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Plasmalogens are a subclass of ether glycerophospholipids characterized by a vinyl-
ether bond at the sn-1 position of the glycerol backbone. Plasmalogen biosynthesis
is initiated in peroxisomes. At the third step of plasmalogen synthesis, alkyl-
dihydroxyacetonephosphate (DHAP) is enzymatically reduced to 1-alkyl-sn-glycero-3-
phospate by acyl/alkyl DHAP reductase (ADHAPR), whose activity is found in both
peroxisomes and microsomes. We herein show that knockdown of ADHAPR in HeLa
cells reduced the synthesis of ethanolamine plasmalogen (PlsEtn), similar to the Chinese
hamster ovary cell mutant FAA.K1B deficient in ADHAPR activity. Endogenous ADHAPR
and ectopically expressed FLAG-tagged ADHAPR were localized to peroxisomes and
endoplasmic reticulum (ER) as a type I integral membrane protein in HeLa cells.
ADHAPR targets to peroxisomes via a Pex19p-dependent class I pathway. In addition,
it is also inserted into the ER via the SRP-dependent mechanism. The ADHAPR mutant
lacking the N-terminal domain preferentially targets to the ER, restoring the reduced level
of PlsEtn synthesis in FAA.K1B cell. In contrast, the expression of full-length ADHAPR
in the mutant cells elevates the synthesis of phosphatidylethanolamine, but not PlsEtn.
Taken together, these results suggest that the third step of plasmalogen synthesis is
mediated by ER-localized ADHAPR.

Keywords: plasmalogen, acyl/alkyl dihydroxyacetonephosphate reductase, peroxisome, endoplasmic reticulum,
organelle targeting

INTRODUCTION

Plasmalogen is a major class of glycerophospholipid containing a characteristic vinyl-ether
bond at the sn-1 position of the glycerol backbone. Plasmalogens account for about 20% of
total phospholipids in humans (Nagan and Zoeller, 2001). Ethanolamine plasmalogens (PlsEtns)
are major constituents of biological membranes in most human tissues where they constitute
approximately 5–20% of the phospholipids, while choline plasmalogens are major constituents
primarily of cardiac tissue and skeletal muscle membranes (Braverman and Moser, 2012).
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PlsEtns are synthesized in seven steps (Nagan and Zoeller,
2001). The initial two steps of plasmalogen biosynthesis in
peroxisomes are well characterized. The first-step synthesis
of plasmalogens is catalyzed by dihydroxyacetonephosphate
acyltransferase/glyceronephosphate O-acyltransferase
(DHAPAT/GNPAT; hereafter called DHAPAT), an
intraperoxisomal protein facing the matrix side of the
peroxisomal membrane, to generate sn-1-acyl-DHAP
(acyl-DHAP/1-acyl-glyceron 3-phosphate; hereafter called
acyl-DHAP) (Thai et al., 1997). In the next step, alkyl-DHAP
synthase/alkylglycerone phosphate synthase (ADAPS/AGPS;
hereafter called ADAPS) substitutes the acyl chain of acyl-DHAP
to a long chain fatty alcohol to synthesize 1-O-alkyl-glycerone
3-phosphate (alkyl-DHAP) (Nagan and Zoeller, 2001). At the
third step of plasmalogen synthesis, alkyl-DHAP is enzymatically
reduced by acyl/alkyl DHAP reductase (ADHAPR), activity
which is found in both peroxisomal and microsomal fractions in
guinea pig liver (LaBelle and Hajra, 1974). The remaining four
steps of plasmalogen synthesis are catalyzed by enzymes localized
in the endoplasmic reticulum (ER), including TMEM189, an
integral ER membrane protein catalyzing the formation of the
vinyl-ether bond in the final step of plasmalogen synthesis
(Gallego-García et al., 2019; Werner et al., 2020).

The facts that ADHAPR activities in peroxisomes and ER are
simultaneously inhibited by thermal denaturation, NADP+, and
acyl-CoA, and the isolation of a cell line, FAA.K1B, showing 95%
reduction in the ADHAPR activity from mutagenized Chinese
hamster ovary (CHO) cells, suggest that the identical protein
is localized to both peroxisomes and ER (Ghosh and Hajra,
1986; James and Zoeller, 1997). Interestingly, only a moderate
decrease in plasmalogen synthesis is detectable in the FAA.K1B
cells, despite a severe reduction in ADHAPR activity, suggesting
a shunt pathway that bypasses the step catalyzed by ADHAPR
(James and Zoeller, 1997). A similar result of a moderate level
of alkyl ether-glycerophosphocholine was reported in mouse
embryonic cells by knocking down DHRS7b, a gene identified
as a mammalian ortholog of yeast enzyme Ayr1p (EC:1.1.1.101)
which catalyzes the reduction of acyl-DHAP (Lodhi et al., 2012).
However, they did not examine the effects on the levels of PlsEtn.
This loss of function study of DHRS7b suggests that DHRS7b gene
encodes the mammalian ADHAPR, referred to as peroxisomal
reductase-activating PPARγ (PexRAP) by the authors based on
their finding that alkyl ether-glycerophosphocholine is associated
with PPARγ and elevates the PPARγ transcriptional activity
(Lodhi et al., 2012).

In the present study, we investigated whether the loss of
function of ADHAPR reduces the synthesis of PlsEtn, the
most abundant plasmalogen in mammalian tissues and culture
cells. We also assessed the intracellular localization, membrane

Abbreviations: ADAPS, alkyl-dihydroxyacetonephosphate synthase; ADHAPR,
acyl/alkyl DHAP reductase; CHO, Chinese hamster ovary; DHAPAT,
dihydroxyacetonephosphate acyltransferase; ER, endoplasmic reticulum;
Etn, ethanolamine; NLS, nuclear localization signal; Pex, peroxin; PexRAP,
peroxisomal reductase-activating PPARγ; PlsEtn, ethanolamine plasmalogen;
PMP, peroxisomal membrane protein; PNS, postnuclear supernatant; PtdEtn,
phosphatidylethanolamine; TMD, transmembrane domain; RRL, rabbit
reticulocyte lysate; SRP, signal recognition particle.

topology, and mechanism for organelle targeting of ADHAPR.
Further analyses by the expression of ADHAPR and nucleotide-
sequencing of DHRS7b-coding region in FAA.K1B cells revealed
that ADHAPR encoded by DHRS7b indeed catalyzes the
reduction of alkyl-DHAP in the ER, not in peroxisomes.

RESULTS

Knockdown of DHRS7b Reduces
Synthesis of PlsEtns
PlsEtns are found in various types of mammalian cells. Synthesis
of PlsEtn is initiated in peroxisomes and completed in the ER
via totally seven steps of reactions where alkyl-DHAP is reduced
by the ADHAPR at the third step of seven-step reactions in
the PlsEtn synthesis. Recent study showing the 40–50% reduced
level of alkyl ether-glycerophosphocholine by the knockdown of
DHRS7b (Lodhi et al., 2012), suggests that the enzyme encoded by
DHRS7b likely acts as a reductase for alkyl-DHAP. Therefore, we
tested whether synthesis of PlsEtn is inhibited by the knockdown
of DHRS7b. Transfection of two independent siRNAs against
DHRS7b in HeLa cells reduces transcription of DHRS7b by nearly
60% of that in mock-treated HeLa cells (Figure 1A), where
the protein level of ADHAPR was reduced to an undetectable
level, as assessed by immunoblotting with ADHAPR antibody
(Figure 1B). Upon transfecting siRNA against DHRS7b, synthesis
of PlsEtn and phosphatidylethanolamine (PtdEtn) was reduced
about 40% of those in mock-treated cells (Figures 1C,D). Such
reduced synthesis of PlsEtn and PtdEtn is also observed in
the CHO cell mutant FAA.K1B in a short metabolic-labeling
period with [1-3H]ethanolamine (Etn) due to the absence of
ADHAPR activity (James and Zoeller, 1997). Together, these
results suggest that the enzyme, ADHAPR, encoded by DHRS7b
most likely catalyzes the reduction of acyl/alkyl-DHAP in
plasmalogen biosynthesis.

Intracellular Localization of the Protein
Encoded by DHRS7b
ADHAPR activity was found in peroxisomal and microsomal
fractions in the liver of guinea pig and rat (LaBelle and
Hajra, 1974; Ghosh and Hajra, 1986). The microsomal and
peroxisomal ADHAPR show similar properties with respect
to the pH optimum, heat stability, substrate specificity, and
kinetic properties by which it is generally considered that the
same enzyme is present in both peroxisomal and microsomal
fractions (Ghosh and Hajra, 1986). Therefore, we investigated
the intracellular localization of endogenous ADHAPR in HeLa
cells by immunostaining with anti-ADHAPR antibody. As
anticipated, ADHAPR co-localized with peroxisomal membrane
protein peroxin 14 (Pex14p) and calnexin, an ER resident
molecular chaperone in HeLa cells (Figure 2A). Similarly,
N-terminally FLAG-tagged ADHAPR, FLAG-ADHAPR, co-
localized with both Pex14p and EGFP-Sec61βC, an ER-localized
GFP fusion protein containing the C-terminal transmembrane
segment of ER marker protein Sec61β (Yagita et al., 2013;
Figure 2B), implying that N-terminally tagged FLAG peptide
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FIGURE 1 | Knockdown of DHRS7B reduces biosynthesis of PlsEtn. (A) HeLa cells were transfected with two different dsRNAs (#9 and #7) against DHRS7B
encoding ADHAPR and cultured for 72 h. Transcription level of DHRS7B was analyzed by quantitative real-time PCR. (B) Protein level of ADHAPR was analyzed by
immunoblotting with the indicated antibodies. Lactate dehydrogenase (LDH), a cytosolic protein; Pex14p, a peroxisomal membrane protein (PMP). Solid arrowhead
and dot indicate ADHAPR and a non-specific band, respectively. (C) HeLa cells cultured as described in A) were metabolically labeled for 2 h with 14C-Etn and
assessed for the biosynthesis of PtdEtn and PlsEtn by converting PlsEtn to 2-acyl-GPE with trichloroacetic acid (Honsho et al., 2008). (D) Biosynthesis of PlsEtn and
PtdEtn was represented as values relative to control HeLa cells. *p< 0.05, **p< 0.01; Student’s t-test versus control HeLa cells.

does not interfere with the targeting of ADHAPR to peroxisomes
and ER. Under this condition, the expressed FLAG-ADHAPR
was detected as a slower-migrating band with both ADHAPR-
and FLAG-antibodies just above the endogenous ADHAPR
(Figure 2C). Taken together, these results suggest that ADHAPR
is localized to both organelles, peroxisomes and ER.

We further assessed the membrane topology of ADHAPR.
On the basis of its primary sequence, ADHAPR is predicted
to possess a single putative transmembrane domain (TMD) at
its N-terminal region. Indeed, endogenous ADHAPR was found
to be in the membrane fraction and resistant to the alkaline
extraction, similar to Pex14p, an integral membrane protein
resides in peroxisomes (Figure 2D), indicating that ADHAPR is
localized as an integral membrane protein. Moreover, ADHAPR
was not detected with the antibodies recognizing the central
portion of ADHAPR upon treating organelle fractions with
proteinase K (Figure 2E), suggesting that ADHAPR is localized
to peroxisomes and ER and exposes its catalytic C-terminal
domain to the cytosol.

The topology of N-terminal domain of ADHAPR in the
ER was further assessed by the post-translational modification

with N-glycosylation to P4N-ADHAPR, the ADHAPR mutant
substituting the proline at position 4 of ADHAPR to asparagine
to generate the N-linked glycosylation consensus sequence.
Immunofluorescence microscopic analysis showed that FLAG-
P4N-ADHAPR was localized to both peroxisomes and the
ER, similar to the endogenous ADHAPR (Figure 3A). FLAG-
P4N-ADHAPR was detected as double bands with FLAG-
antibody, in which the slower migrating band disappeared upon
endoglycosidase H treatment (Figure 3B), hence implying that
the N-terminal FLAG-P4N-ADHAPR penetrated into the ER
lumen. Collectively, these results suggest that ADHAPR is most
likely localized in peroxisomes and the ER as a type I integral
membrane protein.

ADHAPR Targets to Peroxisomes via a
Pex19p-Dependent Class I Pathway
Several types of peroxisomal membrane proteins (PMPs),
including tail-anchored and multi-spanning PMPs, are delivered
to peroxisomes in a Pex19p- and Pex3p-dependent class I
pathway. In this pathway, Pex19p, a predominantly cytosolic
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FIGURE 2 | ADHAPR is localized to peroxisomes and ER. (A) Intracellular localization of endogenous ADHAPR was analyzed in HeLa cells by permeabilizing cells
with semi-intact buffer prior to the fixation and subjected to the immunofluorescence staining using antibodies to ADHAPR (b and e). ER and peroxisomes were
visualized by immunostaining with antibodies to calnexin (a) and Pex14p (d), respectively. Merged views of a with b and d with e are shown in c and f, respectively.
Insets show the magnified images of the boxed areas. Solid and open arrowheads indicate colocalization of ADHAPR with calnexin and Pex14p, respectively. Bar,
10 and 2 µm (insets). (B) FLAG-ADHAPR was transiently expressed with the carboxy-terminal 25-amino acid residues of Sec61β fused to EGFP (EGFP-Sec61βC)
for 24 h in HeLa cells and subjected to the immunofluorescence staining using antibodies to FLAG (b and e). ER and peroxisomes were visualized by
EGFP-Sec61βC (a) and immunostaining with anti-Pex14p antibody (d), respectively. Merged views of a with b and d with e are shown in c and f, respectively. Insets
show the magnified images of the boxed areas. Solid and open arrowheads indicate colocalization of FLAG-ADHAPR with EGFP-Sec61βC and Pex14p,
respectively. Bar, 10 and 2 µm (insets). (C) FLAG-ADHAPR was expressed (+) as in (B) and its expression was assessed by the antibodies to ADHAPR and FLAG as
indicated at the top. Open and solid arrowheads indicate FLAG-ADHAPR and endogenous ADHAPR, respectively. LDH was used as a loading control. Dots indicate
a non-specific band. (D) Organelle fraction prepared from postnuclear supernatants (T) of HeLa cells were treated with 0.1 M Na2CO3 and separated into soluble (S)
and membrane (P) fractions. Equal aliquots of respective fractions were analyzed by immunoblotting with the indicated antibodies. Acyl-CoA oxidase (AOx), a
peroxisomal matrix enzyme. Of polypeptide chains of AOx (A, B, and C polypeptides), only the B chain is shown. Arrowhead indicates ADHAPR. Dot: a non-specific
band. (E) Postnuclear supernatants (–) of HeLa cells were treated with 50 µg/ml proteinase K for 30 min on ice (+) and analyzed by immunoblotting with the
indicated antibodies. BiP, an ER luminal chaperon binding to immunoglobulin; P450r, an ER membrane protein.
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FIGURE 3 | Assessment of membrane topology of ADHAPR in the ER. (A) HeLa cells expressing FLAG-P4N-ADHAPR, ADHAPR mutant substituted at proline 4
with asparagine to create N-linked consensus sequences, and EGFP-Sec61βC for 24 h were analyzed as in Figure 2B. Merged views of a with b and d with e are
shown in c and f, respectively. Bar, 10 µm. (B) Whole cell lysates (–) of HeLa cells expressing FLAG-P4N-ADHAPR for 24 h were treated with endoglycosidase H
(Endo H, +) and analyzed by immunoblotting with antibodies to FLAG (upper panel) and α-tubulin (lower panel). Solid and open arrowheads indicate glycosylated
and non-glycosylated FLAG-P4N-ADHAPR, respectively. α-tubulin was used as a loading control.

protein, forms a complex with newly synthesized PMPs in
the cytosol, delivers it to the membrane receptor Pex3p on
peroxisomes (Jones et al., 2004; Yagita et al., 2013). Moreover,
recent study showed that ATAD1 (ATPase family AAA domain-
containing protein 1), N-terminally anchored protein, is localized
to peroxisomes in a manner dependent on the class I pathway
and mitochondria (Liu et al., 2016). Since ADHAPR is a type I
integral membrane protein localized in peroxisomes and the ER,
we examined whether ADHAPR targets to peroxisomes via the
Pex19p-dependent class I pathway as ATAD1.

Co-immunoprecipitation study revealed that co-expression
of FLAG-ADHAPR together with N-terminally 2 × HA-
tagged Pex19p (HA2-Pex19p) gave rise to the formation of
cytosolic FLAG-ADHAPR-HA2-Pex19p complexes similar
to the formation of a complex between Pex19p and Pex26p,
a C-tail anchored membrane peroxin (Matsumoto et al.,
2003; Figure 4A). To examine whether the ADHAPR-
Pex19p complex is an import-competent intermediate, a
targeting assay was performed in vitro using semi-intact cells

(Matsuzaki and Fujiki, 2008). HeLa cells were treated with
digitonin to selectively permeabilize the plasma membrane.
FLAG-ADHAPR was synthesized in a rabbit reticulocyte lysate
(RRL) translation system supplemented with RRL-synthesized
HA2-Pex19p or HA2-Pex19p1N23 and then overlaid on semi-
permeabilized HeLa cells. HA2-Pex19p1N23 is a Pex19p mutant
lacking the N-terminal 23 amino acid residues, an essential
domain for binding to the membrane receptor Pex3p, thereby
defective in binding to Pex3p (Matsuzono et al., 2006; Yagita
et al., 2013). Immunofluorescence microscopy analysis showed
that FLAG-ADHAPR and FLAG-Pex26p both synthesized in the
presence of HA2-Pex19p, coincided with Pex14p (Figures 4B,C),
indicating that FLAG-ADHAPR was targeted to peroxisomes.
In contrast, HA2-Pex19p1N23 failed to deliver both cargo
proteins to peroxisomes (Figures 4B,C). Furthermore, the
subsequent in vitro import assay using Pex3p-depleted semi-
permeabilized HeLa cells showed that the peroxisomal targeting
of FLAG-ADHAPR was severely abrogated (Figure 4D), hence
indicating that the peroxisomal targeting of ADHAPR requires
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FIGURE 4 | ADHAPR targets to peroxisomes by a Pex19p-dependent class I pathway. (A) Cytosolic fractions of PEX19-defective pex19 CHO ZP119 cells
co-expressing HA2-Pex19p and either FLAG-ADHARP or FLAG-Pex26p were subjected to immunoprecipitation with anti-FLAG agarose beads. Immunoprecipitates
were analyzed by immunoblotting using antibodies to HA (upper panel) and FLAG (lower panel), respectively. Dot indicates a non-specific band. (B,C)
FLAG-ADHAPR (B) and FLAG-Pex26p (C) were synthesized in a rabbit reticulocyte lysate (RRL) translation system supplemented with HA2-Pex19p (a and b) or
HA2-Pex19p1N23 (c and d) synthesized in RRL, and further incubated at 26◦C for 1 h with semi-intact HeLa cells. HA2-Pex19p1N23 is a Pex19p variant lacking
the N-terminal 23 amino acid residues required for the binding to Pex3p. The cells were subjected to the immunofluorescence staining. FLAG-ADHAPR and
FLAG-Pex26p were detected with anti-FLAG antibody (b and d), and peroxisomes were visualized by immunostaining with anti-Pex14p antibody (a and c),
respectively. Bar, 10 µm. (D) Targeting of FLAG-ADHAPR was assessed in HeLa cells transfected with control dsRNA (–) or dsRNA against PEX3 as in (B). α-tubulin
was used as a loading control. Bar, 10 µm.

the membrane receptor Pex3p. Altogether, these results suggest
that ADHAPR targets to peroxisomes via a Pex19p- and
Pex3p-dependent class I pathway.

ADHAPR Directly Targets to the ER in a
Pex19p- and Pex3p-Independent Manner
Although ADHAPR targets to peroxisomes via a Pex19p-Pex3p-
dependent class I pathway (Figure 4), mechanisms for targeting
to the ER remain unclear. Interestingly, UbxD8, a subfamily

of hair pin proteins localizing to the ER and lipid droplets
targets to the ER via a Pex3p-Pex19p-dependent mechanisms
(Schrul and Kopito, 2016). Therefore, we investigated whether
ADHAPR also targets to the ER by Pex19p- and Pex3p-dependent
pathway. To this end, FLAG-ADHAPR was expressed in two
CHO mutant cell lines; PEX19-defective pex19 ZP119 cells and
PEX3-defective pex3 ZPG208 (Figure 5A; Kinoshita et al., 1998;
Ghaedi et al., 1999). FLAG-ADHAPR was localized to the ER in
pex19 ZP119 and pex3 ZPG208 cells, both lacking peroxisome
membrane due to the absence of Pex19p and Pex3p expression
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FIGURE 5 | ADHAPR targets to the ER in a Pex19p and Pex3p-independent manner. (A) EGFP-Sec61βC and FLAG-ADHAPR were expressed in PEX19-defective
pex19 ZP119 cells and PEX3-defective pex3 CHO ZPG208 cells. The cells were cultured for 48 h and subjected to the immunofluorescence staining.
FLAG-ADHAPR was detected with anti-FLAG antibody (b and e). ER was visualized by EGFP-Sec61βC (a and d). Bars, 5 µm. (B) HeLa cells were transfected with
siRNA against SRP54 for 66 h and then transfected with FLAG-ADHAPR together with EGFP-Sec61βC, followed by analyzing the level of proteins using the
indicated antibodies. SRP54, the 54 kDa subunit of the signal recognition particle; Pex3p, a PMP; PDI (protein disulfide isomerase), an ER luminal protein. (C) Protein
level of glycosylated- (solid arrowhead) and non-glycosylated (open arrowhead)-FLAG-P4N-ADHAPR were verified as in (B). α-tubulin, a loading control.

(Kinoshita et al., 1998; Ghaedi et al., 1999; Matsuzono et al.,
1999). These results suggest that ADHAPR targets to the ER in
a manner independent of Pex19p- and Pex3p.

To elucidate the ER targeting pathway of ADHAPR, we next
focused on the signal recognition particle (SRP) pathway, a

well-studied ER targeting mechanism mediated by a N-terminal
hydrophobic signal sequence. ADHAPR resides in the ER
as a type I integral membrane protein by penetrating its
N-terminal domain through a single putative TMD in its
N-terminal region (Figure 2), thus raising the possibility
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that ADHAPR is co-translationally inserted to the ER by
the SRP pathway. It has been observed that knockdown of
SRP causes a reduced level of preprolactin, a cotranslationally
targeted secretory protein (Karamyshev et al., 2014). Therefore,
we analyzed the protein level of several membrane proteins
including the expressed FLAG-ADHAPR and EGFP-Sec61βC
in HeLa cells transfected with siRNA against SRP54 (Kanda
et al., 2016). In SRP54-depleted HeLa cells, the protein level
of FLAG-ADHAPR was less than that in mock-treated HeLa
cells (Figure 5B). Similarly, less amount of the oligosaccharide
modified and unmodified FLAG-P4N-ADHAPR was observed
by reduced SRP54 expression in HeLa cells (Figure 5C).
Contrary to this, protein level of EGFP-Sec61βC was not
altered by the reduction of SRP54 (Figure 5B). Collectively,
ADHAPR is most likely inserted into the ER via the SRP-
dependent mechanism.

The Role of ADHAPR in Peroxisomes
and ER
To gain further insight of dual localization of ADHAPR, we
focused on the CHO mutant cell, FAA.K1B, with a deficiency
in ADHAPR activity (James et al., 1997). The severely reduced
activity of ADHAPR in FAA.K1B was shown using either acyl-
DHAP or alkyl-DHAP as a substrate (James et al., 1997). These
studies together with our observations in terms of intracellular
localization of ADHAPR suggest that dysfunction of ADHAPR
activity is caused by a mutation in the DHRS7B in FAA.K1B
cells. By amplifying partial DNA fragments of DHRS7B derived
from FAA.K1B and CHO-K1 cells, a roughly equal amount of
DNA fragments was obtained using the first strand cDNA from
respective cells with three different sets of primers targeting to
distinct regions of ADHAPR coding sequence (data not shown).
We next conducted mutation analysis of DHRS7B in FAA.K1B
cells and identified a missense mutation from G to A at nucleotide
position 194 in a codon for Gly to Asp in DHRS7B in FAA.K1B
cells (Figure 6A). This missense mutation is located on the
consensus sequence for NADPH-binding (TGxxxGxG) (Jörnvall
et al., 1995; Filling et al., 2002), thereby suggesting that an
impaired NADPH binding to ADHAPR diminished the activity
of ADHAPR in FAA.K1B cells.

Next, we attempted to restore the synthesis of PlsEtn and
PtdEtn in FAA.K1B cell lines by stably expressing FLAG-
ADHAPR. By selecting cells expressing FLAG-ADHAPR with
Zeocin (Honsho et al., 2013), a cell line, termed FAA.K1B/FLAG-
ADHAPR was isolated (Figure 6B). FLAG-ADHAPR was
localized to peroxisomes and ER (Figure 6C). Subsequently, we
analyzed lipid synthesis in the isolated cells by metabolically
labeling with 14C-Etn. We unexpectedly found that the reduced
level of the PlsEtn synthesis in FAA.K1B cells was not restored
in the cells stably expressing FLAG-ADHAPR (Figures 7A,B).
Moreover, synthesis of PtdEtn was dramatically increased as
compared to that in FAA.K1B cells. Essentially, the same
results were obtained upon expressing FLAG-ADHAPR in
HeLa cells (Figures 7C,D). Taken together, these results
suggest that ADHAPR enhances the synthesis of non-ether
glycerophospholipids, at least PtdEtn in both cell lines. We

therefore interpreted these results to mean that ADHAPR
preferentially reduces acyl-DHAP prior to the synthesis of alkyl-
DHAP on peroxisomes.

To further assess the functional difference of ADHAPR
between in peroxisomes and ER, we attempted to generate
ADHAPR preferentially localizing in the ER. We showed
that ADHAPR was co-translationally targeted to the ER
in an SRP-dependent manner (Figure 5). Nevertheless,
much ADHAPR targets to peroxisomes in cells as judged
by the immunofluorescence pattern of cells expressing
ADHAPR (Figures 2A,B). From these results, we suspected
that Pex19p directly binds to its N-terminal region of
the nascent ADHAPR prior to the recognition by SRP
and delivers it to peroxisomes. We, therefore, expressed
FLAG-1N16ADHAPR lacking N-terminal 16-amino acids
of ADHAPR (Figure 8A) and assessed its intracellular
localization in FAA.K1B cells (Figure 8B) as in Figure 2.
FLAG-1N16ADHAPR was predominantly localized to the
ER, while peroxisomal localization was markedly reduced
(Figure 8B) as compared to the localization of FLAG-ADHAPR
(Figures 6C, 8C). Expression of Pex19p tagged with nuclear
localization signal (FLAG-NLS-Pex19p) strongly interfered
FLAG-ADHAPR from peroxisomal localization, implying
that FLAG-NLS-Pex19p transported the newly synthesized
FLAG-ADHAPR to the nucleus (Figure 8D). In contrast,
FLAG-NLS-Pex19p did not alter the ER localization of FLAG-
ADHAPR (Figure 8D). However, FLAG-1N16ADHAPR was
not discernible in the nucleus, even in the coexpression with
FLAG-NLS-Pex19p (Figure 8D). Together, these results suggest
that Pex19p recognizes the N-terminal of ADHAPR on free
ribosomes, possibly prior to exposing its hydrophobic TMD,
a putative SRP-binding domain of ADHAPR. Interestingly,
synthesis of PlsEtn but not PtdEtn, was highly elevated
in FAA.K1B/FLAG-1N16ADHAPR cells (Figures 8E,F).
Collectively, these results suggest that ADHAPR reduces alkyl-
DHAP rather than acyl-DHAP in the ER, while ADHAPR
in peroxisomes prefers to catalyze the reduction of acyl-
DHAP, a product generated by the action of DHAPAT,
prior to a subsequent synthesis of alkyl-DHAP catalyzed by
ADAPS (Figure 8G).

DISCUSSION

In the present study, we show that ADHAPR encoded by
DHRS7B targets to peroxisomes and ER, which is consistent
with the earlier findings that ADHAPR activities are found
in both peroxisomal and microsomal fractions in rodents
(LaBelle and Hajra, 1974; Ghosh and Hajra, 1986). We also
show that synthesis of PtdEtn and PlsEtn is impaired in
ADHAPR-knocked down HeLa cells, essentially the same as
in the mutant cell FAA.K1B, a CHO cell line defective
in acyl/alkyl-DHAP reductase activity (James et al., 1997).
Identification of missense mutation in NADPH-binding domain
of ADHAPR from FAA.K1B confirmed that ADHAPR is
the enzyme responsible for catalyzing the third step of
plasmalogen biosynthesis.
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FIGURE 6 | Mutation analysis of FAA.K1B and isolation of FAA.K1B stably expressing FLAG-ADHAPR. (A) Mutation analysis of DHRS7B from FAA.K1B, a mutant
CHO cell line defective in ADHAPR. Partial nucleotide sequence and deduced amino acid sequence of DHRS7B cDNA isolated from a wild-type (upper panel) and
FAA.K1B (lower panel) are shown. A point mutation at nucleotide position 194 in DHRS7B caused missense mutation from G to A in a codon for Gly at amino acid
position 65 in ADHAPR in FAA.K1B cells is marked with yellow box. The consensus sequence for NADPH-binding is represented at the bottom. (B) Protein level of
FLAG-ADHAPR in a FAA.K1B cell line expressing FLAG-ADHAPR (+). FLAG-ADHAPR was detected by monoclonal anti-FLAG antibody. α-tubulin, a loading control.
(C) Intracellular localization of FLAG-ADHAPR was assessed in the FAA.K1B cell line stably expressing FLAG-ADHAPR by the immunofluorescence staining.
FLAG-ADHAPR was verified with anti-FLAG antibody (b and e). ER and peroxisomes were visualized by immunostaining with antibodies to KDEL (Lys-Asp-Glu-Leu),
the most common ER retention signal (a) and Pex14p (d), respectively. Merged views of a with b and d with e are shown in c and f, respectively. Bar, 10 µm.

Using a digitonin-permeabilized cell-based import assay
system, we showed that ADHAPR is targeted to peroxisomes in
a Pex19p-dependent Class I pathway. ATAD1, an N-terminally
anchored protein localizing peroxisomes and mitochondria, is
likewise targeted to peroxisomes in a manner dependent on the
Class I pathway (Liu et al., 2016). In contrast, 1N16ADHAPR
lacking the N-terminal hydrophilic region is predominantly
localized to the ER and its peroxisomal localization is severely
impaired (Figure 8). Furthermore, FLAG-ADHAPR, but not
FLAG-1N16ADHAPR, is transported to the nucleus upon
co-expressing with NLS-tagged Pex19p (Figure 8). These
results suggest that Pex19p is able to bind to the nascent
ADHAPR on free ribosomes, possibly prior to exposing its

hydrophobic transmembrane domain, followed by releasing
into cytosol by forming a Pex19p-ADHAPR complex as an
import-competent intermediate (Figure 4), as illustrated in
the earlier study suggesting the mechanism underlying the
peroxisome targeting of a multi-spanning membrane protein,
PMP70 (Kashiwayama et al., 2007). Recent study showed
that the short segment composed of nine residues in the
N-terminal of PMP70 acts as a suppressor for cotranslational
targeting of PMP70 to the ER, where serine at amino-acid
position 5 is essential (Sakaue et al., 2016). However, the
amino acid sequence of the N-terminal hydrophilic region
of ADHAPR is dissimilar to that in PMP70, suggesting
that any potential proteins recognizing the N-terminal short
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FIGURE 7 | Expression FLAG-ADHAPR elevates the synthesis of PtdEtn but not PlsEtn. (A) Synthesis of PtdEtn and PlsEtn was verified in CHO-K1 (lane 1),
FAA.K1B (lane 2), and a FAA.K1B cell lines stably expressing FLAG-ADHAPR (lane 3) as in Figure 1C. (B) Biosynthesis of PlsEtn (upper panel) and PtdEtn (lower
panel) was represented by taking as one that in FAA.K1B cells. **p< 0.01, *p< 0.05, t-test versus control FAA.K1B cells. n.s., not significant; one-way ANOVA with
Dunnett’s post hoc test as compared with FAA.K1B cells. (C) Synthesis of PtdEtn and PlsEtn was assessed in HeLa cells transiently expressing mock (–) or
FLAG-ADHAPR (+) as in (A). (D) Biosynthesis of PlsEtn (upper panel) and PtdEtn (lower panel) was represented by taking as one that in mock transfected (–) HeLa
cells. *p < 0.05, t-test versus HeLa cells.

segment of PMP70 is unlikely involved in the transport of
ADHAPR to peroxisomes.

We found that ADHAPR is localized to the ER in
pex19 and pex3 mutant CHO cells devoid of peroxisomal
membrane and lacking Pex19p (Kinoshita et al., 1998; Matsuzono
et al., 1999) or Pex3p (Ghaedi et al., 1999; Figure 5A),
hence implying that ADHAPR is targeted to the ER, not
via peroxisomes and not involving Pex19p or Pex3p. These
results are distinct from the Pex19p- and Pex3p-dependent ER
localization of UbxD8 (Schrul and Kopito, 2016). Besides this
peroxin-mediated ER targeting mechanism, three pathways are
reported for the targeting mechanisms of membrane proteins
to the ER including SRP-mediated co-translational pathway
(Walter and Johnson, 1994), TRC40-mediated post-translational

pathway (GET pathway) (Borgese and Fasana, 2011; Hegde
and Keenan, 2011), and SRP-independent proteins-mediated
targeting pathway (Aviram et al., 2016; Haßdenteufel et al., 2017).
ADHAPR contains the hydrophobic TMD in the N-terminal
region, thereby it is unlikely that ADHAPR is delivered to the
ER via GET- or SRP-independent targeting-proteins-mediated
ER targeting mechanism. Kyte and Doolittle plots with a window
set of 15 amino acids give a hydrophobicity score 2.39 in TMD
of ADHAPR, which is slightly higher than the hydrophobic
score (2.29) of NADPH cytochrome P450r, suggesting that
ADHAPR is localized to the ER in a manner dependent on
SRP, similar to P450r (Neve and Ingelman-Sundberg, 2008).
Consistent with this notion, knockdown of SRP54 reduced
the protein levels of the expressed FLAG-ADHAPR and
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FIGURE 8 | The ER-localized ADHAPR elevates PlsEtn synthesis in FAA.K1B cells. (A) Schematic representation of ADHAPR variants used. FLAG-1N16ADHAPR
was lacking N-terminal 16-amino acids of ADHAPR. Numbers, amino acid residues of human ADHAPR; solid box, transmembrane domain (TMD); SDR, short-chain
dehydrogenase/reductase domain. (B) FLAG-1N16ADHAPR was stably expressed in FAA.K1B cells. FLAG-1N16ADHAPR was detected with anti-FLAG antibody
(b and e). ER and peroxisomes were visualized by immunostaining with antibodies to KDEL (a) and Pex14p (d), respectively. Merged views of a with b and d with e
are shown in c and f, respectively. Scale bar, 10 µm. (C) Typical immunofluorescent images of FAA.K1B cells stably expressing FLAG-ADHAPR and
FLAG-1N16ADHAPR are shown in Supplementary Figure S1. Pearson’s correlation coefficient for colocalization of Pex14p with FLAG-ADHAPR (n = 14) and
FLAG-1N16ADHAPR (n = 12) was determined. ***p < 0.001 analyzed by Mann-Whitney U-test. (D) FLAG-NLS-PEX19 was expressed for 7 h together with
FLAG-ADHAPR (a and b) or FLAG-1N16ADHAPR (c and d) in HeLa cells. FLAG-ADHAPR and FLAG-1N16ADHAPR were detected with anti-ADHAPR antibody (a
and c). FLAG-NLS-Pex19p was detected with anti-Pex19p (b and d). Bar, 10 µm. (E) Synthesis of PtdEtn and PlsEtn was assessed in FAA.K1B (lane 1) and
FLAG-1N16ADHAPR-expressing FAA.K1B (lane 2). (F) By quantifying the data shown in (E), biosynthesis of PlsEtn (upper panel) and PtdEtn (lower panel) was
represented by taking as one that in FAA.K1B cells. *p < 0.05, t-test versus control FAA.K1B cells. (G) A schematic model of roles of ADHAPR in the ER and
peroxisomes. ER-localized ADHAPR catalyzes a reduction of alkyl-DHAP, while ADHAPR on peroxisomes prefers to reduce acyl-DHAP to synthesize
1-acyl-2-lyso-G3P (dashed line), a product generated by the action of DHAPAT, prior to a subsequent synthesis of alkyl-DHAP, although it can also catalyze the
reduction of alkyl-DHAP.
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N-glycosylated FLAG-P4N-ADHAPR (Figures 5B,C). Therefore,
it is more likely that N-terminal hydrophobic segment of
ADHAPR is recognized by SRP and that ADHAPR is directly
transported to the ER in a manner dependent on the SRP-
mediated co-translational pathway. Given the finding that FLAG-
ADHAPR is still targeted to the ER upon co-expressing with
NLS-tagged Pex19p (Figure 8D), recognition of the nascent
ADHAPR by Pex19p may not be efficient, possibly owing
that ribosomes translate mRNAs at high speed (approximately
6 amino acids per second) in mammalian cells (Boström
et al., 1986; Ingolia et al., 2011), under which ADHAPR is
able to target to the ER in a manner dependent on SRP.
Furthermore, the peroxisome targeting of ADHAPR may be
mediated by redundant mechanisms. Because recruitment of
Pex19 to the N-terminus of the nascent ADHAPR located
at the ribosomal tunnel exit has a potential to delay the
association of SRP with the SRP receptor, which causes the
dissociation of SRP from ribosomes (Lee et al., 2018), thereby
allowing the transport of ADHAPR via conventional class I
pathway mediated by posttranslational binding of Pex19p to
ADHAPR in the cytosol as shown in semi-intact import assay
of FLAG-ADHAPR synthesized in the RRL translation system
(Figures 4B,D).

Noteworthily, ADHAPR, an integral membrane protein, is
localized to the nucleus in the cells such as 3T3-L1 adipocytes
and the differentiated PPARγ-overexpressing mouse embryonic
fibroblasts by interacting with importin-β1 through the internal
nuclear localization signal located in the C-terminal portion
of ADHAPR. It has been shown that ADHAPR disrupts the
complex of PPARγ and PRDM16, a critical transcription factor
for thermogenesis, in the nucleus by interacting with PPARγ

and PRDM16, leading to inhibit PRDM16-mediated adipocyte
browning and expression of thermogenic genes such as UCP-1
(Lodhi et al., 2017). Peroxisomal localization of ADHAPR in 3T3-
L1 adipocytes is suggested from findings of a recovery of PexRAP
in fractions containing a peroxisomal marker PMP70 prepared
from 3T3-L1 adipocytes and the binding of PexRAP to Pex19p
(Lodhi et al., 2012). Collectively, multi-organelle targeting of
ADHAPR is likely to be regulated by several factors including
Pex19p, SRP, and importin-β1 in adipocytes. However, we could
not observe nuclear localization of ADHAPR in HeLa cells,
suggesting that targeting of the newly synthesized ADHAPR to
the nucleus in adipocytes is regulated by the recognition of the
nascent ADHAPR by at least three distinct factors.

The functional difference of ADHAPR localized to either ER
or peroxisomes, has not been addressed. Expression of FLAG-
1N16ADHAPR preferentially elevates the synthesis of PlsEtn,
but not PtdEtn (Figure 8). We interpret these results to mean that
the ER-localized ADHAPR preferentially catalyzes the reduction
of alkyl-DHAP generated by ADAPS in peroxisomes. In the
present study, we were unable to address the contribution of
peroxisome-localized ADHAPR in the reduction of alkyl-DHAP
because of no available ADHAPR mutant localized specifically
to peroxisomes. The report that ADHAPR is mostly localized to
peroxisomes in differentiated 3T3-L1 adipocytes with a normal
level of plasmalogens (Hajra et al., 2000; Lodhi et al., 2012)
suggests that alkyl-DHAP is reduced in both peroxisomes and ER

(Figure 8). However, ADHAPR appears to catalyze the reduction
of acyl-DHAP when ADHAPR is highly expressed and localized
to peroxisomes as shown by the elevation of the synthesis of
PtdEtn and reduced level of plasmalogen synthesis in HeLa
and FAA.K1B cells exogenously expressing FLAG-ADHAPR
(Figure 7). Interestingly, activities of DHAPAT and ADHAPR,
but not ADAPS, are increased several-fold by the elevation
of mRNA of respective genes during differentiation of 3T3-L1
adipocyte precursor cells to adipocytes, allowing the synthesis
of about a half of triacylglycerol through this acyl-DHAP
pathway (Hajra et al., 2000) without lowering the plasmalogen
synthesis. This is consistent with the fact that ADHAPR is
enriched in peroxisome fractions in 3T3-L1 adipocytes (Lodhi
et al., 2012). Collectively, these results imply that DHAPAT and
ADHAPR coordinately provide acyl-glycerol-3-phosphate for
the synthesis of non-ether glycerophospholipids in peroxisomes.
Under such experimental conditions, peroxisomal localization
of ADHAPR might be regulated by accelerating targeting of
ADHAPR to peroxisomes and/or by suppressing ADHAPR
degradation in peroxisomes. In this context, it is interesting
that transcription of mRNAs encoding PMPs including Pex19p
is acutely up-regulated in human skeletal muscle at 4 h post-
supplementation of high fat meal (Huang et al., 2019). Moreover,
ADHARP is highly expressed in several tissues including liver,
white adipocytes, and brain (Lodhi et al., 2012), suggesting
that acyl-DHAP pathway is involved in the synthesis of non-
ether glycerophospholipids. Therefore, intracellular localization
of ADHARP appears to be regulated by its expressed level.
Alternatively, the altered affinity of ADHAPR to Pex19p
might modulate the intracellular localization of ADHAPR.
Further studies addressing how the glycerolipid synthesis is
accommodated by modulating the localization of ADHAPR
to respond the environmental stimuli are required under
physiological conditions.

MATERIALS AND METHODS

Cell Culture, DNA Transfection, and RNAi
CHO cells, including CHO-K1, CHO pex19 ZP119 (Kinoshita
et al., 1998), CHO pex3 ZPG208 (Ghaedi et al., 2000),
and FAA.K1B (James et al., 1997), were maintained in
Ham’s F-12 medium (Invitrogen) supplemented with 10% FBS
(Biowest). HeLa cells were maintained in DMEM (Invitrogen)
supplemented with 10% FBS (Biowest). All cell lines were
cultured at 37◦C under 5% CO2. DNA transfections were
performed using Lipofectamine 2000 (Invitrogen) for HeLa cells,
and Lipofectamine reagent (Invitrogen) for CHO cells according
to the manufacture’s instructions and cells were cultured for the
indicated time periods.

siRNA-mediated knockdown of DHRS7B and PEX3 in
HeLa cells was performed using predesigned StealthTM siRNAs
(Invitrogen) using Lipofectamine 2000 and harvested at 72 h.
The following siRNAs were used. HumanDHRS7B #7 sense:
5′-AUACUGUUCCAUCUCGGCACGCAGA-3′ antisense: 5′-U
CUGCGUGCCGAGAUGGAACAGUAU-3′, humanDHRS7B #9
sense: 5′-UAACUCCAUACCUAGAUCCAUCCGC-3′antisense:
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5′-GCGGAUGGAUCUAGGUAUGGAGUUA-3′, humanPEX3
sense: 5′-UAUUUACCUGGAUAAUGCAGCAGUU-3′antisense:
5′-AACUGCUGCAUUAUCCAGGUAAAUA-3′.

Knockdown of SRP54 was likewise performed by transfecting
the dsRNAs for human SRP54. The target sequence of the dsRNA
is as follow: 5′-CACTTATAGAGAAGTTGAATT-3′ (Sigma).

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 Mx3000 P QPCR system
(Agilent Technologies) using SYBR Premix Ex TaqTM II (Ti
RNaseH Plus) (Takara Bio). Primers used were as follows: human
RPL3 sense: HsRPL3.Fw.5′-CCGCACTGAGATCAACAAGA-3′
antisense: HsRPL3.Rv. 5′-CAGCCTTTCAGCATGACAAA-3′,
human DHRS7B sense: DHRS7B355Fw. 5′-TGACCTTCGACC
TCACAGAC-3′ antisense: DHRS7B484 Rv. 5′-CCCTCTTGT
CCACATCCAACT-3′.

Plasmid Construction
The following plasmids used were as described: pcDNAZeo/HA2-
PEX19, pcDNAZeo/HA2-PEX191N23 (Matsuzono et al.,
2006), and pcDNAZeo/FLAG-PEX26 (Yagita et al., 2013).
pcDNAZeo/FLAG-NLS-PEX19 containing three contiguous
copies of the viral SV-40 T antigen nuclear localization
signal (Adam and Gerace, 1991) was generated by inverse
PCR using a plasmid encoding FLAG-PEX19 fused with
single NLS between FLAG and PEX19 coding sequences
(Koyama, Yagita, and Fujiki unpublished). The cDNAs encoding
Sec61βC (amino acid sequence at positions 71–96) was
amplified by PCR and cloned into pcDNAZeo/EGFP (Yagita
et al., 2013) via the BamHI–NotI site. The cDNAs encoding
full-length ADHAPR was amplified by PCR using the RT-
product as a template with a set of primers, HsDHRS7B Fw:
5′-GGATCCGCCACCATGGTCTCTCCGGCTACC-3′ and
HsDHRS7B Rv: 5′-CCTCGAGCTAGGAGTTCTTGGATTTC-
3′, and cloned into pcDNA3.1/Zeo (+) vector (Invitrogen)
between BamHI–XhoI site. The resultant plasmid
was used for a template for tagging FALG tag by
PCR using a sets of primers, FLAG7B inv. Fw: 5′-
GACGATAAGGGCGGTGTCTCTCCGGCTACCAGGA-3′ and
FLAG7Binv.Rv: 5′- GTCGTCCTTGTAATCCATGGTGGCGT
CTCCCTATA-3′, to generate pcDNAZeo/FLAG-ADHAPR. The
deletion mutant of 1N16 and the glycosylation site mutant
(P4N) were generated from pcDNAZeo/FLAG-ADHAPR using
overlap extension PCR (Ho et al., 1989).

Immunoblotting
Immunoblotting was performed as described (Otera et al.,
2000). In brief, protein samples were separated by SDS-PAGE
and electrotransferred to a polyvinylidene fluoride membrane
(Bio-rad Laboratories). After blocking in PBS containing 5%
non-fat dry milk and 0.1% Tween 20, blots were subjected to
immunoblotting with the following antibodies: rabbit polyclonal
antibodies to ADHAPR (ABGENT.COM), protein disulfide
isomerase (PDI) (Stressgen), acyl-CoA oxidase (AOx; raised

against full-length rat AOx) (Tsukamoto et al., 1990), Pex14p
(Shimizu et al., 1999), Pex3p (Ghaedi et al., 2000), and influenza
hamagglutinin epitope (YPYDVPDYA) (Otera et al., 2000).
The following primary antibodies were purchased from the
indicated vendors; mouse monoclonal antobodies to FLAG
(M2; Sigma-Aldrich), α-tubulin (Thermo Fisher Scientific),
HA (16B12; Covance), BiP (Transduction laboratory), and
cytochrome P450 reductase, GFP, and SRP54 (Santa Cruz
Biotechnology, Inc.) and goat anti-lactate dehydrogenase
antibody (LDH) (Rockland). After probing with appropriate
HRP-conjugated secondary antibodies, immunoblots were
developed with ECL Western blotting detection reagents (GE
Healthcare), and scanned with an LAS-4000 Mini luminescent
image analyzer (Fujifilm).

Immunofluorescence Microscopy
Cells on glass coverslips were fixed with 4% paraformaldehyde
in PBS for 15 min at RT, permeabilized with 1% Triton X-
100 in PBS for 5 min at RT, and blocked with PBS-BSA (PBS
containing 1% BSA) for 60 min at RT. Subsequently, cells were
incubated for 120 min at RT with primary antibodies diluted
in PBS-BSA. Primary antibodies used were as followings; rabbit
polyclonal antibody to calnexin (Stressgen), mouse monoclonal
antibodies to ADHAPR (ABNOVA) and KDEL (Stressgen),
and guinea pig anti-Pex14p antibody (Mukai et al., 2002).
Antigen-antibody complexs were visualized using Alexa Fluor
conjugated sencondary antibodies and observed as described
(Honsho et al., 2017). Analysis of colocalization of Pex14p
with FLAG-ADHAPR and FLAG-1N16ADHAPR in FAA.K1B
cells was assessed by staining with guinea pig anti-Pex14p
antibody and mouse monoclonal antibody to FLAG, followed
by determining the colocalization using ZEN 2012 imaging
software (Carl Zeiss).

In vitro Import Assay Using
Digitonin-Permeabilized HeLa Cells
HeLa cells were permeabilized as described (Matsuzaki and
Fujiki, 2008) using 50 µg/ml digitonin in buffer S (0.25 M sucrose,
25 mM Hepes-KOH, pH 7.4, 2.5 mM magnesium acetate, 2.5 mM
KCl, 2 mM EGTA, 0.01% taxol, and protease inhibitor cocktail
[5 µg/ml aprotinin and 10 µg/ml each of antipain, chymostatin,
E-64, leupeptin, and pepstatin]).

Semi-permeabilized HeLa cells were incubated for 60 min
at 26◦C with in vitro–synthesized proteins in buffer S as
described (Yagita et al., 2013). After extensive washing, cells were
subjected to the immunofluorescence microscopy procedure
described above.

Subcellular Fractionation
Cells were collected in buffer H (0.25 M sucrose, 20 mM
Hepes-KOH, pH 7.4, 1 mM EDTA, and a protease inhibitor
cocktail) and homogenized on ice by passing through a 27-gauge
needle (with 1 ml syringe). Homogenates were centrifuged at
800 × g for 5 min to yield a postnuclear supernatant fraction
(PNS). The PNS was then separated into cytosolic and organelle
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fractions by ultracentrifugation at 100,000 × g for 30 min
(Honsho et al., 2013).

For alkaline extraction (Fujiki et al., 1982), the PNS fractions
were treated with 0.1 M Na2CO3 on ice for 30 min, and soluble
and membrane fractions were separated by ultracentrifugation at
100,000× g for 30 min.

For proteinase K-sensitivity assay, HeLa cells were collected
in buffer H (-protease inhibitor) and prepared PNS. The PNS
was treated with 50 µg/ml proteinase K (Sigma-Aldrich) for
30 min on ice, followed by adding PMSF (Nacalai Tesque) to
terminate the reaction.

Mutation Analysis
Total RNA was prepared from CHO-K1 and FAA.K1B cells
using a TRIzol reagent (Ambion) and synthesis of first-
strand cDNA was performed using the PrimeScript RT
reagent Kit (Takara Bio). The entire open reading frame of
DHRS7B was amplified using a set of primers, a sense KpnI
choADHAPRFw: 5′-AAGGTACCTTTACGTCAATTCCGA-
3′ and an anti-sense choADHAPR-ApaI Rv2: 5′-
TTGGGCCCTAGCAGCTCTGAGC-3′. The PCR fragments
were digested with KpnI and ApaI and were ligated between the
KpnI and ApaI sites of pcDNA3.1/Zeo vector. The nucleotide
sequence of DHRS7B from CHO-K1 and FAA.K1B was
determined from six each independent clones.

Lipid Analysis
Cells were cultured for 2 h in the presence of 0.1 µCi/ml
of 14C-Etn. Equal aliquots (100 µg protein) of cell lysates
were treated with 5% of trichloroacetic acid for 10 min at
room temperature and precipitated by 20,000 × g for 1 min,
followed by lipid extraction by the Bligh and Dyer method
(Bligh and Dyer, 1959). Lipids were analyzed on TLC 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 and quantified using an image analyser software
(Multi Gauge, Fuji Film).

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 mean± SD.

Other Methods
Immunoprecipitation from cytosolic fractions prepared from
pex19 CHO ZP119 cells co-expressing HA2-Pex19p and
either FLAG-ADHARP or FLAG-Pex26p was performed as
described (Yagita et al., 2013). Endoglycosidase H digestion was
carried out according to the manufacturer’s instructions (New
England Biolabs).
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