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M O L E C U L A R  B I O L O G Y

Wnt signaling activates MFSD2A to suppress  
vascular endothelial transcytosis and maintain  
blood-retinal barrier
Zhongxiao Wang1, Chi-Hsiu Liu1, Shuo Huang1, Zhongjie Fu1, Yohei Tomita1, William R. Britton1, 
Steve S. Cho1, Chuck T. Chen2, Ye Sun1, Jian-xing Ma3, Xi He4, Jing Chen1*

Breakdown of the blood-retinal barrier (BRB) causes retinal edema and vision loss. We investigated the role of Wnt 
signaling in maintaining the BRB by limiting transcytosis. Mice lacking either the Wnt co-receptor low-density 
lipoprotein receptor–related protein 5 (Lrp5−/−) or the Wnt ligand Norrin (Ndpy/−) exhibit increased retinal vascular 
leakage and enhanced endothelial transcytosis. Wnt signaling directly controls the transcription of an endothelium-
specific transcytosis inhibitor, major facilitator superfamily domain–containing protein 2a (MFSD2A), in a 
-catenin–dependent manner. MFSD2A overexpression reverses Wnt deficiency–induced transcytosis in 
endothelial cells and in retinas. Moreover, Wnt signaling mediates MFSD2A-dependent vascular endothelium 
transcytosis through a caveolin-1 (CAV-1)–positive caveolae pathway. In addition, levels of omega-3 fatty acids 
are also decreased in Wnt signaling–deficient retinas, reflecting the basic function of MFSD2A as a lipid transporter. 
Our findings uncovered the Wnt/-catenin/MFSD2A/CAV-1 axis as a key pathway governing endothelium trans-
cytosis and inner BRB integrity.

INTRODUCTION
The light-sensing retina is a part of the central nervous system (CNS) 
and a physiological analog of the brain. Proper visual function 
requires a stable homeostatic microenvironment in the retina that is 
efficient for oxygen and nutrient transportation and free of blood-
borne toxins. Maintenance of this environment in the inner retina 
is achieved by the blood-retinal barrier (BRB), which is formed by 
mature retinal endothelial cells (ECs) as a continuous, nonfenestrated 
vascular system between the blood and neuronal tissue (1). Retinal 
ECs have two properties essential for their barrier features: (i) special-
ized tight junction complexes for preventing paracellular flux and 
(ii) very low rates of vesicular trafficking, known as transcytosis, for 
limiting transcellular transport (2–4). Whereas the role of tight 
junctions in the retinal vascular barrier has been extensively studied 
(5, 6), the regulation of vascular endothelium transcytosis has only 
recently been identified as a pivotal factor in maintaining BRB in-
tegrity (4, 7, 8). Breakdown of the BRB is a major cause of retinal 
edema and resultant vision loss in vascular eye diseases such as diabetic 
retinopathy (9, 10). In these pathological conditions, increased 
transcytosis and subsequent increased osmotic pressure are suggested 
to be main contributors to retinal edema (10). However, the exact 
molecular mechanisms governing EC transcytosis across the BRB 
remain poorly understood.

In the current study, we explored the mechanisms governing 
retinal EC transcytosis and BRB integrity using mice lacking the 
low-density lipoprotein receptor–related protein 5 (Lrp5) and its 
ligand Norrin (encoded by the Norrie disease protein gene, Ndp) as 
experimental models of retinal vascular leakage (11–13). The Lrp5 

knockout (Lrp5−/−) and Ndp knockout (Ndpy/−) mice, both exhibiting 
high vascular permeability, are mouse models for two rare genetic 
eye diseases—familial exudative vitreoretinopathy (FEVR) and Norrie 
disease, respectively (11, 13–15). FEVR patients have delayed and 
incomplete development of retinal blood vessels, with varying 
degrees of disease severity, whereas in the more severe X-linked 
Norrie disease, the retina is massively gliotic and mostly destroyed 
by the time of birth. Both disease are linked with mutations in an 
interrelated Wnt signaling pathway involving the ligand Norrin 
(encoded by the Norrie disease protein gene, Ndp), the receptor 
Frizzled4, and the co-receptor LRP5 (15). Both Lrp5−/− and Ndpy/− 
mice mimic human diseases and exhibit defective and incomplete 
retinal angiogenesis and the absence of intralaminar (intermediate 
and deep layers of) retinal vessels, followed by hypoxia-induced 
pathologic vascular growth in the superficial plexus with glomeruloid 
vascular structures, persistence of hyaloid vessels, and BRB break-
down (11, 13, 16–18).

The Wnt signaling pathway is important in both embryonic 
development and pathogenesis of diseases including cancer 
(12, 19, 20). Under normal conditions, the ligand Norrin binds with 
LRP5 and Frizzled4, thereby leading to the stabilization of -catenin, 
which translocates to the nucleus to bind nuclear T cell factor/
lymphoid enhancer factor (TCF/LEF), and subsequently activating 
target genes (21). However, when the ligands or the receptors are 
dysfunctional, -catenin is phosphorylated and targeted for degra-
dation, hence inactivating the canonical Wnt signaling pathway. The 
Wnt signaling pathway has long been linked to the breakdown of 
the blood-brain barrier (BBB) and BRB (22). Wnt3, Wnt7a/b, and a 
coactivator of Wnt7a/b, GPR124, promote angiogenesis and barrier-
genesis through the activation of the Wnt/-catenin signaling pathway 
in ECs (23–27). As such, Wnt signaling is crucial for the formation 
of the BBB and BRB (23, 25, 28) in an EC autonomous manner 
(28, 29). Our previous studies using an Lrp5−/− mouse model of 
FEVR established that LRP5, through the Wnt signaling pathway, is 
an essential regulator of BRB integrity and developmental angio-
genesis, in part through its regulation of claudin 5, a tight junction 
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protein (16, 30). Other studies also established that low Wnt/-catenin 
signaling causes leaky vessels and affects water homeostasis in the 
BBB (31), and that Norrin interplays with Wnt7a/7b in BBB and 
BRB formation (32). However, most of these previous studies on 
Wnt signaling in vascular barriers have focused on tight junction 
regulation without examining EC transcytosis, and the mechanisms 
underlying Wnt-dependent regulation of vascular barrier formation 
are still not fully understood.

This project studied whether the Wnt signaling pathway may 
limit EC transcytosis via the major facilitator superfamily domain–
containing protein 2a (MFSD2A), a negative regulator of transcytosis, 
to maintain the BRB. MFSD2A is an endothelium-enriched membrane 
lipid [docosahexaenoic acid (DHA)] transporter that participates in 
the regulation of the BBB (7, 33). Loss of MFSD2A in the brain causes 
increased vascular permeability and BBB breakdown, with increased 
EC transcytosis in mice and in zebrafish (34), whereas lipid transport 
by MFSD2A helps create a lipid-enriched environment that sup-
presses caveolar vesicles and EC transcytosis (35). Targeted inhibition 
of MFSD2A has been suggested as a potential route to temporarily 
disinhibit transcytosis across the BBB (36). Here, we showed that 
the absence of Wnt signaling leads to inner BRB breakdown and 
high levels of retinal EC transcytosis and caveolar vesicles, as 
visualized by electron microscopy. Modulation of Wnt signaling in 
retinal vascular ECs alters transcytosis levels. Moreover, Wnt sig-
naling deficiency in the retinal vascular endothelium results in sup-
pressed levels of MFSD2A. In addition, we identified MFSD2A as a 
direct TCF- and -catenin–responsive transcriptional target of Wnt 
signaling. Last, overexpression of MFSD2A reversed the effects of 
Wnt signaling on EC transcytosis and caveolar vesicles. A retinal 
lipid profile analysis also revealed decreased omega-3 fatty acid 
composition in Wnt-deficient retinas, which is consistent with the 
lipid transportation role of MFSD2A, as MFSD2A deficiency leads 
to approximately 50% reduction of retinal DHA (33). Together, our 
findings indicate that the Wnt pathway is an essential regulator of 
the inner BRB through the regulation of MFSD2A-mediated EC 
caveolar transcytosis, and that Wnt signaling is also a previously un-
known pathway for facilitating lipid transportation in the retina.

RESULTS
BRB integrity is broken down in Lrp5- and Ndp-deficient eyes
Wnt signaling–deficient mice, Lrp5 and Ndp knockout mice, were 
analyzed for their BRB integrity using fundus fluorescein angiography 
(FFA) (Fig. 1A). Ndpy/− mice and male controls (Ndpy/+) were used 
due to the nature that the Ndp gene is X-linked, whereas Lrp5−/− 
mice in the C57BL/6J background were compared with C57BL/6J 
wild-type (WT) mice. In both Lrp5−/− and Ndpy/− eyes, severe 
vascular leakage was observed through FFA, thereby suggesting the 
occurrence of BRB breakdown, whereas in their respective WT 
controls, fluorescein was confined to retinal vessels and the BRB 
remained intact (Fig. 1A). In addition, BRB integrity was quantified 
by measuring the leakage of a large molecule tracer [fluorescein 
isothiocyanate (FITC)–conjugated 70-kDa dextran] in retinal flat 
mounts after retro-orbital injection of tracer, costained with a vascular 
endothelium marker isolectin B4 (IB4). The fluorescent tracer was 
constrained to the IB4-positive vessels of control retinas; however, 
substantial leakage was observed from the IB4-positive vessels of 
Lrp5−/− and Ndpy/− retinas, which also exhibited pathological glo-
meruloid vascular structures (Fig. 1B). There was a significant 

increase in leakage intensity in both knockouts versus their WT 
control mice (Fig. 1B). These findings of increased vascular perme-
ability in both Lrp5−/− and Ndpy/− retinas suggest the breakdown of 
BRB integrity in the absence of Wnt signaling.

Lrp5−/− and Ndpy/− retinal vascular endothelia contain high 
levels of functional transcytotic vesicles
To assess whether Wnt signaling affects EC transcytosis, we next used 
transmission electron microscopy (TEM) to visualize transcytotic 
vesicles in Lrp5−/− and Ndpy/− retinal endothelia. For quantification, 
the trans-endothelial vesicles were categorized into three groups: 
Type 1 vesicles are those starting to form by endocytosis at the 
luminal side; type 2 vesicles are those fully formed vesicles being 
transported inside the cytoplasm; and type 3 vesicles are those being 
released by exocytosis on the abluminal side. There are substantially 
increased numbers (by two- to threefold) of all three types of trans-
cytotic vesicles in both Lrp5−/− and Ndpy/− retinas compared with 
their respective controls (Fig. 1, C and D), suggesting higher levels 
of retinal EC transcytosis in the absence of Wnt signaling.

To further investigate whether the observed EC vesicles originated 
from the EC lumen side and may transport circulating substances 
functionally, horseradish peroxidase (HRP) was retro-orbitally 
injected into Lrp5−/− and Ndpy/− mice and their littermate controls 
(WT and Ndpy/+). Retinal sections were stained with an HRP colo-
rimetric 3,3′-diaminobenzidine (DAB) substrate, which forms black 
precipitates, and processed with TEM to visualize the vesicles inside 
the retinal ECs. In the Lrp5−/− mice, the number of HRP-positive 
vesicles was significantly increased, by about twofold, compared 
with WT control eyes (Fig. 1, E and F), whereas the number of 
HRP-positive vesicles in the Ndpy/− mice was increased by about 
fivefold compared with control eyes (Fig. 1, E and F). These find-
ings further support increased functional EC transcytosis in both 
Lrp5−/− and Ndpy/− retinas, when Wnt signaling is absent.

MFSD2A is down-regulated in Lrp5- and Ndp-deficient 
retinal vessels
Gene array data from our previous work and others found significant 
down-regulation of Mfsd2a in Lrp5−/− and Ndpy/− retinas when 
compared with their respective WT controls (16, 37). Here, we 
found that the mRNA levels of Mfsd2a were consistently down-reg-
ulated in Lrp5−/− retinas from postnatal day (P) 5 to P17, compared 
with age-matched WT controls (Fig. 2A). In addition, Mfsd2a levels 
were markedly decreased in P12 and P17 Ndpy/− retinas in comparison 
to littermate Ndpy/+ controls (Fig. 2A). To further identify the cellular 
location of Mfsd2a, laser capture microdissection (LCM) was used 
to isolate blood vessels from retinal cross-sections, which were then 
analyzed for mRNA expression using reverse transcription quanti-
tative polymerase chain reaction (RT-qPCR). In LCM-isolated retinal 
blood vessels, there was about a 10-fold enrichment of Mfsd2a in 
comparison to whole retinas in WT mice (Fig. 2B). Moreover, Mfsd2a 
mRNA levels were substantially down-regulated in both Lrp5−/− and 
Ndpy/− retinal vessels compared with their respective WT controls 
(Fig. 2C). Protein levels of MFSD2A were also significantly decreased 
in P17 Lrp5−/− and Ndpy/− retinas versus their respective WT control 
retinas by ~50% (Fig. 2D). In WT retinal flat mounts, immunochemistry 
staining of MFSD2A was observed almost exclusively in retinal blood 
vessels, showing colocalization with the vascular endothelium 
marker CD31, and was accentuated in microvessels (Fig. 2E). How-
ever, in both Lrp5−/− and Ndpy/− retinas, MFSD2A staining was 
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barely visible (Fig. 2E), further confirming its down-regulation 
in the absence of EC Wnt signaling.

Wnt signaling directly regulates MFSD2A transcription
We next assessed whether modulation of Wnt signaling directly 
regulates MFSD2A expression in human retinal microvascular ECs 

(HRMECs). MFSD2A mRNA levels were induced in HRMECs by a 
Wnt signaling activator, lithium, in a dose- and time-dependent 
manner (Fig. 3, A and B). Exposure to Wnt3a-conditioned medium 
also increased both the mRNA and protein levels of MFSD2A, 
whereas subsequent treatment with the Wnt inhibitor XAV939 
reversed the Wnt-induced MFSD2A up-regulation in HRMECs 
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Fig. 1. Lrp5−/− and Ndpy/− mice have impaired BRB and increased number of transcytotic vesicles within their retinal vascular endothelium. (A) One-month-old 
Lrp5−/− and Ndpy/− and their control mice (WT and Ndpy/+) were intraperitoneally injected with sodium fluorescein followed by fluorescent fundus imaging after 2, 4, 6, 
and 8 min. Green: Fluorescein within retinal blood vessels and extravasated fluorescein. (B) FITC-conjugated 70-kDa dextran (green) was injected retro-orbitally into 
Lrp5−/−, Ndpy/−, and control mice at P17. Isolated retinas were stained with IB4 (magenta), with Lrp5−/− and Ndpy/− retinas showing pathological glomeruloid vascular 
structures. Vascular leakage was quantified by leakage intensity of extravasated FITC-conjugated dextran. (C) TEM images show transcytotic vesicles in the retinal vessel 
endothelium of 3-month-old Lrp5−/− and Ndpy/− mice and their controls. Left: Transcytotic vesicles are categorized into three types: luminal (arrows) or abluminal (arrow-
heads) membrane-connected and cytoplasmic vesicles (asterisks). E, endothelial cell; L, lumen; P, pericyte. (D) Quantification of transcytotic vesicular density in EM images, 
normalized by EC area. (E and F) HRP was retro-orbitally injected to Lrp5−/− (2 months old) and Ndpy/− mice (3 months old) and their age-matched controls, followed by 
TEM. The blood vessel lumen in HRP-injected mice was filled with electron-dense DAB reaction (black). HRP-filled vesicles (white arrowheads) were observed in retinal ECs 
and quantified (normalized by EC area). Scale bars, 500 m (A), 100 m (B), and 500 nm (C and D). Data are expressed as individual values plus means ± SD. n = 3 to 6 mice 
per group. Statistical differences between groups were analyzed using two-tailed unpaired t tests. **P < 0.01, ***P < 0.001.
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(Fig. 3, C and D). XAV939 is a small-molecule inhibitor of the Wnt 
signaling pathway, which blocks Wnt signaling through binding to 
tankyrase, thus resulting in the stabilization of the Axin proteins, 
and increased degradation of -catenin (38). Effects on Wnt signal-
ing by Wnt modulators were validated by the levels of the active 
-catenin (nonphosphorylated -catenin), the canonical Wnt effec-
tor (Fig. 3D).

Canonical Wnt signaling mediates its gene expression by acting 
through the -catenin–responsive TCF-binding motifs (A/TA/
TCAAAG) on regulatory regions of its target genes (39). To evalu-
ate whether Wnt signaling directly regulates MFSD2A expression at 
the transcriptional level, dual-luciferase reporter assays were per-
formed in human embryonic kidney (HEK) 293T cells. Three promoter 
regions containing the putative TCF-binding motifs upstream of 
MFSD2A gene were cloned and ligated with a luciferase reporter. 
The luciferase reporter–containing promoter region #1 (P1) (but 
not #2-P2 or #3-P3) showed a more than 10-fold increase in luciferase 

activity when cotransfected with active -catenin (Fig. 3E). In addi-
tion, when the TCF-binding motif on P1 was mutated, its luciferase 
reporter activity was significantly decreased when cotransfected with 
active -catenin (Fig. 3F). Together, these results suggest that Wnt 
signaling directly regulates MFSD2A transcription via -catenin 
binding to its promoter region site.

Wnt signaling pathway regulates vascular EC transcytosis 
through MFSD2A
To explore whether Wnt signaling regulates transcytosis specifically 
in vascular ECs, we developed an HRP-based in vitro transcytosis 
assay using HRMECs cultured in Transwells. Transcytosis of HRP 
across the EC monolayer from the upper chamber to the lower 
chamber was measured after extensive washing to detect the release 
of endocytosed HRP, which excludes the potential contribution from 
paracellular transport (Fig. 3G). Up-regulation of Wnt signaling with 
treatment of either Wnt3a-conditioned medium (Fig. 3H) or 
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Fig. 2. MFSD2A levels are down-regulated in the retinas of Wnt signaling–deficient mice. (A) mRNA levels of Mfsd2a were measured by RT-qPCR in Lrp5−/− and Ndpy/− 
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cytosis assay in ECs. (H and I) Transferred HRP in the lower chambers was measured to indicate the transcytosis levels through the EC monolayer. Activation of Wnt sig-
naling activation was achieved by treatment with Wnt3a-CM (H) or human recombinant Norrin (I), and inhibition by XAV939 treatment. (J and K) siRNA targeting MFSD2A 
(si-M2A) suppressed MFSD2A mRNA (J) and protein levels (K) in HRMEC compared with si-control (si-Ctrl). (L) HRP-based in vitro transcytosis was used to detect transcy-
tosis levels in HRMEC with Wnt3a-CM in combination with si-M2A or si-control (si-Ctrl) treatment (K). Data are expressed as individual values plus means ± SD. n = 3 to 
4 per group. Statistical differences between groups were analyzed using a one-way analysis of variance (ANOVA) statistical test with Dunnett’s multiple comparisons tests 
or two-tailed unpaired t tests. *P < 0.05, **P < 0.01.
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recombinant Norrin (Fig. 3I) substantially reduced levels of EC 
transcytosis as measured by transferred HRP, whereas treatment 
with the Wnt signaling inhibitor XAV939 completely abolished 
the inhibitory effects of both Wnt3a and Norrin on EC transcy-
tosis (Fig. 3, H and I). Together, these results suggest that the Wnt 
signaling pathway regulates transcytosis in ECs specifically.

Given the known role of MFSD2A in negatively regulating tran-
scytosis (7, 40), we next evaluated whether the effects of Wnt signal-
ing on EC transcytosis were mediated by MFSD2A. In HRMECs, 
MFSD2A small interfering RNA (siRNA) treatment successfully 
suppressed the protein levels of MFSD2A by ~70% (Fig. 3J). While 
Wnt3a-conditioned medium in HRMEC inhibited EC transcytosis, 
MFSD2A siRNA significantly induced EC transcytosis in the control 
condition and also completely abolished the inhibitory effects of 
Wnt3a-conditioned medium in EC transcytosis (Fig. 3K). These results 
suggest that the inhibition of MFSD2A promotes EC transcytosis 
and reverses the Wnt-driven suppression of EC transcytosis.

Lrp5−/− and Ndpy/− retinal vascular endothelia have high 
levels of CAV-1 and caveolar vesicles
To further explore the types of vesicles involved in Wnt-mediated 
retinal EC transcytosis, we measured EC vesicles from Lrp5−/−, Ndpy/−, 
and their control retinas. All vesicles had a diameter range of 50 to 
80 nm (fig. S1), in line with the diameter of normal caveolae, which 
are important for lipid raft–dependent and clathrin-independent 
endocytosis (41). Caveolin-1 (CAV-1) is a major component and 
marker of the caveolar vesicles (42). In Lrp5−/− and Ndpy/− retinas, 
both the mRNA and protein levels of CAV-1 were significantly in-
creased (Fig. 4, A and B). However, clathrin, a marker for another 
major type of larger vesicle (~100 nm), remained unchanged in 
both Lrp5−/− and Ndpy/− retinas compared with their respective 
controls (Fig. 4A). These results pinpoint that caveolae-associated 
transcytosis is likely the main class of EC vesicles regulated by Wnt 
signaling. CAV-1 is highly colocalized with the endothelium marker 
IB4 in Lrp5−/− and Ndpy/− and their control retinas (Fig. 4C). More-
over, immunogold labeling of CAV-1 in TEM showed a clear asso-
ciation of electron-dense gold particles, reflecting CAV-1 staining, 
with caveolar vesicles, and a substantial increase of CAV-1–positive 
transcytotic vesicles in Ndpy/− retinal vascular endothelia compared 
with their littermate WT controls (Fig. 4, D and E), suggesting that 
Wnt signaling regulates EC transcytosis via caveolae.

Overexpression of MFSD2A suppresses Wnt  
deficiency–induced transcytosis through CAV-1 
and caveolar vesicles
To evaluate whether restoring MFSD2A levels may rescue the 
abnormally high levels of EC transcytosis in Wnt-deficient ECs, 
XAV939 was used to inhibit Wnt signaling in HRMECs, and 
MFSD2A overexpression (with FLAG tag) was achieved with lenti-
viral delivery, which was validated with a more than twofold protein 
overexpression (Fig. 5, A and B). Wnt inhibition induced CAV-1 
protein levels by more than twofold, which was reversed by 
MFSD2A overexpression (Fig. 5, A and B). Active -catenin levels 
were consistently low with Wnt inhibition, regardless of MFSD2A 
overexpression (Fig. 5, A and B). Moreover, MFSD2A overexpres-
sion completely abolished the functional effects of the Wnt inhibitor 
XAV939 on HRP-based EC transcytosis in vitro (Fig. 5C). These data 
suggest that regulation of EC CAV-1 levels and transcytosis by Wnt 
signaling is dependent on MFSD2A.

We next evaluated whether restoring MFSD2A levels in Wnt-
deficient retinas may functionally restore the effects of Wnt signal-
ing on limiting EC transcytosis. Lentiviruses expressing MFSD2A 
were intravitreally injected into Lrp5−/− retinas, which showed a 
more than threefold increase in the levels of MFSD2A protein 
in vivo (Fig. 5, D and E). MFSD2A overexpression also significantly 
suppressed CAV-1 protein levels in Lrp5−/− retinas (Fig. 5, D and E). 
Moreover, TEM imaging analysis showed that retinal overexpres-
sion of MFSD2A substantially decreased the number of transcytotic 
vesicles (both type I and type II) in the vascular endothelium of 
Lrp5−/− retinas (Fig. 5F). Consistently, the levels of immunogold 
CAV-1–positive transcytotic vesicles in Lrp5−/− retinas were also 
substantially decreased by the overexpression of MFSD2A (Fig. 5G). 
Together, these findings suggest that overexpression of MFSD2A 
restores the effects of Wnt signaling on limiting vascular EC trans-
cytosis and EC caveolar vesicles in vivo.

Altered omega-3 fatty acid lipid profile in Lrp5−/− and Ndpy/− 
retinas is consistent with the basic role of MFSD2A as a  
lipid transporter
In addition to inhibiting transcytosis, a major role of MFSD2A is a 
lipid transporter in mediating the transport of DHA, an omega-3 
long-chain polyunsaturated fatty acid essential for the development 
and function of the brain and retina (33, 43). Fatty acid analysis was 
performed in the retinas and brains of Lrp5−/− and Ndpy/− mice and 
their littermate controls to compare the lipid profiles that might be 
influenced by the down-regulation of MFSD2A. DHA (22:6n3) 
and eicosapentaenoic acid (EPA, 20:5n3) were both significantly 
decreased in Lrp5−/− and Ndpy/− retinas compared with their rela-
tive control retinas (Fig. 6A). No significant changes were detected 
in other analyzed fatty acids (fig. S2). Because MFSD2A only trans-
ports fatty acids in the form of esters with lysophosphatidylcholines 
and prefers to transport long-chain fatty acids across the CNS barrier 
(33), down-regulation of DHA and EPA in the Wnt signaling–deficient 
retinas is very likely related to the suppression of MFSD2A. DHA 
and EPA levels in the Lrp5−/− and Ndpy/− brains, however, remain 
unchanged in comparison to their controls (Fig. 6B), which is con-
sistent with their comparable brain sizes and brain weights (fig. S3), 
and this result may reflect alternate lipid transport mechanisms in 
the brain.

DISCUSSION
Our findings establish that the Wnt signaling pathway is an import-
ant regulator of retinal EC transcytosis and BRB integrity, in part 
through its modulation of MFSD2A, which has dual function of 
inhibiting transcytosis and transporting lipids. Using two animal 
models, Lrp5−/− and Ndpy/− mice, we demonstrated that Wnt signal-
ing–deficient mice have abnormally increased levels of vascular EC 
transcytosis in the inner BRB. Wnt signaling limits EC transcytosis 
through direct transcriptional activation of MFSD2A, which largely 
suppresses the CAV-1–dependent caveolar transcytosis in the BRB 
(Fig. 6C).

Our work suggests that a Wnt signaling deficiency in the retina 
leads to increased EC transcytosis, thereby contributing, in part, to 
impaired BRB development and retinal vascular leakage. The barriers 
of CNS require specialized characteristics to maintain its integrity, 
including tight junctions and normally very low rates of transcytosis 
(44). Previous studies revealed that genetic deletion of either Norrin 



Wang et al., Sci. Adv. 2020; 6 : eaba7457     28 August 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 13

or co-receptor LRP5 led to decreased expression of the tight junc-
tion protein claudin 5 and increased expression of the fenestration 
marker PLVAP, thereby partially contributing to increased retinal 
vascular permeability due to loosened paracellular transport (16). 
Our TEM images show that tight junctions were absent in the retinal 
endothelium of both Lrp5−/− and Ndpy/− mice, which also exhibit 
fenestration (fig. S4), in line with findings from previous studies 
(16, 45, 46). Yet, until recently, the importance of a low transcytosis 
rate in maintaining a healthy BBB or BRB has been understudied. In 
2014, Ben-Zvi et al. (7) compared gene expression patterns in ECs 
isolated from the brain cortex and the lungs and identified MFSD2A 
as a transmembrane protein that regulates BBB formation by sup-
pressing transcytosis. Later, the same group found that the BBB and 
BRB of Mfsd2a−/− mice were surprisingly leaky, even with perfectly 
functional tight junctions, thereby leading to the conclusion that 
the vascular leakage in Mfsd2a−/− mice resulted from increased 
transcytosis (7, 40). Yet controversy also exists, as two later studies 
using Mfsd2a−/− mice of different strains or background did not 
observe increased transcytosis in their retina and brains (47, 48). 
Whether these different findings and the discrepancies may result 
from the different strains or genetic background of the Mfsd2a−/− 
mice awaits further investigation.

In this study, we observed a severe BRB breakdown phenotype 
in both Lrp5−/− and Ndpy/− mice (Fig. 1). Our data show that the 
BRB breakdown is induced by abnormally high levels of EC trans-

cytosis, which were negatively regulated by the Wnt signaling path-
way in the BRB and retinal ECs. Our data suggest that under normal 
conditions, Wnt signaling limits EC transcytosis to help maintain 
BRB integrity. However, when Wnt signaling is deficient under 
pathological conditions, our findings show that EC transcytosis be-
comes unchecked, leading to enhanced vascular leakage. This work 
demonstrates that Wnt signaling serves as a key controlling mecha-
nism of EC transcytosis in vascular endothelial barrier structures, in 
addition to paracellular transportation regulation through tight 
junctions.

We found that Wnt signaling regulation of transcytosis is medi-
ated by direct transcriptional regulation of the Wnt target gene 
MFSD2A, which is enriched in the vascular endothelium. Gene 
array data from our previous studies and others found that the 
expression levels of Mfsd2 in the retinas of both Lrp5−/− and Ndpy/− 
mice were substantially down-regulated compared with their re-
spective WT controls (16, 37). Here, we found that MFSD2A levels 
are specifically down-regulated in Lrp5−/− and Ndpy/− retinal vessels 
versus their respective WT controls. Our findings show that Wnt 
signaling positively regulates MFSD2A expression on a transcriptional 
level, and MFSD2A is a direct target gene of the Wnt/-catenin sig-
naling pathway as confirmed by luciferase assay. These findings are 
in line with a recent study showing that elevated -catenin signaling 
leads to a partial conversion of permeable CNS ECs to a barrier-type 
state through the up-regulation of not only tight junction proteins 
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such as claudin5 but also gene transcription of MFSD2A (49). 
Because Lrp5−/− and Ndpy/− retinas show elevated levels of vascular 
endothelial growth factor (VEGF) as a secondary result of the 
hypoxic retina environment (50, 51) (fig. S5A), and VEGF is a key 
vascular permeability regulator capable of regulating several tight 
junction proteins and also a known downstream target of Wnt sig-
naling, there is a question whether increased VEGF levels in Lrp5−/−, 
Ndpy/−, and their control retinas may also contribute to the regula-
tion of MFSD2A expression. We found that recombinant VEGF 

treatment does not alter MFSD2A expression in HRMECs, com-
pared with control (fig. S5), indicating that VEGF does not directly 
regulate MFSD2A expression, and that MFSD2A activation in Lrp5−/− 
and Ndpy/− mice is VEGF independent and directly resulted from Wnt 
deficiency. Our concept that Wnt signaling regulation of transcyto-
sis is mediated through MFSD2A is further supported by experiments 
knocking down MFSD2A in retinal ECs, which reversed the suppres-
sion of transcytosis by Wnt signaling. In addition, overexpression of 
MFSD2A in Lrp5−/− retinas restored transcytosis levels in retinal 
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endothelium back to normal levels as observed in WT, without 
affecting the impaired tight junctions in Lrp5−/− retinas (fig. S6). 
Together, these findings reveal that Wnt signaling is a previously 
unknown upstream regulator and direct transcriptional mediator 
of MFSD2A, down-regulation of which contributes to increased 
transcytosis in Wnt signaling–deficient retinas.

Our data suggest that Wnt signaling–mediated MFSD2A-dependent 
regulation of transcytosis in the BRB is primarily through the caveola-
mediated pathway. Transcytotic pathways in epithelial cells and ECs 
can be categorized into clathrin-mediated, caveola-mediated, and 
other pathways (52). Clathrin-mediated vesicle trafficking (such as 
the transferrin receptor–mediated transcytosis of iron) is the most 
common pathway (53). Among many non–clathrin-mediated vesicle 
trafficking pathways, caveolae-mediated vesicle trafficking pre-
dominates as a transcytotic route in the ECs of peripheral organs, 
such as the heart and the lung (54, 55). Previous research has also 
shown that the suppression of caveolae-mediated transcytosis is 
essential for BBB function and is mediated, in part, by MFSD2A 
(35). In addition, the lipids transported by MFSD2A mediate the 
suppression of caveolae transcytosis (35). In our study, the size of 
the vesicles observed in TEM images ranged from 50 nm to 80 nm 
(fig. S1), which fell into the diameter range of caveolae (41). The 
up-regulated caveolae marker CAV-1 was also found in the retinal 
ECs of Lrp5−/− and Ndpy/− mice. In addition, overexpression of 
MFSD2A diminished the increased CAV-1 in vitro in HRMECs 
and in Lrp5−/− retinas. Together, these findings suggest that Wnt 
signaling regulation of transcytosis in the BRB is primarily through 
the MFSD2A-dependent caveola-mediated pathway.

The fundamental function of MFSD2A is to act as a key trans-
porter for DHA (33, 43). Nguyen et al. (33) found that Mfsd2a−/− 
mice show significantly reduced levels of DHA in brain, which is 
associated with neuronal cell loss in the hippocampus and cerebellum, 
neurological and behavioral deficits, and reduced brain size. In 
addition, MFSD2A-assisted DHA transport is important for photo-
receptor cell development in the eye, where MFSD2A deficiency 
leads to an approximately 50% reduction in retinal DHA (47, 48). 
These findings are in line with our observation of a 20 to 30% reduc-
tion of retinal DHA with partial suppression (~50%) of MFSD2A in 
Lrp5−/− and Ndpy/− retinas. Our fatty acid analysis also found a 
significant decrease of both DHA (22:6n-3) and EPA (20:5n-3) in 
Lrp5−/− and Ndpy/− retinas but intriguingly not in their brains, 
suggesting a previously unidentified role of Wnt signaling in mediating 
essential fatty acid transportation via MFSD2A in the retina. The 
reasons underlying the different fatty acid profiles between brain and 
retina tissue in Wnt signaling–deficient mice still need further in-
vestigation, but may be a reflection of the cellular structural dif-
ferences in retina versus brain, as well as the differential presence 
of other redundant lipid transport mechanisms (56) or differential 
mechanisms related to MFSD2A stability and function. For example, 
the Zika virus was recently shown to be capable of disrupting MFSD2A 
and promoting its ubiquitination and degradation to impair MFSD2A-
mediated DHA uptake in the brain (57). The transportation function 
of MFSD2A relates to its transcytosis regulatory function. Lipids 
(mainly DHA) transported by MFSD2A create a unique lipid com-
position within CNS ECs that specifically inhibit caveola-mediated 
transcytosis to maintain BBB integrity (35). In our study, the significant 
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reduction of DHA levels in the retinas of Lrp5−/− and Ndpy/− mice 
may also contribute to the up-regulation of caveola-mediated tran-
scytosis in the BRB.

Maintaining a healthy BRB is crucial for retinal function 
(9, 10, 14, 15). Our work provides a previously unexplored perspective 
with which to understand and target the caveolae vesicular route of 
transcytosis to protect the BRB, especially through one of the most 
fundamental signaling pathways, the Wnt signaling pathway (Fig. 6C). 
Considering that MFSD2A could serve as a therapeutic target for 
regulating transcytotic mechanisms in CNS ECs (58), our study may 
shed light on the development of new therapeutic strategies in Wnt 
signaling–related eye diseases. Furthermore, transcytosis often serves 
as a key route for drug delivery in the CNS (59). The barriers in the 
brain and retina, while maintaining an immune-exempted environ-
ment, sometimes also become obstacles for drug delivery to desired 
sites when treating neuronal diseases. Better ways to modulate 
transcytosis may assist in the selective delivery of medicine to the 
CNS tissue. Findings from this study can further our under-
standing of basic transcytosis regulation and may provide a feasible 
direction for treating retinal vascular leakage diseases and devel-
oping drug delivery systems.

MATERIALS AND METHODS
Experimental design
Mice with mutations of the Wnt signaling pathway components 
(Lrp5−/− and Ndpy/−) were used to study the effects of Wnt signaling 
on vascular endothelial transcytosis in the BRB. FFA, in vivo BRB 
permeability assay, and TEM were used to analyze BRB integrity 
and vascular leakage in retinas. In vitro transcytosis assays were 
performed in HRMECs to evaluate direct modulation of Wnt 
signaling on transcytosis. The regulatory effects of Wnt signaling 
on the expression of MFSD2A were evaluated with real-time qPCR, 
Western blot, and dual-luciferase reporter assay. Lentiviruses express-
ing MFSD2A were generated to determine the effects of MFSD2A 
overexpression on Wnt-mediated EC transcytosis in vitro and 
in vivo. The CAV-1–associated caveolae pathway was assessed for 
the mechanisms of the Wnt/MFSD2A pathway in endothelial trans-
cytosis. Fatty acids in both retinas and brains were measured to 
evaluate altered lipid profile in the absence of Wnt signaling.

Animal models and cell lines
Lrp5−/− (stock no. 005823) and its WT controls C57BL/6J (stock no. 
000664) and Ndpy/− (stock no. 012287) were obtained from the 
Jackson Laboratory (Bar Harbor, ME). Male Ndpy/+ mice were used 
as Ndpy/− controls because Ndp gene is X-linked. All experiments were 
approved by the Institutional Animal Care and Use Committee 
(IACUC) at Boston Children’s Hospital and followed the guidelines 
within the Association for Research in Vision and Ophthalmology 
Statement for the Use of Animals in Ophthalmic and Vision Research. 
All experiments were performed with age-matched controls and with 
littermate controls when feasible.

Cells were maintained at 37°C with 5% CO2. HRMECs were ob-
tained from the Cell Systems Corporation (Kirkland, WA; ACBRI181) 
and cultured with the EGM-2 EC growth medium (Lonza, Portsmouth, 
NH). HEK293T cells (293T or HEK293T) were obtained from 
the American Type Culture Collection (ATCC) (Manassas, VA; 
CRL-3216) and cultured in high-glucose Dulbecco’s modified Eagle’s 
medium (DMEM) and 10% fetal bovine serum (FBS) (Thermo 

Fisher Scientific, Waltham, MA). L Wnt-3A cells (CRL-2647) and 
L cells (CRL-2648) for producing Wnt3a-conditioned medium and 
the control-conditioned medium were obtained from ATCC and 
cultured in high-glucose DMEM and 10% FBS.

Experimental model and subject details
Fundus fluorescein angiography
Mice were anesthetized with a mixture of xylazine (6 mg/kg) and 
ketamine (100 mg/kg), and pupils were dilated with topical drops 
of Cyclomydril (Alcon Laboratories, Fort Worth, TX). Fluorescein 
AK-FLUOR solution (Akorn, Lake Forest, IL; NDC17478-253-10) 
was intraperitoneally injected at 5 g/g body weight into the anesthe-
tized mice. Fluorescent fundus images were taken with the retinal 
imaging microscope (Micron IV, Phoenix Research Laboratories, 
Pleasanton, CA) at 2, 4, 6, and 8 min after fluorescein injection.
In vivo BRB permeability assay
FITC-conjugated dextran (70 kDa, 0.1 mg/g; Thermo Fisher Scientific; 
D1822) was injected retro-orbitally and allowed to circulate for 1 hour. 
Mice were then euthanized, and eyes were enucleated. Eyes were 
lightly fixed with 4% paraformaldehyde (PFA) for 15 min at room 
temperature, and retinas were dissected and flat-mounted. Whole-
mounted retinas were imaged using confocal microscopy (LSM 
880; Zeiss, Oberkochen, Germany). The fluorescence intensity of 
FITC-dextran was analyzed with Zeiss microscope software ZEN 
Intellesis to segment and quantify vascular leakage from retinal 
vessels based on previous protocols (60). Retinas were costained 
with Alexa Fluor 594–conjugated isolectin GS-IB4 (Thermo Fisher 
Scientific; I21413).
Transmission electron microscopy
HRP (0.5 mg/g; Sigma-Aldrich, Natick, MA; P8250) was dissolved 
in phosphate-buffered saline (PBS) and injected retro-orbitally. 
After 1 hour of HRP circulation, eyes were enucleated and fixed in 
4% PFA and 5% glutaraldehyde solution for 1 hour, followed by 4% 
PFA fixation overnight. Retinas were then dissected and cut into 
50-m-thick free-floating sections using a vibrotome. Sections were 
incubated for 45 min at room temperature in 0.05 M tris-HCl 
(pH 7.6) buffer containing DAB (0.5 mg/ml) (Sigma-Aldrich) with 
0.01% hydrogen peroxide. Eyes without HRP injection were collected 
directly after the euthanasia of the mice, fixed, and cut in the same 
protocol without DAB staining. Sections were then stained with 
osmication and uranyl acetate, dehydrated in alcohols, and embedded 
in Taab 812 Epoxy Resin (Marivac Ltd., Nova Scotia, Canada). Sec-
tions (80 nm) were cut with a Leica ultracut microtome, picked up 
on 100-mesh formvar/carbon-coated copper grids, stained with 0.2% 
lead citrate, and viewed and imaged under the Philips Tecnai G2 
Spirit BioTwin Electron Microscope or the JEOL 1200Ex Electron 
Microscope.
Immunogold labeling for electron microscopy
Mice were perfused with 4% PFA and 0.1% glutaraldehyde solution 
shortly after sacrifice. Eyes were collected and immersed in 4% PFA 
for postfixation overnight. Retinas were then dissected and infiltrated 
with 2.3 M sucrose in PBS before freezing in liquid nitrogen. Frozen 
samples were sectioned at −120°C, and the 80-nm sections were 
transferred to formvar/carbon-coated copper grids. Grids were 
stained with CAV-1 antibody (1:10; Cell Signaling Technology, 
Danvers, MA; 3267) for 30  min at room temperature, and 
Protein-A gold (10 nm, 1:50; University Medical Center, Utrecht, 
The Netherlands) for 20 min. Contrasting/embedding of the 
labeled grids was carried out on ice in 0.3% uranyl acetate in 2% 
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methylcellulose for 10  min. The grids were examined in a JEOL 
1200EX or a Philips Tecnai G2 Spirit BioTwin TEM, and images 
were recorded with an AMT 2k charge-coupled device camera.
In vitro Transwell transcytosis assay
HRMECs were seeded on the inner surface of gelatin-coated Tran-
swell inserts (6.5-mm-diameter, 0.4–m–pore size polycarbonate 
filter; Corning, Corning, NY), which were then placed in wells of a 
24-well plate with complete EGM2 medium. The culture medium 
was changed every other day. Transendothelial electrical resistance 
(TEER) was measured to assess the barrier function between con-
fluent cells using an electrical resistance system (Millicell ERS-2, 
MilliporeSigma, Burlington, MA). When TEER reached 160 ohm·cm2 
(blank control is ~90 ohm·cm2), usually 7 to 12 days after seeding, 
treatments were added to the upper chambers. Wnt3a-conditioned 
medium/control-conditioned medium (50% mixed with basic EBM2 
medium), human recombinant Norrin (R&D Systems, Minneapolis, 
MN; 3014-NR), and XAV939 (10 M, Selleckchem, Houston, TX; 
S1180) were added for 24-hour treatment. DsiRNA targeting human 
MFSD2A (Integrated DNA Technologies Inc.; pooled from hs.Ri.
MFSD2A.13.1, hs.Ri.MFSD2A.13.2, and hs.Ri.MFSD2A.13.3)/Negative 
control DsiRNA (Integrated DNA Technologies Inc.; 51-01-14-03) 
or lentiviruses (production details below) were added for 72-hour 
treatment. Afterward, HRP (5 mg/ml) was added to the upper 
chambers and incubated at 37°C for 15 min. The Transwell plate was 
then placed on ice, and both the upper and lower chambers were 
intensively washed with P buffer for six times to remove all free ex-
tracellular HRP. Fresh EGM2 medium was then added to both the 
upper and lower chambers. Cells were incubated at 37°C for an 
additional 90 min before the medium from the lower chambers was 
collected. HRP levels in the lower chamber medium were reacted 
with QuantaBlu Fluorogenic Peroxidase Substrate (Thermo Fisher 
Scientific; 15169) and detected using a luminescence plate reader 
(EnSight Multimode Plate Reader, PerkinElmer, Akron, OH).
Laser capture microdissection
LCM was used to isolate blood vessels from retinal cross-sections of 
Lrp5−/−, Ndpy/−, or their respective WT control mice. Whole eyes were 
first isolated, embedded in optimal cutting temperature (OCT) com-
pound, and then cryosectioned. Retinal cross-sections (10 m thick) 
were then fixed briefly in ethanol and stained with Alexa Fluor 594–
conjugated isolectin GS-IB4. Samples were then transferred to a Leica 
LCM microscope (CTR 6500; Wetzlar, Germany), and lectin-positive 
blood vessels were microdissected using a laser. Samples were sub-
sequently pooled for total RNA isolation and real-time qPCR.
Real-time qPCR
Total RNA was extracted using the PureLink RNA Mini Kit (Thermo 
Fisher Scientific; 12183025) from whole retina samples or HRMECs 
following treatment with lithium chloride, Wnt3a-conditioned 
medium, or the XAV939 Wnt signaling inhibitor. In addition, total 
RNA from LCM-isolated retinal vessels was extracted using the 
miRNeasy RNA Micro Kit (Thermo Fisher Scientific; 12183020). 
The PCR primers used in the experiments are the following: mouse 
Mfsd2a, 5′-AGAAGCAGCAACTGTCCATTT-3′ (forward) and 
5′-CTCGGCCCACAAAAAGGATAAT-3′ (reverse); human 
MFSD2A, 5′-CCTTGTTTCCAGGACCTCAA-3′ (forward) and 
5′-GAAGTAGGCGATTGGCTCAG-3′ (reverse); mouse Cav-1, 
5′-GCATCAGCACGCAGAAAGAG-3′ (forward) and 5′-ACTTG-
GAATTGGCACCAAGGA-3′ (reverse); mouse Clathrin, 5′-ATTCTAG-
CCTCGCAGGATGC-3′ (forward) and 5′-ACCACACGATTTTGC
TGTGC-3′ (reverse); mouse Vegf, 5′-ACTCGGATGCCGACACGGGA-3′ 

(forward) and 5′-TGCTCCCCGGCAGGCAAAAG-3′ (reverse); 
18S, 5′-ACGGAAGGGCACCACCAGGA-3′ (forward) and 
5′-CACCACCACCCACGGAATCG-3′ (reverse). mRNA levels 
were quantified by normalizing the number of amplified comple-
mentary DNA (cDNA) copies to the housekeeping gene 18S using 
the −CT method.
Western blotting
Western blot analysis was used to measure the proteins of interest 
in retinas and HRMEC. Retina or cell samples were extracted and 
sonicated in radioimmunoprecipitation assay lysis buffer (Thermo 
Fisher Scientific; 89901) containing protease and phosphatase in-
hibitors (Sigma-Aldrich; P8465, P2850). Protein concentration was 
then measured with BCA protein assay kit and normalized across 
samples. Equal amounts of protein were subsequently loaded in 
NuPAGE bis-tris protein gels (Thermo Fisher Scientific) and trans-
ferred to a polyvinylidene difluoride membrane. Membranes were 
blocked with 5% nonfat milk for 1 hour and then incubated with a 
primary monoclonal antibody overnight at 4°C. Primary antibodies 
used were anti-MFSD2A (Abcam, Cambridge, MA; ab105399), 
anti–CAV-1 (Cell Signaling Technology, Beverly, MA; 3267), anti–
nonphosphorylated -catenin (Cell Signaling Technology; 8814S), 
anti–-catenin (Santa Cruz Biotechnology, Santa Cruz, CA; sc-7199), 
anti-FLAG (Sigma-Aldrich; SAB4200071), anti-CD31/PECAM-1 
(R&D Systems; AF3628), and anti–glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (Santa Cruz Biotechnology, sc-32233). 
HRP-linked secondary antibodies (Sigma-Aldrich; anti-mouse 
antibody, NA9310; anti-rabbit antibody, SAB3700934) were applied 
at 1:5000 dilution. The enhanced chemiluminescence reagent 
(Thermo Fisher Scientific; 34075) was used as HRP substrate. 
Chemiluminescent signals were detected using an imaging system 
(17001401, Bio-Rad, Hercules, CA), and densitometry was analyzed 
using ImageJ software.
Retinal immunohistochemistry staining and flat mounting
Mice were sacrificed at P6. Eyeballs were enucleated and fixed with 
4% PFA at room temperature for 20 min followed by a cold 70% 
ethanol fixation at −20°C overnight. Retinas were dissected and 
stained overnight at 4°C with primary antibodies including CD31 
antibodies (1:500; R&D Systems; AF3628), MFSD2A antibodies 
(1:500; a gift from D. Silver at Duke-NUS Graduate Medical School, 
Singapore), and CAV-1 (Cell Signaling Technology, Danvers, MA; 
3267). Retinas were then washed and stained with secondary anti-
bodies including Alexa Fluor 488–conjugated chicken anti-rabbit 
(Thermo Fisher Scientific; A-21441) and Alexa Fluor 594–conjugated 
donkey anti-goat (Thermo Fisher Scientific; A-11058) at room tem-
perature for 1 hour, followed by whole mounting and imaging with 
a confocal microscope (LSM 880, Zeiss).
Mfsd2a promoter cloning and dual-luciferase reporter assay
Three mouse Mfsd2a promoter regions containing the putative 
TCF-binding motif (A/TA/TCAAAG) were amplified by PCR using 
Phusion High-Fidelity DNA polymerase (New England Biolabs, 
Ipswich, MA; M0530). Primers used for cloning were the following: 
M2A_Promoter_1, 5′-TATCGCTAGCAGACCCAGAAAGGG-
GACTGG-3′ (forward) and 5′-TATCCTCGAGGCCCAC-
GATTTTCTTCCACT-3′ (reverse); M2A_Promoter_2, 5′-TATC-
GCTAGCCTGACAGACTGGAATCGGGC-3′ (forward) and 
5′-TATCCTCGAGCCGTCATCATCTAAACAGAGGC-3′ (reverse); 
M2A_Promoter_3, 5′-TATCGCTAGCCGTTCTCTGCTGGCACCTAT-3′ 
(forward) and 5′-TATCCTCGAGCTCCGCGCCTCTTAAAGGTT-3′ 
(reverse). The PCR products were then purified by gel extraction 
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and cloned into the destination pGL3 promoter luciferase vector 
(Promega, Madison, WI; E1751). All clones were verified by Eton 
Bioscience (Boston, MA) and confirmed by 100% sequence match-
ing with the promoter region of Mfsd2a. The TCF-binding site 
(TTCAAAG, −2605 to −2599) in Promoter #1 (−2841 to −2211) 
was mutated to CCTGGGT using a QuikChange Lightning kit (Agilent 
Technologies, Lexington, MA; 210515). The primer pairs used for 
mutation were 5′-GTAGAAAGGAGAACTCCTGGGTGGACTA-
ATGGAGTTAC-3′ (forward) and 5′-GTAACTCCATTAGTC-
CACCCAGGAGTTCTCCTTTCTAC-3′ (reverse).

Promoter plasmids and an active form of -catenin plasmid 
were transfected into HEK293T cells. After 48 hours, a dual-luciferase 
reporter assay kit (Promega; E1910) was used to determine luciferase 
activity. The relative luciferase activity was calculated by normaliz-
ing the firefly luciferase activity values to the respective Renilla 
luciferase values.
Lentivirus production and application
A plasmid expressing the full-length sequence of mouse Mfsd2a was 
optimized and synthesized by Synbio Technologies (Monmouth 
Junction, NJ). FLAG tag was added to the C terminus of MFSD2A 
protein for detection. Lentivirus vector pCDH-CMV-MCS-EF1-
puro (SBI System Biosciences, Palo Alto, CA; CD510B-1) was 
used as the backbone. The sequence of green fluorescent protein 
(GFP) was constructed to the same backbone as a control. pRSV-
Rev (Addgene, Watertown, MA; ID 12253), pMDLg/pRRE (Ad-
dgene; 12251), and pCMV-VSV-G (Addgene; 8454) were used as 
packaging plasmids. MFSD2A- or GFP-lentivirus plasmids and 
the packaging plasmids were transfected into HEK293T cells for 
72 hours. Medium was collected and filtered through a 0.45–m–
pore size filter (Corning Life Sciences; 430768) to remove cell debris. 
The flow-through was then centrifuged with a speed of 20,000 rpm 
for 2 hours. The pellets were air-dried and resuspended with PBS.

For lentiviral transduction in HRMECs, 2-l lentivirus and poly-
brene (final concentration, 8 g/ml) were added to each well in six-
well plates. Further experiments were performed after 72 hours of 
viral infection. For lentiviral transduction in mouse eyes, 0.5-l 
lentivirus was injected intravitreally at P12, and mice were eutha-
nized at P30 and their retinas were processed for protein expression 
detection or electron microscopy.
Fatty acid analysis
Littermate controls of Lrp5−/− and Lrp5+/−, Ndpy/− and Ndpy/+ were 
sacrificed at P17. Heterozygous Lrp5+/− mice are phenotypically 
normal (16) and were used as littermate controls for comparable 
maternal care and milk/diet. Retinas and brains (cortex) were iso-
lated promptly and stored at −80°C until further processing. Retina 
and brain total lipids were extracted using chloroform, methanol, 
and 0.88% KCl (2:1:0.75 by volume). Total phospholipids were iso-
lated by thin-layer chromatography (TLC) using TLC G-plates 
(EMD Chemical, Gibbstown, NJ) with authentic standards (Avanti, 
Alabaster, AL). Heptane, diethyl ether, and glacial acetic acid (60:40:2 
by volume) were used for total phospholipid isolation. Bands were 
identified by 0.1% 8-anilino-1-naphthalene sulfonic acid spray 
under ultraviolet light. Total phospholipid fatty acids and internal 
standards (17:0 and 22:3n-3) were converted into fatty acid methyl 
esters with 14% boron trifluoride–methanol at 100°C for 1 hour, 
followed by quantification with gas chromatography–flame ioniza-
tion detection. The concentration of each fatty acid was quantified by 
peak comparison to the internal standards and expressed as nmol/g 
brain or retina.

Statistical analysis
Data were analyzed using GraphPad Prism 6.01 (GraphPad Software, 
San Diego, CA). The values shown in the graphs are presented as 
means ± SD of at least three independent experiments. Statistical 
differences between groups were analyzed using a one-way analysis 
of variance (ANOVA) statistical test with Dunnett’s multiple com-
parisons tests or two-tailed unpaired t tests; P < 0.05 was considered 
statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/35/eaba7457/DC1

View/request a protocol for this paper from Bio-protocol.
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