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The protein folding and lipid moiety status of glycosylphos-
phatidylinositol-anchored proteins (GPI-APs) are monitored in
the endoplasmic reticulum (ER), with calnexin playing dual
roles in the maturation of GPI-APs. In the present study, we
investigated the functions of calnexin in the quality control and
lipid remodeling of GPI-APs in the ER. By directly binding the
N-glycan on proteins, calnexin was observed to efficiently retain
GPI-APs in the ER until they were correctly folded. In addition,
sufficient ER retention time was crucial for GPI-inositol deacy-
lation, which is mediated by post-GPI attachment protein 1
(PGAP1). Once the calnexin/calreticulin cycle was disrupted,
misfolded and inositol-acylated GPI-APs could not be retained
in the ER and were exposed on the plasma membrane. In cal-
nexin/calreticulin-deficient cells, endogenous GPI-anchored
alkaline phosphatase was expressed on the cell surface, but its
activity was significantly decreased. ER stress induced surface
expression of misfolded GPI-APs, but proper GPI-inositol
deacylation occurred due to the extended time that they were
retained in the ER. Our results indicate that calnexin-mediated
ER quality control systems for GPI-APs are necessary for both
protein folding and GPI-inositol deacylation.

Glycosylphosphatidylinositol (GPI) is a complex glycolipid
that acts as a membrane anchor for many cell surface proteins
(1–3) and is a highly conserved post-translational modification
from yeast to mammals. In mammals, there are at least 150
GPI-anchored proteins (GPI-APs), which serve as receptors,
adhesion molecules, enzymes, protease inhibitors, and so on
(4). The biosynthesis of GPI and its attachment to protein occur
in the endoplasmic reticulum (ER). Nascent GPI-APs synthe-
sized by GPI transamidase are still immature and undergo
remodeling reactions to become mature GPI-APs. In the ER,
two remodeling reactions occur in many GPI-APs. First, an
acyl-chain on an inositol ring of the GPI-anchor is eliminated
by the GPI-inositol deacylase PGAP1 (5, 6). Second, a side-
chain ethanolamine phosphate (EtNP) attached on the second
mannose (Man2) of GPI-glycan is removed by the GPI-EtNP
phosphodiesterase PGAP5 (7). These remodeling reactions are
crucial for the interaction of GPI-APs with p24 protein com-
plexes, which are cargo receptors for GPI-APs (8, 9), indicating
that GPI-AP remodeling in the ER is required for their efficient
sorting into transport vesicles at the ER exit sites. Pathogenic

homozygous mutations in PGAP1 cause an inherited GPI defi-
ciency, which results in intellectual disability, encephalopathy,
and hypotonia (10–12). It has been reported that Pgap1mutant
mice exhibit abnormal head development, such as otocephaly
(13, 14) and holoprosencephaly (15), suggesting that Pgap1
function is required for normal forebrain formation. In addi-
tion, male Pgap1-knockout mice are infertile (13). Taken to-
gether, these findings show that correct processing of GPI-
anchors is crucial for the proper functions of these proteins in
vivo.
Protein N-glycosylation is another type of post-translational

modification occurring in the ER (16, 17). An oligosaccharide
consisting of Glc3Man9GlcNAc2 is transferred to the amino
group of asparagine within the motif NX(S/T) (where X repre-
sents any amino acid except proline) of newly synthesized pro-
teins. The folding states of secretory proteins are monitored by
the ER quality control systems (18).N-Glycans are processed in
the ER, which contributes to protein folding. First, twoGlc resi-
dues onN-glycans are trimmed by a-glucosidase I and II. Proc-
essed monoglucosylated N-glycan structures are then recog-
nized by calnexin and calreticulin, which are molecular
chaperones that possess a lectin domain. Calnexin has a trans-
membrane domain, whereas calreticulin is a soluble protein
(19), and both proteins associate with protein disulfide isomer-
ases such as ERp57 and ERp29, prompting the folding of newly
synthesized proteins (20, 21). Once the remaining Glc residues
on protein N-glycans are trimmed by a-glucosidase II, cal-
nexin/calreticulin dissociate from the proteins. However, pro-
teins remaining in an unfolded state are reglucosylated by
UDP-Glc:glycoprotein glucosyltransferase, subsequently be-
coming bound again to calnexin and calreticulin for refolding.
This series of reactions is called the calnexin/calreticulin cycle
and is essential for glycoprotein folding.
In our previous study, we performed a genetic screening to

identify factors that affect GPI-inositol deacylation. In the
screening,MOGS,GANAB, and CANX, as well as PGAP1, were
identified as candidates (22). MOGS, GANAB, and CANX
encode a-glucosidase I and II and calnexin, respectively (23).
These results suggested that N-glycan–dependent ER quality
control systems participate in the lipid remodeling of GPI-APs,
whereas it was unclear how calnexin contributes to the
processing.
When proteins fail to fold correctly, they are recognized as

misfolded proteins, themajority of which are retained in the ER
and degraded through the ER-associated degradation (ERAD)
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pathway (24). However, misfoldedGPI-APs do not appear to be
suitable substrates for ERAD, possibly because of the presence
of GPI-anchors. A fraction of misfolded GPI-APs are degraded
through proteasomes (25, 26), whereas the rest are exported
from the ER and delivered to the vacuole for degradation in
yeast (27, 28). In mammalian cells, although misfolded GPI-
APs are retained in the ER, they are rapidly released into the se-
cretory pathway upon acute ER stress despite their misfolding
(29). Time-lapse imaging of live cells under acute ER stress con-
ditions showed that misfolded prion proteins are transported
from the ER to the Golgi and plasma membrane and subse-
quently to lysosomes for degradation.
In the present study, we investigated the roles of calnexin in

the quality control and lipid remodeling of GPI-APs in the ER.
In WT cells, GPI-APs were folded and inositol-deacylated in
the ER and expressed at the cell surface. In calnexin and calreti-
culin double-knockout (CANX&CALR-DKO) cells, protein
folding and GPI-inositol deacylation efficiencies were signifi-
cantly decreased such that misfolded and inositol-acylated
GPI-APs were exposed on the plasma membrane. Thus, these
results indicate that the N-glycan–dependent calnexin/calreti-
culin cycle is responsible for the correct folding of GPI-APs and
provides sufficient ER retention time for efficient GPI-inositol
deacylation.

Results

Calnexin/calreticulin cycle is required for efficient GPI-inositol
deacylation for both endogenous and exogenous N-
glycosylated GPI-APs

After GPI attachment to proteins, an acyl-chain linked to
inositol onmany GPI-APs is removed by the GPI-inositol deac-
ylase PGAP1. The inositol deacylation status of GPI-APs can be
determined by assessing their sensitivity to bacterial PI-specific
phospholipase C (PI-PLC) (30, 31). PI-PLC reacts with the
hydroxyl group on the 2-position of the inositol ring, producing
inositol 1,2-cyclic phosphate (32). If an acyl-chain is attached to
the 2-position of the inositol, PI-PLC cannot cleave the sub-
strate (Fig. 1A). We previously demonstrated that GPI-inositol
deacylation of CD59 and CD55 is partially impaired in cells de-
fective for calnexin (CANX) and is more strongly affected in
cells defective for both CANX and calreticulin (CALR) (22). To
determine whether the CANX/CALR dependence of GPI-ino-
sitol diacylation is a general phenomenon of various GPI-APs,
we treated CANX&CALR-DKO HEK293 cells with PI-PLC,
and endogenous CD59, CD55, and CD109 in the CAN-
X&CALR-DKO cells showed PI-PLC resistance (Fig. 1, B and
C). To confirm whether the PI-PLC resistance of GPI-APs is a
general phenomenon, exogenous human GPI-APs CD48,
CD14, ART3, ART4, LY6E, LY6G6C, and CD52 (Table S1)
were transiently expressed and assessed by PI-PLC treatment.
Consistent with the endogenous GPI-APs, the exogenous GPI-
APs also showed PI-PLC resistance in CANX&CALR-DKO
cells (Fig. 1D and Fig. S1). These results suggest that disruption
of the calnexin/calreticulin cycle causes inefficient GPI-inositol
deacylation in GPI-APs.
Approximately 95% of GPI-APs in mammalian cells contain

at least one N-glycan (22). To determine whether calnexin/cal-

reticulin also affects the inositol deacylation of non-N-glycosyl-
ated GPI-APs, we analyzed LY6D and GFP-GPI, which have no
N-glycan, by PI-PLC treatment in WT and CANX&CALR-
DKO cells. In WT cells, both LY6D and GFP-GPI were sensi-
tive to PI-PLC cleavage (Fig. 2A, left top), whereas in CAN-
X&CALR-DKO cells, unlike N-glycosylated GPI-APs, LY6D
and GFP-GPI did not show PI-PLC resistance (Fig. 2A, left bot-
tom and right). We next constructed HA-tagged CD59 with
(WT) or withoutN-glycan (N43Q) to compare the PI-PLC sen-
sitivity between WT and CANX&CALR-DKO cells. HA-CD59
WT showed PI-PLC resistance in CANX&CALR-DKO cells,
compared with that observed inWT cells (Fig. 2B, left). The PI-
PLC sensitivity of HA-CD59 (N43Q) was comparable between
the WT and CANX&CALR-DKO cells (Fig. 2B, right). The
observed difference between N-glycosylated and non-N-glyco-
sylated GPI-APs suggests that GPI-inositol deacylation regula-
tion by calnexin/calreticulin depends on theN-glycans on GPI-
APs.

Glycan binding of calnexin is required for efficient
GPI-inositol deacylation

The structure of the ER-luminal portion of calnexin has two
domains: a glycan-binding domain, consisting of a globular
b-sandwich structure, and an extended arm domain (P-do-
main), consisting of two b-strands (33). The glycan-binding
domain preferentially recognizes an N-glycan containing
Glc1Man9GlcNAc2 (34, 35). The amino acids Tyr-164, Lys-166,
Met-188, and Glu-216 (36) have been reported to be important
for the lectin activity of calnexin. To assess whether this activity
affects GPI-inositol deacylation, we constructed calnexin con-
structs with mutations in the amino acids responsible for gly-
can binding (Y164A, K166A, M188A, and E216A) (Table S1).
Compared with a WT calnexin construct, the PI-PLC sensitiv-
ity of CD59 in CANX&CALR-DKO cells transfected with gly-
can binding–deficient calnexin constructs was rarely rescued,
which was consistent with previous results (Y164A and E216A)
(22) (Fig. 3A and Fig. S2 (A and B)). The results indicated that
lectin activity of calnexin is necessary for efficient GPI-inositol
deacylation.
NMR analysis and in vitro experimental results have indi-

cated that the P-domain of calnexin is important for its associa-
tion with the protein disulfide isomerases ERp57 (37–39) and
ERp29 (21) through the tip of its arm domain. Furthermore,
tryptophan at position 342 (Trp-342), aspartic acid residues at
positions 343 (Asp-343) and 347 (Asp-347), and glutamic acid
at position 351 (Glu-351) of calnexin are thought to be impor-
tant for this association (21, 39). To assess the importance of
these residues in the association of calnexin with ERp57 and
ERp29, single (D343A and E351A) or double mutant calnexin
constructs (W342A/D343A, D343A/E351A, and D347A/
E351A) were constructed to disrupt the interaction (Table S1).
Expression of some constructs, such as D343A, W342A/
D343A, and D347A/E351A, was unstable. Nonetheless, the
constructs could partially rescue the PI-PLC sensitivity of
CD59 (Fig. 3, B and C). These results suggest that the ability of
ERp57 binding in calnexin is dispensable for GPI-inositol
deacylation. To assess this possibility, PDIA3, which encodes
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ERp57, was knocked out in HEK293 cells, and the PI-PLC sen-
sitivity of GPI-APs was analyzed. Interestingly, the PI-PLC sen-
sitivity of both CD59 and CD55 was increased in PDIA3-knock-

out (KO) cells compared with that observed in the parentalWT
cells (Fig. 3, D and E), suggesting that GPI-inositol deacylation
occurredmore efficiently in the absence of ERp57.
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Calnexin was observed to associate with CD59 in an N-gly-
can– and GPI–dependent manner (Fig. S2C), as observed pre-
viously (22). ERp57 weakly co-precipitated with CD59 andmis-
folded CD59, whereas interactions with other ER chaperones,
such as calreticulin and BiP, were not detected with any CD59
construct (Fig. S2C), indicating that the N-glycan and mem-
brane-associated domain of GPI-APs are important for cal-
nexin interaction. To assess whether ERp57 is required for cal-
nexin to bind CD59, we expressed misfolded CD59 (C94S) and
misfolded and soluble CD59 (C94S G103stop) in WT and
PDIA3-KO cells and analyzed their ability to bind calnexin (22,
29). Calnexin was co-precipitated with misfolded CD59 (C94S)
but not misfolded and soluble CD59 (C94SG103stop). Further-
more, knockout of PDIA3 did not affect the interaction
between misfolded CD59 (C94S) and calnexin (Fig. 3F), sug-
gesting that calnexin binds with misfolded GPI-APs in an
ERp57-independent manner.

Disruption of the calnexin/calreticulin cycle leads to the
exposure of misfolded GPI-APs on the plasma membrane

Under steady-state conditions, the majority of misfolded
prion proteins localize in the ER (29). Because it appears that
calnexin retainsmisfoldedGPI-APs in the ER until their correct
folding, we investigated the role of calnexin in the ER retention
of GPI-APs by analyzing the localization of misfolded GPI-APs
in the absence of the calnexin/calreticulin cycle. In HEK293
cells, EGFP-FLAG–tagged CD59 (C94S) was primarily local-
ized in the ER (Fig. 4A, top). In CANX-KO and CALR-KO cells,
CD59 (C94S) was retained in the ER, similar to WT cells. In
contrast, in CANX&CALR-DKO cells, CD59 (C94S) was not
retained in the ER but rather localized at the plasma membrane
(Fig. 4A, bottom). Quantification of CD59 (C94S) co-localiza-
tion with the ER marker was performed using multiple images
(n = 28 for WT cells; n = 25 for CANX&CALR-KO cells) (Fig.
4D). The Pearson’s correlation coefficient for EGFP-FLAG-
CD59 (C94S) versus mRFP-KDEL changed from 0.7156 0.05
(mean 6 S.D.) in WT cells to 0.1766 0.04 in CANX&CALR-
KO cells. Furthermore, another misfolded GPI-AP, EGFP-
FLAG-CD55 (C81A), was also expressed on the surface of
CANX&CALR-DKO cells (Fig. S3A).
Because calnexin/calreticulin recognizes monoglucosylated

N-glycan structures, we next analyzed the localization of mis-
folded CD59 in cells defective in glucose trimming. In MOGS-
KO or GANAB-KO cells, the majority of N-glycan structures
on proteins in the ER are retained as Glc3Man9GlcNAc2 and
Glc2Man9GlcNAc2, which are not recognized by calnexin. In
MOGS-KO and GANAB-KO cells, fractions of CD59 (C94S)

were expressed on the cell surface (Fig. 4B), indicating that mis-
foldedGPI-APs lose their ability to interact with calnexin, caus-
ing their expression on the cell surface. The Pearson’s correla-
tion coefficient analysis showed localization of EGFP-FLAG-
CD59 (C94S) was changed from the ER in MOGS-KO and
GANAB-KO cells. These results indicate that the calnexin/cal-
reticulin cycle mediates the ER retention of misfolded GPI-
APs.
To verify whether N-glycan structures on GPI-APs are

required for their ER retention, the localization of non-N-gly-
cosylated misfolded CD59 (C94S and N43Q) and CD55 (C81A
and N95Q) was assessed. The results showed that these pro-
teins were not retained in the ER, but fractions of them were
expressed on the cell surface, even in the WT cells (Fig. 4 (C
and D) and Fig. S3B). In CANX&CALR-DKO cells, non-N-gly-
cosylatedmisfolded CD59 and CD55 were further expressed on
the plasma membrane (Fig. 4C and Fig. S3B). These results are
consistent with the co-IP results showing that non-N-glycosyl-
ated misfolded CD59 lost its ability to interact with calnexin
such that it could not be retained in the ER.
The above results suggest that calnexin retains misfolded

GPI-APs in the ER through its binding to N-glycans on these
proteins. To further investigate this possibility, we assessed the
localization of misfolded CD59 in CANX&CALR-DKO cells
expressing lectin-deficient calnexin. The lectin-deficient cal-
nexin could not rescue the phenotype of CANX&CALR-DKO
cells (Fig. S3C), whereas mutant calnexin defective in ERp57
interaction could rescue and retain misfolded CD59 in the ER
(Fig. S3D). These results provide evidence that the lectin do-
main of calnexin is responsible for the ER retention ofN-glyco-
sylated GPI-APs.
To assess the specificity of the localization changes in CAN-

X&CALR-DKO cells, a transmembrane form of CD59 (EGFP-
FLAG-CD59-TM (C94S)), in which the GPI-attachment signal
was replaced with a transmembrane domain of CD46, was con-
structed, and its localization was analyzed in WT and CAN-
X&CALR-DKO cells. The transmembrane form of misfolded
CD59 was localized in the ER inWT cells, whereas the proteins
were still retained in the ER of CANX&CALR-DKO cells (Fig.
S3E), suggesting that the GPI-anchor is responsible for the
change in misfolded protein localization in CANX&CALR-
DKO cells.

Misfolded and inositol-acylated GPI-APs are exposed on the
plasma membrane in CANX&CALR-DKO cells

The results of a previous study confirmed that misfolded
prions resulting from acute ER stress are released to the

Figure 1. GPI-inositol–acylated GPI-APs are expressed on the plasma membrane in CANX&CALR-DKO cells. A, after lipid remodeling, mature GPI-APs
on the cell surface can be cleaved and released from the plasma membrane by PI-PLC (left). When an acyl-chain is modified to the 2-position of the inositol
ring on GPI-APs, PI-PLC cannot cleave the GPI-APs (right). B, WT and CANX&CALR-DKO cells were treated with or without PI-PLC. Endogenous CD59, CD55, and
CD109 were stained with the appropriate antibodies and analyzed by flow cytometry. Gray shaded areas, cells treated with PI-PLC; heavy solid lines, cells with-
out PI-PLC treatment; dashed lines, background, WT cells stained only with the secondary antibody. C, remaining endogenous GPI-APs after PI-PLC treatment.
The fluorescence intensity of GPI-APs after PI-PLC treatment was divided by that observed without PI-PLC treatment. The values in WT cells were set as 1, and
the relative values for CANX&CALR-DKO were plotted. The data are presented as the means6 S.D. (error bars) of three independent measurements. p values
(one-tailed Student’s t test) are shown. D, remaining exogenous GPI-APs after PI-PLC treatment. HA-tagged GPI-AP constructs were co-transfected with a BFP-
expressing plasmid into WT and CANX&CALR-DKO cells. A retroviral vector containing His6-tagged CD52-IRES2-BFP was stably expressed in WT and CAN-
X&CALR-DKO cells. The BFP-positive regions were gated, and cell surface expression of GPI-APs was analyzed by flow cytometry. The values were calculated as
described in C.
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secretory pathway and can reach the plasma membrane (29).
In the present study, the localization of misfolded CD59
(C94S) was analyzed by treating cells with 100 nM thapsigar-
gin (TG). The misfolded CD59 (C94S) was retained in the

ER at 1 h after treatment with TG, similar to normal condi-
tions (Figs. 4A (top) and 5A). The localization of misfolded
CD59 (C94S) began to shift from the ER to the cell surface
(Fig. 5, A and B). After TG treatment, misfolded CD59 was

Figure 2. Non-N-glycosylated GPI-APs use a calnexin-independent mechanism for GPI-inositol deacylation. A, the plasmid pLIB2-His6-LY6D-IRES-BFP
or pLIB2-His6-GFP-GPI-IRES-BFP was packaged into retroviruses and infected into WT and CANX&CALR-DKO cells. Cells were treated with or without PI-PLC af-
ter 3 days of transfection. Anti-His6 was used as the primary antibody to detect the surface levels of His6-LY6D and His6-GFP-GPI. The cells showing the same
BFP intensities were gated, and the surface expression was analyzed by flow cytometry (left). The values for the remaining GPI-APs after PI-PLC treatment in
WT cells were set as 1, and the relative values in CANX&CALR-DKO cells were plotted (right). The data are presented as themeans6 S.D. (error bars) of three in-
dependent measurements. p values (one-tailed, Student’s t test) are shown. n.s., not significant. B, WT or non-N-glycosylated mutant constructs (pME-HA-
CD59 and pME-HA-CD59 (N43Q), respectively) were transfected into cells together with pME-BFP (transfection control). 3 days after transfection, the cells
were treated with or without PI-PLC, and then HA-tagged CD59 was analyzed by staining with an anti-HA antibody (left). Cells showing the same BFP inten-
sities were gated for the same transfection level. The values for the remaining HA-CD59 WT or N43Q after PI-PLC treatment in WT cells were set as 1, and the
relative values in CANX&CALR-DKO cells were plotted (right). The data are presented as the means6 S.D. of three independent measurements. p values (one-
tailed, Student’s t test) are shown.
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expressed on the cell surface, whereas calnexin was intra-
cellularly retained (Fig. 5C).
To confirm the specificity of these phenomena that were

observed in misfolded GPI-APs, we analyzed the localization of
an ERAD substrate, HLA1-1-147 (40), and that of the trans-
membrane form of misfolded CD59 (C94S)-TM with or with-
out ER stress induction. Both HLA1-1-147 and CD59 (C94S)-
TM remained localized in the ER, even after cells were treated
with thapsigargin for 6 h (Fig. 5, D and E), suggesting that the
observed localization changes are specific for GPI-APs.
By induction of acute ER stress, misfolded GPI-APs are

released into the secretory pathway and can be expressed on
the plasma membrane. Flow cytometry results showed that
fractions of misfolded CD59 and CD55 were expressed on the
cell surface inWT cells without the ER stress, whereas this sur-
face expression was significantly increased after treatment with
thapsigargin for 6 h (by 5.3- and 12.6-fold for CD59 and CD55,
respectively) (Fig. 6, A (left panels, heavy solid line) and B). The
misfolded CD59 and CD55 on the surface of WT cells showed
PI-PLC sensitivity (Fig. 6A, left panels, gray peak). On the other
hand, on the surface of CANX&CALR-DKO cells, the levels of
misfolded CD59 and CD55 were 4.7- and 13.5-fold higher than
those observed in WT cells without thapsigargin treatment,
respectively (Fig. 6, A (right panels, heavy solid line) and B). By
PI-PLC treatment, misfolded CD59 and CD55 showed PI-PLC
resistance (2.6 and 2.4 times higher) in CANX&CALR-DKO
cells, compared withWT cells (Fig. 6, A (top panels, gray peak)
and C). ER stress induction by thapsigargin further increased
the PI-PLC resistance of CD59 and CD55 in CANX&CALR-
DKO cells compared with that observed inWT cells (11.2- and
4.7-fold higher, respectively) (Fig. 6, A (bottom panels, gray
peak) and D). These results indicate that misfolded GPI-APs in
the ER of WT cells are already inositol-deacylated and express
on the cell surface by ER stress induction. On the other hand,
misfolded GPI-APs in CANX&CALR-DKO cells are expressed
regardless of acute ER stress, parts of whose GPI-moieties are
not processed. The difference in PI-PLC sensitivity of GPI-APs
between CANX&CALR-DKO cells and thapsigargin-treated
WT cells suggests that ER retention time is important for effi-
cient GPI-inositol deacylation. In theWT cells, misfolded GPI-
APs were retained in the ER for a long time, providing them
sufficient time to interact with the GPI-inositol deacylase

PGAP1. In contrast, in CANX&CALR-DKO cells, misfolded
GPI-APs could not be retained in the ER.

Alkaline phosphatase activity is greatly decreased in
CANX&CALR-DKO cells compared with that observed in WT
cells

Given the results showing that misfolded GPI-APs were
expressed on the plasma membrane in CANX&CALR-DKO
cells, we hypothesized that misfolded/unfolded endogenous
GPI-APs are expressed on the plasma membrane in CAN-
X&CALR-DKO cells under normal conditions. Alkaline phos-
phatases are GPI-APs, for which there are four types, including
tissue-nonspecific, intestinal, placental, and placental-like types
in humans. Among these different types, the expression of the
placental alkaline phosphatase (ALPP; contains 2 N-glycosyla-
tion sites) is the highest in HEK293 cells (Fig. S4). The surface
expression of endogenous ALPP was almost the same in WT
and CANX&CALR-DKO cells (Fig. 7, A (heavy solid lines) and
B). The ALPP showed 2.3-fold higher PI-PLC resistance in
CANX&CALR-DKO cells compared with that observed inWT
cells (Fig. 7, A (gray peaks) and C). We then assessed the alka-
line phosphatase (ALP) activity on the cell surface and com-
pared with WT cells, the activity in CANX&CALR-DKO cells
was significantly decreased by 60% (Fig. 7D). These results indi-
cate that GPI-APs that are not fully functional are expressed on
the plasmamembrane in CANX&CALR-DKO cells.

Sufficient ER retention time is required for efficient inositol
deacylation by PGAP1

To confirm whether sufficient ER retention time is required
for GPI-inositol deacylation, a doxycycline-inducible VSVGts-
FLAG-GFP-GPI (VFG-GPI) reporter system (41) was used.
VFG-GPI is a temperature-sensitive glycoprotein, and the re-
porter causes misfolding at 40 °C due to a mutation in the
VSVG portion and is retained in the ER, whereas it is folded at
32 °C and transported to the plasma membrane (7, 9, 42).
Because CANX&CALR-DKO cells cannot retain misfolded
GPI-APs, such as CD59 and CD55 in the ER under normal cul-
ture conditions (37 °C), the localization of VFG-GPI in CAN-
X&CALR-DKO cells at 40 °C was assessed. VFG-GPI was local-
ized in the ER in WT, CANX&CALR-DKO, and CANX-
rescued CANX&CALR-KO cells (Fig. 8A) under 40 °C.

Figure 3. Lectin but not ERp57 binding of calnexin is required for efficient GPI-inositol deacylation. A, calnexin mutants defective in lectin activity did
not rescue the PI-PLC resistance in CANX&CALR-DKO cells. WT and CANX&CALR-DKO cells stably expressing WT CANX or lectin activity–deficient CANX
mutants (Y164A, K166A, M188A, or E216A) were treated with or without PI-PLC. The relative intensities of remaining CD59 were plotted. The value in WT cells
was set as 1. The data are presented as the means6 S.D. (error bars) of four independent measurements. p values (two-tailed, Student’s t test) are shown. B,
WT and CANX&CALR-DKO cells stably expressing WT CANX or CANX mutants defective in ERp57 binding (D343A, E351A, W342A/D343A, D343A/E351A, or
D347A/E351A) were lysed, after which calnexin and calreticulin were detected by immunoblotting. GAPDHwas used as a loading control. C, calnexin mutants
defective in ERp57 and ERp29 binding could rescue the PI-PLC resistance in CANX&CALR-DKO cells. WT and CANX&CALR-DKO cells stably expressing WT
CANX or CANX mutants defective in ERp57 binding (D343A, E351A, W342A/D343A, D343A/E351A, or D347A/E351A) were treated with or without PI-PLC. The
surface expression of CD59 was analyzed by flow cytometry as described in Fig. 1B. D and E, GPI-APs in PDIA3-KO cells showed greater PI-PLC sensitivity than
that observed for the parental WT cells. WT and PDIA3-KO cells were treated with or without PI-PLC. After treatment, the surface expression of CD59 and CD55
was analyzed (D) as described in Fig. 1B. The levels of CD59 and CD55 remaining after PI-PLC treatment were plotted. The values for the remaining CD59 and
CD55 inWT cells were set as 1. The relative values were calculated and are presented as the means6 S.D. from three independent experiments. p values (one-
tailed, Student’s t test) are shown. F, misfolded CD59 (EGFP-FLAG-CD59 (C94S)) interacted with calnexin in PDIA3-KO cells. Constructs expressing misfolded
CD59 (EGFP-FLAG-CD59 (C94S)) or soluble misfolded CD59 (EGFP-FLAG-CD59 (C94S, G103*)) were transiently transfected into WT and PDIA3-KO cells. 3 days
after transfection, cells were collected and lysed with buffer containing 0.5% CHAPS. The lysates were immunoprecipitated with anti-FLAG affinity gel, and af-
ter washing, the precipitated proteins were released by the addition of SDS sample buffer. The input (2.5% of total protein) and immunoprecipitated fractions
(IP) were analyzed by immunoblotting with the indicated antibodies. n.s., not significant.
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Figure 4. N-Glycan–dependent calnexin/calreticulin cycle mediates the efficient ER retention of misfolded GPI-APs. A–C, localization of misfolded
CD59 (EGFP-FLAG-CD59 (C94S)) was analyzed inWT, CANX-KO, CALR-KO, and CANX&CALR-DKO cells (A) and inMOGS-KO andGANAB-KO cells (B). Localization
of misfolded and non-N-glycosylated CD59 (EGFP-FLAG-CD59 (C94S, N43Q)) was performed as described in C. mRFP-KDEL was used as an ERmarker. 3 days af-
ter transfection, images were obtained using confocal microscopy. DAPI staining is shown as blue inmerged images. Scale bar, 10 mm. D, Pearson’s correlation
coefficient values between EGFP-FLAG-CD59 (C94S) or (C94S, N43Q) and mRFP-KDEL were calculated using the ImageJ plugin JACoP. The data are presented
as the means 6 S.D. (error bars) of the measurements. N, cell number used for the calculation. p values (two-tailed, Student’s t test) are shown. n.s., not
significant.
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Figure 5. Localization change of misfolded GPI-APs from the ER to the plasmamembrane under acute ER stress. A and B, EGFP-FLAG-CD59 (C94S) and
mRFP-KDEL constructs were transiently transfected into WT cells. 3 days after transfection, the cells were treated with 100 nM TG for 1, 3, and 6 h. The cells
were fixed and imaged by confocal microscopy (A). Scale bar, 10 mm. Pearson’s correlation coefficient values between EGFP-FLAG-CD59 (C94S) and mRFP-
KDELwere calculated using the ImageJ plugin JACoP (B). The data are presented as themeans6 S.D. (error bars) of themeasurements.N, cell number used for
the calculation. C, localization of endogenous calnexin under acute ER stress. HEK293 cells transfected with EGFP-FLAG-CD59 (C94S) were incubated with or
without 100 nM TG for 6 h. Cells were then fixed and stained with an anti-calnexin antibody, followed by anti-mouse Alexa Fluor 555, and detected by confocal
microscopy. Scale bar, 10 mm. D and E, localization of HLA1-1-147-FLAG (B) and EGFP-FLAG-CD59 (C94S) TM (C) under acute ER stress. HLA1-1-147-FLAG or
EGFP-FLAG-CD59 (C94S) TM andmRFP-KDEL constructs were transfected into WT cells. Cells were then incubated with or without 100 nM TG for 6 h 3 days af-
ter transfection. HLA1-1-147-FLAGwas stained with anti-FLAG antibody, followed by anti-mouse Alexa Fluor 488, and detected by confocal microscopy. EGFP-
FLAG-CD59 (C94S) TM andmRFP-KDELwere imaged by confocal microscopy. Scale bar, 10mm. n.s., not significant.
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We then analyzed surface-expressed VFG-GPI under differ-
ent conditions. When VFG-GPI expression was induced at 32 °
C, VFG-GPI in WT and CANX-rescued CANX&CALR-DKO

cells was sensitive to PI-PLC (Fig. 8B, top), whereas partial
VFG-GPI resistance to PI-PLC was detected in CANX&CALR-
DKO cells (3.6-fold higher than that measured for WT cells)
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(Fig. 8, B (top panels, middle) and C (left)), which is consistent
with that observed for other GPI-APs.
We next analyzed VFG-GPI using a chase experiment. VFG-

GPI was expressed at 40 °C to accumulate in the ER, after which
the temperature was shifted to 32 °C to allow its transport to
the plasma membrane. Under these conditions, surface VFG-
GPI in CANX&CALR-DKO became sensitive to PI-PLC cleav-
age, similar to that observed inWT cells (Fig. 8, B (bottom pan-
els) andC (right)). These results proved that sufficient ER reten-
tion time is necessary for GPI-inositol deacylation.

Discussion

Both calnexin-mediated ER quality control and GPI-inositol
deacylation by PGAP1 are performed in the ER. The calnexin/
calreticulin cycle is essential for N-glycosylated protein folding
(23), and GPI-inositol deacylation is required for the efficient
sorting of GPI-APs into transport vesicles and their subsequent
transport from ER to the Golgi apparatus (8, 43). In the present
study, we confirmed that calnexin contributes not only to pro-
tein folding but also to GPI-inositol deacylation, playing dual
roles in thematuration of GPI-APs in the ER.
In WT cells, calnexin was observed to retain GPI-APs in the

ER until achieving correct folding by directly binding to the N-
glycans on the GPI-APs (Fig. 9, top). The results of our previous
study showed that PGAP1 associates with calnexin (22). Inter-
estingly, the temporal ER retention of GPI-APs and their asso-
ciation with PGAP1 mediated by calnexin promoted the effi-
cient cleavage of acyl-chains from GPI-anchors. Correctly
folded and inositol-deacylated GPI-APs are further processed
by PGAP5 and recognized by p24 cargo receptors to become
incorporated into transport vesicles. In CANX&CALR-DKO
cells, newly synthesized GPI-APs could not be retained in the
ER, and fractions of GPI-APs were transported without correct
folding and GPI processing (Fig. 9, middle). Because structural
remodeling of GPI-APs is crucial for their binding to p24 cargo
receptors, inositol-acylated GPI-APs would exit from the ER
through a bulk flow pathway. Because ER quality control sys-
tems are impaired in CANX&CALR-DKO cells, both correctly
folded andmisfoldedGPI-APs are expressed on the cell surface.
Calnexin and calreticulin have overlapping functions in the ER
quality control system. Both calnexin and calreticulin specifi-
cally recognize monoglucosylated N-glycans on the native pro-
teins and help their folding. We previously showed that knock-
out of CANX, but not CALR, impaired GPI-inositol diacylation
(22). The CANX&CALR-DKO cells showed amore severe phe-
notype. The results indicate that calnexin is amajor contributor
for GPI processing, but calreticulin compensates for the func-
tion of calnexin and keeps maintaining GPI processing in the
absence of calnexin. The observation that more than 90% of

GPI-APs are N-glycosylated (22) indicates that calnexin-de-
pendent GPI-anchor maturation is a commonly used pathway.
In addition, calnexin-independent GPI-inositol deacylation
occurs for non-N-glycosylated GPI-APs. Other molecular
chaperones such as BiP and protein disulfide isomerases, which
possess ER retention signals, may be involved in the folding and
GPI processing of non-N-glycosylated proteins. When mis-
folded GPI-APs are expressed under basal conditions, they are
retained in the ER by calnexin. During the long ER retention
time, an acyl-chain on the GPI-inositol is cleaved by PGAP1
(Fig. 9, bottom). Because the GPI moiety of misfolded ER-resi-
dent GPI-APs signals that they are ready to exit, they would be
quickly transported from the ER via acute ER stress induction.
Calnexin/calreticulin interact with newly synthesized pro-

teins in an N-glycan–dependent manner. However, once high-
molecular weight aggregates of the misfolded protein are gen-
erated, calnexin can interact with them in an N-glycan–inde-
pendent manner (44, 45). N-Glycan–dependent calnexin bind-
ing is a mechanism to protect against misfolded GPI-APs
becoming insoluble aggregates, whereas N-glycan–independ-
ent binding will lead to the degradation of misfolded proteins
(46, 47). Calnexin binding to GPI-APs was observed to occur in
an N-glycan–dependent and PDI-independent manner. In
PDIA3-KO cells, GPI-APs showed greater PI-PLC sensitivity,
suggesting that ERp57 is dispensable for their binding and that
calnexin could retain GPI-APs for longer time in the ER to
allow their correct folding andGPI processing.
Rapid ER stress–induced export (RESET) is a degradation

pathway for misfolded GPI-APs under acute ER stress condi-
tions (29). Misfolded GPI-APs are retained in the ER under
normal conditions. However, through the induction of acute
ER stress, misfolded GPI-APs are transported from the ER to
the plasma membrane and degraded in lysosomes. Our results
are consistent with this process. Misfolded GPI-APs are recog-
nized by calnexin, which depends on N-glycan for retention in
the ER. We demonstrated that interaction of GPI-APs with
calnexin contributes to GPI-anchor processing by PGAP1.
Recently, misfolded prions have been reported to be
expressed on the plasma membrane in association with cal-
nexin and p24 family proteins by the induction of acute ER
stress (48). In the present study, we showed that misfolded
GPI-APs were stably expressed on the cell surface in the ab-
sence of calnexin and calreticulin, indicating that at least
calnexin is not required for the exit of GPI-APs from the ER
under stress conditions. Disruption of the calnexin/calreti-
culin cycle leads to the exit of misfolded GPI-APs from the
ER due to a lack of ER retention mechanisms. In the RESET
pathway, misfolded GPI-APs are subsequently endocytosed
and delivered to lysosomes. In CANX&CALR-DKO cells,

Figure 6. Misfolded and inositol-deacylated GPI-APs are expressed on the plasma membrane under acute ER stress. A, EGFP-FLAG-CD59 (C94S) or
EGFP-FLAG-CD55 (C81A) constructs together with a BFP-expressing plasmid were transiently transfected into WT and CANX&CALR-DKO cells. 3 days after
transfection, the cells were incubated with or without 100 nM TG for 6 h and then treated with or without PI-PLC. The surface expression of EGFP-FLAG-CD59
(C94S) and EGFP-FLAG-CD55 (C81A) was analyzed by flow cytometry. Cells showing the same BFP intensities were gated for the same transfection level. B, sur-
face expression of misfolded CD59 (EGFP-FLAG-CD59 (C94S)) or CD55 (EGFP-FLAG-CD55 (C81A)) inWT or CANX&CALR-DKO cells with or without TG treatment
for 6 h shown in Fig. 5C (heavy solid line) were plotted. The data are presented as the means6 S.D. (error bars) of three independent measurements. p values
(one-tailed, Student’s t test) are shown. C and D, after PI-PLC treatment, surface misfolded CD59 (EGFP-FLAG-CD59 (C94S)) and CD55 (EGFP-FLAG-CD55
(C81A)) in WT or CANX&CALR-DKO cells without (E) or with (F) TG treatment for 6 h shown in Fig. 5C (gray shaded) were plotted. The data are presented as the
means6 S.D. of three independent measurements. p values (one-tailed, Student’s t test) are shown. n.s., not significant.
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misfolded GPI-APs were stably expressed on the cell sur-
face. In future studies, it would be worth identifying deter-
minants for the endocytosis of misfolded GPI-APs.

Misfolded CD59 (C94S) and CD55 (C81A) have been shown
to be the substrates for the RESET pathway (29). When we
replaced the GPI-attachment signal at the C terminus to the

Figure 7. ALPP activity decreases in CANX&CALR-DKO cells. A–C, sensitivity of PI-PLC to ALPP inWT and CANX&CALR-DKO cells was analyzed by flow cytom-
etry (A). An anti-ALPP antibody was used as the primary antibody. The dashed lines show the background of the isotype control. The surface expression of ALPP in
WT or CANX&CALR-DKO cells was plotted (B). The data are presented as the means 6 S.D. (error bars) of three independent measurements. The levels of ALPP
remaining after PI-PLC treatment are plotted (C). The remaining ALPP values in WT cells were set as 1. The relative values were calculated and are presented as the
means6 S.D. from three independent experiments. p values (one-tailed, Student’s t test) are shown. D, the relative activity of surface ALP in WT and CANX&CALR-
DKO cells are shown. The activity of surface ALPwasmeasured as described under “Experimental procedures.” The data are presented as themeans6 S.D. of 12 in-
dependentmeasurements (eachmeasurement was performed in quadruplicate). p values (two-tailed Student’s t test) are shown. n.s., not significant.
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transmembrane domain of CD46 (CD59 (C94S) TM) or used
an ERAD substrate HLA1-1-147, their localization from the ER
to the plasma membrane was not altered in CANX&CALR-

DKO cells or under thapsigargin treatment. Therefore, it
appears that the change in the localization of misfolded pro-
teins in CANX&CALR-DKO cells is specific to GPI-APs.

Figure 8. ER retention time regulates GPI-inositol deacylation. A, localization of VSVGts-FLAG-GFP-GPI (VFG-GPI) at 40 °C in WT, CANX&CALR-DKO, and
CANX&CALR-DKO1CANX WT cells. The construct expressing mRFP-KDEL, an ER marker, was transfected into WT, CANX&CALR-DKO and CANX&CALR-
DKO1CANX WT cells. At 36 h after transfection, cells were incubated with 1 mg/ml doxycycline at 40 °C for 24 h to induce VFG-GPI expression. Subsequently,
the cells were quickly fixed with 4% paraformaldehyde and then imaged by confocal microscopy. Scale bar, 10 mm. B, HEK293FF6WT, CANX&CALR-DKO, and
CANX&CALR-DKO1CANXWT cells were incubatedwith 1 mg/ml doxycycline at 32 °C for 24 h (top panels). Alternatively, cells were incubated with 1 mg/ml dox-
ycycline at 40 °C for 24 h followed by a 32 °C incubation for 1 h (bottom panels). After induction, the cells were treated with or without PI-PLC, and surface VFG-
GPI was stained with an anti-FLAG antibody and analyzed by flow cytometry. The region of same GFP intensity was gated to normalize VFG-GPI expression. C,
remaining VFG-GPI after PI-PLC treatment in Bwas plotted. The values inWT cells were set as 1, and relative values in CANX&CALR-DKOwere plotted. The data
are presented as themeans6 S.D. (error bars) of three independent measurements. p values (one-tailed, Student’s t test) are shown. n.s., not significant.

Figure 9. Summarymodels for folding and inositol deacylation of GPI-APs regulated by calnexin/calreticulin. Top, under normal conditions, N-glycans
and GPI are transferred to the newly synthesized GPI-APs. After glucose trimming by a-glucosidase I and II, the N-glycan structure becomes Glc1Man9GlcNAc2,
which is specifically recognized by calnexin/calreticulin. By directly binding with calnexin, immature GPI-APs enter the ER quality control system and finally
become mature GPI-APs. In addition, calnexin retains GPI-APs in the ER and associates with PGAP1, which is required for the efficient GPI-inositol deacylation.
After the GPI moiety is remodeled by PGAP1 and PGAP5, GPI-APs are transported from the ER to the Golgi by the cargo receptors, the p24 family of proteins.
Middle, in CANX&CALR-DKO cells, there is no calnexin/calreticulin-dependent ER quality control system and ER retention system. GPI-APs exit the ER with
incomplete protein folding and GPI remodeling. Bottom, in WT cells, under basal conditions, misfolded GPI-APs are retained in the ER by calnexin. During the
long time being retained in the ER, an acyl-chain on the GPI-inositol is removed by PGAP1. Once acute ER stress is induced, deacylated andmisfolded GPI-APs
are quickly transported by p24 family members and exposed on the plasmamembrane.
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Because GPI-APs are tethered to the membrane through a
phospholipid, their behaviors would be close to soluble pro-
teins or phospholipids rather than transmembrane proteins.
Some soluble ER-resident proteins having ER retention signals
have been reported to be secreted by the depletion of ER cal-
cium (49), which is a trigger of the unfolded stress response. It
remains unclear how such ER-resident proteins are secreted in
response to ER stress conditions. Thus, analysis of misfolded
GPI-APsmay allow for a better understanding of the associated
mechanisms, which should be addressed in future studies.

Experimental procedures

Cells, antibodies, and materials

HEK293 and HEK293FF6 cells (42) and their KO derivatives
were cultured in Dulbecco’s modified Eagle’s medium contain-
ing 10% (v/v) FCS (Biological Industries). G418 (400 mg/ml),
puromycin (1 mg/ml), and streptomycin/penicillin (100 units/
ml penicillin and 100 mg/ml streptomycin) were used where
necessary. Cells were maintained at 37 °C under a humidified
atmosphere with 5% CO2. CANX&CALR-DKO cells stably
expressing CANXWT or mutants were selected with 10 mg/ml
blasticidin.
Mouse monoclonal anti-CD59 (clone 5H8), anti-CD55

(clone IA10) (22, 50), anti-FLAG (M2; Sigma), anti-RGS-His6
(BSA-free; Qiagen), anti-calnexin (M178-3; MBL), and anti-
GAPDH (clone 1E6D9; Proteintech) antibodies were used as
primary antibodies. Other primary antibodies used in the pres-
ent study included rabbit monoclonal anti-calreticulin (clone
D3E6; Cell Signaling Technology), polyclonal anti-calnexin
(C4731; Sigma), polyclonal anti-ERp57 (Proteintech), polyclo-
nal anti-GRP78 (Novus), polyclonal anti-GFP (Proteintech),
monoclonal anti-ALPP (clone SP15; Abcam), and anti-HA tag
(C29F4; Cell Signaling Technology). Phycoerythrin (PE)-conju-
gated goat anti-mouse IgG (eBioscience), PE-conjugated don-
key anti-rabbit IgG (eBioscience), horseradish peroxidase–con-
jugated anti-mouse IgG (Cell Signaling Technology) and anti-
rabbit IgG (Cell Signaling Technology), F(ab')2-goat anti-mouse
IgG (H 1 L) cross-adsorbed secondary antibody, Alexa Fluor
555 (Thermo Fisher Scientific), and F(ab')2-goat anti-mouse IgG
(H 1 L) cross-adsorbed secondary antibody, Alexa Fluor 488
(Thermo Fisher Scientific) were used as secondary antibodies.
PE-conjugated anti-CD109 (HU17; eBioscience) was used for
flow cytometry. TG (100 nM; Sigma–Aldrich) and doxycycline (1
mg/ml; 631311, Clontech) were used for drug treatments.

Plasmids

All of the plasmids and oligonucleotides used in this study
are listed in Tables S1 and S2, respectively. For the CRISPR-
Cas9 system used to KO target genes, guide RNA sequences
were designed using the E-CRISP website (51) (RRID:
SCR_019088), and the corresponding DNA fragments were
ligated into the BpiI-digested vector pX330-EGFP. The CANX
cDNA fragment was amplified from human cDNA and cloned
into the retroviral vector pLIB2-BSD to generate pLIB2-BSD-
CANX. The lectin-deficient mutant plasmids pLIB2-BSD-
CANX (Y164A), pLIB2-BSD-CANX (K166A), pLIB2-
BSD-CANX (M188A), and pLIB2-BSD-CANX (E216A) and

the PDI interaction mutant plasmids pLIB2-BSD-CANX
(D343A), pLIB2-BSD-CANX (E351A), pLIB2-BSD-CANX
(D343A/E351A), pLIB2-BSD-CANX (W342A/D343A), and
pLIB2-BSD-CANX (D347A/E351A) were constructed by site-
directed mutagenesis (Tables S2). The DNA fragments encod-
ing mEGFP-FLAG-CD59 and mEGFP-FLAG-CD55 were
digested with EcoRI and NotI from pPB-FRT-PGKp-BSD-
mEGFP-FLAG-CD59 and pPB-FRT-PGKp-BSD-mEGFP-
FLAG-CD55 (22) and then cloned into pME-BSD-mEGFP-
FLAG-CD59 and pME-BSD-mEGFP-FLAG-CD55, respec-
tively. The misfolded, soluble, and N-glycan–deficient mutants
of CD59 were constructed by site-directed mutagenesis (Table
S2) (22). The transmembrane portion of CD46 was amplified
from CD46 cDNA and ligated to pME-BSD-EGFP-FLAG-
CD59-(C94S) to generate CD59-(C94S)-TM. For localization,
pME-Zeo-mRFP-KDEL (7) was used as an ER marker. The
LY6D and CD52 cDNA fragment was amplified from human
cDNA and cloned into the retroviral vector pLIB2-His6-IRES2-
BFP to generate pLIB2-His6-LY6D-IRES2-BFP and pLIB2-
His6-CD52-IRES2-BFP. The plasmid pME-VSVGts-FF-mEGFP-
GPI (VFG-GPI) encoded a reporter protein consisting of the
extracellular domain of a temperature-sensitive vesicular stoma-
titis virus G (VSVGts) protein, a furin cleavage site, a FLAG tag,
modified EGFP, and a GPI attachment signal (7, 9, 41, 52).

Establishment of knockout cell lines

CANX&CALR-DKO, MOGS-KO, and GANAB-KO were
generated in the previous study (22). To generate PDIA3 gene
knockout cell lines, HEK293 cells were transiently transfected
with two pX330-PDIA3 plasmids (cr1 and cr2) (Table S1) bearing
different gRNAs targeting to exon regions of the PDIA3 gene. Af-
ter 3 days, cells with EGFP were sorted using a cell sorter S3e
(Bio-Rad). Then the collected cells were cultured for 8 days and
subjected to limiting dilution to obtain the clonal KO cells.
Clones lacking WT alleles of the target gene were selected, and
DNA sequences were analyzed using the Sangermethod.

PI-PLC treatment and flow cytometry analysis

For PI-PLC (Thermo Fisher Scientific) treatment of endoge-
nous GPI-APs, 106 cells were harvested with trypsin/EDTA.
Then the cells were incubated with 5 units/ml of bacterial PI-
PLC dissolved in PBS supplemented with 0.5% BSA, 5 mM

EDTA, and 10 mM HEPES (pH 7.4) plus Dulbecco’s modified
Eagle’s medium without FCS for 1.5 h at 37 °C. After being
washed with PBS, the cells were stained with the specific primary
antibodies for endogenous CD59, CD55, and CD109 (10 mg/ml)
for 25 min on ice and then washed two times with cold FACS
buffer (PBS containing 1% BSA and 0.1% NaN3). Subsequently,
the cells were incubated with PE-conjugated goat anti-mouse IgG
as the secondary antibody for 25 min on ice, washed two times
with FACS buffer, and then analyzed with an Accuri C6 instru-
ment (BD Biosciences). The data were analyzed using FlowJo,
and the remaining GPI-APs were calculated frommean values of
PE-fluorescent intensity treated with or without PI-PLC.
For exogenous GPI-APs, pME-HA-GPI-AP (Table S1) was

transfected together with pME-BFP, which acts as a transfec-
tion control, into WT and CANX&CALR-DKO cells. A
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retroviral plasmid vector containing His6-tagged GPI-AP-
IRES2-BFP sequence was transfected into HEK293T packaging
cells, and subsequently infected into WT and CANX&CALR-
DKO cells. Lipofectamine 2000 (Thermo Fischer Scientific) was
used as the transfection reagent. 3 days after transfection, 106

cells were harvested and treated with or without PI-PLC, and
anti-HA or anti-His6 was used as the primary antibody. Subse-
quently, secondary antibody staining and flow cytometry analy-
sis were performed as described above.

Immunofluorescence analysis

To detect the subcellular localization of the EGFP-FLAG-
tagged misfolded CD59 (EGFP-FLAG-CD59 (C94S)), N-gly-
can–deficient mutant CD59 (EGFP-FLAG-CD59 (C94S,
N43Q)), transmembrane misfolded CD59 (EGFP-FLAG-CD59
(C94S) TM), misfolded CD55 (EGFP-FLAG-CD55 (C81A)),
and N-glycan mutant CD55 (EGFP-FLAG-CD55 (C81A/
N95Q)), HEK293FF6, and its KO derivative cells were trans-
fected with plasmids expressing these proteins together with
the plasmid pME-mRFP-KDEL as an ERmarker. Then, 36 h af-
ter transfection, cells were replated onto glass coverslips pre-
treated with 1% gelatin and cultured for another 2 days. Subse-
quently, the cells were washed with PBS, fixed in 4%
paraformaldehyde for 10 min at room temperature, washed
again with PBS, and then incubated with 40 mM ammonium
chloride for 10min at room temperature. Finally, the coverslips
were mounted onto slides using a mounting solution contain-
ing DAPI for 5 min.
To assess the localization of VFG-GPI, HEK293FF6, CAN-

X&CALR-DKO, and CANX&CALR-DKO1CANX, cells were
transfected with pME-mRFP-KDEL. Subsequently, 36 h after
transfection, the cells were harvested and replated onto glass
coverslips pretreated with 1% gelatin at 37 °C for 1 day and then
incubated with 1 mg/ml doxycycline at 40 °C for 24 h to induce
VFG-GPI expression. Then the cells were quickly fixed with 4%
paraformaldehyde for 10 min before being washed with PBS
and then 40mM ammonium chloride.
To assess the localization of endogenous calnexin, the cells

were fixed and permeabilized with 220 °C methanol for 5 min
at 4 °C before being blocked with PBS containing 5% FCS
(blocking buffer) for 1 h. Subsequently, the cells were incubated
for 1 h with mouse anti-calnexin (M178-3; MBL) as primary
antibody diluted in blocking buffer. Subsequently, the cells
were gently washed with PBS twice. Then the cells were incu-
bated for 1 h with an F(ab')2 goat anti-mouse IgG (H 1 L)
cross-adsorbed secondary antibody, Alexa Fluor 555 (Invitro-
gen, Thermo Fisher Scientific) diluted in blocking buffer, after
which the cells were gently washed with PBS twice.
To assess the localization of HLA1-1-147-FLAG, pME-

HLA1-1-147-FLAG and pME-mRFP-KDEL were transfected
together into WT cells. Then, 36 h after transfection, the cells
were harvested and replated onto glass coverslips pretreated
with 1% gelatin and incubated at 37 °C for 1 day followed by an
incubation at 37 °C with 100 nM TG for 6 h. The cells were then
fixed with 4% paraformaldehyde, washed with PBS, and incu-
bated with 40mM ammonium chloride for 10min at room tem-
perature. Subsequently, the cells were permeabilized with 0.2%

Triton X-100 diluted in blocking buffer for 15 min at room
temperature. Mouse anti-FLAG (M2; Sigma–Aldrich) was used
as the primary antibody and was diluted in blocking buffer for 1
h, after which the cells were gently washed with PBS twice.
Then the cells were incubated for 1 h with an F(ab')2 goat anti-
mouse IgG (H 1 L) cross-adsorbed secondary antibody conju-
gated with Alexa Fluor 488 (Invitrogen, Thermo Fisher Scien-
tific) diluted in blocking buffer. Subsequently, the cells were
gently washed with PBS twice.
The cells were visualized using a confocal microscope (C2si;

Nikon) with a CFI Plan Apochromat VC oil objective lens (-
3100 magnification and 1.4 numerical aperture). Pearson’s
correlation coefficient (GFP/RFP) was analyzed by ImageJ
using the JACoP plugin.

Immunoprecipitation

HEK293 cells cultured in 10-cm dishes were transfected with
16 mg of plasmids using Lipofectamine 2000 and incubated for
48 h. Then the cells were harvestedwith trypsin/EDTA, washed
with cold PBS at 4 °C, and then incubated with 550 ml of lysis
buffer (25mMHEPES, pH 7.4, 150mMNaCl, 0.5%CHAPS, pro-
tein inhibitor mixture (EDTA-Free, MCE), and 1 mM phenyl-
methylsulfonyl fluoride) on ice for 30 min. After incubation,
the tube was centrifuged at 10,000 3 g for 10 min at 4 °C to
remove insoluble fractions. Then a portion of the supernatant
was mixed with sample buffer, the rest was transferred to a new
tube, and then 20 ml of prewashed anti-FLAG affinity gel
(A2220; Sigma-Aldrich) was added. After rotating the tubes at
4 °C for 1–1.5 h, the gel with tagged proteins was washed four
times with lysis buffer. The proteins were eluted by boiling in
SDS sample buffer and analyzed byWestern blotting.

Cell surface ALP activity assay

For both HEK293FF6 WT and CANX&CALR-DKO cells,
8,000 cells/well were seeded in 96-well plates and cultured
overnight at 37 °C. After the medium was removed, the cells
were gently washed with 13 HBSS buffer (Ca21- and Mg21-
free, pH 7.4; Sangon Biotech) twice, after which 150ml/well of a
p-nitrophenyl phosphate solution (Alkaline Phosphatase Yel-
low (pNPP) Liquid Substrate System for ELISA, P7998; Sigma)
was added. Then the plates were incubated at 37 °C for 6.5 h,
the reaction was stopped by adding 50 ml/well of 3 M NaOH,
and the absorbance at 405 nm was measured using an Enspire
2300 instrument. The calf intestinal alkaline phosphatase
(TaKaRa) was used as a standard for the reaction.
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can be shared upon request to the corresponding author.
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