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Heparan sulfate is a clearance receptor for aberrant
extracellular proteins

Eisuke Itakura®®, Momoka Chiba?, Takeshi Murata®*®, and Akira Matsuural®

The accumulation of aberrant proteins leads to various neurodegenerative disorders. Mammalian cells contain several
intracellular protein degradation systems, including autophagy and proteasomal systems, that selectively remove aberrant
intracellular proteins. Although mammals contain not only intracellular but also extracellular proteins, the mechanism
underlying the quality control of aberrant extracellular proteins is poorly understood. Here, using a novel quantitative
fluorescence assay and genome-wide CRISPR screening, we identified the receptor-mediated degradation pathway by which
misfolded extracellular proteins are selectively captured by the extracellular chaperone Clusterin and undergo endocytosis
via the cell surface heparan sulfate (HS) receptor. Biochemical analyses revealed that positively charged residues on Clusterin
electrostatically interact with negatively charged HS. Furthermore, the Clusterin-HS pathway facilitates the degradation of
amyloid B peptide and diverse leaked cytosolic proteins in extracellular space. Our results identify a novel protein quality
control system for preserving extracellular proteostasis and highlight its role in preventing diseases associated with aberrant

extracellular proteins.

Introduction
Protein deposition diseases are associated with the accumulation
of aberrant proteins. The protein deposits consist of misfolded or
aggregate-prone proteins. Various stresses, including heat shock
or pathological conditions, generate misfolded proteins that in-
duce toxicity. Although cells have developed elaborate protein
quality control systems against various substrates (Wolff et al.,
2014), the failure of these protein quality control systems per-
turbs protein homeostasis (proteostasis) and contributes to
protein deposition diseases, such as neurodegenerative diseases,
including Alzheimer’s disease, Huntington’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis, and transmissible spon-
giform encephalopathies (Kaushik and Cuervo, 2015). Thus,
proteostasis regulators are attractive targets for pharmacological
intervention (Lai and Crews, 2017; Powers et al., 2009).
ATP-dependent molecular chaperones interact with mis-
folded intracellular proteins, and the energy from ATP binding
and hydrolysis is used to either refold or disaggregate the mis-
folded proteins (Klaips et al., 2018). Misfolded proteins that
cannot be productively folded are targeted to one of the cell’s
many protein degradation pathways that mainly culminate
in either the ubiquitin-proteasome system or autophagy
(Ciechanover and Kwon, 2017; Dikic and Elazar, 2018; Itakura
et al., 2012; Kwon and Ciechanover, 2017; Levine and Kroemer,

2019). These intracellular protein degradation pathways selec-
tively recognize misfolded proteins through various molecular
mechanisms and transport these proteins to degradative com-
partments. Misfolded proteins in organelles, such as the ER, are
also recognized via different mechanisms for refolding or deg-
radation (Walter and Ron, 2011). Damaged organelles, such as
mitochondria, are also distinguished from intact organelles and
degraded by autophagy (Gatica et al., 2018; Sica et al., 2015).
Thus, the misfolded proteins in cells are almost exclusively
targeted via the protein quality control systems to maintain
proteostasis (Wolff et al., 2014). Proteins in multicellular or-
ganisms function not only intracellularly but also extracellu-
larly. Secreted proteins collectively constitute ~11% of the
human proteome (Uhlén et al., 2015). These proteins play es-
sential roles in physiological and pathological processes. As with
intracellular proteins, extracellular proteins are damaged by
heat stress, oxidative stress, and pathological conditions. Fur-
thermore, extracellular fluids are subjected to shear stress, and
acidosis and alkalosis disturb extracellular pH (Wyatt et al.,
2013). Thus, extracellular proteins are exposed to more strin-
gent conditions than intracellular proteins. In addition, Alz-
heimer’s disease, the most prevalent cause of dementia, affecting
47.5 million people worldwide (Hung and Fu, 2017), is mainly
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characterized by amyloid B (AB) deposits in the extracellular
space. There is currently no cure for Alzheimer’s disease.
However, the mechanisms underlying the protein degradation
pathway for aberrant extracellular proteins are poorly understood.

Previous studies proposed that extracellular chaperons sta-
bilize stressed proteins. The major extracellular chaperone in
body fluids of vertebrates is Clusterin (Wyatt et al., 2013), which
binds to stressed extracellular proteins (Poon et al., 2000;
Wojtas et al., 2017). Due to the lack of ATPase activity among
extracellular chaperones, including Clusterin, and the low con-
centration of ATP in the extracellular space in vertebrates (Poon
et al., 2000), proteins in the extracellular space cannot be
refolded. It has been suggested that irreversible binding of
Clusterin to stressed proteins stabilizes them to prevent their
aggregation (Humphreys et al, 1999; Wyatt et al, 2013).
Meanwhile, the half-life of secreted proteins in vivo is short
(Price et al., 2010). Inspired by the mechanisms of intracellular
degradation, we hypothesized that misfolded extracellular pro-
teins may engage chaperone-like proteins that facilitate their
degradation through an unidentified cell surface receptor.

Here, we demonstrate the chaperone- and receptor-mediated
extracellular protein degradation (CRED) pathway for aberrant
extracellular proteins. Clusterin interacted with various mis-
folded proteins or AP and selectively internalized these proteins
into the cell for lysosomal degradation. Genome-wide screening
and biochemical analyses revealed that the cell surface heparan
sulfate (HS) receptor leads to the degradation of the Clusterin
complex through electrostatic interactions. We show that the
CRED pathway is a general extracellular protein quality control
system for various misfolded proteins in diverse tissues. Our
discovery of a receptor-mediated extracellular protein degra-
dation pathway provides a novel concept in cell biology.

Results

Clusterin-misfolded protein complexes are selectively
degraded in lysosomes

To determine if the extracellular Clusterin-substrate complex
undergoes degradation in lysosomes, we developed an inter-
nalization assay for Clusterin tandemly fused to RFP and GFP
(Clusterin-RFP-GFP, or CluRG for short). If CluRG reaches the
lysosome, Clusterin and GFP are degraded but RFP, which is
protease and pH resistant (Katayama et al., 2008; Kimura et al.,
2007), remains intact and fluorescent (Fig. 1 A). Basically, this
internalization assay enables simple quantification of lysosomal
degradation of Clusterin. Firefly luciferase (Luc) is used as a
model substrate that is thermodynamically unstable at 42°C
(Glover and Lindquist, 1998; Rodrigo-Brenni et al., 2014).

We purified secreted CIuRG from conditioned medium of
CluRG-expressing human cells (Fig. S1 A) and demonstrated in
pulldown assays that it interacts selectively with Luc induced to
misfold at 42°C (heat shock; Fig. 1 B). CluRG was mixed into
serum-free medium at a concentration of 5 ug/ml (~10 times
lower than the physiological Clusterin plasma concentration,
35-105 pg/ml; Murphy et al., 1988), preincubated with Luc at
42°C for 20 min, and then added to human embryonic kidney
(HEK) 293 cells for 14 h at 37°C. Both cleaved RFP and Luc were
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observed by immunoblotting in cell lysates, indicating uptake of
both CluRG and Luc (Fig. 1 C). In the presence of the vacuolar
proton ATPase inhibitor bafilomycin A, (BafA), intact CluRG was
observed instead of cleaved RFP, and Luc levels were increased.
Less RFP was recovered with the cells in the absence of Luc, and
less Luc was recovered in the absence of CluRG. These results
suggest that the CluRG-Luc complex is preferentially internal-
ized for lysosomal degradation.

Quantification of CluRG internalization assay by flow cy-
tometry also showed that the intracellular RFP signal is in-
creased in the presence of misfolded Luc (Fig. 1 D). As expected,
GFP was stabilized by BafA treatment (Fig. 1 D); the decrease in
RFP under these conditions is likely a consequence of BafA
partially inhibiting endocytosis. The cells engulf RFP-GFP fusion
protein without Clusterin (Fig. 1 E), suggesting that proteins are
nonspecifically internalized via fluid phase endocytosis. The
internalization of an RFP-GFP protein was unaffected by mis-
folded Luc, illustrating a crucial role for Clusterin (Fig. 1 E).
Consistent with this idea, the uptake of CluRG could be
competitively inhibited by excess Clusterin-GFP (Fig. SI B),
suggesting that Clusterin-dependent uptake was a saturable
process.

Microscopy of the cells after CluRG-Luc uptake showed that
RFP was colocalized with lysosomes, whereas GFP was pre-
sumably degraded or quenched by the acidic pH (Fig. 1 F).
Treatment with BafA stabilized GFP, which was seen together
with RFP in lysosomes. In addition, a substantial amount of
CluRG was observed on the cell surface (Fig. 1 F, bottom), im-
plying that endocytosis inhibition by BafA trapped CluRG in
complex with putative cell surface receptors. These results
strongly suggest that there is a receptor-mediated degradation
pathway for extracellular Clusterin-misfolded protein complex.

The selective extracellular protein degradation is a general
protein quality control system

To investigate whether the Clusterin-mediated degradation is a
general system among mammalian tissues, CluRG internaliza-
tion assays were performed using human cell lines derived from
various tissues including the kidney, ovary, lung, bone, liver,
and colon. All of these cell lines showed increased internaliza-
tion of CluRG in the presence of misfolded Luc (Fig. 2 A). We
next examined the Alzheimer’s disease-associated peptide Af,
which is known to interact with Clusterin (Matsubara et al.,
1996; Narayan et al., 2011; Zlokovic et al., 1996). Preincubation
of AP also increased Clusterin internalization in HEK293 cells
(Fig. 2 B), suggesting that Clusterin-mediated degradation is a
ubiquitous system.

HS biosynthesis enzymes are essential for the degradation of
the Clusterin complex

Although previous studies suggested that low density lipopro-
tein receptor-related protein 2 (LRP2) and Plexin A4 bind to
Clusterin (Bell et al., 2007; Hammad et al., 1997; Kang et al., 2016;
Zlokovic et al., 1996), the tissue distribution of LRP2 and Plaxin
A4 is restricted (Lundgren et al., 1997; Pontén et al., 2009). In-
deed, CRISPR-mediated LRP2 gene knockout (KO) HEK293 cells
did not show any significant reduction in the uptake of the
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CluRG-Luc complex (Fig. S2). To identify the putative clearance
receptors, we performed a genome-wide CRISPR screen (Shalem
et al,, 2014) for genes whose disruption impeded CluRG-Luc
uptake (Fig. 3 A). Sequencing of cells with a low RFP/GFP ra-
tio revealed an enrichment of guide RNAs targeting ~20 dif-
ferent genes (Fig. 3 B). Strikingly and unexpectedly, many of the
genes are implicated in HS biosynthesis (Sarrazin et al., 2011;
Fig. 3 C). Although B4GALT7 and XYLT?2 catalyze the initial steps
for HS, chondroitin sulfate (CS) and dermatan sulfate (DS), CS-
and DS-specific genes were not identified in the screen (Fig. 3 B).

Itakura et al.

Extracellular protein degradation

To validate the role of HS biosynthesis, we generated KO cell
lines using single guide RNA (sgRNA) against individual HS
pathway genes (EXTI, EXTL3, NDSTI, B4GALT7, and XYLT2) and
examined them by the CluRG uptake assay. Each KO cell line
showed markedly reduced CluRG-Luc uptake (Fig. 3 D) with no
effect on the uptake of either CluRG alone (Fig. 3 E) or albumin-
red (Fig. S3 A). Exogenous expression of the knocked-out gene in
each of these cell lines restored CluRG-Luc uptake (Fig. 3, F
and G), verifying that the effects are on-target and reversible.
Thus, HS pathway disruption selectively impairs endocytosis of
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Figure 2. Selective extracellular protein degradation is ubiquitous in diverse tissues and for AB. (A) Clusterin-mediated degradation in various cell lines.
Purified CluRG was mixed with or without recombinant Luc in serum-free medium and preincubated at 42°C for 20 min. The cells were cultured in medium for
14 h at 37°C and analyzed by flow cytometry. (B) AB-dependent Clusterin internalization. Purified CluRG was mixed with or without recombinant AB in serum-
free medium and preincubated at 37°C. HEK293 cells were cultured in medium with or without free HS for 14 h at 37°C and analyzed by flow cytometry.

Clusterin when it contains a substrate, but not endocytosis in
general. In contrast, KO cells corresponding to other hits from
the screen (Vpsl8, Vps39, WDR7, and GNPTAB) exhibited an in-
creased GFP signal in the CluRG uptake assay, indicating their
role in lysosomal degradation, but not internalization (Fig. 3, D
and E). This effect is not specific to CluRG, as indicated by
albumin-red stabilization in cells lacking GNPTAB, which
functions in the transport of lysosomal enzymes (Fig. S3 A).

HS chain electrostatically interacts with Clusterin

As nearly all vertebrate cells express a small set of cell-surface
HS proteoglycans that are receptors for several growth factors
and viruses (Liu and Thorp, 2002; Pillay et al., 2016; Xu and
Esko, 2014; Yayon et al., 1991), we postulated that HS acts as a
Clusterin receptor. To determine whether Clusterin directly
binds to HS, we used a pulldown assay with HS-coated Se-
pharose. CluRG but not RG was precipitated by HS-coated Se-
pharose, and this interaction was competed by free HS (Fig. 4 A).
Free HS also markedly interfered with the internalization of
CluRG-Luc into the cells (Fig. 4 B) and delivery to lysosomes
(Fig. 4 C) but not with the internalization of albumin or CluRG
alone (Fig. S3 B and Fig. 4 B). Desulfated HS did not inhibit
CluRG-Luc internalization (Fig. 4, B and C). As mentioned above,
HS is a ubiquitous cell surface proteoglycan. Consistent with
this, competitive inhibition by free HS was observed in other cell
lines derived from different tissues (Fig. 4 D). Together, these
results suggest that HS interacts with Clusterin by electrostatic
interaction through the negatively charged sulfate residues on
the HS chain.

The HS binding sites in HS-binding proteins typically contain
four to seven basic amino acids (Xu and Esko, 2014). 16 lysine
and arginine residues in vertebrate Clusterin are completely
conserved (Fig. 5 A). Mutagenesis identified K and R residues
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whose mutation to Q are compatible with Clusterin secretion
(Fig. S4 A). Based on this result, we prepared recombinant
CluRG containing seven basic residue mutations (K123Q, R127Q,
R130Q, R138Q, R282Q, R286Q, and R289Q) and analyzed the
functionality of this variant (called BQs; Fig. 5 B). Secretion of
CluRG-BQs from cells is not impaired (Fig. S4 A), suggesting that
the mutant is structurally intact. CluRG-BQs displayed ~50%
reduced binding to HS (Fig. 5 C) but no impairment in Luc
binding (Fig. 5 D). Consistent with a key role for HS binding in
CluRG-Luc internalization, CluRG-BQs-Luc showed significantly
decreased internalization and lysosomal degradation (Fig. 5 E
and Fig. S4 B). Thus, CluRG-Luc delivery to lysosomes can be
impaired by genetic disruption of HS biosynthesis, competition by
free HS, or a Clusterin mutant that reduces HS interaction. These
findings strongly indicate that HS on cell-surface proteoglycans is
the receptor for uptake of Clusterin with misfolded protein.

The Clusterin-HS pathway is a versatile degradation system
for a wide variety of substrates
To analyze Clusterin-HS-mediated degradation of potentially
physiological substrates, we focused on the Alzheimer’s
disease-associated peptide AB. CIuRG was preincubated with A
in serum-free medium and then incubated with cells with or
without free HS. CluRG uptake was increased by the presence
of AB but inhibited by free HS (Fig. 6 A). Furthermore, EXTI or
EXTL3 KO cells exhibited markedly decreased internalization of
the CluRG-AB complex (Fig. 6 B). These data are consistent with
the observation that HS proteoglycans colocalize with amyloid
deposits (Snow et al., 1988) and that the injection of Clusterin
into the rat brain prevents AB-induced neuronal degeneration
in vivo (Cascella et al., 2013).

We further searched ubiquitous substrates for the Clusterin-
HS pathway. Intravascular hemolysis is the destruction of RBCs in
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Figure 3. HS biosynthesis enzymes are essential for the degradation of the Clusterin-substrate complex. (A) Schematic representation of the screening.
The GeCKO v2 sgRNA library was delivered into Cas9-expressing HEK293 cells by lentiviral infection. After 1 wk of culture, KO cells were treated with heat-
stressed CluRG-Luc complex for 14 h, and those in the bottom 5% of the RFP/GFP ratio (cell population defective in Clusterin degradation) were sorted using a
cell sorter. After this enrichment process was repeated twice, PCR amplification of the sgRNA coding sequence integrated into the chromosomes was con-
ducted for next-generation sequencing. (B) CRISPR screening of Clusterin degradation-deficient cells. A modified robust rank aggregation algorithm was used
to rank sgRNAs based on P values. HS biosynthesis enzyme genes (blue) and endolysosomal genes (brown) are indicated (B-E). (C) Schematic representation of
the synthesis of the GAG backbones of HS or CS/DS chains. (D and E) HS synthesis enzymes are essential for misfolded protein-dependent Clusterin in-
ternalization. Purified CluRG was mixed with recombinant Luc in serum-free medium and preincubated at 42°C for 20 min. HEK293 cells expressing Cas9 with
the indicated sgRNAs (two per candidate) were cultured in the medium for 14 h at 37°C and analyzed by flow cytometry (D). Cells were treated as in D except
without Luc and analyzed by flow cytometry (E). The bar graph shows the relative fluorescence intensities (GFP, green left axis; RFP, red right axis) in a cell
normalized to those in control cells (n = 3). The data are presented as the mean + SEM. (F and G) Loss of Clusterin internalization in EXT1 or EXTL3 KO cells.
Purified CluRG was mixed with or without recombinant Luc in serum-free medium and preincubated at 42°C for 20 min. Control, EXT1 KO, or EXTL3 KO HEK293
cells (generated by CRISPR) introduced with EXT1, EXTL3 or empty vector were cultured in the medium for 14 h at 37°C and analyzed by flow cytometry. The
bar graph shows the relative fluorescence intensities (GFP, green left axis; RFP, red right axis) in a cell normalized to those in nontreated cells (n = 3). The data
are presented as the mean + SEM (F). Cells were treated as in F and analyzed by immunoblotting (G).
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Figure 4. Clusterin directly interacts with HS. (A) In vitro binding of Clusterin and HS. Purified CluRG or SP-RG in the presence or absence of free HS was
subjected to a pulldown assay with HS-conjugated or control Sepharose at 4°C. The bar graph shows the relative band intensity normalized to that of CluRG by
HS-conjugated Sepharose pulldown (n = 3). The data are presented as the mean + SEM. (B and C) Competitive inhibition of Clusterin internalization by free HS.
Purified CluRG was mixed with or without recombinant Luc in serum-free medium and preincubated at 42°C for 20 min. HEK293 cells were cultured in the
medium with or without free HS or free desulfated HS for 14 h at 37°C and analyzed by flow cytometry. The bar graph shows the relative fluorescence
intensities (GFP, green left axis; RFP, red right axis) in a cell normalized to those in nontreated cells (n = 3). The data are presented as the mean + SEM (B).
HEK293 cells were treated as in B and analyzed by immunoblotting (C). (D) The Clusterin-HS pathway in various cell lines. Purified Clusterin WT-RG was mixed
with or without recombinant Luc in serum-free medium and preincubated at 42°C for 20 min. The cells were cultured in medium with or without free HS for
14 h at 37°C and analyzed by flow cytometry. The bar graph shows the relative fluorescence intensities (GFP, green left axis; RFP, red right axis) in the cells
normalized to that in nontreated cells (n = 3). The data are presented as mean + SEM.

the circulation with the release of intracellular proteins including
hemoglobin into the plasma. Approximately 10-20% of normal
RBC destruction is intravascular (Quigeley et al., 2014), and in-
creased hemolysis due to thermal injury, infectious agents,
chemicals, venoms, or autoantibodies leads to pathophysiologies
including hemolytic anemia. Haptoglobin, a specific chaperone for
hemoglobin, captures the released hemoglobin from damaged
RBCs, and the hemoglobin-haptoglobin complex is internalized
into the macrophage (Kristiansen et al., 2001). Although adaptive
responses to released hemoglobin are well characterized, the
other intracellular proteins released from damaged RBCs are not
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understood (Kato, 2009). If the Clusterin-HS pathway is a general
degradation pathway for various misfolded proteins, Clusterin is
expected to bind to stressed RBC proteins. To test this hypothesis,
CluRG was mixed with RBC proteins and then subjected to heat
stress. A variety of RBC proteins were pulled down with CluRG
under heat stress (Fig. 6 C), suggesting that Clusterin interacts
with various misfolded cytoplasmic proteins. A CluRG internali-
zation assay was performed using the CluRG-RBC protein mixture.
The RFP signal in the cells increased in the presence of heat-
stressed RBC proteins (Fig. 6 D). Importantly, free HS completely
suppressed the increase by competitive inhibition (Fig. 6 D).
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Figure 5. Electrostatic interactions between HS and Clusterin. (A) Multiple sequence alignment of different vertebrate Clusterin sequences. Identical
residues in all sequences are indicated by asterisks (*), conserved substitutions are indicated by colons (:), and conserved cysteine residues for disulfide bonds
are indicated by yellow asterisks. Basic amino acid resides are highlighted in green. Residues for BQs mutant are indicated by red. Homo, Homo sapiens; Danio,
Danio rerio; Gallus, Gallus gallus; Xenopus, Xenopus laevis. The arrow between B and a indicates the cleavage site producing the B and a subunits. (B) Diagrams
of WT Clusterin and the BQs mutant. The BQs mutant exhibited decreased positive charges. (C) Weak binding of Clusterin BQs to HS. Purified Clusterin WT-RG
or Clusterin-BQs-RG was subjected to pulldown assays with HS-conjugated or control Sepharose at 4°C. The bar graph shows the relative band intensity

normalized to that of Clusterin WT-RG by HS-conjugated Sepharose pulldown (n =

3). The data are presented as the mean + SEM. (D) Normal binding of

Clusterin BQs to misfolded proteins. Purified Clusterin WT-RG or Clusterin BQs-RG was mixed with recombinant Luc and incubated at 42°C for 20 min. Samples
were subjected to immunoprecipitation with anti-GFP Sepharose at 4°C. (E) Inefficient internalization of Clusterin BQs. Purified Clusterin WT-RG or Clusterin
BQs-RG was mixed with or without recombinant Luc in serum-free medium and preincubated at 42°C for 20 min. HEK293 cells were cultured in the medium for
14 h at 37°C and analyzed by flow cytometry. The bar graph shows the relative fluorescence intensities (GFP, green left axis; RFP, red right axis) in a cell
normalized to those in nontreated cells (n = 4). The data are presented as the mean + SEM.

Furthermore, EXT1 or EXTLS3 is required for the internalization of
CluRG with stressed RBC proteins (Fig. 6 E). Taken together, these
results demonstrate that the Clusterin-HS pathway is a general
protein quality control system for misfolded extracellular proteins.

Discussion

The results of this study have led to the identification of the
receptor of an uncharacterized pathway for CRED (Fig. 7). More
than 10 yr ago, Wilson and colleagues hypothesized that extra-
cellular chaperones protect stressed proteins and might lead
degradation via an unknown cell-surface receptor (Wyatt et al.,
2013; Yerbury et al., 2005). The receptor candidate was LRP2,
which has been shown to interact with Clusterin (Hammad
et al.,, 1997; Kounnas et al., 1995). However, several studies
have shown that LRP2-Clusterin is involved in leptin signaling
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and the efflux of AP across the blood-brain barrier (Byun et al.,
2014; Nelson et al., 2017; Wojtas et al., 2017), suggesting that
LRP2-Clusterin plays other physiological roles but does not
function in the degradation of Clusterin. Indeed, CRISPR-
mediated LRP2 KO cells did not display any defect in the inter-
nalization of the Clusterin-misfolded protein complexes (Fig.
S2). We combined a novel quantitative fluorescence assay and
genome-wide screening and identified the essential role of
HS synthesis enzymes in the CRED pathway. The Clusterin-
misfolded protein complex directly interacted with HS. The in-
teraction is dependent on electrostatic interactions between
positively charged residues on Clusterin and negatively charged
sulfate on HS. Free HS competitively inhibits the internalization
of the Clusterin complex. Our mechanistic analyses of Clusterin
and HS delineate a working framework for the principal step in
the CRED pathway and suggest that Clusterin with HS maintains
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Figure 6. The Clusterin-HS pathway is a universal degradation system for a wide variety of substrates. (A) Clusterin-HS pathway-dependent AR
degradation. Purified CluRG was mixed with or without recombinant AB in serum-free medium and preincubated at 37°C. HEK293 cells were cultured in
medium with or without free HS for 14 h at 37°C and analyzed by flow cytometry. (B) Medium was prepared as in A. Control, EXT1 KO, or EXTL3 KO HEK293
cells (generated by CRISPR) introduced with EXT1, EXTL3, or empty vector (Vec.) were cultured in medium for 14 h at 37°C and analyzed by flow cytometry.
The bar graph shows the relative fluorescence intensities (GFP, green left axis; RFP, red right axis) in the cells normalized to that in nontreated cells (n = 3). The
data are presented as mean + SEM. (C) Coimmunoprecipitation of CIuRG with various RBC proteins. Purified CIuRG was mixed with or without RBC proteins
and preincubated at 4°C or 50°C for 60 min (heat stress). Samples were subjected to a pulldown assay using an anti-GFP sepharose antibody at 4°C, separated
by SDS-PAGE, and detected with SYPRO-Ruby stain. The asterisks indicate heat stress-dependent Clusterin-binding proteins. (D and E) HS is essential for
internalization of Clusterin-RBC protein complexes. Purified CluRG was mixed with or without RBC proteins in serum-free medium and preincubated at 50°C
for 60 min (heat stress). Control (D), EXT1 KO, or EXTL3 KO (E) HEK293 cells introduced with EXT1, EXTL3, or empty vector were cultured in medium with or
without free HS for 14 h at 37°C and analyzed by flow cytometry. The bar graph shows the relative fluorescence intensity (GFP, green left axis; RFP, red right

axis) in the cells normalized to that in nontreated cells (n = 3). The data are presented as mean + SEM.

extracellular protein homeostasis via the degradation of aber-
rant extracellular proteins.

Previous studies indicated that Clusterin inhibits aggregations
of stressed proteins, including glutathione S-transferase, catalase,
BSA, citrate synthase, fibrinogen, and ovotransferrin, after heat-
ing at 45 to ~60°C in the presence or absence of DTT (Humphreys
et al,, 1999; Poon et al., 2000; Wyatt et al., 2009), whereas the
binding region in the substrates has not been elucidated. In this
study, we used Luc as a heat-sensitive substrate (Gupta et al., 2011;
Schréder et al., 1993). Luc is known to have hydrophobic domains
that are exposed by heat stress at 42°C and targeted by intracel-
lular chaperones (Rodrigo-Brenni et al., 2014). We demonstrated
that Clusterin directly bound to misfolded Luc (Fig. 1 B). A also
contains a short hydrophobic region. In addition, Clusterin in-
teracted with heat-stressed RBC proteins (Fig. 6 C), indicating that
Clusterin might recognize a substrate with an exposed hydro-
phobic domain.

We elucidated the direct binding between Clusterin and HS
by electrostatic interactions (Fig. 5), which dominate the inter-
action of HS-binding proteins with HS (Xu and Esko, 2014). The
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binding residues in Clusterin are conserved among vertebrates
(Fig. 5 A), indicating that the degradation of extracellular pro-
teins via the CRED pathway is evolutionarily conserved. Com-
parative analyses of several HS-binding proteins defined two
HS-binding motifs, XBBXBX and XBBBXXBX (B represents a
basic residue, and X represents any other residue; Cardin and
Weintraub, 1989). Basic residues in Clusterin are critical for HS
binding (Fig. 5), whereas the HS-binding residues in Clusterin
did not correlate with the binding motifs. Indeed, HS-binding
sites in many proteins do not include binding motifs (Billings
and Pacifici, 2015). In addition, hydrogen bonding and Van der
Waals interactions also contribute to HS binding in some cases
(Xu and Esko, 2014). As topology defines most HS-binding sites,
the structural analysis of Clusterin will clearly identify the set of
binding resides in Clusterin. In addition, apolipoprotein E is a
chaperone for AB and also known to interact with HS (Ji et al.,
1993), implying that HS might be a common receptor for ex-
tracellular chaperones.

Extracellular proteases, which may also function in protein
degradation, mainly cleave substrates for activation or
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Figure 7. Model of the CRED pathway. Stresses induce the generation of
extracellular aberrant proteins, which selectively interact with Clusterin.
Positively charged residues on Clusterin electrostatically bind to the nega-
tively charged HS chain on proteoglycan. The Clusterin-protein complex on
the HS chain is then delivered into the lysosome via endocytosis and is di-
gested into amino acids.

inactivation rather than complete degradation (Overall and
Blobel, 2007; Saido and Leissring, 2012). In contrast, Clusterin
delivers substrates into lysosomes, where they are degraded and
recycled as amino acids. Although the degradation of not only
substrates but also Clusterin in the CRED pathway is apparently
an inefficient system, Clusterin, which is a chaperone lacking
ATPase activity, cannot refold and release a substrate by con-
formational change. Furthermore, endosomal recycling (for
example, transferrin) is dependent on specific binding motifs
that harbor histidine residues as a pH-inducible switch re-
sponsible for iron release in an acidic environment (Eckenroth
et al,, 2011). In contrast, substrate release from Clusterin pre-
sumably requires complex processes, since binding patterns
between Clusterin and substrates are different for each mis-
folded protein and may mainly involve hydrophobic interac-
tions. Therefore, the codegradation of substrate with Clusterin,
resulting in the recycling of amino acids, is sufficiently efficient.

The codegradation of Clusterin-substrate complexes is anal-
ogous to the mechanism used by another extracellular chaperone,
haptoglobin, which specifically binds to plasma hemoglobin for
lysosomal degradation via CD163 scavenger receptor-mediated
internalization in macrophages (Kristiansen et al., 2001). In con-
trast to the substrate-specific haptoglobin system, the CRED
pathway is conserved in all human tissues tested (Fig. 5 E) and
targets a wide variety of misfolded proteins derived from RBCs
(Fig. 6). This is consistent with the fact that Clusterin KO mice
develop autoimmune myocarditis via myocardial myosin injection
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(McLaughlin et al., 2000) and immune-complex deposition in
glomeruli (Rosenberg et al., 2002). In addition, intracellular pro-
teins released from ruptured RBCs are subjected to heat stress,
oxidative stress, shear stress, and acidosis during circulation, in-
dicating that the CRED pathway is important for degrading dam-
aged or unwanted endogenous proteins in body fluids.

Clusterin interacts with oligomeric AP to form stable com-
plexes (Narayan et al., 2011), and several mutations in the
Clusterin gene have been identified as a genetic risk association
of Alzheimer’s disease (Bettens et al., 2012), while the analysis of
Clusterin KO mice in a mouse model of Alzheimer’s disease is
complex. The loss of Clusterin in mice was shown to reduce
amyloid plaque formation and neuritic toxicity (DeMattos et al.,
2002), and further studies revealed that Clusterin KO mice ac-
cumulate AB plaques in the cerebrovasculature instead of the
cortex and hippocampus (Wojtas et al., 2017), suggesting that
Clusterin may physiologically play a role in the transport of Ap
across the blood-brain barrier rather than in protein degrada-
tion in the brain (Boland et al., 2018; Nelson et al., 2017). Our
results demonstrated that the CRED pathway internalizes
the Clusterin-AB complex (Fig. 6). However, the internaliza-
tion efficiency might not be high compared with that of the
Clusterin-Luc complex in our assay (Figs. 1 and 6). The devel-
opment of a modified Clusterin mutant with an enhanced ability
to degrade AB (e.g., an increased binding affinity to AB and HS)
would be beneficial for the treatment of Alzheimer’s disease.

The CRED pathway exhibited selectivity for Clusterin com-
plexes over free Clusterin (Fig. 1), whereas the binding affinity
between Clusterin and HS, at least in vitro, was not affected by
the presence or absence of misfolded Luc (not depicted). It is
possible that an unidentified coreceptor regulates receptor-
mediated endocytosis of the Clusterin complexes, analogous to
other HS-binding growth factors and viruses that rely on cor-
eceptors (Liu and Thorp, 2002; Pillay et al., 2016; Yayon et al.,
1991). Defining the mechanism underlying the selective inter-
nalization of Clusterin complexes is therefore an important
future goal.

Thus, given the widespread expression of HS-containing
proteoglycans and Clusterin, as well as extensive substrates,
the CRED pathway is a general extracellular protein quality
control system responsible for clearance of body fluids. Our
results provide insights into the basic molecular mechanism
underlying extracellular proteostasis and provide new avenues
for the possible treatment or prevention of diseases associated
with aberrant extracellular proteins such as neurodegenerative
diseases and autoimmune disease.

Materials and methods

Cell culture

HEK293FT, Flp-in T-Rex HEK293, HeLa, A549, U20S, Huh-7, and
HCT116 cells were cultured in DMEM supplemented with 10%
FBS and 50 pg/ml penicillin/streptomycin in a humidified 5%
CO, incubator. Flp-in T-Rex HEK293 cells were maintained in
the presence of 100 pg/ml zeocin and 15 pg/ml blasticidin. To
generate stably doxycycline (dox)-inducible Clusterin-RG-, sig-
nal peptide (SP)-RG-, or Cas9-expressing cells, pcDNA5 FRT TO
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Clusterin-RG, pcDNAS5 FRT TO SP-RG, or pcDNAS5 FRT TO FLAG-
Cas9, respectively, was cotransfected with pOG44, encoding the
FLP recombinase, into Flp-in T-Rex HEK293 cells, and positive
integrants were selected by resistance to 100 ug/ml hygromycin.
Stable cells were maintained in the presence of 15 pg/ml blas-
ticidin and 100 pg/ml hygromycin. Dox at 100 ng/ml was used
for induction of the integrated gene at the FRT site.

Plasmids

To generate the C-terminal RFP-GFP-His-tagged Clusterin o
subunit (Clusterin-RG/CluRG), full-length human Clusterin
cDNA, which encodes a precursor polypeptide that is internally
cleaved into the B and a subunits in the ER, was amplified by
PCR from total cDNA of HEK293 cells. RFP/mCherry, GFP/sfGFP,
and SP were amplified by PCR from plasmids encoding mCherry,
sfGFP-His, and bovine preprolactin, respectively. The PCR
products were cloned into the pcDNA5 FRT TO vector to gen-
erate pcDNA5 FRT TO Clusterin-RG-His, pcDNA5 FRT TO
Clusterin-GFP-His, or pcDNA5 FRT TO SP-RG. Clusterin BQ
mutants were derived by multisite-directed mutagenesis using
Gibson assembly. The pcDNA5 FRT TO FLAG-Cas9 vector was
previously described (Itakura et al., 2016). To generate pcDNA5-
FRT-TO neo EXT1 or EXTL3, EXT1 and EXTL3 were amplified by
PCR from total cDNA of HEK293 cells. The PCR products were
cloned into the pcDNAS5-FRT-TO neo vector (Addgene; 41000).

Antibodies

Rabbit polyclonal anti-LAMP1 antibodies were a gift from Y.
Tanaka (Kyushu University, Fukuoka, Japan). Rabbit polyclonal
anti-Luc (cat. no. PMO016) and mouse monoclonal anti-RFP (cat.
no. M204-3) antibodies were purchased from MBL. Mouse
monoclonal anti-GFP (clone mFX75, cat. no. 012-22541) and
mouse monoclonal anti-B-actin (clone 2F3, cat. no. 013-24553)
antibodies were purchased from Wako. GFP-nanobody Sepharose
was prepared by conjugating GFP-nanobody protein purified from
pOPINE Nanobody (Addgene; 49172) to N-hydroxysuccinimide
(NHS)-activated Sepharose 4 Fast Flow (GE).

Production of secreted Clusterin-RG and SP-RG

Purification of secreted Clusterin-RG and SP-RG was performed
as previously described (Itakura et al., 2017), with modification.
80%-confluent Flip-in T-Rex HEK293 cells stably expressing
inducible Clusterin-RG or SP-RG in 100-mm dishes were washed
with PBS and cultured in 10 ml of advanced DMEM/FI2 (Thermo
Fisher Scientific) without FBS in the presence of 100 ng/ml dox
for 4 d without changing the culture medium. Harvested con-
ditioned medium was centrifuged at 2,000 g for 5 min, and the
supernatants were passed through a Ni-NTA agarose column
(Wako). The column was washed four times with PBS containing
10 mM imidazole and eluted with PBS containing 200 mM im-
idazole. Imidazole in the eluted fraction was removed by ultra-
filtration using a Nanosep 3K (PALL). The 100 ml of conditioned
medium yielded 0.5 mg of purified protein.

Clusterin internalization assay
Purified Clusterin-RG or SP-RG was mixed in serum-free ad-
vanced DMEM/F12 at a concentration of 0.06 uM (Clusterin
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medium). For heat stress, Clusterin medium with or without 2.2
MM recombinant Luc (Promega) was incubated at 42°C for
20 min. For heat stress of RBC proteins, Clusterin medium with
or without 10 pg/ml RBC proteins was incubated at 50°C for
60 min. Subconfluent cell cultures in 12-well plates were washed
in serum-free DMEM to remove bovine Clusterin derived from
FBS and were then cultured in 500 pl of Clusterin medium with
or without 0.1 uM BafA (LC Laboratories), 80 pg/ml free HS
(Iduron), or 80 pg/ml free desulfated HS (Iduron) for 14 h. Cells
were trypsinized with EDTA and recovered by detachment from
the dish for analysis by flow cytometry or immunoblotting.

AB internalization assay

Binding of Clusterin with AB was performed as previously de-
scribed, with modifications (Hammad et al., 1997). Purified
Clusterin-RG (0.1 uM) in serum-free advanced DMEM/F12 with
or without 20 pg/ml AB (AB-Protein Human, 1-40, Peptide In-
stitute, cat. no. 4307-v) was incubated at 37°C for 2 d. The
mixtures were incubated with cells as described above.

Clusterin-RG and Luc binding assay

Purified 15 nM Clusterin-RG was mixed in DMEM with or
without 2.6 nM recombinant Luc and incubated at 4°C or 42°C
for 20 min. The mixtures were incubated with 10 pl of GFP-
nanobody sepharoses for 4 h at 4°C. The sepharoses were then
washed four times with cold PBS and transferred to fresh tubes
before elution with SDS sample buffer.

Albumin internalization assay

To generate fluorescently labeled albumin (albumin-red), 10 mg of
BSA (fatty acid-free; Wako) was mixed with 0.58 mg of ATTO 565-
NHS-Ester (ATTO-TEC) and incubated for 1 h. The reaction was
terminated by separation of the albumin from unreacted dye by
Sephadex G-25 chromatography in PBS. For the endocytosis assay,
cells washed with PBS were incubated with 2 ug/ml albumin-red in
advanced DMEM/F12 for 14 h and then analyzed by flow cytometry.

Flow cytometry

Trypsinized cells were passed through a 70-ym cell strainer and
resuspended in 5% newborn calf serum and 1 pg/ml DAPI in PBS
for flow cytometric analysis using a CytoFLEX S flow cytometer
equipped with NUV 375-nm (DAPI), 488-nm (GFP), and 561-nm
(mCherry) lasers (Beckman Coulter). Dead cells were detected
by DAPI staining. In each sample, 10,000 cells were acquired.

Immunoblotting

Cells were washed with cold PBS and lysed in lysis buffer (1%
Triton X-100, 50 mM Tris/HCl, pH 7.5, 1 mM EDTA, and 150 mM
NaCl) supplemented with protease inhibitor cocktail (EDTA-
free; Nacalai Tesque) and 1 mM PMSF for 15 min at 4°C. Lysates
were clarified by centrifugation at 20,630 g for 5 min, and 6x
SDS sample buffer was added. Samples were boiled at 95°C for
5 min before SDS-PAGE. 20 pg of protein per lane was separated
by SDS-PAGE and transferred to a polyvinylidene difluoride
membrane (Millipore). Immunoblot analysis was performed
with the indicated antibodies, and the immunoreactive proteins
were visualized using an ImmunoStar Zeta (Wako).
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Lentiviral infection

Stable cell lines were generated using a lentiviral expression
system. HEK293FT cells were transiently cotransfected with
lentiviral vector, psPAX2, and pCMV VSV-G using PEI MAX
reagent (Polysciences). 4 h after transfection, the medium was
replaced with fresh culture medium. After culture for 72 h, the
growth medium containing lentivirus was collected, followed by
centrifugation at 2,000 rpm for 5 min to pellet cell debris. For
CRISPR screening, the virus-containing medium was frozen in
aliquots at —-80°C. Cells were incubated with the collected virus-
containing medium supplemented with 10 mg/ml polybrene for
48 h. Uninfected cells were removed using 1 pg/ml puromycin
(InvivoGen) or 5 pg/ml blasticidin S (Wako).

Genome-wide CRISPR screen
The Genome-scale CRISPR KO (GeCKO) v2 human library was
purchased from Addgene and amplified according to the proto-
col provided by the Zhang laboratory (Shalem et al., 2014;
https://www.addgene.org/pooled-library/zhang-human-gecko-
v2/). A genome-wide screen was performed as described pre-
viously (Joung et al., 2017). Lentivirus was first tested to achieve
an MOI of 0.3 in Flp-in T-Rex HEK293 cells. A total of 4.0 x 107
HEK293 cells stably expressing Cas9 (in ten 10-cm dishes) were
transduced with GeCKO v2 library B. Cells were treated with pu-
romycin (Sigma-Aldrich) 24 h after transduction and maintained
with 100 ng/ml dox (for Cas9 induction) for 7 d. Subsequently, 4.0
x 107 cells were collected to obtain input genomic DNA for analysis.
The remaining cells were split for the Clusterin internalization
assay. The cells transduced with the GeCKO library were cultured
in Clusterin-Luc medium for 14 h and then trypsinized and re-
suspended in DMEM containing 10% FBS without phenol red. Cell
sorting was performed using a Cell Sorter SH800 (Sony). We
sorted the cells in the bottom 5% of the RFP/GFP ratio (Fig. 3 A). In
the screening, we prepared 10 individual 10-cm dishes with 8.0 x
106 cells per dish, for a total of 8.0 x 107 cells. The sorted cells were
cultured for 10 d and then subjected to a second sort in an identical
manner. Following the second sort, the cells were expanded to
4.0 x 107 cells and harvested, and genomic DNA was extracted
using a Blood Genomic DNA Extraction Mini Kit (Favorgen).
Library preparation for next-generation sequencing was
performed as described previously (Joung et al., 2017). Briefly,
sgRNA inserts were PCR amplified from 130 pg of genomic DNA
using KAPA HiFi DNA Polymerase (Kapa Biosystems). The re-
sulting PCR products (from unsorted cells and sorted cells) were
purified and sequenced on a NEXTseq 500 instrument (Illu-
mina) with a single-end 75-bp run (DNAFORM). Data analysis
was performed using Model-based Analysis of Genome-wide
CRISPR/Cas9 KO (MAGeCK; Li et al., 2014).

Generation of KO cells using CRISPR

Each sgRNA oligo was designed as described previously (Shalem
et al., 2014; Fig. S5) and cloned into lentiGuide-puro (Addgene;
52963). HEK293 cells stably expressing FLAG-Cas9 were infected
with lentivirus harboring sgRNA at an MOI of 0.5. Puromycin
was added to cells after 24 h of transduction, and cells were
maintained with 100 ng/ml dox for 7 d. After culture for >7 d,
cells were used as a KO cell line.
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Establishment of EXT1 or EXTL3 KO-rescue cells

EXTI or EXTL3 KO cells were generated by lentiGuide-puro
gEXT1-1 or gEXTL3-1, respectively, as described above. The
FLAG-Cas9 sequence at the FRT site of the KO cells was retar-
geted with either the empty pcDNA5-FRT-TO neo vector or pcENA5-
FRT-TO neo containing EXT1 or EXTL3 (no tag). After G418 selection,
the cell line transfected with the empty vector was used as the KO cell
line, while the cell lines harboring EXT1 or EXTL3 were used as the
rescue cell lines. For experiments, these cell lines were used under
dox treatment. Note that exogenous C-terminal HA-tagged EXT1-HA
and EXTL3-HA did not restore the reduction in Clusterin incorpo-
ration into EXTI or EXTL3 KO cells, respectively (not depicted).

Preparation of HS-conjugated Sepharose

1 mg of HS (Iduron; GAG-HSO01) was conjugated to a 0.5-ml bed
volume of NHS-activated Sepharose 4 Fast Flow. After washing
with blocking buffer (50 mM Tris-HCl, pH 7.5, and 1 M NaCl)
and glycine buffer (0.1 M glycine, pH 2.3), the HS-conjugated
Sepharose was stored in storage buffer (20 mM Tris-HCl, pH 7.5,
and 0.15 M NaCl) at 4°C. Control Sepharose was prepared in the
same way except for the absence of HS.

HS binding assay

Purified 0.06 pM Clusterin-RG was mixed in PBS with or
without 2.2 pM recombinant Luc and incubated at 42°C for
20 min (heat stress). The 0.5-ml Clusterin mixtures were in-
cubated with 15 pl of Sepharose (either control or HS-conjugated
Sepharose) for 4 h at 4°C. The Sepharose samples were then
washed four times with cold PBS and transferred to fresh tubes,
after which they were eluted in SDS sample buffer.

Immunofluorescence

Cells were plated on coverslips and fixed in 3.7% formaldehyde in
PBS for 15 min. For immunostaining, fixed cells were per-
meabilized with 50 pg/ml digitonin in PBS for 5 min, blocked with
10% newborn calf serum in PBS for 30 min, and incubated with
primary antibodies for 1 h. After washing, cells were incubated
with Alexa Fluor 647-conjugated goat anti-rabbit IgG secondary
antibodies (Thermo Fisher Scientific) for 1 h. The stained cells were
observed under a confocal laser microscope (FV1000 IX81; Olym-
pus) using a 100x oil-immersion objective lens with NA of 1.40.
The images were acquired using FV10-ASW 2.1 imaging software.

Preparation of RBC proteins

Blood samples were collected from C57BL/6 mice in EDTA tubes
and centrifuged at 1,000 g for 2 min to separate plasma and RBCs.
RBCs were washed with PBS, resuspended in an equal volume of
homogenization buffer (20 mM Hepes, pH 7.4, 1 mM EDTA, 1 mM
PMSF, and protease inhibitor cocktail), and disrupted using a
narrow-gauge syringe. The homogenized cells were centrifuged at
541,000 g (Hitachi S110AT) for 30 min to remove cell debris. The
concentration of RBC total proteins was determined by the
Bradford method and was typically 50-100 mg/ml.

Immunoprecipitation of CluRG with cytosol
CluRG (1 pg/ml final concentration) was mixed with 30 pg/ml
RBC proteins (final concentration) in 20 mM Hepes, pH 7.4,
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buffer. To induce heat stress, the mixture was incubated at 50°C
for 60 min and then centrifuged at 20,000 g for 10 min to re-
move debris. GFP-nanobody sepharoses (15 pl) were added to
the mixture and incubated for 1 h at 4°C. The sepharoses were
washed five times with PBS and transferred to fresh tubes be-
fore elution with SDS sample buffer.

Online supplemental material

Fig. S1 shows the competitive inhibition of Clusterin internali-
zation. Fig. S2 shows that LRP2 is not involved in the internal-
ization of the Clusterin-misfolded protein complex. Fig. S3
shows that HS synthesis enzymes are not required for endocy-
tosis. Fig. S4 shows the conserved basic amino acids in Clusterin
for secretion and internalization. Fig. S5 shows sgRNA se-
quences used in this study.
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Figure S1. Competitive inhibition of Clusterin internalization. (A) Recombinant CluRG (His-tagged) was purified from mammalian cells (see Materials and
methods). Conditioned medium was collected from HEK293 cells expressing CluRG (prepurification). CIuRG in the conditioned medium was affinity purified via
the His tag (postpurification) and analyzed by Coomassie brilliant blue staining. (B) Purified ClURG was mixed with or without recombinant Luc in serum-free
medium and preincubated at 42°C for 20 min. HEK293 cells were cultured in the medium with or without a 10-fold excess of Clusterin-GFP with Luc for 14 h at
37°C and analyzed by flow cytometry. The bar graph shows the relative fluorescence intensities (GFP, green left axis; RFP, red right axis) in a cell normalized to
those in nontreated cells (n = 3). The data are presented as the mean + SEM.
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Figure S2. LRP2 is not involved in the internalization of the Clusterin-misfolded protein complex. Purified CIuRG was mixed with or without re-
combinant Luc in serum-free medium and incubated at 42°C for 20 min. HEK293 cells expressing Cas9 with control or LRP2 sgRNA were cultured in the
mixtures for 14 h at 37°C and analyzed by flow cytometry. The bar graph shows the relative fluorescence intensities (GFP, green left axis; RFP, red right axis) in
a cell normalized to those in nontreated cells (n = 3). The data are presented as the mean + SEM.
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Figure S3. HS synthesis enzymes are not required for endocytosis. (A) HEK293 cells expressing Cas9 with the indicated sgRNAs (two per candidate) were
cultured with or without albumin-red for 14 h and analyzed by flow cytometry. The bar graph shows the relative fluorescence intensities in a cell normalized to
those in nontreated cells (n = 3). The data are presented as the mean + SEM. (B) HS is not required for albumin endocytosis. HEK293 cells were cultured with or
without albumin-red in the presence of BafA or free HS for 14 h and analyzed by flow cytometry. The bar graph shows the relative fluorescence intensities in a
cell normalized to those in nontreated cells (n = 3). The data are presented as the mean + SEM.
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Figure S4. The conserved basic amino acids in Clusterin for secretion and internalization. (A) Some basic residues in Clusterin are required for secretion.
HEK293 cells transiently transfected with the indicated CluRG vectors were cultured for 3 d, and conditioned medium and cell lysates were analyzed by
immunoblotting. Clusterin mutants colored in blue showed reduced cleavage efficiency and secretion. Note that the expression of CluRG by the cytomega-
lovirus (CMV) promoter increased pre-Clusterin expression in the cell due to overexpression. (B) The indicated Clusterin-RG mutants were mixed with re-
combinant Luc in serum-free medium and incubated at 42°C for 20 min. HEK293 cells were cultured in the mixtures for 14 h at 37°C and analyzed by flow
cytometry. The bar graph shows the relative RFP intensity in a cell normalized to that of Clusterin WT-RG (n = 3). The data are presented as the mean + SEM.
The combination of the R282Q, R286Q, R289Q, K123Q, R127Q, R130Q, and R138Q mutations (BQs) most significantly reduced Clusterin internalization.
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sgRNA sequence

Control CGCAGTCATTCGATAGGAAT
EXT1-1 GCCAGTGTTGAAGCTTCTCG
EXT1-2 CGATGAGAGATTGTTATTAC
EXTL3-1 GGGACATCCCCCATCAGTCC
EXTL3-2 GTATTCTTATGTGATGCCCC
XYLT2-1 TGGTGGATGGCGGTTCTGAC
XYLT2-2 TCGCACCGGGGGGCCATCCA
NDST1-1 AAGCCAGCCCGCTACCGCCG
NDST1-2 ATGACGCACCTGTCCAACTA
B4GALT7-1 CAGCAGGATGCCGCCGACAT
B4GALT7-2 ATGGGATGTCCAACCGCTTC
GNPTAB-1 TTCCTTTAAGCAGTCCAGAG
GNPTAB-2 GTAGTTGAAGATGCCCACTC
Vps39-1 CTTCTCCAAAAAGATTCAGC
Vps39-2 GAGAAGAAGATGTCCTTGTT
Vpsl8-1 AGAGCCGCAGCGCATACTTG
Vpsl8-2 AAGATGTTCCTTGACCATAC
WDR7-1 AGCATCGATCTTGCCATCTT
WDR7-2 TTCTCAGTTCCGCCAGAAGC
INTS5-1 CATTAAGAGCGCCAGTAGCG
INTS5-2 GCAGCCCTAGGGGCGCACTT
IzZMO2-1 TACACTTGGGAGTGATCCTC
IZM0O2-2 CCTCAGGGCGAATGTGATCA
NUMA1-1 TGATGAAGATGCTGCAGTCC
NUMA1-2 AAGAGAGGAGTGCAGCCCCC
SPEF1-1 TCCCTCAGTCCTTGTTGCAG
SPEF1-2 CTTTCAGGAGCTGGCTCCCC
THBS1-1 CCAGGGTGTCGAACATGCCA
THBS1-2 GACCTCAGCCTGACCGTCCA
LRP2-1 TGGTCGCACCTGTATTCACT
LRP2-2 GGATGCATTGTCCCTCACTC

Figure S5. sgRNA sequences used in this study.
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