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Phospholipase A,-activating protein is
associated with a novel form of
leukoencephalopathy
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Leukoencephalopathies are a group of white matter disorders related to abnormal formation, maintenance, and turnover of myelin
in the central nervous system. These disorders of the brain are categorized according to neuroradiological and pathophysiological
criteria. Herein, we have identified a unique form of leukoencephalopathy in seven patients presenting at ages 2 to 4 months with
progressive microcephaly, spastic quadriparesis, and global developmental delay. Clinical, metabolic, and imaging characterization
of seven patients followed by homozygosity mapping and linkage analysis were performed. Next generation sequencing, bioinfor-
matics, and segregation analyses followed, to determine a loss of function sequence variation in the phospholipase A,-activating
protein encoding gene (PLAA). Expression and functional studies of the encoded protein were performed and included measure-
ment of prostaglandin E, and cytosolic phospholipase A, activity in membrane fractions of fibroblasts derived from patients and
healthy controls. Plaa-null mice were generated and prostaglandin E, levels were measured in different tissues. The novel pheno-
type of our patients segregated with a homozygous loss-of-function sequence variant, causing the substitution of leucine at position
752 to phenylalanine, in PLAA, which causes disruption of the protein’s ability to induce prostaglandin E, and cytosolic phospho-
lipase A, synthesis in patients’ fibroblasts. Plaa-null mice were perinatal lethal with reduced brain levels of prostaglandin E,. The
non-functional phospholipase A,-activating protein and the associated neurological phenotype, reported herein for the first time,
join other complex phospholipid defects that cause leukoencephalopathies in humans, emphasizing the importance of this axis in
white matter development and maintenance.
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Introduction

Leukoencephalopathies are brain white matter disorders
categorized by neuroradiological and pathophysiological
criteria (van der Knaap, 2001) into:

(i) Hypomyelinating diseases that are primary disturbances in
myelin formation; Pelizaeus-Merzbacher disease may be con-
sidered the prototype of hypomyelinating disorders.
Additionally, Pelizaeus-Merzbacher-like diseases phenotypic-
ally resemble Pelizaeus-Merzbacher disease but are inherited
as autosomal-recessive disorders. Typically, no gene is iden-
tified, but in a small subset of Pelizaeus-Merzbacher-like dis-
eases patients, sequence variations in GJC2 [also known as
gap junction protein alpha 12 (GJA12), coding for connexin
46.6 (Uhlenberg et al., 2004; Henneke et al., 2008)], and
sequence variations in the gene HSPDI, coding for heat
shock 60-kDa protein 1, have been found (Magen et al.,
2008). This group also includes syndromes in which hypo-
myelination is accompanied by other multi-organ involve-
ments such as Cockayne’s and trichothiodystrophy
syndromes (Weidenheim et al., 2009), and oculodentodigital
dysplasia and 4H syndrome (Atrouni et al., 2003; Timmons
et al., 2006).

(i) Dysmyelinating disorders with delayed and disturbed mye-
lination, including most amino-acidopathies and organic
acidurias. As the brain (especially glial cells) is very sensitive
to accumulation of toxic metabolites, secondary white
matter abnormalities can be diagnosed in many metabolic
disorders. Dysmyelination is also a main pattern of rare dis-
orders such as SOX10-associated syndromes (the neuro-
logical variant of Waardenburg-Shah syndrome) (Pusch
et al., 1998). Affected patients present a variable range of
neurological symptoms: developmental delay, spasticity,

(i)

ataxia, nystagmus, and in severe cases, profound neonatal
hypotonia and congenital arthrogrypposis due to peripheral
hypomyelination. The 18q deletion syndrome, another ex-
ample for disorders in this category, is characterized by
neurological features such as mental retardation, microceph-
aly, hypotonia, nystagmus and seizures, accompanied by
additional multisystem defects, including partial growth hor-
mone deficiency, facial, external ear, cardiac, and skeletal
defects. Regions for dysmyelination, congenital aural atresia,
and growth hormone insufficiency (18q22.3-q23) were iden-
tical and contained five known genes, including the MBP
encoding gene (MBP). The dysmyelination region was
100% penetrant (Feenstra et al., 2007).

The third group is disorders with progressive demyelination,
including ‘classic’ leukodystrophies: X-linked adrenoleuko-
dystrophy, Alexander’s disease, Metachromatic leukodystro-
phy, Krabbe’s disease, and disorders with white-matter
vacuolization such as Canavan’s disease and vanishing
white matter disease.

Several leukoencephalopathies present with cystic degener-
ations, including megalencephalic leukoencephalopathy
with subcortical cysts, first described by van der Knaap
et al. in 1995. Early-onset macrocephaly and delayed-onset
neurological deterioration, including cerebellar ataxia, spas-
ticity, epilepsy, and mild cognitive decline, are characteristic
features. Cystic leukoencephalopathy without megalence-
phaly has also been described (Henneke et al., 2009).
Disorders secondary to axonal damage include the auto-
somal-recessive disorder giant axonal neuropathy. Patients
present with progressive gait disturbances due to peripheral
neuropathy, mental retardation, optic atrophy and spasti-
city; brain imaging studies show leukoencephalopathy.
Pathological hallmarks of giant axonal neuropathy are
axonal loss and axonal swellings filled with neurofilaments
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on nerve biopsy (Tazir et al., 2009). Giant axonal neur-
opathy is caused by sequence variation in GAN encoding
for gigaxonin, located on chromosome 16424 (Bomont
et al., 2000).

Nevertheless, 50% of patients with leukoencephalopa-
thies remain without specific diagnosis.

We report seven individuals from two consanguineous
families presenting with a unique phenotype of severe spas-
tic quadriparesis, progressive microcephaly, thin corpus cal-
losum, significant startle response, and severe global
developmental delay. Genetic investigation revealed a
novel missense variant in the phospholipase Aj-activating
protein encoding gene (PLAA) and disclosed a new mech-
anism required for normal development and maintenance
of CNS white matter.

Materials and methods

Patients

The Israeli Ministry of Health Ethics Committee for genetic
experiments approved the proposed studies. Seven affected
and 23 healthy individuals from two consanguineous families
were enrolled in the study; they or their legal guardians pro-
vided written, informed consent. Clinical investigations
included medical procedures, imaging and electrophysiological
studies, and muscle biopsies. Skin biopsy was performed as
part of the research protocol.

Molecular studies

Genetic linkage analysis

Linkage and haplotype analyses were performed as previously
described (Zivony-Elboum et al., 2012).

An analysis of 2050 polymorphic markers, spread across the
genome at ~2cm intervals was performed for nine family
members. Statistical analysis of the logarithm of the odds
(LOD) score was performed using the Pedtool-superlink tool.
Areas with high LOD score were further examined using
Linkage Mapping Set v2.5 HDS kit and v2.5 MDI10
(Applied Biosystems) on 24 family members, according to
the manufacturer’s protocol.

Molecular inversion probes and massively

parallel sequencing

Molecular inversion probes were designed as described (Teer
et al., 2010) to cover the 2Mb of the candidate region (LC
Sciences). A total of 6498 amplimers had an average length of
433bp (£+22bp). The amplimers covered 97% of the candi-
date region. DNA capture, library preparation, GAllx sequen-
cing (Illumina), and data analysis were performed as described
(Teer et al., 2010). Potential variants were filtered and visua-
lized with VarSifter (Teer et al., 2012).

Sanger sequencing

For dideoxy sequencing, primers were designed to cover the
candidate sequence variations (primer sequences available
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upon request). Direct sequencing of the polymerase chain re-
action (PCR) amplification products was performed using
BigDye® 3.1 Terminator chemistry (Applied Biosystems) and
separated on an ABI 3130x| genetic analyzer (Applied
Biosystems). Data were evaluated using Sequencher v5.0 soft-
ware (Gene Codes Corporation, Ann Arbor, MI).

Molecular modelling

Molecular modelling of the PLAA protein and assessment of
the sequence variation impact was performed using the
PyMOL Molecular Graphics System (Schrédinger, New
York, NY) (Baugh et al., 2011).

Expression analyses

Reverse transcription of the full-length
PLAA transcript

Primary fibroblasts [from healthy controls (nPLAA—for native
PLAA) and patients (mPLAA—for mutated PLAA)] were har-
vested from one near-confluent 25cm?® flask and RNA ex-
tracted using the RNeasy® mini kit (Qiagen). RNA samples
were quantified using a Nanodrop Spectrophotometer
(Nanodrop Technologies) and qualified by analysis on an
RNA NanoChip using the Agilent 2100 Bioanalyzer (Agilent
Technologies). Synthesis of cDNA was performed using the
TagMan® Reverse Transcription Reagents Kit (Applied
Biosystems). The reaction conditions were as follow: 10 min
at 25°C; 30 min at 48°C; and S min at 95°C. PCR amplifica-
tions of cDNA were performed using FailSafe buffer C
(Epicenter Biotechnologies) with PLAA primers 5°CGAGC
GGCGCAACCAGGTACC3” and S5’GCATTCACTTACTIT
AGCTGGTTCTG3’ at a final concentration of 1pM.
Thermal conditions for 40 cycles of PCR were as follows:
94°C for 30s, 60°C for 30s, and 68°C for 7 min.

Real time quantitative polymerase chain reaction

One microgram of RNA extracted from fibroblasts from
healthy controls and patients was subjected to cDNA synthesis
followed by real time quantitative polymerase chain reaction
(RT-qPCR) using the iTag™ Universal SYBR® Green mix
(Bio-Rad). The final concentration of the PLAA primers
(GACT TGGGAATCCC AGCTTTTC3’ and S$TTCCCA
TACTTGCAGAACCTG3’; Accession # NM_001031689)
was 300nM. RT-qPCR assays were performed with human
18S RNA, glyceraldehyde 3-phosphate dehydrogenase
(GADPH), L19 ribosomal protein, and polymerase beta
(POLB) as housekeeping protein encoding genes to normalize
PLAA transcript levels. Absolute analysis was performed using
known amounts of a synthetic transcript of the gene of inter-
est. All RT-qPCR assays were run on the ABI Prism 7500
Sequence Detection System and the conditions were as
follow: 50°C for 2min, 95°C for 10 min, and then 40 cycles
of 95°C for 15s and 60°C for 1 min. The results shown were
the averages and standard deviations (SD) from three inde-
pendent experiments performed in triplicate.

The pro-inflammatory gene expression in fibroblasts with
nPLAA or the mPLAA gene was carried out using the appro-
priate assays-on-demand™ gene expression assay mix consist-
ing of a 20 x mix of unlabelled PCR primers and TagMan®
MGB probe, FAM™ dye-labelled (Life Science Technology).
Human GADPH, ACTB (B-actin), and 185 RNA encoding
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genes were used to normalize transcripts for various cytokines.
The primer sequences for various cytokine genes are available
upon request. The reactions were carried out according to the
manufacturer’s instruction using a Bio-Rad Q5 RT-qPCR ma-
chine. The results shown were the averages and standard de-
viations from three independent experiments performed in
triplicate.

Western blot analysis

For B-catenin, briefly, 70 ug of protein samples from healthy
controls’ and patients’ fibroblasts with or without lipopolysac-
charide (LPS; 10 ug/ml) stimulation were electrophoresed on
4-20% Mini-PROTEAN® TGX™ Pre-cast Tris/Glycine gels
(Bio-Rad) and then transferred to nitrocellulose membranes.
The membranes were probed with non-phospho (active)
B-catenin (Cell Signaling Technology) and PB-tubulin (Santa
Cruz Biotechnology), as a protein loading control, antibodies
as described by the manufacturer. An anti-rabbit horseradish
peroxidase conjugated secondary antibody (Southern Biotech)
was then added, and proteins detected by using enhanced
chemiluminescence with SuperSignal® West Femto Maximum
Sensitivity substrate (Thermo Fisher Scientific). The membranes
were then imaged with GE ImageQuant LAS 4000 (General
Electric).

Biochemical studies

Measurement of prostaglandin E,

Primary human fibroblasts from healthy controls and patients
were grown in Dulbecco’s modified essential medium with
15% foetal bovine serum at 37°C and 5% CO,. Fibroblasts
from patients and control subjects were treated with 10 pg/ml
LPS or cholera toxin (CT) for 24 h; and the cell culture super-
natants were collected. Prostaglandin E, (PGE,) levels were
determined using enzyme immunoassay kit (Cayman
Chemicals). To examine PGE, levels in mouse tissues, samples
were subjected to solid phase extraction on C;g columns
(Cayman Chemicals) prior to measurements.

Preparation of membrane fractions from fibroblasts
Membrane fractions from healthy controls and patients un-
stimulated and LPS-stimulated fibroblasts were isolated using
established procedures (Zhang et al., 2008). Protein concentra-
tions in membrane fractions were determined using Bradford
Protein Reagent (Bio-Rad).

Measurement of cytosolic phospholipase A, activity
The cytosolic phospholipase A, (cPLA;) activity in membrane
fractions of fibroblasts from patients and healthy controls was
determined using PLA, activity kit (Cayman Chemicals). The
enzymatic activity was normalized to protein concentration for
each sample. Bee venom PLA, was used as a positive control.

Complementation studies

Fibroblasts from patients (with mPLAA) or healthy controls
(with nPLAA) were grown and electroporated with the recom-
binant plasmid or the vector alone using Lonza Nucleofector
and Human Dermal Fibroblast kit (Lonza). The mPLAA fibro-
blasts were electroporated with either CMV promoter-based
pIRES2-DsRed2-nPLAA for complementation or pIRES2-
DsRed2 vector (Clontech) alone as a control. nPLAA
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fibroblasts were also electroporated with the vector alone to
serve as an additional control.

Mouse model

All animal experiments were performed at the University of
Texas Medical Branch (UTMB). Animals were housed in a
specific-pathogen free facility at a constant temperature (68—
79°F) and humidity (30-70%) on a 12-h light-dark cycle.
Autoclaved water and irradiated feed were given to the ani-
mals ad libitum. All procedures were performed in accordance
with the protocol reviewed and approved by UTMB’s
Institutional Animal Care and Use Committee, and in compli-
ance with the institutional policies/guidelines and the Guide for
the Care and Use of Laboratory Animals, 8th edition.
Euthanasia methods used in the procedures were consistent
with the American Veterinary Medical Association Guidelines
for the Euthanasia of Animals, 2013 edition. Generation of
Plag-null mice (Plaa gene targeting) and genotyping of the
mice are described in the Supplementary material.

Preparation of mouse tissue samples for prosta-
glandin E; measurements

In brief, mouse tissues were suspended in homogenization
buffer (0.1M disodium phosphate buffer, pH 7.4, 1mM
EDTA, 10uM indomethacin) and sonicated. Samples were
normalized by measuring protein concentrations using the
Bradford Protein Reagent (Bio-Rad). After homogenization,
four volumes of ethanol were added and samples centrifuged
at 3000g for 10 min at 4°C. Supernatants were collected and
ethanol removed by vacuum centrifugation before acidification
of the samples with 1 M acetate buffer. The samples were then
loaded on prewashed C;g cartridges, washed with H,O, and
eluted with ethyl acetate and 1% methanol (99:1 v/v). Ethyl
acetate was removed by vacuum centrifugation and samples
reconstituted in PGE, assay buffer for measuring PGE,

Histopathology

Sections (5 um) representing mouse skin, lungs, and the brain
cerebral cortex from embryonic day (E) 18.5 were fixed in
10% neutral buffered formalin. The tissue sections were
mounted on slides and stained with haematoxylin and eosin.
For the brain cerebral cortex, sections (10 pm) were also sub-
jected to Luxol® fast blue procedure for staining myelin
(Kluver and Barrera, 1953; Hrapchak and Sheehan, 1980).
The histopathological evaluation of the tissue sections was per-
formed in a blinded fashion.

Statistical analysis

Where appropriate, at least three independent experiments
were performed in triplicate and data analysed using one-
way ANOVA with Tukey post hoc correction.

Results

Patients

Seven individuals from two families, all products of
consanguineous marriages and uneventful pregnancies,
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presented with progressive leukoencephalopathy (Fig. 1A
and B), defined as dysmyelinating according to the known
categories of Van der Knaap and colleagues (van der
Knaap, 2001). Affected individuals were normal at birth,
with onset of neurological symptoms at age 2—-4 months
(Table 1). Symptoms included spasticity of lower limbs rap-
idly progressing to upper extremities, resulting in severe
quadriparesis with symptoms of corticospinal tract impair-
ment and posture deformation. Involvement of extrapyram-
idal system function included dystonic posturing, rigidity/
freezing, and hypomimia/amimia. All patients suffered from
severe mental and language developmental delay. The
motor functions were also prominently impaired (level V,
according to Gross Motor Function Classification System;
Palisano et al., 1997). Abnormally exaggerated startle
reflex to an auditory stimulus was observed in six patients,
and seizures developed in three.

Head circumferences, normal at birth, decreased to >2
SD below the mean in the ensuing years. In two patients,
we observed an unexplained gradual increase in head cir-
cumferences up to 75% after the age of ~5 years. Weight
and height, also normal at birth, fell to 3-4 SD below mean
in five patients but returned to 50-75% in two of five pa-
tients. Progressive chest deformities (kyphosis/pectus
carinatum) were observed in all patients. Additional pheno-
typic characteristics included contractures of large joints,
hyperextensibility of small ones, rocker bottom feet, hyper-
trichosis, and hyperhidrosis of palms and feet [Fig. 1C(a—d)].

Brain MRI demonstrated radiological signs of periven-
tricular and subcortical damage including delayed myelin-
ation and atrophy, which worsened with age as a result of
enlargement of ventricular system. Thin corpus callosum
was a prominent feature in all of the patients. In one
case, periventricular lesions were observed (Fig. 1D).
Muscle biopsy in Patient VI3 showed normal oxidative
phosphorylation and increased aggregation of collagen.

Molecular analyses

Molecular studies

Linkage analysis, performed on 24 individuals from Family
I, identified a 1.9 Mb region between markers D9S265 and
rs1330920 with a maximal LOD score of 3.24 at
D9S1121; the region contained 11 genes (Fig. 2A and B).
Seven samples were sequenced (two affected, two obligate
carriers, and three unaffected individuals from the same
village) with an average coverage of 82 + 2% (all coding
regions were covered). Haplotype analysis (D9S259-
D9S169) supported a common ancestral haplotype in
Families A and B (Supplementary Table 1).

Next generation sequencing

A total of 4289 variants were identified, but only four of
them affected protein sequences (Supplementary Table 2).
Out of these four variants, only one was present in a homo-
zygous state in the affected individuals and in a heterozygous
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state in the obligate carriers. The three others were identified
in the samples of unaffected individuals. The missense vari-
ant, NM_001031689.2: ¢.2254C>T [PLAA gene with a
mutation corresponding to the amino acid substitution in
PLAA protein (p.Leu752Phe)]; was confirmed by Sanger
sequencing (Fig. 2C) in all affected individuals and obligate
carriers. All seven affected individuals were homozygous for
this sequence variation; all their parents were heterozygous.

The above PLAA variant (p.Leu752Phe) was neither
observed in the Exome Aggregation Consortium [60 706 un-
related individuals, Exome Aggregation Consortium (ExAC),
Cambridge, MA, http://exac.broadinstitute.org/, accessed
February 2016] nor in the NHLBI database [6500 unrelated
individuals, Exome Variant Server, NHLBI GO Exome
Sequencing Project, Seattle, WA (http://evs.gs.washington.
edu/EVS/) accessed February 2016]. Population screening
of 92 healthy village residents revealed three carriers of
this sequence variation (prevalence 3.3%).

The leucine at position 752 in PLAA is highly conserved
through Saccharomyces cerevisiae (Fig. 2D), with the exclu-
sion of zebrafish (threonine) and Caenorbabditis elegans
(valine). This amino acid substitution is predicted to be
deleterious by SIFT (score: 0.04) (http://sift.jevi.org/www/
SIFT aligned_seqs_submit.html) and probably damaging
by PolyPhen-2 (score 0.983) (http://genetics.bwh.harvard.
edu/pph2/index.shtml).

Structural effects of p.Leu752Phe substitution

in PLAA

The structure of PLAA PUL (PLAP, Ufd3p, and Lublp)
domain, in which Leu752 resides, was recently determined
with atomic resolution (Qiu et al, 2010). The PUL
domain consists of 15 tightly packed o-helices forming a
6-mer Armadillo domain. This protein fold consists of
tightly packed helices in a single rigid structure found in
several proteins such as importin-o, B-catenins, and Hsp70
binding protein (Hatzfeld, 1999). The Armadillo domain
of PLAA is held together mainly through conserved leu-
cine residues that zip together adjacent o-helices. On an
average, leucine is present every three to four residues,
corresponding to one turn of the helical wheel. Such
Armadillo repeats form banana-shaped domains that gen-
erate good binding surfaces, particularly on the inside
curvature (Hatzfeld, 1999).

In PLAA, the putative binding site is also paved with a
conserved residue (Sievers et al., 2011). Based on these data,
the p.Leu752Phe mutation appears to disrupt the tightly
packed leucine network of the PLAA PUL domain and to
deform the banana-like binding surface (Fig. 2E).

Expression studies

PLAA mRNA expression

At the transcriptional level, fibroblasts from patients were
capable of expressing full-length PLAA transcript similar to
that of nPLAA fibroblasts (Fig. 3A). Furthermore, based on
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Figure | Pedigree of the investigated families. (A) Family I: six affected individuals (filled symbols). (B) Family II: containing another
affected individual. A high rate of consanguinity and an autosomal-recessive pattern of inheritance are evident. (C) Photographs of Patient Vls
(Pedigree A) illustrating: coarse facial features (a) pectus carinatum, dystonic posturing, rigidity/freezing and shortening of tendons (b and c), and
rocker bottom feet (d). (D) Patients’ brain MRI. [D(a and b)] T, brain MRI of Patient IV, (Family Il), at | year of age, shows white matter atrophy.
Corpus callosum is complete but thin. (c) (T, MRI) and d (T, MRI). Brain MRI of Patient VI3 (Family I), at 14 years, shows moderate white matter
atrophy and severe corpus callosum thinning. (€) T, MRl and (f) T, MRI. Brain MRI of Patient V4 (Family 1), at age 32 years, shows severe general
atrophy. The cortex is usually preserved but very thin, corpus callosum is complete but also very thin. The basal ganglia appear normal.
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RT-gPCR, no difference in the levels of PLAA transcript was
noted between nPLAA versus mPLAA fibroblasts (Fig. 3B).
As amino acid changes can have unexpected effects on pro-
tein stability, we sought to confirm production of PLAA pro-
tein in fibroblasts with and without the defined mutation in
the PLAA gene. Confocal microscopy was performed to lo-
calize PLAA in normal and patient fibroblasts. All patient
fibroblasts tested showed some localization of PLAA in the
nucleus and majority of PLAA in the cytoplasm, which were
similar in levels found in the fibroblasts of healthy controls
(Fig. 3C and D).

Functional effects of p.Leu752Phe on PLAA

Previous studies showed that PLAA loss causes severe ubi-
quitin depletion, accumulation of misfolded proteins, and
impaired cellular survival, in S. cerevisiae (Mullally et al.,
2006; Qiu et al., 2010). However, these effects were neither
shown in the growth of S. cerevisiae and its ADOAT (an
orthologue of human PLAA in yeast) mutant, nor on ubi-
quitin depletion in fibroblasts from healthy controls versus
patients (Supplementary material). Consequently, we exam-
ined other known functions of the PLAA protein. PLAA
induces PGE, production by increasing levels of PLA, and
cyclooxygenase (COX)-2 proteins, two major regulators of
prostaglandins (Calignano et al., 1991; Zhang et al., 2008).

Investigating this function, we measured PGE, levels in
our patients’ fibroblasts. Healthy, unstimulated cells ex-
pressing nPLAA exhibited ~2-fold higher levels of PGE,
compared to patients’ fibroblasts (Fig. 4A); this difference
became much more prominent after LPS and CT treatment
of the cultured nPLAA cells (~5000-fold and ~1000-fold,
respectively). LPS treatment induced cPLA, activity in
normal fibroblasts, but did not elicit a similar response in
patients’ cells (Fig. 4B). These results suggested that
p-Leu752Phe mutation in PLAA abrogated its ability to
induce prostaglandin biogenesis and properly responded
to related stresses. Finally, transfection with a plasmid ex-
pressing nPLAA rescued PGE, levels and cPLA, activity in
both untreated and LPS-stimulated patients’ fibroblasts
(Fig. 4C and D).

We previously observed that PLAA regulated NF-kB-
mediated inflammatory responses, and in particular
inducible interleukin (IL)-6 (Zhang et al., 2008). Herein,
we observed that p.Leu752Phe variation in PLAA abro-
gated expression of LPS induced IL-6, IL-8, and macro-
phage migration inhibitory factor (MIF)-encoding genes
in patient fibroblasts when compared to fibroblasts from
a representative healthy control based on RT-qPCR
(Fig. 4E-G).

Cell biology studies

NF-kB recruitment to the nucleus is unaffected by
the p.Leu752Phe mutation in PLAA

We investigated the NF-kB signalling pathway which is
known to be regulated by PLAA (Zhang et al., 2008)
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and showed that it was intact in both fibroblasts from pa-
tients and healthy controls (Supplementary Fig. 1A and B).
For detailed methods, results, and the related figure, see the
Supplementary material.

p-catenin Wnt signalling is not affected by the
p.Leu752Phe mutation in PLAA

We investigated Wnt signalling by examining levels of non-
phospho (active) B-catenin in nPLAA versus mPLAA fibro-
blasts with and without LPS stimulation. As shown in
Supplementary Fig. 1C, the levels of active B-catenin were
increased after LPS stimulation to a similar extent in both
types of fibroblasts. Detailed results are summarized in the
Supplementary material.

Mouse model

Inactivation of the Plaa gene results in perinatal
lethality in mice

We generated Plaa-null mice using gene targeting technol-
ogy (Supplementary Fig. 2). While heterozygous (Plaa*’")
mutants were viable and fertile, the homozygous (Plaa™"")
mutants exhibited perinatal lethality. Initially, we geno-
typed 66 pups derived from heterozygous intercrosses,
typically on postnatal Day 4-9. Twenty-eight pups were
wild-type, 38 were Plaa*’", and there was no Plaa™'~ mu-
tants. To determine when the Plaa-null mice died, we set up
timed heterozygous intercross mating and examined em-
bryos at different time points (Supplementary Table 3).
At embryonic Day 14.5, we recovered live, overtly
normal Plaa™~ embryos, which were indistinguishable
from Plaa*’~ or wild-type littermates. At embryonic Day
18.5, we found mostly live (with a beating heart) but some
dead Plaa™'~ embryos. Plaa™’~ embryos were grossly
normal but smaller than Plaa*’~ or wild-type littermates.
The average body weights of live Plaa~’~, Plaa*’~, and
wild-type  embryos  were 0.83+0.11g (n=14),
1.03+0.17g (n=32), and 1.34 + 0.14 (2=9) at embry-
onic Day 18.5, respectively. While differences in weights
between wild-type and Plaa*’~ were not statistically signifi-
cant, weight differences between wild-type and Plaa™"~
(P < 0.0001), and Plaa~"~ and Plaa*’"~ (P < 0.001) were
significant by one-way ANOVA with Tukey post hoc
correction.

Gross examination revealed that all of the near-term
Plaa~~ embryos had abnormal or underdeveloped spleens,
which were transparent/pale and smaller. Interestingly, we
also found one embryo with exencephaly/microcephaly
among a total of 41 Plaa~'~ embryos examined. We at-
tempted to resuscitate some of the embryonic Day 18.5
embryos, but Plaa~"~ embryos could not be resuscitated.
While Plaa*’~ and wild-type embryos reacted to the
pinch and started gasping for air, Plaa~'~ embryos did
not make any voluntary or involuntary movement.
Subsequently, we also found five Plaa™~ neonates that
were naturally delivered, but they were all found dead.
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http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww295/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww295/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww295/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww295/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww295/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww295/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww295/-/DC1

378 | BRAIN 2017: 140; 370-386

Al

Y

T. C. Falik Zaccai et al.

111

2
2 \ 3 4 5

v

no 5
:
;

[l =i =] ...O_

VI

DYS26% (5]
DIS 1860 Hi
D98233 ]
D98383 2
D9s17] 3
Dnesizi i
D9S2 [
D9K259 2
D95169 El
D95161 d
151853 1]
B Start End
Gene Symbol i 4 Strand  OMIM
K w213 ene Sy Paosition Pasition
D9S265 25448357 25448674
TUSCI 25666387 25668856 2 610529
“FLII6323 26056673 26108406 +
Chorf82 2683 0683 26882725 -
PLAA 26897801 26937139 - 603873
- LRRC19 26983586 26995670 -
3 1FT74 26546410 27052802 4 GOBO40
“ TEK 27099286 27220172 + B00221
H Coorfil 274667 2TWTIIT -
- C9orf3s 27364215 27368942 -
MOBKIL2B 27315207 27519850 -
151330920 27368301 2736830]
rsl2379154 27445005 27445005
rs3d959338 27445135 27443135
IFNK 27514312 27516496 +
C9orfT2 27550499 27563842 .
\_ p2l 2 D9s161 27622318 27622455
D oy
Site.
Human LEVVD :EITF?:L\MLF(EISDD SHAVQLAKSLOVDSQIKKYSEVSER 781
Chisp LEVVD LEATFRLLVALGTLI 50D SHAVQLAKSLOVDSQIKKYSSVIEF 781
Cow LEVVOD -LEATFRLLVALGRNVSDD - - - -8 LAKSLGVDSQIKKYASVSER 762
House LEVVD II STD- GVDSQIKKYVEVSER 780
Rat LEVVD- {1500 VIEF 781
Dog LEVWD- 1 500 SVIEF 758
Chicken MEVVWD 150D SVIEF 780
Henopus IEVVOD----L {1500 VIEF 785
Zebrafish LEVVD GO STADLARSLOVNSQISKYARVIER 783
Drosephils LENASD LEACTREMQAIGNUTTTS -COQETTAQVVEVDYVIDELRELTITHDENF 773
Mosqaite LEVLTD- - - -NEATTH L TADTL LINISSELINT 805
C.elegans ESVDEFGYLGEDAI TRLLOALVINRGD- -~ -ASVIRLAXNENIAQIAARLFDAVEN 841
Yeast EEVOEC EEAATRL POFANSYTVLANIERIYGNYV 704
Arabidopsis EEEAAD VDSKFRSLVAIGRLMLEG. LYFKIAIDIDVES IAKSAFASIT 744

O_

= e
| =TT ---I—O_

T

ot e A b 1 4 bd — 0

:

o e
| P T |

c €.2254C>T; p.L752F

HHEHETTET

(i

Unaffected Carrier Affected

Figure 2 ldentification of the gene and protein associated with leukoencephalopathy in the studied patients. (A) Haplotypes for

each family member were constructed for || microsatellite markers spanning the neurodegenerative interval. Markers analysed are given on the
left, according to their physical order. Haplotypes are represented by bars, with the disease-associated haplotype shaded in grey. Reduction in the
affected linked region to 1.9 Mb was due to healthy individuals Vl¢ and IV4 who bear fraction of the affected haplotype in a homozygous manner.
(B) Physical location of genes and predicted transcripts in the chromosome 9 linked interval. Asterisk denotes genes not approved by the HUGO
Gene Nomenclature Committee (HGNC). ‘Strand’ refers to transcription orientation. Bold names indicate gene analysed by direct sequencing.
Physical location obtained from UCSC Human Genome Browser Gateway (hgl9 assembly). (C) Analysis of the c¢.2254C > T mutation in exon |4

of PLAA. Sequence analysis is shown for an unaffected individual, an obligatory carrier, and an affected individual. (D) Sequence alignment of human
PLAA to orthologues in the mutation area. The leucine at position 752 (boxed) in this protein is highly conserved throughout evolution. (E) Effect
of L752F (Leu—> Phe) substitution on PLAA structure. Shown is a ribbon diagram of the PUL domain of PLAA (PDB ID 3EBB) which adopts a
banana like shaped Armadillo domain. The conserved residues of PLAA (Homo sapiens, Mus musculus, Rattus norvegicus, Xenopus laevis, and S.
cerevisiae) are displayed in stick-representation and form the putative binding site of PLAA. Mutation of Leu752 shown in ball-representation
disrupts the rigid leucine network that tightly holds together the Armadillo domain.
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Figure 3 mRNA levels for PLAA and confocal microscopy of fibroblasts for the presence of PLAA protein. (A) Presence of full-
length transcript for PLAA from fibroblasts of affected patients and the control subject based on PCR. (B) RT-qPCR for the detection of PLAA
transcript from fibroblasts of a patient versus the healthy control normalized to four house-keeping genes coding for human 18S RNA, GAPDH,
POLB, and L19 ribosomal protein. Arithmetic means = SD from three biological replicates performed in triplicate are shown. (C) Fibroblasts
(nPLAA or mPLAA) were counterstained with DAPI (blue) for the nucleus and with fluorophore conjugated phalloidin (red) for actin. Cells were
fixed, subjected to immunofluorescence staining for PLAA (green), and observed by confocal microscopy. (D) Mean fluorescence intensity of
regions of interest corresponding to the cytoplasm and nucleus of imaged cells (Image] processing software, NIH). Figure represents results from

three sets of images and error bars represent SD.

Notably, one of the dead Plaa™"~ neonates had posterior
truncation. The dead Plaa™'~ neonates appeared to have no
air in their lungs. To date, we have not found any live
Plaa~~ neonate. These observations suggested that Plaa-
null mice likely died shortly before or after birth.

A tissue-specific prostaglandin E, reduction and
perinatal lethality of Plaa-null mice

To validate the results observed for the human fibroblasts
carrying mPLAA, we evaluated the levels of PGE,; in wild-
type, Plaa*’~, and Plaa™"~ embryos. We isolated lungs,
brain, liver, and heart tissues from embryonic Day 18.5
embryos, and determined PGE,; levels for each organ indi-
vidually (Fig. SA-D). In the brain, there was a gene copy-
dependent reduction of PGE, with significant reduction in
Plaa*’~ embryos compared to wild-type (P < 0.001) as
well as a significant decreased level of PGE, in Plaa™'~
compared to Plaa*’~ (P < 0.05) embryos (Fig. 5B). PGE,
levels were significantly decreased in Plaa~’~ lungs, and
Plaa*’~ and Plaa™’~ hearts, but not in the liver (Fig. SA,

C and D). It is unclear why gene copy-dependent reduction
of PGE, was noted in some organs but not in others.

Histopathological analysis of skin, lungs, and brain
cerebral cortex of Plaa-null mice
As shown in Fig. 6A, lungs from wild-type mice embryos
exhibited the presence of organized alveolar spaces and
thin alveolar walls. However, embryos from Plaa*’~ and
Plaa™"~
spaces and thickening of the alveolar walls, suggesting
underdeveloped or immature lungs. Prostaglandins (PGE,)
play an important role in the synthesis of lung surfactant,
which is crucial in maintaining structural integrity of the
alveoli needed for efficient gas exchange during respiration
(Akella and Deshpande, 2013). Therefore, reduced PGE,
levels in the lungs of Plaa™’~ mouse embryos (Fig. SA)
together with thickened alveolar walls (Fig. 6A) could be
partly responsible for the premature deaths of Plaa™'~ neo-
nates (Akella and Deshpande, 2013).

In the brain cerebral cortex of wild-type embryos, the
neurons showed large nuclei and were fully matured, with

mice showed progressively unorganized alveolar
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Figure 4 PGE, levels and cPLA, activity are low in patients’ fibroblasts, and could be rescued. (A) Levels of PGE, in cell culture
media after 24 h of stimulation with LPS or cholera toxin (CT). Levels of PGE, were normalized against protein concentrations in the super-

natants. All cells were primary human fibroblasts except RAW 264.7 cells, which are murine macrophage like cells and used as a positive control.
(B) Activity of cPLA; in the membrane fractions of fibroblasts and RAW 264.7 macrophages. Cells were stimulated with or without LPS for 24 h
before harvesting and purification of the membrane fractions. The cPLA; activity was normalized to amount of proteins added to the assay. (C)
PGE; levels in the cell culture media after transfection with CMV promoter-based pIRES2-DsRed2 plasmid containing the native PLAA gene and a
fluorescent marker of transfection. Cells were treated as follows: ctl = no transfection; V = transfection with empty vector; PLAA = transfection
with plasmid vector containing the wild-type or native PLAA. (D) cPLA; activity from membrane fractions of fibroblasts after transfection with a
plasmid containing the nPLAA in a CMV promoter-based vector system and a fluorescent marker of transfection. (E-G) Fold-changes in transcripts
for IL6, IL8, and MIF based on RT-qPCR. Arithmetic means =+ SD from three independent experiments performed in triplicate are plotted and the

data analysed using one-way ANOVA with Tukey post hoc correction.

no indication of degeneration. No signs of apoptotic
bodies were noted. There were a few round dark cells
that represented either oligodendroglia or granular imma-
ture neurons (Fig. 6B). The Plaa*’~ embryos had smaller
neuronal nuclei and about the same density of the round
dark cells. In contrast, Plaa'~ embryos had a vast area of
neurons with smaller dark-stained round nuclei that could
be described generally as ‘more granular’ in type, an indi-
cation of less maturity and differentiation. This was best
represented at a lower magnification (100 x ) which cov-
ered a larger tissue section (Fig. 6B). No significant differ-
ences were observed in the skin of wild-type versus mutant
mouse embryos (Fig. 6C). Typical tissue sections repre-
senting multiple fields and from two to four embryos are
shown.

Figure 7A-C showed higher magnification (400 x ) of the
brain cerebral cortex of wild-type, Plaa*'~, and Plaa™'~
embryos (haematoxylin and eosin stained), respectively,
with corresponding myelin staining (Luxol® fast blue) of
the sections at the same magnification. The presence of
mature neurons and round dark cells, possibly representing

oligodendroglia or immature neurons, were seen in the em-
bryos of all mice irrespective of the genotype (haematoxylin
and eosin stained) (Fig. 7A-C). However, the neurons ap-
peared less matured and differentiated in the Plaa™~ em-
bryos (Figs 6B and 7C). The role of PGE, in bradykinin-
induced neuroprotection has been reported in microglial
and neuronal cells (Hadley et al., 2016). The reduced pro-
duction of PGE, in the Plaa~'~ embryos brain (Fig. 5B)
could thus influence neuronal development and protection
(Fig. 6B) and needs further investigation.

The presence of nerve processes with light blue staining,
possibly representing early myelin albeit minimal, was
noted in the cerebral cortex sections of all the mouse em-
bryos irrespective of the genotype in the myelin (Luxol®
fast blue)-stained sections (Fig. 7A-C).

Discussion

PLAA is a regulatory molecule implicated in modulating
production of host cell phospholipases (e.g. PLA;) (Clark
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!~ and Plaa~'~ embryos were sacrificed at embryonic Day 18.5 and

organs were isolated and prostaglandin levels determined for the lung (A), brain (B), liver (C), and heart (D). Data represented arithmetic

means + SD from tissues representing three wild-type, three Plaa™’~

, and four Plaa

~/~ embryos and obtained from three independent litter-

mates. Significance was determined by one-way ANOVA with Tukey post hoc correction. *P < 0.05 **P < 0.001.

et al., 1991; Ribardo et al., 2002). Induction of PLA, is
highly regulated by mitogen-activated protein kinases and
NF-«B (Zhang et al., 2008). PLA, hydrolyses membrane
phospholipids to produce arachidonic acid, which is used
as a substrate to produce prostaglandins and leukotrienes
(eicosanoids) through cyclooxygenase and lipoxygenase
pathways, respectively (Ribardo et al., 2002).

In this report, we present seven patients from two
families with severe, unique, and progressive leukoencepha-
lopathy. Based on the clinical and radiological findings,
these patients could be categorized into the group of pri-
mary delay in myelin formation and disturbed myelination
(van der Knaap, 2001). Brain biopsies were not performed
and histopathological data were not available to confirm or
rule out our clinical impression.

All patients were homozygous for a founder sequence
variant (p.Leu752Phe) in PLAA that did not lead to the
production of unstable transcript or protein.

The PLAA protein is composed of three major domains:
N-terminal, multi-protein complex assembly domain con-
tains 7 WD (tryptophan-aspartic acid) 40 repeats; central
PFU (PLAA family ubiquitin binding) domain includes a

ubiquitin binding region and an SH3 (SRC Homology 3)
region; and the C-terminal PUL domain consists of 6
Armadillo repeats and binds to valosin-containing protein,
also known as Cdc48 and p97 (Qiu et al., 2010). Our
results suggested that the p.Leu752Phe sequence variant
of PLAA disrupted the protein’s Armadillo domain, pos-
sibly impairing cells’ ability to induce prostaglandin pro-
duction through a non-NF-kB signalling pathway.
Armadillo folds such as those found in PLAA, importin-
o, and B-catenins, play a role in CNS development in
Drosophila. Specifically, disruption of cell-cell adhesion
function of Armadillo results in construction defects of
the axonal scaffold (Loureiro and Peifer, 1998).
Interestingly, a recent study suggested that PLA,a regulates
the Wnt/B-catenin pathway (Han et al., 2008), which is
implicated in neurogenesis, CNS morphogenesis, hirsutism,
sweat gland morphology, short tendons, and kyphosis
(Toribio et al., 2010; Haara et al., 2011; Joksimovic and
Awatramani, 2014; Zhang et al., 2014). In this pathway,
B-catenins transduce Wnt signals during embryonic devel-
opment. Therefore, we hypothesized that PLAA, which
activates PLA,, indirectly regulates the Wnt/B-catenin
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Figure 6 Histopathology of embryonic mouse tissues (5 um) at embryonic Day 18.5. Lungs (A), brain cerebral cortex (B), and skin
(C) were haematoxylin and eosin stained and analysed in a blinded fashion. Tissues representing two wild-type, two Plaa*’~, and four Plaa™'~
embryos were analysed. Multiple fields for each tissue were visualized and typical representations are shown with scale bars of 100 pm (mag-
nification x 100; top rows in A=C) and 50 um (maginification x 200; bottom rows in A and B). Arrows in the haematoxylin and eosin stained slides
indicate examples of mature neurons, while the arrowheads indicate dark round cells as examples of immature neurons or oligodendroglia.
Plaa~'~ mouse embryos showed an increasing number of less matured and undifferentaited neurons.

pathway, accounting for the pathology seen in our patients. Experimentally, activation of PLAA was recently shown
However, our data indicated that the p.Leu752Phe muta- to occur via 1a,25(OH),D3 binding to a specific mem-
tion in PLAA found in our patients did not alter Wnt brane-associated receptor, PDIA3, in caveolae, regulating

signalling. growth zone chondrocytes (Doroudi et al., 2014). These
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Figure 7 Histopathology and myelin staining of brain
cerebral cortex. Sections of the brain cerebral cortex stained
either with haematoxylin and eosin (5 um section) or Luxol® fast
blue (10 pm section) for myelin staining. (A) Wild-type mouse
embryo; (B) Plaa*'~ mouse embryo; and (C) Plaa '~ mouse
embryo. Multiple fields for each tissue were visualized and typical
representations are shown with a scale bar of 20 um (magnification
% 400). Arrows in the haematoxylin and eosin stained slides indi-
cated examples of mature neurons, while the arrowheads pointed
towards dark round cells as examples of immature neurons or
oligodendroglia. Plaa '~ mouse embryos showed an increasing
number of less matured and undifferentaited neurons. Arrows in all
of the Luxol® fast blue stained slides indicated nerve processes with
possible minimal early myelin (blue or turquoise colour).

findings might explain non-neurological features of progres-
sive chest deformities (kyphosis/pectus carinatum) present
in affected individuals.

Complex phospholipid defects involving CNS have
received much attention of late (Lamari et al., 2013), pro-
viding insights into late-onset neurodegenerative disease
pathophysiology, such as gene PLA2G6 encoding PLA,,
underlying autosomal-recessive infantile neuroaxonal dys-
trophy, neurodegeneration associated with brain iron accu-
mulation, and early-onset dystonia/parkinsonism (Khateeb
et al., 2006; Gregory et al., 2008).

Furthermore, PGE, plays a dual role, both neurotoxic
and neuroprotective, in the brain and nervous system, a
role modulated by its four receptors (Milatovic et al.,
2011). Different binding affinities, varying cellular expres-
sion profiles, and attenuation of secondary messengers of
these receptors lead to intricate, and sometimes opposing,
signal transduction. While in Alzheimer’s disease and
amyotrophic lateral sclerosis, it plays a neurotoxic role
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(Bazan et al., 2002), in excitotoxicity and cerebral ischae-
mia scenarios, PGE, is neuroprotective (Gregory et al.,
2008). Thus, modulation of PGE, appears critical for
neurological function. When PGE,; levels are reduced by
deficiency of synthetic enzymes PLA, (Gregory et al.,
2008), COX-1 and COX-2 (FitzGerald, 2003) or PGE,
receptor (EP1-4), neurological impairment might occur.

Mohri et al. (2006) described prostaglandins as neuroin-
flammatory molecules that heighten pathological response
to demyelination in twitchier mice. Similarly, the arachi-
donic acid pathway was shown to be modulated during
cuprizone neurotoxin induced-demyelination and remyeli-
nation processes (Palumbo et al., 2011). Altogether, these
data supported a causative relationship between abnormal
PLAA activity and the severe leukoencephalopathy seen in
our patients.

Of special interest is the prominent feature seen in six
patients of exaggerated startle response, previously linked
to dysmyelination/hypomyelination disorders, such as mul-
tiple sclerosis. In 1978, Mertin and Stackpoole showed that
treatment with essential fatty acids, including arachidonic
acid, suppressed experimental autoimmune encephalomyeli-
tis in rats, and was abolished by inhibition of prostaglandin
biosynthesis (Mertin and Stackpoole, 1978). Additionally,
decreased inhibition of startle generator structure was re-
ported to be associated with multiple sclerosis (Ruprecht
et al., 2002). The calcium-independent PLA, inhibitor
was also linked to reduced prepulse inhibition of acoustic
startle reflex in other studies (Lee ef al., 2009).

Multiple studies link PGE, and arachidonic acid path-
ways to neurodegenerative disorders, but their exact roles
in causing white matter disorders remain unclear. We hy-
pothesize that the prominent startle reflex dysinhibition in
our patients may be related to brainstem lesions as part of
the diffused axonal and myelin damage.

An additional interesting observation was that
p-Leu752Phe substitution in PLAA resulted in an inability
of the patient fibroblasts to induce IL-6, IL-8, and MIF in
response to the NF-xB activating molecule LPS. While the
pathophysiological relevance of this observation is yet to be
determined, an association between neurodegenerative dis-
orders and inflammatory cytokine responses has been sug-
gested recently (Schmitz et al., 2015). These cytokines are
known for their pleiotropic function and are implicated in
activation of microglia, proliferation, migration, and
homing of different immune and non-immune cells. In add-
ition, PGE, has been shown to be important leading to
increased production of IL-6 and IL-8 (Cho et al., 2014).
Thus, taken together, our observation may suggest that the
pathogenesis of the leukoencephalopathy linked to the
p-Leu752Phe substitution in PLAA implicates inability to
mount appropriate inflammatory responses during pre-/
post-neonatal development.

The phenotype of our patients, homozygous for
p-Leu752Phe in PLAA and with reduced cPLA, activity
and PGE, levels, adds new insights into this axis and its
role in leukoencephalopathic disorders’ pathogenesis.
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Knockout mouse data provide a clue into potential dis-
ease mechanisms seen in the patients described in this
study. The disturbance in prostaglandin signalling results
in a variety of pathological conditions. PLAA-deficient
mice showed some phenotypes, specifically perinatal
death, immature lungs with reduced PGE,, and reduced
body weights similar to that of Pzgsl (Cox-1)-Pigs2
(Cox-2) double knockouts (Yu et al., 2006) and Pzgs3
knockouts (Nakatani et al., 2007). The double mutants,
as well as Ptgs4 knockouts (Nguyen et al., 1997) died peri-
natally due to patent ductus arteriosus, Ptgs3 knockouts
showed perinatal death, possessed immature lungs, and
PGE, levels were markedly decreased in the organ. The
mutants also exhibited decreased body weight and skin
morphological and physiological defects. Additionally,
prostaglandin signalling is implicated for its roles in a
range of physiological processes such as cell fate decision
(Nissim et al., 2014), cell differentiation (Li et al., 2000),
and ciliogenesis (Jin et al., 2014). The inability of Plag-null
mice to survive, which may stem from impaired neuronal
development in the brain, together with our findings that
PGE, levels were significantly reduced in the brain and the
lung of Plaa-null mouse embryos, raise the possibility that
the pathogenesis of the condition we observed in PLAA-
deficient mice and in patients with a non-functional
PLAA could be a developmental defect caused at least
partly by ineffective prostaglandin signalling.

In addition, with myelin staining of the brain, it was
difficult to discern any distinguishing phenotype associated
with the wild-type versus Plaa*’~ and Plaa~'~ embryos (i.c.
myelination versus demyelination) These observations are
in accordance with previous work that showed myelination
occurring in rodents predominantly after birth (Larsen
et al., 2006). Studies by Foran and Peterson (1992) also
reported that B-galactosidase expressed under the promoter
of myelin basic protein gene was first expressed by the
oligodendrocytes in the ventral spinal cord only 1 day
prior to birth in mice (Foran and Peterson, 1992). Recent
studies of Trimarco et al. (2014) indicated that prostaglan-
din D, is important in myelination of neuronal, glial, and
oligodendrocytes in the CNS and Schwann cells in the per-
ipheral nervous system (PNS). Thus whether PGE, also
plays a similar role in the myelination of CNS and PNS
cell types requires further investigation.

Next, we plan to perform histopathological analysis
on the brain from homozygous (Plaa™~), heterozygous
(Plaa*’"), and wild-type (Plaa*’*) neonates cut in a sagittal
plane across the midline and use one side for histopath-
ology and the contralateral side for optical clearing (OC)/
imaging. Such studies will be crucial in further refining the
mouse model to study the role of PLAA in this new form of
leukoencephalopathy and to better glean the morphology
of oligodendrocyte progenitor cells.

Furthermore, the Plaa-null mouse model provides an im-
portant tool to study the role of PLAA in CNS develop-
ment and maintenance. Creating Plaa conditional knockout
mice or Plaa knock-in mice carrying the p.Leu752Phe
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sequence variant would enable us to perform more detailed
histopathological studies of the brain and thus to learn
what type of leukoencephalopathy is caused by the PLAA
sequence variant described here or by PLAA deficiency.
Such an animal model would further contribute to the
understanding of the significant role of arachidonic acid
and PGE, pathway in the normal development and main-
tenance of the brain.

In conclusion, we have presented a cohort of patients
with progressive microcephaly and leukoencephalopathy,
providing the first documentation of a PLAA-related dis-
ease. Although the interplay between PLAA, the abnormal
production of PGE,, and the resultant hypo-myelination
has not been thoroughly delineated, our data clearly indi-
cated an association of this axis with brain development.
Supportive evidence from the literature and improved
understanding of the new players in this pathway should
lead to new therapeutic avenues for intervention in both
rare autosomal-recessive disorders and late onset common
diseases that involve reduced CNS white matter.
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