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Plasmalogens are a subclass of glycerophospholipid containing vinyl-ether bond at the sn-
1 position of glycerol backbone. Ethanolamine-containing plasmalogens (plasmalogens)
are major constituents of cellular membranes in mammalian cells and de novo synthesis of
plasmalogens largely contributes to the homeostasis of plasmalogens. Plasmalogen
biosynthesis is regulated by a feedback mechanism that senses the plasmalogen level
in the inner leaflet of the plasma membrane and regulates the stability of fatty acyl-CoA
reductase 1 (Far1), a rate-limiting enzyme for plasmalogen biosynthesis. However, the
molecular mechanism underlying the localization of plasmalogens in cytoplasmic leaflet of
plasma membrane remains unknown. To address this issue, we attempted to identify a
potential transporter of plasmalogens from the outer to the inner leaflet of plasma
membrane by focusing on phospholipid flippases, type-IV P-type adenosine
triphosphatases (P4-ATPase), localized in the plasma membranes. We herein show
that knockdown of ATP8B2 belonging to the class-1 P4-ATPase enhances localization
of plasmalogens but not phosphatidylethanolamine in the extracellular leaflet and impairs
plasmalogen-dependent degradation of Far1. Furthermore, phosphorylation of protein
kinase B (AKT) is downregulated by lowering the expression of ATP8B2, which leads to
suppression of cell growth. Taken together, these results suggest that enrichment of
plasmalogens in the cytoplasmic leaflet of plasmamembranes is mediated by ATP8B2 and
this asymmetric distribution of plasmalogens is required for sensing plasmalogens as well
as phosphorylation of AKT.
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INTRODUCTION

Alkenyl-ether glycerophospholipids characterized by the presence of a vinyl ether linkage at the sn-1
position are named plasmalogens, in which the head group of plasmalogens is commonly occupied
by ethanolamine in mammals (Nagan and Zoeller, 2001; Braverman andMoser, 2012). Physiological
roles of plasmalogens in the differentiation of Schwann cells, myelination of oligodendrocytes,
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neuron excitability, and homeostasis of cholesterol and
neurotransmitter have been explored from several in vitro and
in vivo studies using plasmalogen-deficient cells and mice (da
Silva et al., 2014; Dorninger et al., 2019; Honsho et al., 2019;
Malheiro et al., 2019; da Silva et al., 2021). Defect of plasmalogen
biosynthesis caused by the mutations in genes essential for
plasmalogen biosynthesis leads to extremely reduced levels of
plasmalogens and causes a human genetic disorder, rhizomelic
chondrodysplasia punctata (RCDP) (Wanders et al., 1992;
Wanders et al., 1994; Braverman et al., 1997; Motley et al.,
1997; Purdue et al., 1997; Buchert et al., 2014; Barøy et al.,
2015). The patients with RCDP manifest severe growth
retardation, proximal shortening of the upper extremities, and
congenital cataract (Braverman and Moser, 2012). Plasmalogen
levels of peripheral tissues in the RCDPmodel mouse are restored
by the administration of alkylglycerol, by which the progression
of the pathology in peripheral tissues such as testis and adipose
tissue are suppressed (Brites et al., 2011), hence suggesting a
physiological importance of the plasmalogen homeostasis in the
functions of animal tissues.

The finding of a severe defect of plasmalogens in several
different tissues from a patient with RCDP highlights that de
novo synthesis of plasmalogens plays a pivotal role in the
homeostasis of plasmalogens in tissues (Malheiro et al., 2015).
Furthermore, recent findings of the elevation of plasmalogen
biosynthesis in the patient caused by the mutation of fatty acyl-
CoA reductase 1 (Far1), a rate-limiting enzyme of plasmalogen
biosynthesis (Honsho et al., 2010) and sharing neurological
symptoms such as spastic features, seizures with the patients
defective in plasmalogen synthesis further strengthen the
physiological importance of the regulation of plasmalogen
biosynthesis (Ferdinandusse et al., 2021). These studies
indicate that regulation of plasmalogen biosynthesis greatly
contributes to the homeostasis of plasmalogens in tissues.

Plasmalogen biosynthesis is initiated in peroxisome matrix by
acylation of dihydroxyacetonephosphate (DHAP) catalyzed by
glyceronephosphate O-acyltransferase (GNPAT). The acyl-DHAP
is further converted to alkyl-DHAP by alkylglycerone phosphate
synthase (AGPS) that replaces acyl-chain of acyl-DHAP with long
chain fatty alcohol (Nagan and Zoeller, 2001; Braverman andMoser,
2012). Far1, a peroxisomal C-tail anchored protein catalyzes the
generation of fatty alcohol by reducing fatty acyl-CoA (Cheng and
Russell, 2004). Based on the findings that Far1 activity is upregulated
in the absence of plasmalogens (Honsho et al., 2010; Wiese et al.,
2012), whereas plasmalogen synthesis is downregulated by the
elevation of cellular plasmalogens by suppressing the activity of
Far1 through augmenting degradation of Far1 without altering a
transcription level of FAR1 (Honsho et al., 2010), we proposed that
Far1 is a rate-limiting enzyme in the plasmalogen biosynthesis.
Given these results together with the recent study by Ferdinandusse
et al. (2021), it is now widely accepted that biosynthesis of
plasmalogens is regulated by modulating the stability of Far1 via
sensing cellular plasmalogen level (Honsho and Fujiki, 2017).
However, precise mechanism of sensing the plasmalogen level
remains largely unknown.

To address this issue, we focused on the plasmalogens
asymmetrically enriched in the inner leaflet of plasma

membranes (Kirschner and Ganser, 1982; Fellmann et al.,
1993; Honsho et al., 2017). This asymmetric distribution of
plasmalogens is likely established by the function of type-IV
P4-ATPase(s) that drives the outer-to-inner translocation of
phospholipids. As reported (Honsho et al., 2017), the
localization of plasmalogens in the outer leaflet of plasma
membrane is indeed augmented upon reducing the protein
level of CDC50A, a β-subunit of type-IV P4-ATPases that is
essential for localization of the most of P4-ATPases in plasma
membrane. Interestingly, the impairment of asymmetric
distribution of plasmalogens elevates Far1 protein level
(Honsho et al., 2017), thereby suggesting that asymmetric
distribution of plasmalogens contributes to the regulation of
plasmalogen biosynthesis. In addition to these findings, the
recruitment of protein kinase B (AKT), a master regulator of
cellular metabolism, to the plasma membranes that is an essential
step for the phosphorylation of AKT is impaired in the absence of
plasmalogens in Schwann cells, mouse embryonic fibroblasts, and
neurons (da Silva et al., 2014; da Silva et al., 2021). This suggests
that the asymmetric distribution of plasmalogens is tightly linked
to cellular metabolism.

In the present study, we attempted to identify potential P4-
ATPase(s) involved in translocating plasmalogens from
extracellular leaflet to cytoplasmic leaflet and explore its
functional significance in the biosynthesis and cellular
functions of plasmalogens.

MATERIALS AND METHODS

Cell Culture, DNA Transfection, and RNAi
HeLa cells were maintained in DMEM (Invitrogen)
supplemented with 10% FBS (Sigma). All cell lines were
cultured at 37°C under 5% CO2.

siRNA-mediated knockdown was performed using predesigned
Stealth™ siRNAs (Invitrogen) and MISSION siRNAs (Sigma),
respectively. Cells were harvested at 72 h after the initial
transfection using Lipofectamine 2000. The following siRNAs
were used: MISSION® siRNA for human CDC50A
(HS_TMEM30A_4522), ATP8B2#9 (SASI_Hs01_00037709),
ATP8B2#13 (SASI_Hs01_00037913), ATP10D
(SASI_Hs01_00069039), ATP11A (SASI_Hs01_00106358),
ATP11B (SASI_Hs01_00045762), and Universal Negative
Control#1. Stealth™ siRNAs for AGPS#30 (Agps-MSS213530)
and AGPS#32 (AGPS-MSS213532). For counting cell numbers,
cells were harvested at 48 and 72 h after transfection of siRNA
and suspended in the equal volume of medium. An aliquot (30 μl) of
the cell suspension was diluted with the equal volume of trypan blue
(Fujifilm Wako Pure Chemical Corporation) and viable cells were
counted with hemocytometer.

Antibodies
We used rabbit antisera to AGPS (Honsho et al., 2008) and Far1
(Honsho et al., 2010). Rabbit antibodies to phospho-AKT (S473),
phospho-AKT (T308), AKT were purchased from Cell Signaling.
Rabbit antibody to ATP8B2 (Abgent) and mouse antibodies to
actin (Santa Cruz) and GAPDH (Santa Cruz) were used.
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RT-PCR
Total RNA was isolated from HeLa cells using a TRIzol reagent
(Ambion) and synthesis first-strand cDNA was performed using
the PrimeScript RT reagent Kit (Takara Bio). Quantitative real-
time RT-PCR was performed in an ABI7500 Real Time System
(Applied Biosystem) using SYBR Premix Ex TaqTM II (Ti
RNaseH Plus) (Takara Bio). Primers used were as follows:
human ATP8B2 sense: ATP8B2Fw. 5′-TCCTCCTTTCCAGCA
GTGAG-3′ antisense: ATP8B2Rv. 5′-ACTTCACCGTCAAAC
TTGGC-3′, human ATP10D sense: ATP10DFw. 5′-ACAGTC
AGTGGTTCCCTCAG-3′ antisense: ATP10DRv. 5′-ACTGGC
TCCTTCTCCACTTC-3′, human ATP11A sense: ATP11AFw.
5′-GGCTCCGAACTTTGTGTGTT-3′ antisense: ATP11ARv. 5′-
TCTCTCGATCTTGAAGGGCC-3′, and human ATP11B sense:
ATP11BFw. 5′-GACTCCATGTGCTGTTTCCC-3′ antisense:
ATP11BRv. 5′-ATCTGCTGATGTGGGTTGGA-3’.

Immunoblotting
Protein samples were separated by SDS-PAGE and
electrotransferred to a nitrocellulose membrane (Bio-Rad).
After blocking for 1 h in TBST (10 mM Tris-HCl pH 7.4,
200 mM NaCl, and 0.05% Tween-20) containing 5% non-fat
dry milk, blots were subjected to immunoblotting with
primary antibodies overnight at 4°C, followed by incubating
with a secondary antibody for 2 h at room temperature.
Immunoblots were developed with Clarity™ Western ECL
Substrate (Bio-Rad) and scanned with an ImageQuant LAS
4010 imager (GE Healthcare). For antibody reprobing,
membranes were incubated three times for 10 min in a mild
membrane stripping buffer (Abcam), extensively washed with
TBST, and incubated with antibody. The intensity of bands was
quantified by ImageJ software (National Institutes of Health).

Lipid Analysis
Distribution of plasmalogens in plasma membranes was assessed as
described (Honsho et al., 2017). In brief, cells were metabolically
labeled for 18 h with 0.1 µCi of 14C-ethanolamine (Moravek),
washed with ice-cold SHT buffer (0.25M sucrose, 10 mM Hepes-
KOH, pH 8.5) containing 1 μg/ml taxol (Sigma), incubated on ice for
5 min, and further treated with 10mM 2,4,6-trinitrobenzene
sulfonic acid (TNBS) (Wako) dissolved in SHT buffer on ice for
30 min in the dark. Excess TNBS was quenched for 15min with
50mM Tris-HCl, pH 8.0. Equal aliquots (100 µg protein) of cell
lysates were treated with 5% of trichloroacetic acid for 10min at
room temperature and precipitated by centrifugation at 20,000 × g
for 1 min, followed by lipid extraction by the Bligh andDyermethod
(Bligh and Dyer, 1959). Lipids were analyzed on thin layer
chromatography plates (silica gel 60, Merck) with chloroform/
methanol/acetic acid solution (v/v/v: 65/25/10) (Honsho et al.,
2008). 14C-labeled lipids were detected by autoradiography using
a FLA-5000 imaging analyzer (Fuji Film) and quantified using an
image analyzer software (Multi Gauge, Fuji Film).

Cellular plasmalogen level was determined by liquid
chromatography connected to tandem mass spectrometry (LC-
MS/MS) with modification of the method described by Abe et al.
(2014). Total cellular lipids were extracted by the Bligh and Dyer
method (Bligh and Dyer, 1959). Briefly, cell lysates containing 50 µg

of total cellular proteins were dissolved in methanol/chloroform/
water (v/v/v: 2:1:0.8) and 50 pmol internal standard (1-
heptadecanoyl-sn-glycero-3-phosphocholine, 1, 2-didodecanoyl-
sn-glycero-3-phosphocholine and 1, 2-didodecanoyl-sn-glycero-3-
phosphoethanolamine). After 5 min, 1 ml each of water and
chloroform was added and the whole mixtures were centrifuged
to collect the lower organic phase. One ml chloroform was added
again to re-extract the lipids. Collected organic phase was then
evaporated under the nitrogen stream and suspended in pure
methanol. LC-MS assay was performed using a Xevo TQ-S micro
with ACQUITYUPLC System (Waters). Samples were injected into
an ACQUIRY UPLC BEH C18 column and then directly subjected
to ESI-MS/MS analysis. A 10-μl aliquot of each sample was directly
introduced by autosampler injector and the samples were separated
by step-gradient elution with mobile phase A (acetonitrile:methanol:
water at 2:2:1 (v/v/v), 0.1% formic acid and 0.028% ammonium) and
mobile phase B (isopropanol, 0.1% formic acid and 0.028%
ammonium) at the ratios: 100:0 (for 0–5min), 70:30 (5–20min),
45:55 (20–40min), and 100:0 (40–51min), with a flow rate (70 μl/
min at 35°C) and source temperature (150°C). Ethanolamine
plasmalogens (PlsEtns) were detected at positive ion mode and
the method used to detect plasmalogens is listed in Supplementary
Table S1. The data were analyzed and quantified using the
TargetLynx (Waters).

Statistical Analysis and Data Presentation
Statistical analysis was performed using one-tailed Student’s
t-tests unless otherwise described in figure legends. A p < 0.05
was considered statistically significant. Quantitative data were
shown as means ± SD.

RESULTS

Identification of P4-ATPase Responsible for
Topogenesis of Plasmalogens
We earlier showed that asymmetric distribution of plasmalogens in
HeLa cells is compromised upon knocking down of CDC50A, a β-
subunit of P4-ATPases (Takatsu et al., 2011), resulting in the
elevation of Far1 protein level (Honsho et al., 2017). Given these
results together with the fact that several P4-ATPases require the
associationwith CDC50A protein for their exit from the endoplasmic
reticulum (Bryde et al., 2010; Paulusma and Elferink, 2010; van der
Velden et al., 2010), we hypothesized that asymmetric distribution of
plasmalogens in plasma membrane is established by the function of
P4-ATPase(s). Therefore, we attempted to identify the P4-ATPase(s)
responsible for topogenesis of plasmalogens by focusing on P4-
ATPases expressed in HeLa cells.

Of the eleven P4-ATPase that are expressed in HeLa cells
(Takatsu et al., 2011), we selected four P4-ATPases (ATP8B2,
ATP10D, ATP11A, and ATP11B) that associate with CDC50A
(Shin and Takatsu, 2019) and present on plasma membranes
(Andersen et al., 2016), whereas ATP8B1 and ATP11C were not
considered here from potential P4-ATPases for plasmalogens
because of their functions in transport of phosphatidylcholine
(PC) and phosphatidylserine (PS), respectively (Takatsu et al.,
2014; Takada et al., 2015; Hayashi et al., 2018).

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 9154573

Honsho et al. Roles of Asymmetrically Plasmalemma-Localized Plasmalogens

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


To assess whether localization of plasmalogens in the inner
leaflet of plasma membranes is mediated by any of these four P4-
ATPases, we verified protein level of Far1 in HeLa cells that had
been treated for knocking down of P4-ATPases. The transfection of
siRNAs against four P4-ATPases successfully reduced the
expression of the target genes as assessed at mRNA level
(Supplementary Figure S1). The elevation of Far1 protein levels
was detected upon transfection of siRNA against ATP8B2 but not
other P4-ATPases (Figure 1). These results suggest that the
plasmalogen-sensing mechanism regulating the levels of Far1 is
affected by the downregulation of ATP8B2.

We next studied distribution of plasmalogens at the outer leaflet in
ATP8B2-knocked down HeLa cells with a membrane impermeable
amine-reactive reagent TNBS, by which phosphatidylethanolamine
(PE) and plasmalogens localizing at the outer leaflet of plasma
membranes are converted to TNBS-PE and TNBS-plasmalogens
distinguishable from PE and plasmalogens (Kobayashi and
Pagano, 1989; Honsho et al., 2017). By acid hydrolysis of vinyl-
ether bond of plasmalogens, TNBS-plasmalogens and plasmalogens
are converted to TNBS-2-acyl-glycerophosphoethanolamine (GPE)
and 2-acyl-GPE, respectively, thereby allowing separation of PE,
plasmalogens, and two TNBS-modified ethanolamine

glycerophospholipids by thin layer chromatography (Honsho
et al., 2017). As anticipated, the amount of TNBS-plasmalogens
but not TNBS-PE was indeed elevated in ATP8B2-knocked down
HeLa cells, whereas distribution of plasmalogens and PE was not
altered in ATP11B-knocked down cells (Figure 2). Taken together,
these results suggested that ATP8B2 flips plasmalogens from the
exoplasmic to the cytosolic leaflet at the plasmamembranes and a less
mount of plasmalogens in the inner leaflet of plasma membrane
induces the elevation of Far1 protein due to the impairment of
sensing plasmalogens.

Plasmalogens Are Required for the
Phosphorylation of AKT
The physiological roles of plasmalogens localized in the inner leaflet
of plasma membranes remain largely unknown. The fact that
recruitment of AKT to the plasma membranes, a critical step in
its phosphorylation by phosphoinositide-dependent protein kinase
one and mammalian TOR complex 2 (Vivanco and Sawyers, 2002;
Bozulic and Hemmings, 2009; Gao et al., 2011) is impaired in the
absence of plasmalogens in mouse embryonic fibroblasts, Schwan
cells, and neurons derived from Gnpat−/- mice (da Silva et al., 2014;
da Silva et al., 2021), suggests the link of asymmetric distribution of
plasmalogens and cellular metabolism.

To assess whether plasmalogens are required for the
phosphorylation of AKT in other types of cells, we verified
phosphorylation state of AKT by lowering the level of
plasmalogens in HeLa cells. Upon knocking down AGPS with
two different double-strand RNAs, AGPS protein was lowered to
about 60–70% of that in mock-treated cells (Figures 3A,B) and
plasmalogen level was reduced by nearly 30% (Figure 3B). Under
these conditions, phosphorylation of AKT at both threonine 308
(T308) in the kinase domain and at serine 473 (S473) in the
C-terminal regulatory domain was suppressed (Figures 3C,D).
These results are consistent with the previous study showing the
impaired AKT-activation in plasmalogen-deficient cells and mouse
(da Silva et al., 2014; da Silva et al., 2021) and further reveal the
importance of plasmalogen homeostasis in the AKT activation.

Phosphorylation of AKT is Suppressed by a
Reduced Expression of ATP8B2
We next investigated whether plasmalogens in the cytoplasmic
leaflet of plasma membranes are required for the activation of
AKT. To this end, we verified the effect of the knocking down of
ATP8B2 on the phosphorylation level of AKT. Phosphorylation
of AKT at both threonine 308 and serine 473 was reduced upon
transfection of siRNA#9 against ATP8B2 (Figure 4), presumably
giving rise to an impaired asymmetric distribution of
plasmalogens (Figure 2). Likewise, phosphorylation of AKT
was significantly less efficient in HeLa cells transfected with
other ATP8B2 siRNA#13 (Supplementary Figure S2),
implying an impaired phosphorylation of AKT caused by
mislocalization of plasmalogen from the inner leaflet of
plasma membrane. Collectively, these results strongly suggest
that ATP8B2-mediated localization of plasmalogens in the inner
leaflet of plasma membrane linked to phosphorylation of AKT.

FIGURE 1 | Elevated protein level of Far1 by knockdown of ATP8B2. (A)
HeLa cells were transfected with dsRNA against ATP8B2 (8B2), ATP10D
(10D), ATP11A (11A), or ATP11B (11B) and cultured for 72 h. Protein level of
Far1 and actin (Actin) was analyzed by immunoblotting with respective
antibodies as indicated. Actin was used as a loading control. (B) The amount
of Far1 was normalized by the actin level in respective transfectants and
presented relative to that in non-transfected cells (-) (n = 3). Data indicate
means ± SD. **p < 0.01 by Student’s t-test.
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FIGURE 2 | Knockdown of ATP8B2 elevates plasmalogens localization in outer leaflet of plasma membranes. (A) HeLa cells were transfected for 54 h with control
dsRNA (Con.) and dsRNA against CDC50A (CDC50), ATP8B2 (8B2), or ATP11B (11B), and further cultured in the presence of 14C-ethanolamine for 18 h. Cells were
incubated with TNBS, amembrane impermeable amine-reactive reagent. Total cellular lipids were extracted from equal aliquots of respective cell proteins after treatment
of trichloroacetic acid to cleave vinyl-ether bond of plasmalogens and analyzed by TLC. Note that plasmalogens and TNBS-modified plasmalogens are converted
to 2-acyl-GPE and TNBS-2-acyl-GPE, respectively, upon trichloroacetic acid treatment. (B,C) Relative amounts of TNBS-modified plasmalogens (B) and TNBS-
modified PE (C)were represented by taking as one those in HeLa cells transfected with control dsRNA (Con.) (n = 4). Data indicate means ± SD. *p < 0.05, **p < 0.01, by
one-way ANOVA with Dunnett’s post hoc test as compared with control dsRNA-transfected HeLa cells (Con.).

FIGURE 3 | Reduction of AKT activity by lowering plasmalogens. (A) HeLa cells were transfected with two different dsRNAs (#30 and #32) against AGPS and
cultured for 72 h. Protein level of AGPS was analyzed by immunoblotting. GAPDH was used as a loading control. (B) Protein level of AGPS (left) and plasmalogen level
(right) were represented by taking as one that in non-transfected HeLa cells. (C,D) Phosphorylation of AKT was analyzed by immunoblotting using antibodies specific for
the phosphorylated T308 (C) and S473 (D) and total unmodified AKT (arrowhead). The amounts of pAKT T308 (C) and pAKT S473 (D) relative to total AKT were
represented (lower panels). Data indicate means ± SD (n = 3). *p < 0.05 and *p < 0.01, by one-way ANOVA with Dunnett’s post hoc test as compared with HeLa cells (-).
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Knockdown of ATP8B2 Suppresses Cell
Growth
Inhibition of AKT activity in several cancer cell lines induces cell
death (Kostaras et al., 2020). In addition, suppression of AGPS
activity in cancer cells such as MDA-MB-231 expressing a higher
level of AGPS reduces cell proliferation, although the precise
mechanism underlying the suppression of cell growth by the
inhibition of AGPS activity remains unknown (Stazi et al., 2019).
Moreover, we frequently observed less acidification of the culture
medium in cells transfected with siRNA against ATP8B2
expression as compared with control cells (Figure 5A),
suggesting the reduced cell growth by lowering ATP8B2
expression. Consistent with this result, total number of the
ATP8B2 siRNA-transfected cells was less than that in control
siRNA-treated cells (Figure 5B). Taken together, these results
suggest that the reduced expression of ATP8B2 lowers
plasmalogens in the cytoplasmic leaflet of plasma membranes,
thereby reducing the cell growth via suppressing AKT activation.

DISCUSSION

Asymmetric distribution of plasmalogens in the plasma
membrane has been reported in red blood, myelin, and
cultured cells (Kirschner and Ganser, 1982; Fellmann et al.,

1993; Honsho et al., 2017). We earlier showed that
asymmetric distribution of plasmalogens is important for the
regulation of plasmalogen synthesis, where plasmalogens
enriched in the inner leaflet of plasma membranes are sensed
by yet unknown mechanism (Honsho et al., 2017). We here
provide several lines of evidence that asymmetric distribution of
plasmalogens is mediated by ATP8B2, a type-IV P4-ATPase
(Figure 2). Furthermore, we demonstrated a role of
plasmalogens enriched in the cytoplasmic leaflet of plasma
membranes by showing the reduced activation of AKT in cells
upon transfection of siRNA against ATP8B2 (Figure 4;
Supplementary Figure S2).

In the human protein atlas (https://www.proteinatlas.org/),
ATP8B2 is described to be expressed in a wide range of tissues
including brain, kidney, and lung where plasmalogens are
enriched (Braverman and Moser, 2012). These data and the
findings reporting an elevated protein level of Far1 in the
kidney of plasmalogen-deficient PEX7 knockout mouse (Wiese
et al., 2012) and the cerebellum of plasmalogen-deficient GNPAT
knockout mouse (Honsho et al., 2019) suggest that ATP8B2 is
involved in the regulation of plasmalogen synthesis in these
tissues.

ATP8B2 is reported to have flippase activity toward PC with a
substrate, a fluorescent PC analogue, 1-oleoyl-2-{6-[(7-nitro-2-
,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-
phosphocholine (Takatsu et al., 2014), although its PC flippase
activity is lower than that of ATP8B1 and ATP10A (Takatsu et al.,
2014; Naito et al., 2015). Substrate specificity of ATP8B2 was
assessed with several fluorescent phospholipids (Takatsu et al.,
2014). However, no fluorescent-conjugated plasmalogen is
commercially available, thus the topogenesis of plasmalogens
has not been addressed despite being one of the major
glycerophospholipids in mammalian cells. We here show that
ATP8B2 functions as a flippase of plasmalogens by assessing the
topology of chemically modified plasmalogens in the extracellular
leaflet of plasma membranes (Figure 2). Clearly, developing a

FIGURE 4 | Reduction of AKT activity by lowering ATP8B2 expression.
(A,B) HeLa cells were transfected with siRNA (#9) against ATP8B2 and
cultured for 72 h. Phosphorylation of AKT (A) and expression of ATP8B2 (B)
were verified by immunoblot using the indicated antibodies. Actin was a
loading control. (C,D) The amounts of pAKT T308 (C) and pAKT S473 (D)
relative to total AKT were represented (n = 4). Data indicate means ± SD. **p <
0.01, by Student’s t-test.

FIGURE 5 | Suppression of cell growth upon lowering the expression of
ATP8B2. (A) Mock transfected HeLa cells (-) or HeLa cells transfected with
siRNA against ATP8B2 (#9) were cultured for 72 h. Acidification of the culture
medium was monitored by visual-checking the color of the medium. (B)
Total number of cells cultured as in (A)was counted at the indicated time after
transfection with the respective siRNA (n = 5). Data indicate means ± SD. **p <
0.01, by Student’s t-test.
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plasmalogen analogue such as fluorescent-conjugated
plasmalogen is required for further investigation of the
mechanistic insight to ATP8B2-mediated topogenesis of
plasmalogens and identification of other P4-ATPases acting as
another plasmalogen flippase, if any.

Physiological importance of plasmalogens enriched in the
cytoplasmic leaflet of plasma membranes is not fully
understood. We earlier proposed that topogenesis of
plasmalogens is important for sensing plasmalogens from the
finding that knockdown of CDC50A elevates the protein level of
Far1 by compromising asymmetric distribution of plasmalogens
(Honsho et al., 2017). This notion is further supported in the
present study by the finding that a reduced expression of ATP8B2
induces the elevation of plasmalogens localized at the
extracellular leaflet of plasma membranes, thereby increasing
the Far1 protein level (Figures 1, 2).

Synthesis of plasmalogen can be augmented by expression of
the mutant Far1 harboring a mutation in the regulatory region
that is essential for the plasmalogen-induced degradation
(Ferdinandusse et al., 2021) or by ectopic expression of wild-
type Far1 but not GNPAT (Hajra et al., 2000; Honsho et al., 2010;
Liu et al., 2005). Elevation of plasmalogens has been shown in
several cancer cells (Albert and Anderson, 1977; Roos and
Choppin, 1984; Snyder and Wood, 1969), which is likely
associated with the pathogenicity of tumors because an
inhibitor of AGPS lowers the plasmalogen levels and
suppresses the pathogenicity of various types of cancer cells
in vitro (Piano et al., 2015). According to the data from
GEPIA 2 (http://gepia2.cancer-pku.cn/), expression of
TMEM189 encoding plasmanylethanolamine desaturase that
introduces the vinyl ether double-bond into
plasmanylethanolamine (Gallego-García et al., 2019; Werner
et al., 2020) is upregulated in most of the human cancers,
although higher expression of TMEM189 reduces the protein
level of Far1 (Cui et al., 2021). In contrast to the upregulated
expression of TMEM189, ATP8B2 expression is reduced in most
of those human cancers as searched in the GEPIA 2. Based on
these facts, it is tempting to speculate that elevation of
plasmalogens in human cancers is achieved by escaping from
the plasmalogen-sensing step via reducing the plasmalogens in
the cytoplasmic leaflet of plasma membrane. The higher level of
plasmalogens augments the sensitivity of cancer cells to
ferroptosis (Cui et al., 2021). Nevertheless, several different
cancer cells get sensitized to evasion from ferroptosis by
lowering plasmalogens where expression of ATP8B2 mRNA is
increased, though both protein and mRNA expressions of AGPS
and TMEM189 are reduced (Zou et al., 2020). These results
suggest that ATP8B2 is involved in the downregulation of
plasmalogens by lowering the protein level of Far1 under
pathophysiological condition together with the reduction in
the expression of enzymes catalyzing plasmalogen biosynthesis.

AKT activation is reduced by lowering expression of ATP8B2
(Figure 4; Supplementary Figure S2), consistent with the earlier
report indicating the impaired AKT activation in plasmalogen-
deficient mouse embryonic fibroblasts, Schwann cells, and
neurons (da Silva et al., 2014; da Silva et al., 2021). In our
assay, PE was not exposed to the extracellular leaflet in

ATP8B2-knocked down cells (Figure 2), which may be due to
the compensatory function of other P4-ATPases such as ATP11A
and ATP11C, both with a higher PE flipping activity than
ATP8B2 (Segawa et al., 2016). In contrast, the exposure of PE
in the extracellular leaflet was evident upon knocking down of
CDC50A expression consistent with the earlier studies (Honsho
et al., 2017; Kato et al., 2013) (Figure 2), which is likely due to the
inactivation of several P4-ATPases simultaneously acting as PE
flippase. Similarly, three P4-ATPases, ATP8B1, ATP10A, and
ATP8B2, are a flippase towards PC in HeLa cells (Takatsu et al.,
2011; Takatsu et al., 2014; Naito et al., 2015), of which the former
two are suspected to compensate the PC flippase activity in cells
reduced in the expression of ATP8B2. In a very recent study, PS is
revealed as the most favored substrate for ATP8B1 (Cheng et al.,
2022). Based on these facts together with a higher similarity of
amino acid sequence between ATP8B2 and ATP8B1, ATP8B2
has a potential activity to transfer PS across membrane. The
reduced activity of ATP8B2 toward PS might suppress AKT
phosphorylation because PS is known to activate AKT (Huang
et al., 2011). However, PS exposure in extracellular leaflet is
unlikely in ATP8B2-knocked down cells, because plasma
membrane-localized ATP11A and ATP11C, both have much
higher PS-flipping activity as compared with ATP8B2 (Segawa
et al., 2016), are expressed in HeLa cells as well as several human
and mouse tissues (Takatsu et al., 2011). Taken together, these
findings strongly suggest that the lower activation of AKT in
ATP8B2-knocked down HeLa cells is most likely caused by the
impaired asymmetric distribution of plasmalogens, hence
strengthening the physiological consequence of asymmetrically
distributed plasmalogens in cellular metabolism.

The possible link between ATP8B2 and Parkinson’s disease
(PD) progression has been addressed by a genome-wide
association study on PD progression using more than three
thousand patients with PD (Tan et al., 2021). Noteworthily, the
abrogated AKT activation is detectable in postmortem tissue
from the substantia nigra of PD patients (Malagelada et al.,
2008; Timmons et al., 2009), whereas the expression of
constitutive active form of AKT blocks apoptosis of
dopamine neurons of substantia nigra in a neurotoxin
mouse model of Parkinsonism upon injecting 6-
hydroxydopamine, an endogenous metabolite of dopamine
(Ries et al., 2006). Based on these studies, we hypothesize
that impairment of asymmetric distribution of plasmalogens
mediated by ATP8B2 in dopamine neuron is a potential cause
of the PD pathogenesis. Nevertheless, further investigations to
address plasmalogen homeostasis, including the activity and
expression levels of proteins involved in the regulation of
plasmalogen biosynthesis, are required to understand how
abnormalities in plasmalogen homeostasis are responsible
for the pathogenesis of PD.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 9154577

Honsho et al. Roles of Asymmetrically Plasmalemma-Localized Plasmalogens

http://gepia2.cancer-pku.cn/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


AUTHOR CONTRIBUTIONS

MH conceived, designed the study, and performed experiments.
SM performed LC-ESI-MS/MS analysis. MH and YF interpreted
the data, wrote, and edited the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported in part by the JSPS Grants-in Aid for
Scientific Research Grant Nos. JP17K07337 and JP21K06839
(to MH), JP26116007, JP17H03675 (to YF); grants (to YF)
from the Takeda Science Foundation, the Naito Foundation,
and the Novartis Foundation (Japan) for the Promotion of
Science.

ACKNOWLEDGMENTS

We are especially grateful to Dr. Yuichi Abe (Kyushu Univ.) for
his efforts in setting up the mass-spectrometric experimental
system.We thank A. Tajima, S. Maeda, and Y. Nanri for technical
assistance, Y. Toyohama and K. Tanaka for preparing figures. We
appreciate the technical assistance from The Research Support
Center, Research Center for Human Disease Modeling, Kyushu
University Graduate School of Medical Sciences.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2022.915457/
full#supplementary-material

REFERENCES

Abe, Y., Honsho, M., Nakanishi, H., Taguchi, R., and Fujiki, Y. (2014). Very-Long-
Chain Polyunsaturated Fatty Acids Accumulate in Phosphatidylcholine of
Fibroblasts from Patients with Zellweger Syndrome and Acyl-CoA Oxidase1
Deficiency. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids. 1841, 610–619. doi:10.
1016/j.bbalip.2014.01.001

Albert, D. H., and Anderson, C. E. (1977). Ether-Linked Glycerolipids in Human
Brain Tumors. Lipids 12, 188–192. doi:10.1007/bf02533292

Andersen, J. P., Vestergaard, A. L., Mikkelsen, S. A., Mogensen, L. S., Chalat, M.,
and Molday, R. S. (2016). P4-ATPases as Phospholipid Flippases-Structure,
Function, and Enigmas. Front. Physiol. 7, 275. doi:10.3389/fphys.2016.00275

Barøy, T., Koster, J., Strømme, P., Ebberink, M. S., Misceo, D., Ferdinandusse, S.,
et al. (2015). A Novel Type of Rhizomelic Chondrodysplasia Punctata, RCDP5,
is Caused by Loss of the PEX5 Long Isoform. Hum. Mol. Genet. 24, 5845–5854.
doi:10.1093/hmg/ddv305

Bligh, E. G., and Dyer, W. J. (1959). A Rapid Method of Total Lipid Extraction and
Purification. Can. J. Biochem. Physiol. 37, 911–917. doi:10.1139/o59-099

Bozulic, L., and Hemmings, B. A. (2009). PIKKing on PKB: Regulation of PKB Activity
by Phosphorylation.Curr. Opin. Cell Bio. 21, 256–261. doi:10.1016/j.ceb.2009.02.002

Braverman, N. E., and Moser, A. B. (2012). Functions of Plasmalogen Lipids in
Health and Disease. Biochim. Biophys. Acta. 1822, 1442–1452. doi:10.1016/j.
bbadis.2012.05.008

Braverman, N., Steel, G., Obie, C., Moser, A.,Moser, H., Gould, S. J., et al. (1997). Human
PEX7 Encodes the Peroxisomal PTS2 Receptor and is Responsible for Rhizomelic
Chondrodysplasia Punctata. Nat. Genet. 15, 369–376. doi:10.1038/ng0497-369

Brites, P., Ferreira, A. S., Ferreira da Silva, T., Sousa, V. F.,Malheiro, A. R., Duran,M., et al.
(2011). Alkyl-Glycerol Rescues Plasmalogen Levels and Pathology of Ether-
Phospholipid Deficient Mice. PLoS One 6, e28539. doi:10.1371/journal.pone.0028539

Bryde, S., Hennrich, H., Verhulst, P. M., Devaux, P. F., Lenoir, G., and Holthuis, J. C. M.
(2010). CDC50 Proteins are Critical Components of the Human Class-1 P4-ATPase
TransportMachinery. J. Biol. Chem. 285, 40562–40572. doi:10.1074/jbc.m110.139543

Buchert, R., Tawamie, H., Smith, C., Uebe, S., Innes, A. M., Al Hallak, B., et al.
(2014). A Peroxisomal Disorder of Severe Intellectual Disability, Epilepsy, and
Cataracts Due to Fatty Acyl-CoA Reductase 1 Deficiency. Am. J. Hum. Genet.
95, 602–610. doi:10.1016/j.ajhg.2014.10.003

Cheng, J. B., and Russell, D. W. (2004). Mammalian Wax Biosynthesis. I.
Identification of Two Fatty Acyl-Coenzyme A Reductases with Different
Substrate Specificities and Tissue Distributions. J. Biol. Chem. 279,
37789–37797. doi:10.1074/jbc.m406225200

Cheng, M. T., Chen, Y., Chen, Z. P., Liu, X., Zhang, Z., Chen, Y., et al. (2022).
Structural Insights into the Activation of Autoinhibited Human Lipid Flippase
ATP8B1 upon Substrate Binding. Proc. Natl. Acad. Sci. USA 119, e2118656119.
doi:10.1073/pnas.2118656119

Cui, W., Liu, D., Gu, W., and Chu, B. (2021). Peroxisome-Driven Ether-Linked
Phospholipids Biosynthesis is Essential for Ferroptosis. Cell Death Differ. 28,
2536–2551. doi:10.1038/s41418-021-00769-0

da Silva, T. F., Eira, J., Lopes, A. T., Malheiro, A. R., Sousa, V., Luoma, A., et al. (2014).
Peripheral Nervous System Plasmalogens Regulate Schwann Cell Differentiation
and Myelination. J. Clin. Invest. 124, 2560–2570. doi:10.1172/jci72063

da Silva, T. F., Granadeiro, L. S., Bessa-Neto, D., Luz, L. L., Safronov, B. V., and
Brites, P. (2021). Plasmalogens Regulate the AKT-ULK1 Signaling Pathway to
Control the Position of the Axon Initial Segment. Prog. Neurobiol. 205, 102123.
doi:10.1016/j.pneurobio.2021.102123

Dorninger, F., König, T., Scholze, P., Berger, M. L., Zeitler, G., Wiesinger, C., et al.
(2019). Disturbed Neurotransmitter Homeostasis in Ether Lipid Deficiency.
Hum. Mol. Genet. 28, 2046–2061. doi:10.1093/hmg/ddz040

Fellmann, P., Hervé, P., and Devaux, P. F. (1993). Transmembrane Distribution
and Translocation of Spin-Labeled Plasmalogens in Human Red Blood Cells.
Chem. Phys. Lipids. 66, 225–230. doi:10.1016/0009-3084(93)90010-z

Ferdinandusse, S., McWalter, K., te Brinke, H., IJlst, L., Mooijer, P. M., Ruiter, J. P.
N., et al. (2021). An Autosomal Dominant Neurological Disorder Caused by De
Novo Variants in FAR1 Resulting in Uncontrolled Synthesis of Ether Lipids.
Genet. Med. 23, 740–750. doi:10.1038/s41436-020-01027-3

Gallego-García, A., Monera-Girona, A. J., Pajares-Martínez, E., Bastida-Martínez,
E., Pérez-Castaño, R., Iniesta, A. A., et al. (2019). A Bacterial Light Response
Reveals an Orphan Desaturase for Human Plasmalogen Synthesis. Science 366,
128–132. doi:10.1126/science.aay1436

Gao, X., Lowry, P. R., Zhou, X., Depry, C., Wei, Z., Wong, G. W., et al. (2011).
PI3K/Akt Signaling Requires Spatial Compartmentalization in Plasma
Membrane Microdomains. Proc. Natl. Acad. Sci. USA. 108, 14509–14514.
doi:10.1073/pnas.1019386108

Hajra, A. K., Larkins, L. K., Das, A. K., Hemati, N., Erickson, R. L., and
MacDougald, O. A. (2000). Induction of the Peroxisomal Glycerolipid-
Synthesizing Enzymes during Differentiation of 3T3-L1 Adipocytes. J. Biol.
Chem. 275, 9441–9446. doi:10.1074/jbc.275.13.9441

Hayashi, H., Naoi, S., Togawa, T., Hirose, Y., Kondou, H., Hasegawa, Y., et al.
(2018). Assessment of ATP8B1Deficiency in Pediatric Patients with Cholestasis
Using Peripheral Blood Monocyte-Derived Macrophages. EBioMedicine 27,
187–199. doi:10.1016/j.ebiom.2017.10.007

Honsho, M., Abe, Y., and Fujiki, Y. (2017). Plasmalogen Biosynthesis Is
Spatiotemporally Regulated by Sensing Plasmalogens in the Inner Leaflet of
Plasma Membranes. Sci. Rep. 7, 43936. doi:10.1038/srep43936

Honsho, M., Asaoku, S., and Fujiki, Y. (2010). Posttranslational Regulation of Fatty
Acyl-CoA Reductase 1, Far1, Controls Ether Glycerophospholipid Synthesis.
J. Biol. Chem. 285, 8537–8542. doi:10.1074/jbc.m109.083311

Honsho, M., Dorninger, F., Abe, Y., Setoyama, D., Ohgi, R., Uchiumi, T., et al. (2019).
Impaired Plasmalogen Synthesis Dysregulates Liver X Receptor-Dependent
Transcription in Cerebellum. J. Biochem. 166, 353–361. doi:10.1093/jb/mvz043

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 9154578

Honsho et al. Roles of Asymmetrically Plasmalemma-Localized Plasmalogens

https://www.frontiersin.org/articles/10.3389/fmolb.2022.915457/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.915457/full#supplementary-material
https://doi.org/10.1016/j.bbalip.2014.01.001
https://doi.org/10.1016/j.bbalip.2014.01.001
https://doi.org/10.1007/bf02533292
https://doi.org/10.3389/fphys.2016.00275
https://doi.org/10.1093/hmg/ddv305
https://doi.org/10.1139/o59-099
https://doi.org/10.1016/j.ceb.2009.02.002
https://doi.org/10.1016/j.bbadis.2012.05.008
https://doi.org/10.1016/j.bbadis.2012.05.008
https://doi.org/10.1038/ng0497-369
https://doi.org/10.1371/journal.pone.0028539
https://doi.org/10.1074/jbc.m110.139543
https://doi.org/10.1016/j.ajhg.2014.10.003
https://doi.org/10.1074/jbc.m406225200
https://doi.org/10.1073/pnas.2118656119
https://doi.org/10.1038/s41418-021-00769-0
https://doi.org/10.1172/jci72063
https://doi.org/10.1016/j.pneurobio.2021.102123
https://doi.org/10.1093/hmg/ddz040
https://doi.org/10.1016/0009-3084(93)90010-z
https://doi.org/10.1038/s41436-020-01027-3
https://doi.org/10.1126/science.aay1436
https://doi.org/10.1073/pnas.1019386108
https://doi.org/10.1074/jbc.275.13.9441
https://doi.org/10.1016/j.ebiom.2017.10.007
https://doi.org/10.1038/srep43936
https://doi.org/10.1074/jbc.m109.083311
https://doi.org/10.1093/jb/mvz043
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Honsho, M., and Fujiki, Y. (2017). Plasmalogen Homeostasis - Regulation of
Plasmalogen Biosynthesis and its Physiological Consequence in Mammals.
FEBS Lett. 591, 2720–2729. doi:10.1002/1873-3468.12743

Honsho, M., Yagita, Y., Kinoshita, N., and Fujiki, Y. (2008). Isolation and
Characterization of Mutant Animal Cell Line Defective in Alkyl-
Dihydroxyacetonephosphate Synthase: Localization and Transport of
Plasmalogens to Post-Golgi Compartments. Biochim. Biophys. Acta. 1783,
1857–1865. doi:10.1016/j.bbamcr.2008.05.018

Huang, B. X., Akbar,M., Kevala, K., andKim,H.-Y. (2011). Phosphatidylserine is aCritical
Modulator for Akt Activation. J. Cell Biol. 192, 979–992. doi:10.1083/jcb.201005100

Kato, U., Inadome, H., Yamamoto, M., Emoto, K., Kobayashi, T., and Umeda, M.
(2013). Role for Phospholipid Flippase Complex of ATP8A1 and CDC50A Proteins
in Cell Migration. J. Biol. Chem. 288, 4922–4934. doi:10.1074/jbc.m112.402701

Kirschner, D. A., and Ganser, A. L. (1982). Myelin Labeled withMercuric Chloride.
Asymmetric Localization of Phosphatidylethanolamine Plasmalogen. J. Mol.
Biol. 157, 635–658. doi:10.1016/0022-2836(82)90503-4

Kobayashi, T., and Pagano, R. E. (1989). Lipid Transport during Mitosis.
Alternative Pathways for Delivery of Newly Synthesized Lipids to the Cell
Surface. J. Biol. Chem. 264, 5966–5973. doi:10.1016/s0021-9258(18)83644-4

Kostaras, E., Kaserer, T., Lazaro, G., Heuss, S. F., Hussain, A., Casado, P., et al.
(2020). A Systematic Molecular and Pharmacologic Evaluation of AKT
Inhibitors Reveals New Insight into Their Biological Activity. Br. J. Cancer.
123, 542–555. doi:10.1038/s41416-020-0889-4

Liu, D., Nagan,N., Just,W.W., Rodemer, C., Thai, T.-P., andZoeller, R. A. (2005). Role of
Dihydroxyacetonephosphate Acyltransferase in the Biosynthesis of Plasmalogens and
Nonether Glycerolipids. J. Lipid Res. 46, 727–735. doi:10.1194/jlr.m400364-jlr200

Malagelada, C., Jin, Z. H., and Greene, L. A. (2008). RTP801 Is Induced in Parkinson’s
Disease andMediates Neuron Death by Inhibiting Akt Phosphorylation/Activation.
J. Neurosci. 28, 14363–14371. doi:10.1523/jneurosci.3928-08.2008

Malheiro, A. R., Correia, B., Ferreira da Silva, T., Bessa-Neto, D., Van Veldhoven, P.
P., and Brites, P. (2019). Leukodystrophy Caused by Plasmalogen Deficiency
Rescued by Glyceryl 1-myristyl Ether Treatment. Brain Pathol. 29, 622–639.
doi:10.1111/bpa.12710

Malheiro, A. R., da Silva, T. F., and Brites, P. (2015). Plasmalogens and Fatty Alcohols in
Rhizomelic Chondrodysplasia Punctata and Sjögren-Larsson Syndrome. J. Inherit.
Metab. Dis. 38, 111–121. doi:10.1007/s10545-014-9795-3

Motley, A. M., Hettema, E. H., Hogenhout, E. M., Brites, P., ten Asbroek, A. L. M.
A., Wijburg, F. A., et al. (1997). Rhizomelic Chondrodysplasia Punctata is a
Peroxisomal Protein Targeting Disease Caused by a Non-Functional PTS2
Receptor. Nat. Genet. 15, 377–380. doi:10.1038/ng0497-377

Nagan, N., and Zoeller, R. A. (2001). Plasmalogens: Biosynthesis and Functions.
Prog. Lipid Res. 40, 199–229. doi:10.1016/s0163-7827(01)00003-0

Naito, T., Takatsu, H., Miyano, R., Takada, N., Nakayama, K., and Shin, H.-W.
(2015). Phospholipid Flippase ATP10A Translocates Phosphatidylcholine and
is Involved in Plasma Membrane Dynamics. J. Biol. Chem. 290, 15004–15017.
doi:10.1074/jbc.m115.655191

Paulusma, C. C., and Elferink, R. P. (2010). P4 ATPases - The Physiological
Relevance of Lipid Flipping Transporters. FEBS Lett. 584, 2708–2716. doi:10.
1016/j.febslet.2010.04.071

Piano, V., Benjamin, D. I., Valente, S., Nenci, S., Marrocco, B., Mai, A., et al. (2015).
Discovery of Inhibitors for the Ether Lipid-Generating Enzyme AGPS as Anti-
Cancer Agents. ACS Chem. Biol. 10, 2589–2597. doi:10.1021/acschembio.
5b00466

Purdue, P. E., Zhang, J. W., Skoneczny, M., and Lazarow, P. B. (1997). Rhizomelic
Chondrodysplasia Punctata is Caused byDeficiency of Human PEX7, a Homologue
of the Yeast PTS2 Receptor. Nat. Genet. 15, 381–384. doi:10.1038/ng0497-381

Ries, V., Henchcliffe, C., Kareva, T., Rzhetskaya, M., Bland, R., During, M. J., et al.
(2006). Oncoprotein Akt/PKB Induces Trophic Effects in Murine Models of
Parkinson’s Disease. Proc. Natl. Acad. Sci. USA 103, 18757–18762. doi:10.1073/
pnas.0606401103

Roos, D. S., and Choppin, P. W. (1984). Tumorigenicity of Cell Lines with Altered Lipid
Composition. Proc. Natl. Acad. Sci. USA. 81, 7622–7626. doi:10.1073/pnas.81.23.7622

Segawa, K., Kurata, S., and Nagata, S. (2016). Human Type IV P-Type ATPases That
Work as Plasma Membrane Phospholipid Flippases and Their Regulation by
Caspase and Calcium. J. Biol. Chem. 291, 762–772. doi:10.1074/jbc.m115.690727

Shin, H.-W., and Takatsu, H. (2019). Substrates of P4-ATPases: Beyond
Aminophospholipids (Phosphatidylserine and Phosphatidylethanolamine).
FASEB J. 33, 3087–3096. doi:10.1096/fj.201801873r

Snyder, F., andWood, R. (1969). Alkyl and Alk-1-Enyl Ethers of Glycerol in Lipids
from Normal and Neoplastic Human Tissues. Cancer Res. 29, 251–257.

Stazi, G., Battistelli, C., Piano, V., Mazzone, R., Marrocco, B., Marchese, S., et al.
(2019). Development of Alkyl Glycerone Phosphate Synthase Inhibitors:
Structure-Activity Relationship and Effects on Ether Lipids and Epithelial-
Mesenchymal Transition in Cancer Cells. Eur. J. Med. Chem. 163, 722–735.
doi:10.1016/j.ejmech.2018.11.050

Takada, N., Takatsu, H., Miyano, R., Nakayama, K., and Shin, H.-W. (2015).
ATP11C Mutation Is Responsible for the Defect in Phosphatidylserine Uptake
in UPS-1 Cells. J. Lipid Res. 56, 2151–2157. doi:10.1194/jlr.m062547

Takatsu, H., Baba, K., Shima, T., Umino, H., Kato, U., Umeda, M., et al. (2011).
ATP9B, a P4-ATPase (A Putative Aminophospholipid Translocase), Localizes
to the Trans-Golgi Network in a CDC50 Protein-independent Manner. J. Biol.
Chem. 286, 38159–38167. doi:10.1074/jbc.m111.281006

Takatsu, H., Tanaka, G., Segawa, K., Suzuki, J., Nagata, S., Nakayama, K., et al.
(2014). Phospholipid Flippase Activities and Substrate Specificities of Human
Type IV P-type ATPases Localized to the PlasmaMembrane. J. Biol. Chem. 289,
33543–33556. doi:10.1074/jbc.m114.593012

Tan, M. M. X., Lawton, M. A., Jabbari, E., Reynolds, R. H., Iwaki, H., Blauwendraat, C.,
et al. (2021). Genome-WideAssociation Studies of Cognitive andMotor Progression
in Parkinson’s Disease. Mov. Disord. 36, 424–433. doi:10.1002/mds.28342

Timmons, S., Coakley, M. F., Moloney, A. M., and O’ Neill, C. (2009). Akt Signal
Transduction Dysfunction in Parkinson’s Disease. Neurosci. Lett. 467, 30–35.
doi:10.1016/j.neulet.2009.09.055

van der Velden, L. M., Wichers, C. G. K., van Breevoort, A. E. D., Coleman, J. A.,
Molday, R. S., Berger, R., et al. (2010). Heteromeric Interactions Required for
Abundance and Subcellular Localization of Human CDC50 Proteins and Class
1 P4-ATPases. J. Biol. Chem. 285, 40088–40096. doi:10.1074/jbc.m110.139006

Vivanco, I., and Sawyers, C. L. (2002). The Phosphatidylinositol 3-Kinase-AKT
Pathway in Human Cancer. Nat. Rev. Cancer. 2, 489–501. doi:10.1038/nrc839

Wanders, R. J. A., Dekker, C., Hovarth, V. A. P., Schutgens, R. B. H., Tager, J.M., van Laer,
P., et al. (1994).HumanAlkyldihydroxyacetonephosphate SynthaseDeficiency: ANew
Peroxisomal Disorder. J. Inherit. Metab. Dis. 17, 315–318. doi:10.1007/bf00711817

Wanders, R. J. A., Schumacher, H., Heikoop, J., Schutgens, R. B. H., and Tager, J. M.
(1992). Human Dihydroxyacetonephosphate Acyltransferase Deficiency: A New
Peroxisomal Disorder. J. Inher. Metab. Dis. 15, 389–391. doi:10.1007/bf02435984

Werner, E. R., Keller, M. A., Sailer, S., Lackner, K., Koch, J., Hermann, M., et al. (2020).
The TMEM189 Gene Encodes Plasmanylethanolamine Desaturase Which
Introduces the Characteristic Vinyl Ether Double Bond into Plasmalogens. Proc.
Natl. Acad. Sci. USA 117, 7792–7798. doi:10.1073/pnas.1917461117

Wiese, S., Gronemeyer, T., Brites, P., Ofman, R., Bunse, C., Renz, C., et al. (2012).
Comparative Profiling of the Peroxisomal Proteome of Wildtype and Pex7
Knockout Mice by Quantitative Mass Spectrometry. Int. J. Mass Spectrom. 312,
30–40. doi:10.1016/j.ijms.2011.09.005

Zou, Y., Henry, W. S., Ricq, E. L., Graham, E. T., Phadnis, V. V., Maretich, P., et al.
(2020). Plasticity of Ether Lipids Promotes Ferroptosis Susceptibility and
Evasion. Nature 585, 603–608. doi:10.1038/s41586-020-2732-8

Conflict of Interest:MH and SM are inventors of a patent application that covers
the screening methods for anticancer agents.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Honsho, Mawatari and Fujiki. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 9154579

Honsho et al. Roles of Asymmetrically Plasmalemma-Localized Plasmalogens

https://doi.org/10.1002/1873-3468.12743
https://doi.org/10.1016/j.bbamcr.2008.05.018
https://doi.org/10.1083/jcb.201005100
https://doi.org/10.1074/jbc.m112.402701
https://doi.org/10.1016/0022-2836(82)90503-4
https://doi.org/10.1016/s0021-9258(18)83644-4
https://doi.org/10.1038/s41416-020-0889-4
https://doi.org/10.1194/jlr.m400364-jlr200
https://doi.org/10.1523/jneurosci.3928-08.2008
https://doi.org/10.1111/bpa.12710
https://doi.org/10.1007/s10545-014-9795-3
https://doi.org/10.1038/ng0497-377
https://doi.org/10.1016/s0163-7827(01)00003-0
https://doi.org/10.1074/jbc.m115.655191
https://doi.org/10.1016/j.febslet.2010.04.071
https://doi.org/10.1016/j.febslet.2010.04.071
https://doi.org/10.1021/acschembio.5b00466
https://doi.org/10.1021/acschembio.5b00466
https://doi.org/10.1038/ng0497-381
https://doi.org/10.1073/pnas.0606401103
https://doi.org/10.1073/pnas.0606401103
https://doi.org/10.1073/pnas.81.23.7622
https://doi.org/10.1074/jbc.m115.690727
https://doi.org/10.1096/fj.201801873r
https://doi.org/10.1016/j.ejmech.2018.11.050
https://doi.org/10.1194/jlr.m062547
https://doi.org/10.1074/jbc.m111.281006
https://doi.org/10.1074/jbc.m114.593012
https://doi.org/10.1002/mds.28342
https://doi.org/10.1016/j.neulet.2009.09.055
https://doi.org/10.1074/jbc.m110.139006
https://doi.org/10.1038/nrc839
https://doi.org/10.1007/bf00711817
https://doi.org/10.1007/bf02435984
https://doi.org/10.1073/pnas.1917461117
https://doi.org/10.1016/j.ijms.2011.09.005
https://doi.org/10.1038/s41586-020-2732-8
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	ATP8B2-Mediated Asymmetric Distribution of Plasmalogens Regulates Plasmalogen Homeostasis and Plays a Role in Intracellular ...
	Introduction
	Materials and Methods
	Cell Culture, DNA Transfection, and RNAi
	Antibodies
	RT-PCR
	Immunoblotting
	Lipid Analysis
	Statistical Analysis and Data Presentation

	Results
	Identification of P4-ATPase Responsible for Topogenesis of Plasmalogens
	Plasmalogens Are Required for the Phosphorylation of AKT
	Phosphorylation of AKT is Suppressed by a Reduced Expression of ATP8B2
	Knockdown of ATP8B2 Suppresses Cell Growth

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


