@' PLOS | BIOLOGY

L)

Check for
updates

G OPEN ACCESS

Citation: Chan JP, Wong BH, Chin CF, Galam DLA,
Foo JC, Wong LG, et al. (2018) The lysolipid
transporter Mfsd2a regulates lipogenesis in the
developing brain. PLoS Biol 16(8): €2006443.
https://doi.org/10.1371/journal.pbio.2006443

Academic Editor: Richard Daneman, UCSD, United
States of America

Received: April 24,2018
Accepted: July 11,2018
Published: August 3, 2018

Copyright: © 2018 Chan et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: Data and software
availability: all raw/primary data have been
uploaded on Mendeley Data and can be access
through this link: https:/data.mendeley.com/
datasets/xf2k47hfbs/draft?a=1e5deac7-4ch9-
463d-9213-79f825998386. Gene microarray data
are deposited at GeoProfiles (accession number
GSE115971). Numerical data used to generate
figures are provided in S1 Data.

Funding: National Research Foundation, Singapore
https://www.nrf.gov.sg/ (grant number NRFI2017-
05). to DLS. The funder had no role in study

The lysolipid transporter Mfsd2a regulates
lipogenesis in the developing brain

Jia Pei Chan'®, Bernice H. Wong'®, Cheen Fei Chin', Dwight L. A. Galam', Juat Chin Foo?,
Loo Chin Wong', Sujoy Ghosh®, Markus R. Wenk?, Amaury Cazenave-Gassiot?, David
L. Silver'*

1 Signature Research Program in Cardiovascular and Metabolic Disorders, Duke-NUS Medical School,
Singapore, Singapore, 2 Department of Biochemistry, National University of Singapore, Singapore,
Singapore, 3 Centre for Computational Biology, Duke-NUS Medical School, Singapore, Singapore

@® These authors contributed equally to this work.
* David.Silver@Duke-NUS.edu.sg

Abstract

Brain development requires a massive increase in brain lipogenesis and accretion of the
essential omega-3 fatty acid docosahexaenoic acid (DHA). Brain acquisition of DHA is pri-
marily mediated by the transporter Major Facilitator Superfamily Domain containing 2a
(Mfsd2a) expressed in the endothelium of the blood-brain barrier (BBB) and other abundant
cell types within the brain. Mfsd2a transports DHA and other polyunsaturated fatty acids
(PUFAS) esterified to lysophosphatidylcholine (LPC-DHA). However, the function of Mfsd2a
and DHA in brain development is incompletely understood. Here, we demonstrate, using
vascular endothelial-specific and inducible vascular endothelial-specific deletion of Mfsd2a
in mice, that Mfsd2a is uniquely required postnatally at the BBB for normal brain growth and
DHA accretion, with DHA deficiency preceding the onset of microcephaly. In Mfsd2a-defi-
cient mouse models, a lipidomic signature was identified that is indicative of increased de
novo lipogenesis of PUFAs. Gene expression profiling analysis of these DHA-deficient
brains indicated that sterol regulatory-element binding protein (Srebp)-1 and Srebp-2 path-
ways were highly elevated. Mechanistically, LPC-DHA treatment of primary neural stem
cells down-regulated Srebp processing and activation in a Mfsd2a-dependent fashion,
resulting in profound effects on phospholipid membrane saturation. In addition, Srebp regu-
lated the expression of Mfsd2a. These data identify LPC-DHA transported by Mfsd2a as a
physiological regulator of membrane phospholipid saturation acting in a feedback loop on
Srebp activity during brain development.

Author summary

The brain is the most lipid-rich organ in the body. Brain development involves a tremen-
dous increase in the synthesis and accretion of fatty acids. De novo synthesis of fatty acids
is mediated by Srebp transcription factors, whereas acquisition of essential fatty acids via

uptake of plasma-derived lysophosphatidylcholine containing the essential omega-3 fatty
acid docosahexaenoic acid (LPC-DHA) is mediated by the transporter Mfsd2a in the cells
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that line the blood vessels in the brain. The function of Mfsd2a and DHA in brain devel-
opment is incompletely understood. Our study determined that Mfsd2a is required at the
blood-brain barrier for brain development and accretion of DHA after birth in mice.
Moreover, we determined that a major function of DHA in the brain is to negatively regu-
late Srebp activation, resulting in profound effects on membrane phospholipid composi-
tion. These findings reveal that LPC-DHA transported by Mfsd2a plays a physiological
role in both brain growth and in maintaining plasma membrane phospholipid composi-
tion during brain development.

Introduction

The brain is one of the most lipid-rich organs in the body, consisting mostly of glyceropho-
spholipids, cholesterol, and sphingolipids [1]. Prenatal brain development is a complex devel-
opmental process that involves the coordinated establishment of hundreds of specialized cell
types and the building of synaptic connectivity, together with a functioning blood-brain bar-
rier (BBB) [2-4]. Postnatal brain growth involves proliferation of astrocytes and oligodendro-
cytes, myelination of axons, and expansion of neuron dendrites. A common and essential
requirement for both prenatal and postnatal brain development is the biosynthesis of a massive
amount of membrane phospholipid, the origin of which was believed to be exclusively derived
from de novo biosynthesis within cells of the brain, and acquisition of essential fatty acids
from the periphery into the developing brain. De novo lipogenesis is driven by sterol regula-
tory-element binding proteins (SREBPs), identified by Brown and Goldstein to be transcrip-
tion factors that are important for the regulation of genes that maintain cellular lipid
homeostasis. There are 3 known isoforms—Srebp-1a, -1c, and Srebp-2; Srebp-1c regulates
genes in fatty acid biosynthesis, Srebp-2 regulates genes involved in cholesterol biosynthesis,
and Srebp-1a regulates both [5]. Srebp-1c and -2 predominate in the brain [6]. In the presence
of cholesterol or oxysterols, the precursor form of Srebp (about 130 kDa), in complex with its
chaperone protein sterol cleavage-activating protein (Scap), is retained in the endoplasmic
reticulum (ER) bound to insulin-induced gene 1 (Insig-1) [7]. In the absence of sterols, the
Srebp-Scap complex is released from Insig-1 and transported from the ER to the Golgi appara-
tus on COPII vesicles [8]. At the Golgi, the Srebp precursor is cleaved by Site-1 and Site-2 pro-
teases, releasing the N-terminal basic helix-loop-helix leucine zipper transcription factor
domain (about 60-70 kDa) that enters the nucleus and activates target genes by binding to ste-
rol regulatory elements (SREs) [9]. Underscoring the importance of de novo lipogenesis for
brain development, targeted deletion of Scap in brain resulted in perinatal lethality [10].
Docosahexaenoic acid (DHA) is an omega-3 fatty acid that is highly enriched in brain
phospholipids, particularly in phosphatidylethanolamine (PE), phosphatidylserine (PS), and
phosphatidylcholine (PC) pools and comprises up to 15% or more of the total fatty acid com-
position of the prefrontal cortex [11,12]. During human fetal development, a rapid increase in
brain DHA level is reported to occur at the end of the second trimester, which coincides
with the development of the BBB [13,14]. The accretion of DHA in brain continues from early
postnatal days until approximately 2 years of age [15-17]. Decreased levels of DHA in the
developing brain have been linked with negative effects on cognitive function [18,19] and neu-
rodevelopmental disorders [20-22]. Importantly, DHA itself cannot be de novo synthesized
efficiently in brain and must be transported across the BBB. Our laboratory discovered Major
Facilitator Superfamily Domain containing 2a (Mfsd2a), a sodium-dependent lysophosphati-
dylcholine (LPC) transporter highly expressed by the endothelium of the BBB and the blood-
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retinal barrier (BRB), to be the major pathway for brain and eye DHA accretion [23,24].
Mfsd2a does not transport unesterified DHA, but DHA esterified as lysophosphatidylcholine
(LPC-DHA). Mice with gene-targeted deletion of Mfsd2a (2aKO) exhibited severe microceph-
aly and brain DHA deficiency [23,25]. Importantly, we have also identified 3 families with
homozygous nonsynonymous loss-of-function mutations in Mfsd2a that presented with severe
microcephaly and intellectual disability [26,27]. Moreover, plasma LPC levels were increased
in affected patients relative to controls and, similar to 2aKO mice, consistent with a lack of
brain uptake of LPCs. Collectively, these findings suggested that brain growth and function
was impaired in patients because of the lack of transport of LPCs, and likely in part because of
brain deficiency in DHA. Despite the abundance and importance of DHA in the developing
brain, very little is known about its biochemical and molecular function. In the current study,
we provide genetic and biochemical evidence that Mfsd2a is required at the BBB during post-
natal life to mediate normal brain growth and that DHA deficiency precedes the onset of
microcephaly. Moreover, using an unbiased gene-profiling approach, we determined that a
major function of DHA during brain development is to regulate Srebp-1 and Srebp-2 activity
resulting in major changes in phospholipid saturation.

Results
Mfsd2a is required at the BBB for postnatal brain growth

We previously found that the brain sizes of conventional gene-targeted Mfsd2a knockout mice
(2aKO) at embryonic day 18.5 (¢18.5), a stage equivalent to late third trimester in human
development, were similar to wild-type (WT) littermates, and the brains were DHA deficient
[23]. These findings suggest that DHA deficiency precedes the development of microcephaly
in 2aKO brain and that the development of microcephaly occurs postnatally. While Mfsd2a
expression is highest in endothelial cells of the BBB, Mfsd2a is expressed in other cell types
within the brain parenchyma—notably the oligodendrocyte lineage, and at lower levels in
astrocytes (S1A Fig, [28]; S1B Fig, [29]). To determine if Mfsd2a deficiency at the BBB endo-
thelium is responsible for microcephaly reported in 2aKO mice, an endothelial-specific dele-
tion of Mfsd2a was generated using a floxed allele of Mfsd2a (22 crossed to the endothelial
cre-driver line Tie2 (2aECKO). Brain weights of adult 2aECKO mice were significantly
reduced relative to control floxed mice (2™, Fig 1A), consistent with reduced brain size (Fig
1B). This reduction in brain size in 2aECKO mice was similar to the microcephaly of 2aKO
mice [23] and indicates that Mfsd2a in the BBB is essential for brain development.

To determine if Mfsd2a at the BBB is required for postnatal brain development, we gener-
ated a tamoxifen-inducible endothelial-specific Mfsd2a deletion mouse model using the
Cdh5ERT2-cre driver line crossed to 22" mice (2aiECKO). Deletion of Mfsd2a was induced
by tamoxifen injection of pups for 3 consecutive days beginning at the day of birth, and brains
were harvested at 4 weeks of age (injection scheme, S2A Fig), a time when brain growth is
largely completed. Immunofluorescence imaging indicated reduced Mfsd2a at the BBB in
2aiECKO mice relative to controls (S2B Fig). Brain weights and sizes of 2aiECKO mice were
significantly reduced relative to controls (Fig 1C and 1D). Because neurogenesis and cortical
patterning are completed before birth, prenatal causes of microcephaly commonly result in
changes in cortical patterning, while postnatal causes of microcephaly often result in decreased
neuron arborization (i.e., decreased neuron dendrite branching) [30]. Remarkably, despite the
reduction in size of the adult brain cortex of 2aKO mice, cortical patterning of 2aKO is similar
to WT brains (53 Fig). In addition, the cortex of brains of 2aKO mice at e18.5, prior to the
development of microcephaly, also showed normal cortical patterning (S4 Fig). Consistent
with a role of Mfsd2a in postnatal brain growth, brains of 2aKO and 2aiECKO exhibited
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Fig 1. Mfsd2a is required at the BBB for postnatal brain growth. (A) Reduced brain weights of 8-week-old 2aECKO relative to 22"/
mice. Data are represented as mean + SE. Zaﬂ/ﬂ, n=4;2aECKO, n = 4. **p < 0.01. (B) Coronal sections indicate reduced brain size of
8-week-old 2aECKO relative to 22" mice. Sections were stained with Hoechst. Scale bar, 1 mm. (C) Reduced brain weights of 4-week-
old 2aiECKO relative to 22" mice. Data are represented as mean + SE. 2a"" 1 = 8;2aiECKO, n = 7. ***p < 0.001. (D) Coronal sections
indicate reduced brain size of 4-week-old 2aiECKO relative to 22/ mice. Sections were stained with Hoechst. Scale bar, 1 mm. (E)
Representative images of Golgi-stained hippocampal neurons in brain sections of 3-week-old WT and 2aKO, and 4-week-old 22" and
2aiECKO mice. n = 2 of each genotype. Scale bar = 50 um. (F) Sholl analysis of Golgi-stained hippocampal neurons in sections of brains
from 3-week-old WT and 2aKO, and 4-week-old 22" and 2aiECKO mice. An average of 44 neurons were analyzed for each brain. Data
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****p < 0.001. Numerical values underlying panels 1A, C, F, and G can be found in S1 Data.

significantly reduced neuronal arborization and decreased dendrite length (Fig 1E, 1F and
1G). These data indicate that Mfsd2a is required for postnatal brain growth and are consistent
with the conclusion that LPC transport into the brain provides lipid for the rapidly expanding

brain.

Mfsd2a expression at the BBB is indispensable for DHA accretion during
postnatal brain growth

Given that Mfsd2a is required at the BBB for postnatal brain growth, we tested whether
Mfsd2a at the BBB is also required for postnatal brain DHA accretion. We took a targeted lipi-
domic approach to quantify major DHA-containing brain phospholipids in PC, PE, and PS in
the rapidly growing postnatal day 8 (P8) brain. Consistent with the development of postnatal
microcephaly, 2aECKO and 2aiECKO brains were already significantly smaller at P8 relative
to 22" brains (Fig 2A and 2C). Targeted lipidomic analysis of 2aECKO demonstrated a pro-
found 70% decrease in DHA-containing phospholipids in the combined PC, PE, and PS pools
(Fig 2B, heatmaps illustrating percentage of individual PC, PE, and PS phospholipid species
shown in S5 Fig). We have previously shown that 2aKO mice exhibited a significant increase
in arachidonic acid (AA)-containing brain phospholipids [23]. However, 2aECKO brains had
a40% decrease in AA-containing phospholipids in the combined PC, PE, and PS pools (Fig 2B
and S5 Fig), suggesting that increased AA observed in brains of 2aKO was the result of Mfsd2a
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Fig 2. Mfsd2a expression at the BBB is indispensable for DHA accretion during postnatal brain growth. (A) Reduced brain weights of P8 2aECKO
relative to 22" mice. Data are represented as mean + SE. 2™, n = 5;2aECKO, 1 = 5. **p < 0.01. (B) Targeted lipidomic analysis of brains from P8
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deficiency at the BBB combined with deficiency in the brain parenchyma. Notably, a signifi-
cant 6-fold increase in the combined PC, PE, and PS pools containing a fatty acid sum compo-
sition of 3 double bonds was observed in 2aECKO brains (Fig 2B and S5 Fig). An increase in
fatty acid desaturation is intriguing, because these fatty acid species are the products of fatty
acid desaturases (i.e., SCD and FADS) that are rate-limiting enzymes in mono- and polyunsat-
urated fatty acid (PUFA) biosynthesis. Increases in these particular fatty acid species in
2aECKO brains were also noted in 2aKO mice [23]. Performing the same targeted lipidomic
analysis on P8 brains of 2aiECKO and controls revealed that 2aiECKO brains had a significant
40% reduction in DHA-containing phospholipids in the combined PC and PE pools and an
18% reduction in AA-containing phospholipids in the combined PC, PE, and PS pools, albeit
at a lower magnitude difference relative to 2aECKO brains. Similar to 2aECKO brains, a signif-
icant 4-fold increase in the combined PC, PE, and PS pools containing a fatty acid sum compo-
sition of 3 double bonds was observed in 2aiECKO brains (Fig 2D, heatmaps illustrating
percentage of individual PC, PE, and PS phospholipid species shown in S6 Fig). These lipido-
mic analyses indicated that Mfsd2a plays an essential role for DHA accretion at the BBB during
the rapid phase of postnatal brain growth. In addition, Mfsd2a deficiency at the BBB resulted
in a lipidomic signature suggestive of increased de novo lipogenesis of mono- and polyunsatu-
rated fatty acids.

De novo lipogenesis pathways are up-regulated in DHA-deficient brains

Mfsd2a knockout mice (i.e., 2aKO, 2aECKO, 2aiECKO) are the first genetic models of brain
DHA deficiency without the need to feed mice omega-3 fatty acid—deficient diets. We rea-
soned that Mfsd2a deficiency models could be a suitable tool to identify biochemical pathways
that are regulated by DHA, thus revealing functions of DHA in the growing brain. To exploit
Mfsd2a deficiency models for this purpose, transcriptome analysis using gene microarrays was
performed on the cerebrums of P8 or P9 2aKO, 2aECKO, and 2aiECKO and their respective
age-matched controls (WT or 28", Remarkably, the top predicted Reactome pathway for up-
regulated genes in brains of 2aKO, 2aECKO, and 2aiECKO was the metabolism of lipids and
lipoproteins pathway that contains lipogenic targets of the transcription factor Srebp-1 (Fig
3A). In addition, the cholesterol biosynthesis and steroid metabolism pathways were up-regu-
lated in brains of 2aKO and 2aECKO, which contain targets of the transcription factor Srebp-2
(Fig 3A). MA plots were used to visualize the mean expression versus fold-change relationship
for all genes, with individual targets in the Srebp-1 and Srebp-2 pathways indicated as red cir-
cles (Fig 3B and 3C, respectively). It is also interesting to note that these findings are consistent
with the top 2 predicted up-regulated pathways in eyes from 2aKO mice, which are also DHA
deficient [24], suggesting that this result is likely a common adaptive response to Mfsd2a defi-
ciency. Validation of increased Srebp-1 and Srebp-2 target gene expression was carried out by
direct quantification of mRNA using Nanostring analysis. Consistent with the gene microarray
findings, brains of 2aECKO mice had up-regulation of Srebp-1 and Srebp-2 target genes rela-
tive to controls, while only Srebp-1 target genes were up-regulated in brains of 2aiECKO mice
(Fig 3D and 3E, respectively; see S7 Fig for normalized counts of individual RNA targets). It is
important to note that the increased brain content of phospholipids containing fatty acids
derived from desaturase enzymes (Fig 2B and 2D) is consistent with increased expression of
Srebp-1 target genes. Consistent with a previous report [6], Srebp-1c is the major Srebp-1 iso-
form in brain and up-regulated in brains of 2aECKO mice (S8 Fig). Next, we tested whether
Srebp target genes would be up-regulated due to DHA deficiency prior to the development of
microcephaly. Indeed, 2aECKO brains at e18.5 had a significant up-regulation of Srebp-1 and
Srebp-2 target gene expression relative to littermate controls (Fig 3F). These findings indicate
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Fig 3. De novo lipogenesis pathways are up-regulated in DHA-deficient brains. (A) Gene microarray analysis of
brains from P8 mice. Heatmap represents commonly up-regulated Reactome pathways with an FDR <5%. Only
pathways that are commonly up-regulated in at least 2 genotype comparisons (2aKO versus WT or 22" versus
2aECKO/2aiECKO) are shown. RNA was pooled from 5-6 cerebrums according to their genotype. Color key indicates
negative logarithm of the FDR for the selected pathways, for which a higher value indicates the pathway is more
significantly different. (B) Increased Srebp-1 pathway genes in Mfsd2a deficiency mouse models. Data are represented as
MA plots of gene microarray analysis of brains from P8 mice. MA plot is used to visualize intensity-dependent ratio of
raw gene microarray data and indicated that the top-ranked pathway that was up-regulated in 2aKO, 2aECKO, and
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2aiECKO was the metabolism of lipids and lipoproteins pathway, which contains lipogenic targets of Srebfl (Srebp-1).
Red dots represent individual targets with significant changes in this pathway over the background of expressed genes.
(C) Increased Srebp-2 pathway genes in Mfsd2a deficiency mouse models. MA plot of gene microarray analysis of brains
from P8 mice. The second highest ranked pathway that was up-regulated in 2aKO and 2aECKO was the cholesterol
biosynthesis and steroid metabolism pathway, which contains cholesterogenic targets of Srebf2 (Srebp-2). Red dots
represent individual targets with significant changes in this pathway over the background of expressed genes. (D)
Confirmation of up-regulation of Srebp-1 and Srebp-2 pathways using direct mRNA quantification by Nanostring
analysis on brains from P8 22/ and 2aECKO mice. Heatmap represents agglomerative hierarchical clustering based on
Euclidean distance using normalized counts of Srebp-1 and Srebp-2 gene targets. Color bar indicates z-score
transformations on genes using normalized counts. 28, n = 5; 2aECKO, n = 5; biological replicates. (E) Confirmation
of up-regulation of Srebp-1 pathway using direct mRNA quantification by Nanostring analysis on brains from P8 22"/
and 2aiECKO mice, in which deletion of Mfsd2a in the BBB was induced by daily injections of 4-OHT injections from
postnatal day 0 to 3. Heatmap represents agglomerative hierarchical clustering based on Euclidean distance using
normalized counts of Srebp-1 gene targets. Color bar indicates z-score transformations on genes using normalized
counts. 28, n = 5; 2aiECKO, n = 5; biological replicates. (F) Nanostring analysis on Srebp-1 and Srebp-2 gene targets
from brains from e18.5 28"/ and 2aECKO mice showed up-regulation of both pathways in 2aECKO relative to 22"
Heatmap represents agglomerative hierarchical clustering based on Euclidean distance using normalized counts of
Srebp-1 and Srebp-2 gene targets. Color bar indicates z-score transformations on genes using normalized counts. 22",
n = 5; 2aECKO, n = 5; biological replicates. (G) Western blot analysis of Srebp-1, Srebp-2, Scd1, and Mfsd2a expression
in brain lysates of P13 mice. 2aECKO brains had increased nSrebp-1 relative to 22 brains. nSrebp-2 levels were similar
between genotypes. Scdl, a readout of Srebp-1 activity, was more abundant in brains of 2aECKO relative to 22" mice.
Mfsd2a expression was highly reduced in 2aECKO relative to 22"/ brains. Quantification of nSrebp-1, nSrebp-2, Scd1,
and Mfsd2a is shown. B-actin served as a loading control. Numerical values underlying panel 3G can be found in S1
Data.
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that up-regulation of Srebp target gene expression might be a proximal adaptation to DHA
deficiency, and the first demonstration of increased Srebp target gene expression as a result of
DHA deficiency in brain.

The rate-limiting step of de novo lipogenesis pathways involves the transport of precursor
Srebp from the ER to the Golgi apparatus for proteolytic processing to release the nuclear
form of Srebp [7-9]. Consistent with increased Srebp-1 target gene expression, western blot
analysis on cerebrum lysates from 2aECKO P8 brains showed increased levels of the nuclear
form of Srebp-1 (Fig 3G). Despite an increase in Srebp-2 target gene expression, increased
nuclear Srebp-2 was not detected in 2aECKO brain. The level of Scdl, as a readout of Srebp-1
activity, was significantly increased in 2aECKO brains (Fig 3G). As Scd1 is a Srebp-1 target
gene (and its up-regulation is consistent with increased Srebp-1 activity in Mfsd2a deficiency)
and is an important, rate-limiting desaturase enzyme in fatty acid synthesis [31,32], it was sub-
sequently used as a protein readout for Srebp regulation.

Neural stem cells as an in vitro model for Mfsd2a and LPC-DHA function

In order to test the hypothesis that LPC-DHA transported by Mfsd2a suppresses Srebp activity,
an in 