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Abstract

Barth syndrome is an X-linked disorder caused by loss-of-function mutations in Tafazzin (TAZ), an acyltransferase that catalyzes
remodeling of cardiolipin, a signature phospholipid of the inner mitochondrial membrane. Patients develop cardiac and skeletal muscle
weakness, growth delay and neutropenia, although phenotypic expression varies considerably between patients. Taz knockout mice
recapitulate many of the hallmark features of the disease. We used mouse genetics to test the hypothesis that genetic modifiers alter
the phenotypic manifestations of Taz inactivation. We crossed TazK%/X females in the C57BL6/J inbred strain to males from eight inbred
strains and evaluated the phenotypes of first-generation (F1) TazK%Y progeny, compared to TazWT/Y littermates. We observed that genetic
background strongly impacted phenotypic expression. C57BL6/J and CAST/EiJ[F1] TazK%Y mice developed severe cardiomyopathy,
whereas A/J[F1] TazK/Y mice had normal heart function. C57BL6/J and WSB/EiJ[F1] TazX®”Y mice had severely reduced treadmill
endurance, whereas endurance was normal in A/J[F1] and CAST/EiJ[F1] TazX%”Y mice. In all genetic backgrounds, cardiolipin showed
similar abnormalities in knockout mice, and transcriptomic and metabolomic investigations identified signatures of mitochondrial
uncoupling and activation of the integrated stress response. TazK%’Y cardiac mitochondria were small, clustered and had reduced
cristae density in knockouts in severely affected genetic backgrounds but were relatively preserved in the permissive A/J[F1] strain.
Gene expression and mitophagy measurements were consistent with reduced mitophagy in knockout mice in genetic backgrounds
intolerant of Taz mutation. Our data demonstrate that genetic modifiers powerfully modulate phenotypic expression of Taz loss-of-

function and act downstream of cardiolipin, possibly by altering mitochondrial quality control.

Introduction

Deleterious variants in Tafazzin (TAZ), an acyltransferase that
catalyzes the remodeling of cardiolipin (CL) (1), cause Barth
syndrome, an X-linked disorder with hallmark features of
cardiomyopathy (CMP), skeletal myopathy and neutropenia
(OMIM: #302060) (2-5). CL is a signature lipid of the inner
mitochondrial membrane (IMM) and has been implicated in IMM
folding into cristae (6) and the packing and function of IMM
proteins (7) including the electron transport chain and the F1F0-
ATPase. The mechanistic links between impaired TAZ function
and its characteristic manifestations remain poorly understood,
but include impaired electron transport chain and F1FO-ATPase
activity, excessive generation of reactive oxygen species and Ca®*-
calmodulin dependent kinase activation, and aberrant cytosolic
and mitochondrial Ca?* handling (8-11).

While Barth syndrome is an ultra-rare disorder, abnormali-
ties of CL composition have been reported in common acquired
diseases such as diabetes and heart failure (12). In addition to
its biophysical roles in mitochondrial cristae structure and sta-
bilizing respiratory supercomplexes (6,13,14), CL has been impli-
cated in fundamental processes including mitochondrial fusion,

mitophagy and apoptosis, through its interactions with OPA1,
LC3 and cytochrome C (15-18). Thus, TAZ deficiency provides a
window in central biological processes and the pathophysiology
of common, highly prevalent diseases.

Barth syndrome patients exhibit wide phenotypic variation. For
example, many patients have mild cardiac involvement, but ~15%
have involvement severe enough to require heart transplantation
(4). Skeletal myopathy likewise has variable expressivity, with
fatigue symptoms severe enough in some individuals to limit
employment opportunities and require mobility aids (4). No obvi-
ous relation between the type or site of TAZ variants and pheno-
typic expression has been identified. Phenotypic variations within
family members with the same pathogenic variant further argue
against the TAZ genotype being the primary driver of phenotypic
variation.

Variation in other genes that modify the expression of TAZ
mutation may contribute to the phenotypic variation observed in
Barth syndrome patients. Discovery of these modifiers would
provide insights into TAZ and CL homeostatic mechanisms,
and provide new avenues for the development of therapeutics
for Barth syndrome. Here, we used mouse genetics to test the
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hypothesis that genetic modifiers alter the phenotypic manifes-
tations of Barth syndrome. We demonstrate that genetic modifiers
powerfully govern phenotypes caused by Taz knockout (KO).

Results

We previously characterized Taz KO mice on a C57BL6/J back-
ground (C57/)) and showed that Tuz"®Y males suffer from
perinatal lethality (19). Survivors developed progressive, severe
dilated CMP and severe limitation to treadmill exercise. To
investigate the effect of strain background, we crossed TazKo/X
female carriers to wild-type (WT) males from eight different
inbred strains (Fig. 1A): C57/], CAST/EJ (CAST), 129S1/Svim]
(12951), A/], NOD/ShiLy) (NOD), NZO/HLLY (NZO), PWK/PhJ
(PWK) and WSB/E]J (WSB). These inbred strains were selected
because they are the founder strains for Diversity Outbred mice,
an outbred population designed for efficient genetic modifier
mapping (20). We studied first generation (F1) progeny from this
cross to assess neonatal survival, somatic growth, heart function,
skeletal muscle function, CL composition and mitochondrial
morphology and dynamics. Since Taz is X-linked, we analyzed
male mice with genotypes Tazk%Y (KO) and Taz""¥ (WT).

Survival and somatic growth

Survival to birth was assessed by genotyping F1 progeny on the
day of birth. Taz*®Y mice were present at sub-Mendelian fre-
quency in the C57/] background (Fig. 1B). In all of the F1 back-
grounds, survival did not differ significantly from the expected
Mendelian frequency. However, birth weight was significantly
reduced compared to littermate controls in all TazX/Y pups, with
the most striking reduction in birth weight occurring in KO-
C57/J[F1] (~30% reduction) and the least reduction occurring in
KO-A/J[F1] (~7%) (Fig. 1C). We examined subsequent survival to
weaning (Fig. 1D). Survival was significantly reduced only in KO-
C57/J[F1], although there were two deaths between 15 and 30 days
in KO-129S1[F1] and one in KO-NZO[F1], a period during which no
WT littermates died.

Barth patients show delayed somatic growth in childhood but
often experience delayed puberty and as a result achieve a normal
or even tall stature (3). In contrast, Taz"?¥ mice were smaller than
their littermate controls from birth through at least 7 months
of age (Fig. 1E). This reduced weight was observed in all strains,
including A/]. To assess the effect of Taz deficiency on body mass
composition, we performed dual x-ray absorptiometry (DEXA)
scanning at 2 months of age in A/J[F1], CAST[F1] and NZO[F1].
We observed no difference between KO and WT in fractional
lean or fat weight (Supplementary Material, Fig. S1A). NZO is
a frequently used model of obesity, and the degree of obesity
increases with age (21). Therefore, we also analyzed KO-NZO[F1]
and littermate WT-NZOJ[F1] mice at 5 months of age, when obesity
is readily apparent. At this age, we observed that KO-NZO[F1] had
the same percentage of fat at 2 and 5 months of age, whereas
WT-NZO[F1] increased their percentage of fat by over 70% during
this time (Supplementary Material, Fig. SIA and B), so that at
5 months, KO-NZO[F1] mice were significantly more lean than
their WT littermates. These data suggest that in at least some
genetic backgrounds Taz deficiency prevents excess accumulation
of adipose tissue.

These data indicate that Taz KO mice have decreased
embryonic and postnatal survival in selected strain backgrounds,
most notably C57/]. Growth impairment caused by Taz deficiency
is observed in mouse models, with relatively less effect of strain
background. However, murine Taz KO does not recapitulate the

‘catch up growth’ observed in human Barth patients due to
delayed puberty.

Cardiac function

One of the hallmark features of Barth syndrome is CMP (5). We
previously showed that TazX®”Y C57/J mice develop ventricular
dysfunction that is detectable by echocardiography at approxi-
mately 10 weeks of age and progresses with age (19). To assess
the effect of genetic background on heart function, we performed
echocardiograms on Taz%Y and Taz"/¥ littermates in C57/] and
F1 genetic backgrounds monthly from 1 to 7 months of age
(Fig. 2B). C57/] mice developed severe left ventricular (LV) dysfunc-
tion [fractional shortening (FS) KO 27% versus WT 49%]. CAST[F1]
KO mice were even more severely affected (FS 10% versus WT
50%). Remarkably, KOs in two strains, 129S1[F1] and A/J[F1], did
not exhibit myocardial dysfunction. KOs in the remaining strains
(NODJF1], NZO[F1], PWKJF1] and WSB[F1]) demonstrated more
mild or slowly progressive cardiac dysfunction. Severe myocardial
dysfunction was reflected by LV dilatation in KO-C57/] and KO-
CAST[F1] (Fig. 2B). KO-PWK]JF1] mice developed mild LV dilatation,
while Taz deficiency in the remaining strains did not cause LV
dilatation.

Following euthanasia at 7 months of age, we analyzed heart
size and fibrosis. Heart weight normalized to body weight
(HW/BW) was similar between KO and WT littermates, except for
severe cardiomegaly in KO-CAST|[F1], consistent with this genetic
background having the most severe cardiac dysfunction (Fig. 2C).
HW/BW was also slightly mildly elevated in KO-C57/], although
this did not reach statistical significance at this sample size.

These data demonstrate that genetic factors powerfully modify
the effect of Taz deficiency on cardiac function, with C57/] and
CASTIF1] being most severely affected, and 129S1[F1] and A/J[F1]
being remarkably unaffected.

Exercise capacity

A major challenge for Barth syndrome patients is fatigue with
relatively little exertion (2,4), which is likely due to reduced ability
to augment oxygen consumption during exercise (22) and may
reflect a combination of reduced cardiac reserve with skele-
tal muscle impairment. We used treadmill running to measure
exercise capacity of KO and WT littermates on different strain
backgrounds at 7 months of age. We used a sub-maximal tread-
mill protocol in which most mice in most strain backgrounds
were able to complete the test. There was a remarkable range
of treadmill endurance, with KO-C57/] having the most severely
reduced endurance compared to littermates (Fig. 3A). Tazk%Y in
NZO[F1] was similarly impaired, but littermate controls also had
reduced endurance, potentially due to obesity. Interestingly, tread-
mill endurance was dissociated from cardiac function, since KO-
CASTI[F1] mice had the worst heart function but no reduction of
treadmill endurance in our testing protocol, while KO-WSBJ[F1]
mice had substantial exercise limitation with only mild cardiac
dysfunction.

To further assess the impact of Taz deficiency on skeletal
muscle in different strain backgrounds, we performed histological
analysis of the quadriceps muscle from 7-month-old mice. We
measured myofiber cross-sectional area by using wheat germ
agglutinin (WGA) to outline myofiber membranes. Myofiber cross-
sectional area was reduced in KO mice in all of the strain back-
grounds except NZO[F1]. However, the degree of impairment to
treadmill exercise did not correlate with the severity of reduced
myofiber size, indicating that myofiber size alone is not a primary
determinant of treadmill endurance.
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Figure 1. Effect of Taz KO in different genetic backgrounds on survival and growth. (A) Experimental strategy. Carrier females in a C57/] background were
crossed to males from eight indicated inbred strains. F1 mutant males were evaluated for multiple phenotypes compared to F1 WT male littermates. (B)
Genotype frequency at birth. Chi-squared test comparing TazK%Y to TazK%/+ within each strain. (C) Relative birthweights between male KO and littermate
controls. Values were normalized within each litter so that littermate controls had an average value of 1 (dotted line). Two-way analysis of variance
(ANOVA) with Sidak’s multiple comparison test. (D) Survival to weaning. Mantel-Cox test. (E) Growth curve of TAZAY and littermate TAZ+Y mice. Data
are shown as mean + SD. Two-way ANOVA with Sidak’s multiple comparison test. P-value indicates the effect of genotype at each time point. *, P < 0.05;

**,P<0.01; ***, P <0.001; ****, P <0.0001.

These results show that genetic factors also strongly influence
the effect of Taz deficiency on endurance and skeletal muscle
phenotypes. The C57/] and WSB[F1] strains were least permis-
sive for Taz deficiency, while CAST[F1] and A/J[F1] permitted Taz
deficiency without observable impairment of endurance in our
testing protocol. There was a notable dissociation between cardiac
and treadmill endurance phenotypes, suggesting that cardiac
limitation is not the major driver of exercise limitation in the

treadmill test.

CL composition and mitochondrial respiratory
complexes

TAZ is an acyltransferase that catalyzes remodeling of CL by
transferring fatty acids from phospholipids to monolysocardi-
olipin (MLCL) (1). In Taz deficiency, CL levels are low, MLCL levels
are high and the MLCL/CL ratio is elevated (1). CL is neces-
sary for normal function of IMM enzymes and for the assem-
bly of respiratory supercomplexes (13,14). To determine if the
impact of genetic modifiers in different strain backgrounds occurs
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Figure 2. Effect of Taz KO in different genetic backgrounds on cardiac function. (A, B) Echocardiography was performed monthly on unsedated mice.
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Figure 3. Effect of Taz KO in different genetic backgrounds on treadmill endurance and skeletal muscle. (A) Treadmill endurance. Mice were subjected
to exercise challenge on a treadmill (see the Materials and Methods section). Time on treadmill was recorded. The test was stopped at 840 s. Survival to
completion of the test was compared between TazK?’Y and TazVT/Y littermates using the Mantel-Cox test. (B, C). Skeletal muscle cross-sectional area. (B)
Representative WGA-stained sections of the quadriceps muscle from KO and WT in C57/] (low endurance) and A/J[F1] (normal endurance) strains are
shown. Bar, 100 um. (C) Quantification of representative images from at least three mice per group. Number at bottom of each bar indicates number
of muscle fibers quantified. Two-way analysis of variance with Sidak’s multiple comparison test between genotypes within each strain. *, P <0.05; **,

P <0.01; ***, P <0.001; ****, P <0.0001.

upstream or downstream of abnormal CL composition, we used
Matrix Assisted Laser Desorption/Ionization-Time of Flight Mass
Spectrometry to measure CL and MLCL levels and compositions
in ventricular tissue from 2-month-old mice (Fig. 4A). Across dif-
ferent genetic backgrounds, we observed similarly reduced CL,
increased MLCL and elevated MLCL/CL in Taz"*’¥ compared to
Taz"WT/¥ littermates. Specifically, similar abnormalities in CL, MLCL
and MLCL/CL were observed in strains with low (A/]) and high
(C57/)) phenotypic expression. These data indicate that genetic
modifiers modulate phenotypic expression downstream of CL
abnormalities.

Taz deficiency has previously been shown to reduce levels of
components of mitochondrial respiratory complexes. We used
an antibody panel against several subunits of respiratory com-
plexes I-V to measure their levels by capillary western in two
non-permissive (C57/J and CAST[F1]) and one permissive (A/J[F1])
strains (Fig. 4B). We observed reduced cellular levels of SDHB
(Complex II) and ATPSA (Complex V) in all strains, although the
degree of reduction was greater in KO-C57/] and KO-CAST[F1]
than in KO-A/J[F1]. NDUFB8 (Complex I), UQCRC2 (Complex III)
and MT-CO1 (Complex IV) were reduced in KO-C57/J[F1] and KO-
CASTI[F1], but not KO-A/J[F1]. These data indicate that TAZ and CL
abnormalities have strain-dependent effects on respiratory com-
plexes that correlate with the severity of observed phenotypes.

Transcriptomic and metabolomic analysis of TAZ
deficiency in permissive and non-permissive
genetic backgrounds

To further investigate the effects of Taz deficiency in permissive
and non-permissive genetic backgrounds, we performed RNA-
seq on 2-month-old TazX*Y and Taz"™Y hearts in non-permissive
(C57/] and CAST[F1]) and permissive (A/J[F1]) strain backgrounds

(Fig. 5A; Supplementary Material, Table S1). Due to reduced sur-
vival of the germline Tazf%Y mice in the C57/J background, the
RNA-seq experiment for this strain used cardiac-selective KO of
a conditional (loxP-flanked) Taz allele (Taz™*) by cardiac-specific
Myh6Cre. Upon Cre recombination, excision of the floxed region
yields the same TazK® allele used elsewhere in this study. We
previously showed that Taz/Y; Myh6Cre mice in the C57/J back-
ground have a similar cardiac phenotype to TazK”¥ mice in the
same background (19). Principal component analysis of three to
four biological replicates per group showed that replicate samples
clustered together (Supplementary Material, Fig. S2A). Principal
component 1 separated samples by Taz genotype. Principal com-
ponent 2 separated samples by strain regardless of genotype:
CAST[F1] was widely separated from C57/] and A/J, reflecting its
greater genetic separation as a wild-derived strain (23).

To facilitate data analysis, we pooled the two non-permissive
strains in which Taz deficiency caused cardiac dysfunction and
labeled this pooled virtual strain as ‘CMP’. This led to four
potential pairwise comparisons (Fig. 5B). In each comparison, we
defined differentially expressed genes (DEGs) as P,gj < 0.05 and
absolute log, fold-change >0.58 (50%). Within either A/J[F1] or
CMP, we identified over 2500 DEGs between KO and WT, whereas
analysis for strain differences within either KO or WT yielded
relatively few (~300) DEGs. A scatterplot of expression changes
between KO and WT in either A/J[F1] or CMP strains showed that
most changes correlated (black points, Fig. 5C; Supplementary
Material, Table S1). Other genes were DEGs exclusively in either
A/J[F1] or CMP (blue or green, respectively, Fig. 5C); in most cases,
these genes showed similar direction of change in expression
between KO and WT, but differed in the magnitude of change. A
small number of genes were identified as exhibiting interaction
between Taz genotype and strain background (red, Fig. 5C).
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Figure 4. Effect of Taz KO in different genetic backgrounds on CL composition and expression of mitochondrial respiratory complexes. (A) CL composition
of Taz4”Y and Tazt”Y 2-month-old mouse hearts. CL and MLCL compositions were determined by mass spectrometry and normalized to total protein.
Sample sizes are indicated in the right most plot. Welch’s t-test with BH multiple testing correction. (B) Mitochondrial respiratory complex composition
was evaluated by capillary western blotting. Whole heart lysates were probed with an antibody panel to the indicated protein components of complexes
[-V and to GAPDH. Relative level of each protein was determined from the capillary western and normalized to GAPDH. Two-way analysis of variance
with Sidak’s multiple comparison test. ns, P> 0.05; *, P < 0.05; **, P <0.01; *** P < 0.001; **** P <0.0001.

We examined the biological process terms that were enriched
by each pairwise comparison, using Gene Set Enrichment Analysis
(Fig. 5D) (24). Contrasts between KO and WT in either the A/J[F1]
or CMP strains yielded similar functional terms: upregulated
genes were enriched for terms related to ribosome biogenesis
and translation, whereas downregulated genes were enriched
for terms related to fatty acid oxidation, adrenergic receptor
signaling, heart rate and contraction and vascular development. A
set of terms related to mRNA processing were uniquely enriched
in KO-upregulated genes in A/J[F1]. A complimentary analysis
of functional terms over-represented for DEGs between KO
versus WT in either CMP or A/J[F1] also identified enrichment of
‘Ribosome’, ‘Aminoacyl-tRNA biosynthesis’, “Translation factors’
and ‘Cytoplasmic ribosomal proteins’, suggesting abnormalities
in ribosomes and protein translation (Supplementary Material,
Fig. S2B). Other terms enriched for upregulated genes included
‘One carbon pool by folate’ and ‘Glycine, serine, and threonine
metabolism’. Among downregulated genes, ‘Fatty acid oxidation’
was enriched in both strains (Supplementary Material, Fig.
S2B). However, some metabolic terms such as ‘Fatty acid beta
oxidation’, ‘mitochondrial long chain fatty acid beta oxidation’
and Propanoate metabolism” were enriched for downregulated
genes in CMP and not A/J[F1].

Contrasts between CMP versus A/J[F1] in either KO or WT
genotypes identified biological processes differentially regulated
between strains. Genes upregulated in CMP versus A/J[F1] in WT
included the same set of mRNA processing terms found in KO-
upregulated genes in A/J[F1], as well as ribosome biogenesis terms
enriched in KO-upregulated genes in both strains. In contrast,
genes upregulated in CMP versus A/J[F1] in KO were enriched
for terms related to integrin signaling, proteasomal ubiquitin-
independent protein catabolism and hemostasis. Among genes
downregulated in CMP versus A/J[F1], ‘heart contraction’ was
enriched in both KO and WT genotypes, while carbohydrate trans-
port and glycosaminoglycan synthesis were enriched in WT and
TGEFp receptor signaling and NADH metabolic process terms were
enriched in KO.

To gain further insights from the transcriptome profiling data,
we integrated our data with the Ingenuity Knowledge Base, which
incorporates manually curated pathways from thousands of gene
expression datasets. Using this knowledge base and a strategy
to find causative upstream regulators (25), we identified a set of
key upstream ‘master regulators’. Activation of UCP1 and ATF4
was predicted to be shared between both A/J[F1] and CMP strains
(Fig. 5E). These findings were highly significant, as the ‘activity
score’ assigned to UCP1 was the highest among several thousands
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of datasets in the Ingenuity Knowledge Base, and ATF4 was in
the top 5 percentile (Supplementary Material, Fig. S2C). UCP1 is
expressed in brown adipose tissue, where it uncouples mitochon-
drial electron transport from ATP generation (26). Activation of
similar downstream genes between UCP1 and Taz deficiency may
reflect mitochondrial uncoupling. ATF4 is a central regulator of
the integrated stress response, a conserved pathway that enables
the cell to adapt to protein homeostasis defects, nutrient depriva-
tion and oxidative stress (27). Upregulation of ATF4, a transcrip-
tion factor, downregulates general mRNA translation and upregu-
lations stress response genes to re-establish homeostasis. Among
these upregulated pathways are genes involved in one-carbon
metabolism and defense against oxidative stress (28). Capillary
western blotting demonstrated markedly elevated levels of ATF4
in KO mice in C57/], CAST[F1] and A/J[F1] strains (Fig. 5F). Upreg-
ulation of one-carbon metabolic pathway genes (Supplementary
Material, Fig. S2B) further corroborated activation of ATF4 and
the integrated stress response. Master upregulator analysis of
genes differentially expressed between CMP and A/J[F1] identified
reduced activity of PPARGC1A, a key regulator of metabolism and
mitochondrial biogenesis, and increased activity of TGFBR1, a
mediator of tissue inflammation and fibrosis, in CMP compared
to A/J[F1] in KO hearts (Fig. 5E).

To further probe metabolic abnormalities caused by Taz defi-
ciency, we performed targeted metabolomics analysis of 2- and
3.5-month-old C57/] Tazk%Y and Taz""¥ hearts. Biological trip-
licate samples clustered by group, and were separated by Taz
genotype by principal component 1 (Supplementary Material,
Fig. S3A). We pooled 2- and 3.5-month-old samples and focused
on the effect of Taz genotype. From 172 metabolites quantified
and analyzed, we identified 28 with significantly different levels
between KO and WT (Supplementary Material, Fig. S3B, Table S2).
Enriched pathways included ‘Glycine and Serine Metabolism’ and
‘Mitochondrial beta oxidation of medium chain fatty acids’, and
‘Propanoate Metabolism’ (Supplementary Material, Fig. S3C). Inte-
grative analyses of genes and metabolites highlighted abnormal-
ities in ATF4 signaling, aminoacyl-tRNA biosynthesis, glutathione
metabolism, glycine and serine metabolism and 1C metabolism
(Fig. 5G and Supplementary Material, Fig. S3D).

Together, the transcriptomic and metabolomic analysis identi-
fied genes and pathways affected by Taz KO. This analysis iden-
tified pathways perturbed by Taz KO in all strain tested back-
grounds, such as those governed by ATF4 and UCP1. It also iden-
tified pathways uniquely perturbed in non-permissive compared
to permissive strains, such as those governed by TGFBR1 and
PPARGCI1A.

Strain-dependent effects of TAZ deficiency on
mitochondrial morphology and dynamics

CL is critical for mitochondrial cristae structure, and abnormal
mitochondrial morphology has been observed in both patient
and murine samples (29,30). We used electron microscopy of 2-
month-old ventricular myocardium to investigate the effect of
Taz deficiency on mitochondrial morphology in different strain
backgrounds. In both C57/] and CAST[F1] backgrounds, in which
Taz deficiency causes CMP, mitochondria were small and had
simplified cristae (Fig. 6A). In contrast, in the A/J[F1] background,
where Taz deficiency does not cause CMP, we observed relatively
well-preserved mitochondrial morphology. Quantitative analysis
of electron microscopy (EM) images (Fig. 6B-E) confirmed reduced
mitochondrial cross-sectional area of KO versus littermate control
in C57/] and CAST[F1], but not in A/J[F1] (Fig. 6B). Cristae density
was severely reduced in C57/] and CAST[F1]; in A/J[F1], it was

also significantly reduced, although to a lesser degree. We also
noticed that mitochondria were abnormally organized in KO in
C57/] and CASTI[F1] strains. In control mice, mitochondria are
organized along myofibrils so that the large majority of mitochon-
dria directly contact a sarcomere. In KO cardiomyocytes in C57/]
and CAST[F1] strains, a significantly greater fraction of mitochon-
dria form clusters in which many mitochondria fail to contact
sarcomeres (Fig. 6A and D). In KO cardiomyocytes in A/J[F1], the
fraction of mitochondria lacking sarcomere contact did not differ
significantly from controls.

The presence of smaller mitochondria in C57/] and CAST[F1]
KO hearts suggested impaired mitochondrial quality control
through reduced mitochondrial fusion or increased fission,
or impaired mitophagy. Using the RNA-seq data, we analyzed
the expression of a panel of genes involved in mitochondrial
fusion, fission or mitophagy (Fig. 6F). Many of these genes
were dysregulated between KO versus control, especially in the
CMP strains. We observed downregulation of Opal and Mfmn2,
upregulation of Mff and downregulation of Pink1, Atg2a and Atg9a,
which would be expected to reduce fusion, increase fission and
reduce mitophagy, respectively.

To determine if strain background affected mitophagy in KO
versus WT, we first quantified the overall level of autophagy
by measurement of the autophagosomal marker LC3-II using
capillary western. This showed an increase in bulk autophagy in
KO in the A/J[F1] but not C57/] or CAST[F1] backgrounds (Supple-
mentary Material, Fig. S4A and B). To directly measure mitophagy,
we dissociated cardiomyocytes from 2-month-old CAST[F1] and
A/J[F1] strains and treated them with a small molecule mitophagy
dye, which localizes to mitochondria and increases red fluo-
rescence when exposed to low pH within autophagosomes (31)
(Fig. 6G). In the CAST[F1] genetic background, control cardiomy-
ocytes had greater red fluorescence than KO (Fig. 6H). In contrast,
red fluorescence increased in A/J[F1] KO compared to control car-
diomyocytes. These data indicate that genetic background influ-
ences mitophagy in Taz KO, with mitophagy decreasing compared
to littermate control in CAST[F1] and increasing in A/J[F1].

Together, these data suggest that genetic modifiers act down-
stream of CL to influence the effect of Taz deficiency on mito-
chondrial morphology and quality control. Specifically, the data
associate development of CMP with fragmented mitochondrial
morphology and reduced mitophagy.

Discussion

We used mouse genetics to show that phenotypic manifestations
of Taz deficiency and CL abnormalities are powerfully influenced
by genetic modifiers. Within the same environment and with the
same Taz mutation, different strain backgrounds altered pheno-
typic expression. Some strains appeared to be protective (A/J[F1])
or deleterious (C57/]) across multiple phenotypes, whereas the
effects of other strains were phenotype specific. For example,
CASTI[F1] was the most deleterious for heart function, yet pre-
served normal treadmill endurance. These results suggest at least
two classes of genetic modifiers—one class that operates across
cell types to modulate the impact of Taz deficiency, and another
class that operatesin a cell type dependent manner. These classes
suggest that different strains harbor distinct genetic modifiers.
Our results localize the level at which genetic modifiers in
these strains act to modulate the impact of Taz deficiency. Prior
results suggested that the effect of Taz ablation could be modu-
lated by other genetic lesions in the CL biosynthetic or remodeling
pathways. For example, KO or pharmacological inhibition of


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad041#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad041#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad041#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad041#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad041#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad041#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad041#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad041#supplementary-data

Human Molecular Genetics, 2023, Vol. 32, No. 12 | 2063

CASTIF1]

A[F]

bkl Rkl ns Kkkk Tkkk *k
B.s- f C 150- ™ ™ F
8 o o KO vs WT CMP vs AJ
2.0 o o
< & ° g0 wr
L 51004 @ o
51 3 Opat u n u 5
=< £ Mfn24 m n u }»ﬁ
@ 5 ° Min1 n n [ ] T
o © 50 o
* Mff4 ] ] n c
0.5 © o ) ’ k)
Fis1{ m n n [ ] 7]
3541 3775 3331  pomy/d 5 L . y 2
0.0- T T T 3
C57/) CAST AJ  Sgstmiy 0 = g
[F11  [F1] Pink1 [l || n u Fg_
Optn- ] = [ ] 2
D Fdkk Fekdk ns E ns Fkkk *kk Atg2a u . n n =
804 1 | 0.084 1 1 M Atg9a1 m ™ - 5
5 o Atg13- ] ] L = >
£+ . ©
.~§§ 60 . R o 0.06 1 Rab9- ] (] ] ] <
o § o % 5 Uk34{ m n [ ] %
T 40 GEJ 0.04 o Ulk2 n n n n zZ
cd o] Ulk1 4 ] B = u
c8 o @
R o o 4
S 220 2 0.02- Becnt = [ | = "
SE [ o °é— % i 6o6S wond wowd wonpo Pad
X < o - S [ [S] o« IS o «— =ns.
0 %, %. %‘, 0.00 5%1. fol &= log, (KO/Ctrl) m <005
C57/J CAST AJ C57/J CAST AJ 2 M <001
[F1]  [F1] [F11  [F1] I <0.001
. . [l <0.0001
G CASTI[F1 AJ[F1 H Relative Mitophagy
Kkkk Kkkk
10
z
c
e
£ 0.1
K
& o.01
©
E
S 0.001
= o ° o
0.0001 . £
CASTIF1] A[F1]

Figure 6. Impaired mitochondrial morphology and mitophagy in TAZ KO in non-permissive strain backgrounds. (A) Representative electron micrographs
of 2-month-old TAZ KO and littermate control hearts in C57/], CAST[F1] and A/J[F1] backgrounds. *, lysosomes. Bar, 1 um. (B-E) Quantification of
mitochondrial features from EM images. (B) Mitochondrial cross-sectional area (CSA). Lines indicate median + 95% confidence interval (CI). Numbers
indicate mitochondria quantified. Two-way analysis of variance (ANOVA) with Sidak’s multiple comparison test. (C) Cristae density. Lines indicate
median =+ 95% CI. Each point is one mitochondrion. Five images from each of three animals per genotype were analyzed. Two-way ANOVA with Sidék'’s
multiple comparison test. (D) Mitochondrial clustering. The fraction of mitochondria not in direct contact with a sarcomere on EM images was quantified.
Each point represents one image. Two-way ANOVA with Sidak’s multiple comparison test. (E) Lysosome density in cardiomyocytes. Lysosomes within
cardiomyocytes were quantified from EM images. Each point represents one animal, with two to three images analyzed per animal. Two-way ANOVA
with Sidék’s multiple comparison test. (F) RNA expression of selected genes related to mitophagy. RNA-seq data are plotted, with size and color of
each point indicating the genome-wide adjusted P-value. P,q, adjusted P-value from DESeq?2. (G) Mitophagy in dissociated cardiomyocytes. Dissociated
adult cardiomyocytes from 2-month-old hearts were treated with Mitophagy Dye, a mitochondria-localized dye that increases red fluorescence within
autophagosomes. Left, representative, corresponding bright field and fluorescent images. Right, quantification of mean fluorescence intensity of
cardiomyocytes from CAST[F1] and A/J[F1] backgrounds. Fluorescence intensity was normalized to WT within each strain. Gray numbers indicate
cardiomyocytes analyzed, from a minimum of three mice per group. Two-way ANOVA with Sidak’s multiple comparison test. **, P < 0.01; ***, P < 0.001;
##x% P <0.0001. Ns, not significant.
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phospholipase that converts CL to MLCL mitigated Taz deficiency
in yeast or flies (32,33). However, our data show that Taz deficiency
across the strains studied results in similar abnormalities of CL
composition, indicating that these genetic modifiers act distally
to influence the effect of altered CL composition on downstream
processes. On the other hand, our data also suggest that the
genetic modifiers act within mitochondria to modulate the effect
of Taz deficiency on mitochondrial morphology and quality con-
trol. CL interacts with LC3 to mark mitochondria for mitophagy,
and Taz depletion was previously shown to impair mitophagy
(16,17). Despite Taz deficiency and abnormal CL composition,
Taz KOs in the A/J[F1] background had greater autophagy and
mitophagy than WT littermates and normal mitochondrial mor-
phology. Elevated mitophagy in KO compared to control in A/J[F1]
and the relatively preserved expression of mitophagy genes in this
strain suggest that it is able to achieve robust mitochondrial qual-
ity control, which may contribute to protection from deleterious
consequences of Taz ablation. In contrast, in the CMP CAST[F1]
genetic background Taz KO resulted in reduced expression
of mitophagy genes, lower mitophagy and small, fragmented
mitochondria with simplified cristae, which together point to
impaired mitochondrial quality control. Additional studies are
required to test the hypothesis that genetic modifiers modulate
cardiac phenotypes by altering mitochondrial quality control in
the context of Taz KO and to determine mechanisms by which
these genetic modifiers act. It will also be important to determine
if similar findings for mitochondrial morphology and mitophagy
extend to skeletal muscle and correlate with exercise capacity.

Our transcriptomic and metabolomic studies point to pathogenic
effects of Taz mutation. The Taz KO gene expression signature
shared features with activation of UCP1, a mitochondrial
uncoupling protein. This finding is consistent with prior reports
of reduced mitochondria membrane potential in Taz deficient
cells (34,35), our observed downregulation of electron transport
chain proteins in Taz KO cardiomyocytes and the known
essential role of CL to stabilize respiratory chain supercomplexes
(13,14). Furthermore, we observed strong activation of ATF4, a
central effector of the integrated stress response. Taz mutation
may activate this pathway through elevated reactive oxygen
species (ROS) production or altered availability of key ribosomal
machinery or aminoacyl-tRNAs. Based on its strong activation
in both permissive and non-permissive strains, we anticipate
that activation of ATF4 signaling is a compensatory mechanism.
However, this will need to be clarified in future studies.

Our data provide clear evidence for strong genetic modifiers
of Taz deficiency. The eight inbred strains used in this study are
the founder lines for the Diversity Outbred strain (20). In ongoing
studies, we are mapping the genetic modifiers by crossing TazKo/X
females to Diversity Outbred males and performing a genome
wide association study on the F1 progeny to map the genetic mod-
ifiers. Identification of these modifiers and their mechanisms of
action will illuminate the pathophysiology of Barth syndrome and
identify novel therapies to mitigate the effects of Taz deficiency.
Since these modifiers act to modulate the impact of aberrant CL
composition, these modifiers and therapies will also be relevant to
more common conditions associated with CL abnormalities, such
as diabetes and heart failure (12).

Materials and Methods

Mice

Animal experiments were performed under protocols approved
by the Boston Children’s Hospital Institutional Animal Care and

Use Committee. We studied male mice because Barth Syndrome
(BTHS) is an X-linked disease that primarily affects males. Mice
harboring the Taz*® and Taz/** alleles and polymerase chain reac-
tion (PCR) genotyping protocols were described previously (19).
These alleles have been backcrossed onto C57BL/6] for over seven
generations. Myh6Cre was described previously (36) and obtained
in the C57/] background (Jax #011038). WT mice in the eight inbred
strains studied were purchased from Jackson Laboratories.

Echocardiography

Echocardiography was performed monthly in unsedated mice
using a Vevo 2100 (VisualSonics). After removal of chest hair, mice
were held in a standard hand grip. M-mode short axis images
were acquired for heart function measurements. Echocardiogra-
phy was performed blinded to genotype and strain.

Treadmill testing

We measured the exercise capacity of mice using a treadmill
assay, as described previously (19,37). The treadmill is equipped
with an electrified metal grid at the end of the moving belt
to provide motivation for mice to run rather than rest on the
grid. Animals were first trained to use treadmill and then run
at 10 m/min for a total of 14 min. Mice were removed from the
treadmill for exhaustion if they stayed on the shock grid for over
5 s or if they stayed on the shock grid for 2 s or more three times.
The time mice spent on treadmill running was recorded. Data
were analyzed using Cox-Mantel survival statistics.

DEXA scanning

DEXA scanning (Piximus) was performed under isoflurane anes-
thesia.

Histology

Cardiac or skeletal muscle samples were collected and fixed
overnight in 4% paraformaldehyde solution at 4 °C. For histology
analyses, samples were dehydrated through ethanol, embedded in
paraffin and sectioned. WGA staining of dewaxed and rehydrated
paraffin sections was performed using WGA conjugated to Alexa
555 (Life Technologies).

Electron microscopy

Sample were fixed in EM fixative (2.5% Glutaraldehyde 2.5%
Paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4)
overnight at 4 "C. After fixation, tissue was washed in 0.1 M
cacodylate buffer and postfixed with 1% Osmium tetroxide
(0s04)/1.5% Potassium ferrocyanide (KFeCNg) for 1 h. After
washing in water three times, samples were incubated in 1%
aqueous uranyl acetate for 1 h followed by two washes in water
and subsequent dehydration in graded alcohol (10 min each; 50%,
70%, 90%, 2 x 10 min 100%). Subsequently, tissue samples were
incubated in propylene oxide for 1 h and infiltrated ON in a 1:1
mixture of propylene oxide and TAAB Epon (Marivac Canada Inc.
St. Laurent, Canada). On the next day, samples were embedded
in TAAB Epon and polymerized at 60 °C for two additional days.
Ultrathin sections (~60 nm) were cut on a Reichert Ultracut-
S microtome, picked up on to copper grids stained with lead
citrate and examined in a JEOL 1200EX Transmission electron
microscope. Images were recorded with an AMT 2k CCD camera.

CL analysis

Tissue was spiked with internal standard (Cardiolipin mix I,
Avanti cat # LM6003) and lipids were extracted with chlorofor-
m/methanol. Extracted lipids were analyzed by Matrix Assisted



Laser Desorption/Ionization-Time of Flight Mass Spectrometry
(38).

Targeted metabolomics

A total of 258 metabolites were measured in mouse samples
respectively using multiple reaction monitoring-based liquid
chromatography-mass spectrometryPE (LC-MS) metabolite pro-
filing techniques as previously described (39,40) (Supplementary
Material, Table S2). Metabolomic data were annotated from
compound names using MetaboAnalyst. Differential metabolite
analysis, pathway enrichment and integration with DEGs were
also performed using MetaboAnalyst or Ingenuity Pathway
Analysis.

Capillary westerns

Protein quantification was performed using a capillary elec-
trophoresis device (WES, ProteinSimple). Primary antibodies used
were: LC3/MAP1LC3A, Thermo Fisher Scientific, NB1002220SS;
OXPHOS Rodent WB cocktail, Life Technologies, #458099; ATF4,
Cell Signaling Technology, # 11815s and GAPDH, Life Technologies,
#PA116777. Peak areas were quantified using Compass software
(ProteinSimple).

Mitophagy

Cardiomyocytes were dissociated by Langendorff perfusion
with collagenase as described. Dissociated cardiomyocytes were
treated with Mitophagy Dye (31) (Dojindo) and imaged using
an epifluorescent/brightfield microscope (Keyence). Relative
mitophagy was quantified by measuring the red fluorescent
intensity.

RNA-seq

Total RNA was extracted from snap-frozen tissue using Qiagen
RNeasy RNA isolation kits. PolyA RNA purification, stranded RNA-
seq library preparation and 150 nt paired end (PE) sequencing
were performed by Beijing Genomics on the BGISEQ platform.
Reads were aligned to GRCm38.p6 using HISAT (41). We obtained
16.5-45.2 M (mean 24.9 M) uniquely aligned read pairs per sample.
Gene read counts were obtained using FeatureCounts (42). Dif-
ferential expression analysis was performed using DESeq2 (43).
Gene ontology analysis was performed using Gene Set Enrichment
Analysis (24) or WebGestalt (44) (over-representation analysis).
For Figure 5D, the union of the top 10 most significant GSEA
GO Biological Process terms was selected to plot the heat map.
The signed normalized enrichment score is the GSEA NES score
multiplied by +1 for upregulated genes and —1 for downregulated
genes. Causal network analysis was performed using Ingenuity
Pathway Analysis (25).

Statistics

Bar graphs indicate mean#+standard deviation (SD). Grouped
point graphs show median and 95% confidence interval.
Statistical analysis was performed in GraphPad Prism 9. Unless
otherwise indicated, two-way analysis of variance was performed
with Sidak’s multiple comparison test to evaluate the effect of
genotype within each strain. P <0.05 was taken as statistically
significant.
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