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ABSTRACT

Glycerophospholipids (GPLs) are the main lipid components of cellular membranes. They are implicated in membrane structure,
vesicle trafficking, neurotransmission, and cell signalling. GPL molecules are amphiphilic, organized around the three carbons
of glycerol. Positions sn-1 and sn-2 are each esterified to a fatty acid (FA). At position sn-3, a phosphate group is linked, which in
turn can bind a polar head group, the most prevalent classes being phosphatidic acid (PA, phosphate alone as head group), phos-
phatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), and cardiolipin (CL).
Pathways of GPL biosynthesis span several cell compartments (endoplasmic reticulum (ER), Golgi mitochondria). Particularly
important are mitochondria-associated membranes (MAMs), where the ER and mitochondrial outer membrane are in proximity.
After synthesis, GPLs continuously undergo remodelling by FA hydrolysis and re-esterification. Esterification with different FAs
alters membrane properties. Many steps in GPL synthesis and remodelling can be mediated by more than one enzyme, suggest-
ing complexity that requires further exploration. The 38 known GPL-related inborn errors are clinically diverse. 23 (61%) have
neurologic features, sometimes progressive and severe, particularly developmental delay/encephalopathy in 16 (42%) and spastic
paraplegia in 12 (32%). Photoreceptor/neuroretinal disease occurs in 14 (37%). Three present skeletal dysplasias (8%). Most GPL
inborn errors have been diagnosed by broad molecular testing. Lipidomics holds promise for diagnostic testing and for the dis-
covery of functionally relevant metabolite profiles for monitoring natural history and treatment response.

1 | Introduction of membranes, and they influence membrane stability, fluid-

ity, and permeability [1, 3], signal transduction, and vesicular
Glycerophospholipids (GPLs) are the major lipid constituents trafficking. GPL composition differs among cell types, among
of membranes, accounting for 50-60mol% of membrane lipid the membranes of a single cell, and between the two leaflets
content [1, 2]. They are responsible for the bilayer structure of lipid bilayers. Because of the importance of GPLs to normal
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membrane structure and function, it is predicted that inborn
errors of GPL metabolism may affect membrane functions like
myelination, trafficking, and signalling.

This article reviews GPL biochemistry, then describes GPL-
related inborn errors. It emphasizes practical links to clinical or
biochemical diagnosis and treatment, and to the normal func-
tions of GPLs, including cell trafficking.

2 | Glycerophospholipid (GPL) Structure and
Distribution

GPLs are the most abundant membrane lipids. For example,
in human red blood cell membranes, the four major classes of
GPLs comprise over 43% of lipid mass (phosphatidylcholine
(PC, 17%), phosphatidylethanolamine (PE, 18%), phosphati-
dylserine (PS, 7%), phosphatidylinositol (PI, 1%)), followed by
cholesterol (23%), sphingomyelin (18%), and other lipids [4].
PC generally accounts for 45-55mol% of total cellular GPLs,
PE 17%-25%, and PS ~5%. Total PI plus its phosphoinosit-
ide derivatives (PItds) vary from 2% to 20% in different sys-
tems [5-7].

Both the head group and the FA tails of membrane GPLs con-
tribute to membrane properties.

2.1 | Head Group Structure

A diagram of the GPL structure is shown in Figure 1A. The sim-
plest GPL head group is found on phosphatidic acid (PA) which
has only phosphate as the head group, with a single negative
charge. In most GPLs, the phosphate binds a small organic mol-
ecule: choline, ethanolamine, serine, and inositol, forming PC,
PE, PS, and PI, respectively (Figure 1B). The molecular shape
of GPLs depends on the size of the head group versus that of the
acyl chains. For example, when the cross-sectional areas of the
head group and the acyl chains are similar, the GPL is cylindri-
cal, as in phosphatidylcholine (PC). If the area of the head group
is smaller than that of the tail, this produces conical molecules
such as PA, PE, and cardiolipin (CL, Figure S1) [8]. GPLs with
head groups larger than their hydrophobic tails have an inverted
conical shape. This is the case for lyso-GPLs, PI and PItds [9, 10].
The molecular shape of GPL can be altered by their head group
cleavage by phospholipases C or D (Figure 1A), producing DAG
or PA, respectively.

2.2 | Fatty Acid Composition
and Glycerophospholipids Structure

The FA composition of GPLs influences molecular shape, mem-
brane thickness, stiffness, fluidity, packing, and curvature [1, 3].

The presence of double bond(s) in the cis conformation pro-
duces kink(s) in the FA chain, increasing molecular volume
of the hydrophobic tail compared to that of a linear, sat-
urated FA of the same length [9, 11, 12]. Membranes rich
in saturated lipids are tightly packed, rigid, and ordered,
whereas high contents of polyunsaturated fatty acids (PUFAs)
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FIGURE1 | Glycerophospholipid (GPL)structure and nomenclature.

(A) GPL structure. A GPL bilayer is shown on the left and a single GPL
molecule is detailed on the right. GPLs are structured around a glycerol
backbone (blue). Two fatty acids (FA), R; and R, (thick black lines) are
esterified, at the sn-1 and sn-2 positions. At the sn-3 position a phosphate
is linked, usually with an additional head group. Often, the R; FA is
saturated and the R, FA is unsaturated. The FAs are hydrophobic and
placed within the membrane. The phosphate and head groups are hy-
drophilic and align at the aqueous interface of the membrane, with the
hydrophilic ends of neighboring GPLs. (B) Phospholipases are classified
by their preferred site of cleavage, shown in orange. “Phospholipases
A,” (PLA)) refers to enzymes that preferentially cleave the sn-1 ester
bond; PLA,
FAs from lyso-GPLs which have a single bound FA. Phospholipases C

, the sn-2 bond. Phospholipases B (PLB, not shown) cleave

(PLC) cleave between glycerol and the phosphate, releasing a diacyl-
glycerol (DAG). Phospholipases D (PLD), cleave between the phosphate
and the head group, producing phosphatidic acid (PA). (B) Head groups,
charges and shapes of GPLs. The main GPL head groups are shown: PA,
phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphati-
dylserine (PS) and phosphatidylinositol (PI). PI can be phosphorylated
on carbons 3, 4 and/or 5, in any combination, forming phosphoinositi-
des (PItds), conferring different net charges as indicated. (C) Membrane
curvature. The figure shows a plasma membrane. GPLs with conical
shapes are mainly located on the inner leaflet. Their effect on curvature
is shown. Curvature is defined with respect to the cytoplasm. A bulge
in any membrane towards the cytoplasm is a positive curvature; a bulge
away is negative. EC, extracellular; IC, intracellular (cytoplasmic).

yield more fluid, loosely packed membranes. Molecules
in which glyceryl-phosphate head groups are esterified to
only one FA are designated lyso-glycerophospholipids (e.g.,
lyso-phosphatidylcholine, LPC) and have an inverted cone
shape [13].

A common lipidomics shorthand for GPL molecules indicates the
head group, the total number of FA carbons, and the total number
of unsaturated bonds in the FAs. For example, the most prevalent
PI molecule has a combination of 18:0 (stearic acid, 18 carbons and
no double bond) at the sn-1 position and 20:4 (arachidonic acid) at
the sn-2 position, and is designated P138:4 [11, 14].

20f23

Journal of Inherited Metabolic Disease, 2025



3 | Glycerophospholipid Distribution and
Membrane Properties

3.1 | Distribution of the Classes of GPLs

This article cannot review the great diversity seen in GPL con-
tents in relationship to physiology, development, tissue [15] and
intracellular compartment [7, 16-19], but some references and
examples are provided. The mitochondrial inner membrane is
a striking example, containing CL (~18% of total GPLs), which
is absent elsewhere in cells, and a higher level of PE than other
membranes (~34%).

An important source of membrane asymmetry is heterogeneity
between the two membrane leaflets. In the cell membrane, PE,
PS, and PI are nearly exclusively on the inner leaflet. PC is found
on both leaflets but mostly in the outer leaflet [18] (Table S1).

Lipid rafts, although still somewhat controversial [15], illustrate
lateral heterogeneity in the plane of the membrane. Diffusion
within the plane of a leaflet is rapid, orders of magnitude faster
than translocation between membrane leaflets [15]. In lipid
rafts, sphingomyelin, cholesterol, and some GPLs concentrate
into a small region, serving as platforms for protein localization,
cell signalling, and vesicle formation [15, 20].

3.2 | Distribution and Diversity of the FAs
of Glycerophospholipids

FA content of GPLs also differs by subcellular location and by
organ. For example, the plasma membrane and trans-Golgi are
enriched in GPLs with saturated FAs, allowing for tight lipid
packing. In contrast, the nuclear, ER, and cis-Golgi membranes
show higher fractions of unsaturated FAs [21]. In these mem-
branes, a high unsaturated FA content of GPLs and a low level of
cholesterol render the bilayer more flexible [22].

In rat, fatty acids at position sn-2 vary according to the tissue.
Brain PC is enriched in 18:0 and 18:1 FA, PE is enriched in 20:4
and 20:6, and PS contains mainly 20:6 FA. In heart, the predom-
inant FA at the sn-2 position is 20:4 for PC, and 20:4 and 22:6 for
PE and PS. In the liver, 20:4 is the predominant FA esterified
at the sn-2 position in PC, PE, and PS [23]. In mouse heart and
skeletal muscle, CL is enriched in linoleic acid (C18:2), whereas
in brain, oleic acid (C18:1) predominates. It has been shown that
the presence of 18:1 in CL correlates with the esterification of a
broad set of other FAs, leading to a more diverse molecular pop-
ulation of CL species in brain than in heart or skeletal muscle
[8, 24-26].

In most tissues, FAs forming GPLs usually contain no or one
PUFA. However, in the brain, most GPLs contain one of two
PUFAs, docosahexaenoic acid (DHA) or arachidonic acid (AA)
[21, 27, 28]. DHA is mostly found in PS and PE. Although most
brain PC contains saturated FAs (see above), brain AA is mainly
found in PC [29, 30]. The high PUFA levels in the brain re-
flect the enrichment of synaptic vesicle membranes in PUFA-
containing GPLs. This enrichment facilitates membrane fusion,
allows for the high degree of curvature of synaptic vesicles, and
can serve as a source of signalling lipids [21, 31].

The fatty acids of GPLs are distributed asymmetrically between
membrane leaflets. In the plasma membrane, the outer leaflet
is enriched in saturated FAs [16], whereas the cytoplasmic leaf-
let is enriched in PUFAs. In human red blood cell membranes,
external leaflet lipids on average contain 1.6 desaturations
compared to 3.4 unsaturated bonds in inner leaflet lipids [18].
Surprisingly, an opposite trend is observed for PC acylation: PC
in the external leaflet is more enriched in unsaturated FAs than
is PC in the cytoplasmic leaflet [18].

The pathophysiological mechanisms of inborn errors of GPL
metabolism are largely undefined, but their consequences for
the structures of myelin and cellular membranes, which affect
organelle fusion and fission, vesicular trafficking, and neuro-
transmission are prime candidates.

Lipidomics studies for comprehensive identification and quan-
tification of GPLs in relevant cells and tissues have made rapid
advances, providing insights into normal physiology and the un-
derlying mechanisms of related inborn errors.

3.3 | Glycerophospholipids and Membrane
Curvature

Membrane curvature is the result of complex interactions among
structural lipids, membrane proteins, and forces acting on the
membrane surfaces. By convention, membrane curvature is de-
fined with respect to the cytoplasm. A bulge in any membrane
towards the cytoplasm is a positive curvature; a bulge away from
the cytoplasm is negative (Figure 1C) [32, 33].

In GPLs, the head group and the esterified FAs both contribute
to molecular shape (Figure 1B). For example, in the cytoplas-
mic leaflet of the plasma membrane, high levels of PA and PE,
which have conical shapes expanding from their head groups,
would favor a negative curvature. Conversely, high inner leaflet
concentrations of PI or lyso-GPLs, which have inverted conical
shapes, could produce a positive curvature (32, 34, 35].

Asymmetry of the plasma membrane leaflets, with a concentra-
tion of anionic GPLs in the cytosolic leaflet and mostly neutral
lipids in the extracellular leaflet, creates an electrostatic poten-
tial. The anionic head groups of cytoplasmic GPLs can attract
basic amino acid residues on proteins. One example is the in-
teraction of basic amino acid residues of the actin regulatory
protein with PI(4,5)P, [36], described in detail elsewhere [2, 37].

GPLs can move between the leaflets of the plasma membrane.
Specific proteins, flippases, floppases, and scramblases, mediate
this [7, 26, 38]. Flippases are type P4-ATPases that catalyze the
inward movement of PS and PE from the outer to the cytosolic
leaflet. Floppases are ATP-binding cassette (ABC) transporters
that move PC from the cytosolic to the outer leaflet [7, 26, 38].
Thus, both flippases and floppases maintain leaflet asymmetry
in a concerted, energy-dependent fashion [21, 39, 40].

In contrast, scramblases are ATP-independent. They translo-
cate phospholipids non-specifically and bidirectionally between
membrane leaflets, collapsing membrane asymmetry [40, 41].
Loss of membrane asymmetry can trigger changes in curvature,
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cell fusion and fission, apoptosis, membrane repair, and blood
coagulation [41]. For instance, on red blood cells and platelets,
exposure of PS on the surface substantially accelerates clotting
and thrombosis [39].

GPLs can also move between membranes. Important exam-
ples of this occur at regions of proximity between the ER
and other organelles. For instance, mitochondrial-associated
membranes (MAMs) are hotspots for GPL exchange between
the ER and mitochondria. At MAMs, the ER membrane and
the mitochondrial outer membrane are positioned only 10 to
20nm apart [42, 43]. Lipid trafficking at MAMs involves non-
vesicular transport by lipid transfer proteins, which seques-
ter lipids in hydrophobic pockets and rapidly move between
membranes [32, 43].

3.4 | Glycerophospholipids and Vesicular
Trafficking

Much of intracellular transport occurs by vesicular trafficking.
GPL subclasses, having different geometries and electrostatic
charges, can be concentrated in specific microdomains, affect-
ing membrane curvature and charge. The interaction of charged
GPLs with proteins that have membrane-deforming activity is
an essential step in the development of membrane curvature,
which is an essential early step in vesicle formation, stabiliza-
tion, and trafficking. Although detailed proof of defective traf-
ficking is often lacking for inborn errors of GPL metabolism,
GPLs are clearly necessary for normal trafficking.

The nervous system is predicted to be particularly vulnera-
ble if lipid trafficking is impaired. Two examples of this are
neurotransmission and axonal transport in motoneurons.
Neurotransmission is a special case of trafficking, with ves-
icle formation, movement, and membrane fusion leading to
neurotransmitter release. The roles of PI(4,5)P,, PI(3,4,5)P,,
DAG, and PA in neurotransmission are reviewed elsewhere
[44, 45]. PItds mediate the recruitment of clathrin coats, an
essential step of vesicle trafficking. At the presynaptic termi-
nal, PI(4,5)P, is required for membrane budding, fusion, and
neurotransmission. PItds thus control the rate of calcium-
stimulated exocytosis of neurotransmitters [9, 46, 47]. The
conversion of DAG to PA by diacylglycerol kinases (DGKs) al-
ters membrane architecture and may help to lower the energy
needed for fusion [48-50].

Neurons rely heavily on vesicular trafficking for transport over
the long distances between the cell body and synapses. In Box 1
we discuss the frequent occurrence of hereditary spastic para-
paresis (HSP) in inborn errors of GPL metabolism, and the high
performance required for vesicular trafficking along axons in
motoneurons, the cells responsible for HSPs.

3.5 | Glycerophospholipids and Cell Signalling

Lipid signals such as PUFAs can be produced by PLA2-mediated
action on membrane GPLs [51]. Such GPL-dependent signalling
can be activated by many stimuli, including neurotransmitters,
neurotrophic factors, cytokines, membrane depolarization, and

BOX1 | Hereditary spastic paraplegias and inborn errors of
GPL metabolism.

Hereditary spastic paraplegias (HSPs) are genetically and
clinically heterogeneous. They are due to axonal degener-
ation of upper motoneurons and are designated SPG 1 to 83
[169]. Some HSPs present isolated lower limb spasticity. In
these patients, detectable involvement is limited to upper
motoneurons (“pure” HSP). Other patients designated
“complex” HSP have additional neurological signs, such
as cognitive impairment, cerebellar ataxia, and peripheral
neuropathy.

Why is HSP a recurrent finding in inborn errors of GPL
metabolism and particularly in those of FA remodeling?
Although direct mechanistic proof is lacking, the nervous
system is predicted to be particularly vulnerable to diseases
of cell trafficking, given the central roles of lipids in synaptic
neurotransmission and vesicle formation and transport.

Vesicular transport in motoneuron axons, which measure
up to 1m in length in humans, requires highly efficient GPL
metabolism in addition to motor and cytoskeleton proteins
and adequate energy input. Essential macromolecules from
the cell body must traffic along the axon to the synapse.
Conversely, synaptic signalling complexes, other macromol-
ecules, and organelles must migrate from the presynaptic
terminal to the cell body for degradation or recycling [170].
By extension, motoneuron dysfunction may be a sensitive
indicator of problems with vesicular trafficking.

Motoneurons are also sensitive to other lipid-related pro-
cesses. Several causal genes of HSPs are related to GPL,
sphingolipid, cholesterol and bile acid metabolism [170, 171].

altered activity of ion channels [52] and regulates processes
including inflammation, autophagy, and cell death. Examples
include arachidonate and its hydroxylated derivatives 19- and
20-hydroxyeicosatetraenoic acids (19-HETE, 20-HETE), en-
docannabinoids, lysophospholipids, PItds, and diacylglycerol
(DAG). DAG is the physiological activator of protein kinase
C (PKC) [53] as discussed in the companion article about PI-
related inborn errors [46].

4 | Glycerophospholipid Biosynthesis

GPL biosynthetic pathways often span different organelles,
particularly the ER, Golgi, and mitochondria, as well as the
cytoplasm.

4.1 | Phosphatidic Acid (PA) and Diacylglycerol
(DAG)

PA is the precursor of GPL biosynthesis (Figure 2). De novo
synthesis of PA starts from glycerol-3-phosphate (G-3-P) and a
fatty acyl-CoA, with acylation at the sn-1 position, forming sn-1
acyl-lysophosphatidic acid (LPA), catalysed by glycerophos-
phate acyltransferase (GPAT, gene GPAT3). Next, using a second
acyl-CoA, lysophosphatidic acid acyltransferase (LPAAT, gene
AGPAT3) converts LPA to PA. PA serves directly in the synthesis
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PA & DAG Synthesis
Glycerol DHAP

ATP
GK GPDH
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¢ N
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FIGURE 2 | Synthesis of phosphatidic acid (PA) and diacylglycer-
ols (DAG). See text for details. Red bars indicate steps with known in-
born errors. DHAP, dihydroxyacetone phosphate; GK, glycerol kinase;
GPDH, glycerol-3-phosphate dehydrogenase; LPA, lysophosphatidic
acid; LPAAT, lysophosphatidic acid acyltransferase; PA, phosphatidic
acid; PAP, phosphatidic acid phosphatase; TAG, triacylglycerol.

of PI and CL. For other syntheses, PA is hydrolysed by a phos-
phatidic acid phosphatase (PAP, genes LPINI or LPIN2) to form
a 1,2-diacyl-sn-glycerol (DAG). The reverse reaction is catalysed
by a diacylglycerol kinase (DAGK). Ten different DAGKSs are en-
coded by separate genes [45].

DAG can also be derived from phosphatidic acid (PA) by the ac-
tion of phosphatidic acid phosphatase (PAP) (Figure 2), or by
cleavage of triacylglycerol (TAG) in lipid droplets by TAG li-
pases, or by cleavage of GPLs, particularly PI and PItds, by phos-
pholipase C (PLC). As mentioned above, DAG is a potent lipid
second messenger [46, 53].

4.2 | Phosphatidylcholine (PC)

Choline and ethanolamine are prerequisites for the Kennedy
pathway of PC and PE synthesis of PC and PE. FLVCR1 and
FLVCR2, encoded by the paralogous genes FLVCRI and
FLVCR2, can transport choline and ethanolamine down con-
centration gradients into cells [52, 54] by a mechanism that
requires the presence of a membrane potential. Plasma levels
of ~10umol/L (choline) and ~2umol/L (ethanolamine) exceed
intracytoplasmic levels because choline and ethanolamine are
rapidly phosphorylated after cell entry [55]. Choline and etha-
nolamine [56] can also enter cells via the high-affinity choline

transporters encoded by SLC44A1 or SLC44A2, both of which
are localized to the plasma membrane and to mitochondria [56].
Choline produced by PC degradation can be reused for GPL syn-
thesis [57].

The Kennedy pathway of PC synthesis from choline (Figure 3)
begins with phosphorylation of choline to phosphocholine
(P-Choline), catalyzed by one of two choline kinases, CHKa
(gene CHKA) or CHKf (gene CHKB). Using cytidine triphos-
phate (CTP) and P-Choline as substrates, phosphocholine
cytidylyltransferase (CCT) catalyzes the synthesis of CDP-
phosphocholine (CDP-P-Choline). CCT is rate limiting for PC
synthesis. CCT has two subunits, CCTa (gene PCYTI1A) and
CCTp (gene PCYTIB). Finally, choline/ethanolamine phos-
photransferase (CEPT1, gene CEPTI) transfers P-choline from
CDP-choline to DAG, forming PC.

In hepatocytes, PC can also be synthesized by methylation of PE
by phosphatidylethanolamine N-methyltransferase (PEMT, gene
PEMT),aliver-specificenzyme thatusesone S-adenosylmethionine
molecule for each of the three methylation steps.

PC is the most abundant GPL, usually accounting for about 50%
of all membrane GPLs [9]. In cell membranes, PC localizes pref-
erentially to the outer plasma membrane leaflet, where 80% to
90% of GPLs consist of PCs [10].

The influence of hepatic PC synthesis on essential FA content
of the brain is an interesting example of the interplay between
head group and FA chemistry, well summarized by Harayama
[58]. Briefly, the synthesis of PC from PE exhibits metabolic
bias: the preferred substrate of PEMT is PE esterified to the
essential polyunsaturated FA, DHA. The resulting PC is there-
fore enriched in DHA. The brain selectively imports DHA and
other long-chain FAs as lyso-DHA-PCs; unbound DHA is not
recognized. The transporter is major facilitator superfamily
D2A (gene, MFSD2A) [59]. This pathway of DHA entry to brain
uptake is likely physiologically significant because pathogenic
variants in MFSD2A cause an encephalopathy in mice [59] and
humans [60, 61].

PC plays important roles outside of cell membranes. It is the
major lipid of pulmonary surfactant, reducing the surface ten-
sion in the lung and reducing the work of ventilation. Bile and
high-density lipoproteins contain PC, which helps to maintain
cholesterol in a soluble form.

In mammalian cells, PC is mainly esterified to saturated or
monounsaturated C16 and C18 acyl chains (Table S2) but this
varies in a tissue- and leaflet-specific fashion (Section 4.2).

4.3 | Phosphatidylethanolamine (PE)

PE is the second most abundant GPL in most mammalian tissues,
after PC. Ethanolamine is an essential nutrient, found in the diet
mainly as PE [62, 63]. It is transported into cells (see previous
section). PE biosynthesis occurs in three enzymatic steps, anal-
ogous to those of PC synthesis (Figure 3). First, ethanolamine is
phosphorylated to phosphoethanolamine (P-Eth), either by CHK
(CHKa or CHK) or by one of the ethanolamine kinases EKI1
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FIGURE 3 | Glycerophospholipid (GPL) synthesis pathways span the cytoplasm, ER and mitochondria. Sites of known inborn errors are shown
by red bars and proteins with associated inborn errors are in red bars. Cytidine diphosphate (CDP) is the key activating molecule of GPL synthesis.
In the Kennedy pathway of PC and PE synthesis (shown in bold lines), choline and ethanolamine are imported to the cytoplasm or recuperated from
GPL degradation (not shown). They are phosphorylated, then activated as CDP derivatives, followed by DAG addition. PS synthesis and degradation
occur at mitochondria-associated membranes (MAMs, indicated as blue boxes), where lipid exchanges between the ER and mitochondria are facili-
tated. PS synthesis proceeds by head group replacement of either PC or PE. PS conversion to PE occurs at the inner mitochondrial membrane via PS
decarboxylase (PSD, gene PISD). PC synthesis from PE occurs via three liver-specific methylation reactions catalysed by the liver-specific PE methyl-
transferase (gene, PEMT). In contrast to the Kennedy pathway, other PGL syntheses involve DAG activation by CDP: For PI this occurs in cytoplasm
and for cardiolipin (CL), in the mitochondrial matrix. Cardiolipin (CL) synthesis starts from PA, which is produced in the intermembranous space by
acylglycerol kinase (AGK) or imported from the cytoplasm. The PRELID1-TRIAP1 heterodimer mediates PA transfer to the inner membrane, where
it is activated to CDP-DAG by TAMM41. Phosphatidylglycerol phosphate (PGP) synthesis is catalysed by PGP synthase (gene PGSI) then dephos-
phorylation by protein tyrosine phosphatase PTPMT1 (gene PTPMT1) to form phosphatidylglycerol (PG). PG is a precursor of bis(monoacylglycero)
phosphate (BMP) in lysosomes. SERAC1, a MAM protein, facilitates FA remodelling. In mitochondria, PG is a substrate of cardiolipin synthase
(CLS). After synthesis, PGLs undergo continuous FA remodelling (see Figure 4A) For CL, see Figure S1.

and EKI2 (genes ETNKI and ETNK2). The next step is catalyzed
by ethanolamine-phosphate cytidylyltransferase (EPCT, gene
PCYT2). Finally, PE synthesis from CDP-ethanolamine plus DAG
is catalyzed either by choline/ethanolamine phosphotransferase
1 (CEPT1) or by ethanolamine phosphotransferase 1 (EPT1, also
called selenoprotein I, gene SELENOI). EPT1 is located in the
Golgi apparatus and can produce long-chain PE and plasmanyl-PE
from DAG and 1-alkyl-2-acylglycerol, respectively [64]. PE can
also be synthesized from PS by the mitochondrial enzyme phos-
phatidylserine decarboxylase (PSD, gene PISD, Figure 3).

PE constitutes about 15%-20% of total GPLs in most mamma-
lian cells. In neural cells, it can account for 45% [62, 65]. PE is
particularly enriched in the inner leaflet of the mitochondrial
membrane [10, 66, 67]. In mammalian cells, PE is more enriched
than PC in unsaturated FA (Table S2).

The CDP-ethanolamine pathway is also important for the
synthesis of PE etherphospholipids (plasmalogens), both PE-
plasmanyl and PE-plasmenyl [68].

4.4 | Phosphatidylserine (PS)

As shown in Figure 3, much of the synthesis of PS, an anionic
GPL, is mitochondrial. The pathway does not involve CTP in-
termediates. Instead, PS synthesis uses intracellular pools of
PC and PE, substituting their head groups with serine. For PC,
this is catalysed by phosphatidylserine synthase 1 (PSS1, gene
PTDSSI). For PE, it is catalysed by PSS2 (gene PTDSS2).

PS typically comprises about 5% of total cellular GPLs in mam-
malian cells but reaches higher levels in the brain cortex [69].
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PS has a higher fraction of polyunsaturated acyl chains than PC
(Table S2).

PS has unique biological roles [70]. In the plasma membrane, PS
is maintained nearly exclusively in the cytoplasmic leaflet. The
presence of PS on the external leaflet of the plasma membrane
strongly promotes key biological processes, including interac-
tion with fusogenic proteins during neurotransmitter release [3],
efferocytosis [71], apoptosis [72], coagulation [73] and activation
of protein kinase C family members [74]. PS plays roles in bone
development and in vision, which are discussed later with PS-
related inborn errors.

4.5 | Pathways Involving CDP-DAG:
Cytoplasmic Phosphatidylinositol (PI) Synthesis
and Mitochondrial GPL Synthesis

The synthesis of GPLs other than PC, PE, and PS proceeds by
the formation of CDP-DAG (Figure 3). This activates DAG for
transfer to other molecules. CDP-DAG synthesis from cytidine

triphosphate (CTP) and phosphatidic acid (PA) is catalysed by
CDP-DAG synthases CDS1 and CDS2 (genes CDSI and CDS2),
which are integral ER membrane proteins.

In the ER, CDP-DAG is an essential intermediate in the synthe-
sis of PI from PA via PI synthase (PIS, gene CDIPT) and thence
of phosphoinositides (PItds) [46]. PI is ubiquitously present in
the cytosolic leaflet of all cellular membranes and many organ-
elles [11, 14, 46, 75].

In mitochondria, PA can come from the cytoplasm or be syn-
thesized from PA generated by phosphorylation of DAG by
acylglycerol kinase, AGK (gene AGK, Figure 3) [76]. AGK is
an inner mitochondrial membrane-bound protein with a cat-
alytic domain projecting into the intermembrane space. AGK
also moonlights functionally as an assembly factor for TIM22
translocase [77].

PRELID1 and TRIAP1 form a heterodimer in the mitochon-
drial intermembrane space. Direct in vitro assays showed
that, in the presence of PRELID1-TRIAPI1, PA but not other
GPLs was selectively transferred from donor to recipient lipo-
somes [78].

CDP-DAG synthesis in mitochondria is catalysed by the inner
membrane-bound protein TAMM41 (gene TAMMA41, Figure 3)
[79]. CDP-DAG is converted in turn to phosphatidylglycerophos-
phate (PGP, Figure S1B) by PGP-synthase (gene PGSI) and then
to phosphatidylglycerol (PG) by protein tyrosine phosphatase
mitochondrial 1 (PTPMT1, gene PTPMT1). CDP-DAG provides
substrate for cardiolipin synthesis (Figure S1B).

Serine active site-containing protein 1 (SERAC1, gene SERACI),
a MAM protein, aids FA remodeling of PG to form phosphati-
dylglycerol 36:1 (PG36:1). PG36:1 is a precursor of bis(monoacyl-
glycerol) phosphate (BMP), an important GPL of late endosomes
and lysosomes [80]. Inside mitochondria, PG is a substrate for
cardiolipin synthase (CLS, gene CRLSI).

Interestingly, mice deficient in Lgpatl, which encodes an ER
acyltransferase that catalyzes PG remodeling and that facili-
tates the transport of PG from ER to mitochondria, develop a
MEGDHEL-like syndrome [81]. Also, Seracl knockout mice are
deficient in mitochondrial serine transport and single carbon me-
tabolism [82]. Taken together, these data suggest that SERACI,
perhaps in concert with other proteins like LGPAT1, may have a
broad role in lipid and amino acid transport at MAMs.

5 | Glycerophospholipid Remodelling

Membrane GPLs are continuously remodeled by FA cleavage
and re-esterification. This pathway, called the Lands cycle, in-
cludes the excision of a FA by a PLA, or PLA, and replacement
by another FA in a reaction catalyzed by lysophospholipid acyl-
transferases (LPLATS, Figure 4) [83, 84]. LPLATS belong to the
membrane-bound O-acyltransferase (MBOAT) or acylglycerol-
3-phosphate O-acyltransferase (AGPAT) families [83, 85].

The Lands cycle serves several purposes. One is the replace-
ment of oxidized FAs, permitting the salvage of the undamaged
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remainder of the molecule. Another is the release of bioactive
lipids for signaling. Remodeling also changes the FA content of
GPLs and hence membrane properties such as fluidity and cur-
vature [12, 29, 44, 86].

Diagrams of the Lands cycle are deceptively simple. They hide
underlying complexities at several levels. Single enzymes partici-
pating in the Lands cycle can often act upon different substrates.
For example, enzymes with PLA activity act preferentially at ei-
ther the sn-1 or the sn-2 position, but some have activity at the
other position. Some enzymes may act optimally upon certain
FAs, such as arachidonate at the sn-2 position (Figure 4) but also
act upon other FAs at that position. Some phospholipases can
cleave FA from different GPL classes or even non-GPL molecules
with similar esterified FAs. Importantly, as well, identical reac-
tions can sometimes be performed by more than one enzyme.

Transesterification is a different process but has a similar effect. In
transesterification, a single enzyme removes an esterified FA from
a GPL, then re-esterifies the FA to a lyso-GPL. Taffazin is a trans-
esterase that is discussed elsewhere in this issue [8]. Lipidomics
studies under normal physiological conditions have elegantly
shown that the FA content of GPLs can be influenced primarily
by the local availability of lipid substrates rather than by enzyme
specificity [24]. Once synthesized, CL continually undergoes
transesterification by Tafazzin (gene TAFAZZIN) (25, 26].

Together, enzyme multiplicity, substrate promiscuity, and sub-
strate availability contribute to the complexity of lipid content
observed in biological membranes. Because of these consider-
ations, in Lands cycle-related inborn errors, caution is necessary
before attributing a clinical finding to a particular substrate or
reaction.

6 | Inborn Errors of GPL Metabolism

6.1 | Disorders of Choline and Ethanolamine
Transport

Both FLVCR1 and FLVCR2 can transport choline and eth-
anolamine into cells [55]. Both are expressed in all tissues
tested [54]. It is unknown how different syndromes arise from
variants in FLVCRI and FLVCR2. It is tempting to attribute
the mechanism to choline and/or ethanolamine availability,
but the transporters may have other substrates as well that
could influence clinical features. Supplementation with cho-
line and ethanolamine has been suggested as a potential treat-
ment [55] although no results of such treatment are available
to our knowledge.

6.1.1 | FLVCRI1 Deficiency (Gene FLVCRI)

In patients with biallelic variants, progressive gait difficulties
due to lack of proprioception and night blindness due to retini-
tis pigmentosa can usually be detected in the first decade. This
combination of clinical signs has been named PCARP (posterior
column ataxia and retinitis pigmentosa). Homozygous null vari-
ants of Flverl in mice are prenatally lethal [54]. Perhaps the vari-
ants of human patients have some activity, allowing survival.

6.1.2 | FLVCR2 Deficiency (Gene FLVCR?2)

Biallelic variants in FLVCR2 cause Fowler syndrome, an auto-
somal recessive condition with hydrancephaly, hypokinesia, and
arthrogryposis, and a characteristic glomeruloid proliferative
vasculopathy in the brain and spinal cord, often with brain cal-
cifications. The vascular lesions can occur in normal-appearing
tissue and have been hypothesized to be primary and to lead to
neurodegeneration. Most cases can be detected by prenatal ultra-
sound of the brain. Most patients have had severe neurological
impairment with death in infancy [87], although some survive
longer [88].

6.1.3 | SLC44A1 Deficiency (Gene SLC44A1)

Five patients were described from three different families. They
presented with ataxia, tremor, dysarthria, dysphagia, cognitive
decline, optic atrophy, and urinary/bowel incontinence. In
three patients for whom it was available, birth head circum-
ference was normal or high (41.87 to +3 SD) but progressive
microcephaly ensued. Brain MRI showed T,-hyperintense
leukoencephalopathy and progressive atrophy of the cerebral
cortex and cerebellum. Susceptibility-weighted imaging (SWI)
showed low signal intensity in the globus pallidus and sub-
stantia nigra with hyperintense streaking in the globus palli-
dus [57]. Cultured patient fibroblasts incubated with choline
showed subtle improvement in some measurements, but treat-
ment of patients with choline and with glycerophosphocholine
did not noticeably affect disease progression. It was continued
in a presymptomatic patient to see whether it might have a pre-
ventive effect.

Why does SLC44A1 cause yet another syndrome in addition to
FLVCRI1 and 2 deficiencies? We speculate that it may relate to
the presence of SLC44A1 in mitochondria, which is not reported
for the other transporters, or to the transport of substrates other
than choline. These different diseases reveal previously unsus-
pected complexity in choline transport.

6.2 | IEMs of Phosphatidylcholine Synthesis
6.2.1 | Choline Kinase Deficiencies

Deficiencies of each of the two choline kinase isoforms, CHKa
and CHKS, are reported [89, 90].

6.2.1.1 | Choline Kinase, Isoform o Deficiency (CHKo;
Gene CHKA). Six children from five families with biallelic
pathogenic variants of CHKA presented severe to profound
global developmental delay and progressive microcephaly (—4 to
—7 standard deviations) detectable within the first months of life.
Walking was delayed or absent. Speech was absent. Epilepsy
developed in all before 3years of age. Axial hypotonia and hyper-
reflexia were present. In one patient who had detailed ophthal-
mological testing, retinal dysfunction was documented. Brain
MRIs of three patients showed only subtle changes, delayed
myelination, or parietooccipital white matter hyperintensity
on T,-weighted images, apparently non-progressive. Muscle
biopsy, performed in one patient, revealed enlarged and dense
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mitochondria in the periphery of fibres, but functional mito-
chondrial testing was described as normal [89].

6.2.1.2 | Choline Kinase, Isoform j Deficiency (CHKS;
Gene CHKB). To date, 47 patients with pathogenic biallelic vari-
ants of CHKB have been reported and associated with megaconial
muscular dystrophy [90, 91]. Symptoms appear before age 4years,
typically proximal limb weakness with myopathy and delays in
walking, intellectual disability, and autistic or behavioral problems.
Nonmuscular signs have included skin abnormalities (ichthyosis,
vitiligo), dilated cardiomyopathy, and seizures. MRI was usually
reported as normal, but a thin corpus callosum was reported in
one patient. In all reported patients, serum creatine kinase activ-
ity shows continuous moderate elevation. Muscle biopsy is char-
acteristic, with dystrophic fibers and enlarged mitochondria in
the periphery and in the center of muscle fibres [91, 92].

6.2.2 | Choline-Phosphate Cytidylyltransferase o
Deficiency (CCTa, Gene PCYT1A)

Biallelic loss-of-function variants in PCYT1A, encoding CCTa,
have been associated with two distinct autosomal recessive phe-
notypes: spondylometaphyseal dysplasia with cone-rod dystro-
phy [93, 94], and partial lipodystrophy [95].

Spondylometaphyseal dysplasia with cone-rod dystrophy, reported
in 12 patients [93, 94], causes disproportionate postnatal short stat-
ure with platyspondyly, short tubular bones producing rhizomelia,
and bowing of the long bones of the legs. Most patients developed
progressive early-onset visual impairment related to pigmentary
maculopathy and cone-rod dystrophy. An apparently isolated
infantile-onset retinal dystrophy clinically resembling Leber con-
genital amaurosis has been described in three patients from two
Italian families with pathogenic PCYTIA variants [96].

Two unrelated females with PCYTIA variants presented with
partial lipodystrophy and insulin resistance, without skeletal
or visual abnormalities. Both were heterozygous for the same
in-frame deletion of Glu280, plus a second variant on the other
allele, different in each patient [97]. Further observations will be
necessary to understand whether this form of lipodystrophy is a
variant-specific phenotype.

Of note, inborn errors of PS metabolism are also associated with
skeletal and retinal problems (Section 5.4). CCTa is positioned
to determine the synthesis of PC, and PC is an important source
of PS. In this context, we speculate that a PS-related mechanism
may play a role in the skeletal pathology of CCTua deficiency.

6.3 | IEMs of Phosphatidylethanolamine Synthesis

6.3.1 | CTP-Phosphoethanolamine Cytidylyltransferase
Deficiency (EPCT, Gene PCYT2)

Seven individuals from four families have been reported with
biallelic loss-of-function variants in PCYT2. All presented
complex spastic paraplegia, including mild to severe global de-
velopmental delay detectable in the first year of life and loss
of previously acquired skills. All developed paraparesis and

epilepsy between 2 and 16years of age, with progressive cerebel-
lar atrophy on MRI. Two brothers developed axonal neuropathy
[97]. Nystagmus was reported in two patients and optic atrophy
and microcephaly in one each [98, 99]. Lipidomic analysis of fi-
broblasts and plasma from patients showed both an accumula-
tion of PC-etherphospholipids (mainly plasmanyl-PC) and also a
deficiency of PUFA-containing species PE, PS, and PI, suggest-
ing a possibly diagnostic pattern of lipid biomarkers [98, 100].

6.3.2 | Ethanolamine Phosphotransferase Deficiency
(EPT1, Gene SELENOI)

This condition is caused by biallelic variants in SELENOI [101].
All eight patients reported to date [64, 102] presented with a
complex progressive spastic paraplegia beginning in infancy
or early childhood, with slow motor development and then re-
gression. Mild to severe non-progressive intellectual impair-
ment was present in all cases. Language delay and dysarthria
occurred. Variably present features included microcephaly, sei-
zures, retinitis pigmentosa, and bifid uvula with or without cleft
palate [101]. Cerebral MRI showed increased T, signal intensity
in the periventricular region in all patients tested.

6.4 | IEMs of Phosphatidylserine Synthesis

General considerations. PS and bone. Bone mineralization starts
at nucleation sites in which hydroxyapatite crystals deposit and
that are rich in PS, calcium, phosphate, and the protein annexin
[103, 104]. PS is enriched in the matrix vesicles which are se-
creted by osteoblasts, and its anionic phosphate can bind cal-
cium [105]. Accumulation of PS in osteoclasts has been reported
to impair their function [106]. These observations may be rele-
vant for understanding the skeletal abnormalities resulting from
inborn errors of PS metabolism. PS and the eye. Under normal
conditions, PS becomes exposed on the outer leaflet of the oldest
(outermost) layers of the outer segment of photoreceptor cells,
which are sloughed then phagocytosed by surrounding retinal
pigment epithelium cells [107]. Intriguingly, retinal degener-
ation, sometimes specifically involving photoreceptor cells,
recurs in two diseases of PS metabolism (Table 1) and also in de-
ficiency of PCYTIA (CCT a), a condition that can be considered
“upstream” to PS synthesis (Figure 2).

6.4.1 | Phosphatidylserine Synthase 1 Gain of Function
(PSS1, Gene PTDSSI)

Heterozygous gain-of-function variants in PTDSSI, reported
in 14 patients, cause Lenz-Majewski syndrome [108]. Patients
have sclerosing bone dysplasia with brachydactyly, syndac-
tyly, and symphalangism. At birth, patients have a progeroid
appearance, prominent forehead, large ears, and cutis laxa.
Fontanelle closure is delayed. Severe growth retardation and
intellectual disability are present in all reported patients [109].
Hyperostosis is progressive, affecting the cranium, vertebrae,
and the diaphyses of long bones. Hydrocephalus is a frequent
and treatable feature. Hypoplasia or absence of the middle
and proximal phalanges, but sparing of the thumbs, has been
reported in some patients [110]. One three-year-old girl with
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TABLE 1

References

Inborn error: Name(s) and clinical features

Protein name and function Trans-mission

Gene

[73, 187]

Scott synd, defective exposition of PS on platelet outer membrane

AR

Anoctamin 6, or transmembrane protein 16F
(TMEM16F), is essential for Ca(2+)-dependent

ANO6

leaflet with bleeding diathesis, particularly menstrual and

postpartum bleeding and bleeding after dental extraction.

exposure of PS on the platelet surface

AD AD deafness (isolated in some patients); hypomyelinating leucodystrophy [188, 189]

P4 type ATPase, class VI, type 11A, a PL

ATPI1A

flippase that flips PE & PS from outer to

inner plasma membrane leaflet

[191]

Cerebellar ataxia, impaired intellectual development and disequilibrium synd 4

Catalytic component of a P4-ATPase PS flippase complex AR

ATP8A2

(CAMRQ4). Ataxia/chorea, optic atrophy, tremors and seizures are frequent.

IEMs of GPL receptors or transport

[190]

Woolly hair, with or without hypotrichosis.

Lysophosphatidic acid receptor 6 AR

LPARG6

[59-61]

Moderate to severe ID. Microcephaly. Brain MRI: simplified gyri, white
matter thinning, ventricular dilatation, corpus callosum hypoplasia, pontine/

Major facilitator superfamily domain-containing AR

MFSD2A

protein 2A, a LPC transmembrane transporter

vermal hypoplasia. Seizures and spasticity. Talipes equinovarus.

Note: This table lists known disorders of GPL synthesis, degradation, signaling, and transport.

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; Enceph, encephalopathy; ID, intellectual deficiency; SP, spastic paraplegia; synd, syndrome; XL, X-linked.

normal growth, mild-to-moderate developmental delay, pul-
monary stenosis, a supernumerary rib, and mildly elevated
3-methylglutaconic acid in urine was found on trio exome
sequencing to have a heterozygous de novo loss-of-function
variant in PTDSS1; the relationship of this variant with the
phenotype remains to be established [111]. To date, all known
variants causing Lenz-Majewski syndrome have occurred
de novo. PS normally inhibits phosphatidylserine synthase 1
(PSS1), avoiding PS accumulation [112]. However, in Lenz-
Majewski syndrome, there is a loss of this feedback control
[112]. PSisimportant for bone mineralization, binding calcium
within matrix vesicles, and enhancing hydroxyapatite crystal
formation [105]. Of note, expression of the causal PTDSSI
variants reduces levels of phosphatidylinositol-4-phosphate
(PI14P), suggesting possible PI-related mechanisms [112].

6.4.2 | Phosphatidylserine Decarboxylase Deficiency
(PSD, Gene PISD)

The seven reported patients [113, 114] had low birth length and
progressive severe short stature (—4 to —9 SD), with a spondy-
loepimetaphyseal dysplasia producing marked kyphoscoliosis
and associated with joint hyperlaxity and multiple dislocations
(hip, knee, elbow). Some patients had progressive acquired mi-
crocephaly with mild to moderate intellectual disability, cho-
rioretinal degeneration, and sensorineural hearing loss. MRI
showed bilateral optic nerve atrophy and cerebellar atrophy.
Cultured fibroblasts of one patient showed fragmented mito-
chondria [115]. Cerebral MRI of another patient showed T,
white matter hyperintensity, progressive hypomyelination, and
thinning of the corpus callosum [116].

PSD is a mitochondrial PS decarboxylase that synthesizes PE,
and high levels of PE in the inner mitochondrial membrane are
essential for mitochondrial biogenesis and fusion [117], suggest-
ing a possible mitochondrial origin for at least some of the clin-
ical features.

6.5 | IEMs of Mitochondrial GPL Metabolism

General considerations. Mitochondria play vital roles in GPL
metabolism. Mitochondria are necessary for normal cellular PS
and PE metabolism and for the synthesis of the lysosomal GPL
derivative BMP. Mitochondria synthesize CL endogenously, plus
PE, PA, and PG. Other GPLs (PS, PI and PC) are supplied to mi-
tochondria by non-vesicular transport at MAMs. In the mito-
chondrial inner membrane, GPLs interact with the respiratory
chain components to aid the assembly of respiratory chain su-
percomplexes [66].

6.5.1 | Acylglycerol Kinase Deficiency (AGK, Gene
AGK)

Sengers syndrome [120] is an autosomal recessive disorder due
to biallelic pathogenic variants in AGK. Four clinical forms are
described: (1) Late onset with hypertrophic cardiomyopathy,
congenital cataract, skeletal myopathy, exercise intolerance, hy-
perlactacidemia, and normal mental development, with death
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in the fourth or fifth decade principally from cardiomyopathy
[119, 120]; (2) Fatal neonatal-onset encephalomyopathy, includ-
ing abnormal basal ganglia, brainstem, and cerebellar hypo-
plasia and possible cortical infarction; (3) Fatal neonatal liver
dysfunction; (4) Isolated cataracts [121].

AGK encodes mitochondrial acylglycerol kinase (AGK), which
produces PA, a precursor for mitochondrial GPL biosynthesis
[119]. AGK also stabilizes the TIM22 complex, which imports
transmembrane mitochondrial proteins [77]. Secondary TIM22
deficiency has been suggested to explain the deficiency of the
transmembrane adenine nucleotide transporter 1 (ANT1) ob-
served in Sengers syndrome patients [122].

6.5.2 | Protein-Tyrosine Phosphatase, Mitochondrial 1
Deficiency (PTPMT1, Gene PTPMT1)

Six patients from three families are described, each homozygous
for variants in PTPMT1 [123]. In five, the variant is ¢.255G>C,
which shows markedly abnormal splicing. Disease was sus-
pected before 15months of age due to developmental delay and
nystagmus, and sometimes neonatally with hypotonia and no
eye contact. The disease evolves to include developmental delay
in all, followed by regression, cerebellar ataxia (5 patients), pro-
gressive microcephaly (5), nystagmus (4), head bobbing when
sitting (4), optic atrophy (3), sensorineural deafness (2), spas-
ticity (2) and seizures (2). Plasma creatine kinase has been nor-
mal, and blood lactate was normal or marginally elevated. MRI
images show cerebral and cerebellar atrophy and white mat-
ter signs (thin corpus callosum, abnormal signal intensities).
The one patient with another variant, c.65A>C (p.Tyr22Ser),
was the mildest clinically, but unlike the others, had elevated
plasma aminotransferases, suggesting possible variant-specific
effects on phenotype. In muscle, she had respiratory complex I
deficiency.

Patient fibroblasts showed mitochondrial fragmentation, and
there was a tendency for low CL levels in muscle and blood
spots, although the diagnostic utility of this is unproven.
Previous work shows that PTPMT]1 is a protein tyrosine phos-
phatase that can also cleave phosphate groups from PItds [124]
and PGP. Ptpmtl knockout in mice is embryonically lethal.
Muscle- and heart-specific PtpmtI knockout mice develop my-
opathy and heart failure, respectively, but Ptpmt1 knockout is
tolerated in liver [125].

6.5.3 | SERACI Deficiency (Gene SERACI)

MEGDHEL is caused by biallelic pathogenic variants in SERACI
[126]. “MEGDHEL” is an acronym for 3-methylglutaconic acid-
uria, sensorineural deafness, hepatic involvement, encephalop-
athy, and Leigh syndrome. Hepatic involvement ranges from
neonatal hypoglycaemia or transient cholestasis to fulminant
hepatic failure [127]. On cerebral MRI, 98% of patients have bi-
lateral basal ganglia involvement, particularly of the putamen
[128]. Optic atrophy is reported in 25% [128]. Epilepsy can begin
as early as the neonatal period [129]. Milder forms manifest as
slowly progressive juvenile-onset complex spastic paraplegia
and non-progressive mild cognitive deficit [130].

One important role of SERACI is the production of phosphati-
dylglycerol 36:1 (PG36:1). Lipidomics of MEGDHEL fibroblasts
show a high level of PG34:1 with low levels of PG36:1 and BMP,
as well as accumulations of cardiolipin species derived from
PG34:1. Also, the accumulation of free intracellular cholesterol
has been demonstrated by a positive filipin test [129].

6.5.4 | Cardiolipin Synthase 1 Deficiency (CLS1, Gene
CRLSI)

Four affected individuals were reported [131]. They experienced
early infant death or progressive neurological impairment in-
cluding encephalopathy with microcephaly and hearing impair-
ment or auditory neuropathy. Visual impairment with bull's eye
maculopathy was a recurrent and distinctive feature. Brain stem
dysfunction with hypoventilation and temperature instability
can occur. Some had diabetes insipidus and cardiomyopathy.
Prenatal hydrops or neonatal cardiomyopathy with noncompac-
tion occurred, from which some patients improved. Lipidomics
analysis showed low levels of cardiolipin, elevated levels of PG
and of the PG/CL ratio, and atypical patterns of FA composition
in the CL fraction [131].

6.5.5 | Cardiolipin Remodeling Enzyme Deficiency
(Gene TAFFAZIN)

Barth syndrome (Table 1) is discussed in detail elsewhere in this
issue [14].

6.6 | IEMs of GPL Remodeling

IEMs of lipid remodeling are an emerging group of conditions,
about which much remains to be learned. Several genes encode
phospholipases with PLA,, PLA,, or PLB activities that par-
ticipate in the Lands cycle. Multiple enzymes can catalyse the
same reactions. Some of these reactions cause inborn errors if
deficient. Among these conditions, hereditary spastic paraplegia
(HSP) is a recurrent observation (Box 1).

6.6.1 | Phospholipase A, Group VI Deficiency (PNPL9,
Gene PLA2G6)

PLA2G6-related diseases present in two overlapping fashions:
PLA2G6-associated neurodegeneration (PLAN) and heredi-
tary spastic paraplegia (HSP). HSP is often a major component
of PLAN [132, 133]. PLAN has a different clinical course de-
pending on age of onset. (1) Infantile neuroaxonal dystrophy
(INAD) presents between 6 and 36 months with psychomotor
delay or regression and hypotonia. Progressive spasticity, cog-
nitive decline, and visual impairment develop later, with death
before 10years [134-136]. (2) Atypical neuroaxonal dystrophy
(ANAD) shows later onset and greater clinical variability than
INAD. It may at first resemble stable mild cerebral palsy, with
unsteady gait, ataxia, dystonia, spasticity, speech delay, attention
deficit disorder, or autistic features, but progressive deteriora-
tion occurs between 7 and 12years of age [133]. (3) PLA2G6-
related dystonia-parkinsonism (PARK14, autosomal recessive
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early-onset parkinsonism, AREP) [137] typically presents in
adolescents or young adults, beginning with psychological in-
stability or difficulty walking and progressing to dystonia (par-
ticularly of the extremities), parkinsonism, and sometimes
mental decline. Motor delay or regression is consistently re-
ported at onset [132, 137-139]. In all forms, ocular findings such
as strabismus, nystagmus, and/or optic atrophy can occur [134].
(4) Infantile- or childhood-onset pontocerebellar hypoplasia
(PCH1) with anterior horn cell degeneration was described in
two siblings with cerebellar signs and cerebellar vermal atrophy
[140]. On neuropathology, all forms of PLA2G6 deficiency have
iron accumulation in the globus pallidus and substantia nigra.
Usually, characteristic spheroids are present in axons throughout
the brain [136, 141]. In some dystonia/parkinsonism patients,
spheroids were absent, but a-synuclein accumulation with Lewy
bodies and tau hyperphosphorylation were demonstrated, an in-
triguing similarity to Parkinson disease [139].

PLA2GS6 is also known as patatin-like phospholipase domain-
containing protein-9 (PNPLA9) and as iPLA @ [138, 142]. It is
highly expressed in substantia nigra, cerebral cortex, and hippo-
campus [136, 138, 141]. PLA2G6 can cleave the sn-2 position of
PC, PE, and PA, especially if it is occupied by a PUFA, but can
also cleave sn-1 lyso-GPLs and even FA-CoAs. PLA2G6 can also
mediate a salvage pathway, hydrolyzing GPLs that contain oxi-
dized FAs and allowing for replacement with a non-oxidized FA
[142]. Pathological variants causing INAD or ANAD have been
shown to produce loss of function, decreasing the release of ara-
chidonic and docosahexaenoic acids [143]. In contrast, by in silico
modeling, later-onset variants are predicted to maintain catalytic
function. It is speculated that they may modify the substrate pref-
erences or regulatory mechanisms of PLA2G6 [143, 144].

6.6.2 | Neuropathy-Targeted Esterase Deficiency (Gene,
PNPLAG)

Neuropathy target esterase (NTE) was initially identified as
the target of the toxins that cause organophosphate-induced
delayed neuropathy. Variants in PNPLA6 cause several autoso-
mal recessive conditions initially felt to be unrelated, including
a childhood-onset progressive spastic paraplegia (HSP) with
peripheral neuropathy and distal muscle wasting, SPG type
39 [145]. Four overlapping neuroendocrine conditions with
hypogonadotropic hypogonadism have been associated with
PNPLAG6 variants: Boucher-Neuhauser, Gordon Holmes [146],
Oliver-McFarlane, and Laurence-Moon syndromes [147]. The
first two show spinocerebellar ataxia beginning in the second
to fourth decades, with chorioretinal dystrophy developing be-
tween the first and the sixth decades. The syndromes differ in
that Boucher-Neuhauser patients show cerebellar atrophy and
pituitary hypoplasia, whereas Gordon-Holmes syndrome pa-
tients have progressive cognitive decline, dementia, and variable
adult-onset movement disorders. Both Oliver-McFarlane and
Laurence-Moon syndromes feature chorioretinal atrophy, typi-
cally noted before 5years of age, and multiple pituitary hormone
deficiencies (growth hormone, thyroid-stimulating hormone,
with hypogonadotropic hypogonadism in nearly all patients)
and spinocerebellar involvement in half. Oliver-McFarlane but
not Laurence-Moon syndrome patients have long eyelashes (tri-
chomegaly), sometimes with bushy eyebrows [147].

NTE shows phospholipase B activity, particularly towards
membrane lyso-PCs, from which it generates glycerophospho-
choline and a FA [148]. This reaction is thought to be import-
ant for normal vesicular trafficking and release. Compatible
with this is the increased intracytosolic vesiculation observed
in mammalian cells containing inactivated NTE homo-
logues [149].

6.6.3 | DDHDI and DDHD2 Variants

DDHDI and DDHD2 each encode DDHD domain-containing A
type phospholipases, although their substrate specificities differ.
Pathogenic variants in DDHDI or in DDHD2 produce autosomal
recessive hereditary spastic paraplegias (HSP), often associated
with other neurological signs. Phenotypic spectra are not yet
well established.

6.6.3.1 | DDHD1 Deficiency (Gene DDHDI). DDHDI
pathogenic variants are associated with autosomal recessive
hereditary spastic paraplegia 28 (SPG28), first identified in three
families with adolescent-onset isolated HSP [150]. In subsequent
reports, some patients also showed axonal neuropathy with dis-
tal sensory loss, cerebellar and oculomotor disturbances with
saccadic eye pursuit [151], retinal dystrophy, thin corpus cal-
losum, and brain iron accumulation (NBIA) [152]. DDHDI1 has
been designated as a PA-preferring phospholipase A and is also
suggested to hydrolyse PI and PS at the sn-1 position, producing
lysoPI and lysoPS [153]; in support of this, the brains of aged
Ddhd1 deficient mice have low sn-2 lysophosphatidylinositol
with arachidonic acid (20:4) but correspondingly high levels
of PI species [153]. DDHDI variants impair mitochondrial frag-
mentation, suggesting a role for DDHDI in mitochondrial fusion
and fission [154].

6.6.3.2 | DDHD2 Deficiency (Gene DDHD2). DDHD2
variants are associated with an early-onset autosomal reces-
sive hereditary spastic paraplegia (SPG54), and with progres-
sive complex HSP [155]. About 40 patients have been reported
to date. Among eight patients with DDHD2 variants, six pre-
sented with congenital or infantile HSP, and two showed onset
of HSP in the fourth decade [156]. In early onset SPG54, HSP is
accompanied or preceded by intellectual and motor delay, cer-
ebellar ataxia with progressive loss of ambulation, and abnor-
mal eye movements in 50% [157]. Neuroimaging reveals optic
nerve hypoplasia, thinning of the corpus callosum (90%),
subtle periventricular white-matter hyperintensities on
T,-weighted MRI images (70%) and on cerebral proton mag-
netic resonance spectroscopy, 90% of patients show a promi-
nent lipid peak in the basal ganglia and the thalamus. Of note,
in patients with adult onset, cognitive function has been nor-
mal [157].

DDHD2 can hydrolyse a range oflipid esters in vitro [158], includ-
ing PC but also triglycerides, diglycerides, and monoglycerides.
Mice with genetic DDHD?2 deficiency have lipid droplet accu-
mulation in brain, and data suggest that this finding may relate
in whole or in part to the accumulation of triglycerides rather
than of GPLs [158, 159]. Recent cellular data suggest that stim-
ulation of lipophagy may reduce TG accumulation in DDHD2
deficiency [160].
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6.6.4 | CYP2U1 Deficiency (Gene CYP2UI)

Patients with biallelic pathogenic CYP2UI variants have pre-
sented with early-onset HSP (birth to 8 years), frequently involv-
ing the upper limbs and sometimes associated with dystonic
postures or cognitive alterations [150]. Degenerative pigmentary
maculopathy was reported in three patients [150, 161] On brain
MRI, thinning of the corpus callosum and delayed myelination,
and other white matter lesions are reported [162]. Globus pal-
lidus hypointensities on T -weighted cerebral MRI correspond
to areas of calcification. Spinal cord MRI revealed hydromyelia
of the thoracic spinal cord in one patient [163]. Clinical severity
varies widely even within families, with no obvious genotype—
phenotype relationship. For example, in one family, two patients
never walked, while a third was fully autonomous in his fourth
decade but had difficulty with running. Initially named SPG49,
this condition is now designated SPG56 [150].

Pseudoxanthoma elasticum (PXE) has also been associated with
pathogenic variants in CYP2UI [165]. In a retrospective study of
46 patients with ABCC6-negative biopsy-proven PXE, three pa-
tients (6.4%) harbored biallelic pathogenic variants in CYP2UI.
These patients also suffered from complicated spastic paraple-
gia, with maculopathy and loss of visual acuity.

CYP2U1 encodes cytochrome P450 2U1 (Figure 4). CYP2U1
acts in a tissue-specific fashion to perform w and w—1 hydrox-
ylation of AA, producing active derivatives, such as 19- and
20-hydroxyeicosatetraenoic acids (19-HETE, 20-HETE) [165].
Their biological effects include control of vascular tone and
blood pressure [150]. CYP2UI variants should be suspected in
HSP patients with basal ganglia calcifications. Therefore, spas-
tic paraplegia and liberation or activation of AA derivatives may
be common threads linking several IEMs of GPL metabolism
(Figure 4B). The correlation between AA and paraplegia is strik-
ing, but currently there is no formal proof of a causal association.

7 | Discussion

Knowledge about inborn errors of GPL metabolism is rapidly ex-
panding. To 38 such conditions at the time of writing (Table 1)
should be added the 34 other genes of PI or PItds metabolism
that have been associated with clinical phenotypes [46]. Several
steps of GPL metabolism and several enzymes with GPL sub-
strates are not yet associated with an inborn error.

A vast literature clearly shows the physiological importance of
GPLs for vesicular trafficking, cell signalling, blood clotting,
apoptosis, and other vital pathways, but it does not suggest gen-
eral methods for the diagnosis and treatment of genetic defi-
ciencies of these pathways. No single biochemical test currently
identifies a large fraction of these conditions. Broad molecular
testing has been the main method of discovery and diagnosis.

The known inborn errors of GPL metabolism permit a bird's-eye
clinical overview of the field. Neurological, ophthalmological,
and skeletal features are recurrent findings. Neurological signs
occur in 23 of the 38 conditions listed in Table 1 (61%), partic-
ularly intellectual deficiency (16/38, 42%) and spastic paraple-
gia (12/38, 32%). Perhaps the high prevalence of these features

reflects the importance of GPLs for vesicular trafficking at syn-
apses and in motoneuron axons. Epilepsy (8 conditions, 21%),
basal ganglia pathology (8, 21%) and peripheral neuropathy
(5,13%) are recurrent findings.

Eye involvement affecting photoreceptor cells and/or the neu-
roretina occurs in 14/38 conditions (37%), with retinopathy in
5, optic atrophy in 6, maculopathy in 2, and rod-cone dystro-
phy in one. Skeletal dysplasia occurs in three inborn errors of
GPL metabolism, two involving PS metabolism. Although the
numbers are small, the association of skeletal dysplasia plus ret-
inal or optic nerve disease should evoke an inborn error of GPL
metabolism.

In patients presenting with more than one of the above findings,
a disorder of GPL metabolism is a consideration. However, the
clinical presentations of most patients would not strongly sug-
gest a specific diagnosis. For the foreseeable future, molecular
testing, such as exome or genome sequencing, will likely remain
the principal diagnostic method.

Metabolic diagrams involving GPLs are oversimplified. At
many steps, the same reaction can be mediated by more than
one transporter or enzyme, suggesting redundant functions.
In many instances, deficiency of one or more of these proteins
causes a distinct inborn error(s). Perhaps this is due to differ-
ences in tissue or subcellular expression. Alternatively, perhaps
it depends on a similar reaction towards another substrate or
upon completely different functional roles such as that of AGK
in stabilizing TIM22. These observations underscore the impor-
tance of documenting new inborn errors of GPL metabolism,
each of which provides empirical proof of the biological impor-
tance of the gene.

Lipidomics holds much promise for diagnosis and therapeu-
tic monitoring. It has already revealed specific profiles for
some inborn errors of GPL metabolism. Examples include
PCYT2-associated spastic paraplegia [100], MEGDHEL, and
Barth syndrome [166, 167]. Lipidomics studies in the tissues
of animal models may suggest new disease mechanisms, as
in Ddhdl-knockout mice [168]. Together with careful clinical
description and focused studies of trafficking and other cell
functions, this will define the clinical and biochemical spectra
of known inborn errors of GPL metabolism, identify new dis-
eases, and facilitate the much-needed development of effective
treatments.
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