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Abstract

MFSD7b belongs to the Major Facilitator Superfamily of transporters that transport small molecules. Two isoforms of
MFESD7b have been identified and they are reported to be heme exporters that play a crucial role in maintaining the cytosolic
and mitochondrial heme levels, respectively. Mutations of MFSD7b (also known as FLVCRI1) have been linked to retinitis
pigmentosa, posterior column ataxia, and hereditary sensory and autonomic neuropathy. Although MFSD7b functions have
been linked to heme detoxification by exporting excess heme from erythroid cells, it is ubiquitously expressed with a high
level in the kidney, gastrointestinal tract, lungs, liver, and brain. Here, we showed that MFSD7b functions as a facilitative
choline transporter. Expression of MESD7b slightly but significantly increased choline import, while its knockdown reduced
choline influx in mammalian cells. The influx of choline transported by MFSD7b is dependent on the expression of choline
metabolizing enzymes such as choline kinase (CHKA) and intracellular choline levels, but it is independent of gradient of
cations. Additionally, we showed that choline transport function of Mfsd7b is conserved from fly to man. Employing our
transport assays, we showed that missense mutations of MFSD7b caused reduced choline transport functions. Our results
show that MFSD7b functions as a facilitative choline transporter in mammalian cells.
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Introduction

Feline Leukemia Virus Sub-Group C cellular receptor 1
(FLVCR1) was initially discovered as the receptor confer-
ring susceptibility to Feline Leukemia Virus C (FeLV-C)
infection in cats and hence named FLVCRI1 [1]. FLVCR1
also known as MFSD7b belongs to the Major Facilitator
Superfamily (MFS) transporters (hereafter referred to as
) . _ ) MFSD7b). MFSD7b has twelve transmembrane helices
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Neuropathy (HSAN) have all been linked to the mutations
of MESD7b [3-6]. However, the disease mechanisms are
poorly understood and characterized.

Two isoforms of MFSD7b have been identified in human
cells which include the smaller 279 amino acid isoform,
reported to be localized in the mitochondria [7] and the
larger 555 amino acid isoform, which is localized to the
plasma membrane [2]. Both isoforms are reported to be
heme exporters that play a crucial role in maintaining the
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cytosolic heme pool, particularly during erythropoiesis [8].
Studies using Mfsd7b knock-out (KO) mice have demon-
strated the vital role of MFSD7b in erythropoiesis and how
the different isoforms are required for various developmental
stages [8—10]. The plasma membrane isoform of Mfsd7b
has been shown to be essential for expansion of committed
erythroid progenitors [11]. The knockout mice of this iso-
form die at mid-gestation and show disrupted erythropoiesis
along with limb and craniofacial deformities which closely
resemble patients with Diamond Blackfan Anemia (DBA).
Interestingly, mice lacking the plasma membrane isoform,
but expressing the mitochondrial isoform of MFSD7b had
normal erythropoiesis, implicating that heme export from
mitochondria is responsible for the development of blood
cells [7]. However, the presence of the mitochondrial iso-
form is not sufficient to prevent hemorhages, edema, and
embryonic lethality in mice lacking the plasma membrane
isoform. When Mfsd7b was knocked out in adult mice, the
mice exhibited with severe macrocytic anemia, a phenotype
similar to what has been observed in DBA patients [10, 11].
Studies performed in zebrafish also show that loss of Mfsd7b
disrupts erythropoiesis [11]. Global and conditional knock-
out of Mfsd7b in mice exhibit heme accumulation in sev-
eral cell types like endothelial cells [12], hepatocytes [13],
and intestinal cells [14]. Morphant knockdown of mfsd7b
in zebrafish also resulted in heme accumulation [11]. These
studies support the notion that Mfsd7b has a specific role as
a heme exporter that is crucial for survival and proliferation
of the cells.

However, the causal link between Mfsd7b role as a heme
export and the viability of animals as well as the patho-
genesis of patients remains unclear. Heme accumulation is
hypothesized to be toxic to the cells. Nevertheless, endog-
enous heme levels were not increased in MFSD7b mutated
patient-derived cells unless when incubated with large
amounts of heme or heme precursor 5-aminolevulinic acid.
The inconsistency of heme accumulation was linked to the
compensatory effects by the increased expression of heme
oxidation enzyme (HMOX1). However, in murine eryth-
roid cells, overexpression of Hmox1 to oxidize heme for
degradation or reduction of iron to limit heme synthesis in
Mfsd7b-knockout cells was not sufficient to rescue prolifera-
tive defects due to the loss of Mfsd7b [10]. Hence, whether
heme accumulation is directly linked to the loss of Mfsd7b
function in the human patients and animals remains to be
validated.

Given that Mfsd7b is ubiquitously expressed across vari-
ous organs where its expression is highest in the kidney, gas-
trointestinal tract, lungs, liver, and brain [7, 8], we hypoth-
esized that Mfsd7b might have additional functions rather
than heme export. In this study, we identified additional role
of Mfsd7b as a transporter for choline. Consistent with our
findings, two recent studies also reported choline transport
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functions of Mfsd7b [15, 16]. Furthermore, we show that
Mfsd7b behaves like a facilitative transporter for choline
where the expression of choline utilizing enzymes such as
choline kinase affects choline import activity. Utilizing this
new transport function of Mfsd7b, we show that several
missense mutations of MFSD7b found in RP, PCARP, and
HSAN patients have a reduction in choline transport activity.
Our results implicate that reduced choline transport function
in the missense mutations of MFSD7b might be a part of
pathogenesis in the patients.

Results
Expression of Mfsd7b increases choline uptake

Deletion of Mfsd7b results in heme accumulation [10].
Thus, it has been widely accepted that Mfsd7b is a heme
exporter. As such, Mfsd7b has been extensively studied for
its roles in regulation of erythroid proliferation and differen-
tiation. However, Mfsd7b is ubiquitously expressed in most
cell types and tissues [8]. Its mRNA levels are higher in
the intestine and kidney than the heart and muscle where
heme is predicted to be more abundant as a component of
the mitochondria in these tissues. In erythroid cells, Mfsd7b
is reported to play a role in heme detoxification during dif-
ferentiation [10]. By re-analyzing the gene expression from
proerythroblasts to the orthochromatic erythroblasts, we
found that expression of Mfsd7b is decreased from the
erythroid progenitors to more differentiated cells, while
expression of the genes for heme synthesis is increased at
later stages of human erythroid cell differentiation [17].
Heme levels are also significantly higher in differentiated
cells such as orthochromatic erythroblasts than progenitors
where Mfsd7c expression is more abundant [10]. Notably,
we found that expression pattern of Mfsd7b is similar to
several metabolic pathways such as mitochondrial activity as
well as membrane biosynthesis, but inversely correlated with
the heme and hemoglobin synthesis pathway (Supplemental
Fig. S1). Thus, we argue that Mfsd7b might have additional
functions rather than being a heme exporter. Interestingly,
data from the Cancer Dependency Map project (DepMap)
shows that Mfsd7b has a high positive correlation with
CHKA and vice versa in CRISPR knockout screens [24].
Depmap utilises CRISPR knockout libraries to evaluate the
change in fitness across various cancer cell lines for each
gene knocked out. A high correlation between two genes
represents that loss of either gene has a similar effect on
fitness as loss of the other gene, across similar cell lines.
This therefore indicates that Mfsd7b and CHKA may have
related functions or may play roles in the same pathway.
The Kennedy pathway describes the biosynthesis of phos-
phatidylcholine and phosphatidylethanolamine from choline
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and ethanolamine [24]. CHKA is one of the two choline
kinases that phosphorylate choline into phosphorylcholine
in this pathway. Thus, we hypothesized that Mfsd7b might
transport substrates in the Kennedy pathway. We overex-
pressed long isoform of human Mfsd7b (hMfsd7b) and its
orthologs and performed transport assays in HEK293 cells.
Among the tested ligands, we found that hMfsd7b exhib-
ited import activity to choline (Fig. la—c). Choline import
activity of hMfsd7b when overexpressed in HEK293 cells
was slightly but significantly increased by increasing choline
levels in the medium (Fig. 1b). Mfsd7b is conserved from
flies (Supplemental Fig. S2). We showed that other orthologs
of hMFDS7b from fly, fish, chicken, frog, and mouse also
exhibited choline transport activity, albeit relatively weak
under tested conditions (Fig. 1a). hMfsd7b did not transport

100uM choline

L-carnitine, acetylcholine, betaine, and serotonin (Fig. 1c).
These results hint that Mfsd7b might play a role in cho-
line transport. Two recent reports also show that FLVCR1/
Mfsd7b exhibits choline transport activity which is in line
with our observations [15, 16].

Deficiency of Mfsd7b results in reduced choline
uptake

To further demonstrate that Mfsd7b regulates choline
influx, we knocked down Mfsd7b transcripts using siRNA
to avoid potential cell viability phenotype that has been
reported in complete knockout of Mfsd7b previously [18]
and used the knockdown cells for transport assays. We
chose A549 cell line as Mfsd7b mRNA is expressed in
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Fig. 1 Expression of Mfsd7b increases choline import. A Overex-
pression of Mfsd7b increases choline uptake. HEK293 cells were
overexpressed with human (hMfsd7b), mouse (mMfsd7b), chicken
(GaMfsd7b), fly (DrosMfsd7b), frog (XeMfsd7b), and fish (DaMf-
sd7b) Mfsd7b orthologs and tested for choline uptake assay. Mock
was transfected with empty plasmid. B Dose curve of choline import
by hMfsd7b in HEK293 cells. C Import assays for hMfsd7b with

indicated ligands. Transport assays were performed with 100 uM
['“C] ethanolamine, 100 uM [*H] betaine, 100 uM [*H] acetylcho-
line, 100 uM [*H] serotonin, and 50 uM [*H] L-carnitine, in DMEM
with 10%FBS for 1 h. Experiments were performed at least twice
in triplicate. Data are mean and SD. ****P <(.0001, ***P <0.001,
**P<0.01, *P<0.05; One-way ANOVA for A and Two-way
ANOVA for B; ns, not significant
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«Fig.2 Deletion of Mfsd7b reduces choline transport in mamma-
lian cells. A Western blot analysis of siRNA knockdown of Mfsd7b
in human cell line A549. Experiments were repeated twice with
duplicate. Red arrowhead indicates Mfsd7b band. PC, positive con-
trol from overexpression of hMfsd7b in HEK293 cells. NC, siRNA
negative control. B Import of choline is significantly reduced in
A549 cells after Mfsd7b is knocked down by siRNA. Experiments
were repeated at least twice in 4 replicates. C Illustration of import
of choline by Mfsd7b and conversion of imported choline to phos-
phatidylcholine via Kennedy pathway. D Lipidomics analysis shows
Phosphatidylcholine level is significantly reduced in A549 cells
after Mfsd7b is knocked down by siRNA. E Generation of Mfsd7b
knockout in HEK293 cells using CRISPR/Cas9 method. Expression
of Mfsd7b is abolished in the knockout cells (KO). (OV: overexpres-
sion of Mfsd7b used as positive control), F Rescue experiments in
Mfsd7b-KO HEK293 cells. Wildtype and KO cells were expressed
with mouse Mfsd7b (mMfsd7b) or co-expressed with mouse Mfsd7b
and CHKA. G Choline transport activity of WT and KO cells with
expression of mMfsd7b, CHKA or co-expression of Mfsd7b with
CHKA as shown in G. **#*%P <0.0001, **P <0.01; *P <0.05. One-
way ANOVA in B; t-test in D

this cell type [2]. We first confirmed that siRNA could
sufficiently knock down Mfsd7b transcripts to decrease
Mfsd7b protein levels in A549 cells (Fig. 2a). Then, we
performed choline transport assays of the wildtype and
knockdown cells. Our results showed that A549 cells with
deficiency in Mfsd7b exhibited significantly reduced cho-
line import compared to controls (Fig. 2b). Additionally,
we showed a reduction of choline uptake which resulted
in slightly but significant reduction of phosphatidylcholine
(PC) and sphingomyelin (SM) levels in Mfsd7b knock-
down compared to control A549 cells (Fig. 2c, d; Supple-
mental Information Table S1). These results implicate that
choline imported by Mfsd7b may be used to phospholipid
synthesis in the cell line.

Recently, Kenny et al. reported that overexpression of
Mfsd7b in Mfsd7b-knockout cells strongly drives choline
import in HEK293 cells, whereas Tsuchiya et al. performed
similar experiments but did not observe the increased choline
transport activity beyond the wild-type levels [15, 16]. Since
we showed that overexpression of hMfsd7b in wild-type
cells only modestly increases choline import activity, we
wanted to validate our results using Mfsd7b-knockout cells.
To this end, we generated Mfsd7b knockout in HEK293 cells
using CRISPR/Cas9 technology and employed the cells for
our rescue experiments (Fig. 2e). Consistent with the results
using wild-type HEK293 cells, we showed that overexpres-
sion of mouse Mfsd7b (mMfsd7b) in these KO HEK293
cells did not significantly enhance choline import (Fig. 2f,
g). Interestingly, co-expression of mMfsd7b with CHKA in
wild-type and KO HEK293 cells significantly increased cho-
line uptake (Fig. 2f, g). These results strongly indicate that
Mfsd7b facilitates choline uptake in cells, and that choline
influx mediated by Mfsd7b is likely governed by intracel-
lular choline utilizing enzymes.

Choline imported by Mfsd7b is increased
by the expression of choline metabolizing enzymes

We observed that although heterologous expression of
Mfsd7b in HEK293 cells increased choline uptake, it did
not greatly increase choline influx at higher doses (Fig. 1b).
These results suggest that the rate of utilizing intracellu-
lar choline is perhaps a limiting factor that affects choline
transport by Mfsd7b. Indeed, co-expression of Mfsd7b with
choline kinase A (CHKA) to convert choline into phos-
phorylcholine greatly enhanced choline uptake (Fig. 2f, g).
To test if lowering the intracellular levels of choline is suf-
ficient to increase choline import mediated by Mfsd7b, we
also used choline acetyltransferase (CHAT) to facilitate with
the conversion of choline into acetylcholine. By lowering
the intracellular levels of choline to phosphorylcholine with
the co-expression of CHKA or acetylcholine with the co-
expression of CHAT, we showed that the influx of choline
was significantly increased (Fig. 3a, b). Co-expression of
CHKA with Mfsd7b orthologs from fly, frog, fish, chicken,
and mouse also significantly increased import of choline
in a similar capacity to human Mfsd7b (Fig. 3c). Further-
more, choline uptake by Mfsd7b was greatly enhanced with
the increased concentrations of choline when co-expressed
with CHKA (Fig. 3d). The import of choline by hMfsd7b
was also significantly increased over time (Fig. 3e). We
also included the N121D mutant of Mfsd7b from a PCARP
patient and showed that choline uptake activity of the mutant
was significantly reduced compared to that of WT protein
(Fig. 3d, e). Nevertheless, Mfsd7b did not import ethanola-
mine when tested at 100 uM even with the co-expression
of ETNK1 (Fig. 3f). To gain further insight into the new
role of Mfsd7b as a choline transporter, we performed com-
plementation experiments. We showed that expression of
zebrafish Mfsd7b or CHT1 rescued the reduction of choline
uptake when human Mfsd7b is knocked down in HEK293
cells (Supplemental Fig. S3A). Additionally, expression
of hMfsd7b rescued for the reduction of choline transport
mediated by neuronal choline transporter CHT1 in HEK293
cells (Supplemental Fig. S3B, C).

The results above show that Mfsd7b exhibits significantly
increased choline transport activity when the cells are co-
expressed with CHKA or CHAT. These results also suggest
that lowering endogenous choline levels might also allow
choline uptake by Mfsd7b in cells without expression of
choline utilizing enzymes. Thus, we measured endogenous
choline levels in WT and KO HEK?293 cells and observed
that deletion of Mfsd7b results in a reduction of intracel-
lular choline levels (Supplemental Fig. S3D). Thus, we
performed the transport assay using Mfsd7b KO cells with
2 uM choline instead of 100 pM as shown above. Interest-
ingly, re-expression of Mfsd7b in Mfsd7b KO HEK293 cells
increased choline uptake, whereas overexpression of Mfsd7b
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«Fig. 3 Expression of choline metabolizing enzymes increases cho-
line influx via Mfsd7b. A Co-expression of choline metabolizing
enzymes, CHKA and CHAT significantly increases choline uptake
via Mfsd7b. HEK293 cells were transfected with hMfsd7b and
CHKA or hMfsd7b and CHAT. Mock was transfected with CHKA or
CHAT alone. B, C Co-expression of CHKA with Mfsd7b orthologs
greatly increases choline uptake. D Co-expression of hMfsd7b with
ethanolamine kinase 1 (ETNKI1) does not increase uptake of ethan-
olamine. E Transport activity of hMfsd7b with different doses of
choline is significantly increased when co-expressed with CHKA.
F Uptake of choline by hMfsd7b is increased over time when co-
expressed with CHKA. G, H Choline import activity of hMfsd7b
and DrosMfsd7b is not sodium dependent. Choline uptake by hMf-
sd7b and DrosMfsd7b relative to mock is not affected by presence or
absence of sodium. I, Choline uptake by hMfsd7b and DrosMfsd7b
is modestly affected by pH. Data are mean and SD. ****P <0.0001,
*##%P<(0.001; One-way ANOVA for A-C and F-I and Two-way
ANOVA for D-E; ns, not significant

in WT cells did not increase choline uptake at this condition
(Supplemental Fig. S3E). These results suggest that intra-
cellular choline is indeed a rate-limiting factor for choline
influx mediated by Mfsd7b. In line with these results, we
also found that expression of Mfsd7b was also needed for
ethanolamine uptake when transport assays were performed
with 2 uM ethanolamine instead of 100 uM as shown above
(Supplemental Fig. S3F). Co-expression of Mfsd7b with
CHKA or ETNKI1 greatly increased choline or ethanolamine
uptake in KO cells (Supplemental Fig. S3E, F). These results
indicate that Mfsd7b facilitates the transport of choline as
well as ethanolamine at physiological ranges and that the
transport of these ligands is more efficient when their intra-
cellular levels are reduced.

Next, we tested whether Mfsd7b requires a gradient of
cations for transport of its ligands. We used choline as a
ligand in our assays. Replacement of sodium with lithium
or changing pH in the transport buffer did not affect cho-
line import activity of Mfsd7b (Fig. 3g—i). These results
demonstrate that the influx of choline facilitated by Mfsd7b
is not dependent on the gradient of cations. Collectively,
our results show that Mfsd7b is a conserved transporter for
choline, and it facilitates the transport of its ligands via the
plasma membrane.

Missense mutations of Mfsd7b cause reduced
choline uptake activity

Several missense mutations of Mfsd7b have been reported in
patients with retinitis pigmentosa (RP) and posterior column
ataxia with retinitis pigmentosa (PCARP), and hereditary
sensory and autonomic neuropathy (HSAN). However, it is
unclear if choline transport function of Mfsd7b is affected
by these mutations. Thus, we generated these missense
mutations by mutagenesis and tested their transport activ-
ity using choline as the ligand (Supplemental Table S1, list
of mutants). We found that all of these missense mutations

of Mfsd7b resulted in reduced choline import activity
(Fig. 4a). Several missense mutants such as N121D and
L160P had abolished or severely reduced choline transport
activity (Fig. 4a). In comparison with the transport activity
of native protein, these mutants retained 0-57% transport
activity (Fig. 4b). Mfsd7b has two potential N-glycosylation
sites (N265 and N273). We mutated these residues to ala-
nine (N265A and N273A) and tested their transport activity.
We found that these mutant proteins hade slightly reduced
choline transport activity (Fig. 4c). The reduced choline
transport activity of these mutated proteins was not due to
reduced expression levels (Fig. 4d) and localization (except
for C192R, L199P, A241T, A283P, and Y341C mutants)
(Supplemental Fig. S4). These data show that the change
of amino acids due to the missense mutations in Mfsd7b
causes reduced choline transport activity. If the transport
activity for both alleles of Mfsd7b is calculated, the net of
transport activity of Mfsd7b mutants is lower than 41% in
these patients, except for patient 4 and 8 with compound
heterozygous mutations (Supplemental Table S1). These
results suggest that reduced choline transport activity in
these mutations of Mfsd7b may be a part of the pathogen-
esis of the patients.

Discussion

FLVCR1/MFSD7b was discovered as a receptor for the
envelope protein of Feline Leukemia Virus Sub-Group C
that causes leukemia in cats. Its molecular functions were
then revealed as a heme exporter. Heme detoxification by
Mfsd7b is shown to be important for cell viability. This
process is thought to be mainly active in erythroid lineage
because these blood cells employ Mfsd7b to maintain a bal-
ance level of heme for hemoglobin synthesis during eryth-
ropoiesis. Indeed, erythroid cells lacking Mfsd7b ceased
proliferation that results in severe anemia in the knockout
mice [9, 10]. However, Mfsd7b is ubiquitously expressed
in different cell types in mice [7, 8]. Mfsd7b is also a con-
served protein found in flies which do not utilize hemoglobin
for the transport of oxygen. These lines of evidence suggest
that Mfsd7b might have additional molecular roles along
with heme export function. Our results here show that the
555 amino acid long, plasma membrane isoform of human
Mfsd7b is a transporter for choline.

Employing gene deletion and overexpression in mam-
malian cells, we show that Mfsd7b exerts choline trans-
port function, but not other structurally similar molecules
such as betaine and acetylcholine. Our results also show
that heterologous expression of several Mfsd7b orthologs
from flies to mouse in mammalian cells also increases the
import of choline. Thus, choline transport function of the
long isoform Mfsd7b is conserved. Interestingly, choline
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«Fig. 4 Missense mutations of Mfsd7b found in RP, PCARP, HSAN
patients cause reduced choline transport. A Transport activity of
indicated missense mutations of hMfsd7b with choline. The mis-
sense mutants and native hMfsd7b were co-expressed with CHKA in
HEK?293 cells. hCHT-LV is the human neuronal choline transporter
(also called SLC5a7) dominant active mutant (with dileucine motif
LV mutated to AA) was used for positive control. Mock was trans-
fected with CHKA alone. B Transport activity of indicated missense
mutants expressed as percentage of wild-type hMfsd7b (WT) activ-
ity. Transport activity of the mutants was normalized to the protein
expression quantified from western blots. C Transport activity of
two mutants for glycosylated sites N265A and N273A. Experiments
were performed at least twice in triplicate. D Western blot analy-
sis of mutated proteins from overexpression in HEK293 cells. WT
denotes native hMfsd7b. Data are mean and SD. ****P <(.0001,
##%P <0.001; One-way ANOVA for A-C. ns, not significant. E
Side and top views of a structural model of h(MFSD7b. Amino acids
shown in grey are present in the missense mutations which resulted
in the choline transport activity below 30% of that of WT protein.
Except for L160P and G244S mutants, the remaining mutants came
from patients with homozygous missense mutations of MFSD7b.
Arrow indicates predicted transport cavity of hMFSD7b

uptake by Mfsd7b is significantly enhanced when choline
kinase A (CHKA) or choline acetyltransferase (CHAT) is
co-expressed, indicating that increasing the levels of intra-
cellular choline affects the influx of choline facilitated by
Mfsd7b. Our results show that a gradient of cations such as
sodium and proton is not required for choline transport activ-
ity of Mfsd7b. These results strongly suggest that Mfsd7b
facilitates the uptake of choline downhill of its concentra-
tion. The influx of choline mediated by Mfsd7b is also regu-
lated by intracellular choline utilizing enzymes.

Whole body deletion of Mfsd7b in mice results in
embryonic lethality [7, 8]. Additionally, conditional dele-
tion of Mfsd7b using Mx1Cre also results in lethality due
to severe anemia [10]. Patients with mutations of Mfsd7b
have been reported to have eye disease (retinitis pigmen-
tosa), degeneration of spinal cord (posterior column ataxia),
and compromised sensory system (hereditary sensory and
autonomic neuropathy). However, anemic symptoms were
not reported in these patients. Using choline transport assay,
our results show that most of the missense mutations of the
long isoform of hMfsd7b results in significant reduction of
choline transport activity. Several missense mutations such
as N121D, L160P, and L199P have less than 20% choline
transport activity compared to the native protein. It is also
noteworthy that several inactive mutations such as N121D
are only present in the long isoform of hMfsd7b. Thus, it
might rule out the active role for choline transport func-
tion of the short isoform. Hence, these results suggest that
reduced choline transport activity and possibly ethanola-
mine due to the mutations of h(MFSD7b may be a part of
the pathogenesis in the patients. Nevertheless, these findings
will need validations in vivo settings.

An important question is that whether the reduction or
loss of heme export function of Mfsd7b is the causal factor

for the symptoms in the human patients. To our knowledge,
heme export activity has not been tested for the mutated
proteins in the patients. We argue that if heme accumulation
is the only pathological factor, the patients with HMOX1
mutations would also exhibit similar symptoms. However,
patients with HMOX1 mutations exhibit increased oxida-
tive stress [19], hematological symptoms and inflammation
[20], and lung disease [21]. Additionally, global deletion of
Hmox1 in mice do not affect viability [22]. In support of
our notion for the involvement of choline and possibly etha-
nolamine as causal factors, human patients with mutations
of MFSD7b appear to have overlapping symptoms with the
patients who carry mutations in the genes of the Kennedy
pathway [23]. For example, mutations of Pcytla which is
the rate-limiting enzyme for phospholipid synthesis from
choline in the Kennedy pathway causes eye disease [23].
Therefore, we speculate that reduced choline transport func-
tion caused by mutations of MFSD7b could be a part of the
pathogenesis in the patients. Nevertheless, since Mfsd7b
can also transport ethanolamine, it remains to determine
whether it also transports other ligands. We believe that the
identification of MFSD7b as a choline and ethanolamine
transporter is an important step for future research to reveal
the physiological ligands and disease mechanisms caused by
mutations of the gene in the patients.

Experimental procedures
Cell culture

Human embryonic kidney (HEK293) and A549 cell lines
were maintained in Dulbecco's Modified Eagle Medium
(Thermo Fisher Scientific, Lithuania) containing 10% heat-
inactivated fetal bovine serum (Thermo Fisher Scientific),
50 pg/mL penicillin (Thermo Fisher Scientific), and 50 pg/
mL streptomycin (Thermo Fisher Scientific). Cells were
maintained in an incubator at 37 °C and 5% CO,.

Plasmids and mutagenesis

Human MFSD7b plasmid was described previously [8].
cDNA of long isoform of human MFSD7b (hMFSD7b,
NM_014053.4) was cloned into pcDNA3.1 for overexpres-
sion. Mouse (mMfsd7b, NM_001081259.1), chicken (GaMf-
sd7b, XM_419425.7), fly (DrosMfsd7b, NM_001201944.2),
frog (XeMfsd7b, XM_002934686.5), and fish (DaMfsd7b,
NM_001025522.1) Mfsd7b coding sequences were synthe-
sized by GeneScript and cloned into pcDNA3.1 plasmid.
To generate the missense mutations, hMFSD7b cDNA was
used as a template for mutagenesis by PCR. The cDNA car-
rying each missense mutation was cloned into pcDNA3.1
and confirmed by Sanger sequencing.
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Antibodies

In-house polyclonal antibodies against human MFSD7b
were raised in rabbits using 13 amino acids KMVMLSKQS-
ESALI at the C-terminus of human MFSD7b protein. Other
antibodies used were commercially available.

Transport assays in HEK293 cells

To test the transport activity of hMFSD7b or Mfsd7b
orthologs, the cDNA of Mfsd7b gene in pcDNA3.1 was
transfected to HEK293 cells using lipofectamine 2000.
Mock was transfected with empty plasmid. For experiments
in which human choline kinase A (CHKA) was used, 1.5 ug
pcDNA3.1 CHKA plasmid was co-transfected with 2.5 g
plasmid of hMfsd7b or Mfsd7b orthologs or mutant plas-
mids. Cells transfected with 1.5 ug pcDNA3.1 CHKA plas-
mid was used as control. After 20-30 h post-transfection,
HEK?293 cells were used for transport assays with 100 uM
[*H] choline in DMEM containing 10%FBS. The transport
assays were stopped after 1 h of incubation at 37 °C by
washing once with cold plain DMEM medium. Cell pel-
lets were lyzed in RIPA buffer and transferred to scintil-
lation vials for quantification of radioactive signal using
Tricarb liquid scintillation counter. Transport activity of
Mfsd7b was expressed as DMP for [*H] isotopes and CPM
for ['*C] isotopes. For dose-dependent transport activity,
HEK?293 cells were similarly co-transfected with wildtype
hMfsd7b, or hMfsd7bN121D mutant plasmid with CHKA
plasmid. Transport activity was conducted with 20, 45, 90,
and 250 uM [*H] choline in DMEM containing 10% FBS for
1 h at 37 °C. For time-dependent assay, hMfsd7b or hMf-
sd7bN121D was co-transfected with CHKA. Transfected
HEK?293 cells were assayed with 100 uM [*H] choline in
DMEM containing 10%FBS for 15, 30, 60, and 120 min at
37 °C. For transport assays with ['4C] ethanolamine, [*H]
L-carnitine, and [°H] betaine, [°H] acetylcholine, and [*H]
serotonin, HEK293 cells were co-transfected with hMf-
sd7b and CHKA as described above. Transport assays were
performed with 100 uM ['*C] ethanolamine, 100 M [*H]
betaine, 100 uM [*H] acetylcholine, 100 uM [H] serotonin,
and 50 uyM [*H] L-carnitine, in DMEM with 10%FBS for
1 h. Lower concentrations of [°H] choline (2 uM) and (1]
ethanolamine (2 uM) were used for transport assays with
Mfsd7b KO HEK?293 cells. For all transport assays, cells
after incubation with the ligands were washed once with
cold plain DMEM and lyzed with RIPA buffer for radioac-
tive quantification.

Choline import assays for A549 knockdown cell line
were similarly performed. Briefly, after 48 h of siRNA
transfection, Mfsd7b-knockdown cells and controls were
incubated with 100 uM [*H] choline for 2 h. Cells were
washed once with cold plain DMEM and lyzed with RIPA

@ Springer

buffer for scintillation quantification. For sodium and pH-
dependent experiments, the buffer containing 0.54 mM KCl,
1.3 mM CaCl2, 0.53 mM MgCl2, 0.4 mM MgSO4, 0.37 mM
KH2PO4, 138 mM NaCl, 0.28 mM Na2HPO4, 5.5 mM Gly-
cine, 5.6 mM D-Glucose at pH 6.5, 7.4 or 8.5 was used [24].
For lithium containing buffer, sodium salts in the transport
buffer were replaced with 138 mM of LiCl.

Western blot

Overnight transfected HEK293 cells were lysed in RIPA
buffer (25 mM Tris pH 7-8, 150 mM NaCl, 0.1% SDS,
0.5% sodium deoxycholate 0.5% Triton X-100) with pro-
tease inhibitor (Roche, 11836170001). Protein quantification
was done by Pierce BCA protein assay following manufac-
turer’s protocol. After total protein quantification, 10 pg of
total protein lysate was resolved in 10% SDS-PAGE and
transferred to 0.45 pm nitrocellulose membrane. The mem-
branes were probed with rabbit anti-human MFSD7b pri-
mary antibody and IRDye® 80 °CW Donkey anti-Rabbit IgG
(LI-COR Biosciences, 926-32213) secondary antibody. The
membranes were reprobed with mouse anti-GAPDH pri-
mary antibody (Santa Cruz, sc-32233) and IRDye® 680LT
Goat (polyclonal) anti-Mouse IgG (H+L) (LI-COR Bio-
sciences, 926-68020) secondary antibody. PageRuler Plus
Prestained Protein Ladder (Thermo Scientific, 26620) was
used as protein size standard. The membranes were imaged
by ChemiDoc MP Imaging system (Bio-Rad).

Immunofluorescence microscopy

HEK?293 cells were seeded on glass coverslips in 12 well
plates and transfected with hMFSD7b or mutant plasmids
with the plasma membrane localized GFP (mGFP) plasmids.
At 24 h post transfection, the transfected cells were fixed in
4% paraformaldehyde for 30 min. The fixed cells were then
washed with PBS and permeabilised in 0.1% Triton-X in
PBS for 15 min. Next, the cells were incubated with 5% Nat-
ural Goat Serum (NGS) in 0.1% Triton-X in PBS for 15 min.
The cells were then incubated with primary antibody rabbit
anti-human MFSD7b in 5% NGS in 0.1% Triton-X in PBS
for 1 h. The cells were washed with PBS and incubated with
secondary antibody Goat Anti-Rabbit IgG (H+L), Alexa
Fluor® 488 conjugate Antibody (Life technologies, A11034)
in 5% NGS in 0.1% Triton-X in PBS for 1 h. Afterwards,
the cells were washed in PBS and incubated in Hoechst
33,342 in PBS for 5 min then washed again with PBS. The
glass coverslips were transferred to poly-lysine coated slides
and covered in mounting media (70% glycerol, 20 mM Tris
HCL, pH 6). The slides were covered with cover glass and
sealed with nail polish. The slides were visualized by Zeiss
LSM 710 Confocal Microscope at 63 X magnification.
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Knockdown of MFSD7b with siRNA in A549
and HEK293 cells and knockout of MFSD7b
in HEK293 cells

Double stranded siRNAs targeting hMFSD7b were pur-
chased from IDT (Integrated DNA technologies, Singa-
pore). A549 cells were seeded and transfected with siRNA
(for MFSD7b or negative control) using transfection rea-
gent Lipofectamine RNAiIMAX (Invitrogen) following the
manufacturer protocol. After 48 h of transfection, cells
were used for transport assays and Western blot analysis.
For HEK293 cells, the cells were seeded and transfected
with siRNA using transfection reagent Lipofectamine
RNAIMAX (Invitrogen) following the manufacturer proto-
col. After 24 h of siRNA transfection, the cells were trans-
fected with pcDNA3.1 vector containing zebrafish MFSD7b
(DaMfsd7b) or CHT1-LV mutant gene to rescue the knock-
down of h(MFSD7b. After 4 h of the plasmid transfections,
the cells were transfected with another dose of siRNAs to
enhance gene knockdown efficiency. After 48 h of the first
siRNA transfection, the cells were used for transport assays.
For knockout of MFSD7b in HEK?293 cells, we employed
CRISPR/Cas9 technology. The absence of Mfsd7b protein
was validated by Western blot.

Measurement of choline

Choline levels from WT and Mfsd7b KO HEK?293 cells were
measured using choline/acetylcholine assay kit followed by
manufacturer’s instruction (Abcam; AB65345). Choline lev-
els were normalized to total protein levels.

Lipidomic analysis

Wildtype and siRNA1 knockdown A549 cells were grown
in 12-well plates and then harvested using cell scrappers
in 1 mL PBS/well. The cells were then centrifuged at
3000 x g for 5 min to collect the cell pellets. An amount
of 200 pL butanol/methanol (1:1, v/v) containing internal
standards (Avanti Lipids) was added in each sample to
extract lipids. The samples were then sonicated in a water
bath for 30 min, followed by centrifugation at 14,000 x g
for 10 min. The extracted lipids were then separated using a
Hilic column (Kinetex 2.6 um HILIC 100 A, 150 2.1 mm,
Phenomenex, Torrance, CA, USA) on an Agilent 6495A2
(Agilent Technologies). Mobile phases A (50% acetonitrile
(LC-MS grade, Thermo Fisher Scientific Inc.) 50% 25 mM
ammonium formate (Sigma-Aldrich) pH=4.6) and B (95%
acetonitrile and 5% 25 mM ammonium formate pH =4.6)
were mixed at the following gradient: 0—6 min, 99-75% B,;
6—7 min, 75-10% B; 7-7.1 min, 10-99.9% B; 7.1-10.1 min,
99.9% B. The raw data were processed using Agilent Mass-
Hunter Quantitative Analysis software for QQQ version

B.08 (Agilent Technologies, Santa Clara, CA, USA). The
lipid samples were normalized to relevant internal standards
and protein concentration. Mass spectrometer parameters
were as follows: electrospray ionization, gas temperature
300 °C, gas flow 5 L/minute, sheath gas flow 11 L/minute,
and capillary voltage 3500 V. Phospholipids were quantified
at the sum composition level using multiple reaction moni-
toring (MRM), see Supplementary Information Table S1 for
detailed list of MRMs.

Transport assay in HEK293 cells with the presence
of hemicholinium-3 (HC-3)

HEK 293 cells transfected with human CHKA (Mock),
human CHKA + human MFSD7B, human CHKA + human
CHTI-LV, or human CHKA + fly Mfsd7b (DrosMfsd7b)
were incubated with 100 pM [3H] choline or 100 puM [3H]
choline +200 pM hemicholinium-3 in DMEM containing
10% FBS at 37 °C for 1 h. Subsequently, the assay was
stopped by removing the medium containing [3H] choline,
and washed once with cold plain DMEM. The cells were
then lyzed in RIPA buffer for 15 min, and transferred to
scintillation vials for radioactive quantification using Tricarb
liquid scintillation counter.

Statistical analyses

Results were analysed using GraphPad Prism, version 7.2,
software for Windows. Statistical significance was calculated
using one-way ANOVA test, as indicated in the figure leg-
ends. A P value of less than 0.05 was considered statistically
significant.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-05048-4.
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