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Abstract

Cardiolipins are phospholipids that are central to proper mitochondrial functioning. Because
mitochondria play crucial roles in differentiation, development, and maturation, we would also
expect cardiolipin to play major roles in these processes. Indeed, cardiolipin has been implicated
in the mechanism of three human diseases that affect young infants, implying developmental
abnormalities. In this paper, we will: 1) Review the biology of cardiolipin; 2) Outline the evidence
for essential roles of cardiolipin during organismal development, including embryogenesis and
cell maturation in vertebrate organisms; 3) Place the role(s) of cardiolipin during embryogenesis
within the larger context of the roles of mitochondria in development; and 4) Suggest avenues for
future research.
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Introduction

Cardiolipins (CL’s) comprise a class of phospholipids that play diverse and important
roles in mitochondria.1-3 Given that mitochondria play crucial roles in embryogenesis
and organogenesis, we would expect CL, as the so-called “signature” phospholipid of
mitochondria, to also play major roles in these developmental processes.

We currently know very little about the roles of mitochondrial phospholipids during
developmental processes; thus, CL may serve as an illustrative model. Here, we will review
the biology of CL, and the evidence for roles of CL during organismal development,
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including embryogenesis and cell maturation. We will then discuss these roles of CL during
embryogenesis within the larger context of the roles of mitochondria in development to draw
additional inferences. We focus on post-gastrulation development, which includes cellular
differentiation and organogenesis. In addition to studies in cellular model systems, we will
establish that CL plays a role in vertebrate development and then outline the evidence for
possible underlying mechanisms. We then suggest questions and avenues for future research.

Lipids, Phospholipids, and Cardiolipin: General Biology

What might be termed “developmental lipid biology” is an understudied research area,
considering the importance of lipids in multiple cell processes and functions. As a

major component of cell membranes and playing essential roles in energy storage, cell
signaling and transport, lipids also play fundamental roles in development, including
mammalian embryo preimplantation development and cell fate. We now know that lipid
metabolites influence cellular events including differentiation, proliferation, migration, and
organogenesis.*’ Inherited disorders of lipid metabolism currently include almost 150
Mendelian diseases, with over 80 involving complex lipid biosynthesis and remodeling’;
many of these may be considered developmental disorders with pleiotropic effects on
multiple organ systems in the newborn infant, such as Barth syndrome (see below) and
MEGDEL syndrome.

Phospholipids are “complex lipids” consisting of two fatty acid tails and a phosphate-
containing head group joined by a glycerol molecule.” They are critical not only to
membrane structure and function but also to protein interactions, including in mitochondria®,
cell signaling, autophagy, cell division, and oxidative phosphorylation (OXPHOS).”
Disrupting phospholipid biosynthesis can lead to severe developmental consequences.®

CL is a dimeric phospholipid, diphosphatidylglycerol (1,3-bis(sn-3’-phosphatidyl)-sn-
glycerol) (Figure 1).2:310 Among its diverse and important roles in mitochondrial
functioning and morphology, CL is particularly critical to mitochondrial OXPHQOS via

the assembly of high-order oligomers of respiratory chain complexes.11-15 Less known

but no less important, is CL’s role in stabilizing the lateral organization of protein-rich
membranes and mitochondrial dynamics.18-17 CL biosynthesis starts from phosphatidic
acid, and nascent CL is formed from phosphatidylglycerol (PG) via cardiolipin synthase
(CRLS1), along the matrix-facing side of the inner mitochondrial membrane. Nascent CL
then undergoes post-synthetic exchange of acyl groups, also known as remodeling (Figure
2). Catalyzed by the transacylase fafazzin, CL is remodeled via acyl exchange between
phospholipids and monolyso-cardiolipin to its mature form found in the inner membrane of
the mitochondria.18 Other acyltransferases -namely MLCLAT1 and ALCATI - may also be
involved in CL remodeling.19-20 Most commonly, remodeled (mature) cardiolipin contains a
higher number of unsaturated acyl chains, but a notable exception is the extramitochondrial
cardiolipin, tetrapalmitoyl cardiolipin.2! Of note, tafazzin does not exhibit the usual enzyme
specificity; instead, fafazzin relies on the surrounding membrane biophysical milieu (e.g.,
membrane curvature and membrane protein density) to remodel nascent CL into many
different possible “mature” CL species.18 It is therefore important to emphasize that CL is
not a single molecule: remodeling of its acyl chains results in an enormous diversity of acyl
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chain combinations, and consequently, many possible species of CL (Figure 1). Individual
CL species together form a fluid with characteristic physical properties whose differences
may be required in different cellular milieu.2223 Specific CL species profiles are tissue- and
species-dependent and as we will outline, even developmentally stage-dependent.

Cardiolipin Profiles Change During Normal Development

Phospholipid biochemical profiles, including CL species and profiles, change during
normal development. In this review, we consider not only metazoan “development” (e.g.,
organogenesis) but also ongoing maturation, such as that which occurs in the early
postnatal period in mammals. As recently reviewed by Alvarez-Dominguez and Melton?4,
how specialized cells “mature” is important for cell and developmental biology, and this
should be considered a dynamic continuum of adaptive phenotypic changes that involve
form, gene circuitry, interconnectivity and function, rhythms, and proliferation. Alterations
in this developmental trajectory and maturation can potentially lead to developmental
abnormalities. Although CL profiles continue to mature even during early postnatal
development2®, in this section we will focus primarily on prenatal development and review
the data on the normal developmental trajectory of CL.

In a study of normal myocardial development in chick embryos, there were stage-dependent
increases in CL levels, as well as phosphatidylethanolamine (PE) and phosphatidylcholine
(PC) plasmalogens; CL was present in only minute amounts in the yolk sac membranes,
however, demonstrating tissue-specificity of its distribution.28 In addition to the embryo
proper, the yolk sac in vertebrates plays important roles in hematopoiesis, germ cell
development, and nutrition supply.2” Meng and colleagues studied chick yolk sac
lipidomics during embryogenesis and determined several changes in both amount and CL
composition.2” However, it is not clear whether the changes in CL abundance could simply
have been attributed to changes in the abundance of mitochondria. Moreover, the “yolk sac”
in this study included the yolk sac membrane as well as the yolk sac contents, making it
difficult to make any conclusions about CL in the embryo proper. Nevertheless, both studies
suggest temporal- and tissue-specificity of CL changes during vertebrate development.

Chen and colleagues recently published quantitative lipidomic data on CL profiles in the
mouse heart at different stages, during both embryonic development and adulthood.28 They
found CL in embryonic hearts exhibited more diverse acyl chain compositions, while the
predominant form of CL in the adult heart was tetralinoleoyl CL. CL, monolysocardiolipin
(MLCL), and dilysocardiolipin (DLCL) all showed minor changes between embryonic

day (E)11.5 and E15.5 but dramatic changes when compared to the 2- and 10-month-

old postnatal adult mouse. The investigators suggested that pathways involved in CL
biosynthesis and metabolism may have different functions between embryonic and adult
hearts.28 However, we feel it is more likely that the function of the pathways remains the
same, namely to synthesize and degrade CL, but different CL compositions are required
because of functional differences between embryonic mitochondria and adult mitochondria.

Cheng and colleagues examined the potential role of temporal changes in CL content and/or
its molecular composition during the development of the mammalian brain.2? During the
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perinatal period in mammalian species, active neuronal remodeling occurs in the cortex

via apoptosis. The investigators first used a shotgun lipidomics approach to analyze lipid
extracts from mouse cortex, as well as from human, rabbit, and rat brains; they revealed a
highly diversified profile of CL molecular species across all examined mammals. Total CL
levels in mouse cortex were then found to be significantly increased during development in
utero, transiently decreased at birth, and then increased in the postnatal period. To determine
the mechanisms underlying the diversification of the CL profile, as well as the temporal
variations in CL content, the investigators also analyzed the expression levels of mMRNAs
encoding CRLS1, phospholipases A2, and fafazzin. They found that all these enzymes,
which are critical to the biosynthesis and remodeling of CL, were abundantly expressed
during the embryonic period and changes in their mMRNA expression levels paralleled the
age-dependent alterations in CL composition. Finally, they demonstrated that the CL profile
remained highly diversified throughout adult life yet was distinct from that present during
embryonic development. Their results suggest that changes in the CL profile during the
perinatal period are temporally correlated to the alterations in neuronal remodeling and
apoptosis that occur immediately after birth.2

In another study, Keilhoff and colleagues investigated the role of CL in neuronal
differentiation using a model cell line, NSC-34.30 NSC-34 cells are produced by the
fusion of neuroblastoma cells and primary spinal cord motor neurons. The investigators
demonstrated a correlation between the content of distinct CL species and the
differentiation status of NSC-34 cells. In fact, CL composition manipulation, via fatty
acid supplementation, stimulated cell differentiation in the NSC-34 cells, suggesting a link
between CL and normal neuronal cell differentiation.3% However, it should be noted that
fatty acid supplementation changes the fatty acid composition of all lipids not just CL, and
therefore has multiple other effects, which would need to be investigated to isolate CL’s
specific roles. Nevertheless, we will see that the potential roles played by CL in cellular
differentiation will be a recurrent theme.

Our knowledge of CL’s developmental trajectories and particularly the developmental
biology of tafazzirPl, is far from complete, but there is clear evidence of dynamic changes
in gene expression of the cardiolipin biosynthetic enzymes throughout development and in
different tissues (Figure 3). One unanswered question is whether the changes in the amounts
of CL track with mitochondrial mass or are entirely independent. Still, limited available
data indicate that CL changes during development, both in amount and in its acyl chain
composition and diversity of species (Figure 4). The CL profiles are also tissue-specific. In
vertebrate and mammalian models, the prenatal CL profiles are dramatically different from
the mature, adult organism. These developmental trajectories strongly suggest important and
perhaps changing, roles for CL throughout development.

Disruption of Cardiolipin Synthesis Alters Developmental Trajectories

Disturbances at any of the steps along their complex biosynthetic pathway can lead to
CL abnormalities. Because the CL biosynthetic pathway is conserved across different
species, different model organisms have been utilized to study the consequences of CL
deficiency and to better understand CL’s role in various functions. Major clues to the
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TAMMA41

PGS1

critical importance of CL in normal embryogenesis and its roles in cellular differentiation
come from CL-deficient cellular and animal models that lead to lethality at various

stages (knockouts of TAMMA41, PGS1, PTPMT1, CRLS1, and TAFAZZIN). The following
subsections take a closer look at disruptions in the CL biosynthetic pathway and the impact
that the resulting CL deficiency has on normal development.

Residing at the inner mitochondrial membrane, TAMMA41 encodes a protein with cytidine
diphosphate-diacylglycerol synthase activity, an essential early step in the biosynthesis of
PG and CL.32 TAMMA41 appears to be required for heart valve differentiation by regulating
the PINK1-PARK2-dependent mitophagy pathway; moreover, a genetic screen suggested
an association of TAMMA41 heterozygous variants with loss of full-length transcripts

in the congenital heart defect known as atrioventricular septal defect.33 Very recently,
Thompson and colleagues reported three unrelated individuals harboring biallelic variants
in TAMMA41, with clinical features of mitochondrial disease, including lethargy at birth,
hypotonia, developmental delay, myopathy, and ptosis.3* Skeletal muscle samples from
two of these individuals showed severe loss of subunits of complexes I-1V, a decrease

in fully assembled OXPHOS complexes I-V, and decreased TAMMA41 protein levels. CL
levels were also significantly decreased in the skeletal muscle of these affected individuals.
Interestingly, unlike families with pathogenic TAFAZZIN variants (Barth syndrome) or
CRLS1 variants (see below), individuals with TAMMA41 deficiency have shown no evidence
of cardiomyopathy. Investigators noted the need for further research to clarify why skeletal
muscle is severely affected but cardiac muscle is not, despite both being striated muscle.3*

We caution that TAMMA41 is several enzymatic steps upstream from the final steps in

CL biosynthesis; therefore, there are almost certainly metabolic derangements in addition
to cardiolipin deficiency. Moreover, there is an alternate pathway that contributes to CL
synthesis through which CDPDG may also be transported from the ER membranes to

the mitochondria (see review3); we speculate this alternate pathway is stage- or tissue-
dependent and may sidestep TAMMA41, which may then explain differential effects on
skeletal and cardiac muscle.

PGS1 is a phosphatidylglycerol phosphate synthase that catalyzes the first committed
step in the CL biosynthetic pathway by converting CDP-DG to phosphatidylglycerol
phosphate (PGP).22:36 While there are no published data on the roles of PGS1 in
vertebrate development, the loss of PGS1 has been shown to adversely affect embryonic
development in Arabidopsis. However, we acknowledge that PG is a major lipid in
plants, not just an intermediate on the CL pathway: PG biosynthesis is essential

for the development of embryos and normal membrane structures of chloroplasts and
mitochondria.3” In mammalian development, information from online databases such

as Evo-Devo Mammalian Organs (https://apps.kaessmannlab.org/evodevoapp/) and the
International Mouse Phenotyping Consortium (https://www.mousephenotype.org/data/genes/
MGI:1921701) suggest important roles of PGS1 in normal embryogenesis since PGS1
expression changes in a tissue-specific manner (data not shown) and loss of PGS1 results
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PTPMT1

in complete pre-weaning lethality (i.e., no homozygote PGS1~/~ pups). However, embryonic
viability has not yet been tested.

PTPMT1 is a protein tyrosine phosphatase localized to the mitochondrion that
dephosphorylates the glycerophospholipid PGP and is therefore essential for mitochondrial
function by regulating CL biosynthesis.38:39 Zhang and colleagues determined that all
Ptomt1 homozygotes died before the E8.5 gestational stage.3? To further investigate

the physiological functions of Pipmt during development, these researchers generated
Cre-treated KO mouse embryonic fibroblasts (MEFs). KO MEFs were found to have a
proliferation rate reduced by 25% compared to the control cells and overall, had fewer and
smaller colonies. The KO MEFs also had a marked decrease in CL content, alterations in
both the content and the acyl chain composition of CL, and distortion and deficiency of
mitochondrial cristae. These results emphasize the role of the Piomt1 gene during embryonic
development and suggest that PTPMT1 might be required for the increased mitochondrial
demand that occurs during organogenesis in post-implantation embryos.3°

To circumvent early embryonic lethality and to investigate specific roles in heart
development, Chen and colleagues studied cardiac-specific deletion of PTPMT1 in

mice, using a cTnT-Cre driver that constitutively expresses Cre DNA recombinase in
cardiomyocytes starting at E7.5.28 While pre-organogenesis lethality was avoided, the
mouse embryos died between E16.5 and E18.5, with cardiac morphological changes
beginning around E12.5 following reduced cardiac cell proliferation in the compact
myocardial zone at E11.5. Both respiration and expression of respiratory complex proteins
were impaired at E11.5 and E12.5.28 Similarly, Zheng and colleagues investigated the
effects of neural cell-specific deletion of PTPMT1 in mice, using a Nestin-Cre driver

that constitutively expresses Cre DNA recombinase in neural precursor cells starting at
E10.5.40 In these mice, cerebellar development was blocked and cerebral development was
compromised, and all mice died by P12. Additional timed knockout experiments using a
tamoxifen-inducible model verified that the role of PTPMT1 in cerebellar development is
developmental stage-specific and that defective Bergmann glia development is responsible
for the block of cerebellar development in PTPMT1 knockout (PTPMT1/fl/Nestin-Cre*)
mice. The loss of PTPMT1 decreased mitochondrial aerobic metabolism by limiting
utilization of pyruvate that affected only neural precursor or stem cells (not progenitor

or mature cells), leading to cell cycle arrest through activation of the AMPK-p19/p21
pathway.*0 However, CL itself was not studied.

In addition to vertebrates, PTPMT1 also plays a crucial role in early silkworm
development.*1 PTPMT1 KO silkworms demonstrate embryonic lethality, developmental
arrest, and third instar lethality. Some PTPMT1 KO silkworms lack total enzyme activity,
while others lack mitochondrial translocation signals. PTPMTL1 has also been implicated
in the biosynthesis or secretion of juvenile hormone, an insect hormone important in
development, reproduction, and polyphenism.41

PTPMT1 may also play a role during T cell differentiation. Previous studies have shown
that changes in mitochondrial shape, cristae morphology, and function impact CD8+ T cell

Dev Dyn. Author manuscript; available in PMC 2024 June 01.

Page 6



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Olivar-Villanueva et al. Page 7

CRLS1

TAFAZZIN

activation, differentiation, and functional memory T cell development (see review*?). Using
T cells deficient for PTPMT1, Corrado et al.#3 found that de novo PTPMT1-dependent

CL synthesis is necessary to increase mitochondrial metabolic capacity and allow activation-
induced cell death resistance during memory T cell differentiation. Importantly, it has

been previously shown that induction of activation-induced cell death, or autophagy,
sustains memory T cell development, suggesting that CL synthesis supports memory T

cell development.*3 While these studies do not directly investigate roles of CL during
development, they do suggest that CL plays important roles in cellular differentiation.

We note that PTPMTL is still one enzymatic step upstream from the final step in CL
synthesis. And as a protein tyrosine phosphatase, PTPMT1 may dephosphorylate other
mitochondrial signaling molecules.** Therefore, it is not known if additional metabolic
consequences of PTPMT1 ablation, not just CL deficiency, contribute to abnormal
development and early lethality.

Cardiolipin synthase (CRLS1) catalyzes the fourth and final reaction of CL biosynthesis by
using two phospholipid substrates, PG and CDP-DG, to form CL.4> Kasahara and colleagues
found that deletion of the CRLSZ gene in mice led to early embryonic lethality, particularly
at the peri-implantation stage.#® The investigators postulated that CRLS1 deletion interfered
with cell division. To bypass the problems specific to cell division and neuronal proliferation
during development, they generated postmitotic state-specific and neuron-specific CRLS1
conditional knockout (cKO) mice and found that disruption of the CRLS1 gene reduced

CL levels and caused abnormalities in inner membrane structures of surviving hippocampal
neurons, decreased respiratory supercomplex assembly in the hippocampus and cerebral
cortex, and altered mitochondrial calcium dynamics.46

Very recently, deleterious variants in CRLS1 have been shown to cause an autosomal
recessive mitochondrial disease, presenting as a severe infantile encephalopathy with
multisystemic involvement.# Biallelic CRLS1 variants were described in 4 patients

with severe developmental anomalies. Three affected individuals had a similar infantile
presentation of progressive encephalopathy, bull’s eye maculopathy, auditory neuropathy,
diabetes insipidus, autonomic instability, cardiac defects, and early death. The fourth
affected individual presented with chronic encephalopathy with neurodevelopmental
regression, congenital nystagmus with decreased vision, sensorineural hearing loss, failure to
thrive and acquired microcephaly. CRLS1 variants resulted in impaired CL biosynthesis,
altered CL acyl-chain profile, abnormal cristae morphology, reduction in complex V-
stimulated respiration and a compensatory increase in OXPHOS protein levels and mtDNA
copy number, and concerted endoplasmic reticulum and mitochondrial stress responses.*’
This is the first time human developmental abnormalities have been associated with CRLSL.

As a phospholipid-lysophospholipid transacylase, tafazzin plays a crucial role in CL
remodeling by catalyzing both the removal and re-attachment of fatty acids.*8:49 Tafazzin
loss-of-function leads to decreased amounts of CL and increased amounts of MLCL,
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with loss of remodeling of CL and abnormal acyl chain composition.3%>1 Barth

syndrome is a rare X-linked mitochondrial disease that results from mutated tafazzin

and leads to CL deficiency.?0:52-56 patients with Barth syndrome most commonly display
cardiomyopathy, skeletal myopathy, growth retardation in early life (with later catch-up
growth), and neutropenia®’:58; the early clinical manifestations, including the lesser-known
neurobiological manifestations®, suggest an abnormal developmental trajectory. In one
study, Wang et al. developed iPSC-derived cardiomyocytes harboring fafazzin mutations
from patients with Barth syndrome and defined metabolic, structural, and functional
abnormalities. Such abnormalities included defects in sarcomerogenesis, which could be
mitigated with ROS scavengers; thus, cardiolipin’s role in mediating ROS was implicated
in tissue maturation.5% We note that any study employing iPSC-derived cardiomyocytes is
essentially investigating a “fetal” phenotype and therefore likely looking at some aspect of
cardiomyocyte development.

In a morphant zebrafish model, Khuchua and colleagues found that blocking mRNA
translation or expression of fafazzin in the zebrafish resulted in severe developmental
abnormalities, with the heart and tail as the most affected structures.8! These tafazzin
morphant embryos developed marked edema with large pericardial effusions, dysmorphic
and slowly beating hearts, shortened curved tails, and absent blood circulation. Importantly,
the investigators also demonstrated that fafazzin is ubiquitously expressed in early

stages of development (10 to 30 hours post-fertilization), suggesting it is essential

for normal zebrafish development of multiple tissues and organs, not just of skeletal

and cardiac muscle.51 Phoon and colleagues utilized an inducible, short hairpin RNA
tafazzin-knockdown mouse model, knocking down fafazzin at different stages.62 In this
model, several lines of evidence pointed to important developmental roles of tafazzin

and CL function. First, significant embryonic lethality suggested a crucial role for

tafazzin during development. Second, fafazzin knockdown could recapitulate noncompaction
cardiomyopathy only when fafazzinwas knocked down early, suggesting an important
developmental window for tafazzin function (as also highlighted by Chin and Conway31).
Moreover, abnormalities in cardiomyocyte structure and mitochondrial ultrastructure in the
embryonic heart, leading to impaired myocardial development, indicated a disturbance in
normal development of the cardiac muscle and sarcomerogenesis.52 However, it is worth
noting the possible confounding effect of doxycycline in the fafazzin-KD mouse model of
this study.®3

The effects of tafazzin ablation — with consequent CL deficiency — also impact cellular
differentiation. To compare the effects of fafazzin deletion in undifferentiated versus
differentiated cells, Acehan et al. generated fafazzin-deficient mouse embryonic stem cells,
which were then differentiated into cardiomyocytes. They found significant alterations of
the mitochondrial ultrastructure in specific differentiated tissues but not in embryonic stem
cells. These data suggest that normal concentration and composition of CL is essential
only in certain types of mitochondria. More specifically, mitochondria with high cristae
density, such as in skeletal and heart muscle tissue, are those most susceptible to fafazzin
deletion.54 In fact, myogenic differentiation has been shown to be accompanied by major
changes in mitochondrial metabolism, mitochondrial energy production, and mitochondria-
mediated activation of apoptotic pathways.5° Given this prominent role of mitochondria
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in myogenic differentiation, Lou and colleagues developed a fafazzin-KO C2C12 myocyte
cell line to determine the effect of defective CL remodeling on myogenic determination.56
C2C12 is a myoblast cell line with a high metabolic demand, like skeletal muscle cells.
Strikingly, fafazzin-KO myoblast cells showed impaired phenotypic differentiation into
myotubes, as well as defects in the metabolic transition from glycolysis to mitochondrial
oxidative metabolism. Moreover, in contrast to WT cells, tafazzin-KO cells exhibited an
increased reliance on glycolysis and decreased flux to mitochondrial oxidative metabolism
following the switch to myocyte differentiation media. These data demonstrate that the loss
of CL leads to defective skeletal myocyte differentiation.56 Finally, Seneviratne et al.”
assessed the effects of fafazzin knockdown on acute myeloid leukemia (AML) stem and
progenitors and differentiation. Their study demonstrated that fafazz/n knockdown reduces
AML propagation by reducing AML stemness both /n vivo and /n vitro. Interestingly,
however, reduction of the stemness of leukemia cells was attributed to an increase in
phosphatidylserine levels and activation of toll-like receptor signaling, in contrast to the
expected disruption of mitochondrial structure and impairment of OXPHOS by tafazzin
knockdown. Additionally, fafazzin knockdown increased the differentiation of AML cells,
demonstrating that ‘afazzin-mediated phospholipid production regulates both AML stemness
and differentiation.57

Taken together, the published data strongly support the notion that tafazzin plays a crucial
role in tissue development and differentiation.

Additional evidence implicating CL in development

Additional acyltransferases involved in CL-remodeling may also play roles

during developmental processes. Acyl-CoA:lysocardiolipin acyltransferase (AL CATI)
(alternatively known as lysocardiolipin acyltransferase or /ycaf) encodes an acyl-CoA:
lysocardiolipin acyltransferase 1 that possesses both acyl-CoA: monolysocardiolipin
acyltransferase and acyl-CoA: dilysocardiolipin acyltransferase activities.1® The /ycat gene
in zebrafish has been shown to play a necessary role in the generation of both endothelial
and hematopoietic lineages, and the mouse orthologue of this gene plays a crucial role in the
early specification of hematopoietic and endothelial cells. Overexpression of the /ycat gene
increases both hematopoietic and endothelial gene expression and increases the formation of
both cell types. In fact, siRNA-mediated gene knockdown of /ycat decreased hematopoietic
and endothelial gene expression during embryonic cell differentiation into embryoid bodies,
suggesting that this /ycat gene is important for endothelial and hematopoietic development
in mouse embryonic stem cells.® The link to cardiolipin, however, was not clear in this
study.

Mutations in the alpha-subunit of mitochondrial trifunctional protein (TFPa/HADHA) in
iPSC-derived human cardiomyocytes lead to deficiency in tetralinoleoyl cardiolipin, similar
to the biochemical phenotype of Barth syndrome8%; TFPa/HADHA is felt to be, essentially,
MLCLAT1.59-72 However, we are not aware of any human disease stemming from mutations
in MLCLAT1 specifically that do not also affect mitochondrial trifunctional protein.

Finally, a Barth-like, autosomal recessive syndrome characterized by dilated
cardiomyopathy with ataxia (DCMA) has been described in the Canadian Dariusleut
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Hutterite population, now attributed to homozygous variants in DNAJC19.73 While not an
acyltransferase or directly involved in cardiolipin synthesis, DNAJC19 is a mitochondrial
co-chaperone that forms a complex with prohibitins (PHB) to regulate CL remodeling.”*
This syndrome affects infants and young children, with early-onset cardiomyopathy,
cerebellar ataxia, and developmental delays. Investigators have observed impaired cell
growth and defective cristae morphogenesis with the loss of PHB/DNAJC19 complexes,
affecting CL acylation and leading to the accumulation of CL species with altered acyl
chains.”* However, the precise function(s) of DNAJC19 are not well-understood. Recently,
Rohani et al. studied peripheral blood mononuclear cells from two patients with DCMA
and controls, quantifying multiple CL species in iPSCs and iPSC-derived cardiomyocytes
(iPSC-CMs) using mass spectrometry.’® Several small but statistically significant differences
were seen between the undifferentiated control and patient iPSCs. Fewer CL species were
detectable in the iPSCs compared with the iPSC-CMs, and, importantly, the mature form,
CL(18:2)4, was not present in significant amounts (<1%) in the undifferentiated iPSCs.
Thus, there was greater CL diversity in the iPSC-CMs. In the iPSCs, CL(18:2)(18:1)3
predominated, comprising approximately 40% of the total CL. In the differentiated iPSC-
CMs, no consistent and significant differences between the patients with DCMA and the
control strain were seen. "Mature" (tetralinoleoyl) CL contributed between 6.5% and 14.4%
of the total—a lower proportion than would be expected in mature cardiac tissue. Patient
iPSC-CMs demonstrated highly fragmented and abnormally shaped mitochondria associated
with an imbalanced isoform ratio of the mitochondrial protein OPAL, an important regulator
of mitochondrial fusion. These abnormalities were reversible by incubation with SS-31,
which is purported to interact with and stabilize CL.7®

As summarized by Chin and Conway?3, invertebrates appear to be far less susceptible

to loss of CL. In Drosophila, inactivation of either CRLS176 or tafazzin’’ failed to

lead to any developmental consequences, including embryonic lethality. In C. elegans,
inactivation of CRL S utilizing two different deletion alleles of CRLSI led only to abnormal
mitochondrial morphology (including disrupted cristae) and function, with reduced germ
cell proliferation.”® Thus, it appears CL becomes increasingly important as organisms move
to a higher order.

Cardiolipin Functions Can Be Linked to Mitochondria and Developmental

Processes

CL’s known roles in normal mitochondrial functioning align with what we know about
the overall importance of normal mitochondrial functioning in organismal development.
In this section, we will attempt to connect known functions of CL to proposed roles in
developmental pathways and processes, even when (as of yet) there are no direct data
linking the specific CL function to the specific developmental process.

Mitochondria: General Statements

Development, organogenesis, and maturation require the tightly spatial and temporal
coordination of many different processes. Such processes include regulation of gene
expression, translation, and post-translational modifications; cellular fate specification and
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differentiation from stem cells; multi-level control of cell lineage progression; intra- and
intercellular signaling events; cellular proliferation; programmed cell death (apoptosis);

cell migration; regulation of cell shape and polarity; cellular coalescence and assembly

into tissues; cellular and tissue responses to environmental cues, including paracrine and
exocrine signals, and extrinsic physical forces; and ultimately, patterning.”®-87 We now know
that normal mitochondrial function is essential to many, if not all, of these processes.

Teleologically, mitochondria are well-suited to play important roles in cellular differentiation
and organismal development. As extremely “plastic” organelles®8, their form and function
are tissue-specific and may even vary within cells. During the development of a mammalian
embryo, changes occur in both mitochondrial structure8%:90 and function.%1-% Clues to the
potentially critical roles of mitochondria during prenatal development and embryogenesis
also come from numerous studies of their critical roles in the cellular differentiation and
fate of stem cells (see review?6). More than “just” energy generators, mitochondria are
active metabolic signaling organelles, and the mechanisms by which mitochondria control
stem cell fate involve reactive oxygen species (ROS), calcium signaling, tricarboxylic

acid cycle metabolites, the NAD+/NADH ratio, pyruvate metabolism, and mitochondrial
dynamics (i.e., fission and fusion). In other words, mitochondrial metabolic signaling

can control transcriptional networks, independently of energy production.%6-98 Thus,
mitochondria act as important “hubs” in coordinating cell differentiation.®® The reader

is directed to selected reviews on cardiogenesis'%, hematopoiesis?:101 and cellular-
mediated immunity202, myogenesis'93-105, osteogenesis, adipogenesist®6-108 and various
other mesenchymal tissues196:109  intestinal stem cells}10111 germ cell stem cells'12, and
adult neurogenesis!13, as broad examples.

Bioenergetics

During vertebrate development, large amounts of energy are required for cell growth,
division, and differentiation. Metabolism encompasses all the biochemical reactions that are
involved in energy conversion pathways in an organism, including glycolysis, OXPHOS, the
Krebs cycle, and fatty acid oxidation. The rapidly changing anabolic and catabolic demands
in the developing embryo are reflected in an evolving metabolic profile, with an embryonic
energy metabolism that is tuned to the cell’s state of differentiation, proliferation, and
specific energy requirements including changes in oxygen availability. Metabolic pathways
are thus spatiotemporally regulated and lineage-specific.114.115 In general, the transition
from glycolysis to OXPHOS and fatty acid oxidation signals terminal differentiation and
termination of the proliferative phase.24:116-118 This lineage-specific metabolic rewiring has
been implicated in cellular differentiation and cell fate in many tissues.103106.119 Ag byt
two examples, mitochondrial functioning is required for zebrafish somite maturation and
embryonic development!20, while dramatic changes are required in mitochondria to activate
complex I and for the formation of respiratory chain supercomplexes during the increase in
OXPHOsS 121

CL is most closely identified with its roles in bioenergetics and specifically, OXPHOS.
At the most fundamental level, CL is required for the mitochondrial inner membrane to
achieve proper protein density and function, including membrane docking of mitochondrial
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ROS

ribosomes and protein synthesis122123 protein “crowding” in the mitochondrial inner
membranel?4, and stabilization of proteins for proper activities, including the assembly

of respiratory chain supercomplexes.11-15125 CL deficiency leads to disruption of
supercomplexes’ stability and results in overall decreased energy production during aerobic
metabolism.3:125-127

Under normal physiological conditions, ROS are natural byproducts of aerobic metabolism
(OXPHOS) in mitochondria and play numerous roles in maintaining cellular homeostasis
by modulating cell death, cell survival, and cell signaling.3:128.129 Redox signaling is
fundamental to developmental processes, including proliferation, differentiation, apoptosis,
and left-right asymmetry.130:131 Dyring organogenesis, stem cells’ self-renewal and fate
decisions are governed and regulated by ROS levels.®® In many adult stem cells, including
spermatogonial, airway basal, hematopoietic, keratinocyte, mesenchymal, skeletal muscle
and neural stem cells, a low level of mitochondrial ROS is required for self-renewal and
quiescence, while a moderate physiological increase in ROS is necessary for normal stem
cell proliferation and differentiation (see reviews?6:98:106.119) "1 |ate organogenesis and
particularly in cardiogenesis, it has been shown that cardiomyocytes at different embryonic
stages display distinct levels of ROS, further implicating a regulatory role for ROS

during developmental phases.%> Cardiomyocyte differentiation was shown to be inhibited
and enhanced with oxidant and antioxidant treatment, respectively, suggesting that redox
signaling pathways regulate differentiation in these cells.®> ROS production is spatially and
temporally regulated by the cell, and indeed, ROS levels have been shown to differ at
specific events during embryonic development, starting as early as fertilization and including
such events as embryonic cleavage and cell cycling.132:133 Possible active roles by which
ROS regulates these developmental processes include regulation of protein phosphorylation,
regulation of transcription factor activity, and transcriptional activation of specific genes
involved in oxidative stress.130.131.134 \itochondrial dysfunction may lead to excessive ROS
and oxidative stress, which may, in turn, lead to developmental consequences. Disruptions
to ROS levels can affect the differentiation of stem cells; decreased ROS levels can lead

to undesired increased quiescence and defects in differentiation, while aberrantly high
mitochondrial ROS production can trigger stem cell exhaustion.96:131

Data from several CL-deficient model systems have demonstrated that reduced CL leads
to elevated mitochondrial ROS60:127.135-138 ajthough other studies have questioned this
association in models of Barth syndrome.139.140 Abnormally increased mitochondrial
ROS causes a disruption in the balance between ROS and antioxidant enzymes, leading
to mitochondrial ultrastructural changes in mtDNA, proteins, and lipids, and ultimately
resulting in mitochondrial dysfunction (see reviews3141). ROS may be intertwined with
other mitochondrial processes, including mitochondrial dynamics and retrograde signaling
(see elsewhere). Khacho and colleagues found that mitochondrial dynamics could dictate
neural stem cell fate by driving a physiological ROS-mediated process that triggers a
transcriptional program to suppress self-renewal and promote differentiation via NRF2
(nuclear factor erythroid 2-related factor 2)-mediated retrograde signaling.142 Given the
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Apoptosis

potential role of CL in the regulation of ROS levels, it can be hypothesized that CL may also
be at play in this retrograde pathway.

Apoptosis is an organized and controlled process of cell death that occurs in organisms to
control growth and allow for normal development.2%:143.144 Dyring development, apoptosis
is necessary to counterbalance cell proliferation and regulate tissue growth. The central role
of mitochondria in cell apoptosis also contributes to embryonic size, shape, and growth,

as well as culling abnormal cells from this rapidly developing organism14° and tissue
remodeling.144.146

In the overall mitochondrial-mediated apoptotic pathway, stress conditions lead to the
translocation of normal CL to the outer mitochondrial membrane. Once translocated, CL
recruits intrinsic apoptotic factors that contribute to the permeabilization of the outer
mitochondrial membrane. Externalized CL interacts with cytochrome c, a mitochondrial
protein, to form a cytochrome ¢/CL complex with peroxidase activity that can target and
oxidize CL; a number of oxygenated CL species undergo phospholipase A,-catalyzed
hydrolysis to generate multiple oxygenated fatty acids, including well-known lipid
mediators, involved in apoptosis and other biological functions.14” The lower affinity

of cytochrome ¢ toward oxidized CL results in its release from mitochondria to the
cytosol, initiating the apoptotic cascade pathway (see reviews3148-150) Using a shotgun
lipidomics approach, Cheng and colleagues found that changes in brain CL content during
the perinatal period were temporally correlated to the amount of apoptosis that occurred
during this period of development.2® Changes in CL composition, particularly the increased
peroxidation of CL and a reduction in CL levels, can therefore lead to accelerated and
deregulated levels of apoptosis.141:151-155

Mitochondrial Dynamics

Mitochondrial dynamics play an essential role during embryonic development.
Mitochondrial dynamics refers to coordinated cycles of fusion/fission events, which
contribute to the dynamic nature of mitochondria including the movement of

mitochondria along the cytoskeleton and the regulation of mitochondrial morphology and
distribution.196:157 Fission is the process by which mitochondria divide to form two separate
mitochondrial organelles, while fusion is the physical content mixing between two originally
distinct mitochondria.18 The importance of mitochondrial fusion during embryogenesis was
demonstrated in murine embryonic fibroblasts (MEFs) lacking either Mfn (mitofusin)1 or
Mfn2, two core proteins essential for mitochondrial fusion.1® Mfn1- and Mfn2- knockout
mice display distinct types of fragmented mitochondria and die in utero at mid-gestation,
while Mfn1/Mfn2 double knockout mice die earlier in development. Interestingly, MEFs
from the double knockout mice can survive in culture despite the lack of mitochondrial
fusion, suggesting that mitochondrial fusion is not essential for cell survival but is instead
required for embryonic development and cell survival at later stages.159160 |n neural

stem and progenitor cells, cell fate is also determined by mitochondrial fusion-fission
dynamics.142161 Disruption of the genes that promote mitochondrial fusion, such as OpaZ
(optic atrophy 1), leads to an increase in neuronal differentiation, whereas the disruption of
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genes that promote mitochondrial fission, such as DrpI (dynamin-related protein 1), leads to
decreased neurogenesis.162 Finally, mitochondrial dynamics have also been implicated in the
regulation of apoptosis, whereby inhibition of mitochondrial fission-mediating proteins can
reduce apoptosis, while inhibition of mitochondrial fusion-mediating proteins can enhance
apoptosis, both potentially disrupting normal development.163

CL is critical in mitochondrial fusion/fission events via its interaction with and recruitment
of, fusion and fission core mediating proteins, including Opal and Drp1.164-166 c|_
deficiency leads to reduced levels of Opal and Drp1, resulting in defects in mitochondrial
morphology.158:167 Moreover, changes in CL composition, mainly in the length and level
of saturation of CL acyl chains, disrupt the balance between fission/fusion events,1°0.168,169
CL appears to be critical in modulating multiple Opal functions in the silkworm larva, thus
regulating mitochondrial fusion, morphology, and quality control during development.168
Although specific CL remodeling by tafazzin appeared dispensable in this same silkworm
model70, another group demonstrated that tafazzin deficiency in a conditional (heart-
specific) tafazzin knockout mouse model led to dramatically decreased Mfnl and Mfn2,
while the long isoform of Opal was slightly decreased; the mitochondrial fission protein
Drp1 and its phosphorylation status were unchanged.125 However, this study did not directly
examine mitochondrial dynamics to confirm a cellular phenotype.125

Mitochondrial Retrograde Signaling

Development is of course guided by transcription, and retrograde signaling is one of the
ways to regulate transcription. In retrograde signaling, nuclear gene expression can be
modulated in response to functional changes in downstream components of a pathway, such
as changes in organelles. All but 13 mitochondrial proteins are encoded by nuclear genes
(nDNA, anterograde signaling), but because mitochondria also house their own genome
(mtDNA), the two genomes (nDNA and mtDNA) need to coordinate with anterograde and
retrograde signaling to generate the normal mitochondrial proteome.171-175 Molecules and
processes that have been implicated in retrograde signaling during development include ROS
(see above), HIF, and the mitochondrial unfolded protein response.

In low-oxygen, or hypoxic, environments, altered gene expression is initiated by the dimeric
transcription factor, hypoxia-inducible factor (HIF).114.176 When oxygen levels are low,
HIFla is activated and upregulates the transcription of a group of genes that either

promote glycolytic metabolism to reduce oxygen consumption or act to extend or modify
the surrounding vasculature, including altering the composition and organization of the
respiratory chain.1”” While no study has directly elucidated the role that CL plays in this
HIF-retrograde pathway, it has been shown that CL-deficiency in fafazzin-KO cells disrupts
the transcription of HIF1a and hence leads to a significant reduction in the HIF1a protein,
along with reduced expression of the hypoxia-specific isoforms of complex 1V subunits

of the respiratory chain.1”8 Thus, CL deficiency is implicated in an abnormal cascade

of cellular events that include decreased HIF1a with potential disruptions in retrograde
signaling.

As placental vertebrates, mammals develop in a relatively hypoxic environment. While the
HIF transcriptional system is most often discussed in the context of pathological hypoxia,
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HIF also plays a crucial regulatory role in the normal hypoxic environment of normal
mammalian development.178-180 H|F activity is required for the overall normal development
of the placenta and the development of specific organ tissue, including lung81, bone

and cartilage.114.182 H|F activity is also required for normal heart morphogenesis. Loss

of HIF1a or HIF1p leads to arrested morphogenesis at multiple stages from the cardiac
crescent stage to chamber formation (reviewed by Dunwoodiel14).

When proteins fail to undergo proper protein folding and maturation in the mitochondria,
the resulting stress on the organelle leads to the activation of a nuclear transcriptional
program termed the mitochondrial unfolded protein response (mtUPR) that aims to increase
the transcription of mitochondrial chaperones and proteases to counteract mitochondrial
dysfunction.183 The mtUPR plays an important regulatory role in stem cell proliferation,
cellular differentiation, aging!®4, oocyte and embryo development, and oocyte mitochondrial
function and dynamics.185 In the early phase of mtUPR, there is a rapid remodeling of

CL, resulting in a changed lipid microenvironment that helps to stabilize protein import
machinery upon mtUPR induction.183

Mitochondrial Fe-S Clusters

Calcium

Normal iron-sulfur (Fe-S) machinery is also required for normal mammalian embryonic
viability and development.186 Fe-S clusters are important protein cofactors that can be found
in the nucleus, cytosol, and mitochondria. Within mitochondria, Fe-S clusters are involved
in the citric acid cycle, the electron transfer chain, fatty acid oxidation, and in lipoate and
biotin biosynthesis.187 We now know that iron content and stores, including brain iron
content (which includes mitochondrial iron content, stored primarily in the Fe-S clusters),
change during development.188 Studies of other proteins involved in Fe-S clusters, such as
NARFL189 have also demonstrated a critical role in embryonic development.

Given the roles of Fe-S clusters in electron transport chain functioning and mitochondrial
OXPHOS90 it is no surprise that they also mediate the production of mitochondrial ROS
and may underlie the pathogenesis of disease. In fact, in both TAZKO cells (modeling
Barth syndrome) and CL-depleted yeast cells, researchers have demonstrated reduced
catalytic activity of enzymes requiring Fe-S cofactors, overall defective Fe-S biogenesis
and iron homeostasis, and consequent hypersensitivity to oxidative stress.1%1 Moreover,
these TAZKO cells and CL-depleted yeast cells demonstrate decreased levels of frataxin,
an essential protein of the Fe-S biogenesis pathway, and it has been shown that there is a
direct interaction between CL and frataxin, which seems to suggest that the absence of this
interaction in CL-deficient mitochondria may explain the defects in iron biogenesis and iron
homeostasis.191

Calcium (Ca%*) and calcium signaling pathways are important in many facets of embryonic
development92-197 including the development of the nervous system, cardiac system,
immune system, and the development of kidney and muscle.192:193 Mitochondria are both
involved in and are affected by, intracellular and intraorganellar Ca2* homeostasis. Two
important mechanisms by which mitochondria regulate Ca2* levels and/or use Ca2* for
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cellular processes are the mitochondrial Ca2* uniporter (MCU) and the mitochondrial
permeability transition pore (mPTP), a non-specific conductance channel.

Within the mitochondria, the main role of Ca?* is in the stimulation of OXPHOS. The
MCU helps maintain overall Ca2* homeostasis, specifically via Ca2* uptake across the
mitochondrial membrane.198-204 Recent studies have alluded to the importance of specific
lipids for the function and formation of the MCU. One study showed a specific requirement
of CL for MCU stability and activity, where the loss of CL triggered rapid turnover of
MCU homologs and impaired Ca2* transport.29° Moreover, fafazzin mutations, and by
extension CL deficiencies, have been linked to abnormal Ca2* handling and consequent
decreased cardiomyocyte contractility.296 When Ca2* is increased intracellularly, the mPTP
opens and allows the free passage of small metabolites and ions into the mitochondria.2%7
The opening of the mPTP is also often accompanied by enhanced ROS production. 208209
CL peroxidation, which occurs in the presence of high ROS levels, has been shown to
participate, together with Ca2*, in the opening of the mPTP.148.210 |t js thought that CL
may first associate with adenine nucleotide translocator (ANT), a protein that facilitates

the exchange of ADP and ATP across the mitochondrial membrane, which then allows
Ca?* to bind and activate mPTP opening.20” Although the prolonged opening of mPTP

is linked to disease, the transient opening of mPTP has been implicated in both cardiac

and brain development, particularly at the level of cell differentiation. In cardiomyocytes,
closure of the mPTP leads to maturation of mitochondrial structure and function, decreasing
ROS, increasing membrane potential and, ultimately, accelerating cell differentiation.65.211
In neuronal development, cell differentiation also appears to be mediated by the opening of
the mpTP.211,212

Conclusions and Future Directions

While much of this evidence remains circumstantial, we have summarized here the available
evidence for evolving and essential roles of CL during organismal development, including
organogenesis and tissue maturation (Figure 5). Furthermore, normal mitochondrial
functioning is known to contribute to normal developmental processes. As a key
mitochondrial phospholipid, CL should prove to have even more detailed roles, from early
pre-implantation embryogenesis through cellular differentiation, organogenesis, and tissue
maturation. Here is a sampling of the questions we would pose to the scientific community:

1 How does CL change throughout development and organismal maturation? Do
the developmental changes in mitochondria (ultrastructure) lead to changes
in CL, or does CL change primarily, thereby contributing to mitochondrial
maturation? Data point to the requirement of the biophysical milieu for
tafazzin specificity.18:213 Therefore, if the biophysical milieu determines fafazzin
specificity, then the evolution of mitochondrial membrane morphology during
prenatal development (especially early development) will in part determine
what tafazzin does and the specifics of CL remodeling. The role(s) of
additional remodeling enzymes, such as ALCAT1 and MLCLAT1, also require
clarification, including during development.
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2. Why do mitochondria need CL at each developmental stage? How do the
changes in CL affect lipid bilayer functioning, and how do these, in turn,
contribute to the development and maturation of different tissues? Assembly
of OXPHOS complexes induces CL remodeling, which, in turn, leads to CL
stabilization. Data from our laboratory suggest that protein crowding in the
OXPHOS system imposes packing stress on the lipid bilayer, which is relieved
by CL remodeling to form tightly packed lipid-protein complexes.?4 Because
the cristae are rather poorly developed in the early embryo, the requirement for
relief of protein crowding stress may not be apparent; we do not know yet the
developmental trajectory of protein density in mitochondrial membranes.

3. How does the relatively hypoxic environment of the mammalian fetus affect CL
and mitochondrial function? Mammalian development occurs in the low oxygen
environment of the uterus. Organogenesis is affected by hypoxia-inducible
factor (HIF) transcription factors that are sensors of hypoxia21®216 and we
know that mitochondrial biology, CL, and HIF-1a are linked.1’8 Changes in
oxygen levels in the developing mammalian organism (such as that which occurs
with some forms of congenital heart defects or with placental insufficiency,
for example) may therefore influence transcriptional regulation via CL, or
conversely, abnormal CL may impact HIF-1a178 and therefore organogenesis.

4, In which organs is CL critical to development, and how and why? Are there
non-mitochondrial roles of CL during development?\While CL is traditionally
considered to be the “signature” phospholipid of mitochondria, recent work from
our lab has revealed a novel, extramitochondrial role for CL, specifically TPCL
as critical to normal spermatogenesis and acrosome formation.21:217 Thus, there
may be roles for CL species not related to mitochondrial function, yet related to
cellular differentiation and perhaps other developmental processes.

Finally, CL appears to assume more importance in higher-order organisms than in simple
eukaryotes. Increasing systems complexity may require CL to be “fine-tuned” across the
life span and different tissues. Investigations of cardiolipin biology in model systems should
keep this caveat in mind. Three human mitochondrial diseases now implicate CL primarily
in their pathogenesis, affecting young infants and therefore displaying developmental
abnormalities: Barth syndrome, and recently-reported biallelic variants in TAMMA41 and
CRLS1. Thus, a deeper understanding of CL biology during organogenesis and tissue
maturation in complex metazoans is likely to lead to the identification of therapeutic targets
and approaches in such diseases of developmental CL deficiency.
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FIGURE 1. Cardiolipin structure, an overview.
A) The schematic shows the key features of cardiolipin: A glycerol backbone and two

phosphatidyl moieties that together form the dimeric phosphatidylglycerol head group; and 4
acyl chains (designated R1-R4).

B) Each of the four acyl chains may vary by length, degrees of saturation, and positions of
double bonds, resulting in an enormous possible diversity of acyl chain combinations.

C) The most abundant form of cardiolipin in the mammalian heart is tetralinoleoyl
cardiolipin (CL), in which the four acyl chains are linoleic acid.

D) Tetralinoleoyl CL has a unique conical shape that is critical to its biophysical properties
within the lipid membrane.
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FIGURE 2. Cardiolipin biosynthetic and remodeling pathways.
Cardiolipin synthesis: Phosphatidic acid (PA) is the central precursor for the biosynthesis

of glycerolipids and glycerophospholipids. PA is transported by Prelid1-Triapl from the
endoplasmic reticulum (ER) membranes to the inner mitochondrial membrane (IMM),
where sequential reactions lead to the biosynthesis of cardiolipin (CL). The first reaction

is catalyzed by TAMMA4L1, by which PA is converted to cytidine diphosphate-diacylglycerol
(CDPDG). The enzyme PGS1 then transfers a phosphatidyl group from CDPDG to
glycerol-3-phosphate to form phosphatidylglycerophosphate (PGP). The third reaction is
catalyzed by PTPMT1, which removes the terminal phosphate group from PGP to form
phosphatidylglycerol (PG). The fourth and final reaction of CL biosynthesis is catalyzed
by cardiolipin synthase (CRLS1), which actually uses two phospholipid substrates, PG and
CDPDG, to form so-called “nascent” CL (CL,).

Cardiolipin remodeling: Following its synthesis, nascent CL undergoes a process known as
remodeling, acquiring a new set of fatty acids (acyl chains). Nascent CL is first deacylated to
monolysocardiolipin (MLCL); in yeast, the enzyme has been identified as CLD1, although
in mammals, the calcium-independent phospholipase A2 (iPLAy) specifically responsible
for this step has not been definitively identified.218:219 Tafazzin is the best-known and
most well-characterized remodeling enzyme, a transacylase that transfers an acyl chain

to MLCL from a donor lipid, forming “mature” CL (CLy); the most dominant mature

CL species in the mammalian heart is tetralinoleoyl cardiolipin (TLCL). The most recent
data localize tafazzin to the matrix side of the inner mitochondrial membrane?20, although
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previous experiments had indicated localization to the intermembrane space (IMS)-facing
leaflet of the IMM.221.222 Two additional postulated remodeling enzymes are ALCAT1 and
MLCLAT1, both acyl-CoA-dependent lysocardiolipin acyltransferases. ALCAT1 has been
localized to the ER, specifically the mitochondrial-associated membrane (MAM) space — a
contact site between the ER and the mitochondrion, where lipids are exchanged. ALCAT1
catalyzes acylation of lysocardiolipin back to CL /n vitrot?, but has also been implicated

in the production of “abnormal” CL (CLgpnormal) With deficiency of TLCL /n vivo (for

a review, see Zhang and Shi223): moreover, this enzyme’s primary role is the remodeling
of phosphoinositol rather than CL 77 viv0.224225 Thus, the /n vivo physiological role of
ALCATL in CL remodeling is unclear. MLCLAT1 was first identified to acylate MLCL

to CL20, and is identical to the a-subunit of trifunctional protein (a TFP, also known as
HADHA) without the first N-terminal 191 residues’%; MLCLAT1 may be a splice variant
of trifunctional protein, which itself plays key roles in fatty acid beta-oxidation.6%.70 Recent
evidence suggests that HADHA does not remodel MLCL to any significant extent.5® Thus,
there remain questions about the exact role of MLCLAT1 in remodeling CL.

Note: The pathway depicted is for mammals but has also been well-characterized in yeast,
which exhibit slight differences and also slightly different notations. For the purposes of this
review, mammalian enzymes are shown.

Abbreviations: a TFP, a-subunit of mitochondrial trifunctional protein; ALCAT1,
acyl-CoA:lysocardiolipin acyltransferase 1; CDPDG, CDP-diacylglycerol; CLapnormal
“abnormal” cardiolipin; CL,, mature (remodeled) cardiolipin; CL,, nascent (non-
remodeled) cardiolipin; CLD1/iPLA,, cardiolipin-specific deacylase / calcium-independent
phospholipase A2; CRLS1, cardiolipin synthase; ER, endoplasmic reticulum; IMM,

inner mitochondrial membrane; IMS, intermembrane space; MAM, mitochondrial-
associated membrane (of the endoplasmic reticulum); MLCL, monolysocardiolipin;
MLCLAT1, monolysocardiolipin acyltransferase 1; OMM, out mitochondrial membrane;
PA, phosphatidic acid; PG, phosphatidylglycerol; PLA, phospholipase A2; PGP,
phosphatidylglycerophosphate; PTPMTL, protein tyrosine phosphatase mitochondrial

1; TAMMA41, TAM41 mitochondrial translocator assembly and maintenance homolog
(phosphatidate cytidylyltransferase, mitochondrial); TLCL, tetralinoleoyl cardiolipin.
(Created with BioRender.com)
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FIGURE 3. Gene expression profiles across developmental stagesfor human cardiolipin synthase

and tafazzin. (https://apps.kaessmannlab.or g/evodevoapp/, accessed 02/24/2022).

A & B) Panel A shows data for cardiolipin synthase (CRLSL). Panel B shows data for
tafazzin (TAZ, now known as TAFAZZIN). The human developmental stages include 4
weeks post-conception through adulthood. Panels A & B illustrate key features of these two
key enzymes in the cardiolipin biosynthetic pathway: Gene expression profiles that are both
stage- and tissue-dependent.
C) The developmental changes in CRLS1 expression in the human heart are enlarged in
Panel C, to illustrate more clearly the time scale during prenatal development and postnatal
maturation. Major developmental milestones are shown: Cardiogenesis, prenatal growth,
newborn, infant-juvenile, and adult.
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FIGURE 4. Cardiolipin species change during different developmental stages.
A) Cardiolipin (CL) and monolysocardiolipin (MLCL) in mouse embryonic stem cells (SC)

and differentiated cardiomyocytes (CM). Lipid extracts of control (wildtype) cells were
analyzed by mass spectrometry: Mass spectra of CL and MLCL are shown. The specific CL
peaks at different m/z demonstrate differences in CL species between undifferentiated (SC)
and differentiated (CM) cells, not simply a shift in MLCL:CL ratios. (Adapted from Acehan
et al.54, with permission)

B) Mass spectra from wildtype mouse hearts: Adult (top) and E14.5 embryo (bottom:
X-axes, or m/z axes, are aligned). The cardiolipin profiles (shifts in m/z [top numbers]

and peak heights [bottom numbers]) indicate different cardiolipin species at different
developmental stages. (Unpublished data, Phoon and Schlame labs)

These data illustrate the power of mass spectrometry to determine developmental lipidomics.
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Cardiolipin Function in Mitochondria
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FIGURE 5. Spexific functions of cardiolipin arelinked to developmental processes.
Cardiolipin’s roles during development include maintenance of cell stemness, and roles

in cell fate and commitment (differentiation) and patterning and morphogenesis of tissues
and organs. While many of these roles have not been demonstrated mechanistically, the
importance of mitochondria in development via their involvement in bioenergetics, the
generation and movement of reactive oxygen species, apoptosis, fission/fusion events,
retrograde signaling, iron-sulfur clusters, and calcium signaling all strongly implicate direct
mechanistic roles for cardiolipin. (Created with BioRender.com)
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