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ABSTRACT OF THE THESIS

Deletion of Tafazzin in Cardiomyocytes Results in Dilated Cardiomyopathy

by

Mason Zhu
Master of Science in Biology
University of California San Diego, 2020

Professor Ju Chen, Chair
Professor Eric Allen, Co-Chair

Cardiolipin, the signature phospholipid of mitochondria, is crucial for mitochondrial
function and architecture in the heart. Defects in cardiolipin remodeling processes and
metabolism lead to cardiomyopathy, as seen in patients with Barth Syndrome (BTHS). Tafazzin
is a major acyltransferase in CL remodeling that transfers linoleoyl groups to monolyso-CL until
the final symmetric acyl composition is achieved. Mutations in Taz that result in BTHS cause
inefficient transacylation between phosphoplipid-lysophospholipids, leading to cardiomyopathy.
However, little is known as to the detailed molecular mechanisms by which Taz deficiency and
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consequent CL absnormalities lead to the progression of cardiomyopathy. In our present study,
we found that loss of Tafazzin results in increased levels of cardiac stress markers, Anf and Bnp.
Histological analysis demonstrated that mice with Taz deletions had thinner left ventricular walls
and dilated left ventricular chambers relative to the control mice. Echocardiography analysis also
showed that loss of Tafazzin causes decreased cardiac function. Together, these observations

suggest that deletion of Tafazzin in cardiomyocytes results in dilated cardiomyopathy as seen in

Barth Syndrome.
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INTRODUCTION



The function of cardiac mitochondria:

Mitochondria are organelles in the body that generate most of the chemical energy to
power the cell’s biochemical processes. Mitochondria are highly present in cardiac cells because
of high energy demands in the heart and has a vital function of producing over 90% of the ATP
required for normal cardiac function through oxidative phosphorylation processes (1-3). Cardiac
mitochondria are also involved in the regulation of amino acid metabolism, and lipid, iron, and
calcium homeostasis. The architecture of the mitochondria lends itself to the diversity of
functions it serves because of the complex double membrane structure; mitochondrial fission,
fusion, and mitophagy are some of the processes that are tightly regulated by this complex
molecular machinery (4-6). Mutations in genes encoding mitochondrial proteins are frequently

associated with human cardiomyopathies (7, 8).

The function and biosynthesis of cardiolipin in cardiac mitochondria:

Cardiolipin (CL) is exclusively found in mitochondrial membranes and comprises up to
20% of the total phospholipid content in mitochondria, making it the trademark phospholipid in
mitochondria (9, 10). CL is unlike other phospholipids, because it contains four fatty acyl chains
rather than two fatty acyl chains connected by two phosphatidyl moieties bridged by glycerol
(Figure 1). CL in the mammalian heart has a defined lipid composition of linoleic acid (18:2) as
the predominant form of fatty acyl chain in all four chains, forming the highly symmetric
tetralinoleoyl-CL (11, 12) (Figure 1). CL plays an essential role in mitochondrial functions,
including mitochondrial membrane architecture reorganization (13, 14), mitochondrial fusion

and fission (15-18), mitophagy (19, 20), oxidative phosphorylation and bioenergetics (21-26),



and regulation of apoptosis processes (27-29).

CL biosynthesis occurs exclusively in the mitochondria, as opposed to most membrane
lipids in the mitochondria that are synthesized in the endoplasmic reticulum (ER) and then
transported into the mitochondria. The biosynthesis of CL is a highly conserved biopathway
through various model organisms like yeast and mammals (30). The de novo synthesis of CL
starts from phosphatidic acid (PA) and is catalyzed by a series of enzymes to eventually form
nascent CL (unremodeled CL), which contains two phosphatidyl groups that are linked by a
glycerol molecule (Figure 2) (31-36). Nascent CL contains a mixture of acyl chain lengths and
degrees of unsaturation because the enzymes involved in de novo CL biosynthesis do not

demonstrate any acyl specificity (30, 37, 38).

CL remodeling (also called maturation) processes are defined by removal and
replacement of acyl chains with other acyl chains. This process is essential to generating the
mature CL that is symmetric and has the final acyl composition of four linoleoyl-groups (C18:2)
in the heart (Figure 1) (39). This deacylation-reacylation process is also called the Lands cycle.
The initial process in the Lands cycle consists deacylation of the nascent CL by phospholipases
by removing the saturated fatty acyl chains from CL, forming the intermediate monolyso-CL
(MLCL), with only 3 fatty acyl chains (40-42). The reacylation step involves a specific acyl
group from other phospholipids being transferred to MLCL by acyltransferases or transacylases,
forming a remodeled fatty acyl chain. CL goes through multiple cycles of this deacylation-

reacylation process to achieve the final composition of four linoleoyl-groups attached (Figure 2)



(37,43, 44).

Mutations in Tafazzin disrupt CL remodeling:

Tafazzin (TAZ) (12, 41, 45-47) is an enzyme, among MLCL acyltransferase 1
(MLCLAT1) (48-50) and acyl-CoA:lysocardiolipin acyltransferase-1 (ALCAT1) (51), that
functions to reacylate MLCL (52). Mutations in Taz cause BTHS (53, 54), suggesting that Taz is
an essential acyltransferase in the cardiolipin remodeling process. TAZ deficiency in BTHS
patients results in inefficient transacylation between phospholipid-lysophospholipid. This in turn
will significantly reduce the incorporation of linoleoyl-groups into CL (55), leading to
accumulated levels of MLCL and decreased levels of mature CL. This accumulation of MLCL
and the lack of reacylation of MLCL leads to the degradation of nascent CL (12). Cardiolipin
biosynthesis activity remains normal in BTHS patients (47). These defects caused by mutations
in Tafazzin will lead to lower CL concentration, abnormal fatty acyl composition in CL, and an

increased MLCL:CL ratio (Figure 2) (12, 47, 56-59).

Barth Syndrome and Tafazzin:

BTHS is a cardiac and skeletal mitochondrial myopathy that is passed through X-linked
inheritance patters (60-62). Patients with BTHS will exhibit a variety of clinical features, such as
skeletal muscle weakness, neutropenia, growth retardation, and cardiomyopathy (60-62). Many
of those affected will die in early stages of infancy or childhood, but those who survive can live
up to their late forties (60-64). Cardiomyopathy is the most prevalent cause of death in BTHS

patients. Most cases are dilated cardiomyopathy (DCM), but there are also cases of hypertrophic



cardiomyopathy, endocardial fibroelastosis, and left ventricular non-compaction, among many
other cardiomyopathic features. Cardiomyopathies in BTHS are highly prevalent in the earliest
stages of life, most often BTHS patients being diagnosed in their first year (63). Treatments have
included heart transplants in 14% of BTHS patients (63). Biopsies of the heart of BTHS patients
reveals many mitochondrial structural malformations and dysfunctions, including disorganized
distribution, abnormal sizes, and tightly stacked or circular bundles of cristae (60, 61, 63, 65).
However, little is still known to the underlying molecular mechanism of BTHS and there is still

no curative therapy for the cardiomyopathy of BTHS patients.

The majority of BTHS studies have utilized other non-mammalian organisms such as yeast (43),
Drosophila (66), Zebrafish (67), cultured cells (47), or a doxycycline induced-short hairpin RNA
TAZ knockdown (KD) mouse (68-71). Most likely due to the incomplete deletion of the TAZ
protein, TAZ KD mice displayed mild disease phenotypes (68). Thus, a Taz knock-out mouse
model is essential to the understanding of the molecular basis underlying the cardiomyopathy

caused by deletion of Taz.

In this study, I am going to investigate the role of TAZ in cardiac function by analyzing Taz
cardiomyocyte-specific knockout (cKO) mice. We hypothesize that TAZ does play an essential

role in maintaining normal CM function.



MATERIALS AND METHODS



Animal protocol and consent

The UCSD animal care personnel maintained all the animals in vivarium of the
Biomedical Research Facility 11 in the UCSD School of Medicine. Mice were maintained and
enriched in standard dark/light cycle protocols for animal care. Standard requirements for
rodents in the Institutional Animal Care and Use Committee (IACUC) guidelines were
maintained, keeping at most five individuals per cage. The IACUC at the University of
California San Diego approved all experimental procedures. UCSD has an Animal Welfare
Assurance document (A3033-01) on file with the Office of Laboratory Animal Welfare and is
fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care

(AAALAC) International.

Mouse models

We utilized CRISPR/Cas 9 technology to generate a floxed Taz mouse line in which
exons 5 to 10 of Taz were flanked by two loxP sites to (Figure 3). Homozygous floxed TAZ
mice were viable and born at expected Mendelian ratios with no observed defects.
Cardiomyocyte-specific Taz knockouts (cKOs) were successfully generated by crossing floxed
Taz mice to Xenopus leavis myosin light-chain 2 (Xmlc2)-Cre transgenic mice (72, 73), which is
used to subside specific gened in developing CMs from embryonic day (E)7.5, and has been
demonstrated to have no cardiac toxicity (73). Genotyping was performed as detailed in previous
publication with primers indicated in Table 1 (74). (Taz cKO mice were born at Mendelian ratios

and survived to adulthood with body weights comparable to the Cre negative control mice.



Animal procedures and echocardiography

Before performing the echocardiographic study, all of the mice were anesthetized with
1% isoflurane. The echocardiography was performed using a FUJIFILM VisualSonics SonoSite
Vevo 2100 ultrasound system with a 32- to 55-MHz linear transducer. Because fractional
shortening (FS) is a reliable indicator of cardiac function, the percentage of FS was used as an
indicator of systolic cardiac function. Echocardiographic measurements also included heart rate
(HR), end-diastolic left ventricular internal diameters (LVI1Dd), and end-systolic left ventricular
diameters (LVIDs), LV posterior wall thickness (LVPW(d). LVIDs and LVIDd were determined

from the LV M-mode tracing.

Histology

Heart tissue samples were isolated from sex- and age-matched littermates. Mouse hearts
were washed in a PBS solution before being fixed overnight in 4% paraformaldehyde.
Dehydration of the mouse hearts were performed in 70% ethanol. The dehydrated hearts were
fixed in paraffin and sliced into 10-pum thickness coronal sections. The sections were stained with
Masson’s trichrome and Hematoxylin and Eosin and then imaged. The Hamamatsu
NanoZoomer2.0HT Slide Scanning System imaging device was sued to image the prepared heart

sections for analysis.

Quantitative RT-PCR
We extracted total RNA from mouse left ventricles using a TRIzol reagent (Life

Technologies, Thermo Fisher Scientific) according to the appropriate levels as specified by



protocol and user manual by the manufacturer. Reverse transcription was facilitated by the
MMLYV Reverse Trascriptase (Bio-Rad). Primer sequences for the quantitative RT-PCR (qRT-
PCR) are complimentary to the respective DNA sequence of the analyzed proteins. Primer
sequences are found in Table 1. We used the SsoFast EvaGreen Real-Time PCR Master Mix
(Bio-Rad) to perform RT-PCR reactions in 96-well PCR plates in the Bio-Rade CFX96

Thermocycler.

Statistical analysis
Data distribution was assumed to be normal. Microsoft Excel was used to analyze data
and all the error bars shown in the figures are s.e.m. We used the GraphPad Prism v6 (GraphPad

Software Inc., La Jolla, CA) to perform statistical analyses of our data.



RESULTS
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Generation of Taz cardiomyocyte-specific constitutive knockout (cKO) mice

The floxed Taz mouse line was generated in which exons 5 to exons 10 of Taz were
flanked with two loxP sites (Figure 2) by utilizing CRISPR/Cas 9 techniques (138). Hemizygous
Taz cKO male mice (Tazr/v; Cre+) were generated by crossing female floxed Taz mice to
Xmlc2-Cre (Taz+v; Cre-) male mice. The hemizygous Taz cKO male mice are allowed to
survive to adulthood so the hemizygous Taz cKO male mice (Tazr/v; Cre+) can cross with
heterozygous floxed Taz female (Tazr/+; Cre+) to generate cardiomyocyte-specific Taz knockout
(cKOs) mice. Quantiative PCR (qPCR) analysis reveals successful knockout and diminished
expression of Taz in the Taz cKO mice compared to the controls at 2 months and 4 months of

age (Figure 3).

Taz cKO mice exhibit increased levels of cardiac stress

Preliminary data showed that all of the Taz cKO mice developed DCM at 4 months of
age. Cardiac physiological studies were used to assess the long-term effects caused by the loss of
TAZ in cardiomyoocytes starting at 1 month of age. The ratio of the heart weight to body weight

and heart weight to tibia length were also measured at the specific ages described above.

Cardiac fetal gene markers, atrial natriuretic factor, and B-type natriuretic peptide, as
well as pro-fibrotic genes, collagen al types | and I11, were assessed by qRT-PCR analysis to
evaluate the molecular evidence of cardiac stress and fibrosis. gqRT-PCR analysis of cardiac fetal
gene markers, atrial natriuretic factor (Anf) and B-type natriuretic peptide (Bnp), revealed

elevated cardiac stress in Taz cKO hearts compared to controls at 2 months of age (Figure 4A).

11



We also measured the expression levels of these markers at 4 months of age as well and
continued to see elevated expression of Anf and Bnp in Taz cKO hearts compared to controls
(Figure 4B). However, pro-fibrotic genes, collagen al types I and 111, did not show any
significant change in expression levels between Taz cKO hearts and control hearts at both 2

months and 4 months of age.

Taz deletion causes dilated cardiomyopathy

Histological and morphological analyses of Taz cKO mice and controls were performed
to elucidate the structural and functional changes due to deletion of Taz. Histological analysis
showed thinner left ventricular (LV) walls and dilated LV chambers at 4 and 6 months of age in
mutants relative to controls (Figure 2D). Echocardiographic measurements further confirmed a
dilated cardiomyopathy (DCM) phenotype in the Taz cKO mice, with decreased fractional
shortening (FS). Approximately 20% of the cKO mice developed severe DCM at 2 months of
age, and at 4 months of age, all of the cKO mice exhibited severe DCM phenotypes (Figure 6).
Echocardiographic analysis of the end-diastolic left ventricular internal diameter (LVIDd) and
end-systolic left ventricular internal diameter (LVIDs) revealed a significant increase in diameter
in both male and female Taz cKO mice at 4 months of age, while not seeing a significant change
at 2 months (Figure 6C, 6D). Consistent with histological observations, these findings suggest

that deletion of Taz results in dilated cardiomyopathy.

12



DISCUSSION

TAZ plays an essential role in the maintenance of normal cardiac function. An essential
component of the cardiolipin remodeling process in the mitochondria of cardiomyocytes, TAZ
participates in the reacylation step of the Lands cycle in cardiolipin remodeling to form the
highly symmetric mature tetralinoleoyl-CL (18:2). Mutations and even downregulation of Taz
have been reported to lead to dilated cardiomyopathy and heart failure in numerous patient cases.
Although it has been shown that mutations of Tafazzin in human patients leads to development
of dilated cardiomyopathy and a progressive loss of cardiac and skeletal function, little is known
to the exact molecular mechanism by which the increased levels of MLCL and decreased levels

of nascent and mature CL lead to the progression of cardiomyopathy.

Our present study uses knockout mice to elucidate the effect that Taz knockout in mice
has on cardiac function and structure. We performed a comprehensive time course of the cardiac
physiological studies to assess the long-term effects of Taz cKO on cardiac function in the Taz
cKO mice, compared to littermate controls. Heart weight to body weight and heart weight to
tibia length ratios were also measured and analyzed; there were no significant differences
between the Taz cKO mice compared with the controls. The expression levels of the cardiac fetal
gene markers, Anf and Bnp, were both significantly increased in the Taz cKO mice at 2 and 4
months of age. The profibrotic genes were within the normal limits compared to that of the

control mice at 2 and 4 months of age. Furthermore, histological analysis revealed that the

13



mutant hearts exhibited thinner LV walls and dilated LV chambers at 4 and 6 months of age in
mutants relative to controls. The echocardiographic analyses confirmed this DCM phenotype,
showing significantly decreased fractional shortening, end-diastolic left ventricular internal
diameter (LVIDd), and end-systolic left ventricular internal diameter (LVIDSs) in the Taz cKO
mice at 4 months of age. Interestingly, the same observations were not observed for mice at 2
months of age. As mice are generally considered mature adults between 3 to 6 months, it brings
up a question why DCM phenotypes are not observed during development stages, but seen later
in adulthood. Together, our data suggest that the Taz knockout leads to dilated cardiomyopathy

and that TAZ does play an essential role in maintaining normal CM function and structure.

Mitochondrial functions are inextricably linked to their cellular organization, size,
morphology, membrane structure, fusion and fission processes, as well as mitophagy (70-72).
Electron micrographs of cardiac muscle biopsies from BTHS patients reveals severe DCM and
structural defects in the mitochondria, like abnormal size, disorganized distribution, and tightly
stacked bundles of cristae. Since Taz participates in the process of cardiolipin remodeling in the
mitochondria of cardiomyocytes, mitochondrial defects should be analyzed. Mitochondrial
respiration defects using isolated mitochondria from Taz cKO and control hearts of mice at 4
months of age should be performed to investigate whether loss of TAZ reduces mitochondrial
respiration. Protein levels of the oxidative phosphorylation complex (OXPHOX) should also be
analyzed to investigate whether these OXPHOS complexes are affected in function in Taz cKO

hearts.
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In conclusion, our results demonstrated that Taz is essential for cardiac function. In future
study, we will analyze the detail molecular in which by which Taz deficiency and consequent CL
abnormalities lead to the progression of DCM. Our Taz cKO mouse also provides us with a

unique model to investigate these potential therapeutic approaches for BTHS cardiomyopathy.
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Figure 2. The biosynthesis pathway for mature cardiolipin (CL). CL de novo synthesis and
remodeling (green box) in mitochondria. backbone. PA: phosphatidic acid; CDP-DAG: CDP-
diacylglycerol; PGP: phosphatidylglycerolphosphate; PG: phosphatidylglycerol; TAMMA41.:
TAMA41 Mitochondrial translocator assembly and maintenance homolog; PGPS:
phosphatidylglycerol phosphate synthase; PTPMTL1: Protein Tyrosine Phosphatase
Mitochondrial 1; CLS: CL synthase. iIPLA2: Calcium-independent phospholipase A2; PC:
phosphocholine; LPC: lysophosphocholine; ALCAT1: acyl-CoA:lysocardiolipin acyltransferase-
1; MLCLAT: monolyso-CL acyltransferase 1. Red arrows: changes in BTHS patients.
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Figure 3. Taz cardiomyocyte-specific knockout (cKO) mice develop DCM. (A) Targeting
strategy of Taz floxed mice; Two loxP sites (red) flanking exons 5-10 of Taz were inserted by
utilizing CRISPR/Cas9 technology. Gray box: 5’UTR and 3’UTR. The locations of the primers
used for quantitative PCR (qPCR) are indicated by green arrows. (B) gRT-PCR analysis revealed
successful knockout and diminished expression of Taz in the Taz cKO mice at 2 and 4 months of
age.

19



2 months . Ctrl

16-
F - CKO
EJ g 124 . i}
o5
<8 s [
LBIERE
ke . -4
E g 4" . n
0 = @ e Ve
X Q A N
‘,5\ QO AR n;b
LA S
B
N 4 months
16 I—I
R iL
2 5
< © *
E \46 8 L] I_\
©
EQo 4
= 3
8 < < w W oy
S Q N N
?-(\ \) N n_)’b
LN SR

Figure 4. Taz cardiomyocyte-specific knockout (cKO) leads to increased expression of
cardiac stress markers but not profibrotic markers. (A-B) gRT-PCR analysis revealed
elevated levels of cardiac stress markers atrial natriuretic factor (Anf) and B-type natriuretic
peptide (Bnp), and no change in fibrosis markers Colllal and Coll3al, in hearts of Taz cKO
mice compared to control mice at 2 (A) and 4 (B) months of age.
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Figure 5. Whole mouse hearts (left) and Hematoxylin and Eosin-stained sections (right)
from Taz cKO and control mice. Histological analysis showed thinner left ventricular (LV)
walls and dilated LV chambers at 4 and 6 months of age in mutants relative to controls.
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Figure 6. Echocardiography analysis revealed DCM phenotypes in Taz cKO mice. (A)
Representative echocardiographic images from control and cKO mice at 4 months; (B-D)
Echocardiography analysis of cardiac structure and function at 2 and 4 months by (B) fractional
shortening (FS), left ventricular internal diameter at (C) end-diastole (LVI1Dd) and (D) end-

systole (LVIDs). N=7-10 per group *P<0.05.
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Figure 7. Genotyping results of Taz cKO mice. The TAZ cKO mice successfully express the
Cre recombinase. Xml-Cre: Xenopus laevis strain expressing Cre recombinase.
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Table 1. Primer List

Gene Forward Reverse

ANF GATAGATGAAGGCAGGAAGCCGC AGGATTGGAGCCCAGAGTGGACTAGG
BNP TGTTTCTGCTTTTCCTTTATCTGTC CTCCGACTTTTCTCTTATCAGCTC

Collagen 1al | TCACCAAACTCAGAAGATGTAGGA GACCAGGAGGACCAGGAAG

Collagen 3al | ACAGCAGTCCAACGTAGATGAAT TCACAGATTATGTCATCGCAAAG

TAZ P1, P2 | GAGGTAGGCTTGCTCATTCTTTGGC CTTCTACCCTTCTGACATTCTCTAAC
XML-Cre CGCGGATCCACAGCCACCATGCCACAA] CGCGGATCCACAGCCACCATGCCACAATT]

25



10.

11.

REFERENCES

Gustafsson AB, Gottlieb RA. Heart mitochondria: gates of life and death. Cardiovasc
Res. 2008;77(2):334-43. Epub 2007/11/17. doi: 10.1093/cvr/cvm005. PubMed PMID:
18006487.

Porter GA, Jr., Hom J, Hoffman D, Quintanilla R, de Mesy Bentley K, Sheu SS.
Bioenergetics, mitochondria, and cardiac myocyte differentiation. Prog Pediatr Cardiol.
2011;31(2):75-81. Epub 2011/05/24. doi: 10.1016/j.ppedcard.2011.02.002. PubMed
PMID: 21603067; PMCID: PMC3096664.

Zhou B, Tian R. Mitochondrial dysfunction in pathophysiology of heart failure. J Clin
Invest. 2018;128(9):3716-26. Epub 2018/08/21. doi: 10.1172/JC1120849. PubMed
PMID: 30124471; PMCID: PMC6118589.

Kasahara A, Scorrano L. Mitochondria: from cell death executioners to regulators of cell
differentiation. Trends Cell Biol. 2014;24(12):761-70. Epub 2014/09/06. doi:
10.1016/j.tcb.2014.08.005. PubMed PMID: 25189346.

Moyzis A, Gustafsson AB. Multiple recycling routes: Canonical vs. non-canonical
mitophagy in the heart. Biochim Biophys Acta Mol Basis Dis. 2019;1865(4):797-8009.
Epub 2018/10/06. doi: 10.1016/j.bbadis.2018.09.034. PubMed PMID: 30290272.

Cogliati S, Enriquez JA, Scorrano L. Mitochondrial Cristae: Where Beauty Meets
Functionality. Trends Biochem Sci. 2016;41(3):261-73. Epub 2016/02/10. doi:
10.1016/j.tibs.2016.01.001. PubMed PMID: 26857402.

El-Hattab AW, Scaglia F. Mitochondrial Cardiomyopathies. Front Cardiovasc Med.
2016;3:25. Epub 2016/08/10. doi: 10.3389/fcvm.2016.00025. PubMed PMID: 27504452;
PMCID: PMC4958622.

Meyers DE, Basha HI, Koenig MK. Mitochondrial cardiomyopathy: pathophysiology,
diagnosis, and management. Tex Heart Inst J. 2013;40(4):385-94. Epub 2013/10/02.
PubMed PMID: 24082366; PMCID: PMC3783139.

Horvath SE, Daum G. Lipids of mitochondria. Prog Lipid Res. 2013;52(4):590-614.
Epub 2013/09/07. doi: 10.1016/j.plipres.2013.07.002. PubMed PMID: 24007978.

Pangborn MC. Method of recovering and refining cardiolipin. No. 2,456,836. J Pat Off
Soc. 1948;108:Unknown. Epub 1948/01/01. PubMed PMID: 18098872.

Schlame M, Ren M, Xu Y, Greenberg ML, Haller I. Molecular symmetry in
mitochondrial cardiolipins. Chem Phys Lipids. 2005;138(1-2):38-49. Epub 2005/10/18.
doi: 10.1016/j.chemphyslip.2005.08.002. PubMed PMID: 16226238.

26



12.

13.

14.

15.

16.

17.

18.

19.

Schlame M, Towbin JA, Heerdt PM, Jehle R, DiMauro S, Blanck TJ. Deficiency of
tetralinoleoyl-cardiolipin in Barth syndrome. Ann Neurol. 2002;51(5):634-7. Epub
2002/07/12. doi: 10.1002/ana.10176. PubMed PMID: 12112112.

Schlame M, Ren M. The role of cardiolipin in the structural organization of
mitochondrial membranes. Biochim Biophys Acta. 2009;1788(10):2080-3. Epub
2009/05/06. doi: 10.1016/j.bbamem.2009.04.019. PubMed PMID: 19413994; PMCID:
PMC2757492.

Christie DA, Lemke CD, Elias IM, Chau LA, Kirchhof MG, Li B, Ball EH, Dunn SD,
Hatch GM, Madrenas J. Stomatin-like protein 2 binds cardiolipin and regulates
mitochondrial biogenesis and function. Mol Cell Biol. 2011;31(18):3845-56. Epub
2011/07/13. doi: 10.1128/MCB.05393-11. PubMed PMID: 21746876; PMCID:
PMC3165718.

DeVay RM, Dominguez-Ramirez L, Lackner LL, Hoppins S, Stahlberg H, Nunnari J.
Coassembly of Mgm1 isoforms requires cardiolipin and mediates mitochondrial inner
membrane fusion. J Cell Biol. 2009;186(6):793-803. Epub 2009/09/16. doi:
10.1083/jch.200906098. PubMed PMID: 19752025; PMCID: PMC2753158.

Ban T, Ishihara T, Kohno H, Saita S, Ichimura A, Maenaka K, Oka T, Mihara K, Ishihara
N. Molecular basis of selective mitochondrial fusion by heterotypic action between
OPAL and cardiolipin. Nat Cell Biol. 2017;19(7):856-63. Epub 2017/06/20. doi:
10.1038/nch3560. PubMed PMID: 28628083.

Bustillo-Zabalbeitia I, Montessuit S, Raemy E, Basanez G, Terrones O, Martinou JC.
Specific interaction with cardiolipin triggers functional activation of Dynamin-Related
Protein 1. PLoS One. 2014;9(7):e102738. Epub 2014/07/19. doi:
10.1371/journal.pone.0102738. PubMed PMID: 25036098; PMCID: PMC4103857.

Stepanyants N, Macdonald PJ, Francy CA, Mears JA, Qi X, Ramachandran R.
Cardiolipin's propensity for phase transition and its reorganization by dynamin-related
protein 1 form a basis for mitochondrial membrane fission. Mol Biol Cell.
2015;26(17):3104-16. Epub 2015/07/15. doi: 10.1091/mbc.E15-06-0330. PubMed PMID:
26157169; PMCID: PMC4551322.

Chu CT, Ji J, Dagda RK, Jiang JF, Tyurina Y'Y, Kapralov AA, Tyurin VA, Yanamala N,
Shrivastava IH, Mohammadyani D, Wang KZQ, Zhu J, Klein-Seetharaman J,
Balasubramanian K, Amoscato AA, Borisenko G, Huang Z, Gusdon AM, Cheikhi A,
Steer EK, Wang R, Baty C, Watkins S, Bahar I, Bayir H, Kagan VE. Cardiolipin
externalization to the outer mitochondrial membrane acts as an elimination signal for
mitophagy in neuronal cells. Nat Cell Biol. 2013;15(10):1197-205. Epub 2013/09/17. doi:
10.1038/nch2837. PubMed PMID: 24036476; PMCID: PMC3806088.

27



20.

21.

22.

23.

24,

25.

26.

27.

28.

Huang W, Choi W, Hu W, Mi N, Guo Q, Ma M, Liu M, Tian Y, Lu P, Wang FL, Deng
H, Liu L, Gao N, Yu L, Shi Y. Crystal structure and biochemical analyses reveal Beclin 1
as a novel membrane binding protein. Cell Res. 2012;22(3):473-89. Epub 2012/02/09.
doi: 10.1038/cr.2012.24. PubMed PMID: 22310240; PMCID: PMC3292424.

Beyer K, Klingenberg M. ADP/ATP carrier protein from beef heart mitochondria has
high amounts of tightly bound cardiolipin, as revealed by 31P nuclear magnetic
resonance. Biochemistry. 1985;24(15):3821-6. Epub 1985/07/16. doi:
10.1021/bi00336a001. PubMed PMID: 2996583.

Fry M, Green DE. Cardiolipin requirement by cytochrome oxidase and the catalytic role
of phospholipid. Biochem Biophys Res Commun. 1980;93(4):1238-46. Epub 1980/04/29.
doi: 10.1016/0006-291x(80)90622-1. PubMed PMID: 6249285.

Beyer K, Nuscher B. Specific cardiolipin binding interferes with labeling of sulfhydryl
residues in the adenosine diphosphate/adenosine triphosphate carrier protein from beef
heart mitochondria. Biochemistry. 1996;35(49):15784-90. Epub 1996/12/10. doi:
10.1021/bi9610055. PubMed PMID: 8961941.

Sedlak E, Robinson NC. Phospholipase A(2) digestion of cardiolipin bound to bovine
cytochrome c oxidase alters both activity and quaternary structure. Biochemistry.
1999;38(45):14966-72. Epub 1999/11/11. doi: 10.1021/bi9914053. PubMed PMID:
10555978.

Zhong Q, Gohil VM, Ma L, Greenberg ML. Absence of cardiolipin results in temperature
sensitivity, respiratory defects, and mitochondrial DNA instability independent of pet56.
J Biol Chem. 2004;279(31):32294-300. Epub 2004/06/01. doi: 10.1074/jbc.M403275200.
PubMed PMID: 15169766.

Zhang M, Mileykovskaya E, Dowhan W. Cardiolipin is essential for organization of
complexes Il and IV into a supercomplex in intact yeast mitochondria. J Biol Chem.
2005;280(33):29403-8. Epub 2005/06/24. doi: 10.1074/jbc.M504955200. PubMed
PMID: 15972817; PMCID: PMC4113954.

Garcia Fernandez M, Troiano L, Moretti L, Nasi M, Pinti M, Salvioli S, Dobrucki J,
Cossarizza A. Early changes in intramitochondrial cardiolipin distribution during
apoptosis. Cell Growth Differ. 2002;13(9):449-55. Epub 2002/10/02. PubMed PMID:
12354754,

Iverson SL, Orrenius S. The cardiolipin-cytochrome c interaction and the mitochondrial

regulation of apoptosis. Arch Biochem Biophys. 2004;423(1):37-46. Epub 2004/03/03.
doi: 10.1016/j.abb.2003.12.002. PubMed PMID: 14989263.

28



29.

30.

31.

32.

33.

34.

35.

36.

37.

McMillin JB, Dowhan W. Cardiolipin and apoptosis. Biochim Biophys Acta.
2002;1585(2-3):97-107. Epub 2003/01/18. doi: 10.1016/s1388-1981(02)00329-3.
PubMed PMID: 12531542.

Tian HF, Feng JM, Wen JF. The evolution of cardiolipin biosynthesis and maturation
pathways and its implications for the evolution of eukaryotes. BMC Evol Biol.
2012;12:32. Epub 2012/03/14. doi: 10.1186/1471-2148-12-32. PubMed PMID:
22409430; PMCID: PMC3378450.

Kutik S, Rissler M, Guan XL, Guiard B, Shui G, Gebert N, Heacock PN, Rehling P,
Dowhan W, Wenk MR, Pfanner N, Wiedemann N. The translocator maintenance protein
Tam41 is required for mitochondrial cardiolipin biosynthesis. J Cell Biol.
2008;183(7):1213-21. Epub 2008/12/31. doi: 10.1083/jcb.200806048. PubMed PMID:
19114592; PMCID: PMC2606970.

Chang SC, Heacock PN, Clancey CJ, Dowhan W. The PEL1 gene (renamed PGS1)
encodes the phosphatidylglycero-phosphate synthase of Saccharomyces cerevisiae. J Biol
Chem. 1998;273(16):9829-36. Epub 1998/05/23. doi: 10.1074/jbc.273.16.9829. PubMed
PMID: 9545322.

Osman C, Haag M, Wieland FT, Brugger B, Langer T. A mitochondrial phosphatase
required for cardiolipin biosynthesis: the PGP phosphatase Gep4. EMBO J.
2010;29(12):1976-87. Epub 2010/05/21. doi: 10.1038/emb0j.2010.98. PubMed PMID:
20485265; PMCID: PMC2892375.

Zhang J, Guan Z, Murphy AN, Wiley SE, Perkins GA, Worby CA, Engel JL, Heacock P,
Nguyen OK, Wang JH, Raetz CR, Dowhan W, Dixon JE. Mitochondrial phosphatase
PTPMTL is essential for cardiolipin biosynthesis. Cell Metab. 2011;13(6):690-700. Epub
2011/06/07. doi: 10.1016/j.cmet.2011.04.007. PubMed PMID: 21641550; PMCID:
PMC3119201.

Tamai KT, Greenberg ML. Biochemical characterization and regulation of cardiolipin
synthase in Saccharomyces cerevisiae. Biochim Biophys Acta. 1990;1046(2):214-22.
Epub 1990/09/18. doi: 10.1016/0005-2760(90)90192-z. PubMed PMID: 2171667.

Houtkooper RH, Akbari H, van Lenthe H, Kulik W, Wanders RJ, Frentzen M, Vaz FM.
Identification and characterization of human cardiolipin synthase. FEBS Lett.
2006;580(13):3059-64. Epub 2006/05/09. doi: 10.1016/j.febslet.2006.04.054. PubMed
PMID: 16678169.

Ye C, Shen Z, Greenberg ML. Cardiolipin remodeling: a regulatory hub for modulating
cardiolipin metabolism and function. J Bioenerg Biomembr. 2016;48(2):113-23. Epub
2014/11/30. doi: 10.1007/s10863-014-9591-7. PubMed PMID: 25432572; PMCID:
PMC4449329.

29



38.

39.

40.

41.

42.

43.

44,

45.

46.

Hostetler KY, Galesloot JM, Boer P, Van Den Bosch H. Further studies on the formation
of cardiolipin and phosphatidylglycerol in rat liver mitochondria. Effect of divalent
cations and the fatty acid composition of CDP-diglyceride. Biochim Biophys Acta.
1975;380(3):382-9. Epub 1975/03/24. doi: 10.1016/0005-2760(75)90106-x. PubMed
PMID: 1138874.

Schlame M, Rua D, Greenberg ML. The biosynthesis and functional role of cardiolipin.
Prog Lipid Res. 2000;39(3):257-88. Epub 2000/05/09. doi: 10.1016/s0163-
7827(00)00005-9. PubMed PMID: 10799718.

Lands WE. Metabolism of glycerolipids. 2. The enzymatic acylation of lysolecithin. J
Biol Chem. 1960;235:2233-7. Epub 1960/08/01. PubMed PMID: 14413818.

Xu'Y, Kelley RI, Blanck TJ, Schlame M. Remodeling of cardiolipin by phospholipid
transacylation. J Biol Chem. 2003;278(51):51380-5. Epub 2003/10/11. doi:
10.1074/jbc.M307382200. PubMed PMID: 14551214,

Beranek A, Rechberger G, Knauer H, Wolinski H, Kohlwein SD, Leber R. Identification
of a cardiolipin-specific phospholipase encoded by the gene CLD1 (YGR110W) in yeast.
J Biol Chem. 2009;284(17):11572-8. Epub 2009/02/27. doi: 10.1074/jbc.M805511200.
PubMed PMID: 19244244; PMCID: PMC2670162.

Gu Z, Valianpour F, Chen S, Vaz FM, Hakkaart GA, Wanders RJ, Greenberg ML.
Aberrant cardiolipin metabolism in the yeast taz1 mutant: a model for Barth syndrome.
Mol Microbiol. 2004;51(1):149-58. Epub 2003/12/04. doi: 10.1046/].1365-
2958.2003.03802.x. PubMed PMID: 14651618.

Xu'Y, Zhang S, Malhotra A, Edelman-Novemsky I, Ma J, Kruppa A, Cernicica C, Blais
S, Neubert TA, Ren M, Schlame M. Characterization of tafazzin splice variants from
humans and fruit flies. J Biol Chem. 2009;284(42):29230-9. Epub 2009/08/25. doi:
10.1074/jbc.M109.016642. PubMed PMID: 19700766; PMCID: PMC2781466.

Schlame M, Acehan D, Berno B, Xu Y, Valvo S, Ren M, Stokes DL, Epand RM. The
physical state of lipid substrates provides transacylation specificity for tafazzin. Nat
Chem Biol. 2012;8(10):862-9. Epub 2012/09/04. doi: 10.1038/nchembio.1064. PubMed
PMID: 22941046; PMCID: PMC3699345.

Neuwald AF. Barth syndrome may be due to an acyltransferase deficiency. Curr Biol.

1997;7(8):R465-6. Epub 1997/08/01. doi: 10.1016/s0960-9822(06)00237-5. PubMed
PMID: 9259571.

30



47.

48.

49,

50.

51.

52.

53.

54.

55.

Vreken P, Valianpour F, Nijtmans LG, Grivell LA, Plecko B, Wanders RJ, Barth PG.
Defective remodeling of cardiolipin and phosphatidylglycerol in Barth syndrome.
Biochem Biophys Res Commun. 2000;279(2):378-82. Epub 2000/12/19. doi:
10.1006/bbrc.2000.3952. PubMed PMID: 11118295.

Ma BJ, Taylor WA, Dolinsky VW, Hatch GM. Acylation of monolysocardiolipin in rat
heart. J Lipid Res. 1999;40(10):1837-45. Epub 1999/10/03. PubMed PMID: 10508203.

Taylor WA, Hatch GM. Purification and characterization of monolysocardiolipin
acyltransferase from pig liver mitochondria. J Biol Chem. 2003;278(15):12716-21. Epub
2003/02/06. doi: 10.1074/jbc.M210329200. PubMed PMID: 12569106.

Taylor WA, Hatch GM. Identification of the human mitochondrial linoleoyl-coenzyme A
monolysocardiolipin acyltransferase (MLCL AT-1). J Biol Chem. 2009;284(44):30360-
71. Epub 2009/09/10. doi: 10.1074/jbc.M109.048322. PubMed PMID: 19737925;
PMCID: PMC2781591.

Cao J, Liu Y, Lockwood J, Burn P, Shi Y. A novel cardiolipin-remodeling pathway
revealed by a gene encoding an endoplasmic reticulum-associated acyl-
CoA:lysocardiolipin acyltransferase (ALCAT1) in mouse. J Biol Chem.
2004;279(30):31727-34. Epub 2004/05/21. doi: 10.1074/jbc.M402930200. PubMed
PMID: 15152008.

Saric A, Andreau K, Armand AS, Moller IM, Petit PX. Barth Syndrome: From
Mitochondrial Dysfunctions Associated with Aberrant Production of Reactive Oxygen
Species to Pluripotent Stem Cell Studies. Front Genet. 2015;6:359. Epub 2016/02/03.
doi: 10.3389/fgene.2015.00359. PubMed PMID: 26834781; PMCID: PMC47192109.

Bione S, D'Adamo P, Maestrini E, Gedeon AK, Bolhuis PA, Toniolo D. A novel X-
linked gene, G4.5. is responsible for Barth syndrome. Nat Genet. 1996;12(4):385-9. Epub
1996/04/01. doi: 10.1038/ng0496-385. PubMed PMID: 8630491.

Johnston J, Kelley RI, Feigenbaum A, Cox GF, lyer GS, Funanage VL, Proujansky R.
Mutation characterization and genotype-phenotype correlation in Barth syndrome. Am J
Hum Genet. 1997;61(5):1053-8. Epub 1997/11/05. doi: 10.1086/301604. PubMed PMID:
9345098; PMCID: PMC1716030.

Vreken P, Valianpour F, Nijtmans LG, Grivell LA, Plecko B, Wanders RJ, Barth PG.
Defective remodeling of cardiolipin and phosphatidylglycerol in Barth syndrome.
Biochem Biophys Res Commun. 2000;279(2):378-82. Epub 2000/12/19. doi:
10.1006/bbrc.2000.3952. PubMed PMID: 11118295.

31



56.

S7.

58.

59.

60.

61.

62.

63.

Valianpour F, Mitsakos V, Schlemmer D, Towbin JA, Taylor JM, Ekert PG, Thorburn
DR, Munnich A, Wanders RJ, Barth PG, Vaz FM. Monolysocardiolipins accumulate in
Barth syndrome but do not lead to enhanced apoptosis. J Lipid Res. 2005;46(6):1182-95.
Epub 2005/04/05. doi: 10.1194/jlr.M500056-JLR200. PubMed PMID: 15805542.

van Werkhoven MA, Thorburn DR, Gedeon AK, Pitt JJ. Monolysocardiolipin in cultured
fibroblasts is a sensitive and specific marker for Barth Syndrome. J Lipid Res.
2006;47(10):2346-51. Epub 2006/07/29. doi: 10.1194/jlr.D600024-JLR200. PubMed
PMID: 16873891.

Kulik W, van Lenthe H, Stet FS, Houtkooper RH, Kemp H, Stone JE, Steward CG,
Wanders RJ, Vaz FM. Bloodspot assay using HPLC-tandem mass spectrometry for
detection of Barth syndrome. Clin Chem. 2008;54(2):371-8. Epub 2007/12/12. doi:
10.1373/clinchem.2007.095711. PubMed PMID: 18070816.

Houtkooper RH, Rodenburg RJ, Thiels C, van Lenthe H, Stet F, Poll-The BT, Stone JE,
Steward CG, Wanders RJ, Smeitink J, Kulik W, Vaz FM. Cardiolipin and
monolysocardiolipin analysis in fibroblasts, lymphocytes, and tissues using high-
performance liquid chromatography-mass spectrometry as a diagnostic test for Barth
syndrome. Anal Biochem. 2009;387(2):230-7. Epub 2009/05/21. doi:
10.1016/j.ab.2009.01.032. PubMed PMID: 19454236.

Barth PG, Scholte HR, Berden JA, Van der Klei-Van Moorsel JM, Luyt-Houwen IE, Van
't Veer-Korthof ET, Van der Harten JJ, Sobotka-Plojhar MA. An X-linked mitochondrial
disease affecting cardiac muscle, skeletal muscle and neutrophil leucocytes. J Neurol Sci.
1983;62(1-3):327-55. Epub 1983/12/01. doi: 10.1016/0022-510x(83)90209-5. PubMed
PMID: 6142097.

Neustein HB, Lurie PR, Dahms B, Takahashi M. An X-linked recessive cardiomyopathy
with abnormal mitochondria. Pediatrics. 1979;64(1):24-9. Epub 1979/07/01. PubMed
PMID: 572031.

Kelley RI, Cheatham JP, Clark BJ, Nigro MA, Powell BR, Sherwood GW, Sladky JT,
Swisher WP. X-linked dilated cardiomyopathy with neutropenia, growth retardation, and
3-methylglutaconic aciduria. J Pediatr. 1991;119(5):738-47. Epub 1991/11/01. doi:
10.1016/s0022-3476(05)80289-6. PubMed PMID: 1719174.

Clarke SL, Bowron A, Gonzalez IL, Groves SJ, Newbury-Ecob R, Clayton N, Martin RP,
Tsai-Goodman B, Garratt V, Ashworth M, Bowen VM, McCurdy KR, Damin MK,
Spencer CT, Toth MJ, Kelley RI, Steward CG. Barth syndrome. Orphanet J Rare Dis.
2013;8:23. Epub 2013/02/13. doi: 10.1186/1750-1172-8-23. PubMed PMID: 23398819;
PMCID: PMC3583704.

32



64.

65.

66.

67.

68.

69.

70.

71.

Spencer CT, Bryant RM, Day J, Gonzalez IL, Colan SD, Thompson WR, Berthy J,
Redfearn SP, Byrne BJ. Cardiac and clinical phenotype in Barth syndrome. Pediatrics.
2006;118(2):e337-46. Epub 2006/07/19. doi: 10.1542/peds.2005-2667. PubMed PMID:
16847078.

Bissler JJ, Tsoras M, Goring HH, Hug P, Chuck G, Tombragel E, McGraw C, Schlotman
J, Ralston MA, Hug G. Infantile dilated X-linked cardiomyopathy, G4.5 mutations,
altered lipids, and ultrastructural malformations of mitochondria in heart, liver, and
skeletal muscle. Lab Invest. 2002;82(3):335-44. Epub 2002/03/16. doi:
10.1038/labinvest.3780427. PubMed PMID: 11896212,

Malhotra A, Edelman-Novemsky I, Xu Y, Plesken H, Ma J, Schlame M, Ren M. Role of
calcium-independent phospholipase A2 in the pathogenesis of Barth syndrome. Proc Natl
Acad Sci U S A. 2009;106(7):2337-41. Epub 2009/01/24. doi:
10.1073/pnas.0811224106. PubMed PMID: 19164547; PMCID: PMC2650157.

Khuchua Z, Yue Z, Batts L, Strauss AW. A zebrafish model of human Barth syndrome
reveals the essential role of tafazzin in cardiac development and function. Circ Res.
2006;99(2):201-8. Epub 2006/06/24. doi: 10.1161/01.RES.0000233378.95325.ce.
PubMed PMID: 16794186.

Acehan D, Vaz F, Houtkooper RH, James J, Moore V, Tokunaga C, Kulik W, Wansapura
J, Toth MJ, Strauss A, Khuchua Z. Cardiac and skeletal muscle defects in a mouse model
of human Barth syndrome. J Biol Chem. 2011;286(2):899-908. Epub 2010/11/12. doi:
10.1074/jbc.M110.171439. PubMed PMID: 21068380; PMCID: PMC3020775.

Soustek MS, Falk DJ, Mah CS, Toth MJ, Schlame M, Lewin AS, Byrne BJ.
Characterization of a transgenic short hairpin RNA-induced murine model of Tafazzin
deficiency. Hum Gene Ther. 2011;22(7):865-71. Epub 2010/11/26. doi:
10.1089/hum.2010.199. PubMed PMID: 21091282; PMCID: PMC3166794.

Phoon CK, Acehan D, Schlame M, Stokes DL, Edelman-Novemsky I, Yu D, Xu Y,
Viswanathan N, Ren M. Tafazzin knockdown in mice leads to a developmental
cardiomyopathy with early diastolic dysfunction preceding myocardial noncompaction. J
Am Heart Assoc. 2012;1(2). Epub 2012/11/07. doi: 10.1161/JAHA.111.000455. PubMed
PMID: 23130124; PMCID: PMC3487377.

Huang Y, Powers C, Moore V, Schafer C, Ren M, Phoon CK, James JF, Glukhov AV,
Javadov S, Vaz FM, Jefferies JL, Strauss AW, Khuchua Z. The PPAR pan-agonist
bezafibrate ameliorates cardiomyopathy in a mouse model of Barth syndrome. Orphanet J
Rare Dis. 2017;12(1):49. Epub 2017/03/11. doi: 10.1186/s13023-017-0605-5. PubMed
PMID: 28279226; PMCID: PMC5345250.

33



72.

73.

74.

Breckenridge R, Kotecha S, Towers N, Bennett M, Mohun T. Pan-myocardial expression
of Cre recombinase throughout mouse development. Genesis. 2007;45(3):135-44. Epub
2007/03/06. doi: 10.1002/dvg.20275. PubMed PMID: 17334998.

Liu C, Spinozzi S, Chen JY, Fang X, Feng W, Perkins G, Cattaneo P, Guimaraes-
Camboa N, Dalton ND, Peterson KL, Wu T, Ouyang K, Fu XD, Evans SM, Chen J.
Nexilin Is a New Component of Junctional Membrane Complexes Required for Cardiac
T-Tubule Formation. Circulation. 2019;140(1):55-66. Epub 2019/04/16. doi:
10.1161/CIRCULATIONAHA.119.039751. PubMed PMID: 30982350; PMCID:
PMC6889818.

Fang X, Bogomolovas J, Wu T, Zhang W, Liu C, Veevers J, Stroud MJ, Zhang Z, Ma X,
Mu Y, Lao DH, Dalton ND, Gu Y, Wang C, Wang M, Liang Y, Lange S, Ouyang K,
Peterson KL, Evans SM, Chen J. Loss-of-function mutations in co-chaperone BAG3
destabilize small HSPs and cause cardiomyopathy. J Clin Invest. 2017 Aug
1;127(8):3189-3200. doi: 10.1172/JC194310. Epub 2017 Jul 24. PMID: 28737513;
PMCID: PMC5531406.

34





