high body weight category; Fig. 1G
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and Fig. 2B). Both AAV-hTAZ and scAAV-hTAZ treated mice were protected against
cardiac dysfunction for 2 months (Fig. 4E and Online Data I). At later time points, both
hTAZ-treated groups began to show declining cardiac function, which became significantly
depressed at 4 months-of-age. However, neither treatment group developed consistent LV
dilatation during the 4 month study period (Fig. 4F).

At 4 months-of-age, we evaluated cardiac fibrosis. Control-treated TAZ-KO heart had
extensive fibrosis whereas both hTAZ-treated groups had substantially reduced fibrosis (Fig.
4G-H), with the level of fibrosis in SCAAV-hTAZ treated hearts comparable to WT.
Histological analysis suggested that declining function at later time points was possibly due
to insufficient CM transduction: whereas the dose used transduced 65% CMs at P7, at 21
days and 90 days after the initial treatment only 24% cardiac cells retain transgene
expression (Online Fig. VI-E). A similar reduction of AAV-transduced cells was also
observed in skeletal muscle (Online Fig. VI-E). This decrease in transduced cells was likely
due to perinatal cardiomyocyte and skeletal muscle proliferation.28:29

TAZ-CKO mice survived normally but TAZ-KO mice did not, suggesting that the mortality
in TAZ-KO mice is due to its TAZ deficiency in non-cardiomyocytes. Therefore TAZ
expression in organs besides the heart is likely to be responsible for AAV-hTAZ rescue of
TAZ-KO neonatal death. Given the skeletal muscle weakness of the TAZ-KO mice, we
hypothesized that the skeletal muscle weakness and failure to compete with stronger
littermates for nutrition are important contributors to neonatal death, and that AAV-hTAZ
rescues by improving cardiolipin metabolism in skeletal muscle. To test this hypothesis, we
constructed two additional scAAV vectors. sSCAAV2i8 cTNT-hTAZ used the cardiac specific
CTNT promoter and the AAV2i8 capsid, which efficiently transduces heart and skeletal
muscle, but detargets liver30. scAAV2i8 MHCK7-hTAZ used the MHCK?Y striated muscle
promoter3! and the AAV2i8 capsid. Using GFP as a reporter, we validated that the former
expresses selectively in the heart, whereas the latter expresses selectively in heart and
skeletal muscle (Online Fig. VI-F,G). scAAV2i8 cTNT-hTAZ did not significantly improve
survival of TAZ-KO mice, whereas scAAV2i8 MHCK7-hTAZ had comparable effect to
SCAAV9 CAG-hTAZ (Online Fig. VI-G). Furthermore, scAAV2i8 MHCK7-hTAZ corrected
the skeletal muscle CL profile at P7 (Fig. 41). Together, these data demonstrate that hTAZ
gene replacement, using either single-stranded or self-complementary AAYV, efficiently
prevents neonatal death by TAZ replacement in skeletal muscle. AAV-hTAZ protects cardiac
function of TAZ-KO mice for at least 3 months, with relatively low cardiomyocyte
transduction perhaps accounting for limited therapeutic durability.

AAV-hTAZ prevention of cardiomyopathy in TAZ-CKO mice.

Because the TAZ-CKO model circumvents difficulties with survival in the TAZ-KO model,
it is more convenient for assessing therapeutic efficacy and dose response on the
cardiomyopathic phenotype. Given that AAV-hTAZ and scAAV-hTAZ had similar efficacy,
we focused on AAV-hTAZ. AAV expressing luciferase was again used as the control virus
(AAV-Ctrl). We treated TAZ-CKO mice with AAV-hTAZ or AAV-Ctrl at P20 by
intravascular (retro-orbital) injection, prior to the onset of cardiac dysfunction, to determine
if gene therapy prevents the development of cardiomyopathy (Fig. 5A). Cardiac function
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was examined monthly to 4 months of age, when hearts were analyzed for histological
endpoints. To evaluate dose-response, we tested medium and high doses of AAV, which
transduced ~33% and >70% of cardiomyocytes, respectively (Online Fig. VII-A). CM
transduction efficiency was similar between 21 and 90 days, indicating that the viral genome
was stable in CMs during this period (Online Fig. VII-A).

In AAV-Ctrl treated TAZ-CKO mice, cardiac function became abnormal at 2 months and
progressively declined at 3 and 4 months (Fig. 5B—C and Online Data I). High dose AAV-
hTAZ provided consistent and durable protection against cardiac dysfunction. In contrast,
medium dose AAV-hTAZ resulted in variable results, with a subset of mice exhibiting little
improvement in cardiac function compared to control treatment, and other mice exhibiting
normalization of cardiac function.

At 4 months of age, hearts were collected for molecular and histological analysis. Cardiac
hypertrophy seen in TAZ-CKO mice was consistently reduced by high dose AAV-hTAZ but
the response was variable in the medium dose group (Fig. 5D). This result did not reach
statistical significance in ANOVA (p=0.146 with Tukey’s post-hoc test) due to the large
variance in the medium dose group (p=0.0001 when medium dose group was excluded).
TAZ expression was measured by capillary western blotting, in which endogenous murine
TAZ and hTAZ can be distinguished by virtue of a primate-specific exon. This assay
confirmed loss of endogenous mTAZ in TAZ-CKO hearts and dose-dependent expression of
hTAZ by AAV-hTAZ (Fig. 5E). AAV-hTAZ normalized the MLCL/CL ratio in a dose-
dependent manner, with the medium dose reducing it to an intermediate level, and the high
dose making it comparable to control mice (Fig. 5F). High dose AAV-hTAZ treatment
restored expression of genes important for mitochondrial function (Mcu, Opal, Mfn2, Co-1,
Alp6, Nd1) and normalized Myh6 expression (Fig. 5G—H). There was variable response in
the medium dose group, with the subset of non-responsive mice continuing to have elevation
of Myh7, Nppa, and Nppb (Fig. 5H). As a result, changes in the expression of these genes
did not reach statistical significance by ANOVA. High dose AAV-hTAZ reduced cardiac
fibrosis (Fig. 51-J) and apoptosis (Fig. 5K-L) to normal levels, whereas medium dose AAV-
hTAZ showed partial improvement.

We conclude that with sufficient cardiomyocyte transduction, AAV-hTAZ treatment
successfully prevents the development of cardiomyopathy.

AAV-hTAZ reversal of established cardiac dysfunction.

Many patients with BTHS will likely have established cardiac dysfunction by the time that
gene therapy is considered. To test the efficacy and dose-response of AAV-hTAZ in a more
clinically relevant context, we performed serial echocardiograms on TAZ-CKO mice, and
enrolled mice when their shortening fraction was below 40% (typically around 2 months of
age). We then randomized mice to treatment with high dose or medium dose AAV-hTAZ, or
high dose AAV-Ctrl, where the high and medium doses were calibrated to transduced ~70%
and ~33% CM, respectively (Online Fig. VII-A). After treatment, mice were followed by
echocardiography monthly for 3 months. Hearts were then collected and subjected to
molecular and histological studies.

Circ Res. Author manuscript; available in PMC 2021 April 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 10

Monthly echocardiography demonstrated progressive deterioration of heart function with
AAV-Ctrl treatment (Fig. 6B and Online Data I). In contrast, high dose AAV-hTAZ reverted
cardiac function to normal levels, whereas the medium dose stabilized cardiac dysfunction
(Fig. 6B). Both doses of AAV-hTAZ prevented LV dilatation and cardiac hypertrophy (Fig.
6C-D). Capillary western blotting of heart extracts confirmed loss of mMTAZ in AAV-Ctrl
treated TAZ-CKO mice, and dose-dependent replacement with full length human TAZ by
AAV-hTAZ (Fig. 6E). Cardiolipin analysis confirmed dose-dependent correction of the
MLCL/CL ratio by AAV-hTAZ (Fig. 6F). Expression of genes critical for mitochondrial
function and morphology and cardiac stress markers were normalized by high dose AAV-
hTAZ (Fig. 6G—H). High dose AAV-hTAZ reduced but did not completely normalize cardiac
fibrosis and cardiomyocyte apoptosis (Fig. 61-L), whereas the medium dose mildly reduced
the cell death but did not significantly improve the overall fibrosis. Together, our results
indicate that AAV-hTAZ administered at a sufficient dose reverses mild cardiomyopathy in
TAZ-CKO hearts.

Because global TAZ knockout in TAZ-KO mice likely involves multiple organ systems,
which may modify the effectiveness of AAV-hTAZ gene therapy for cardiomyopathy, we
next asked if AAV-hTAZ reverses established cardiomyopathy in the germline TAZ-KO
model (Fig. 7A). Although most TAZ-KO mice die before weaning, through intensive
breeding we collected enough TAZ-KO mice to study. In initial experiments, we established
that TAZ-KO mice had mild LV dysfunction (FS% < 40%), hypertrophy and mild
histological abnormalities (Fig. 7B and Online Fig. VIII) at 3 months-old. We performed a
therapeutic trial to reverse established cardiac dysfunction. 3-month-old TAZ-KO mice with
FS% < 40% were enrolled and received AAV-hTAZ or AAV-Ctrl (encoding luciferase) at a
dose calibrated to transduce ~70% CMs. The transgene remained stable in the heart for at
least 90 days after injection (Online Fig. V11-B top panel). Mice underwent monthly
echocardiography for 3 months, and then hearts were removed for further analysis.

AAV-hTAZ treated mice had progressive improvement in heart function, and by 3 months
after treatment FS% was not significantly different from control mice (Fig. 7B and Online
Data I). The LV was not dilated at the start of the trial and tended to become more dilated
over time in AAV-Ctrl but not in AAV-hTAZ (Online Fig. VIII-A and Fig. 7C). AAV-hTAZ
prevented cardiac hypertrophy, as assessed by the heart weight to body weight ratio (Fig.
7D). On histological sections, AAV-hTAZ reduced myocardial fibrosis compared to AAV-
Ctrl, although the extent of fibrosis remained elevated compared to control mice (Fig. 7E-F).
AAV-hTAZ likewise reduced CM apoptosis compared to AAV-Ctrl, although the frequency
of apoptotic CMs remained elevated compared to controls (Fig. 7G).

By qRT-PCR and capillary western blotting, AAV-hTAZ restored TAZ to at least control
levels (Fig. 7H and Online Fig. IX-A) and markedly improved the cardiolipin profile (Fig.
71). However, MLCL/CL remained elevated after AAV-hTAZ compared to the control
genotype, consistent with transduction of most but not all cardiac cells.

Finally, we evaluated mitochondrial ultrastructure and gene expression. By qRT-PCR with
Gapdh normalization, AAV-hTAZ partially normalized expression of mitochondrial genes
(Fig. 7J and Online Fig. IX-B). AAV-hTAZ improved mitochondrial morphology, increased

Circ Res. Author manuscript; available in PMC 2021 April 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 11

the density and regularity of mitochondrial cristae (Fig. 7K), and normalized mitochondrial
cross-sectional area (Fig. 7L). AAV-hTAZ normalized the spatial distribution of
mitochondria, with mitochondria aligning normally along sarcomeres (Online Fig. 1X-C).

Overall, AAV-hTAZ reversed established cardiomyopathy, reduced cardiac fibrosis and
cardiomyocyte apoptosis, and improved mitochondrial morphology and gene expression in
the germline TAZ-KO model.

Effect of AAV-hTAZ on Skeletal Muscle Phenotype.

Although high dose AAV9 described above efficiently transduced the heart and improved
cardiac function, when administered to adult mice it did not comparably transduce skeletal
muscle cells (27% in quadriceps) (Online Fig. VII-B lower panel and Online Fig. X-A).
Viral genome was further gradually lost from skeletal muscle over time, as the transduction
efficiency was 17% at 60 days and 11% at 90 days after AAV administration (Online Fig.
VII-B and 10B). Viral genome dilution in skeletal muscle was seen in other gene therapy
trials targeting skeletal muscle28:29,

AAV-hTAZ increased expression of ATAZ transcripts in the quadriceps (Online Fig. X-C),
although expression was low compared to heart (Online Fig. VI-C). The MLCL/CL ratio did
not significantly improve, in keeping with the low fraction of transduced cells (Online Fig.
X-D). Nevertheless, AAV-hTAZ improved mitochondrial gene expression in skeletal muscle
(Online Fig. X-E). By EM, mitochondria in AAV-hTAZ treated skeletal muscle had
significantly improved cross-sectional area (Online Fig. X-F-H). TAZ-KO muscle fiber
cross sectional area was greater AAV-hTAZ compared to AAV-Ctrl (Online Fig. X-I), but
remained less than WT. Functionally, AAV-hTAZ showed a tendency to improve endurance
of TAZ-KO compared to AAV-Ctrl (Online Fig. X-J), but the difference did not reach
statistical significance (p=0.06).

Together, our results indicate the dose of AAV-hTAZ sufficient to correct cardiomyopathy
had a mild but measurable salutary effect on skeletal muscle function in TAZ-KO mice.
These results suggest that the dose sufficient for improving heart function might be
insufficient for correcting skeletal muscle defects, potentially due to the more efficient and
durable transduction of cardiac compared to skeletal muscle by AAV9.

DISCUSSION

Constitutive and cardiac specific TAZ knockout models recapitulate multiple features of
BTHS, including: fetal and perinatal demise; poor feeding; growth retardation; progressive
cardiac dysfunction; cardiac fibrosis; skeletal muscle weakness and hypoplasia; low
neutrophil count; and impaired CL remodeling. Our detailed characterization of the natural
history of these models sets the stage for using them to evaluate the efficacy of potential
BTHS therapies. Compared to the doxycycline-induced short hairpin RNA knockdown
model reported previously>18, this model has clear advantages, including greater similarity
to BTHS patients, the lack of residual TAZ, far less inter-individual variation, and freedom
from high dose doxycycline, which itself can affect mitochondrial functionl’ and
metalloprotease activity8.
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A notable finding from this model is that cardiac fibrosis and cardiomyocyte apoptosis are
important features of the BTHS-related cardiomyopathy. We validated that human BTHS
hearts that require transplantation also exhibited marked cardiac fibrosis, in both infants and
adolescents. This is consistent with clinical findings in which heart failure symptoms can be
more severe than would be expected by the degree of systolic dysfunction, suggestive of
diastolic dysfunction. Since cardiolipin interaction with cytochrome C regulates a key
apoptotic trigger32, a molecular pathway may link TAZ deficiency to CM apoptosis. Cell
autonomous predisposition of TAZ deficient CMs to apoptosis has important implications
for gene therapy, since non-transduced CMs would continue to be at risk for death.

We used the newly characterized models to evaluate the efficacy and dose-response of AAV-
TAZ gene therapy for BTHS. A recent study used the ShRNA TAZ knockdown mouse model
to provide proof-of-concept that AAV-TAZ gene therapy might be effective for BTHSS.
Here we answered several questions crucial for clinical translation that were not addressed
by the prior study. We showed that gene replacement therapy could be successful in a model
without residual TAZ expression. We demonstrated that high level cardiomyocyte
transduction successfully maintained contractile function and prevented cardiac fibrosis and
cardiomyocyte apoptosis. Moreover, high dose AAV-TAZ was able to reverse mild,
established cardiac dysfunction. Through dose-response studies, we showed that high level
cardiomyocyte transduction is required for durable efficacy. This is a critical consideration
for clinical translation -- whereas transduction of over 90% CMs is readily achievable with
AAV9 in rodents, achieving sufficiently high CM transduction in humans or other large
animals may be more challenging and require improved vectors or methods to permit
repeated vector dosing.

Consistent with prior reports on the TAZ knockdown mouse model6:33 and human BTHS
patients34, our TAZ-KO model showed morphological and functional abnormalities in the
skeletal muscles. AAV-hTAZ partially rescued these phenotypes when administered to adult
mice, despite low transduction efficiency and diminishing fraction of TAZ* skeletal
myocytes over time. Further investigation of skeletal muscle responses to AAV-TAZ gene
therapy will require use of conditional and inducible skeletal muscle deficient models, to
circumvent limitations imposed by the high loss of TAZ-KO neonates. Such studies of the
skeletal muscle abnormalities and their responses to therapy are beyond the scope of this
study, but they are important to consider in translating AAV-based gene therapy to treating
BTHS patients.

We were surprised to find that neonatal demise of TAZ-KO mice was due to skeletal muscle
rather than cardiac insufficiency. BTHS infants are hypotonic and often have feeding issues,
although due to supportive care this is a not significant cause of mortality in human patients.
Survival is an easily scored phenotype which will be useful to characterize BTHS therapies

in the TAZ-KO model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms:

AAV adeno-associated virus

AAV-GFP AAV9 expressing green fluorescent protein

AAV-hTAZ AAV9 expressing human full length tafazzin

BTHS Barth syndrome

CAG CMV early enhancer - chicken beta-actin promoter

CM cardiomyocyte

CL cardiolipin

FS fractional shortening

LVEDD left ventricle end diastolic diameter

MLCL monolysocardiolipin

SCAAV self complementary AAV

TAZ-KO germline TAZ knockout mice

TAZ-CKO cardiomyocyte-specific TAZ knockout mice
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NOVELTY AND SIGNIFICANCE

What Is Known?

. Barth Syndrome (BTHS) is a rare and potentially fatal disease caused by loss-
of-function mutation of Tafazzin (TAZ), which is critical for mitochondrial
function.

. Cardiomyopathy and skeletal muscle fatigue are major phenotypes of BTHS.

. Adeno-associated virus (AAV)-mediated TAZ replacement were previously

shown to improve cardiac and skeletal muscle function in mice with
incomplete TAZ depletion.

What New Information Does This Article Contribute?

. Detailed characterization of a new mouse model with complete TAZ ablation
shows that the model recapitulates major cardiac and skeletomuscular
phenotypes of BTHS patients.

. Myocardial fibrosis and cardiomyocyte apoptosis are important components
of the myopathic process in BTHS mice.

. AAV-mediated TAZ replacement prevents the onset of cardiomyopathy and
restores contractile function in BTHS mice with pre-existing cardiac
insufficiency, but durablility and efficacy depend on transduction of a high
percentage of cardiomyocytes.

Understanding pathogenic mechanisms of BTHS and testing of potential therapies has
been hindered by the lack of a robust animal model. Previous in vivo experiments relied
on a doxycycline-inducible knock-down system, which suffered from high inter-animal
variability and incomplete Taz depletion. Here we characterized the first Taz germline
and conditional knock-out mouse models, with a focus on the cardiac and skeletal
muscular phenotypes. In the C57BL6/J background, germline Taz knockout mice
displayed rapid neonatal lethality. Survivors, or cardiac specific knockout, resulted in
progressive cardiomyopathy with histological evidence of cardiomyocyte apoptosis and
myocardial fibrosis, and marked exercise intolerance. Using AAV to direct TAZ
expression, we showed that TAZ gene replacement rescued neonatal survival, prevented
the development of cardiomyopathy, and even restored cardiac function in mice with
established cardiomyopathy. Moreover, we demonstrate that transduction of a large
fraction of cardiomyocytes is required for durable efficacy of gene therapy. Our results
suggest that AAV-TAZ is an attractive strategy to treat BTHS cardiomyopathy, provided
that sufficient cardiac transduction can be achieved.
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Figure 1. Characterization of TAZ-KO mice.

A. Schematic of TAZ wild-type, floxed, and deleted alleles. B. PCR genotyping. C. Loss of
TAZ protein in TAZ-KO. Capillary immunoblotting of cardiac tissue from TAZ-KO and
wild-type mice. D. Survival of TAZ-KO mice. TAZ-KO (A/Y) mice were present at below
the expected Mendalian ratio from birth. E. Survival curve for live born control and TAZ-
KO mice. Shading, 95% confidence interval. F. Cardiac contraction evaluated by
echocardiography at P1. FS, fractional shortening. G. Survival curve for live born mice, with
TAZ-KO mice classified by body weight at P1. Shading, 95% confidence interval. Statistical
significance between TAZ-KO groups is shown. H. Photograph of TAZ-KO and control
littermates at P14. Bar = 1 cm. |. Cardiac MLCL/CL ratio at 2 months and 6 months, as
measured by mass spectrometry. Statistical tests: E,G: Mantel-Cox; F,I; #test.
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Figure 2. Cardiac phenotype of TAZ-KO mice.
A. H&E stained sections demonstrating thin-walled, dilated TAZ-KO LV at 6 months-of-

age. Bar =1 mm. B-C. Echocardiography of TAZ-KO and control mice. FS, fractional
shortening. LVEDD, LV end diastolic diameter. D-E. TAZ-KO cardiac fibrosis. Heart
sections were stained with fast green/sirius red. Fibrotic area (red) was quantified as a
fraction of myocardial area (green). Bar = 200 pm. n=3. F-G. CM apoptosis, measured by
TUNEL labeling. Apoptotic cells were TUNEL-positive (arrowheads). Insets show TUNEL*
signal overlapping with a cardiac marker TNNI3 and DAPI. Bar = 200 um. H. EM of
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cardiac mitochondria. Bar = 200 nm. I. Quantification of mitochondrial cross-sectional area
(CSA). n=3 per group. J. Evaluation of markers of heart failure, fibrosis, and genes critical
for mitochondrial functions and morphology by qRTPCR. n=3. B, C: Repeated measures
two way ANOVA followed by Holm-Sidak multiple testing correction. E: £test. G, I: Mann-
Whitney test. J, Multiple #tests with Holm-Sidak correction.

Circ Res. Author manuscript; available in PMC 2021 April 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al. Page 20

A B C D i
— JAZ-CKO_ °] izl 3;: paotzsy
12 34 56 78 90 Tazruv k28 — TAZ 84- 350' ......
—EI-I-H—Lé;P—H—H—IIﬁ-oxP 30- J S |=crim=17)
40-{ W——— | GAPDH = 5] ©  |-TazcKO (n=15)
0 * T 3 Or T T 1
Ctrl TAZ-CKO 0 A2 ( f-%h) 6
e (months
E ~% 8 & & F -8 8 8 2 G H . °
601 g 8 81 121 _ o 8 P=0.018
=) P=0.009 = i ]
=6 ° g .6
240 E £107 eg T
— Tt 9 = -
% 84 & s s 84 L
201 w S AR
> 2 S 27
= T 6 = |%I
n=3 per group [ :‘3 | I;’; = 0 3 3
1 2 3 .4 =T =z 3 Ctrl  TAZ-CKO Ctl TAZ-CKO
Age (months) Age (month)
I 5070-3 2 5 g g <K 15 -3 E £ £ g g8 8
Ctrl TAZ-CKO o " g 8 2 8 T e s = = . 3 2 =S
. B g‘ = I= =] E= =1 ? =1 < (=1 =] (=1 =1 <
230 2
O IR
2 107 e =
L -
g 8 & 05
2 21 2
3 14 é
0- 0.0 T T T T T T T
Myh6 Myh7 Nppa Nppb Collat Co-1 Atp6 Nd1 Mcu Apool Mfn2 Opaf

TNNI3 DAPI

L M P=8.41E-10
= | i
21.0
< § 17
4 o .
7,057
% 16
z :
Pad o0 .
) Ctrl TAZ-CKO

Figure 3. Phenotype of CM-restricted TAZ-KO mice (TAZ-CKO).
A. Schematic of cardiomyocyte-specific deletion by Myh6-Cre. B. TAZ protein expression

bu capillary immunoblotting at P1, P14 and 2 months-of-age. C. MLCL/CL ratio from 2
month-old Ctrl and TAZ-CKO hearts. D. Normal survival of TAZ-CKO mice. E-F. Cardiac
contraction (fractional shortening (FS)) and LV end diastolic diameter (LVEDD) evaluated
by echocardiography. G. Heart weight to body weight ratio at 6 months. H-1. Ctrl and TAZ-
CKO heart section at 6 months were stained with sirius red/fast green. Bars=200um.
Percentage of fibrotic area (red) in the myocardium (green) is shown in H. J. Expression of
cardiac stress markers by gRT-PCR. Numbers above bars indicate p values. n=3. K. gRT-
PCR measurement of mitochondria-related gene expression. n=3. L. Apoptotic CMs in the
myocardium, which are marked by double-labeling by TNNI3 (red) and TUNEL-positive
(green), shown in insets. Arrowheads point to selected examples. Bar = 200 um. M.
Quantification of apoptotic CMs. Numbers indicate sections examined from 3 different
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hearts per genotype. C, G, H: #test. D: Mantel-Cox test. E, F: Repeated measures two way
ANOVA followed by Holm-Sidak multiple testing correction. J, K: Multiple #tests with
Holm-Sidak multiple testing correction. M: Mann-Whitney U test.
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Figure 4. Effect of AAV-mediated TAZ replacement therapy on neonatal survival of TAZ-KO
mice.

A. Schematic of AAV-hTAZ, and scAAV-hTAZ. Luciferase-expressing AAV was used as
control virus (AAV-Ctrl). B. Experimental design. Neonatal TAZ-KO mice were treated at
P1. Survival to weaning (P28) was the primary endpoint, and echocardiography and
histological parameters were secondary endpoints. C. Viral transduction of cardiac and
skeletal muscle was evaluated 7 days after AAV injection by /n situ hybridization using
probes specific to ATAZ (green puncta) and cardiomyocyte marker ActnZ2 (blue). D. Survival
curve of mice after treatment with AAV at P1. Bars, standard error. P-values, comparison to
TAZ-KO treated with AAV-Ctrl. Using Bonferonni correction for 3 comparisons, the
significance threshold is p=0.0167. E-F. Serial echocardiography. Treated mice were not
distinguishable from WT until 4 months, when the treatment groups showed reduced
systolic function. G. Myocardial sections stained by fast green/sirius red. Bar=200 pm. H.
Quantification of fibrosis. I. MLCL/CL in P7 skeletal muscle. D: Mantel-Cox. E, F:
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Repeated measures two way ANOVA followed by Tukey’s post hoc test. H, I: one-way
ANOVA with Tukey post-hoc testing.
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Figure 5. AAV-hTAZ prevented development of cardiac dysfunction in TAZ-CKO in a dose
dependent manner.

A. Experimental outline. B-C. Echocardiography of TAZ-CKO mice. FS, fractional
shortening. LVEDD, left ventricular end diastolic diameter. Shading, standard deviation. Full
statistical comparisons are in Online Data I. D. Cardiac hypertrophy, shown by the heart
weight vs. body weight ratio, was examined 3 months after treatment. E. Capillary
immunoblotting of TAZ in heart extracts. AAV-hTAZ delivered human (hs) TAZ has higher
molecular weight than murine (mm) TAZ. * marks a non-specific band. F. Cardiac
MLCL/CL measured by mass spectrometry. G-H. Transcriptional correction of genes
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critical for mitochondrial function and heart failure program. n=4 (TAZ-CKO+med. AAV-
hTAZ) or 3 (others). P values are indicated above bars. 1-J. Cardiac fibrosis measured by
sirius red/fast green staining of cardiac samples at 4 months of age. Quantification is shown
in J. Bar=200 um. K-L. Cardiac apoptosis measured by TUNEL staining. Percentage of
TUNEL-positive CMs was quantified in L. Insets, magnified CM nuclei. Arrowheads,
example TUNEL* CMs. Bar=200 um. Numbers indicate sections analyzed, from at least 3
different hearts per group. B,C: Repeated two way ANOVA followed by Tukey’s post-hoc
test. D, F, G, H, J: One way ANOVA test followed by Tukey’s post-hoc test. L: Kruskal
Wallis with Dunn’s multiple comparison test.
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Figure 6. AAV-hTAZ reversal of established cardiac dysfunction in TAZ-CKO mice.
A. Experimental outline. TAZ-CKO mice with established heart dysfunction (FS<40%, ~ 2-

month-old) were treated with medium or high doses of AAV, which were calibrated to
transduce ~33% or ~70% CMs. B-C. Echocardiographic measurement of LV systolic
function (B) and end diastolic diameter (C). Shading indicates standard deviation. Full
statistical comparisons are provided in Online Data I. D. Cardiac hypertrophy, shown by the
ratio of heart weight vs. bodyweight, was examined 3 months after treatment. E. Capillary
immunoblotting of TAZ in heart extracts. AAV-hTAZ delivered human (hs) TAZ is longer
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than murine (mm) TAZ. F. Cardiac cardiolipin composition measured by mass spectrometry.
G-H. Transcriptional correction of genes critical for mitochondrial function and heart failure
program. n=3 per group. P values are indicated above bars. 1-J. Cardiac fibrosis measured by
sirius red/ fast green staining of cardiac samples at 4 months of age. Quantification is shown
in J. Bar=200 um. K-L. Cardiac apoptosis measured by TUNEL staining. Apoptotic CMs
were identified with TNNI3 shown in insets. Percentage of TUNEL-positive CMs was
quantified in L. Insects show TUNEL signal overlapping with TNNI3 and DAPI to identify
CMs. Bar= 200 um. Numbers indicate sections analyzed, from at least 3 different hearts per
group. B, C: Repeated two way ANOVA followed by Tukey’s multiple comparison test. D,
F, G, H, J: One way ANOVA test followed by Tukey’s multiple comparison test. L: Kruskal-
Wallis with Dunn’s multiple comparisons test.
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Figure 7. AAV-TAZ improves cardiac function in TAZ-KO with established cardiomyopathy.
A. Experimental plan. TAZ-KO mice with FS<40% at ~3 months of age were treated with

no agent (control), AAV-Ctrl, or AAV-hTAZ at a high dose (~70% CM transduction). Mice
were followed for 3 months by echocardiography and then hearts underwent histological and
molecular studies. Samples sizes for B-D are indicated. B-C. LV systolic function and LV
end diastolic diameter measured by echocardiography. Shaded areas indicate standard
deviation. Numbers at top indicate p-value of comparison to WT. Full statistical comparison
is provided in Online Data I. D. Heart weight to body weight ratio. E-F. Histological
sections stained with fast green and picrosirus red. Bar=200 um. Percentage of myocardial
tissue area that stained red is quantified in F. G. Percentage of TUNEL™ CMs. Numbers
indicate sections analyzed, from at least 3 hearts per group. H. Capillary immunoblot of
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heart protein extracts probed with antibody to TAZ or GAPDH. mm, murine TAZ. hs,
human TAZ. 1. MLCL/CL was measured by mass spectrometry. n=3 per group. J. Cardiac
RNA was analyzed by gqRTPCR. Results were normalized to Gapdh. Numbers indicate p-
values. n=3. K. EM showing mitochondrial morphology. Bar=200 nm. L. Quantification of
mitochondrial cross-sectional area. Numbers indicate mitochondria measured, from at least
3 different hearts. B,C, Repeated measures two way ANOVA followed by Tukey’s post-hoc
test. D, F, G, H, I, J: One way ANOVA with Tukey post-hoc test. L: Kruskal-Wallis with
Dunn’s multi-test correction.
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