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A partially inactivating mutation in the sodium-
dependent lysophosphatidylcholine transporter MFSD2A
causes a non-lethal microcephaly syndrome

Vafa Alakbarzade*>12, Abdul Hameed!2, Debra Q Y Quek®!2, Barry A Chiozal"!2, Emma L Baple!->6:12,
Amaury Cazenave-Gassiot’, Long N Nguyen?, Markus R Wenk’, Arshia Q Ahmad®?, Ajith Sreekantan-Nair!,
Michael N Weedon!, Phil Rich!?, Michael A Patton!>!1, Thomas T Warner?, David L Silver* & Andrew H Crosby!

The major pathway by which the brain obtains essential
omega-3 fatty acids from the circulation is through a sodium-
dependent lysophosphatidylcholine (LPC) transporter
(MFSD2A), expressed in the endothelium of the blood-brain
barrier. Here we show that a homozygous mutation affecting a
highly conserved MFSD2A residue (p.Ser339Leu) is associated
with a progressive microcephaly syndrome characterized by
intellectual disability, spasticity and absent speech. We show
that the p.Ser339Leu alteration does not affect protein or cell
surface expression but rather significantly reduces, although
not completely abolishes, transporter activity. Notably,
affected individuals displayed significantly increased plasma
concentrations of LPCs containing mono- and polyunsaturated
fatty acyl chains, indicative of reduced brain uptake,
confirming the specificity of MFSD2A for LPCs having mono-
and polyunsaturated fatty acyl chains. Together, these findings
indicate an essential role for LPCs in human brain development
and function and provide the first description of disease
associated with aberrant brain LPC transport in humans.

We investigated an extensive Pakistani pedigree (Fig. 1a) comprising
individuals with an autosomal recessively inherited progressive neu-
rological condition in which the cardinal features included micro-
cephaly, spastic quadriparesis and intellectual disability with absent
speech. Neuroimaging was available for two affected individuals and
showed a consistent radiological phenotype with microcephaly and a
profound lack of posterior white matter (Fig. 1b and Supplementary
Table 1). To map the disease-associated locus, we used DNA samples
from affected and unaffected family members to perform genome-
wide SNP genotyping, assuming that a founder mutation was
responsible. This mapping identified a single notable homozygous

region of 19.9 Mb on chromosome 1p34 (maximum logarithm of
odds (LOD) = 7.3) shared by all affected individuals (Supplementary
Fig. 1). The region, considered likely to correspond to the disease
locus, is delimited by the recombinant SNP markers rs3767088 and
rs1033729 and contains 395 genes. To identify the causative mutation,
we performed whole-exome sequence analysis of a single affected
individual (II:3) to identify potential disease-causing variants. After
filtering, we identified only one likely deleterious variant within the
critical region, in exon 10 of the MFSD2A gene (encoding major facili-
tator superfamily domain-containing 2a; ¢.1016C>T, NC_000001.11:
2.39967632C>T; p.Ser339Leu). We did not detect any likely deleteri-
ous sequence variants in other genes responsible for microcephaly,
including the microcephalin genes, all of which are located outside
of the homozygous critical interval, nor in SLC2A1 (GLUT1), also
located on chromosome 1p, which was further excluded by dideoxy
sequence analysis. The MFSD2A sequence variant affected a strin-
gently conserved amino acid residue and cosegregated with the disease
phenotype (Fig. 1), was predicted to be highly damaging using
standard programs (PROVEAN score < —2.5), and was absent from
the online genomic dbSNP 141, 1000 Genomes Project and National
Heart, Lung, and Blood Institute (NHLBI) ESP6500 databases.

We previously identified MFSD2A as the major transporter for
uptake of the omega-3 fatty acid docosahexaenoic acid (DHA) into the
brain, which is selectively expressed in the blood-brain epithelium!?.
MFSD2A is a plasma membrane protein that belongs to the major
facilitator superfamily of secondary transporters, which have 12
membrane-spanning domains?. We recently showed that MFSD2A
transports DHA and other long-chain fatty acids into the brain in the
chemical form of LPC, defining MFSD2A as the first characterized
sodium-dependent facilitative transporter of LPCs!. Mfsd2a-knock-
out mice are deficient for DHA in the brain and present with severe
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Figure 1 Mutation of MFSD2A causes non-lethal neurodevelopmental delay and microcephaly.

(a) Pedigree of the extended Pakistani family investigated, showing cosegregation of the c.1016C>T
variant with disease and extended 20-bp sequence electropherograms for wild-type, heterozygous

and homozygous mutant individuals. (b) In affected individuals (11:3 and I11:2), axial T2-weighted scans

at the level of the lateral ventricle demonstrate a paucity of cerebral white matter volume, particularly
posteriorly around the lateral ventricles, causing scalloping of the ventricular walls. Myelination appears
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complete, and there is no signal abnormality to indicate an acquired injury. Cortical thickness and

folding appear normal. The pattern is identical in the two subjects. One has trigonocephaly (left); the other has a normal frontal convexity in the
axial plane (middle). A control image taken at the same level is shown for comparison (right). (c,d) Organization of the MFSD2A gene (c) and
MFSD2A protein (d) showing the position of the c.1016C>T (p.Ser339Leu) sequence variant. TM, transmembrane domain. (e) Amino acid alignment

showing high conservation of the Ser339 residue in vertebrates.

microcephaly, ataxia, and behavioral and cognitive impairment, con-
sistent with the disabilities seen in affected humans homozygous for
the variant encoding p.Ser339Leu. To determine the consequences of
the p.Ser339Leu alteration on MFSD2A function, we introduced the
variant into human MFSD2A cDNA, which we expressed in HEK293
cells. Overexpression of MESD2A in HEK293 cells resulted in the
presence of three main protein species detected by immunoblotting
of ~55, ~68 and ~100 kDa due to glycosylation?, as indicated by the
downward shift in the molecular weights of the major glycosylated
species after treatment with the N-glycosylase PNGase F (Fig. 2a).
In addition, we observed multiple bands on the immunoblot that
likely represent MFSD2A aggregates, as mock-transfected cells com-
pletely lacked these protein bands. In HEK293 cells overexpressing
the Ser339Leu mutant, the levels of the glycosylated ~68-kDa spe-
cies were reduced and the total levels of the Ser339Leu mutant were
slightly but non-significantly reduced in comparison to cells over-
expressing the wild-type protein (Fig. 2b). These relative changes
in the levels of glycosylated species of the Ser339Leu mutant might
be indicative of structural changes in the mutant protein. The small,
non-significant reduction in the total amount of MFSD2A Ser339Leu
expressed in HEK293 cells does not likely account for the disease in

the affected family members, as the reduction of MFSD2A protein
levels by ~50% in mice heterozygous for a Mfsd2a-knockout allele
did not result in microcephaly or DHA deficiency in the brain!'? and
the heterozygous parents of the affected individuals did not present
with disease. Furthermore, we found that the cell surface localization
of the Ser339Leu mutant was similar to that for wild-type MFSD2A
(Fig. 2c). Taken together, the data indicate that expression of the
Ser339Leu mutant is not greatly affected and that the mutant is
localized to the plasma membrane, similarly to wild-type MFSD2A,
suggesting that the transport function of the Ser339Leu mutant might
be impaired.

To assess transport activity in this cell-based system, we transfected
HEK?293 cells to express either wild-type or mutant (Ser339Leu)
MESD2A or mock transfected them as a negative control, and we then
incubated the cells with increasing concentrations of LPC-[1*C]DHA,
LPC-['“C]oleate or LPC-[*H]palmitate, which we previously charac-
terized as physiological LPC substrates for MFSD2A!. The amounts of
LPC-[*C]DHA and LPC-['*C]oleate transported were significantly
reduced relative to those observed with wild-type MFSD2A, whereas
the transport of LPC-[3H]palmitate was completely abrogated and
similar to that observed in mock-transfected cells (Fig. 2d). The lack
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Figure 2 The MFSD2A p.Ser339Leu alteration results in partial loss of function. (a) Immunoblot of wild-type (WT) and Ser339Leu MFSD2A

proteins expressed in HEK293 cells (the small brackets on the left highlight distinct glycosylated species of MFSD2A). The immunoblot shows three
biological replicates for each construct. PNGase F was used to remove glycans from MFSD2A. In the mock condition, cells were transfected with
empty vector. (b) Quantification of the band intensities in a for three distinct glycosylated species of MFSD2A (represented by molecular weight)

and total MFSD2A (the total MFSD2A in each lane or the sum of the amounts of the three glycosylated species), normalized to the band intensity

for B-actin. Values are represented as means + s.e.m. (c) Immunofluorescence localization of wild-type and Ser339Leu proteins expressed in HEK293
cells. MFSD2A is shown in green. Nuclei were stained with Hoechst 33342 (blue). Scale bars, 10 um. (d) Concentration-dependent transport of
LPC-[14CIDHA, LPC-[14C]oleate and LPC-[3H]palmitate after 30 min in HEK293 cells expressing wild-type or Ser339Leu MFSD2A protein

(as measured by disintegrations per minute (dpm) per well). Experiments were performed twice with three biological replicates. Values are represented

as means +s.e.m. *P< 0.05, **P<0.01, ***P < 0.001; NS, not significant.

of transport of LPC-[*H]palmitate by the mutant protein likely occurs
because LPC-palmitate is a low-affinity LPC ligand for MFSD2A,
as previously shown!. Although the mechanistic explanation for the
partial inactivity arising from the p.Ser339Leu alteration remains
uncertain, the Ser339 residue is located along a transmembrane
domain that may face inward into the substrate-binding pocket,
and the mutant leucine residue may interfere with substrate
binding. When considered together, these data are consistent with
the p.Ser339Leu alteration causing the microcephaly syndrome in
individuals homozygous for this variant (Supplementary Fig. 2).
Notably, the phenotype of these individuals is substantially milder
than the phenotype described in an accompanying study characteriz-
ing completely inactivating mutations of MFSD2A*%, in which affected
individuals with complete MFSD2A transporter inactivation present
with a severe, lethal microcephaly early in life with profound intel-
lectual disability, absence of speech, spastic quadriparesis, central
hypotonia, dysphagia and seizures. Although the affected individu-
als described here have overlapping features, the severity of micro-
cephaly and rate of progression of the condition are notably reduced
and the condition is associated with less severe motor, cognitive and
behavioral impairment and an absence of seizures. Relative to the
clinical features of individuals with complete loss of MESD2A func-
tion, the milder clinical findings described in the current study define
a unique clinical spectrum associated with partial loss of function of
MFSD2A and closely align with the phenotype reported for Mfsd2a-
knockout mice.

As cerebral spinal fluid was not available and it was not feasible to
measure brain DHA levels or LPC brain uptake in the affected indi-
viduals, we sought to identify a surrogate measurement for defective

LPC transport. We hypothesized that plasma LPC levels would be
increased as a consequence of partial inactivation of MFSD2A at the
blood-brain barrier, the major site for MFSD2A expression in the
body. LPCs are produced by the liver and circulate on albumin at
physiological concentrations similar to those found for unesterified
fatty acids in human blood>%. We used a targeted mass spectrometry
approach to measure plasma LPC concentrations in several of the
patients, their unaffected siblings and random age-matched con-
trols living in the same geographical region as the affected family
members. We found that total plasma LPC levels were increased in the
individuals homozygous for the variant encoding p.Ser339Leu variant
relative to all controls (increase of 54%, P = 0.015; Fig. 3a), consistent
with defective transport of LPCs at the blood-brain barrier in these
individuals. Remarkably, we found that the increase in total plasma
LPC concentrations in these individuals was due to specific increases
in the levels of LPCs containing monounsaturated (LPC 18:1: percent
increase of 92%, P = 0.004) and polyunsaturated (LPC 18:2, 20:4 and
20:3: percent increases of 254%, P = 0.002; 117%, P = 0.007; and 238%,
P =0.002, respectively) fatty acyl chains, but not in the levels of the
most abundant plasma LPCs, which contain saturated acyl chains
(C16:0 and C18:0: percent increases of 20%, P = 0.105 and 23%,
P =0.166, respectively). Plasma concentrations of LPCs contain-
ing DHA were below quantifiable detection in all subjects, which
is consistent with the lack of marine fish” in the diet of the families
investigated, who are resident in a geographically land-locked region
of Pakistan. We note that LPCs with saturated fatty acyl chains are
lower-affinity ligands for MFSD2A than LPCs with unsaturated
acyl chains!, and affinity for MFSD2A was inversely correlated with
physiological levels (Fig. 3b). Therefore, these findings confirm that
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Figure 3 Total plasma LPC concentration and concentrations of
individual LPC species by lipidomic mass spectrometry. (a,b) Total LPC
concentration (a) and concentrations of common individual LPC species
(b) in plasma from age-matched controls, including 34 unrelated children
from the same geographical location, and 1 parent (I1:3) and 1 unaffected
sibling (I11:5) from the pedigree. Analysis was performed once with two
technical replicates. Values are represented as means = s.e.m. *P < 0.05,
**P < 0.01; NS, not significant.

partial inactivation of MFSD2A (by p.Ser339Leu alteration) does
not result in significant changes in plasma LPC concentrations for
lower-affinity ligands but does affect the plasma levels of LPCs that
are higher-affinity ligands for MFSD2A. In contrast, complete loss
of MFSD2A activity* results in an increase in the concentrations of
all detectable LPC species. These findings indicate that LPCs with
mono- and polyunsaturated fatty acyl chains are the major plasma
LPC species required for human brain growth.

There are notable phenotypic parallels between individuals
homozygous for the variant encoding p.Ser339Leu alteration and
mice null for Mfsd2a, as both groups display severe microcephaly,
motor dysfunction and progressive worsening of neurological
phenotypes with age, and we anticipate that individuals homozygous
for the p.Ser339Leu variant would also display a severe deficiency
for DHA in the brain, similarly to Mfsd2a-knockout mice. The DHA
deficiency in Mfsd2a-knockout mice can be explained by the

LETTERS

finding that LPC is the primary carrier of DHA to the brain, which
does not synthesize DHA. The presentation of microcephaly in both
Mfsd2a-knockout mice and humans homozygous for the p.Ser339Leu
variant suggests the possibility that LPC uptake by the brain provides
a preformed phospholipid source for membrane biogenesis.
This is possible because LPCs, which are found at low levels in cellular
membranes, are converted biochemically into membrane phos-
phatidylcholine through the action of lysophosphatidylcholine
acyltransferase enzymes8. Moreover, given that the syndrome exhib-
ited by individuals homozygous for the p.Ser339Leu alteration
appears progressive, it seems likely that LPC transport is required
in the adult brain to maintain brain function, perhaps by providing
LPCs for membrane repair and turnover. In conclusion, our data
establish that LPCs are critical for human brain growth and function
and defines LPCs as potential therapeutic agents for further explora-
tion in disorders of brain growth and neurodegenerative disease.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Study conduct. All tissue samples were taken with informed consent in accord-
ance with all ethical standards and protocols and governed by the Institute of
Biomedical and Genetic Engineering (Pakistan).

Genetic studies. SNP genotyping was carried out using Illumina Human
CytoSNP-12v2.1 arrays. Multipoint linkage analysis was performed with
SimWalk2 (ref. 9) under a model of autosomal recessive inheritance with full
penetrance, using a disease allele frequency estimated at 0.0001. Unique prim-
ers for sequencing and microsatellite analysis (Sigma-Aldrich) were designed
using online Primer3web software!? with sequences from the UCSC Genome
Browser. Bidirectional dideoxy DNA sequencing was performed on an
ABI3130 XLA capillary sequencer (Applied Biosystems), with analysis carried
out using Finch TV 1.4.0 (Geospiza) and Gene Tool 1.0.0.1 (Bio Tools). Whole-
exome sequencing was performed by the Otogenetics Corporation using the
SureSelect Human All Exon V4 (Agilent Technologies) exome enrichment
kit on an Illumina HiSeq 2000. Exome sequencing produced 31,783,299
mapped reads, corresponding to 93% of the targeted sequences being covered
sufficiently for variant calling (>10x coverage; mean depth of 45x).

PNGase F treatment. For treatment with PNGase E, 1 ul of 10x Glycoprotein
Denaturing Buffer (New England BioLabs), 2 ul of 10x G7RB, 2 ul of 10%
NP-40 and 1,000 U of PNGase F (New England BioLabs) were added to 7 ul of
HEK293 whole-cell lysate (30 pg protein). The reaction was incubated for 2 h
at 37 °C. Treated and untreated lysates were then evaluated by immunoblotting
using our polyclonal antibody against MFSD2A3. Immunoblots were quanti-
fied, with data representing means * s.e.m. Statistical analysis was performed
using a Student’s ¢ test. HEK293 cells were from the American Type Culture
Collection and were negative for mycoplasma.

Transport assays. Transport assays using HEK293 cells was performed as
previously described!. Briefly, plasmids encoding wild-type and Ser339Leu
MEFSD2A were transfected into HEK293 cells. Uptake assays were performed
after 24 h of transfection with a range of LPC-['*C]DHA, LPC-[!4C]oleate
and LPC-[*H]palmitate concentrations. Experiments were repeated twice
in triplicate in 12-well plates. Uptake activity is expressed in dpm per well.
Radiolabeled LPC-['*C]DHA, LPC-['“C]oleate and LPC-[*H]palmitate
were purchased from ARC. Non-radiolabeled LPC-DHA was synthesized as
described previously3. LPC-oleate and LPC-palmitate were obtained from
Avanti Polar Lipids.

Immunoblotting and immunofluorescence microscopy. Immunoblotting
and immunofluorescence microscopy for MESD2A were carried out as previ-
ously described using a rabbit polyclonal antibody against MFSD2AL11,

Lipidomic analysis of plasma samples. For human plasma samples, a single
plasma sample each for the father, mother and affected child and duplicate
plasma samples for the father, mother and affected child from the family were
used for LPC analysis. Plasma samples from 34 age-matched healthy children
(male and female) between 0.1 and 18 years old (mean = 4.3 years, s.d. =+4.4
years) and the mother and 1 non-carrier sibling in the pedigree were used as
controls. Lysophospholipids were extracted using a methanol-based protocol

described previously!2. Briefly, plasma samples (2 [1l) were resuspended in
198 pl of methanol containing 453 pmol/ml LPC 20:0 as an internal standard
(Avanti Polar Lipids) and were then vortexed for 30 s and sonicated for 30 min
on ice. Samples were centrifuged at 20,000g for 10 min at 4 °C to remove debris.
The supernatants (2 pul) were injected into a liquid chromatography-tandem
mass spectrometry (LC-MS/MS) instrument.

Mass spectrometry analysis. Samples were randomized for injection into the
LC-MS/MS instrument. Each sample was analyzed in technical duplicates.
Injections with blank were carried out every six samples to avoid carry-over.
The stability of signal throughout the analysis was monitored by regular injec-
tion of a quality control sample (chromatographic analysis was undertaken
on a 1290 Liquid Chromatography System, Agilent Technologies) using a
Kinetex HILIC stationary phase (column length, 150 mm; column internal
diameter, 2.1 mm; particle size, 2.6 wm; pore size, 100A; Phenomenex).
Gradient elutions were performed with solvents A (95% acetonitrile/5%
10 mM ammonium formate/0.1% formic acid) and B (50% acetonitrile/50%
10 mM ammonium formate/0.1% formic acid), with a gradient range from
0.1 to 75% solvent B in 6 min, 75 to 90% solvent B in 1 min, and 90 to 0.1%
solvent B in 0.1 min followed by 0.1% solvent B for 3 min (total run time of
10.1 min). Under these conditions, LPC species elute in ~4.9 min with a flow
rate of 0.5 ml/min. LPC species were quantified using Multiple Reaction
Monitoring (MRM) on a 6460 triple-quadruple mass spectrometer (Agilent
Technologies) with gas temperature of 300 °C, gas flow of 5 I/min, sheath
gas flow of 11 I/min and capillary voltage of 3,500 V. MRM transitions
were from precursor ions to the choline head fragment (mass/charge ratio
(m/z) = 184) with a collision energy of 29 V. We monitored 36 transitions
simultaneously with a dwell time of 20 ms. Quantification data were extracted
using MassHunter Quantitative Analysis (QQQ) software, and data were man-
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