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Deficiency of MFSD7c results in microcephaly-
associated vasculopathy in Fowler syndrome
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Several missense mutations in the orphan transporter FLVCR2 have been reported in Fowler syndrome. Affected subjects
exhibit signs of severe neurological defects. We identified the mouse ortholog Mfsd7c as a gene expressed in the blood-brain
barrier. Here, we report the characterizations of Mfsd7c-KO mice and compare these characterizations to phenotypic findings
in humans with biallelic FLVCR2 mutations. Global KO of Mfsd7c in mice resulted in late-gestation lethality, likely due to CNS
phenotypes. We found that the angiogenic growth of CNS blood vessels in the brain of Mfsd7c-KO embryos was inhibited in
cortical ventricular zones and ganglionic eminences. Vascular tips were dilated and fused, resulting in glomeruloid vessels.
Nonetheless, CNS blood vessels were intact, without hemorrhage. Both embryos and humans with biallelic FLVCR2 mutations

exhibited reduced cerebral cortical layers, enlargement of the cerebral ventricles, and microcephaly. Transcriptomic analysis of
Mfsd7cK-KO embryonic brains revealed upregulation of genes involved in glycolysis and angiogenesis. The Mfsd7c-KO brain
exhibited hypoxia and neuronal cell death. Our results indicate that MFSD7c is required for the normal growth of CNS blood

vessels and that ablation of this gene results in microcephaly-associated vasculopathy in mice and humans.

Introduction
Proliferative vasculopathy, hydranencephaly-hydrocephaly syn-
drome (PVHH), also called Fowler syndrome (OMIM 225790),
is a severe and often lethal neurological disorder. Hallmarks of
this disease are congenital hydrocephalus, hydranencephaly,
hypervasculation, and thinning of cortices in the CNS (1). This
developmental abnormality is associated with high prenatal
lethality (2). Postmortem analysis of 16 PVHH human fetuses
showed calcifications, possible vascular pericyte deficiency, and
the aforementioned PVHH hallmarks (3). Genetic evidence has
linked PVHH to missense mutations of FLVCR2. However, the
mechanisms of disease in PVHH are enigmatic, reflecting our
lack of understanding of the role or roles of this gene.
Whole-exome sequencing of subjects with Fowler syndrome
reveals an association between the disease and biallelic loss-of-
function mutations in FLVCR?2 (1, 4, 5). Missense point mutations
such as R84H, T352R, L398V, G412R, T430M, T430R, N443A,
and S203Y are generally located in the transmembrane domain or
near the transport cavity of the protein (1, 2, 4-6). Therefore, the
mutated residues may affect protein folding or ligand transport
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activity. Nevertheless, functional assays to confirm the causal
effects of these missense mutations in FLVCR2 in Fowler syn-
drome are lacking. Therefore, it is of interest to characterize the
molecular and physiological functions of the protein.

The murine ortholog of FLVCR2 is MFSD7c, which is also
conserved in mammals (for simplicity, MFSD7c is used hereaf-
ter for both human and mouse FLVCR2). It belongs to the major
facilitator superfamily domain proteins, which facilitate the trans-
port of small molecules across membranes. MFSD7c shares high-
sequence similarity with MFSD7b, which is the heme exporter in
erythroid cells (7, 8). MFSD7c functioned as a heme importer, as
assessed by a heme analog zinc mesophorphyrin activity assay, in
a Chinese hamster ovary cell line (9). However, physiological evi-
dence is lacking to support this finding. To our knowledge, no previ-
ous studies on the physiological roles of MFSD7c have been report-
ed. To understand the physiological as well as the molecular roles
of MFSD7c, we generated and studied the phenotypes of the global
KO of Mfsd7c in mice. Our results show that MFSD7c is an endo-
thelial transporter in CNS blood vessels, the loss of which causes
late-gestation lethality. We observed that deletion of Mfsd7c results
in severely reduced angiogenic growth of CNS blood vessels to the
subventricular zone (SVZ) and ventricular zone (VZ). As a result, KO
brains exhibit severe hypoxia and neuronal cell death likely linked
to reduced brain growth. We also report mutations as well as clini-
cal and radiologic findings in a 17-month-old child with Fowler syn-
drome. Our results provide evidence that lack of MFSD7c strongly
suppresses CNS blood vessel growth, which in turn causes a severe
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delayed growth of brain. Mfsd7¢c-KO mice are a valuable genetic
model for mechanistic investigation of Fowler syndrome.

Results

MFSD7c is a putative membrane transporter that is expressed in endo-
thelial cells of CNS blood vessels. CNS blood vessels comprise tight
junction proteins that restrict the diffusion of bloodborne mole-
cules. To facilitate the transport of nutrients, ions, and small mol-
ecules, endothelial cells must express membrane transporters,
which are used to exchange nutrients and wastes between neuro-
nal cells and blood (10, 11). In search for major facilitator transport-
ers in the brain, we analyzed public transcriptomic data sets and
identified Mfsd7c as a potential gene candidate. We were further
interested in this gene as it has been reported in Fowler syndrome,
a neurological disorder without known molecular mechanism.
To study the expression pattern of MFSD7c in vivo, we generated
polyclonal antibodies against murine MFSD7c. Using immuno-
histochemistry with mouse embryos and adult brain sections, we
found that MFSD7c is prominently expressed in CNS blood vessels
(Figure 1A). The brain blood vessels consist of several cell types,
such as pericytes (10). We found that MFSD7c was colocalized with
glucose transporter 1 (GLUT1, also known as SLC2A1), but not with
pericyte marker PDGFRB, indicating that it is expressed in endo-
thelial cells of CNS blood vessels (Figure 1, B and C). Additionally,
MFSD7c was expressed in both luminal and abluminal sides of
the blood-brain barrier (BBB); this is similar to the expression pat-
tern of GLUT1 (Figure 1B). MFSD7c protein was enriched in CNS
microvessels, but not in parenchymal cell fractions from adult
mouse brains (Figure 1D). MFSD7c is predicted to be a membrane
protein with molecular weight of 45 to 50 kDa when overexpressed
in HEK293 cells (Figure 1D). These results show that MFSD7c is a
plasma membrane transporter in CNS blood vessels.

KO of Mfsd7c results in late-gestation lethality. Previously, homo-
zygous human mutations of MFSD7¢ have been reported in Fowler
syndrome. To gain insights into the disease mechanisms of these
missense mutations and the physiological roles of MFSD7c, we
generated global KO of Mfsd7c in mice (Supplemental Figure 1;
supplemental material available online with this article; https://
doi.org/10.1172/JCI136727DS1). We observed that KO mice died
before weaning. To assess the lethality phenotype, we performed
time mating to obtain embryos at developmental stages and
observed that KO embryos had slightly reduced body weight and
died in late gestation (Figure 2A). Some of the pups were born with
slightly pale color and died within a few hours after birth (Figure
2A). Their milk sacs were empty (Supplemental Figure 2A). The
head sizes of KO embryos were significantly smaller than those
of WT (Supplemental Figure 2B). To investigate the cause of the
lethal phenotype, we performed anatomical analysis of KO and
control embryos at E14.5 and E16.5, when the KO embryos were
still viable. The gross anatomy of KO embryos appeared normal
compared with that of control embryos (Figure 2B). In summary,
the anatomical structures of organs from the KO embryos did not
differ from those of controls at these time points (Figure 2B). We
observed several abnormal brain defects at high magnifications
that we were able to elaborate on by histological assessment. These
observations suggest neurological defects might be the cause for
the death of KO pups and might be related to hypoxia.
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Reduced growth of blood vessels in the VZ and SVZ of Mfsd7¢-KO
embryos. MFSD7c is expressed in endothelial cells of CNS blood
vessels, which prompted us to examine the blood vessel pheno-
types in the KO embryos. We performed IHC staining with GLUT1
and CD31 antibodies to visualize CNS blood vessels of embryos
and examined the formation of blood vessels from E13.5 onwards
in coronal sections (Figure 3A). Remarkably, the abnormal growth
of vasculature in the brain of KO embryos, especially in the VZ and
SVZregions, was already observed at these time points (Figure 3A).
In the cortical VZ regions, there was delayed growth and absence
of blood vessels reaching toward the ventricles (Supplemental
Figure 3A). Strikingly, the migration of growing blood vessels was
stalled near the SVZ regions in the ganglionic eminences (GEs)
(Figure 3, A-C). Vessel termini were dilated (Figure 3B). Addi-
tionally, vessels were coalesced, creating empty spaces observed
in E14.5-E15.5 KO embryos (Figure 3, B and C, and Supplemental
Figure 3A). We also noticed a loosened tissue composition in the
GE regions using H&E staining (Figure 3D). The vascular density
in the midbrain, cortex, and GEs was also significantly reduced
in the KO embryos (Supplemental Figure 3, B and C). Our results
show that endothelial MFSD7c is required for proper growth of
CNS blood vessels in the developing brain. Lack of this protein
results in delayed growth of blood vessels in VZ and SVZ regions.

MFSD7c is dispensable for BBB integrity. The reduced blood ves-
sel growth to the VZ and SVZ in Mfsd7¢c-KO embryos particularly
resembled the previously published mutants in components of
the canonical WNT signaling in CNS (12, 13). Nevertheless, these
canonical Wnt mutants exhibit severe cerebral hemorrhage (14,
15), which we did not observe in Mfsd7¢-KO embryos. We tested
for local disruption of the BBB structure in KO embryos. First, we
used MFSD2a as an endothelial cell marker for CNS microvessels
and TER119 as a marker for erythrocytes to detect hemorrhage. In
WT embryos at E14.5 and E16.5, erythrocytes were found within the
lumen of blood vessels (Figure 4, A and B). We did not observe any
obvious bleeding phenotype in the brain of KO embryos, although
clumps of erythrocytes could be visualized within severely dilated
blood vessels (Figure 4B). Thus, lack of MFSD7c does not result in
significant bleeding in the brain. Second, we used NHS-biotin as a
small molecule to determine whether the KO BBB leaks small mol-
ecules. NHS-bi-otin was found in dilated blood vessels in the brain
of KO embryos, but we did not observe any significant extravasa-
tion of NHS-biotin into brain parenchyma (Figure 4, C and D). We
applied an additional test of whether MFSD7c is required for BBB
integrity by staining with PLVAP, a marker for cellular fenestration.
Increased expression of PLVAP correlates with leakiness of BBB via
a transcellular route. Expression of PLVAP in CNS blood vessels
of KO embryos at E16.5 and E18.5 was comparable to that of WT
embryos (Supplemental Figure 4, A and B). Expression of genes and
proteins in the canonical WNT signaling as well as proteins involved
in the TGFB signaling pathway was unchanged in the brains of KO
embryos (Supplemental Figure 5, A-C). Together, these results
show that MFSD7c is not necessary for maintaining BBB integrity,
thus dissociating MFSD7c functions from canonical WNT signaling
and linking its unique roles to CNS blood vessel growth.

Brain blood vessels of Mfsd7c-KO embryos are dilated. Examining
the blood vessel phenotypes, we found that blood vessels were sig-
nificantly dilated throughout the brain of KO embryos (Figure 5A
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Figure 1. MFSD7c is expressed in CNS blood vessels. (A) Immunostaining of MFSD7c with polyclonal antibodies against murine MFSD7c in adult mouse
brain. Expression of MFSD7c was found in CNS blood vessels, where it colocalized with GLUT1. Top, cortex; bottom, SVZ. Experiments were performed at
least 4 times (n = 6). (B) Representative images of immunostaining of E18.5 WT and KO brain sections showing that MFSD7c was expressed in both apical
and luminal side (indicated by arrows) of CNS endothelial cells. Asterisk shows erythrocytes, which were also positive with GLUT1 staining. Experiments
were performed at least 4 times (n = 6 embryos per genotype). (C) MFSD7c is not expressed in pericytes. Immunostaining of E15.5 WT and KO brain sec-
tions with pericyte marker PDGFRb and MFSD7c. Arrowheads indicate pericytes. Experiments were performed at least 3 times (n = 3-4 embryos per geno-
type). (D) MFSD7c protein was detected in microvessel, but not parenchyma, fraction from WT adult brain. Protein lysates from E16.5 WT and KO embryos
as well as MFSD7c protein expression in HEK293 cells were used to interpret the MFSD7c protein band. Note that the total amount of protein from HEK293
cells was 1 pg. Arrowheads show MFSD7c and GLUT1 protein bands. Experiments were performed 3 times.

and Supplemental Figure 6A). During early brain development,
the vascular bed is formed by angiogenic sprouting from pial sur-
faces to VZs to provide oxygen and nutrients for proliferating neu-
rons. The radial growth of blood vessels in the Mfsd7¢c-KO embryos
was severely affected in VZ and SVZ, especially in the GE regions
(Figure 3). Additionally, we found glomeruloid structures at the tip
of growing vessels stalled near the GE regions in KO (Figure 5B).
Interestingly, increased filopodia of endothelial cells from the
stalled vessels near ventricles were also observed (Supplemental
Figure 6B), suggesting that the growth of blood vessels is inhibited
even with the increased expression of angiogenic stimulation by
VEGF (Supplemental Figures 10 and 11). The glomeruloid struc-
tures contained erythrocytes (Figure 5C and Figure 4), suggesting
that the blood vessels of KO embryos are perfused. Furthermore,
we obtained brain sections from a Fowler patient who was reported
in a Radio et al. study (5). Histological examinations revealed that
the patient’s CNS blood vessels exhibited reduced growth and glo-
meruloid structures (Figure 5D) positive for GLUT1 and MFSD7c,
confirming that they were parts of defective CNS blood vessels

(Figure 5E). Pericytes are mural cells that enwrap and stabilize CNS
blood vessels. Their loss results in dilated blood vessels (16, 17). We
stained the KO blood vessels with PDGFRB antibody to examine
the coverage of pericytes. However, the dilated blood vessels from
KO embryos had normal pericyte staining, suggesting that reduced
pericyte coverage is not the cause of blood vessel dilation in the KO
brains (Supplemental Figure 7, A and B). Together, our data indicate
that deficiency in MFSD7c causes severely dilated CNS blood ves-
sels without affecting pericyte recruitment.

Loss of MFSD7c¢ results in microcephaly in Mfsd7c-KO mice
and human patient. The head size of Mfsd7¢-KO embryos was
significantly reduced at PO (Supplemental Figure 2). The brains
of KO embryos exhibited enlarged ventricles and thinned cor-
tices at E20.5 (Figure 6, A-C). Additionally, we did not observe
hydrocephalus in the KO embryos (Figure 6, A and B). Thus,
MFSD7c deficiency, at least in mice, does not result in hydro-
cephalus as reported in Fowler patients.

In line with the brain-growth phenotypes of KO embryos,
we identified a young child with a postnatal diagnosis of Fowler
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Figure 2. Deletion of MFSD7c resulted in late-gestation lethality.

(A) Whole-body deletion of MFSD7c results in late-gestation, perinatal
lethality. Appearances of Mfsd7c-KO embryos at indicated time points were
comparable with those WT littermates, except that KO embryos and pups
exhibited slightly pale color at later times during development. Scale bars: 10
mm. (B) Gross anatomical analysis of E14.5 and E16.5 WT or HET control and
KO embryos showing normal organ histology. Tiling scan was used to acquire
H&E images. Experiments were repeated twice (n = 2).

syndrome. His phenotype included severe neurological defects,
albeit milder than previously reported (2). Whole-exome sequenc-
ing of the patient and his parents revealed that the proband carried
compound heterozygous mutations in 2 conserved residues of
MFSD7c (Supplemental Figure 8A). The variants from the proband
and parents were confirmed by Sanger sequencing (Supplemental
Figure 8B). We found that the ¢.1019C>T p.(Pro340Leu) variant
was inherited from the mother and the ¢.1288A>G p.(Thr430Ala)
variant was inherited from the father (Figure 6, D and E, and
Supplemental Figure 8B). According to the American College of
Medical Genetics and Genomics (ACMG) guidelines, the vari-
ants are classified as likely pathogenic (18). On physical exam-
ination, the patient had severe microcephaly (Figure 6F). Brain
MRI scanning also revealed that the patient’s brain has enlarged
ventricles and thinning of the cortices (Figure 6F). On his last
evaluation (at 17 months of age), the proband had severe global
developmental delay and impaired vision and hearing as well as
increased muscle tone (see detailed description in Supplemental
Methods). Both detected variants are rare and located in highly
conserved amino acids predicted to be near the transport cavity
(Figure 6, D and E). Other substitutions of Thr430 have been
reported in other cases of Fowler syndrome, suggesting that this
residue is critical for MFSD7c function (Figure 6D). The mutation
Pro340Leu is a novel variant. As MFSD7c is a plasma membrane
protein, a reduced expression level or mislocalization to the plasma
membrane might result in impaired function. We generated

jci.org  Volume130  Number8  August 2020

The Journal of Clinical Investigation

the gene mutants and tested their expression and localization
in HEK293 cells. We found that mutations in these 2 conserved
residues did not affect the expression and cellular localization of
MFSD7c (Supplemental Figure 9, A and B). The mutation S203Y
that was reported in the Radio study also did not affect the expres-
sion and localization of the protein (5) (Supplemental Figure 9, A
and B). In contrast, the previously reported mutation of T430M did
affect localization of the protein (Supplemental Figure 9B). These
results imply that reduced transport activity rather than defective
expression and/or localization of the mutated proteins is respon-
sible for the dysfunctions of MFSD7c in the patient. Our data
may indicate that detected mutations are milder and explain the
patient’s survival and milder findings upon brain imaging.
Mfsd7c-KO brain exhibits severe hypoxia. We observed that the
KO embryos exhibited slightly pale appearances, especially near
birth (Figure 2A). Thus, we performed transcriptomic analysis for
gene expression in the whole-brain transcriptome at E14.5 (Sup-
plemental Table 1). We found that genes involved in glycolysis,
hypertrophy, angiogenesis, cell-cell adhesion, and inflammatory
responses were upregulated by at least 2-fold in the KO embryo
brains compared with those of WT controls (Supplemental Figure
10). Most interestingly, many genes involved in glycolysis were
upregulated in KO embryos. The upregulation of these genes,
including Slc2al (Glutl), Hk2 (hexose kinase 2), Ldha (lactate dehy-
drogenase A), and Tpi (triosephosphate isomerase 1), at E14.5 was
confirmed by quantitative reverse-transcriptase PCR (RT-PCR)
(Supplemental Figure 11A). Interestingly, expression of several
angiogenic genes such as Vegfa and angiopoietin 2 (Angpt2) was
also significantly upregulated in the KO brain (Supplemental Fig-
ure 11, A and B). The upregulation of glycolytic and angiogenetic
genes suggested that neuronal cells of KO embryos experience
hypoxia. Thus, we used pimonidazole hydrochloride to detect
the hypoxic response in the brain of KO embryos. Under hypoxic
conditions, pimonidazole is metabolized to form stable adduct
with thiol groups in proteins, which are detected by a monoclonal
antibody by immunostaining. We found that in the reduced vas-
cular areas shown by CD31 staining in the KO brain regions, such
as cortical hem and the VZs in the cerebral cortex, hypoxia was
not detected (Figure 7, A and B). Interestingly, we did observe a
strong hypoxic signal in the GE regions, where the growth of blood
vessels was severely reduced or absent in KO embryos (Figure 7,
B-D). Severe hypoxia was also found in the thalamus and midbrain
regions (Figure 7, B and D). Our findings indicate that MFSD7c is
required for angiogenic growth of CNS blood vessels, especially in
the GE regions. Lack of MFSD7c brings about hypoxia, which alters
the expression of several important metabolic genes in the brain.
Lack of MFSD7c¢ causes neuronal cell death. Neuronal progeni-
tor cells are glycolytic during proliferation. Indeed, we observed
that the lateral and median GEs were formed even in the absence
of blood vessels (see Figure 7, B and C). To gain more insight into
the hypoxic response, we examined neuronal cell viability. We
costained WT and KO embryo sections with activated caspase-3
and CD31. Interestingly, we found that caspase-3-positive cells
were observed in Mfsd7¢-KO embryos at least from E14.5 onwards
(Figure 8 and Supplemental Figure 12). These activated caspase-3*
cells were mainly found in VZ in the GEs, but not in the cortical
VZs of KO embryos (Figure 8, A and B, and quantification in D).
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The nuclei of these caspase-3* cells were condensed by DAPI stain-
ing (Figure 8C). Remarkably, although there was a clearly delayed
growth of blood vessels to the cortical VZ, cell death was not
observed in this region. Perhaps oxygen could diffuse through the
abnormally grown blood vessels to this region in the KO embryos
(Figure 8B). We also noted that not all neuronal cells undergoing
hypoxia died because there was only a small population of neu-
ronal cells in the VZs in GE positive for caspase-3 (Figure 8B).
Neuronal cell death was more prominent in the E16.5 KO embryos
and appeared in several regions in the brain of E18.5 KO embryos
(Supplemental Figure 12). As expected, activated caspase-3 stain-
ing was negative in all examined brain regions of WT controls at
all tested time points (Figure 8 and Supplemental Figure 12). Inter-
estingly, we found that a nonendothelial population of CD31* cells
appeared in the same area where cells with activated caspase-3
were observed. These CD31* cells were not caspase-3*. These
cells appeared near blood vessel sites, suggesting that they might
be infiltrated immune cells. CD31 is also present in platelets,
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HET

Figure 3. Reduced CNS blood vessel growth
in Mfsd7c-KO embryos. (A-C) Coronal sec-
tions of brain from E13.5 (A), E14.5 (B), and
E15.5 (C) WT and KO embryos were stained
with GLUT1 or CD31 antibody to visualize
CNS endothelial cells. The growth of CNS
blood vessels of KO embryos was severely
reduced, especially in GE regions. Insets
show enlarged GE regions. Arrows show VZs,
where blood vessel growth was stalled and
enlarged blood vessels were observed in the
KO embryos. Experiments were repeated
twice for A (n = 4 embryos per genotype) and
4 or 5 times for B and C (n = 3-4 embryos
per genotype). (D) H&E staining of sagittal
sections showed that KO embryos exhibited
microaneurism (arrows) in GE regions. Exper-
iments were repeated twice.

lymphocytes, and macrophages. Nevertheless, they were neg-
ative for CD3 and B220 antibodies, which are the markers for T
and B cells, respectively (Supplemental Figure 13). The cells were
also negative for IBA1, a marker for microglia cells (Supplemental
Figure 13). Our results show that lack of MFSD7c induces neuro-
nal cell death. The death of neuronal cells might impede the for-
mation of cortical layers reflected in the thinning of cortices and
microcephaly in the KO embryos and the human patient.

Discussion

The physiological roles of MFSD7c in blood vessel development. Muta-
tions in MFSD7c have been identified in humans and associated with
Fowler syndrome. These patients commonly exhibit neurological
defects. However, the mechanistic links between the missense muta-
tions in MFSD7¢ and the brain defects observed in Fowler syndrome
are unknown. Our results here show that MFSD7c is expressed in the
endothelial cells of CNS blood vessels. The expression of MFSD7c
is specific to CNS endothelial cells, expression in other neuronal
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Figure 4. Deletion of MFSD7c does not result in ruptured CNS blood vessels and increased permeability of BBB. (A and B) Brain sections of E14.5 (n =

3 embryos per genotype) (A) and E16.5 (n = 4 embryos per genotype) (B). WT and Mfsd7c-KO embryos were stained with MFSD2a (a CNS endothelial cell
marker, green) and Ter119 (red blood cell marker, pink). Arrows indicate clumps of erythrocytes surrounded by blood vessels in Mfsd7c-KO embryos. There
was no hemorrhage in KO embryonic brains. Shown here are hindbrain regions. Scale bars: 20 pm. Experiments were repeated 3 times. (C and D) Repre-
sentative coronal brain sections of E15.5 WT and KO showing that NHS-biotin was contained inside KO blood vessels. Arrows show enlarged blood vessels
with strong signals of NHS-biotin. Experiments were repeated twice with n = 6 for WT or KO.

cells and endothelial cells in peripheral tissues being low or unde-
tectable (19-21). Therefore, we hypothesized the dysfunctions of
MFSD7c in the CNS blood vessels were directly related to the phe-
notypes of Fowler syndrome patients and that of the KO embryos.
We have demonstrated that the defective growth of blood vessels to
SVZ and VZ causes the neurological defects in Mfsd7¢-KO embryos.
The growth of blood vessels to VZ and SVZ regions is blunted, lead-
ing to hypoxia and neuronal cell death. We observed that hypoxia
occurred in several regions with reduced vascular density and avas-
cular regions in the KO brain. However, the neuronal cell death was
initiated in the VZ regions in the GEs, suggesting that neural progeni-
tors in this region are more sensitive to hypoxia (22, 23). Of note, GEs
are part of the germinal matrix. Defects in blood vessels in germinal
matrix account for a number of neurological disorders (24, 25). Our
results show that lack of MFSD7c brings about the blunted growth of
blood vessels to SVZ and VZ regions, with consequent hypoxia and
neuronal cell death. Thus, we propose that MFSD7c is important for
both CNS blood vessel functions and for brain growth.

The migratory defects of blood vessels to the SVZ and VZ
regions in Mfsd7¢-KO brain are remarkable. In these regions, the
radial growth of blood vessels is inhibited even though there is
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increased signaling from VEGF throughout the KO brain. We
found that filopodia of stalled vessels were elongated to the ven-
tricular surfaces, but the blood vessels failed to migrate. These
blood vessels then appeared to grow perpendicularly and fuse
together. The fusion of these blood vessels generated the glo-
meruloid structures with large intravascular lumenal spaces. The
increased expression of several angiogenic factors such as VEGF
and ANGPT?2 has been associated with the glumeruloid vessels
(26, 27). However, the molecular mechanisms underpinning the
glomeruloid phenotype of MFSD7c absence remain to be deter-
mined. Interestingly, we noticed that the phenotypes of blood
vessels in Mfsd7¢-KO embryos are similar to the phenotypes
from canonical WNT signaling components in CNS and TGFB
signaling pathway (13, 27-31). In contrast, MFSD7c is apparently
dispensable for blood vessel integrity, as the global KO embryos
show no cerebral hemorrhage, as observed in deficiency of the
canonical WNT signaling components or TGFB signaling defi-
cient models. Expression of MFSD7c is reduced in Reck and Nor-
rin knockout mice, the 2 components of canonical WNT signal-
ing in CNS and retina, respectively, and is induced in p-catenin
expression (32-34). Nevertheless, our data show that WNT and
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Figure 5. Deficiency of MFSD7c results in glomeruloid vessel structures. (A) Representative images of GLUT1 staining in hindbrain (left) and GLUT1and MFSD7c
costaining in thalamus regions (right) of E16.5 and E18.5 WT and KO embryos, respectively. Arrows show enlarged blood vessels in KO embryos. Experiments
were repeated at least 3 times (n = 6 embryos per genotype). (B) Costaining of MFSD7c and GLUT1 in coronal brain sections of E18.5 WT and KO embryos. In the
absence of MFSD7c, glomeruloid blood vessels were observed in brain sections of KO embryos. Arrowheads show the glomeruloid structures at the tips of blood
vessels in KO embryos. Experiments were repeated at least 3 times (n = 6 embryos per genotype). (C) Enlarged images of a glomeruloid structure from E18.5 KO
brain sections with erythrocytes (GLUT1is present in both endothelial cells and erythrocytes, red signals). MFSD7c, green; GLUTT, red. Arrows show endothelial
cells. Asterisks show erythrocytes. (D) H&E staining of brain sections from a human patient with S203Y homozygous mutation. Glomeruloid blood vessel struc-
tures were also observed in the brain sections of the patient. (E) Immunostaining of the human patient brain sections with GLUT1, MFSD7c, and DAPI. Arrows
show glomeruliod structures that are positive with GLUT1 and MFSD7c. Arrowheads show the staining of GLUT1 with erythrocytes. n = 1 patient.

TGFB signaling pathways are not disrupted in the brain of KO
embryos, suggesting that MFSD7c is only required for proper CNS
blood vessel development. It is interesting to note that MFSD7c is
a predicted plasma membrane transporter for metabolites. Thus,
we speculate that the ligand or ligands of this protein are required
for proper growth of CNS blood vessels. Several brain disorders,
such as vascular dementia and stroke, are associated with defects
in CNS blood vessels. Therefore, the identification of MFSD7c¢
ligands may offer insight into the roles of metabolites in the phys-
iological functions of blood vessels in brain.

The molecular functions of MFSD7c. Little is known about the
molecular functions of MFSD7c. MFSD7c is similar to the known
heme exporter MFSD7a (also called FLVCR1a, an isoform for the

plasmamembraneexporterofhemeinerythroidcells;and FLVCR1b
is the mitochondrial isoform). Deletion of these heme export-
ers results in heme accumulation and toxicity in erythroid cells.
A prior study showed that MFSD7c¢/FLVCR2 is a heme importer
in vitro (9). We performed the heme-uptake and heme-release
assays using HEK293 cells overexpressed with mouse or human
MFSD7c and did not observe the results as reported for MFSD7c
(Supplemental Figure 14). Additionally, heme levels were com-
parable in the embryonic brains of Mfsd7c-KO mice and their WT
littermates (data not shown). Thus, it seems that the heme-trans-
porting roles for MFSD7c need further investigation. Our results
here show that MFSD7c is a plasma membrane protein that is
expressed in both sides of endothelial cells in the brain, suggesting
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itsligand or ligands are transported into or out of the brain directly.
The current study did not elucidate the molecular roles of MFSD7c.
Nonetheless, our findings here have enabled us to anticipate that
the ligand or ligands of MFSD7c should be essential for CNS blood
vessel structure and function as well as brain growth.

The roles of MFSD7c in neuronal cell migration to cortical sites
for brain formation. The patient described here exhibited ventric-
ulomegaly and intracranial calcifications without hydrocephalus.
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c Figure 6. Deficiency in MFS-
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(C) Quantification of VZ and
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%‘ n = 4-5 per genotype. ****p
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and E) Illustration of human
MFSD7c gene and the modeled
structure of human MFSD7c.
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tions that have been reported
for MFSD7c and the 2 novel
mutations that occurred in the
patient shown in D. (F) MRI
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The absence of the hydrocephaly symptom in the patient may be
linked to the partial loss of MFSD7c functions. However, we did
not observe the hydrocephalus phenotype (e.g., enlargement of
brain) in the KO embryos’ brains. Thus, hydrocephalus might not
be the major consequence of MFSD7c deficiency. Interestingly,
the KO embryos and humans with mutations of MFSD7c experi-
ence microcephaly with thinning of the cerebral cortices. What
drives these phenotypes? In growing brains, the development of
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vasculature and neuronal networks needs to be well coordinated.
Angiogenic sprouting of CNS blood vessels occurs from the pial
surface to the neuronal layers to provide cells with oxygen and
nutrients. Our findings suggest that the delayed growth of blood
vessels in the Mfsd7¢-KO embryos’ brains, especially in the GEs,
impacts negatively on the survival and migration of the neural pro-
genitor cells that are required for forming the cortical layers. It has
been established that GEs are enriched with neural progenitors.
These cells migrate tangentially via the axons established by radial
glial cells (35). They can also migrate in axon-free regions to the
cerebral cortex, likely via blood vessel routes (36, 37). The reduced

Enlarge

Figure 7. Mfsd7c-KO embryos exhibited severe hypoxia. (A and B) Representa-
tive images of brain sections of WT (A) and KO (B) embryos were stained with
CD31to visualize blood vessels and the monoclonal antibody to detect hypoxic
neuronal cells after injection of pimonidazole to the pregnant mice. Top panels
in A and B are images from ventral sides of the WT and KO embryo brains, and
the bottom panels are dorsal sides, including thalamus and hindbrain regions.
In the ventral images in B, hypoxia was detected in the GE of KO embryos. The
hypoxia was also present in the brainstem from these KO sections. (C) Enlarged
images from GEs of WT and KO embryos. Experiment was repeated three
times. n = 3-4 embryos per genotype. (D) Quantification of hypoxic signals in
the GEs and thalamus/midbrain regions. ***P < 0.001, 2-tailed t test. Each dot
represents 1section from 3 WT and 4 KO embryos.

growth and absence of blood vessels in the GEs are the most strik-
ing phenotypes that we observed in the Mfsd7¢-KO embryos. The
vasculature network is necessary to provide routes for the migra-
tion of the neural progenitor cells to cerebral cortex regions in the
growing brain. The blunted growth of the blood vessels to these
regions will impair oxygen availability and the delivery of nutri-
ents to these proliferating cells (38-41). Therefore, the lack of
blood vessels penetrating into these inner brain regions brings
about hypoxic environment, affecting the metabolism, survival,
and migration of neural stem cells to build cerebral cortex during
brain development. We propose that the thinning of cortices
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and microcephaly observed both in Mfsd7¢-KO embryos and the
human patient are in part due to the reduced blood vessel growth
during the critically developing stages of brain. It is also possible
that MFSD7c transports essential ligands for neuronal cell growth,
such as the ligands of MFSD2a and GLUT1 (42, 43). In summary,
we report here that defects in MFSD7c functions result in a micro-
cephaly-associated vasculopathy in mice and humans.

Methods
Mice. Mice with whole-body KO of Mfsd7c were obtained from the Inter-
national Mouse Program Consortium (IMPC). Mice were maintained
on normal chow diets and housed with regular light/dark cycles. To gen-
erate the KO embryos, mice heterozygous for Mfsd7c were time mated.
Embryos were collected from time-mated female mice and genotyped
using the following primers: Mfsd7c WT: 5'-CACTACAGAAACTCT-
Volume 130 Number 8
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Figure 8. Mfsd7c-KO embryos exhibited
cell death in SVZs. (A and B) Repre-
sentative images of coronal sections

of E14.5 WT and KO embryos that were
immunostained to detect activated
caspase-3, a marker for cell death. The
activated caspase-3* cells were only
observed in the SVZs in GEs of KO
embryos as shown by arrowheads (top),
but not in the cortical hem and neocor-
tex (bottom). Dead cells were clearly
localized in avascular regions in GEs. The
vascular network was visualized by CD31.
(€) Enlarged images in the GEs. The
activated caspase-3* cells were found in
close proximity to nonendothelial cells
that were also positive for CD31in the
VZs of GE. Activated caspase-3* cells
had condensed nuclei (red arrows), and
the CD31-positive cells are adjacent to
them (white arrows). n = 5-8 per gen-
otype. (D) Quantification of caspase-3*
cells in the GEs. Each dot represents 1
section from 8 WT and 5 KO embryos.
***¥P < 0.001, 2-tailed t test.
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GGCTGTTGC-3'; Mfsd7c common primer: 5'-CATCCCAGCATTG-
GAAGGAC-3'; Mfsd7¢ KO:5'-TCGTGGTATCGTTATGCGCC-3'.

Antibodies. In-house polyclonal antibodies for human and mouse
MFSD7c proteins were generated in rabbit. These purified polyclonal
antibodies were raised in rabbits with antigens comprising the 29-
amino acid sequence (APETKVQEEEEEEEGSNTSKVPVVSEAHL)
at the C-terminus of mouse MFSD7c protein or the 25 amino acids
(ENKLQEEEEESNTSKVPTAVSEDHL) at the C-terminus of human
MFSD7c protein. Commercial primary and secondary antibodies used
are detailed in Supplemental Table 2.

Western blot. Whole-brain tissue from E16.5 WT and KO embryos
or microvessels isolated from adult mouse brain as described below
were lysed in RIPA buffer (25 mM Tris pH 7-8, 150 mM NacCl, 0.1%
SDS, 0.5% sodium deoxycholate 0.5% Triton X-100), then supple-
mented with protease inhibitor cocktail (Roche, 11836170001) and
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phosphatase inhibitor cocktail 1 (MilliporeSigma, P2850) for detection
of phosphorylated proteins. For detection of TGFB signaling compo-
nents, 100 pg of total protein from whole-brain lysates of E16.5 WT and
KO embryos was resolved in 10% to 12% SDS-PAGE and transferred to
membrane before probing with phospho-SMAD1/5 antibody (Cell Sig-
naling Technology, catalog 9516) and SMAD4 antibody (Cell Signaling
Technology, catalog 38454). The membranes were also probed with
MFSD7c antibody (1:500) and reprobed with B-actin antibody (Milli-
poreSigma, catalog A5441). For detection of WNT signaling compo-
nents, whole-brain lysates of E16.5 WT and KO embryos were similarly
analyzed. The membrane was probed with B-catenin antibody (Cell
Signaling Technology, catalog 19807) and phospho-p-catenin antibody
(Cell Signaling Technology, 9561). For microvessels, 100 pg of total
proteins from brain fractions and 1 pg of total proteins from HEK293
cells were used for Western blot. The membrane was probed with
MFSD7c antibody and GLUT1 antibody (Abcam, catalog ab40084)
and reprobed with B-actin antibody. Images were acquired with the
ChemiDoc MP Imaging System (Bio-Rad).

Isolation of microvessels from adult mouse brains. Brain microvessels
were obtained by dextran gradient centrifugation. Briefly, 4 to 6 adult
mouse brains were collected after PBS perfusion. The brainstem, cer-
ebellum, and thalamus were removed. The cortical gray matter was
rolled on filter paper to remove the meninges, then briefly homoge-
nized by 3 strokes with a Dounce homogenizer in PBS, transferred into
a Falcon tube, and centrifuged at 1500 g for 20 minutes at 4°C. The
pellet was resuspended in 4 volumes 0f 18% dextran in PBS and centri-
fuged at 1500 g for 20 minutes at 4°C. The pellet containing microves-
sels was saved and the remaining tissue reprocessed twice in similar
fashion. All 3 pellets were pooled and washed again with PBS. The
parenchyma fraction (mainly composed of neurons and glial cells)
was also collected for analysis. The pellet was lysed with 100 pL RIPA
containing proteinase and phosphatase inhibitors.

Immunostaining of embryo sections. Embryos from time-matched
heterozygous female mice were collected. Whole embryos were
fixed with 4% paraformaldehyde at 4°C for between 1 and 5 days
depending on embryo size. They were washed with PBS and dehy-
drated with 15% and then 30% sucrose for 1 to 2 days. Samples were
then embedded in OCT compound and snap-frozen with dry ice. A
Leica CM3060S Cryostat was used to prepare sagittal and coronal
sections, 15 um to 50 pm thick, that were then mounted onto Fisher-
brand Superfrost Plus Microscope Slides. The specific antibodies
and the concentrations used for immunostaining embryo sections
are detailed in Supplemental Table 2. For hypoxia staining, the Hyp-
oxyprobe-Red549 Kit (Dylight 549-Mab) was used. Heterozygous
pregnant females at gestation day 15.5 were injected with 180 mg/kg
body weight for 3 hours before embryo collection. The embryos were
harvested, genotyped, and processed as described above. The brain
sections were then stained with Dylight 549-Mab to visualize hypoxic
cells and costained with CD31 to visualize blood vessels. Images were
taken with a Zeiss LSM710 confocal microscope.

NHS-biotin injections. NHS-biotin, a small molecular weight dye,
was used to assess blood vessel leakage. A volume of 5 uL of 4 mg/
mL NHS-biotin (Thermo Fisher Scientific, 21335) in PBS was injected
into the liver of E16.5 WT and KO embryos using a Hamilton syringe.
Briefly, as previously described, embryos were exposed by removing
the yolk sac while retaining umbilical cord connection to the mater-
nal circulation. Circulation of NHS-biotin dye was permitted for
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10 minutes before the embryos were collected for fixation and dissec-
tion. The NHS-biotin signal was visualized with Texas red streptavi-
din, as described previously (44, 45).

Vascular measurements. To quantify the vascular density and diam-
eter, CNS blood vessels were stained with CD31. The tiling scan of
whole coronal sections was acquired using a Zeiss LSM710 confocal
microscope. Vascular density measurements in midbrain, GEs, and
cerebral cortex were quantified by Image] (NIH) and expressed as
percentages of measured areas. The diameters of CNS blood vessels
in the same regions were also quantified by Image].

H&E staining from paraffin sections. Embryos at various stages
were collected and fixed as described above. Tissue-mounted slides
were treated with xylene to remove paraftin. Slides were rehydrated
progressively with 100% to 70% ethanol with 10-minute intervals and
under running water for 5 minutes. The sections were stained with
hematoxylin (MilliporeSigma) for 1 minute and then washed under
running water to remove excess stain. Slides were treated with 95%
ethanol to dehydrate and then stained for 1.5 minutes with eosin (Milli-
poreSigma). Excess dye was removed by washing in 50% to 100% eth-
anol for 5 minutes, and slides were then cleared with xylene for 1 min-
ute. Slides were air-dried overnight, and slide covers were mounted
onto the samples with DPX mountant (Merck). Similar procedures
were performed with human brain sections.

Expression of MFSD7c¢ in HEK293 cells. The mouse, human, and
human mutant plasmids were constructed in pcDNA3.1 plasmid and
transfected into HEK293 cells (2-3 pg plasmid per well in 24-well
plates) using Lipofectamine 2000. At 24 hours after transfection, the
HEK293 cells were used for protein isolation, localization, or heme
transport assay as described below.

Heme assay. Heme assays were performed using the Hemin Colo-
rimetric Assay Kit (catalog K672, Biovision) and tritium-labeled [*H]
hemin (American Radiochemicals). In these experiments, human or
mouse MFSD7c was expressed in HEK293 cells. Empty pcDNA3.1
plasmid was used as mock control, and pcDNA3.1 containing human
or mouse MFSD7c was used for overexpression. The transfected
HEK293 cells were incubated with 1 pM to 50 uM hemin (prepared
in DMSO) in growth medium. Various time points ranging from 30
minutes to overnight incubation with hemin were tested. The HEK293
cells were then lysed with RIPA buffer. Clear lysates were used in the
hemin assay. For [*H]hemin assays, the HEK293 cells were prepared
as described above and incubated with 1 uM to 50 uM [*H]hemin. The
cells were washed with PBS and collected in RIPA buffer. Radioactive
signals from the RIPA lysates were quantified by scintillation counter.

Transcriptomic analysis. Total RNA from whole brain of WT
and KO embryos at E14.5 was extracted using the QIAGEN Mini
RNA Extraction Kit per the manufacturer’s protocol. For RNA-Seq,
whole-brain tissue from individual E14.5 KO and WT embryos was
extracted with TRIzol reagent for total RNA isolation. RNA-Seq was
performed with Novogene. Over 99% of RNA-Seq samples were of
appropriate quality for use in downstream analysis. The RNA-Seq
data were aligned to the mm10 mouse genome using the Ensembl
Release 98 version annotation file STAR package. After alignment,
all the samples achieved more than 95% unique mapped reads.
Reads were quantified using the featureCount package. The DESeq2
package was used for differential gene analysis. All original RNA-
Seq data were deposited in the NCBI’s Gene Expression Omnibus
database (GEO GSE148854).
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Quantitative real-time PCR. To quantify mRNA from mouse brain,
total RNA samples were prepared as described above for microarray
analysis. A total cDNA library was synthesized using the Super-Script
First-Strand Synthesis System (Invitrogen, Thermo Fisher Scientific).
Quantitative RT-PCR was performed with specific primers (Supple-
mental Table 3) for each gene of interest using SYBR Green mix. Gene
expression level was normalized to -actin and expressed as fold change.

Patient rvecruitment. The family was evaluated at the medical
genetics clinic at the Rambam Health Care campus.

Genetic evaluation. Exome sequencing was performed on a Nova-
Seq 6000 platform (Illumina) using the Twist Human Core Exome Kit.
Mapping of the obtained reads to the reference genome (build GRCh37/
hg19), variant calling, annotation, and data analysis were done using the
Genoox Data Analysis Platform. We filtered sequencing data on a trio-
based paradigm to identify recessive (homozygous and compound het-
erozygous), X-linked, and potential de novo variants in the proband. Vari-
ants were prioritized based on their effect on the protein and minor allele
frequency below 1% in general population databases, such as gnomAD
(http://gnomad.broadinstitute.org) and the Rambam Genetics Institute
internal database. We identified compound heterozygous variants in
FLVCR2 (NM_017791.2): ¢.1019C>T;p.Pro340Leu and c.1288A>G;p.
Thr430Ala. The variants were confirmed by Sanger sequencing.

Statistics. Data were analyzed using GraphPad Prism, version 7.2,
software for Windows. Statistical significance was calculated using
2-tailed ¢ test, as indicated in the figure legends. A P value of less than
0.05 was considered statistically significant.

Study approval. All experimental protocols were approved by the
IACUC committee of the National University of Singapore. Parents of
the patients gave informed consent to clinical exome sequencing and
to the publication of clinical data and photographs.
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