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Abstract

Background—Oliver—-McFarlane syndrome is characterised by trichomegaly, congenital
hypopituitarism and retinal degeneration with choroidal atrophy. Laurence-Moon syndrome
presents similarly, though with progressive spinocerebellar ataxia and spastic paraplegia and
without trichomegaly. Both recessively inherited disorders have no known genetic cause.

Methods—Whole-exome sequencing was performed to identify the genetic causes of these
disorders. Mutations were functionally validated in zebrafish prp/aé morphants. Embryonic
expression was evaluated via in situ hybridisation in human embryonic sections. Human
neurohistopathology was performed to characterise cerebellar degeneration. Enzymatic activities
were measured in patient-derived fibroblast cell lines.

Results—Eight mutations in six families with Oliver—McFarlane or Laurence—-Moon syndrome
were identified in the PNPLAG gene, which encodes neuropathy target esterase (NTE). PNPLAG
expression was found in the developing human eye, pituitary and brain. In zebrafish, the prnpla6
curly-tailed morphant phenotype was fully rescued by wild-type human PNPLA6 mRNA and not
by mutation-harbouring mMRNAs. NTE enzymatic activity was significantly reduced in fibroblast
cells derived from individuals with Oliver—McFarlane syndrome. Intriguingly, adult brain
histology from a patient with highly overlapping features of Oliver—McFarlane and Laurence—
Moon syndromes revealed extensive cerebellar degeneration and atrophy.

Conclusions—~Previously, PNPLAE mutations have been associated with spastic paraplegia type
39, Gordon-Holmes syndrome and Boucher—Neuhéuser syndromes. Discovery of these additional
PNPLAG6-opathies further elucidates a spectrum of neurodevelopmental and neurodegenerative
disorders associated with NTE impairment and suggests a unifying mechanism with diagnostic
and prognostic importance.

INTRODUCTION

Oliver—-McFarlane syndrome (MIM 275400) is a rare congenital disorder characterised by
trichomegaly, severe chorioretinal atrophy and multiple pituitary hormone deficiencies,
including growth hormone (GH), gonadotrophins and thyroid stimulating hormone (TSH).12
Thyroid and GH abnormalities may be present at birth and, if untreated, result in intellectual
impairment and profound short stature. Congenital hypogonadism occurs in half of patients,
and nearly all have documented hypogonadotropic hypogonadism during puberty, with
subsequent reproductive dysfunction. Chorioretinal atrophy is typically noted in the first five
years of life. Half of reported cases have spinocerebellar involvement, including ataxia,
spastic paraplegia and peripheral neuropathy. Fourteen cases have been reported to date,
including two sibships, suggesting autosomal-recessive inheritance.13-11 However, no
genetic cause has been identified.
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Laurence—Moon syndrome (MIM 245800) has a clinical presentation similar to Oliver—
McFarlane syndrome, including chorioretinopathy and pituitary dysfunction, though with
childhood onset of ataxia, peripheral neuropathy and spastic paraplegia.1? Hair findings have
not been previously reported. Historically, Laurence—Moon syndrome has been associated
with Bardet-Biedl syndrome (BBS).13-19 No link between Oliver—McFarlane and
Laurence—Moon syndromes has been reported.

Here, we identify the genetic aetiology for six patients with a diagnosis of Oliver—McFarlane
syndrome and four previously reported patients with Laurence—Moon syndrome. Using
whole-exome sequencing, we identified eight mutations in the PNPLAG6 gene (MIM
603197), encoding neuropathy target esterase (NTE) that plays critical roles in
phosphatidylcholine metabolism, membrane phospholipid trafficking and axonal integrity.
PNPLAG mutations alter the activity of the patatin-like domain that hydrolyses
phosphatidylcholine into glycerophosphocholine, important for stabilising membrane
integrity.2021

PNPLAG alleles have been previously implicated in a broad spectrum of neurodegenerative
conditions, including spastic paraplegia type 39 (SPG39 (MIM 612020)),22 Gordon—-Holmes
syndrome (GHS (MIM 212840)) and Boucher—Neuh&user syndrome (BNHS (MIM
215470)).2324 Oliver—McFarlane and Laurence-Moon syndromes are distinct from SPG39,
GHS and BNHS due to the infantile pituitary dysfunction, typically resulting in small
anterior pituitary size, short stature, hypogonadism and intellectual disability if untreated. A
remarkable heterogeneity of hair and neurological findings was found between patients and
within families with Oliver—McFarlane and Laurence—Moon syndromes. Taken together
with previous studies, the mutant alleles of PANPLAG subserve a myriad of
neurodegenerative disorders that include chorioretinopathy, spinocerebellar ataxia, spastic
paraplegia, hypopituitarism and trichomegaly.

METHODS

Whole-exome sequencing and Sanger confirmation

Whole genomic DNA was extracted from whole blood by standard methods. For patients
A:land A:2, library construction was performed on dsDNA, sheared by sonication to an
average size of 200 bp in an automated fashion on an IntegenX Apollo324. After nine cycles
of PCR amplification using the Clontech Advantage Il kit, 1 pg of genomic library was
recovered for exome enrichment using the NimbleGen EZ Exome V2 kit. Libraries were
sequenced on an Illumina HiSeg2500, generating approximately 30 million paired end reads,
each 100 bases long. Data analysis used the Broad Institute’s Genome Analysis Toolkit
(GATK).25 Reads were aligned with the lllumina Chastity Filter with the Burrows Wheeler
Aligner.26 Variant sites were called using the GATK UnifiedGenotyper module. Single-
nucelotide variant calls were filtered using the variant quality score recalibration method.2°
Equivalent methods were employed for patients D:1, E:1 and family F. Variant filtering
methods for A, D and E are listed in online supplementary table S1.

For patients B:1, C:1 and variant confirmation for other families, Sanger sequencing was
performed by standard methods on the 34 exons of the PNPLA6 gene (NM_001166111.1).
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Primers were designed using Primer3 and listed in online supplementary table S2. PCR
amplification and DNA sequencing was performed as described previously.2” Mutation
nomenclature was assigned in accordance with GenBank accession number
NM_001166111.1 with nucleotide position 1 corresponding to the A of the ATG initiation
codon.

Human neurohistopathology

Postmortem brain tissue donation was approved and provided for this project by the Queen
Square Brain Bank, University College London. Paraffin blocks from representative areas of
the brain were available for histological and immunohistochemical investigation. In brief, 8-
mm-thick sections of paraffin embedded tissue blocks were deparaffinised and rehydrated
through graded alcohols. Sections were placed in 0.3% H,0,/methanol to block endogenous
peroxidase activity. Antigen retrieval was undertaken to unmasked antigen epitopes and was
achieved either by pressure cooking in citrate buffer (pH 6.0) for 10 min, incubation either in
99% formic acid for 10 min or in proteinase K solution (Dako) for 10 min. The sections
were washed with tris-buffered saline and incubated in 10% non-fat milk solution to prevent
non-specific antibody binding. The appropriate primary antibody was applied (see online
supplementary table S4), followed by an antimouse or antirabbit secondary antibody (Dako,
Ely, UK) at 1/200 dilution, as appropriate. Subsequently, avidinbiotin complex Elite kit
(\Vector, Peterborough, UK) was applied and colour was developed by
diaminobenzidine/H,05. Sections were finally counterstained with Mayer’s haematoxylin.
Routine H&E histological staining was also carried out.

In situ hybridisation

The full-length purified PNPLAE cDNA was obtained from Source Bioscience
(IRATP970G0676D) in a pcmvSPORT6 plasmid. Histological sections of human embryos
(Carnegie stages 19 and 23) were obtained from the Human Developmental Biology
Resource. In situ hybridisation was performed as described.28

Zebrafish morpholino and rescue

Wild-type (WT) zebrafish (Danio rerio) were maintained under standard laboratory
conditions. Embryos were obtained by natural cross. A human PNPLAG cDNA clone was
purchased (Thermo, BC051768) and was subcloned in T7TS vector. Point mutations were
introduced with the Quik Change Lightning Site Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, California, USA). Sanger sequencing was completed to verify
each construct. RNA was produced using the mMessage mMachine Kit (Life Technologies)
and linearised plasmid constructs.

Control and PNPLAG translation blocking (5’-ctgtgtccgatgtge tetgtcecat-3")29 morpholinos
(MOs) were injected in WT zebrafish embryos at one-to-two-cell stage. Rescue experiments
were conducted with 100 pg human PNPLA6 mMRNA and 2.5 ng MO. Embryos were
examined with a Leica MZ 16 F microscope and images were captured with a Leica DFC
480 camera.

J Med Genet. Author manuscript; available in PMC 2021 May 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hufnagel et al. Page 5

NTE activity assay

Human skin fibroblasts were obtained from patients by 2 mm punch skin biopsies with
appropriate topical analgesia. Human skin fibroblasts from a control subject were obtained
from Invitrogen (Carlsbad, California, USA) and were maintained minimal essential
medium (GIBCO, Invitrogen) supplemented with fetal bovine serum (Hyclone, Thermo
Fisher Scientific, Waltham, Massachusetts, USA) and antibiotics at 37°C with 5% CO,.30

NTE enzymatic activity assay was performed in patient fibroblasts as described.31 NTE
activity was defined as the difference in phenyl valerate hydrolysis activity inhibited by
paraoxon (inhibits background esterase activity) and paraoxon+mipafox (inhibits NTE in
addition to background esterase activity). Endpoint absorbance was measured at 486 nm
using a SpectraMax 340 microplate reader (Molecular Devices, Sunnydale, California,
USA). Protein concentration was determined colorimetrically using the Bio-Rad Protein
Assay Dye Reagent (Hercules, California, USA) using standard dilutions of bovine serum
albumin (New England BioLabs, Ipswich, Massachusetts, USA). We define one unit of NTE
specific activity as 1 nmol phenol produced per minute per milligram protein. Activity levels
were normalised to two control fibroblast samples.

Statistical analysis

Statistical analyses performed included Student t test and one-way analysis of variance
(ANOVA) with post hoc Tukey’s test (a value 0.05). Calculations were performed using
Excel 2010 (Microsoft, Redmond, Washington, USA) and GraphPad Prism 6d (GraphPad
Software, La Jolla, California).

RESULTS

PNPLAG alleles associated with Oliver-McFarlane and Laurence—Moon syndromes

Patient phenotypes (A-F) are summarised in online supplementary results, table 1 and figure
1, and pedigrees are depicted in online supplementary figure S1. Oliver—McFarlane and
Laurence—Moon syndromes were distinguished from BNHS and GHS by the presence of
congenital or infantile anterior hypopituitarism (hypothyroidism or GH deficiency). Oliver—
McFarlane was distinguished from Laurence—-Moon syndrome by the presence of
trichomegaly or alopecia. Patient E:1 and family F have been described in detail 1118
Postmortem neuropathology was performed on brain of patient E:1 to characterise the
histological features of cerebellar degeneration in Oliver—McFarlane syndrome. The major
neuropathological findings included an overall reduction in size of the brain (981 g), frontal
white matter and midbrain, and severe cerebellar cortical atrophy involving both cerebellar
vermis and hemispheres. Microscopy demonstrated severe cerebellar cortical degeneration
with loss of Purkinje and granule cells, numerous empty baskets and prominent Bergmann
gliosis (figure 10-R).

To determine the genetic cause for Oliver—-McFarlane and Laurence—Moon syndromes,
whole-exome sequencing was performed independently for patients A:1-2, D:1, E:1 and
family F. Autosomal-recessive inheritance, both homozygous and compound heterozygous,
was assumed during the filtering stages (see online supplementary table S1). Sanger
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sequencing of PNPLAG was performed for patients B:1 and C:1 and for segregation analysis
(see online supplementary figure S1). Familial carrier testing to demonstrate disease allele
segregation was possible for families A, D, E and F. Carriers were asymptomatic for all
phenotypes.

Compound heterozygous mutations were found in the PNPLAG6 gene for each patient (table
1). PNPLAG is composed of 34 exons, encoding a 1375 amino acid polypeptide with three
cyclic nucleotide monophosphate (cNMP) binding domains and one patatin-like domain
(figure 2A, B). In total, five missense (p.[Gly726Arg], p.[Argl099GIn], p.[Gly1176Ser], p.
[Gly1129Arg], p.[Val1215Ala]), one splice site mutation (c.[1973+2T>G]), one insertion
mutation (c.[3091-3092_insAGCC]) and an inline duplication of exons 14-20 of PNPLA6
(see online supplementary figure S2A) were observed in our Oliver—McFarlane and
Laurence—Moon affected individuals (figure 2A, B and table 1). Duplication of exons 14-20
would result in a frameshift at residue 832 and early truncation of the protein (see online
supplementary figure S2B).

All mutations identified in this cohort are novel, except the frameshift mutation
p.Arg1031fs*38 previously associated with GHS.23 The ¢.3526G>A (rs142422525) variant
was observed once in over 13 000 individual alleles listed in the National Heart, Lung, and
Blood Institute Exome Sequencing Project variant (EVS) database. However, it was not
found in over 300 ethnically matched controls32 and was predicted pathogenic by
MutationTaster,33 Polyphen-2,3* SIFT3% and PROVEAN.3¢ None of the other variants were
found in the control samples, in the 1000 Genome Project, or in the EVS databases, and all
were predicted to be deleterious.

PNPLAG6 expression during human central nervous system and retina development

In order to further understand the effect of PNPLA6 mutations leading to congenital and
childhood onset of pituitary and retinal degeneration, expression analyses were conducted in
these tissues at embryonic and adult stages. First, PNPLAG expression was evaluated in
human embryonic eye, pituitary and brain. As organogenesis occurs during the first
trimester, human embryonic tissue sections were evaluated for PNPLAG expression at
Carnegie stages 19 and 23 by in situ hybridisation (figure 3). As anticipated, PNPLA6
expression was noted throughout the neural retina, retinal pigment epithelium (RPE),
choroid, anterior and posterior pituitary, cerebellum and ventricular zones of the developing
brain (figure 3A-F). Expression was also detected in the epidermis, lens, extraocular
muscles, nasal epithelium, trigeminal ganglion and diencephalon (figure 3A, D, F). We also
observed consistent expression of PNPLAG expression in all adult human and mouse tissues
examined (see online supplementary figure S3A,B), in the developing and adult mouse brain
and eye (see online supplementary figure S3B,C), and in dissected segments of the postnatal
mouse eye and brain (see online supplementary figure S3D,E).

Mutant alleles are clustered in the Patatin-like domain of NTE

We found one missense mutation in the cNMP domain. Mutations in cNMP domain have
been reported in human patients and in Drosophila swiss cheese mutants.2337 Furthermore,
the inline duplication and splice site mutation were predicted to alter transcription of the
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terminal cNMP domain. However, most of our disease-associated mutations were located in
or predicted to disrupt transcription of the patatin-like domain, critical for the esterase
activity of NTE. Notably, the two previously reported SPG39 mutations (p.-Arg938His and
p.Met1060Val) are also located in the patatin-like domain, as are the majority of mutations
reported for GHS and BNHS.22-24 These results suggest that esterase activity of NTE is
essential for physiological function in retina and pituitary.

Therefore, we analysed structural effects of different mutations in the patatin-like domain
(figure 2C, D). ClustalW analysis of the two SPG39 and five Oliver—McFarlane and
Laurence—Moon alleles indicated a high level of evolutionary conservation for all mutated
residues (figure 2C and data not shown). We also visualised the location of the amino acid
substitutions in relation to the two enzymatically active residues for phosphatidylcholine
hydrolysis, p.Asp1134 and p.Ser1014. Residues p.Gly1176, p.Gly1129 and p.Arg1099 are
not in close proximity to the catalytic residues or within the funnel proposed to be the
enzymatic site (figure 2D), similar to reported SPG39, BNHS and GHS alleles.222438
Therefore, given the early and severe onset of Oliver—McFarlane and Laurence—-Moon
syndromes compared with other PNPLA6-associated diseases, we reasoned that differential
impairment of NTE activity might underlie the mechanism for this spectrum of disorders.
Because molecular modelling demonstrated that these mutations lie outside the esterase
active site and thus limit our ability to predict the effect on enzymatic function of the
encoded protein, we investigated disease allele pathogenicity in zebrafish and patient cells.

Impaired activity of human PNPLAG6 alleles during development

To determine the potential deleterious effects of PNPLAGE mutations associated with Oliver—
McFarlane or Laurence-Moon syndromes during normal development, MO knockdown of
prpla6 was performed in the zebrafish model system. Injection of prp/a6 MO in single cells
postfertilisation resulted in larvae with curved tails as well as small heads and eyes as
previously described.2? The phenotypes were grossly scored in 48 h posthatching zebrafish
embryos into four categories: (i) normal, (ii) mild with small head and eyes, (iii)
intermediate additionally had distal tail curvature and (iv) severe had full tail and body
curvature in addition to small head and eyes (figure 4A-D). Injection of a control scrambled
MO or WT human PNVPLA6 mRNA alone showed no difference from WT embyros (figure
4E and not shown). Coinjection of MO and WT PNPLAE mRNA significantly rescued the
morphant phenotype and were indistinguishable from WT mRNA alone (figure 4E).

Next, coinjections were performed with MO and PNPLAE mMRNA encoding one of the
missense alleles associated with SPG39 (p.Arg938His, p.Met1012Val) or the novel patatin-
like domain mutations (p.Arg1099GIn, p.Gly1129Arg, p.Gly1176Ser, p.Val1215Ala).
Importantly, none of the six human mutant PNPLA6 mRNAs were sufficient to restore
normal embryogenesis (figure 4E and see online supplementary figure S4). For each of the
six mutations, the distribution of hatching zebrafish among the four phenotypes was
indistinguishable from MO alone and significantly different from controls and WT rescue in
all categories (figure 4E). Thus, the four novel patatin-like domain missense alleles appear to
affect protein function.
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The pnpla6é morphant gross phenotypes resulting from coinjection of SPG39 mutations or
Oliver—-McFarlane/Laurence—Moon mutations were not significantly different between
alleles (figure 4E and see online supplementary figure S4), suggesting either that there are
subtle differences that would require more detailed histology or that the effect of these
mutations on NTE protein was similar, specifically reduced enzymatic function as
previously described for SPG39 alleles.3139

To ensure that Oliver—McFarlane/Laurence—Moon mutations did not cause mistargeting of
NTE protein from the proper location in the endoplasmic reticulum,*0 we transfected
HEK?293T cells with N-terminus or C-terminus GFP-tagged PNVPLA6 cDNAS constructs
(see online supplementary figure S5). We observed similar potentially artifactual perinuclear
GFP aggregates as reported previously with PMPLAG transfection in COS cells.40 Confocal
imaging of transfected cells did not reveal any obvious changes in the expression or
targeting of mutant NTE (see online supplementary figure S5). Therefore, we predicted that
the inability of the novel mutations to rescue the zebrafish morphant phenotype is due to
NTE loss of function rather than protein degradation or misrouting.

Severe loss of NTE activity in congenital PNPLAG disease

In order to elucidate whether subtle differences exist between loss of NTE function in
Oliver—-McFarlane/Laurence—Moon syndromes and SPG39, we compared enzymatic activity
between disease states. Given that Oliver—McFarlane and Laurence—Moon syndromes have
earlier onset compared with SPG39, we predicted the hydrolase activity would be
significantly reduced in these childhood-onset diseases compared with adult-onset SPG39.
We compared the esterase activity among fibroblast cells from WT controls, a homozygous
affected patient with SPG39 (p.Met1012Val/p.Met1012Val) and carrier, and patients A:1 and
A:2 (p.Argl099GIn/p.Gly1176Ser) and their carrier parents (figure 5). ANOVA was
significantly different between groups (p value=1.15E-15; figure 5). Cells from
heterozygous carrier parents and compound heterozygous affected patients from family A
had reduced hydrolase activity compared with controls (figure 5A, B). Phenol production
was significantly less in affected patient cells than cells with heterozygous mutations for
p.Arg1099GIn and p.Gly1176Ser, and total reductions appeared to be allele dose dependent.

As anticipated, cells from patients A:1 and A:2 had significantly reduced NTE specific
activity compared with SPG39 cells (p<0.001). Surprisingly, significant reductions in
hydrolysis activity were measured in cells from unaffected carrier parents in family A.
Compared with the SPG39 patient cells (p.Met1012Val/p.Met1012Val), cells with
heterozygous p.Arg1099GIn mutation had similar activity (p=0.65) and cells with
heterozygous p. Gly1176Ser mutation had significantly reduced activity (p=0.001). The
carrier parents of patients A:1 and A:2 have no neurological symptoms, gait abnormalities or
peripheral neuropathy, suggesting biallelic mutations may be required for phenotypic
expression. In summary, biallelic mutations confer dose-dependent reductions in hydrolysis
activity, and disease severity and congenital onset of Oliver—McFarlane and Laurence—Moon
syndromes correlate with reduction of NTE activity compared with SPG39.
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DISCUSSION

We describe the clinical phenotype of 10 patients with Oliver—-McFarlane and Laurence—
Moon syndromes and identify 8 NTE loss-of-function alleles of PNPLAG as the underlying
genetic aetiology. Further, we add congenital disease and developmental phenotypes
including anterior hypopituitarism, trichomegaly, alopecia, and facial dysmorphisms to the
spectrum caused by NTE dysfunction due to PANPLAG mutations. This study also provides
the first insights into the relationship between Oliver—McFarlane and Laurence—-Moon
syndromes. The combination of growth retardation, pigmentary degeneration of the retina
and trichomegaly was first described by Oliver and McFarlane in 1965 and subsequently 13
other cases including two sibling pairs.13-11 Laurence-Moon syndrome, described a century
earlier, has nearly complete overlap with Oliver—McFarlane syndrome with the exceptions of

absent hair findings and earlier-onset neurological signs (see online supplementary table S5).
1

Laurence—Moon syndrome has historically been included in the Bardet-Biedl spectrum,
though distinct given the marked choroidal atrophy, hypopituitarism with short stature, early
neurological involvement and the absence of polydactyly and renal disease.13-19 The retinal
degeneration is quite distinct, with Laurence—-Moon and Oliver—McFarlane syndromes
resembling choroideremia, and BBS resembling cone-rod dystrophy or retinitis pigmentosa
with choroidal sparing. The overlap between Laurence—-Moon, Oliver—-McFarlane and BBS
is not surprising as cilia require membrane specialisations that rely on proper trafficking of
membrane phospholipids. This may represent an important interface between the larger
classes of ciliopathies and phospholipase disorders.

Marked variability of hair and neurological features was noted within families A and F
(figure 1). This raises the possibility that, in specific cases, Laurence—Moon and Oliver—
McFarlane syndromes are part of a heterogenic spectrum, and clinical diagnosis is based on
predominant hair or neurological signs. Laurence—Moon and Oliver—McFarlane syndromes
may also be allelic. With the exception of the frameshift insertion, the mutations found in
our patients have not been reported among the PNPLAG disease-associated alleles,22-2441
Patients with early neurological involvement (patients B:1, E:1 and family F), characteristic
of Laurence—-Moon syndrome and infrequently reported in Oliver—McFarlane syndrome,
have the same frameshift allele, p.Arg1031fs*38, observed in patients with recessive spastic
ataxia and GHS.23 Notably, like E:1, both previously reported patients had cerebellar
atrophy, suggesting that important prognostic information may lie in genotype—phenotype
correlations. Therefore, combinations of disease-causing alleles may also underlie
differences among PNPLAG-opathies.

Our data further enhance the spectrum of congenital and childhood phenotypes across
tissues involved in PNPLAG-associated diseases. The extent of chorioretinal atrophy and
retinal pigment migration was variable (figure 1), though peripapillary sparing of disease
was typically present. Pituitary hormone deficiencies were also heterogeneous. Patients A:1
and A:2 had marked hypothyroidism and GH deficiency, while patients C:1 and D:1 had GH
deficiency and hypogonadotropic hypogonadism with thyroid sparing. Small anterior
pituitary size is typically noted after hormonal deficiencies are detected, and while it remains
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unclear whether this represents hypoplasia or atrophy, patients A:1 and E:1 had interval
decreases in anterior pituitary size, suggesting a degenerative process. We add eyelash and
eyebrow hyperpigmentation as well as mild facial dysmorphisms to the clinical descriptions
for certain patients, including prominent chin and frontal bone. The distinct difference in
ocular, trichologic and pituitary involvement in Oliver—McFarlane and Laurence-Moon
syndromes compared with SPG39, BNHS and GHS further implies that individual tissues
require differential levels of NTE activity.

We found significant reduction in NTE-mediated hydrolysis in cells from patients with
Oliver—-McFarlane syndrome compared with those with SPG39. This implies similar
pathophysiology, namely a requirement for hydrolysis of phospholipids at the endoplasmic
reticulum to maintain the cell membrane lipid bilayer and the choline-recycling pathway.
202142 gpinocerebellar features in humans and NTE-deficient mice appear to result from
degeneration of long axons, correlating with increased phosphatidylcholine levels in the
mouse brain.2042-45 |n the pituitary, reduced vesicle release from gonadotropes may underlie
gonadotropin deficiency and pubertal failure, as shown in vitro.24 This mechanism may
apply to the release of other anterior pituitary hormones as well, for example, GH release
from somatotropes and TSH release from thyrotropes. Trichomegaly results from increased
prostaglandin production due to increased phosphatidylethanolamine in follicular cells.48
Retinal degeneration may relate to abnormalities of multiple membrane phospholipid
functions, including outer segment disc membrane formation in photoreceptor cells, lipid
second messengers in visual transduction, degeneration of optic nerve axons and vitamin A
analogue processing or melanosome trafficking in RPE.4748 Notably, carriers of alleles
associated with Oliver—McFarlane/Laurence—Moon appear completely unaffected, though
their cells exhibit similar or reduced function compared with SPG39 patients, suggesting
that biallelic mutations are required to confer disease status. Similarly, heterozygous Pripla6
knockout mice have 50% NTE activity and are phenotypically normal, while homozygous
mutations are embryonic lethal due to failed placenta formation.4® Future studies will
explore the relative NTE activity and mechanistic differences among tissue-specific
phenotypic expression of PNPLAE mutations causing this spectrum of neurodegenerative
disorders.

Alternate mechanisms may also underlie differences among the PNPLAG-opathies. First,
different enzymatic activities may exist within the patatin-like domain that may be
selectively affected by disease-specific mutations. Relevant to this possibility is our
observation that the novel mutations do not localise to the putative active site, yet affect NTE
activity. It is possible that they differentially affect inter-domain interactions or other
properties such as substrate recognition or binding affinity.29 Second, there may be tissue-
specific phospholipid substrates for NTE that modulate these phenotypes. Other
phospholipases are involved in ocular, pituitary and spinocerebellar disease. For example,
mutations in PLA2G5 and PLAZG6, both of which are calcium-independent phospholipases,
cause two very distinct conditions, benign fleck retinopathy ((MIM 228980)) and
neurodegeneration with brain iron accumulation ((MIM603604)), respectively.>051 Further
investigations into common mechanisms of phospholipase disorders will improve our
understanding of this disease spectrum.
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In conclusion, PNPLAG mutations cause a broad spectrum of ocular, trichologic, pituitary
and cerebellar phenotypes. Our findings support that the timing and severity of disease is
related to the absolute hydrolase activity of the patatin-like domain, though unknown
modifying factors within tissues or alternate enzymatic activities of NTE likely contribute to
the phenotypic heterogeneity. We propose that disease phenotypes might correlate with NTE
activity in a tissue-specific manner. These disorders overlap clinically with more common
diseases such as BBS and other ciliopathies, though the prognostic, mechanistic and future
treatment implications vary drastically. Given the congenital onset of many features of
Oliver—McFarlane syndrome and PNPLAG-associated Laurence—Moon syndrome, early
intervention with hormone replacement and, in the future, gene or enzyme replacement
therapy may improve visual, developmental and neurological outcomes.
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Figure 1.
Clinical phenotypes of Oliver—McFarlane and Laurence-Moon syndromes. (A-F) Variability

in eyelash length and eyebrow and scalp hair quality for patients A:1 (A), A:2 (B), B:1 (C),
C:1 (D), F:1 (E) and F:2 (F). (G-J) Chorioretinal atrophy with variable pigment findings
including macular and peripapillary sparing and peripheral pigment clumping in patients A:1
(G), C:1 (H), D:1 () and F:1 (J). (K-M) Brain MRI findings including small anterior
pituitary noted in Oliver—McFarlane syndrome patient A:1 (K) and Laurence—Moon
syndrome patient F:1 (M), along with signal abnormalities of the posterior internal capsule
and deep white matter bilaterally in patient B:1 (L). (N) Spastic paraplegia findings on hand
X-ray of patient F:1. (O-R) Neuropathology findings for patient E:1, including severe
depletion of Purkinje and granule cells in cerebellar cortex (O), numerous empty baskets (P),
severe astrogliosis (Q) and an increased activated microglial cells (R). (O) H&E stain, (P) a-
internexin immunohistochemistry, (Q) glial fibrillary acidic protein immunohistochemistry
and (R) IBal immunohistochemistry. Scale bar represents 90 pm on (A) and 45 um on (B-
D).
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PNPLAG6 mutations are associated with Oliver—-McFarlane and Laurence—Moon syndromes.
(A) An illustration of PNPLAG gene structure along with the mutations. Exons highlighted
corresponding to protein domains. (B) Predicted PNPLAG protein structure includes three
cNMP domains and one patatin-like domain. (C) Alignment of portions of PNPLAG proteins

from various species, showing conservation of the neuropathy target esterase domain
residues mutated in patients with Oliver—McFarlane and SPG39 syndromes. (D) A

homology model of the catalytic domain of PNPLA6 constructed using SWISS-MODEL %2
and 10XW.PDB as a template. The location of mutations (red) and the enzymatically active

residues (blue) are shown. cNMP, cyclic-nucleotide monophosphate.
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Figure 3.
Human embryonic expression of PNPLA6. PNPLAG in situ hybridisation of human embryos

as Carnegie stage 19 (E) and stage 23 (A-D and F). (A and D) Horizontal sections with
expression in the retina and periventricular zones of the lateral and third ventricles. (B) Eye
expression observed in the retina, fovea (arrow), retinal pigment epithelium (arrowhead),
choroid, external epithelium and lens (L). (C) Anterior and posterior pituitary expression in
the epithelium and parenchyma. (E) PNPLAG expression in the developing cerebellum
(arrow) and hindbrain (arrowhead). (F) PNPLAGE is expressed in the nasal epithelium
(arrow), eyelid epithelium (arrowhead), extraocular muscles (EOM) and lens (L). Scale bar
represents 400 pm in (A), (D) and (E) 100 um in (B) and (C), and 200 pm in (F).
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Suppression of pnpla6 expression produces developmental defects in zebrafish embryos. (A)
Normal embryos class. (B-D) Embryos injected with morpholino (MO) against pnp/a6 have
developmental defects, curved head (mild), curved head and distal tail (intermediate), and
curved, small head with full tail curvature (severe). (E) Percentage of embryos categorised in
various phenotypic classes after injection with pnp/aé MO, wild-type mRNA or coinjection
of PNPLAG6 harbouring mutant alleles (N>100 embyros per condition; error bars=SEM,;
*p<0.05, **p<0.01, ***p<0.001).
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Figureb.

Differential neuropathy target esterase (NTE) hydrolase activity among PNPLA6G-associated
diseases. (A) Phenol production normalised to wild-type control cells. Statistical
significance of analysis of variance post hoc Tukey’s test comparing wild type (blue line),
SPG39 patient cells (green line) or family A carrier cells (red line). (B) Values for phenol
production (xSEM) for each cell line along with genotype and affected status. Error

bars=SEM; *p<0.05, **p<0.01, ***p<0.001.
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