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Abstract

KDEL receptor cycles between the ER and the Golgi to retrieve ER-resident chaperones that get leaked to the secretory
pathway during protein export from the ER. Recent studies have shown that a fraction of KDEL receptor may reside in the
plasma membrane and function as a putative cell surface receptor. However, the trafficking itinerary and mechanism of cell
surface expressed KDEL receptor remains largely unknown. In this study, we used N-terminally Halo-tagged KDEL receptor
to investigate its endocytosis from the plasma membrane and trafficking itinerary of the endocytosed receptor through the
endolysosomal compartments. Our results indicate that surface-expressed KDEL receptor undergoes highly complex recy-
cling pathways via the Golgi and peri-nuclear recycling endosomes that are positive for Rab11 and Rab14, respectively. Unex-
pectedly, KDEL receptor appears to preferentially utilize clathrin-mediated endocytic pathway as well as clathrin-dependent
transport carriers for export from the frans-Golgi network. Taken together, we suggest that KDEL receptor may be a bona
fide cell surface receptor with a complex, yet well-defined trafficking itinerary through the endolysosomal compartments.

Keywords KDEL receptor - Golgi - Rab11 - Rab14 - Clathrin - Membrane trafficking - MANF - Caveolae - EEALI -
Lysosome - Late endosomes - Early endosomes - Recycling endosomes

Introduction

KDEL receptor (KDELR) is a seven transmembrane protein
and plays an important role in the early secretory pathway
by capturing and recycling ER-resident chaperones at the
Golgi during protein secretion [1, 2]. Most of the soluble
ER-chaperones contain C-terminal tetra-peptide ‘KDEL’
sequence that is recognized by KDELR for the recycling
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pathway [3]. The receptor also appears to function as a
signaling protein that responds to incoming transport car-
riers from the ER that delivers secretory cargo proteins to
the Golgi [4-7]. This role and its seven transmembrane
arrangements raised strong arguments that the receptor
might be an atypical GPCR at the Golgi, which presumably
orchestrates membrane flux and maintain equilibrium in the
early secretory pathway by regulating retrograde transport
against bulk flow of anterograde transport of lipids and pro-
teins toward the plasma membrane (PM) [6-8]. However, a
recently resolved structure of KDEL receptor was found to
resemble a SWEET transporter family protein, rather than
a GPCR-type family protein [9], adding to the complexity
in KDELR function. Although KDELRI1 and a eukaryotic
SWEET transporter share a poor sequence identity (~24%),
their structures are similar. The seven transmembrane (TM)
alpha helices of KDELRI1 are divided into two internal triple
helix bundles (THBs) composed of the first three N- and last
three C-terminal helices respectively. Both THBs have heli-
ces in a 1-3-2 arrangement and connected invertely by the
linker helix TM4, which is a typical structural arrangement
of SWEET transporters.
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«Fig. 1 Surface-expressed wild type KDELRI, but not the HI2A
mutant receptor, binds TAEKDEL peptide. a Comparison of cell sur-
face expression level of three isoforms of KDELR. MCF7 cells were
transiently transfected with KDELR1-mCherry, KDELR2-mCherry
or KDELR3-mCherry for 18 h. Cell surface expression of KDELR-
mCherry was probed by cell surface biotinylation protocol, as
described in the methods. b Schematic representation of the integra-
tion strategy to generate C-terminally 3xFlag-mCherry/Halo-tagged
proteins expressed from the endogenous KDELRI locus. A double-
strand break was created at the last exon of KDELRI1 gene by Cas9
RNP. Gene knock-in was mediated by a plasmid DNA donor tem-
plate that contains 3xFlag-mCherry/Halo sequence, neomycin resist-
ant gene and homology arms. ¢ Cell surface biotinylation of endog-
enously tagged KDELRI. Cell surface proteins were biotinylated by
treatment with (+) or without (=) Sulfo-NHS-LC-Biotin in KDELR1-
knock-in (C-terminal 3xFlag-mCherry endogenously tagged) HeLa
cells. Biotinylated proteins were isolated by streptavidin-agarose
and subjected to western blot analysis using the indicated antibod-
ies. Whole cell lysates (input) served as control to determine the total
amount of KDELR1, while GM130 served as a cytosolic marker pro-
tein, which showed no biotinylation and EGFR served as a plasma
membrane marker protein, respectively. Membrane fraction (surface)
illustrates the total fraction of proteins at the cell surface. d Sche-
matic representation of Halo-tagged KDEL receptor. e Expression of
Halo-KDELR and Halo-KDELR H12A in MCF7 KDELR KD cells
was detected by immunoblotting. f Comparison of the expression
level of over-expressed HA-Halo-3xFlag-tagged KDELRI1 in HeLa
wt, MCF7 wt and MCF KDELR1 KD cells with that of endogenously
3xFlag-Halo-tagged KDELR1 in HeLa cells by immunoblotting. g
MCF7 KDELR KD cells were transfected with either Halo-KDELR
or Halo-KDELR HI12A for 18 h. Living cells were then stained
with HaloTag Alexa Fluor 488 and HaloTag TMR ligands at 4 °C
for 30 min, followed by fixation and DAPI staining. The subcellular
localization of Halo-KDELR or Halo-KDELR H12A was observed
using Zeiss LSM880. h—i Halo-KDELR (h) or Halo-KDELR H12A
(i) expressed in MCF7 KDELR KD cells was incubated with HaloTag
Alexa Fluor 488 ligand and 50 pM TMR-TAEKDEL peptide in
DMEM (pH 6.5) supplemented with 10% FBS at 4 °C for 30 min.
Cells were then washed 3 times with PBS and incubated at 37 °C
for 0, 15, and 30 min, followed by fixation. Confocal images were
acquired using Zeiss LSM880. Scale bar: 5 um

In mammalian cells, three isoforms of KDELR are known
to be expressed (KDELR1, KDELR2 and KDELR3). Since
the identification of mammalian KDELR in the early 1990s,
a vast majority of studies have focused on function and traf-
ficking of KDELR1 mainly using HeLa cells as a model
system [10-14]. In HeLa cells, relative mRNA level of
KDELR3 was found to be only ~5% of KDELR1, whereas
KDELR2 mRNA level was approximately 2-times higher
than KDELRI1 [15]. The three isoforms appear to bind vari-
ants of ‘KDEL’ sequence motif ((KRHQSA]-[DENQ]-E-L)
with different specificity that are found in various ER-resi-
dent chaperones [15].

Interestingly, recent studies have shown that a small frac-
tion of KDELR1 may also reside in the plasma membrane
and function as a putative cell surface receptor for certain
growth factors, including mesencephalic astrocyte-derived
neurotrophic factor (MANF) [16-18]. MANF is an ER-res-
ident protein that gets secreted during prolonged ER stress

and has been reported to promote regeneration of a num-
ber of damaged tissues and cells, pointing to a possibility
that KDELR/MANF-mediated signaling at the PM may be
involved in cellular regeneration during cellular stress or
damage [17-21].

However, the trafficking itinerary and mechanism of
surface-expressed KDELRI1 has remained elusive. As exog-
enous over-expression of KDELRI1 often leads to autoacti-
vation and its retrograde transport to the ER [10, 14], it has
been a major challenge to investigate KDELR trafficking at
the PM and through the endolysosomal compartments.

To circumvent this issue, we constructed N-terminally
Halo-tagged KDELRI1 that allowed us to selectively label
surface-expressed KDELR1 using membrane impermeable
Halo-tag dye on its extracellular side for both fixed cell
and live imaging study. Using this strategy, we were able
to determine precise trafficking itinerary of KDELR from
the plasma membrane to the Golgi via the endolysosomal
compartments.

Our results indicate that surface-expressed KDELR1
undergo highly complex recycling pathways through the
endolysosomal compartment and the Golgi that involves
both fast and slow recycling endosomes. Further, we show
that KDELRI preferentially utilizes clathrin-mediated trans-
port carriers both at the PM for endocytosis and at the TGN
for export from the Golgi, respectively. Collectively, these
results suggest that KDELR is likely a bona-fide cell surface
receptor with a complex, yet well-defined intracellular traf-
ficking itinerary.

Results

To study membrane trafficking of surface-expressed
KDELRI1, we used human breast carcinoma MCF7 and
HeLa cells, both of which appeared to express a high level
of KDELRI1 on the cell surface, compared to other cell
lines examined during our preliminary screening (data not
shown).

All three isoforms of KDELR are expressed at the cell
surface

Since there are mainly three known isoforms of KDEL-R
(KDELR1, KDELR?2 and KDELR3) expressed in mam-
malian cells, we were curious to find out if all the three
isoforms can be detected at the cell surface. To this end, we
exogenously over-expressed KDELR isoforms tagged with
mCherry at their C-terminal tail in MCF7 cells. Briefly,
MCEF7 cells were transiently transfected with the different
KDELR isoforms for 18 h, followed by surface biotinyla-
tion protocol to determine the relative amount of KDELR
surface expression. The results indicated that all three
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isoforms were readily detected at the PM (Fig. 1a). Surpris-
ingly, KDELR3 surface expression was 2—3 times higher,
compared to KDELR1 and KDELR2. Since KDELRI is the
most representative KDELR that have been studied in the
field, we decided to focus on KDELRI trafficking in this
study. Nonetheless, this difference in surface expression pat-
tern for KDELR3 needs to be addressed in a future study,
as it might hint at the possibility that KDELR3 may have a
distinct role at the PM.

Endogenously tagged KDELR1 is expressed
at the cell surface

These results did not prove that endogenous KDELRI1 is
expressed at the PM. As we could not find a good commer-
cial antibody against KDELR1 that works for either western
blot or confocal experiment, we opted to introduce a 3xFlag-
mCherry tag at the C-terminal end of endogenous KDELR1
gene using CRISPR-Cas9 technique, as shown in the illustra-
tion (Fig. 1b). Note that we used HeLa cells for increased
transfection efficiency and successful isolation of monoclo-
nal cell lines, as introducing large tags to endogenous genes
is a highly time-consuming and technically challenging feat.
After selection with neomycin, we were able to isolate a few
monoclonal cell lines and confirmed the specificity of tag
insertion position by genome sequencing. We then deter-
mined whether endogenously tagged KDELR1 was indeed
expressed at the PM using surface biotinylation protocol in
this cell line. As shown in Fig. 1c, KDELR1 endogenously
tagged with 3xFlag-mCherry was readily detected at the
cell surface. As a positive control, we also found epidermal
growth factor receptor (EGFR) at the PM of this cell line,
whereas a Golgi matrix protein, GM130, was not detected
at the PM in the same experiment. Taken together, these
results indicated that (1) all isoforms of KDELR can be
expressed at the PM; (2) both endogenous and exogenously
over-expressed KDELRI1 are expressed in sufficient amount
at the PM.

Experimental design for N-terminally Halo-tagged
KDELR1 at the endogenous expression level

The biggest obstacle to study membrane trafficking of
KDELR at the cell surface so far had been the difficulty to
selectively label the surface pool of KDELR and follow the
receptor endocytosis at the PM and intracellular traffick-
ing through the endolysosomal compartment. To overcome
this issue, we devised a N-terminally Halo-tagged KDELR1
construct to minimize the chance of interfering with the
“KDEL” motif binding site, which is located in the extracel-
lular (luminal) face of the 7-TM receptor. As only 1-2 amino
acids of its N-terminal end were predicted to remain at the
extracellular face of KDELRI1, we introduced a HA-signal
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peptide as a membrane insertion signal, followed by intro-
duction of a Halo-3xFlag-tag with a GS-linker to the + 1
position of the first methionine residue of the original human
KDELRI sequence (HA-Halo-3Flag-KDELRI, Fig. 1d). We
also generated H12A mutant construct with N-terminal HA-
Halo tag as a negative control, which has been reported to
abrogate the receptor binding to “KDEL” peptide in a recent
KDELR structural study [9].

As an effort to avoid over-expression artifact during
the confocal-based study as best as we can, we then sta-
bly knock-downed the endogenous KDELR1 in MCF7
cells using shRNA-based lentiviral transduction method, as
described in the experimental procedures. Specificity and
efficiency of shRNA-dependent knock-down of KDELRI
were confirmed by quantitative RT-PCR (supplementary
Fig. 1A). The results showed that KDELR1 knockdown
efficiency was ~86%, and that there were a negligible
change in mRNA levels of both KDELR2 and KDELR3
in the KDELR1 KD MCF7 cells. Knock-down efficiency
of this RNALI targeting sequence was further confirmed in
a siRNA form using 3xFlag-mCherry knock-in KDELR1
HeLa cells to show KDELR1 KD at protein level (sup-
plementary Fig. 1B). Then, we rescued the KDELR1 KD
MCF7 cells with either wild-type HA-Halo-3Flag-KDELR1
or HI2A KDELR1 mutant [9]. Both KDEL receptor con-
structs showed an expected size of ~52 kDa in western blot
analysis (Fig. le).

To assess their expression level, we used HeLa cells
with endogenously 3xFlag-Halo-tagged KDELRI at its
C-terminus as a standard to compare the expression level
of exogenously expressed, N-terminally HA-Halo-3xFlag-
tagged KDELR1 in both HeLL.a and MCF7 cells (Fig. 1f). To
this end, we transiently transfected either wt HeLa (Fig. 1f;
lane 2) or wt MCF7 (lane 3) or MCF7.KDELR1 KD (lane
4) with HA-Halo-KDELRI1 construct for 18 h and assessed
their expression levels by western blots using anti-Halo-tag
antibody.

The results indicated that both MCF7 wt and MCF
KDELR1 KD cells showed similar expression level of
HA-Halo-3xFlag-tagged KDELRI1 as that of endogenously
3xFlag-Halo-tagged KDELR1 in HeLa cells (Fig. 1f). Over-
all, these results suggest that N-terminally HA-Halo-tagged
KDELRI1 expression in MCF7 cells are comparable to that
of endogenous KDELRI1 in wt HeLa cells.

Both wild type Halo-KDELR1 and the H12A mutant
receptors localize to the Golgi and the PM

We then examined their intracellular localization using
membrane-permeable ‘HaloTag-TMR’ dye to label both the
Golgi-localized and surface-expressed KDELR or mem-
brane impermeable ‘HaloTag-Alexa488' to selectively label
surface-expressed KDELR (Fig. 1g). The results indicated
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that both the WT and the HI2A mutant KDELRI1 local-
ized similarly to the Golgi area and the cell surface. Next,
we further examined Golgi localization of the WT and the
mutant receptor, to confirm that both receptor constructs
are normal in their localization within the Golgi apparatus
(supplementary Fig. 2). The results clearly showed that there
was no significant difference in their co-localization with a
cis-Golgi marker, GM130.

During preliminary live imaging experiments, we found
that both the WT and the mutant KDELR1 labeled with
HaloTag-Alexa488 constantly undergo endocytosis at 37 °C
even in the absence of KDEL peptide and found them con-
centrated in the cytoplasmic punta within ~15 min, which
resembled features of early endosomes. To synchronize the
ligand binding-induced receptor endocytosis, we decided to
incubate the cells with KDEL peptide at 4 °C for 30 min in
culture medium adjusted to pH 6.5 [9], followed by tempera-
ture shift to 37 °C to allow endocytosis of the receptor as a
general protocol during the course of this study.

Surface-expressed KDELR, but not the H12A mutant
receptor, binds TAEKDEL peptide at the PM

When fluorescently labeled KDEL peptide (TAEKDEL-
FITC) was added to the medium using this protocol, only the
WT receptor was able to bind TAEKDEL peptide (50 pM;
pH 6.5; 4 °C), as expected, whereas the HI2A mutant
receptor failed to bind the ligand under the same condition
(Fig. 1h—i), confirming that this single point mutation com-
pletely abrogates the receptor-ligand interaction.

Surface-expressed KDELR undergoes
clathrin-mediated endocytosis

We then examined whether clathrin may be involved in
KDELR endocytosis, as it is currently unknown how
surface-expressed KDELR may get endocytosed. For this
experiment, we decided to use wt HeLa cells, transiently
transfected with HA-Halo-tagged KDELRI, as it was tech-
nically challenging to obtain clean live imaging data with
MCEF7 cells, due to relatively poor cell spreading onto
glass surface, which makes imaging of cell periphery more
difficult than other cell lines. Thus, HeLa cells were tran-
siently co-transfected with HA-Halo-tagged-KDELR1 and
mCherry-clathrin light chain (mCherry-CLC) overnight. We
then selectively labeled surface-expressed KDELR1 using
membrane-impermeable HaloTag-Alexa488 at 4 °C and
allowed the receptor to undergo endocytosis by temperature
shift to 37 °C and adding TAEKDEL peptide in pH 6.5 for
live imaging study using Zeiss confocal microscope with
Airyscan. The results clearly demonstrated that there is a sig-
nificant overlap between the two proteins during KDELR1
endocytosis from the PM, suggesting that surface-expressed

KDELRI is likely to undergo clathrin-mediated endocytosis
(Fig. 2a; white arrowheads in the inset; see line graphs for
more detailed analysis). In contrast, we did not observe sig-
nificant overlap between KDELR1 and mCherry-CLC upon
addition of control peptide (TAEAAAA) to the medium.

We performed additional experiments using fixed cells
and total internal reflection fluorescence (TIRF) micro-
scope for more precise quantitative analysis. To this end,
MCF7 KDELRI1 KD cells were transfected with HA-Halo-
KDELR1 or HA-Halo-KDELR1 H12A overnight, followed
by labeling with membrane-impermeable HaloTag-Alexa488
and temperature shift protocol for endocytosis. Cells were
then fixed after 30 min at 37 °C and stained with either
anti-clathrin or anti-caveolin antibodies. The stained cells
were examined within ~200 nm from the PM using Nikon
TIRF microscope to determine whether surface-expressed
KDELRI1 may preferentially utilize either of these endocytic
routes from the PM.

The results showed that surface-expressed HA-Halo-
KDELRI1 co-localized with clathrin to a significantly
higher extent than caveolin upon addition of KDEL ligand
(0.70 4 0.05 for clathrin vs. 0.23 +£0.12 for caveolin; see
supplementary Table 1), further confirming that KDELR1
may preferentially undergo clathrin-mediated endocytosis
from the PM (Fig. 2b). Prior to addition of KDEL peptide
to the medium, co-localization between KDELR and clath-
rin was moderate, but addition of KDEL peptide signifi-
cantly increased co-localization between the two proteins
(Fig. 2b; insets; see line graphs for more detailed analysis).
Note that we also routinely observed increased clustering
of surface-expressed KDELR as well as clathrin (to a much
lesser extent for caveolin) upon addition of KDEL peptide
during the experiments, consistent with a previous report
by other group [18]. Further statistical analysis by 2-way
ANOVA methods found that only KDELR1 and clathrin
showed a statistically significant co-localization (Fig. 2b,
supplementary Table 1), whereas KDELR1 and caveolin
showed a statistically insignificant colocalization (Fig. 2c,
supplementary Table 1), confirming that KDELR1 is likely
to be endocytosed via clathrin-mediated endocytosis.

Surface-expressed KDELR1 is transported
to the early endosomes upon endocytosis

To determine the initial itinerary of surface-expressed
KDELRI1 upon endocytosis, we used various markers of
known endolysosomal compartments, including EEA1
(early endosomes), Mitotracker (mitochondria), Lysotracker
(Lysosomes) and Rab7 (late endosomes) for co-locali-
zation study. The results showed that EEA1 showed rela-
tively high Pearson coefficient with KDELR1, which fur-
ther increased upon addition of KDEL ligand, whereas
both mitochondrial marker and lysosomal marker showed
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«Fig. 2 Surface-expressed KDELR undergo clathrin-mediated endo-
cytosis. a Live-cell imaging of clathrin-dependent endocytosis of
KDELRI1. HeLa cells were co-transfected with Halo-KDELR1 and
mCherry-CLC (clathrin light chain) for 18 h. Living cells were pre-
incubated with HaloTag Alexa Fluor 488 ligand at 4 °C for 30 min.
Cells were then washed with PBS and observed using Zeiss Airyscan
confocal microscope at 37 °C for 30 min in live cell imaging medium
(pH 6.5), supplemented with 1% FBS and 50 pM TAEKDEL or TAE-
AAAA peptides. Arrowheads indicate punctae containing both Halo-
KDELR and mCherry-CLC proteins. Scale bars: 10 um. Insets show
a magnified view of the boxed area. Line profiles through regions of
interest were analyzed by Fiji. b TIRF imaging showed endocytosis
of KDELR1 was dependent of clathrin rather than caveolin. MCF7
cells overexpressing Halo-KDELR were incubated with HaloTag
Alexa Fluor 488 ligand and 50 pM TAEKDEL peptide in DEMEM
(pH 6.5) supplemented with 10% FBS at 4 °C for 30 min. Cells were
then washed 3 times with ice-cold PBS and incubated at 37 °C for
0 and 30 min, followed by fixation and staining by anti-clathrin or
anti-caveolin antibodies, respectively. Images were acquired using
Nikon TIRF microscope. Box graphs summarize the co-localization
of Halo-KDELRI1 with clathrin or caveolin, respectively (n=10
cells). Statistical analysis was performed using two-way ANOVA
with a Tukey’s post-hoc test for multiple comparisons. Insets show a
magnified view of the boxed area. Line profiles through regions of
interest were analyzed by Fiji. Scale bars: 10 um. *** p <0.001, ****
p<0.0001, ns not significant

negligible co-localization index (Fig. 3a—c). Late endoso-
mal marker, Rab7, also showed poor co-localization with
endocytosed HA-Halo-KDELRI1 (Fig. 3d), suggesting that
early endosomes are likely the first major assembly point of
endocytosed KDELR1 from the PM.

ER-localization signal peptide “RTDL” of MANF
also stimulates trafficking of endocytosed KDELR1
to the early endosomes

Since studies have suggested that surface-expressed
KDELR1 may function as one of the MANF receptors, we
were curious to know whether “RTDL” peptide could also
stimulates delivery of endocytosed KDELRI to the early
endosomes. For this experiment, we used wt MCF7 cells
(rather than KDELR1 KD MCF7) to exclude the possibil-
ity that KDELR1 knock-down and rescue approach may
have introduced undesirable cellular or ER stress in our cell
lines, thereby causing artifacts in our observation and analy-
sis. Thus, wt MCF7 cells were transiently transfected with
HA-Halo-KDELRI for 18 h, followed by incubation with
either unlabeled KDEL peptide or RTDL peptide or DMSO
at4 °C, pH 6.5 for 30 min. After a temperature shift protocol
to 37 °C for 15 min or 30 min, cells were fixed and stained
with anti-EEAT1 antibody, as described earlier.

The results showed that over-expressed HA-Halo-tagged
KDELRI1 in KDEL peptide-treated cells behaved simi-
larly with the receptor expressed in KDELR1 KD MCF7
cells (Fig. 4a—c), although average Pearson coefficient was
slightly reduced especially at 15 min time-point (0.42 +0.07

in wt MCF7 vs. 0.51 +£0.10 in KD-rescue MCF7). This dif-
ference became negligible at 30 min time-point (0.64 +0.08
in wt MCF7 vs. 0.61 +0.07 in KD-rescue MCF7), suggest-
ing that KDEL peptide-induced delivery of KDELRI1 to the
early endosome likely reached a plateau at this time-point
(Fig. 4d). On the other hand, RTDL peptide further increased
colocalization index between endocytosed KDELR1 and
EEA1 over KDEL peptide at 15 min time-point (0.42 +0.07
in KDEL peptide vs. 0.49+0.05 in RTDL peptide) under
same experimental conditions, suggesting that RTDL motif
of MANF can be at least equally stimulating as a KDEL
motif. Although this result does not confirm KDELR1 as the
physiologically relevant MANF receptor at the PM, it does
raise a strong possibility that extracellular MANF can be
effectively captured and endocytosed by surface-expressed
KDELRI.

Endocytosed KDELR1 enters the Golgi
and is recycled to the endosomal compartments
or the PM via clathrin-mediated transport carriers

As KDELRI1 is normally a Golgi-localized protein, we
hypothesized that bulk of endocytosed KDELR1 would be
found at the Golgi after ~30 min. However, we found that
endocytosed HaloTag-Alexa488 labeled KDELRI1 only par-
tially colocalized with both cis-Golgi marker, GM130, and a
TGN marker, Golgin97 (Fig. 5a) at that time-point.

Because it is possible that endocytosed KDELR1 may
be recycled back from the Golgi to the endosomal compart-
ments or the PM, we stained the cells with anti-clathrin anti-
body to see whether clathrin-dependent transport carriers
may be involved in rapid recycling of endocytosed KDELR1
from the Golgi. The confocal results clearly indicated that
there is a significant overlap between endocytosed KDELR1
from the cell surface and clathrin in peri-nuclear area, which
was positive for a cis-Golgi marker, GM130 (Fig. 5b; inset
in magenta color). Taken together, these results show that
endocytosed KDELR1 may be recycled using clathrin-
mediated transport carriers from the TGN en route to the
endosomal compartments or the PM.

HA-Halo-KDELRT1, but not the ER-retained mutant
receptor, is found in purified clathrin-coated vesicles

To further corroborate this finding biochemically, we
decided to examine purified clathrin-coated vesicles (CCV)
from HeLa cells to see whether HA-Halo-KDELRI1 is found
in the purified CCV-enriched fraction. To this end, we tran-
siently transfected HeLa cells with either wt HA-Halo-
KDELR1 or HA-Halo-KDELR1.D91A/T92A mutant con-
structs, which had been shown to cause strict ER retention
of the receptor [11]. This mutant construct was used as a
negative control, as inclusion in CCVs requires that KDELR
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«Fig. 3 Surface-expressed KDELR is transported to the early
endosomes upon endocytosis. Co-localization of endocytosed Halo-
KDELR and intracellular organelles was determined using confo-
cal microscopy. a MCF7 KDELR KD cells were transfected with
either Halo-KDELR or Halo-KDELR H12A with mCherry-tagged
Rab7 (d). After 18 h, cells were treated with DMSO (a and d) or
MitoTracker (b) or LysoTracker (¢) at 37 °C for 30 min and then incu-
bated with HaloTag Alexa Fluor 488 ligand and TAEKDEL peptide
in DMEM (pH 6.5) with 10% FBS at 4 °C for 30 min. Cells were
then washed with PBS and transferred to 37 °C for 0, 15, or 30 min,
prior to fixation and staining with anti-EEA1 antibody (a). The colo-
calization between HA-Halo-KDELR (WT or H12A) and various
organelles was quantified using Pearson’s coefficient and summarized
by line graph (n=20 cells). Statistical analysis was performed using
two-way ANOVA with a Tukey’s post-hoc test for multiple compar-
isons. Scale bars: 5 ym. * p<0.05, *** p<0.001, **** p<0.0001,
#p <0.0001, ns not significant

exits the ER and reaches the Golgi. To confirm this previous
finding by others, we prepared the D91A/T92A mutant con-
struct and transiently transfected HeLa cells with either wt
or the mutant HA-Halo-KDELR1 plasmids for 18 h. After
staining the receptors with membrane permeable Halotag-
oregon green dye, we examined whether the mutant receptor
is indeed retained in the ER by confocal microscope.

The results confirmed that the D91A/T92A mutant recep-
tor was found mostly in the calnexin-positive ER, whereas
the wt KDELRI localized mostly to GM130-positive Golgi
and the PM (Fig. 5c). After further checking their expression
and size by western blot (Fig. 5d), we carried out CCV puri-
fication, according to a published protocol to purify CCVs
from HeLa cells [22, 23]. Purified CCVs were then ana-
lyzed by western blots for enrichment of clathrin, KDELR1
(Halo-tag) and GAPDH (a negative control). As expected,
clathrin (but not f-COP) were highly enriched in CCVs,
purified from both the wt and the mutant receptor trans-
fected HeLa cells. Strikingly, only wt HA-Halo-KDELR1
was detected, whereas the D91A/T92A mutant KDELR1
was not found in the purified CCV fraction (Fig. Se), sug-
gesting that KDELRI is indeed included in CCVs, isolated
from HeLa cells.

Endocytosed KDELR is recycled to the PM via Rab14-
and Rab11-positive recycling endosomes

Since only a fraction of endocytosed KDELR1 overlapped
with the Golgi and peri-nuclear clathrin, we reasoned that
a major portion of endocytosed KDELR1 may go through
recycling endosomes, before they are transported back to
the PM. To test this hypothesis, we co-transfected HA-Halo-
KDELR1 with mCherry-Rabl1l or mCherry-Rab4 or
mCherry-Rab14, which represent slow (Rab11), interme-
diate (Rab14) and fast (Rab4) peri-nuclear recycling path-
ways, respectively [24, 25]. After temperature shift proto-
col, we examined the cells for the colocalization between
endocytosed KDELR1 and the indicated Rab-GTPases by

confocal microscopy. The results showed that endocytosed
wt KDELR1 showed significantly increased colocaliza-
tion with mCherry-Rabl11 upon addition of KDEL peptide
at both 15 and 30 min time-points, compared to the HI2A
mutant receptor (Fig. 6a; also see supplementary Table 1).
Similar increase in colocalization index was observed for
Rabl14, suggesting that both Rab11 and Rabl4-positive
recycling endosomes are likely to be involved in recycling
of endocytosed KDELR1 upon ligand binding (Fig. 6a, b).
Rab4-positive recycling endosomes showed statistically
meaningful colocalization index with endocytosed KDELR1
only at 30 min time-points, suggesting that Rab4-positive
recycling endosomes are relatively less utilized by endocy-
tosed KDELR1, compared to Rab1l1 and Rabl4-recycling
endosomes (0.43 +0.12 for wt KDELR1 vs. 0.27 +0.05 for
H12A KDELR1) (Fig. 6¢; supplementary Table 1 ). These
results indicate that endocytosed KDELR1 undergoes a
highly complex itinerary through the endolysosomal com-
partments for its recycling back to the PM (Fig. 6a—c).

Discussion

In this study, we demonstrated that surface-expressed
KDELRI1 undergo accelerated endocytosis upon KDEL
ligand binding. Endocytosed KDELRI1 is then subjected to
recycling through the Golgi apparatus as well as endolysoso-
mal compartments via (1) early endosome (EE); (2) Rab14-
positive intermediate recycling pathway; (3) Rab11-positive
slow recycling pathway (Fig. 7). We also observed intra-
cellular trafficking of KDELR via clathrin-mediated trans-
port carriers both at the PM and at the Golgi. Interestingly,
endocytosed KDELRI1 did not significantly co-localized
with Rab7-positive late endosomes (LE) and the lysosomes,
suggesting that only a negligible amount of endocytosed
KDELRI may be subjected to degradation in the lysosomes,
even when the receptor is bound to KDEL ligands. None-
theless, we cannot exclude a possibility that this negligible
amount of lysosome-targeted KDELR fraction may be rel-
evant to regulation of potential KDELR-mediated signaling
from the cell surface.

Binding of KDEL ligand or RTDL peptide from MANF
to surface-expressed KDELRI1 significantly enhanced
the receptor endocytosis and its transport to the early
endosomes, suggesting that ligand binding (i.e., secreted
ER-chaperones or MANF, etc.) may play a pivotal role in
signaling and/or sorting of endocytosed KDELR. Because
cytoplasmic domains of KDELR lack any clathrin adaptor
binding motifs, it is currently unclear how KDELR utilize
clathrin-mediated endocytosis and transport carriers at the
PM and the Golgi, respectively. It is possible that KDELR
may utilize ubiquitination of its loops or tail for endocytosis
from the PM, as it is now known that certain GPCRs may
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Fig.4 RTDL motif of MANF can also accelerate trafficking of endo-
cytosed KDELRI to the early endosomes. MCF7 cells were trans-
fected with HA-Halo-KDELRI1 for 18 h and incubated with HaloTag
Alexa Fluo 488 ligand and 50 pM TAEKDEL (a), 50 pM ASARTDL
(b) or DMSO (¢) in DMEM (pH 6.5) with 10% FBS at 4 °C for
30 min. Cells were then washed with PBS and transferred to 37 °C
for indicated times, prior to fixation and staining with anti-EEA1

use ubiquitination of their intracellular loops or the C-termi-
nal tail for clathrin-mediated endocytosis [26, 27]. Further
studies are required to shed light on this subject.

Although not quite identical in its trafficking itinerary,
surface-expressed KDELR is reminiscent of cation-inde-
pendent mannose-6-phosphate receptor (CI-MPR), which
mediates delivery of lysosomal hydrolases to the lysosome,
but was later found to be a cell surface receptor for insulin-
like growth factor-2 (IGF-2) [28-30]. Both KDELR and
CI-MPR typically reside at the Golgi as a cargo receptor
and had been shown later to function as signaling proteins.
As KDELR had been shown to be involved in activation
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antibody. Insets and line graphs show the colocalization details of
HA-Halo-KDELR and EEA1. Pearson’s coefficient was used to quan-
tify the colocalization between HA-Halo-KDELR and EEAL1. Statisti-
cal analysis was performed using two-way ANOVA with a Tukey’s
post-hoc test for multiple comparisons. Scale bar: 5 um. ** p<0.01,
#HE% p <0.0001, #p <0.0001, #p <0.01, ##p <0.001

of autophagy in neuronal cell lines and ER stress response
[31, 32], it is plausible to posit that signaling by surface-
expressed KDELR may also be a part of inter-organelle
communication, which maintains cellular homeostasis.
Interestingly, a recent study has reported that activation
of KDELR signaling at the Golgi in response to cargo secre-
tion is closely linked to lysosome repositioning toward the
Golgi and autophagy-dependent modulation of lipid droplet
turnover [33], raising a possibility that more broad inter-
organelle communication encompassing most major orga-
nelles (including the PM) may exist in mammalian cells.
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In summary, in contradiction to the prevalent view in the
field, we propose that KDELR is likely a bona fide cell sur-
face receptor with a well-defined trafficking itinerary, which
contributes to the maintenance of cellular homeostasis using
inputs from the extracellular environment.

Experimental procedures
Reagents and antibodies

HaloTag Alexa Fluor 488, Oregon green and HaloTag TMR
ligands were purchased from Promega. LysoTracker and
MitoTracker were purchased from Thermo Fisher Scien-
tific. All other reagents were purchased from Merck unless
otherwise indicated.

The following antibodies were used: antibody against
Halo was obtained from Promega; antibodies against B-actin,
mCherry, clathrin, B-COP and caveolin were obtained from
Abcam; antibody against GM130 was obtained from BD
bioscience; antibodies against EGFR, Golgin-97 and EEA1
were obtained from Cell Signaling Technology. Anti-Rab-
bit Alexa Fluor 488 (A21441), Alexa Fluor 568 (A10042),
Alexa Fluor 647 (A21245) and anti-Mouse Alexa Fluor
488 (A21200), Alexa Fluor 568 (A10037), Alexa Fluor 647
(A21236) for IF were obtained from ThermoFisher.

Cell culture and transfection

HeLa and MCF7 cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Corning) supplemented with
10% fetal calf serum (FBS, Gibco) at 37 °C in 5% CO,.
DMEM (pH 6.5) was prepared from DMEM powder (high
glucose, pyruvate, Thermo Fisher Scientific) in 3.7 g/L
sodium bicarbonate and adjusted its pH to 6.5 with hydro-
chloric acid.

For gene overexpression experiments, HeLa and MCF7
cells were transfected with Halo-tagged KDELR and
mCherry-tagged clathrin light chain, Rab4, Rab7, Rabl1,
or Rab14 using Lipofectamine 3000 (Thermo Fisher Sci-
entific) in accordance with the manufacturer’s instructions.
The H12A mutation in KDELR was generated by PCR with
Phusion High-Fidelity DNA Polymerase (New England
Biolabs).

Generating KDELR1 stable knockdown MCF7 cell
lines

The stable knockdown of KDELR1 was achieved by infect-
ing MCF7 cells using lentivirus expression of KDELR1-
shRNA (GGTTGCCAAACACTAAATCTG, targeting
3'-UTR). The lentivirus was packaged and commercially
provided by Shanghai GenePharma, China. Cells were

infected with the lentivirus expressing KDELR1-shRNA
using Polybrene (Sigma) overnight. Two days after infec-
tion, the cells were cultured in puromycin (0.3—1 pg/ml,
ThermoFisher) for two weeks.

Cell surface biotinylation

Cells grown in 6-well plates to 80% confluency were trans-
fected using 1 pg plasmid DNA and 2 pl Lipofectamine 2000
for 18 h. During the biotinylation procedure, all reagents and
cell cultures were kept on ice. Cells were washed twice in
ice-cold PBS and subsequently incubated in 1 ml/well of a
1 mM Sulfo-NHS-LC-Biotin (APExBIO) in PBS solution
for 30 min on ice. The cells were then washed in quenching
buffer (100 mM glycine in PBS), and incubated in 1 ml/well
of quenching buffer for 15 min on ice. The cells were washed
twice with PBS and then lysed in 300 pl 95 °C 1% SDS and
sonicated for 20 s. Finally, the lysate was centrifuged for
10 min at 15,000xg. An equal volume of PBS was added
in the supernatants and then were incubated with 30 pl of
Streptavidin Agarose beads (S1638, Sigma Aldrich) with
constant rocking for 1 h at RT. The samples were washed
three times with PBS, then eluted with 2x SDS-sample
buffer for 10 min at 95 °C and used for Western blot.

CRISPR/Cas9-mediated knock-in of 3xFlag-mCherry
and 3xFlag-Halo fusion proteins at KDELR1 loci

We used the CRISPR/Cas9 system to create knock-in cell
lines stably expressing C-terminal 3xXFlag-mCherry or
3xFlag-Halo fusion proteins at KDELR1 locus. The pX330
plasmid with the KDELRI1 single guide RNA (sgRNA) was
a kind gift from Francesca Botanelli. Design of the guide
RNAs was carried out using the CRISPR Design Tool from
the Zhang lab website (https://crispr.mit.edu) to minimize
potential off-target effects. The KDELR1 genomic locus
(Gene ID 10945) was targeted with the following guide
RNA: 5'-GAGAGAGATGGAGAGGACCG-3' located just
after the stop codon in the KDELR1 coding sequence. The
guide RNA was encoded in bicistronic expression plasmids
pX330 (addgene plasmid #42230). The homologous repair
plasmid for genome editing was generated using these four
PCR products: the pEGFP-N1 plasmid backbone, the left
and right homology arms (~1000 bp), and the reporter/selec-
tion cassette. The left homology arm fusing with 3xFlag-
mCherry or 3XFlag-Hao were synthesized (Genscript) and
subcloned into pEGFP-N1 using Asel and Notl. Then the
right homology arm was synthesized and subcloned after the
Neor/Kanr resistance cassette to integrate the whole cassette
and allow selection of positive recombinants with the drug
G418/Geneticin (Thermo Fisher Scientific). The PAM site
was mutagenized to avoid re-cutting by the Cas9. A glycin/
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«Fig.5 A fraction of endocytosed KDELR enters the Golgi and
is recycled to the endosomal compartments or the PM via clath-
rin-mediated transport carriers. a Co-localization of endocytosed
KDELR with the Golgi apparatus was investigated by Leica confo-
cal microscope in HeLa cells treated with 50 pM TAEKDEL peptide
for indicated times and costained with GM130 (cis-Golgi) and Gol-
gin97 (trans-Golgi). n=12, Statistical analysis was performed using
one-way ANOVA with a Tukey’s post-hoc test. Scale bars: 2 um. b
Co-localization of endocytosed KDELR with endogenous clathrin in
HeLa cells treated with 50 uM TAEKDEL peptide for indicated times
was examined by Leica confocal microscopy using antibody against
clathrin heavy chain. n= 10, Statistical analysis was performed using
one-way ANOVA with a Tukey’s post-hoc test. Scale bars: 2 um. ¢
HeLa cells transfected with HA-Halo-KDELR1 or Halo-KDELR1
D91A/T92A were stained with membrane permeable-Halotag Ore-
gon Green, anti-calnexin antibody, anti-GM130 antibody, and DAPI.
Confocal images were obtained by Zeiss LSM880. Scale bar: 5 pm.
d The protein expression of KDELR1 WT and D91A/T92A mutant
was analyzed by immunoblotting of HeLa cells transfected with
HA-Halo-KDELR1 or HA-Halo-KDELR1 D91A/T92A. Endogenous
GAPDH was detected as a control. e HeLa cells were transfected with
HA-Halo-KDELR1 or HA-Halo-KDELR1 D91A/T92A for 18 h and
then collected to purify clathrin-coated vesicles (CCV) according to a
published protocol (23). CCVs were further analyzed by SDS-PAGE
and western blotting with specific antibodies against Halo, clath-
rin heavy chain, -COP and GAPDH. HA-Halo-KDELR1, but not
Halo-KDELR1 D91A/T92A, was detected in CCVs. * p<0.05, ****
p<0.0001, ns not significant

serin rich linker was added (GSSGRDPGSGSG) before
3xFlag-mCherry or 3xFlag-Halo.

The pX330 plasmid with the KDELRI1 guide and the the
corresponding homologous recombinationplasmid were co-
transfected in HeLa cells using Lipofectamine 2000. G418
was added to the cells a week after transfection. After two
weeks of selection, cells were subjected to single cell sort-
ing into 96-well plates by dilution. Clones were genotyped
via western blot and PCR. Two oligos (KDELR 1-forward
5'-CATTTCGAGGGCTTCTTCGACCTCATC-3' and
KDELRI1-reverse 5'-GTCACCCCTGGATGGGAAAGC
TCTTCA-3") were used to amplify the genomic region
around the cut and then to genotype the single clones.

Immunoblotting

Cells were lysed in lysis buffer (25 mM HEPES, pH 7.5,
150 mM NaCl, 10 mM MgCl,-6H,0, 0.1 mM EDTA, 1%
NP-40, 1x protease inhibitor cocktail (Roche)) at 4 °C.
Crude lysates were subjected to centrifugation at 15,000xg
for 15 min at 4 °C. Supernatants were subjected to sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) and blotted onto a nitrocellulose membrane (Merck).
Proteins on the membrane were probed with specific pri-
mary antibodies and then with peroxidase-conjugated sec-
ondary antibodies. The protein bands were visualized with
chemiluminescence (ECL, Bio-Rad) on a ChemiDoc Imagin

System (Bio-Rad). Representative blots are shown from sev-
eral experiments.

RNA isolation and Realtime-PCR

Total RNA from cultured cells was extracted with RNA
Isolation kit (Beyotime), cDNA synthesis was carried out
using HiScript IT Q RT SuperMix (Vazyme). Realtime-PCR
was performed using ChamQTM Universal SYBR qPCR
Master Mix (Vazyme) and a QuantStudio 3 real-time PCR
system (ThermoFisher). GAPDH mRNA was used for nor-
malization. The relative expression of each examined gene
was determined with triplicate independent experiments.
Primers are listed as follows: KDELR1 forward: AGCCAC
TACTTGTTTGCGCTA, KDELRI1 reverse: CCTGCCACA
ATGGCGATGA; KDELR?2 forward: GCACTGGTCTTC
ACAACTCGT, KDELR?2 reverse: AGATCAGGTACACTG
TGGCATA; KDELR3 forward: TCCCAGTCATTGGCC
TTTCC, KDELR3 reverse: CCAGTTAGCCAGGTAGAG
TGC; GAPDH forward: ACCACAGTCCATGCCATCAC,
GAPDH reverse: TCCACCACCCTGTTGCTGTA.

Immunofluorescence staining and confocal
microscopy

HeLa or MCF7 cells grown to on glass coverslips were fixed
in 4% paraformaldehyde for 10 min, permeabilized with
PBS containing 0.5% Triton X-100 for 10 min, blocked in
blocking buffer (PBS containing 0.05% Triton X-100 and 2%
BSA) for 30 min. Then cells were incubated with primary
and secondary antibodies and examined using Zeiss LSM880
with a 63X oil immersion objective or Leica TCS SP8 con-
focal or Nikon TIRF. For staining of Halo-tagged proteins,
HaloTag Alexa Fluor 488 and TMR ligands were directly
added to the growth medium of the living cells before fixa-
tion in accordance with the manufacturer’s instructions.

Live cell imaging

HeLa cells were seeded on a glass-bottom dish (35-mm
diameter, In Vitro Scientific) coated with fibronectin (Mil-
lipore). After 18-h co-transfection with HA-Halo-KDELR1
and mCherry-Clathrin light chain, cells were first incubated
with a cell-impermeant HaloTag® Alexa Fluor® 488 ligand
at 4 °C for 30 min, then after three washes with PBS, the
cells were incubated with 50 uM TAEAAAA or TAEK-
DEL peptide in pH 6.5 live-cell imaging solution (Thermo).
Images were acquired immediately with a 63X objective
on a Zeiss LSM 880 Airyscan confocal microscope in an
atmosphere of 5% CO, at 37 °C. Images were acquired
every 5 s for 30 min.
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«Fig.6 Endocytosed KDELR is recycled via peri-nuclear recy-
cling pathways. Colocalization of endocytosed Halo-KDELR and
mCherry-tagged Rabl1 (a), Rabl4 (b) and Rab4 (c) was determined
using confocal microscopy. MCF7 KDELR KD cells transfected with
Halo-KDELR or Halo-KDELR H12A and mCherry-tagged Rab 11
(a), Rabl4 (b), or Rab4 (c) were incubated with HaloTag Alexa Fluor
488 ligand and TAEKDEL peptide in DMEM (pH 6.5) with 10%
FBS at 4 °C for 30 min, followed by washing with PBS and incubated
at 37 °C for 0, 15, or 30 min. Cells were then fixed and observed
using Zeiss LSM880. Line graphs indicate the colocalization of Halo-
KDELR (WT or HI2A) and Rab proteins (n=20 cells). Statistical
analysis was performed using two-way ANOVA with a Tukey’s post-
hoc test for multiple comparisons. Scale bars: 10 um. * p<0.05, **
p<0.01, ¥*** p <0.0001, #p <0.0001, ns not significant
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Fig. 7 Schematic illustration that depicts intracellular itinerary of sur-
face-expressed KDELR. Our results indicate that surface-expressed
KDELR undergoes clathrin-mediated endocytosis, which could be
further accelerated upon binding of KDEL ligand to the receptor.
Endocytosed KDELR then travels to early endosomes (EE), where
initial sorting of the endocytosed receptor seems to occur. From the
EE, bulk of endocytosed KDELR seems to undergo recycling through

Image processing and statistical analysis

Pearson coefficient was analyzed by Fiji software. Results
are displayed as mean + SD (standard deviation) of results
from each experiment or dataset, as indicated in figure leg-
ends. Analyses were performed with GraphPad Prism 8.0
software. Statistical analysis was performed using one-way
or two-way ANOVA with a Tukey’s post-hoc test for mul-
tiple comparisons. N (number of individual experiments) is
noted in the figure legends.
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peri-nuclear recycling pathways via Rab14- and Rab11-positive recy-
cling endosomes. A fraction of endocytosed KDELR travels to the
Golgi and is rapidly recycled to the endosomal compartments or the
PM via clathrin-mediated transport carriers at the TGN. It is currently
unknown what fraction of endocytosed KDELR in the Rabl4- and
Rabl1-positive endosomes may transit through the Golgi, prior to
recycling to the cell surface
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