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Abstract  30 

Several missense mutations in the orphan transporter FLVCR2 have been reported in Fowler 31 
syndrome. Affected subjects exhibit signs of severe neurological defects. We identified the mouse 32 
ortholog Mfsd7c as a gene, which is expressed in the blood brain barrier. Here, we report the 33 
characterizations of Mfsd7c knockout (KO) mice and compare it to phenotypic findings in humans with 34 
bi-allelic FLVCR2 mutations. Global KO of Mfsd7c in mice resulted in late gestation lethality, likely due 35 
to central nervous system (CNS) phenotypes. We found that the angiogenic growth of CNS blood 36 
vessels in the brain of Mfsd7c KO embryos was inhibited in cortical ventricular zones and ganglionic 37 
eminences. Vascular tips were dilated and fused resulting in glomeruloid vessels. Nonetheless, CNS 38 
blood vessels were intact without haemorrhage. Both embryos and humans with bi-allelic FLVCR2 39 
mutations exhibited reduced cerebral cortical layers, enlargement of the cerebral ventricles, and 40 
microcephaly. Transcriptomic analysis of Mfsd7c knockout (KO) embryonic brains revealed 41 
upregulation of genes involved in glycolysis and angiogenesis. The Mfsd7c KO brain exhibited hypoxia 42 
and neuronal cell death. Our results indicate MFSD7c is required for the normal growth of CNS blood 43 
vessels and ablation of this gene results in microcephaly-associated vasculopathy in mice and humans. 44 

  45 



Introduction 46 

The Proliferative vasculopathy, hydranencephaly-hydrocephaly syndrome (PVHH) also called 47 
Fowler syndrome (OMIM: 225790), is a severe and often lethal neurological disorder. Hallmarks of this 48 
disease are congenital hydrocephalus, hydranencephaly, hypervasculation and thinning of cortices in 49 
the central nervous system (CNS) (1). This developmental abnormality is associated with high prenatal 50 
lethality (2). Post-mortem analysis of 16 PVHH human fetuses showed calcifications, possible vascular 51 
pericyte deficiency and the aforementioned PVHH hallmarks (3). Genetic evidence has linked PVHH to 52 
missense mutations of FLVCR2. However, the mechanisms of disease in PVHH are enigmatic, 53 
reflecting our lack of understanding of the role(s) of this gene.   54 

Whole exome sequencing of subjects with Fowler syndrome reveals an association between 55 
the disease and bi-allelic loss of function mutations in FLVCR2 (1, 4, 5). Missense point mutations such 56 
as R84H, T352R, L398V, G412R, T430M, T430R, N443A, and S203Y are generally located in the 57 
transmembrane domain or near the transport cavity of the protein  (1, 2, 4-6). Therefore, the mutated 58 
residues may affect protein folding or ligand transport activity. Nevertheless, functional assays, to 59 
confirm the causal effects of these missense mutations in FLVCR2 in Fowler syndrome, are lacking. 60 
Therefore, it is of interest to characterize the molecular and physiological functions of the protein. 61 

The murine ortholog of FLVCR2 is MFSD7c which is also conserved in mammals (For 62 
simplicity, MFSD7c is used hereafter for both human and mouse FLVCR2). It belongs to the Major 63 
Facilitator Superfamily domain proteins that facilitate the transport of small molecules across 64 
membranes. MFSD7c shares high sequence similarity with MFSD7b, which is the heme exporter in 65 
erythroid cells (7, 8). MFSD7c functioned as a heme importer, as assessed by a heme analogue zinc 66 
mesophorphyrin activity assay, in a Chinese hamster ovary cell line (9). However, physiological 67 
evidence is lacking to support this finding. To our knowledge, no previous studies on the physiological 68 
roles of MFSD7c have been reported. To understand the physiological as well as the molecular roles 69 
of MFSD7c, we generated and studied the phenotypes of the global knockout out (KO) of Mfsd7c in 70 
mice. Our results show that MFSD7c is an endothelial transporter in CNS blood vessels, the loss of 71 
which causes late gestation lethality. We observed that deletion of Mfsd7c results in severely reduced 72 
angiogenic growth of CNS blood vessels to sub-ventricular (SVZ) and ventricular (VZ) regions. As a 73 
result, KO brains exhibit severe hypoxia and neuronal cell death likely linked to reduced brain growth. 74 
We also report novel mutations as well as the clinical and radiologic findings in a 17 month-old child 75 
with Fowler syndrome. Our results provide evidence that lack of MFSD7c strongly suppresses CNS 76 
blood vessel growth, which in turn causes a severe delayed growth of brain. Mfsd7c KO mice are a 77 
valuable genetic model for mechanistic investigation of Fowler syndrome. 78 

Results 79 

MFSD7c is a putative membrane transporter, which is expressed in endothelial cells of CNS 80 
blood vessels. CNS blood vessels are comprised of tight junctions proteins, which restrict the diffusion 81 
of blood borne molecules. To facilitate the transport of nutrients, ions, and small molecules, endothelial 82 
cells must express membrane transporters which are used to exchange nutrients and wastes between 83 



neuronal cells and blood (10, 11). In search for major facilitator transporters in brain, we analysed public 84 
transcriptomic datasets and identified Mfsd7c as a potential gene candidate. We were further interested 85 
in this gene as it has been reported in Fowler syndrome, a neurological disorder without known 86 
molecular mechanism. To study the expression pattern of MFSD7c in vivo, we generated polyclonal 87 
antibodies against murine MFSD7c. Using immunohistochemistry with mouse embryos and adult brain 88 
sections, we found that MFSD7c is prominently expressed in CNS blood vessels (Figure 1A). The brain 89 
blood vessels consist of several cell types such as pericytes (10). We found that MFSD7c was co-90 
localized with glucose transporter 1 (GLUT1, also known as SLC2A1), but not with percicyte marker 91 
PDGFRB, indicating that it is expressed in endothelial cells of CNS blood vessels (Figure 1B, C). 92 
Additionally, MFSD7c was expressed in both luminal and abluminal sides of the blood brain barrier 93 
(BBB), similar to the expression pattern of GLUT1 (Figure 1B). MFSD7c protein was enriched in CNS 94 
micro-vessels, but not in parenchymal cell fractions from adult mouse brain (Figure 1D). MFSD7c is 95 
predicted to be a membrane protein with molecular weight of 45-50kDa when overexpressed in HEK293 96 
cells (Figure 1D). These results show that MFSD7c is a novel plasma membrane transporter in CNS 97 
blood vessels. 98 

Knockout of Mfsd7c results in late gestation lethality. Previously, homozygous human mutations of 99 
MFSD7c have been reported in Fowler syndrome. To gain insights into the disease mechanisms of 100 
these missense mutations and the physiological roles of MFSD7c, we generated global KO of Mfsd7c 101 
in mice (Supplemental figure 1). We observed that no KO mice were obtained at weaning. To assess 102 
the lethality phenotype, we performed time-mating to obtain embryos at developmental stages and 103 
observed that KO embryos had slightly reduced body weight and died in late gestation (Figure 2A). 104 
Some of the pups were born with slightly pale colour and died within a few hours after birth (Figure 2A). 105 
Their milk sac was empty (Supplemental figure 2A). The head size of KO embryos is significantly 106 
smaller than WT (Supplemental figure 2B). To investigate the cause of the lethal phenotype, we 107 
performed anatomical analysis of KO and control embryos at E14.5 and E16.5, when the KO embryos 108 
were still viable. The gross anatomy of KO embryos appears normal compared with control embryos 109 
(Figure 2B). In summary, the anatomical structures of organs from the KO embryos did not differ from 110 
controls at these time points (Figure 2B). We observed several abnormal brain defects at high 111 
magnifications that we will elaborate by histological assessments below. These observations suggest 112 
neurological defects might be the cause for the death KO pups and it might be related to hypoxia.  113 

Reduced growth of blood vessels in the ventricular and sub-ventricular zones of Mfsd7c 114 
knockout embryos. MFSD7c is expressed in endothelial cells of CNS blood vessels which prompted 115 
us to examine the blood vessel phenotypes in the KO embryos. We performed IHC staining with GLUT1 116 
and CD31 antibodies to visualize CNS blood vessels of embryos and examined the formation of blood 117 
vessels from E13.5 days onwards in coronal sections (Figure 3A). Remarkably, the abnormal growth 118 
of vasculature in the brain of KO embryos, especially in the VZ and SVZ regions, was already observed 119 
at these time points (Figure 3A). In the cortical ventricular regions, there was delayed growth and 120 
absence of blood vessels reaching toward the ventricles (Supplemental figure 3A). Strikingly, the 121 
migration of growing blood vessels was stalled near the SVZ regions in the ganglionic eminences 122 



(Figure 3A-C). Vessel termini were dilated (Figure 3B, arrows). Additionally, vessels were coalesced, 123 
creating empty spaces observed in E14.5-15.5 KO embryos (Figure 3B, C, arrows; Supplemental 124 
figure 3A). We also noticed a loosened tissue composition in the ganglionic eminence regions in H&E 125 
staining (Figure 3D, arrows). The vascular density in the midbrain, cortex, and ganglionic eminences 126 
was also significantly reduced in the KO embryos (Supplemental figure 3B, C). Our results show that 127 
endothelial MFSD7c is required for proper growth of CNS blood vessels in the developing brain. Lack 128 
of this protein results in delayed growth of blood vessels in VZ and SVZ regions. 129 

MFSD7c is dispensable for blood brain barrier integrity. The reduced blood vessel growth to the 130 
ventricular and SVZ zones in Mfsd7c KO embryos particularly resembled the previously published 131 
mutants in components of the canonical WNT signalling in CNS (12, 13). Nevertheless, these canonical 132 
Wnt mutants exhibit severe cerebral haemorrhage (14, 15) which we did not observe in Mfsd7c KO 133 
embryos. We tested for local disruption of the BBB structure in KO embryos. First, we utilized MFSD2a 134 
as an endothelial cell marker for CNS micro-vessels and TER119 as a marker for erythrocytes to detect 135 
haemorrhage. In WT embryos at E14.5 and E16.5, erythrocytes were found within the lumen of blood 136 
vessels (Figure 4A, B). We did not observe any obvious bleeding phenotype in the brain of KO 137 
embryos, although clumps of erythrocytes could be visualized within severely dilated blood vessels 138 
(Figure 4B; arrows). Thus, lack of MFSD7c does not result in a significant bleeding in the brain. Second, 139 
we utilized NHS-biotin as a small molecule to determine whether the KO BBB leaks small molecules. 140 
NHS-biotin was found in dilated blood vessels in the brain of KO embryos (Figure 4B; arrows) but we 141 
did not observe any significant extravasation of NHS-biotin into brain parenchyma. We applied an 142 
additional test of whether MFSD7c is required for BBB integrity by staining with PLVAP, a marker for 143 
cellular fenestration. Increased expression of PLVAP correlates with leakiness of BBB via a transcellular 144 
route. Expression of PLVAP in CNS blood vessels of KO embryos at E16.5 and E18.5 was comparable 145 
with that of WT embryos (Supplemental figure 4A, B). Expression of genes and proteins in the 146 
canonical WNT signalling as well as proteins involved in TGFB signalling pathway were unchanged in 147 
the brain of KO embryos (Supplemental figure 5A-C). Together, these results show that MFSD7c is 148 
not necessary for maintaining BBB integrity, thus dissociating MFSD7c functions from canonical WNT 149 
signalling and linking its unique roles to CNS blood vessel growth.  150 

Brain blood vessels of Mfsd7c knockout are dilated. Examining the blood vessel phenotypes, we 151 
found that blood vessels are significantly dilated throughout the brain of KO embryos (Figure 5A, 152 
arrows; Supplemental figure 6A). During early brain development the vascular bed is formed by 153 
angiogenic sprouting from pial surfaces to ventricular zones to provide oxygen and nutrients for 154 
proliferating neurons. The radial growth of blood vessels in the Mfsd7c KO embryos was severely 155 
affected in VZ and SVZ, especially in the ganglionic eminence (GE) regions (above, Figure 3). 156 
Additionally, we found glomeruloid structures at the tip of growing vessels stalled near the GE regions 157 
in KO (Figure 5B, arrowheads). Interestingly, increased filopodia of endothelial cells from the stalled 158 
vessels near ventricles were also observed (Supplemental figure 6B), suggesting that the growth of 159 
blood vessels is inhibited even with the increased expression of angiogenic stimulation by VEGF (Below 160 
in Supplemental figure 10 and 11). The glomeruloid structures contained erythrocytes (Figure 5C and 161 



see above in Figure 4), suggesting that the blood vessels of KO embryos are perfused. Furthermore, 162 
we obtained brain sections from a Fowler patient that was reported in Radio et al., study (5). Histological 163 
examinations revealed the patient’s CNS blood vessels exhibited reduced growth and glomeruloid 164 
structures (Figure 5D; arrows) positive for GLUT1 and MFSD7c confirming that they are parts of 165 
defective CNS blood vessels (Figure 5E, arrows). Pericytes are mural cells that enwrap and stabilize 166 
CNS blood vessels. Their loss results in dilated blood vessels (16, 17). We stained the KO blood vessels 167 
with PDGFRB antibody to examine the coverage of pericytes. However, the dilated blood vessels from 168 
KO embryos had normal pericyte staining, suggesting reduced pericyte coverage is not the cause of 169 
blood vessel dilation in the KO brains (Supplemental figure 7A, B). Together, our data indicate that 170 
deficiency in MFSD7c causes severely dilated CNS blood vessels without affecting pericyte recruitment.  171 

Loss of MFSD7c results in microcephaly in Mfsd7c knockout mice and human patient. The head 172 
size of Mfsd7c KO embryos was significantly reduced at PN0 (above, Supplemental figure 2). The 173 
brains of KO embryos exhibited enlarged ventricles and thinned cortices at E20.5 (Figure 6A-C). 174 
Additionally, we did not observe hydrocephalus in the KO embryos (Figure 6A, B). Thus, MFSD7c 175 
deficiency at least in mice does not result in hydrocephalus as reported in Fowler patients.  176 

In line with the brain growth phenotypes of KO embryos, we identified a young child with a 177 
postnatal diagnosis of Fowler syndrome. His phenotype includes severe neurological defects albeit 178 
milder than previously reported (2). Whole exome sequencing of the patient and his parents revealed 179 
that the proband carries compound heterozygous mutations in 2 conserved residues of MFSD7c 180 
(Supplemental figure 8A). The variants from the proband and parents were confirmed by Sanger 181 
sequencing (Supplemental figure 8B). We found that the c.1019C>T p.(Pro340Leu) variant is inherited 182 
from the mother and the c.1288A>G p.(Thr430Ala) variant is inherited from the father (Figure 6D, E; 183 
Supplemental figure 8B). According to the ACMG guidelines, the variants are classified as likely 184 
pathogenic (18). On physical examination, the patient had severe microcephaly (Figure 6F; 185 
arrowheads). Brain MRI scanning also revealed that the patient’s brain has enlarged ventricles and 186 
thinning of the cortices (Figure 6F; asterisks). On his last evaluation (at 17 months of age), the proband 187 
had severe global developmental delay, impaired vision, and hearing as well as increased muscle tone 188 
(See detailed description in supplemental information file). Both detected variants are rare and located 189 
in highly conserved amino acids, predicted to be near the transport cavity (Figure 6D, E). Other 190 
substitutions of Thr430 have been reported in other cases of Fowler syndrome, suggesting that this 191 
residue is critical for MFSD7c functions (Figure 6D). The mutation Pro340Leu is a novel variant. As 192 
MFSD7c is a plasma membrane protein, a reduced expression level or mis-localization to the plasma 193 
membrane might result in impaired function. We generated the gene mutants and tested their 194 
expression and localization in HEK293 cells. We found that mutations in these two conserved residues 195 
did not affect the expression and cellular localization of MFSD7c (Supplemental figure 9A, B). The 196 
mutation S203Y that was reported in Radio study also did not affect the expression and localization of 197 
the protein (Supplemental figure 9A, B). In contrast, the previously reported mutation of T430M did 198 
affect localization of the protein (Supplemental figure 9B). These results imply that reduced transport 199 
activity rather than defective expression and/or localization of the mutated proteins is responsible for 200 



the dysfunctions of MFSD7c in the patient. Our data may indicate that detected mutations are milder 201 
and explain the patient's survival and milder findings on brain imaging.  202 

Mfsd7c knockout brain exhibits severe hypoxia. We have observed that the KO embryos exhibited 203 
slightly pale appearances, especially near birth (Figure 2A). Thus, we performed transcriptomic 204 
analysis for gene expression in the whole brain transcriptome at E14.5 (Supplemental table S1). We 205 
found that genes, which are involved in glycolysis, hypertrophy, angiogenesis, cell-cell adhesion, and 206 
inflammatory responses were upregulated by at least 2-fold in the KO embryos brains compared with 207 
WT controls (Supplemental figure 10). Most interestingly, many genes involved in glycolysis were 208 
upregulated in KO embryos. The upregulation these genes including Slc2a1 (Glut1), Hk2 (hexose 209 
kinase 2), Ldha (lactate dehydrogenase A), Tpi (triosephosphate isomerase 1) at E14.5 was confirmed 210 
by quantitative RT-PCR (Supplemental figure 11A). Interestingly, expression of several angiogenic 211 
genes such as Vegfa and Angpt2 (angiopoietin 2) were also significantly upregulated in the KO brain 212 
(Supplemental figure 11A, B). The upregulation of glycolytic and angiogenetic genes suggested that 213 
neuronal cells of KO embryos experience hypoxia. Thus, we used pimonidazole hydrochloride to detect 214 
the hypoxic response in the brain of KO embryos. Under hypoxic conditions, pimonidazole is 215 
metabolized to form stable adduct with thiol groups in proteins, which are detected by a monoclonal 216 
antibody by immunostaining. We found that in the reduced vascular areas shown by CD31 staining in 217 
the KO brain regions such as cortical hem and the ventricular zones in the cerebral cortex, hypoxia was 218 
not detected (Figure 7A, B). Interestingly, we did observe a strong hypoxic signal in the ganglionic 219 
eminence regions, where the growth of blood vessels was severely reduced or absent in KO embryos 220 
(Figure 7B-D). Severe hypoxia was also found in the thalamus and midbrain regions (Figure 7B, D). 221 
Our findings indicate that MFSD7c is required for angiogenic growth of CNS blood vessels, especially 222 
in the ganglionic eminence regions. Lack of MFSD7c brings about hypoxia, which alters the expression 223 
of several important metabolic genes in the brain. 224 

Lack of MFSD7c causes neuronal cell death. Neuronal progenitor cells are glycolytic during 225 
proliferation. Indeed, we observed that the lateral and median ganglionic eminences were formed even 226 
in the absence of blood vessels (See Figure 7B, C). To gain more insight into the hypoxic response, 227 
we examined the neuronal cell viability. We co-stained WT and KO embryos sections with activated 228 
CASPASE 3 and CD31. Interestingly, we found that CASPASE 3 positive cells were observed in Mfsd7c 229 
KO embryos at least from E14.5 onwards (Figure 8 and Supplemental figure 12). These activated 230 
CASPASE 3 positive cells were mainly found in VZ in the ganglionic eminences, but not in the cortical 231 
ventricular zones of KO embryos (Figure 8A, B; quantification in D). The nuclei of these CASPASE 3 232 
positive cells were condensed by DAPI staining (Figure 8C). Remarkably, although there was a clearly 233 
delayed growth of blood vessels to the cortical ventricular zone, cell death was not observed in this 234 
region. Perhaps, oxygen could diffuse through the abnormally grown blood vessels to this region in the 235 
KO embryos (Figure 8B; lower panels). We also noted that not all neuronal cells undergoing hypoxia 236 
died because there is only a small population of neuronal cells in the ventricular zones in GE positive 237 
for CASPASE 3 (Figure 8B; upper panels). Neuronal cell death was more prominent in the E16.5 KO 238 
embryos and appeared in several regions in the brain of E18.5 KO embryos (Supplemental figure 12). 239 



As expected, activated CASPASE 3 staining was negative in all examined brain regions of WT controls 240 
at all tested time points (Figure 8 and Supplemental figure 12). Interestingly, we found that a non-241 
endothelial population of CD31 positive cells appeared in the same area where cells with activated 242 
CASPASE 3 were observed. These CD31 positive cells were not CASPASE 3 positive. These cells 243 
appeared near blood vessel sites, suggesting that they might be infiltrated immune cells. CD31 is also 244 
present in platelets, lymphocytes, and macrophages. Nevertheless, they were negative for CD3 and 245 
B220 antibodies, which are the markers for T and B cells, respectively (Supplemental figure 13). The 246 
cells were also negative for IBA1, a marker for microglia cells (Supplemental figure 13). Our results 247 
show that lack of MFSD7c induces neuronal cell death. The death of neuronal cells might impede the 248 
formation of cortical layers reflected in the thinning of cortices and microcephaly in the KO embryos and 249 
the human patient. 250 

Discussion 251 

The physiological roles of MFSD7c in blood vessel development. Mutations in MFSD7c have been 252 
identified in humans and associated with Fowler syndrome. These patients commonly exhibit 253 
neurological defects. However, the mechanistic links between the missense mutations in MFSD7c and 254 
the brain defects observed in Fowler syndrome are unknown. Our results here show that MFSD7c is 255 
expressed in the endothelial cells of CNS blood vessels. The expression of MFSD7c is specific to CNS 256 
endothelial cells; expression in other neuronal cells and endothelial cells in peripheral tissues being low 257 
or undetectable (19-21). Therefore, we hypothesized the dysfunctions of MFSD7c in the CNS blood 258 
vessels were directly related to the phenotypes of Fowler syndrome patients and that of the KO 259 
embryos. We have demonstrated that the defective growth of blood vessels to SVZ and VZ causes the 260 
neurological defects in Mfsd7c KO embryos. The growth of blood vessels to VZ and SVZ regions is 261 
blunted, leading to hypoxia and neuronal cell death. We observed that hypoxia occurred in several 262 
regions with reduced vascular density and avascular regions in the KO brain. However, the neuronal 263 
cell death was initiated in the VZ regions in the ganglionic eminences, suggesting that neural 264 
progenitors in this region is more sensitive to hypoxia (22, 23). Of note, ganglionic eminences are parts 265 
of the germinal matrix. Defects in blood vessels in germinal matrix accounts for a number of neurological 266 
disorders (24, 25). Our results show that lack of MFSD7c brings about the blunted growth of blood 267 
vessels to SVZ and VZ regions, with consequent hypoxia and neuronal cell death. Thus, we propose 268 
that MFSD7c is important for both CNS blood vessel functions and for brain growth.  269 

The migratory defects of blood vessels to the SVZ and VZ regions in Mfsd7c KO brain are quite 270 
remarkable. In these regions, the radial growth of blood vessels are inhibited even though there is 271 
increased signalling from VEGF throughout the KO brain. We found that filopodia of stalled vessels 272 
were elongated to the ventricular surfaces, but the blood vessels failed to migrate. These blood vessels 273 
then appeared to grow perpendicularly and fuse together. The fusion of these blood vessels generated 274 
the glomeruloid structures with large intravascular lumenal spaces. The increased expression of several 275 
angiogenic factors such as VEGF and ANGPT2 has been associated with the glumeruloid vessels (26, 276 
27). However, the molecular mechanisms underpinning the glomeruloid phenotype of MFSD7c absence 277 
remain to be determined. Interestingly, we noticed that the phenotypes of blood vessels in Mfsd7c KO 278 



embryos are similar to the phenotypes from canonical WNT signalling components in CNS and TGFB 279 
signalling pathway (13, 27-31). Differently, MFSD7c is apparently dispensable for blood vessel integrity 280 
as the global KO embryos show no cerebral haemorrhage as observed in deficiency of the canonical 281 
WNT signalling components or TGFB signalling deficient models. Expression of MFSD7c is reduced in 282 
Reck and Norrin knockout mice, the two components of canonical WNT signalling in CNS and retina, 283 
respectively and is induced in beta-catenin expression (32-34). Nevertheless, our data show that WNT 284 
and TGFB signalling pathway are not disrupted in the brain of KO embryos, suggesting that MFSD7c 285 
is only required for proper CNS blood vessel development. It is interesting to note that MFSD7c is a 286 
predicted plasma membrane transporter for metabolites. Thus, we speculate that the ligand(s) of this 287 
protein is/are required for proper growth of CNS blood vessels. Several brain disorders such as vascular 288 
dementia and stroke are associated with defects in CNS blood vessels. Therefore, the identification of 289 
MFSD7c ligands may offer new insight into the roles of metabolites in the physiological functions of 290 
blood vessels in brain. 291 

The molecular functions of MFSD7c. Little is known about the molecular functions of MFSD7c. 292 
MFSD7c is similar to the known heme exporter MFSD7a (also called FLVCR1a, an isoform for the 293 
plasma membrane exporter of heme in erythroid cells; and FLVCR1b is the mitochondrial isoform). 294 
Deletion of these heme exporters results in heme accumulation and toxicity in erythroid cells. A prior 295 
study showed that MFSD7c/FLVCR2 is a heme importer in vitro (9). We performed the heme uptake 296 
and release assays using HEK293 cells overexpressed with mouse or human MFSD7c and did not 297 
observe the results as reported for MFSD7c (Supplemental figure 14). Additionally, heme levels were 298 
comparable in the embryonic brains of Mfsd7c KO and their WT littermates (Data not shown). Thus, it 299 
seems that the heme transporting roles for MFSD7c needs further investigation. Our results here show 300 
that MFSD7c is a plasma membrane protein, which is expressed in both sides of endothelial cells in the 301 
brain, suggesting its ligand(s) is/are transported into or out of the brain, directly. The current study did 302 
not elucidate the molecular roles of MFSD7c. Nonetheless, our findings here have enabled us to 303 
anticipate that the ligand(s) of MFSD7c should be essential for CNS blood vessel structure and function 304 
and brain growth.   305 

 The roles of MFSD7c in neuronal cell migration to cortical sites for brain formation. The patient 306 
described here exhibits ventriculomegaly and intra-cranial calcifications without hydrocephalus. The 307 
absence of the hydrocephaly symptom in the patient may be linked to the partial loss of MFSD7c 308 
functions. However, we do not observe the hydrocephalus phenotype (e.g. enlargement of brain) in the 309 
KO embryos brain. Thus, hydrocephalus might not be the major consequence of MFSD7c deficiency. 310 
Interestingly, the KO embryos and humans with mutations of MFSD7c results in microcephaly with 311 
thinning of the cerebral cortices. What drives these phenotypes? In growing brain, the development of 312 
vasculature and neuronal networks need to be well-coordinated. Angiogenic sprouting of CNS blood 313 
vessels occurs from pial surface to the neuronal layers to provide the cells with oxygen and nutrients. 314 
Therefore, our findings suggest that the delayed growth of blood vessels in the Mfsd7c KO embryos 315 
brain, especially in the ganglionic eminences, impacts negatively on the survival and migration of the 316 
neural progenitor cells that are required for forming the cortical layers. It has been established that GE 317 



are enriched with neural progenitors. These cells migrate tangentially via the axons established by radial 318 
glial cells (35). They can also migrate in axon-free regions to the cerebral cortex likely via blood vessel 319 
routes (36, 37). The reduced growth and absence of blood vessels in the ganglionic eminences are the 320 
most striking phenotypes that we observed in the Mfsd7c KO embryos. The vasculature network is 321 
necessary to provide routes for the migration of the neural progenitor cells to cerebral cortex regions in 322 
the growing brain. The blunted growth of the blood vessels to these regions will impair oxygen 323 
availability and the delivery of nutrients to these proliferating cells (38-41). Therefore, the lack of blood 324 
vessels penetrating into these inner brain regions brings about hypoxic environment, affecting the 325 
metabolism, survival, and migration of neural stem cells to build cerebral cortex during brain 326 
development. We propose that the thinning of cortices and microcephaly observed both in Mfsd7c KO 327 
embryos and the human patient are in part due to the reduced blood vessel growth during the critically 328 
developing stages of brain. It is also possible that MFSD7c transports essential ligands for neuronal cell 329 
growth such as the ligands of MFSD2a and GLUT1 (42, 43). In summary, we report here that defects 330 
in MFSD7c functions result in a microcephaly-associated vasculopathy in mice and humans. 331 

Material and Methods 332 

Mice. Global Mfsd7c  knockout mice were obtained from the international mouse program consortium 333 
(IMPC). Mice were maintained on normal chow diets and housed with regular light-dark cycles. To 334 
generate the KO embryos, heterozygous mice for Mfsd7c were time-mated. Embryos were collected 335 
from time-mated female mice and genotyped using primers: Mfsd7c-WT: 5’-336 
CACTACAGAAACTCTGGCTGTTGC-3’; Mfsd7c-common primer: 5’-CATCCCAGCATTGGAAGGAC-337 
3’; Mfsd7c-KO: 5’-TCGTGGTATCGTTATGCGCC-3’.  338 

Antibodies. In-house polyclonal antibodies for human and mouse MFSD7c proteins were generated in 339 
rabbit. These purified polyclonal antibodies were raised in rabbits with antigens comprising the 29 amino 340 
acid sequence (APETKVQEEEEEEEGSNTSKVPVVSEAHL) at the C-terminus of mouse MFSD7c 341 
protein or the 25 amino acids (ENKLQEEEEESNTSKVPTAVSEDHL) at the C-terminus of human 342 
MFSD7c protein. Commercial primary and secondary antibodies used are detailed in supplemental 343 
table S2. 344 

Western blot. Whole brain tissue from E16.5 WT and KO embryos or micro-vessels isolated from adult 345 
mouse brain as described below were lyzed in RIPA buffer (25mM Tris pH 7–8, 150 mM NaCl, 0.1% 346 
SDS, 0.5% sodium deoxycholate 0.5% Triton X-100) supplemented with protease inhibitor cocktail 347 
(Roche, 11836170001) and phosphatase inhibitor cocktail 1 (Sigma-Alrich, P2850) for detection of 348 
phosphorylated proteins. For detection of TGFB signalling components, 100 µg of total protein from 349 
whole brain lysates of E16.5 WT and KO embryos was resolved in 10-12% SDS-page and transferred 350 
to membrane before probing with Phospho-SMAD1/5 antibody (Cell Signaling, 9516), and SMAD4 351 
antibody (Cell Signaling, 38454). The membranes were also probed with MFSD7c antibody (1:500) and 352 
re-probed with beta-ACTIN antibody (Sigma-Aldrich, A5441). For detection of WNT signalling 353 
components, whole brain lysates of E16.5 WT and KO embryos were similarly analyzed. The membrane 354 
was probed with beta-CATENIN antibody (Cell Signaling, 19807) and Phospho beta-CATENIN antibody 355 



(Cell Signaling, 9561). For micro-vessels, 100 µg of total proteins from brain fractions and 1 µg of total 356 
proteins from HEK293 cells were used for Western blot. The membrane was probed with MFSD7c 357 
antibody, GLUT1 antibody (Abcam, ab40084), and reprobed with beta-ACTIN antibody. Images were 358 
acquired by ChemiDoc MP Imaging system (Bio-Rad). 359 

Isolation of micro-vessels from adult mouse brains. Brain micro-vessels were obtained by dextran 360 
gradient centrifugation. Briefly, 4-6 adult mouse brains were collected after PBS perfusion. The brain 361 
stem, cerebellum, and thalamus were removed. The cortical gray matter was rolled on filter paper to 362 
remove the meninges, then briefly homogenized by 3 strokes with a Dounce homogenizer in PBS, 363 
transferred into Falcon tube and centrifuged at 1500 g for 20 minutes at 4 ⁰C. The pellet was 364 
resuspended in 4 volumes of 18% dextran in PBS and centrifuged at 1500 g for 20 minutes at 4 ⁰C. The 365 
pellet containing micro-vessels was saved, and the remaining tissue re-processed twice in similar 366 
fashion. All three pellets were pooled and washed again with PBS. The parenchyma fraction (mainly 367 
composed of neurons and glial cells) was also collected for analysis. The pellet was lysed with 100 µl 368 
RIPA containing with proteinase and phosphatase inhibitors. 369 

Immunostaining of embryos sections. Embryos from time-matched heterozygous female mice were 370 
collected. Whole embryos were fixed with 4% paraformaldehyde at 4 ⁰C for between 1 to 5 days 371 
depending on embryo size. They were washed with PBS and dehydrated with 15 and then 30% sucrose 372 
for 1-2 days. Samples were then embedded in optimal cooling temperature compound (OCT) and snap 373 
frozen with dry ice. A Leica CM3060S Cryostat was used to prepare 15-50 µm thick sagittal and coronal 374 
sections which were then mounted onto Fisherbrand Superfrost Plus Microscope Slides. The specific 375 
antibodies, and the concentrations used, for immunostaining embryo sections, are detailed in 376 
supplemental table S2. For hypoxia staining, the Hypoxyprobe-Red549 kit (Dylight™549-Mab) was 377 
used. Heterozygous pregnant females at gestation day 15.5 were injected with 180mg/kg body weight 378 
for 3 hours before embryos collection. The embryos were harvested, genotyped, and processed as 379 
described above. The brain sections were then stained with Dylight™549-Mab to visualize hypoxic cells 380 
and co-stained with CD31 to visualize blood vessels. Images were taken with a Zeiss LSM710 confocal 381 
microscope. 382 

NHS-biotin injections. NHS-biotin, a small molecular weight dye, was used to assess blood vessel 383 
leakage. A volume of 5 µl of 4 mg/ml NHS-biotin (Thermofisher, 21335) in PBS was injected into the 384 
liver of E16.5 WT and KO embryos using a Hamilton syringe. Briefly, as previously described, embryos 385 
were exposed by removing the yolk sac whilst retaining umbilical cord connection to the maternal 386 
circulation. Circulation of NHS-biotin dye was permitted for 10 minutes before the embryos were 387 
collected for fixation and dissection.  The NHS-biotin signal was visualized with Texas-red streptavidin 388 
as described previously (44, 45).  389 

Vascular measurements. To quantify the vascular density and diameter, CNS blood vessels were 390 
stained with CD31. The tiling scan of whole coronal sections was acquired using a Zeiss LSM710 391 
confocal microscope. The vascular density in midbrain, ganglionic eminences, and cerebral cortex was 392 



quantified by ImageJ and expressed as percentage of measured areas. The diameter of CNS blood 393 
vessels in the same regions was also quantified by ImageJ.   394 

H&E staining from paraffin sections. Embryos at various stages were collected and fixed as 395 
described above. Tissue mounted slides were treated with xylene to remove paraffin. Slides were 396 
rehydrated progressively with 100 to 70% ethanol with 10 minutes interval and under running water for 397 
5 minutes. The sections were stained with haematoxylin (Sigma Aldrich, Germany) for 1 minute and 398 
then washed under running water to remove excess stain. Slides were treated with 95% ethanol to 399 
dehydrate and then stained for 1.5 minutes with eosin (Sigma Aldrich, Germany). Excess dye was 400 
removed by washing in 50 to 100% ethanol for 5 minutes and slides were then cleared with xylene for 401 
1 minute. Slides were air dried overnight and slide covers were mounted onto the samples with DPX 402 
mountant (Merck, Germany). Similar procedures were performed with human brain sections. 403 

Expression of MFSD7c in HEK293 cells. The mouse, human, and the human mutant plasmids were 404 
constructed in pcDNA3.1 plasmid and transfected into HEK293 cells (2-3 µg plasmid per well in 24-well 405 
plates) using lipofectamine 2000. At 24h post-transfection, the HEK293 cells were used for protein 406 
isolation, localization, or heme transport assay as described below. 407 

Heme assay. Heme assays were performed using hemin kit assay (Catalogue: K672; Biovision) and 408 
tritium labelled hemin [3H]hemin (American radiochemicals). In these experiments, human or mouse 409 
MFSD7c was expressed in HEK293 cells. Empty pcDNA3.1 plasmid was used as mock and pcDNA3.1 410 
containing human or mouse MFSD7c was used for over-expression. The transfected HEK293 cells 411 
were incubated with 1-50 µM hemin (prepared in DMSO) in growth medium. Various time points ranging 412 
from 30 mins to overnight incubation with hemin were tested. The HEK293 cells were then lyzed with 413 
RIPA buffer. Clear lysates were used in the hemin assay. For [3H]hemin assays, the HEK293 cells were 414 
prepared as described above and incubated with 1-50 µM [3H]hemin. The cells were washed with PBS 415 
and collected in RIPA buffer. Radioactive signals from the RIPA lysates were quantified by scintillation 416 
counter. 417 

Transcriptomic analysis. Total RNA from whole brain of WT and KO embryos at E14.5 was extracted 418 
using Qiagen Mini RNA extraction kit as per manufacturer’s protocol. For RNA sequencing, whole brain 419 
tissue from individual E14.5 KO and WT embryos were extracted with Trizol reagent for total RNA 420 
isolation. RNA sequencing (RNAseq) was performed with Novogene. Over 99% of RNAseq samples 421 
were of appropriate quality for use in downstream analysis. The RNAseq were aligned to mm10 mouse 422 
genome using the ensemble release 98 version annotation file STAR package. After alignment, all the 423 
samples achieved > 95% unique mapped reads. Reads were quantified using the featureCount 424 
package. The DESeq2 package was used for differential gene analysis. The RNAseq data has been 425 

deposited in the GEO database (GSE148854). 426 

Quantitative real-time PCR. To quantify mRNA from mouse brain, total RNA samples were prepared 427 
as described above for microarray analysis. A total cDNA library was synthesized using Super-Script 428 
first-strand synthesis system (Invitrogen). Quantitative RT-PCR was performed with specific primers 429 



(Supplemental table S3) for each gene of interest using SYBR Green mix. Gene expression level was 430 
normalized to beta-Actin and expressed as fold change. 431 

Patient recruitment. The family was evaluated at the medical genetics clinic at Rambam Health Care 432 
Campus in Haifa Israel. The parents consented to clinical exome sequencing and to the publication of 433 
clinical data and photographs. 434 

Genetic evaluation. Exome sequencing was performed on a Novaseq 6000 platform (Illumina, San 435 
Diego, California) using the Twist Human Core Exome Kit (Twist, San Francisco, CA). Mapping of the 436 
obtained reads to the reference genome (build GRCh37/hg19), variant calling, annotation, and data 437 
analysis were done using the Genoox data analysis platform Ltd. (Genoox, Palo Alto, CA). We filtered 438 
sequencing data on a trio-based paradigm to identify recessive (homozygous and compound 439 
heterozygous), X-linked, and potential de novo variants in the proband. Variants were prioritized based 440 
on their effect on the protein and minor allele frequency below 1% in general population databases, 441 
such as gnomAD (http://gnomad.broadinstitute.org/) and the Rambam Genetics Institute internal 442 
database. We identified compound heterozygous variants in FLVCR2 (NM_017791.2) 443 
c.1019C>T;p.Pro340Leu, c.1288A>G;p.Thr430Ala. The variants were confirmed by Sanger sequencing 444 
and primers are available upon request.  445 

Statistics analysis. Data were analyzed using GraphPrism7.2 software for Windows. Statistical 446 
significance was calculated using two-tailed t-test as indicated in the figure legends. P value < 0.05 was 447 
considered as statistically significant. 448 

Study approval. All experimental protocols were approved by the IACUC committee of the National 449 
University of Singapore. 450 
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Figures and Figure legends. 590 

 591 

Figure 1. MFSD7c is expressed in CNS blood vessels. A, immunostaining of MFSD7c with polyclonal 592 
antibodies against murine MFSD7c in adult mouse brain. Expression of MFSD7c was found in CNS 593 
blood vessels, where it co-localized with GLUT1. Top panels, cortex; lower panels, subventricular zone 594 
(SVZ) region. Experiments were performed at least 4 times (n=6). B, Representative images of 595 
immunostaining of E18.5 WT and KO brain sections showing that MFSD7c expressed in both apical 596 
and luminal side (indicated by arrows) of CNS endothelial cells. Asterisk shows erythrocytes, which 597 
were also positive with GLUT1 staining. Experiments were performed at least 4 times ( n=6 embryos 598 
per genotype). C, MFSD7c is not expressed in pericytes. Immunostaining of E15.5 WT and KO brain 599 
sections with pericyte marker PDGFRb and MFSD7c. Arrow indicates pericytes. Experiments were 600 
performed at least 3 times (n=3-4 embryos per genotype). D, MFSD7c protein was detected in micro-601 
vessel, but not parenchyma fraction from WT adult brain.  Protein lysates from E16.5 WT and KO 602 
embyros as well as MFSD7c protein expression in HEK293 cells were used to interpret the MFSD7c 603 
protein band. Note that the total amount of protein from HEK293 cells was 1µg. Arrow heads show 604 
MFSD7c and GLUT1 protein bands. Experiments were performed 3 times. 605 

  606 



 607 

Figure 2. Deletion of MFSD7c resulted in late gestation lethality. A, Whole body deletion of MFSD7c 608 
results in late gestation, perinatal lethality. Appearances of Mfsd7c knockout embryos at indicated time 609 
points were comparable with WT littermates, except that KO embryos and pups exhibited slightly pale 610 
color at later times during development. Scale bar in all images represent 10mm. B, Gross anatomical 611 
analysis of E14.5 and E16.5 WT or HET control and KO embryos showing normal organ histology. 612 
Tiling scan was used to acquire H&E images. Experiments were repeated twice (n=2). 613 



 614 

Figure 3. Reduced CNS blood vessel growth in Mfsd7c knockout embryos. A-C, Coronal sections 615 
of brain from E13.5 (A), E14.5 (B), and E15.5 (C) WT and KO embryos were stained with GLUT1 or 616 
CD31 antibody to visualize CNS endothelial cells. The growth of CNS blood vessels of KO embryos 617 
was severely reduced, especially in GE regions. Insets are enlarged ganglionic eminence regions. 618 
Arrows show the ventricular regions, where blood vessel growth was stalled and enlarged blood vessels 619 
were observed in the KO embryos. Experiments were repeated twice for A (n=4 embryos per genotype), 620 



and repeated 4-5 times for B and C (n=3-4 embryos per genotype). D, H&E staining of sagittal sections 621 
showed that KO embryos exhibited micro-aneurism (arrows) in ganglionic eminence regions. 622 
Experiments were repeated twice. 623 

  624 



 625 

Figure 4. Deletion of MFSD7c does not result in ruptured CNS blood vessels and increased 626 
permeability of blood brain barrier. A-B, Brain sections of E14.5 (n=3 embryos per genotype) (A) 627 
and E16.5 (n=4 embryos per genotype) (B) wild-type and Mfsd7c knockout embryos were stained with 628 
MFSD2a (a CNS endothelial cell marker, green), Ter119 (red blood cell marker, pink). Arrows indicate 629 
clumps of erythrocytes surrounded by blood vessels in Mfsd7c knockout embryos. There was no 630 
haemorrhage in knockout embryonic brains. Shown here are hindbrain regions. Scale bars are 20µm. 631 
Experiments were repeated 3 times. C-D, Representative coronal brain sections of E15.5 WT and KO 632 
showing that NHS-biotin was contained inside KO blood vessels. Arrows show enlarged blood vessels 633 
with strong signals of NHS-biotin. Experiments were repeated twice with n=6 for WT or KO.  634 



 635 

Figure 5. Deficiency of MFSD7c results in glomeruloid vessel structures.  A, Representative 636 
images of GLUT1 staining in hindbrain (right panel) and GLUT1 and MFSD7c co-staining in thalamus 637 
regions (left panels) of E16.5 and E18.5 WT and KO embryos, respectively. Arrows show enlarged 638 
blood vessels in KO embryos. Experiments were repeated at least 3 times (n=6 embryos per genotype). 639 
B, Co-staining of MFSD7c and GLUT1 in coronal brain sections of E18.5 WT and KO embryos. In the 640 
absence of MFSD7c, glomeruloid blood vessels were observed in brain sections of KO embryos. 641 
Arrowheads show the glomeruloid structures at the tips of blood vessels in KO embryos. Experiments 642 
were repeated at least 3 times (n=6 embryos per genotype). C, Enlarged image of a glomeruloid 643 
structure from E18.5 KO brain section with erythrocytes (GLUT1 is present in both endothelial cells and 644 
erythrocytes, red signals). MFSD7c, green; GLUT1, red. Arrows show endothelial cells. Asterisks show 645 
erythrocytes. D, H&E staining of brain sections from a human patient with S203Y homozygous mutation. 646 
Glomeruloid blood vessel structures were also observed in the brain sections of the patient. E, 647 
immunostaining of the human patient brain sections with GLUT1, MFSD7c, and DAPI. Arrows show 648 
glomeruliod structures which are positive with GLUT1 and MFSD7c. Arrowheads show the staining of 649 
GLUT1 with erythrocytes. n=1 patient. 650 

 651 



 652 



Figure 6. Deficiency in MFSD7c results in microcephaly. A-B, Representative images of coronal 653 
sections of E14.5 and E20.5 WT and knockout embryos were stained with DAPI and GLUT1. Thinning 654 
of cortices were visible at E20.5. C, quantification of ventricular area and cortex thickness in E20.5 WT 655 
and KO embryos. Each dot represents one sections. Data represent mean ± SD; n=4-5 per genotype. 656 
****P<0.0001; Two tailed t-test. D-E, illustration of human MFSD7c gene and the modelled structure of 657 
human MFSD7c. Shown are missense mutations that have been reported for MFSD7c and the two 658 
novel mutations that occurred in the patient shown in D. F, MRI images of the patient brain showing 659 
that the patient has microcephaly and noticeable thinning of the cortices. The enlarged ventricles in 660 
mouse embryos at E20.5 or the human patient is possibly the results of thinning of cortices. Asterisks 661 
denote enlarged ventricles in both knockout embryos and the human patient. Arrowheads show the 662 
reduced frontal brain in the human patient. n=1 patient. 663 
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 665 

Figure 7. Mfsd7c knockout embryos exhibited severe hypoxia. A-B, Representative images of brain 666 
sections of WT (A) and KO (B) embryos were stained with CD31 to visualize blood vessels and the 667 
monoclonal antibody to detect hypoxic neuronal cells after injection of pimonidazole to the pregnant 668 
mice. Upper panels in A and B are images from ventral sides of the WT and KO embryos brain and the 669 
lower panels are dorsal sides including thalamus and hindbrain regions. In the ventral images in B, 670 
hypoxia was detected in the ganglionic eminence of KO embryos. The hypoxia was also present in the 671 
brain stem from these KO sections. C, Enlarged images from ganglionic eminences of WT and KO 672 
embryos. Experiment was repeated thrice, n=3-4 embryos per genotype. D, Quantification of hypoxic 673 



signals in the ganglionic eminences and thalamus/midbrain regions. ***P<0.001; Two-tailed t-test. Each 674 
dot represents one sections from 3 WT and 4 KO. 675 
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 681 

Figure 8. Mfsd7c knockout embryos exhibited cell death in subventricular zones. A-B, 682 
Representative images of coronal sections of E14.5 WT and KO embryos that were immuno-stained to 683 
detect activated CASPASE3, a marker for cell death. The activated CASPASE3 positive cells were only 684 
observed in the subventricular zones in ganglionic eminences of KO embryos as shown by arrowheads 685 
(upper panels), but not in the cortical hem and neocortex (lower panels). Dead cells were clearly 686 
localized in avascular regions in ganglionic eminences. The vascular network was visualized by CD31. 687 
C, Enlarged images in the ganglionic eminences. The activated CASPASE3 positive cells were found 688 
in close proximity with non-endothelial cells which are also positive for CD31 in the ventricular zones of 689 



GE. Activated CASPASE3 positive cells had condensed nuclei as shown by red arrows and the CD31 690 
positive cells are adjacent to them shown by white arrows. n=5-8 per genotype. D, Quantification of 691 
CASPASE3 positive cells in the ganglionic eminences. Each dot represents one section from 8 WT and 692 
5 KO. ***P<0.001; Two-tailed t-test. 693 
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