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Abstract

The conversion of soluble tau protein to insoluble, hyperphosphorylated neurofibrillary tangles (NFTs) is a major hallmark
leading to neuronal death observed in neurodegenerative tauopathies. Unlike NFTs, the involvement of monomeric tau in
the progression of tau pathology has been less investigated. Using live-cell confocal microscopy and flow cytometry, we
demonstrate that soluble ON4R monomers were rapidly endocytosed by SH-SY5Y and C6 glioma cells via actin-dependent
macropinocytosis. Further, cellular endocytosis of monomeric tau has been demonstrated to be HSPG-dependent, as shown in
C6 glial cells with genetic knockouts of xylosyltransferase-1—a key enzyme in HSPG synthesis—with a reduced level of tau
uptake. Tau internalization subsequently triggers ERK1/2 activation and therefore, the upregulation of IL-6 and IL-1f. The
role of ERK1/2 in regulating the levels of pro-inflammatory gene transcripts was confirmed by inhibiting the MEK-ERK1/2
signaling pathway, which led to the attenuated /L-6 and IL-1§ expressions but not that of TNF-a. Moreover, as a key regula-
tor of tau internalization, LRPI (low-density lipoprotein receptor-related protein 1) levels were downregulated in response
to monomeric tau added to C6 cells, while it was upregulated in HSPG-deficient cells, suggesting that the involvement of
LRP] in tau uptake depends on the presence of HSPGs on the cell surface. The subsequent LRP1 knockdown experiment
we performed shows that LRP] deficiency leads to an attenuated propensity for tau uptake and further elevated /L-6 gene
expression. Collectively, our data suggest that tau has multiple extracellular binding partners that mediate its internalization
through distinct mechanisms. Additionally, this study demonstrates the important role of both HSPGs and LRP1 in regu-
lating cellular immune responses to tau protein monomers, providing a novel target for alleviating the neuroinflammatory
environment before the formation of neurofibrillary tangles.
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AD Alzheimer’s disease CSF Cerebrospinal fluid
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Xyltl  Xylosyltransferase-1 LRP1 Low-density lipoprotein receptor-related protein 1
FTD  Frontotemporal dementia MT Microtubules

CNS  Central nervous system
Ap B-Amyloid peptide
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understood. Tau binds and stabilizes axonal microtubules (MTs)
but can be hyperphosphorylated and lose its affinity for MTs
(Bramblett et al. 1993). MAPT gene mutation has also been
proposed to explain the impaired ability of tau to promote the
binding of tau to MTs (Zhang et al. 2004), leaving it available to
interact with other cellular components. Indeed, in the past few
decades many additional binding partners, subcellular locations,
and physiological roles of tau have been identified (Wang and
Mandelkow 2016).

Increasing evidence suggests that tau can be physiologi-
cally released into the extracellular space, both as monomers
and aggregate forms. Tau has been found in both the intersti-
tial fluid (ISF) and cerebrospinal fluid (CSF) in both humans
and wild-type rodents, suggesting that tau release can occur
in the absence of neurodegeneration (Dujardin et al. 2014;
Cummings et al. 2018; Barten et al. 2011; Wang et al. 2017;
Furman et al. 2017; Yamada et al. 2011). Many species of
tau have been characterized outside of cells including free
monomer, C-terminal truncations, low molecular weight
aggregates, fibrils, or membrane-encapsulated tau (Sengupta
et al. 2017; Saman et al. 2012; Kanmert et al. 2015; Karch
et al. 2012). Interestingly, endogenous tau was released in
an activity-dependent manner from primary cortical cultures
(Pooler et al. 2013). Several cell culture studies show that tau
monomer and oligomer in various phosphorylation states are
constitutively released into the extracellular space (Saman
et al. 2012; Merezhko et al. 2018; Katsinelos et al. 2018).
Tau monomer in the ISF may eventually have pathogenic
consequences as tau monomers are able to adopt both an
inert and a seed-competent conformation, while some seed-
competent monomers can form multiple unique pathological
strains (Mirbaha et al. 2018; Sharma et al. 2018). Further-
more, full-length, soluble tau monomer added externally
to culture media eventually forms aggregates inside cells
(Michel et al. 2014). Taken together, these findings suggest
that cellular uptake of physiologically released tau monomer
may represent an initial step in neurodegenerative tauopa-
thies, where cellular uptake provides the initial conditions
for aggregation.

Several groups have demonstrated that full-length
monomer is readily internalized through clathrin-mediated
endocytosis or macropinocytosis and that this internaliza-
tion depends on heparan sulfate proteoglycans (HSPGs)
(Takeda et al. 2015; Mirbaha et al. 2015). In contrast,
some studies have shown that only low molecular weight
tau trimers or larger are endocytosed while monomer is not
(Frost et al. 2009; Wu et al. 2012; Evans et al. 2018; Rauch
et al. 2018). HSPGs are emerging as a likely mediator of
tau internalization as tau contains several heparin-binding
domains (Elbaum-Garfinkle and Rhoades 2012). However,
a member of the low-density lipoprotein receptor family,
LRP1, also had a significant effect on tau endocytosis by
neuronal cells (Elbaum-Garfinkle and Rhoades 2012).

Most importantly, astrocytic LRP1 has been implicated
in Af cleavage during the progression of Alzheimer’s dis-
ease, while the mechanism by which LRP1 regulates cel-
lular uptake of tau monomers in glial cells requires further
investigation.

Cellular responses following monomeric tau uptake have
yet to be widely reported in the field of neurodegeneration
research. Phosphorylation or mutation may affect the
conformation of wild-type tau protein and could have
increased pathogenic consequences on the cell by converting
wild-type tau into a more pathological relevant tau protein
seed, leading to the subsequent pathological transmission,
as discussed in one of our previous papers (Song et al.
2021). This possibility also merits further investigation.
Recently, the involvement of astrocytes in the progression
of tau pathology has drawn much attention because of their
close communication with neuronal cells (Song et al. 2021,
Sidoryk-Wegrzynowicz et al. 2017; Leyns and Holtzman
2017). Astrocytes, like microglia, express genes involved in
phagocytosis (Cahoy et al. 2008), eliminate synaptic debris
(Kim et al. 2019), or protein aggregates as seen by clearance
of pf-amyloid peptide (AP) (Li et al. 2014). For instance,
the enhanced cellular uptake of tau fibrils by astrocytes
has been related to the intensive autophagy-lysosomal
pathway as reported in several tau pathology mouse models.
Also, astrocytic tauopathy is common across many tau-
related neurodegenerative diseases, including Alzheimer’s
disease (AD) (Richetin et al. 2020). However, the cellular
mechanisms of tau accumulation in astroglial cells and glial
cell responses to different isoforms of pathogenic tau have
been less investigated. A neuro-inflammatory hypothesis is
one of the dominant postulates describing the progression
of AD. It has proposed that pathological hallmarks of
AD, amyloid B (Ap) plaques and neurofibrillary tangles
(NFTs), activate glial cells to secrete pro-inflammatory
cytokines, such as tumor necrosis factor alpha (TNF-a),
interleukin (IL)-1pB, and IL-6 (Chiroma et al. 2018). The
pro-inflammatory cytokines could then act either through
autocrine or paracrine pathways to excite astroglial cells
to develop more neurotoxic features by transforming
into reactive astrocytes; this would lead to increases in
phosphorylated tau, AP, and pro-inflammatory molecules
in various human neurodegenerative disorders at a more
advanced stage (Liddelow et al. 2017).

In this study, cellular endocytosis of tau monomer was
examined in several cell lines, as well as neuronal and glial
cells. To investigate the molecular contributors to tau endo-
cytosis and altered intracellular activities, we subsequently
examined tau uptake propensity, the resulting cellular sign-
aling pathways, and pro-inflammatory gene expression lev-
els in HSPG and LRP1-deficient glial cells. Findings from
this study provide novel information for the progression of
tau protein-related pathology and shed light on exacerbated
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pro-inflammatory signaling pathways affected by tau propa-
gation that may provide a therapeutic target.

Materials and Methods
Recombinant Protein Expression and Purification

Full-length human microtubule-associated protein tau was
subcloned into pETM-13 (https://www.embl.de/pepcore/pepcore_
services/strains_vectors/vectors/bacterial_expression_
vectors/) (ON4R isoform described in Morozova et al. (2013)),
and GSK-3p (a gift of the Woodgett 1ab, RRID:Addgene_15898)
was subcloned into pBAD (EMBL). Both plasmids were
generated using ligation-independent cloning (Flanagan et al.
1997). A triple tau mutant (VPR) containing P243L, V279M,
and V348W in the wild-type ON4R tau isoform was created
using site-directed mutagenesis (GeneArt® Site-Directed
Mutagenesis System, Thermo Fisher Scientific). P243L, V279M,
and V348W in ON4R correspond to the P301L, V337M, and
R406W positions in the full-length 2N4R. The oligonucleotide
sequences were as follows: P243L (CCG— >CTG): 5'-GATAAT
ATCAAACACGTCCTGGGAGGCGGCAGTG-3', V279M
(GTG— > ATG): 5'-CAGGAGGTGGCCAGATGGAAGTAA
AATCTGAG-3', and V348W (CGG — >TGG): 5'-GACACG
TCTCCATGGCATCTCAGCAATGTCTCC-3'. For expressing
wild-type ON4R and tau variant proteins, the pETM-13-0N4R
tau plasmid was transformed by heat shock into chemically
competent Rosetta™(DE3) cells (MilliporeSigma, 70,954) using
standard techniques (Gémez-Ramos et al. 2008), and selected
with 34 pg/mL chloramphenicol and 50 pg/mL kanamycin.
For expressing phosphorylated tau, the pPETM-13-0N4R tau
plasmid was co-transformed with the pPBAD-GSK3p plasmid
into Rosetta-DE3 cells, and in addition to chloramphenicol
and kanamycin, 100 ug/mL ampicillin was added for pBAD-
GSK3p plasmid selection. Positive clones containing ON4R tau
were grown in LB media containing 34 pg/mL chloramphenicol
and 50 pg/mL kanamycin, and if expressing phospho-tau with
100 ug/mL ampicillin to maintain the GSK-3p plasmid. For
protein production, cells were inoculated and grown in Terrific
Broth (24 g/L yeast extract, 20 g/L tryptone, 4 mL/L glycerol)
at 37 °C until the A600 was between 0.5 and 0.9. To induce tau
expression, isopropyl B-D-1-thiogalactopyranoside (IPTG) was
added to a final concentration of 0.5 mM, and the culture was
grown for 4 h at 37 °C. For phospho-tau expression, the cells
co-transformed with pETM-13-0N4R and pBAD-GSK3p also
received arabinose at a final concentration of 0.1%, added at
the same time as the IPTG. The bacterial cells were pelleted by
centrifugation at 10,000 X g and tau directly purified, or the pellet
frozen at— 80 °C prior to purification.

Tau proteins were purified as described previously
(Goémez-Ramos et al. 2009). Briefly, pelleted cells were
resuspended in a high-salt buffer (0.1 M MES, 1 mM
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EGTA, 0.5 mM MgSO,, 0.75 M NaCl, 0.02 M NaF, 1 mM
PMSF, pH 7.0), disrupted via sonication, and centrifuged
at 3200 X g to remove insoluble debris. The supernatant
was decanted and then boiled for 10 min, cooled on ice
for 15 min, and then centrifuged at 3200 X g for 10 min to
remove and discard precipitated protein. The supernatant
was decanted and dialyzed overnight at 4 °C in column wash
buffer (20 mM PIPES, 10 mM NaCl, 1 mM EGTA, 1 mM
MgSO,, 2 mM DTT, 0.1 mM PMSF, pH 6.5). The dialyzed
lysate was applied to an SP-sepharose cation-exchange col-
umn on a BioLogic DuoFlow chromatography system (Bio-
Rad); following application, the column was washed for 10
column volumes and protein eluted with 0.4 M NaCl. Pro-
tein-containing fractions were combined, buffer-exchanged
into PBS, and concentrated using Amicon® Pro purification
concentrators (10 kDa MWCO, ACS501002, Millipore-
Sigma). The protein concentration was determined from
measuring the absorbance at 280 nm (A280) using Beer’s
Law with € =7450 M~ cm™! and MW =40 kDa. A typical
final yield was 10—12 mg of tau per liter of culture.

Cell Culture

SH-SY5Y neuroblastoma cells (ATCC CRL-2266™;
RRID:CVCL_0019) were cultured in a 1:1 mixture of
HAMS and Minimal Essential Media, containing 10% fetal
bovine serum (FBS). C6 glioma cells (ATCC CCL-107™;
RRID:CVCL_0194) were cultured in HAMS and 15%
horse serum (ATCC) and 2.5% FBS. HEK293 cells (ATCC
CRL-1573™; RRID:CVCL_0045) were cultured in DMEM
and 10% FBS. CHO745 cells and CHO cells (ATCC CRL-
9618™; RRID:CVCL_0214) were cultured in 10% FBS
and HAMS (ATCC). Rat primary astrocytes (iXCells Bio-
technologies 10RA-005) were cultured in astrocyte medium
(Thermo Fisher Scientific, USA), 2% FBS and 100 U/mL
Penicillin—Streptomycin. Cell cultures were maintained in a
humidified atmosphere of 5% CO, at 37 °C and cultured in
CELLSTAR 25-cm? culture flasks with filters.

CRISPR Plasmid Design and Construction

Primers of single-guide RNAs (sgRNAs) were designed with
Benchling online CRISPR Guide RNA Design Tool (https://
www.benchling.com/crispr/) that designs sgRNAs with input
target sites and provides on- and off-target scores for optimizing
higher activity and lowering off-target effects. sgRNAs were
designed to target the xylosyltransferase domain; the Exon7-tar-
geting sequence (CCTGTATGGCAACTATCCTG) on the Xylt]
gene (Acc:620,093) was introduced into the pSpCas9(BB)-2A-
GFP (RRID:Addgene_48138, a gift of Feng Zhang) using estab-
lished cloning protocols with BbsI and T7 ligase. The ligation
reaction was transformed into Escherichia coli DH5¢ and the
sgRNA expression plasmid obtained via selection of colonies


https://www.embl.de/pepcore/pepcore_services/strains_vectors/vectors/bacterial_expression_vectors/
https://www.embl.de/pepcore/pepcore_services/strains_vectors/vectors/bacterial_expression_vectors/
https://www.embl.de/pepcore/pepcore_services/strains_vectors/vectors/bacterial_expression_vectors/
https://www.benchling.com/crispr/
https://www.benchling.com/crispr/

Journal of Molecular Neuroscience (2022) 72:772-791

775

on ampicillin-containing LB plates. Sequences were confirmed
using the U6 promoter forward primer: GAGGGCCTATTT
CCCATGATT (Integrated DNA Technologies, USA).

C6 Transfection

Twenty-four hours before transfection, C6 cells were seeded
at 7x 10° cells per well in a 6-well plate containing 2 mL
of complete growth medium. Cells were grown overnight to
approximately 80-90% confluency. On the day of transfec-
tion, cells were harvested with 0.05% Trypsin—-EDTA and
transfected with the sequence-confirmed sgRNA plasmid
constructs. For optimizing transfection conditions, 1x 10°
C6 cells were transfected with 10 pg DNA using the SF
Cell line 4D-Nucleofector™X kit (V4XC-2012, Lonza)
according to the manufacturer’s specifications. Cells were
incubated in a humidified 37 °C, 5% CO, incubator for 48 h.

Fluorescence-Activated Cell Sorting (FACS)
of Transfected Cells for Nuclease-Expressing Cells

Two days post-transfection, C6 cell samples were detached with
0.05% Trypsin—EDTA and the top 3% of GFP positive cells were
sorted by FACS into prepared 1.5-mL Eppendorf tubes to enrich
the cell population with higher levels of nuclease expression.
Following a 1-week expansion, enriched cell populations were
subjected to a second round of transfection with the sgRNA
expression plasmid to improve the level of genome editing,
by following the same procedure. Two days post-transfection,
transfected cells were harvested and sorted individually into
96-well plates, followed by a 2-week expansion in a humidified
incubator. The single-cell clone (CL5) used for experimentation
was selected by indel detection by amplicon analysis (IDAA)
DNA capillary electrophoresis (Yang et al. 2015).

Alexa Fluor Labeling

Different isoforms of tau protein were labeled with either
Alexa Fluor™ 488 (AF488) NHS Ester or Alexa Fluor™
647 (AF647) NHS Ester (Life Technologies, USA) accord-
ing to the manufacturer’s instruction by incubating the label
and protein (1:10 w/w) in sodium bicarbonate (pH 8.3) for
1 h at room temperature. A Sephadex G-25 column (GE
Healthcare) was used to separate labeled protein from the
free label and the recovered labeled protein — referred
to as tau-AF488 or tau-AF647 — was concentrated using
Amicon® Pro purification concentrators (10 kDa MWCO)
and quantified via A280 measurement prior to the use.

Live Cell Confocal Microscopy

All cells were plated at 50,000 cells/well in Lab-Tek II con-
focal imaging chambers (Thermo-Fisher, cat# 155,360) and

cultured for 24-48 h in incubators prior to assay. On the day
of assay, cell chambers were transferred to a pre-warmed
live-cell imaging chamber slide incubator on a Nikon Al
confocal microscope and allowed to equilibrate for approxi-
mately 10 min at 37 °C and 5% CO,. All data acquisition
was performed with a 488-nM excitation laser with a 60X
oil objective attached to a heating element to prevent heat
sink from the imaging chamber during acquisition. Thirty
seconds after acquisition began, a pre-warmed cell culture
media containing tau-AF488 was added to cells in a 2X con-
centration to ensure complete mixing and to minimize cell
surface adherence. For analysis, individual cells were iden-
tified at each time point, and the number of tau-containing
vesicles was manually counted, using the Nikon Elements
software to ensure that the signal did not reach saturation.
Three independent biological replicates were performed
for all measurements and at least three cells per time point
were analyzed. Several alternative methods to quantify tau
levels (e.g., total fluorescence, first appearance of vesicles)
were examined, and all gave consistent results. Due to cell
adherence challenges that caused out of focus changes with
time, automated measurements were not able to yield reli-
able values. To block non-specific endocytosis, cells were
pre-incubated on loosely packed wet ice for 30 min. For
experiments blocking macropinocytosis via chemical means,
culture media was replaced fully with either 1.0 or 0.1 pM
cytochalasin-D (MilliporeSigma C8273) for 30 min prior to
tau addition to cells.

Tau Internalization Assay and Flow Cytometry

To test the tau uptake propensity by different cell types
(HEK293, SH-SYS5Y, C6 glioma), single-cell C6 subclone
(CL5), LRPI knockdown C6 cells, and primary rat astrocytes
(RA) were seeded at 5x 10° cells/well in a 24-well plate. After
culturing overnight, cells were incubated with tau-AF488 at
fixed incremental concentrations of tau proteins (0.25 pM,
0.5 pM, and 1.0 pM). After at least 30 min, the cells were washed
with PBS, trypsinized with 0.05% Trypsin-EDTA (Thermo
Fisher Scientific, USA), and the fluorescence analyzed with an
Accuri flow cytometer (MBIC, Mellon Institute). The relative
tau uptake for each condition was calculated by subtracting the
non-specific binding of the fluorophore to the cell membrane,
which was conducted with identical experimental procedures
but at 4 “C to limit internalization. For some experiments, C6
glioma, CLS, or primary rat astrocytes (RA) were incubated
with unlabeled tau proteins — wild-type ON4R (tau), phospho-
ON4R (ptau), and a triple ON4R mutant (VPR) — at 1 pM for
48 h before characterization by Western blotting and quantitative
real-time PCR analysis. For experiments to investigate the
effects of heparin on tau uptake by cells, 0.5 mg/mL heparin
(Amsbio, AMS.HEP0O1) along with the tau protein was added
to cell culture, as indicated.
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Western Blotting

For analysis of expression or phosphorylation of different
proteins present in mammalian cells, the cells were trypsi-
nized and washed with ice-cold PBS prior to suspension
in RIPA lysis buffer containing 150 mM NaCl, 0.1% (v/v)
Triton X-100, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v)
SDS, 50 mM Tri-HCL, and Halt™ Protease and Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific, USA) for pro-
tein extraction. The cell lysate was maintained at constant
agitation for 30 min at 4 °C followed by centrifugation at
16,000 x g for 20 min at 4 °C. Protein concentration was
determined by BCA assay (Thermo Fisher Scientific, USA).
Prior to gel electrophoresis, cell lysate was mixed with a
4X Laemmli sample loading buffer (Bio-Rad, USA) and
boiled at 95 °C for 5 min. Equal amounts of protein were
loaded into the wells of a Mini-PROTEAN TGX Precast Gel
(Bio-Rad, USA), along with Precision Plus Protein™ West-
ernC™ standards (Bio-Rad, USA) and then electrophoresed
for 30 min at 225 V. Proteins were then transferred to 0.2-
pm preassembled PVDF membrane (Bio-Rad, USA) using
the Trans-Blot Turbo Transfer System (Bio-Rad, USA). The
blots were then subjected to Western analysis as described
previously (Bejoy et al. 2020). Briefly, blots were incubated
with 5% nonfat dried milk in 1X Tris-buffered saline con-
taining 0.1% (v/v) Tween-20 (TBS-T) buffer for 1 h at room
temperature to block non-specific binding, and incubated
with the primary antibodies phospho-ERK1/2 (Cell Signal-
ing, 9101S), ERK1/2 (Cell Signaling, 9102S), Xylt1 (Life
Technologies, PA5-67,627), LRP1 (Cell Signaling, 64099S),
and endogenous control protein, pf-actin (Cell Signaling,
3700 T), in TBS-T containing 5% (w/v) BSA overnight at
4 °C. After washing with 1X TBS-T, the blot was incubated
with the fluorophore-conjugated secondary antibody (Li-
Cor Biosciences, 926-32,211) for 1 h at room temperature.
The blots were imaged with ChemiDoc MP Imaging System
(Bio-Rad, USA) and the band intensities of target proteins
were normalized to the endogenous control protein, f-actin,
using ImageJ software.

Quantitative Real-Time PCR Analysis

Total RNA was isolated from cell samples using the RNe-
asy Plus Mini Kit (Qiagen) according to the manufacturer’s
protocol, followed by treatment with the RNA Clean &
Concentrator Kit (Zymo). Reverse transcription of 2 pg of
total RNA was carried out using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) according
to the protocol of the manufacturer. Primers used in the real-
time PCR are listed in Supplementary Table 1. The gene
B-actin was used as an endogenous control for the normali-
zation of expression levels. Real-time PCR reactions were
performed on a ViiA™ 7 System using PowerUp™ SYBR™
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Green Master Mix (Applied Biosystems). The amplifica-
tion reactions were performed as follows: 15 min at 50 °C,
10 min at 95 °C, and 40 cycles of 95 °C for 15 s and 60 °C
for 1 min. Fold change in gene expression was quantified
by means of the comparative Ct method, which is based on
the comparison of the target gene expression (normalized to
the endogenous control p-actin) between the samples. For
experiments designed to inhibit MEK1/2-ERK1/2 signaling,
100 uM MEK1/2-ERK1/2 inhibitor, U0126-EtOH (Selleck-
chem, S1102), was added to culture media along with tau
protein.

Immunocytochemistry

Cell staining was performed as described previously (Song
et al. 2019). Briefly, 1 X 10° cells were seeded into 6 well-
plate per sample and cultured overnight. The replated cells
were then fixed with 4% (w/v) paraformaldehyde in PBS at
room temperature for 15 min and washed twice with a stain-
ing buffer (2% (v/v) FBS in PBS). For staining intracellular
markers, the samples were permeabilized with 0.2-0.5%
(v/v) Triton X-100 at room temperature for 15 min. The cells
were then blocked with 10% (v/v) FBS at room tempera-
ture for 30 min and then incubated with primary antibodies,
mouse anti-Heparan Sulfate (HS; USBiologic, H1890), or
mouse anti-Glial Fibrillary Acidic Protein (GFAP; Sigma-
Aldrich, MAB360-25UL) at room temperature for 4 h. After
washing, the cells were incubated with the corresponding
secondary antibody: Alexa Fluor® 488 goat anti-Mouse IgM
(Abcam, ab150121) and Alexa Fluor® 488 goat anti-Mouse
IgG1 (Life Technologies, A21125), at room temperature for
1 h. The samples were counterstained with Hoechst 33,342
(Abcam, ab228551) and visualized using a fluorescent
microscope (Keyence BZ-X810).

LRP1 Knockdown by Small Interfering RNA (siRNA)

Double-stranded, rat LRP1 specific siRNAs and non-target-
ing siRNA were synthesized by IDT. The sequences of LRP1
specific siRNAs were as follows:

LRP1 siRNAT1: 5'-GGCGUCACUUACAUCAACAAC
CGTG-3,

LRPI siRNA2: 5'-CCUGAUGUUCUGGACCAAUUG
GAAT-3', and.

LRPI siRNA3: 5'-GUAAAAAUGAAGGAAUUACUU
UUTA-3".

The 1 x 10° C6 glioma cells were transfected with LRPI-
specific siRNAs (300 nM) and non-targeting siRNA using
Lonza’s SF Cell line 4D-Nucleofector™X kit (V4XC-2012,
Lonza) according to the manufacturer’s specifications. Cells
were incubated in a humidified 37 °C, 5% CO, incubator for
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48 h. Gene expression of LRPI was analyzed by real-time
PCR analysis 48 h after transfection.

Statistical Analysis

Statistical significance was determined by unpaired
t-tests, one-way analysis of variance (ANOVA), or two-
way ANOVA when appropriate using GraphPad Prism 8
software. A 5% cutoff was applied to determine statistical
significance, and a p-value of <0.05 was denoted with one
asterisk (*). In all flow cytometry and imaging experiments,
at least three independent biological replicates from different
days were performed and the standard error of the mean is
shown. In all cases, the number of replicates is included in
the figure caption.

Results

ON4R Tau Is Rapidly Endocytosed by Immortalized
Cell Lines via Actin-Dependent Macropinocytosis
Pathway

The primary microtubule-associated protein tau (MAPT)
transcript is alternatively spliced into six isoforms, where all
six are expressed in mature brains while the shortest isoform
(ON3R) is expressed primarily during fetal development
(Buée et al. 2000). The ON4R splice variant has previously
been shown to be highly abundant in NFTs (Goedert et al.
1992; Brion et al. 1991), but unlike the 2N4R tau variant, the
internalization of ON4R is not well understood and therefore
was the subject of this investigation. The ON4R isoform was
purified as described in the “Methods” section and labeled
with Alexa Fluor 488 for fluorescence detection and will be
subsequently referred to as tau-AF488. We employed both
live-cell confocal microscopy and flow cytometry to give
insights into the kinetics of ON4R tau endocytosis in three
immortalized cell lines, HEK293, SH-SYS5Y, and rat C6
glioma cells (Fig. 1). HEK293 cells have been previously
used for tau uptake studies, while we also examined neuronal
and glial cell models of more possible relevance — SH-
SYS5Y cells provide an effective model of neurodegeneration
(Agholme et al. 2010) and rat C6 glioma has been shown
to serve as a useful astrocytic model due to its ability to
reproduce pro-inflammatory behavior (Galland et al. 2019).

For confocal imaging, cells plated on imaging chambers
were incubated with tau-AF488 and imaged at O min, 5 min,
and 15 min. Additionally, cells incubated with tau-AF488 were
harvested with 0.05% trypsin—~EDTA every 30 min over a 3-h
timespan and subjected to flow cytometry characterization.
Quantification of live-cell confocal microscopy as number of
vesicles per cell showed that rat C6 glioma cells endocytosed
tau-AF488 monomer around three to four times as rapidly as
HEK?293 cells and SH-SY5Y cells (Fig. 1A, B). This result was

corroborated by quantitative flow cytometry analysis, as 99% of
C6 glioma cells were positive for tau after 15 min compared with
75.2% for SH-SYSY cells and just 6.8% for HEK293 cells for
1-uM tau addition (Fig. |C-E). Additionally, the nuclear stain
Hoechst was co-imaged with tau-AF488 to determine the spatial
distribution of tau relative to the cell nucleus. By 120 min, Alexa
488 signal was detected primarily localized within the cell body
for both C6 glioma cells and SH-SY5Y cells (Supplemental
Fig. S1). Importantly, free Alexa Fluor 488 label and bovine
serum albumin (BSA; 1 pM) labeled with Alexa Fluor 488 did
not enter cells over the imaging periods used (Supplemental
Fig. S2), suggesting that bulk fluid-phase endocytosis was not
responsible for the rapid uptake of ON4R tau that was observed.
Because tau probably exists in lower concentrations in the ISF
as compared with the cytosol in living systems (Yamada et al.
2011), we also tested uptake of 25 nM tau-AF488 for all three
cell types (Fig. 1C-E). We observed a decrease in tau-AF488
fluorescence in SH-SYS5Y and HEK?293 cells over the time
periods tested; however, no statistically significant difference
was observed in C6 glioma cells for the 25-nM versus the 1-uM
tau addition (Fig. 1E).

To confirm that this process occurred via cellular
endocytosis, we pre-incubated HEK293 cells on ice for 30 min
prior to tau addition and found that tau-AF488 monomer did not
enter cells at temperatures non-permissive for endocytosis, as
determined by confocal microscopy (Fig. 2A, B). Furthermore,
flow cytometry confirmed that HEK293 cells preincubated at
4 °C endocytosed approximately seven times less tau-AF488
than cells incubated at 37 °C (Fig. 2C). Similarly, C6 glial cells
incubated at 4 °C endocytosed 82% less tau-AF488 than cells
incubated at 37 °C (Supplemental Fig. S3). To understand
the molecular mechanism responsible for tau endocytosis,
SH-SYS5Y cells were preincubated with cytochalasin-D as a
potent actin-polymerization and macropinocytosis inhibitor.
Cytochalasin-D addition reduced tau uptake significantly over
the entire observation time (Fig. 2D). Tau pathology is not solely
restricted to neuronal cells, as tau inclusions have been found in
astrocytes, oligodendrocytes, and even microglia (Ghoshal et al.
2001; Ferrer et al. 2014); therefore, we also sought to validate a
similar tau uptake mechanism in an immortalized glial cell line,
the rat C6 glioma line. Diminished tau uptake was also observed
in C6 glial cells (Fig. 2D) with the addition of cytochalasin-D.
Taken together, these data suggest that ON4R tau monomer is
readily endocytosed by all three immortalized cell lines, largely
by actin-mediated macropinocytosis.

C6 Glioma Cells Efficiently Endocytose ON4R
Monomer in an HSPG-Dependent Manner

HSPGs are highly expressed on the cell surface and have
been identified as critical cell-surface endocytosis receptors
for 2N4R tau internalization in HEK293 and C17.2 cells
(Rauch et al. 2018; Holmes et al. 2013). To confirm the
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Fig.1 Cell type differences in tau uptake. A Representative confocal
microscopy images for HEK293, SH-SYSY, and C6 glioma follow-
ing addition of 1-uM ON4R tau monomer labeled with Alexa Fluro
488. Scale bar=10 uM. B Quantification of live-cell confocal micros-
copy: C6 glioma cells (triangles) endocytose ON4R monomer about
three to four times faster compared to SH-SYSY cells (circles) and
HEK293 cells (squares) (* <0.05 between C6 and the other two cell
types) C-E The relative uptake of tau-AF488 at indicated concentra-
tions by different cell lines was quantified by flow cytometry, where

relationship between tau endocytosis and HSPGs on the cell
surface, tau uptake was examined in CHO and CHO745 —a
CHO-derived cell line deficient in xylosyltransferase, thus
incapable of synthesizing all glycosaminoglycans (GAGs)
(Lidholt et al. 1992). Quantification of the number of vesi-
cles per cell in live-cell imaging showed that CHO745 cells
rapidly endocytosed tau monomer but did so at a signifi-
cantly slower rate than wild-type CHO cells (Fig. 3A). To
further our understanding, heparan sulfate (HS) protein
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control (untreated) cells were subtracted from those subjected to incu-
bation with tau-AF488. Percent positive indicates the fraction of the
cells incubated with a fluorescence above background. Figure 6C(ii)
shows typical histograms obtained. For HEK293 cells (C) reducing
the concentration of tau-AF488 to 25 nM (open squares) significantly
reduced the tau internalization. For SH-SYSY cells (D), the internali-
zation was reduced at 25 nM (open circles), while for C6 glioma cells
(E), there was no observed difference between the concentrations

expression on the cell surface was determined via immu-
nolabeling with anti-heparan antibody and quantified by
flow cytometry analysis (Fig. 3B). The relative expression
levels are consistent with the differential endocytosis rate
we observed (Fig. 1), where C6 cells had the highest expres-
sion of HS as well as the highest endocytosis rate across
all the cell lines we tested, and as expected, CHO showed
higher levels of HS relative to the CHO7435, consistent with
observed tau uptake.
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Fig.2 Monomeric tau is internalized via actin-mediated endocyto-
sis. A Representative confocal microscopy images of HEK293 cells
incubated with 1 pM tau-488. Scale bar=10 uM. B Pre-incubat-
ing HEK293 cells on wet ice (4 °C) limits tau uptake as measured
by confocal microscopy analysis of mean fluorescence intensity
(**p <0.005, unpaired r-test of 37 °C compared with 4 °C, n> 10/
image) at 15 min of incubation. Individual points represent individ-
ual cells where bars show mean and SEM. C Similarly, as measured

To validate our hypothesis about the importance of
HSPGs as key cell surface receptors for tau, we then
constructed an HSPG-deficient C6 cell line by genetic
knockdown of xylosyltransferase (XyltI) using the
clustered regularly interspaced short palindromic repeat
(CRISPR)-Cas9 system (Cong and Zhang 2014). This
approach was informed by the previous approach in CHO
cells that showed that Xyltl deficiency would prevent
glycosaminoglycan production and directly disrupt HSPG
biosynthesis (Lidholt et al. 1992). Single-guide RNA
(sgRNA) was designed to target Exon7 of XyltI, within
the xylosyltransferase domain (Fig. 4A). C6 wild-type
cells were transfected with a sequence-verified CRISPR/
Cas9-sgRNA construct according to this design. The cell
population with a higher level of Cas9 nuclease expression
as well as higher sgRNA expression was selected based
on the expression of GFP reporter protein. We observed
a higher level of GFP expression for transfected cells,
while cells lacking the template showed no fluorescence
(Fig. 4B). The top 3% of the GFP-positive cell population

Time (minutes)

by mean peak intensity via flow cytometry, pre-incubating HEK293
cells on wet ice (4 °C) decreases tau uptake compared with cells at
37 °C (*p<0.05 for the 37 °C compared to 4 °C; n=3 independent
biological replicates). D 1 uM cytochalasin-D (open symbols, cyto-
D) decreases the rate of tau-488 internalization in SH-SY5Y (circles)
and C6 glioma cells (triangles) compared with untreated cells (filled
symbols; p <0.05 for 1 pM compared to untreated cells) observed by
confocal microscopy

was subjected to FACS-based single-cell selection (see
“Materials and Methods” section), and two clones were
characterized following fragment length analysis — clone
3 (CL3) and clone 5 (CL5). As Xyltl catalyzes the first
step in the biosynthesis of HSPG, the levels of heparan
sulfate (HS) were quantified by immunostaining to
validate the knockdown. Flow cytometry analysis of these
stained populations showed that CL5 had about half the
HS expression compared with the non-edited C6 parental
cells, while CL3 showed a similar level of HS expression
compared with the parental cells (Fig. 4C). To confirm the
HS expression data, mRNA levels of Xylt] were quantified,
with Xylt] gene expression of CL5 observed to be about
two-fold lower than the non-edited parental C6 (Fig. 4D).
Western blot analysis confirmed the absence of Xyltl
expression in CL5, compared with non-edited parental C6
(Fig. 4E). These data confirmed the successful creation of
a XyltI-knockdown C6 cell line that will be referred to as
CL5, by using the CRISPR/Cas9 system, which was used
for subsequent studies.
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Fig.3 Tau monomer uptake depends on HSPG levels. A When
characterized by the number of vesicles per cell observed via live-
cell imaging, CHO745 cells had significantly fewer tau-containing
vesicles per cell compared with wild-type CHO cells (*p <0.05 for
CHO745 cells compared with wild-type cells; n=9, where points
are the average, and error bars represent the standard error). B Hep-
aran sulfate detection on the cell surface was determined via immu-
nolabeling with anti-heparan sulfate antibodies and detected by flow
cytometry, as described in the “Materials and methods” section. (Bars
represent the mean for n=2 independent replicates performed in
duplicate, and error bars represent the standard error; *p <0.05 based
on t-test, ¥**p <(0.001 based on one-way ANOVA)

To examine the differential tau uptake capacity, C6 cells
and CLS5 cells were incubated with tau-AF488 at fixed
incremental concentrations of tau proteins (0.25 uM, 0.5 pM,
and 1.0 uM) for 30 min. Cells were then washed with PBS,
trypsinized with 0.05% Trypsin—EDTA, and the fluorescence
was analyzed with a flow cytometer. The relative tau uptake
for each condition was calculated by subtracting the non-
specific binding of the fluorophore to the cell membrane,
which was conducted with identical experimental
procedures but at 4 “C to limit internalization. Uptake of
tau-AF488 by CL5 was compared with parental C6 cells
(Fig. 4F and Supplemental Fig. S4). Tau-AF488 was rapidly
and efficiently internalized by C6 cells in a concentration-
dependent manner, while the HSPG deficiency in CL5
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significantly decreased the cellular uptake of tau at every
concentration measured during a 30-min incubation. These
data indicate that HSPGs indeed play a significant role in the
uptake of ON4R tau monomers by glial cells.

Intracellular Responses Stimulated by Tau
Internalization Is HSPG-Dependent

Stancu and colleagues (Stancu et al. 2019) showed
previously that aggregated tau was capable of activating
the NLRP3 inflammasome, increasing secretion of
proinflammatory cytokines. Uptake of fibrillar A also
induced the assembly of the NLRP3 inflammasome, which
led to caspase 1-dependent release of pro-inflammatory
cytokines such as IL-1p and IL-18 (Swanson et al. 2019).
Moreover, glial cells play an important role in regulating
inflammatory cytokine secretion in the brain (Fleeman
and Proctor 2021). Under pathological conditions like the
neurodegenerative environment in AD, the pathological
hallmarks, AP plaques and NFTs, have been thought to
activate glial cells to release pro-inflammatory cytokines,
such as IL-1f (Blum-Degena et al. 1995), IL-6 (Kalmén et al.
1997), and TNF-a (Fillit et al. 1991). The elevated levels
of pro-inflammatory cytokines could then further activate
glial cells for additional production of phosphorylated tau
and pro-inflammatory cytokines (Chiroma et al. 2018).
To identify the inflammatory responses affected by tau
monomer endocytosis in C6 glial cells, we next evaluated
mRNA transcriptional levels of the pro-inflammatory
cytokines, IL-6 and TNF-a. Wild-type ON4R tau addition
significantly upregulated pro-inflammatory gene expression
of IL-6 and TNF-a (Fig. 5Ai), suggesting a direct role in
activating a pathological cascade in glial cells.

As previous studies demonstrated that the activation
of the MEK/ERK pathway was associated with early tau
deposition in neurons and glial cells in tauopathies (Ferrer
et al. 2001), we recognized that ERK1/2 phosphorylation
might lead to cytokine transcription. Internalization of Af
during the progression of neurofibrillary degeneration in
Alzheimer’s disease (AD) has also led to MEK/ERK path-
way activation (Pei et al. 2002). To explore the potential
mechanism through which tau induced immune responses,
the phosphorylation of ERK1/2 was further examined for
different experimental conditions (Chua et al. 2004). Intrigu-
ingly, the phosphorylation of ERK1/2 increased in glial cells
following tau monomer addition as compared with control
cells, as determined by Western analysis (Fig. 5B).

To further understand whether cytokine activation was
affected by physiological tau differently from pathological
tau, several tau variants were examined. A triple mutant
VPR (V337M, P301L, R406W) associated with frontotem-
poral dementia (FTD) that has been shown to hyperphospho-
rylate and have increased aggregation propensity (Tanemura
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Fig.4 Construction of a Xyltl knockdown C6 glioma cell line with
CRISPR/Cas9 genome editing technology. A Schematic illustra-
tion of Xylt-1- gene of Rattus norvegicus, containing two functional
domains and 10 exons. Single-guide RNA (sgRNA) was designed
to target Exon7 of Xyltl within the xylosyltransferase domain as
indicated by the red arrow. The sgRNA sequence is highlighted in
green. B Overlay of phase-contrast images with fluorescent images
of transfected C6 cells with either the control or the pre-constructed
CRISPR/Cas9+sgRNA plasmid which uses GFP as a selection
marker to enrich the cell population with higher levels of Cas9 and
sgRNA expressions. Scale bar=100 pm. C Quantification of hep-
aran sulfate (HS) expression by flow cytometry of non-edited C6
(C6), clone 5 (CL5), or clone 3 (CL3), showing highest knockdown

et al. 2002; Vogelsberg-Ragaglia et al. 2000) and a highly
phosphorylated tau protein (ptau) that is expected to drive
aggregation (Lim et al. 2014) were created as described in
the “Materials and Methods” section, and purified as for
wild-type tau. Interestingly, the highest ERK1/2 phosphoryl-
ation was concurrent with the highest expression of immune

for CLS5. Shaded histogram: negative control; black curve: parental
C6 cells; red curve: either C6 single-cell clone (CL) 5 or 3, as indi-
cated. Xyltl gene knockdown in clone 5 (CL5) was verified by both
quantitative reverse transcription-polymerase reaction (RT-qPCR)
(D), where * indicates p <0.05 between different test conditions, and
western blot analysis using Xylt1 antibody (E). F The relative uptake
of tau in C6 parental cells (filled circles) compared with CL5 cells
(filled triangles) was quantified by flow cytometry after a 30-min
incubation at the indicated concentrations. Error bars reflect the
standard error, where * represents p <0.05 for CL5 cells compared
with parental (n=2 independent biological replicates performed in
duplicate)

genes in the C6 cells incubated with VPR or ptau (Fig. 5 Ai,
B). Addition of the MEK-ERK1/2 inhibitor U0126 abol-
ished the increased levels of /L-1f and IL-6 and enhanced
TNF-a mRNA levels that were induced by exogenous VPR
addition (Fig. 5Aii). Taken together, we conclude that tau
monomer addition induced gene expression changes of
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Fig.5 The role of HSPGs in regulating the immune response of glial
cells to tau endocytosis is mediated by intracellular ERK1/2 signal-
ing. A C6 cells (i and ii) and HSPG-deficient (Xylt-1-) CLS5 cells (iii)
were incubated with different tau variants for 24 h. RNA was isolated
and then subjected to quantitative reverse transcription-polymerase
reaction (RT-qPCR) for relative mRNA expression quantification of
IL-6 (open bars) and TNF-a (darkly shaded bars). In A.ii, C6 cells
were incubated with 1 pM VPR-ON4R along with MEK-ERK1/2
inhibitor or vehicle for 24 h. RNA was extracted and the relative

pro-inflammatory cytokines, which are regulated by ERK1/2
activation.

HSPGs have been implicated in cellular signaling from a
variety of ligands, such as the Wnt, Hedgehog, transforming
growth factor-3, and fibroblast growth factor during develop-
ment (Lin 2004). To investigate the relevance of HSPGs and
intracellular signaling activation by tau addition, we further
evaluated ERK1/2 phosphorylation and mRNA transcriptional
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mRNA levels of IL-1p (lightly shaded bars in ii), IL-6, and TNF-a
were determined by RT-qPCR. *p <0.05 between different test condi-
tions; n=2 independent biological samples performed in replicates. B
and C Cell lysates were analyzed by western blotting for p-ERK1/2,
total ERK (t-ERK), and p-actin in C6 (B.i) and CL5 (C.i), with a
representative western blot shown. Quantification of p-ERK/p-actin
ratios in C6 (B.ii) and CL5 (C.ii) from three biological replicates.
Dashed line serves as a guide to the eye (*p <0.05 between different
test conditions, ns =not significant; n=3)

levels of the proinflammatory cytokines IL-6 and TNF-a in
the HSPG-deficient C6-derived cell clone CL5. Intriguingly,
CLS5 cells displayed minimal activation of pro-inflammatory
genes upon tau monomer addition compared to parental C6
(Fig. 5Aiii) and the phosphorylation of ERK1/2 was decreased
(Fig. 5C). These data suggest that HSPGs regulate the pro-
inflammatory gene expression of glial cells in response to
monomeric tau via ERK1/2 signaling activation.
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LRP1 Receptor Plays a Role in Regulating
Intracellular Responses of Glial Cells to Tau Protein

LRP1 has been recently identified as a major regulator of tau
internalization, and tau transmission in neurons (Rauch et al.
2020). Ligand binding to LRP1 also activates cytoplasmic
signaling pathways including several important intracellular
mediators such as JNK and ERK and has been shown to
mediate the immune responses of microglia to extracellular
signals (Yang et al. 2016). To identify potential interactions
between HSPGs and LRP1 upon tau addition, we measured
LRP] expression in both C6 cells and CL5 cells. The addi-
tion of VPR protein downregulated LRPI levels in C6 cells
while LRP] levels in CL5 cells remained at similar levels
as the parental C6 cells (Fig. 6A). These data suggests that
the involvement of LRP1 in tau uptake depends on the pres-
ence of HSPGs on the cell surface, implying the possible
interplay between HSPG and LRP/ in tau endocytosis and,
therefore, its downstream responses.

To validate our observation and identify the role of LRP1
in regulating intracellular responses to monomeric tau, LRP/
gene expression was reduced in C6 glial cells using spe-
cific LRP1-siRNAs. LRP1 was successfully knocked down
by 20-70% using three different LRP1-siRNA (Fig. 6B),
which was further confirmed by western blot at the protein
level (Supplemental Fig. S5). LRP1-siRNA3 knockdown
cells and control cells were incubated with 1 pM VPR-
AF488 at 37 °C for 30 min and then analyzed by fluorescent
microscopy (Fig. 6Ci). Tau uptake was slightly decreased in
LRP1 knockdown cells, which was subsequently quantified
as a 30% reduction by flow cytometry (Fig. 6Cii). LRPI-
siRNA3 knockdown exacerbated IL-6 gene expression
increases as compared to negative control cells in response
to tau (Fig. 6D), suggesting an intermediate regulatory role
of LRPI in response to inflammatory stimuli. Interestingly,
ERK appeared unresponsive in LRPI knockdown cells
(Fig. 6E), implying that other possible as yet unknown sign-
aling pathways, regulated by LRP1, may be also responsible
for the activation of immune pathways following tau uptake.

Heparin Attenuates Tau Uptake and Mitigates
Immune Response to Tau in Primary Astrocytes

In order to ensure that the observations were not limited
to immortalized cell lines, experiments in primary astro-
cytes were performed to determine the effects of heparin in
regulating intracellular activities affected by tau endocytosis.
The propensity for tau uptake was examined in rat primary
astrocytes by fluorescent imaging or flow cytometry to visu-
alize and quantify tau internalization. Here, we selected the
VPR-0ON4R tau variant, as the most significant changes to

cellular immune responses were observed during its uptake
in immortalized cells. Monomeric VPR-AF488 was rapidly
internalized by rat primary astrocytes (Fig. 7A), and the
amount of internalized tau increased over time from 1 to
6 h, while heparin addition attenuated tau uptake, indicating
that tau uptake was partially mediated by HSPGs, as in the
immortalized cell lines. Phase-contrast images were over-
laid with fluorescent images to visualize the spatial locali-
zation of tau, where tau protein was observed to be local-
ized primarily within the cell body (Fig. 7A). Additionally,
the nuclear stain Hoechst and an astrocyte-specific marker,
GFAP, were co-imaged with VPR-AF488 to determine
the spatial distribution of tau relative to the cell nucleus
(Fig. 7B). Tau protein was evenly distributed outside of the
cell nucleus, with negligible overlap with intracellular GFAP
protein. In order to quantify this observation, monomeric
VPR-AF488 uptake in primary astrocytes was analyzed by
flow cytometry (Fig. 7C, D), showing that all cells appear
to take up tau following a 6 h incubation.

A body of evidence has shown that the presence of
HSPGs is required for tau internalization. The rapid inter-
nalization of 2N4R monomer by neuronal cells relies on
the presence of 6-O-sulfation modification on the HSPGs
(Rauch et al. 2018). Similarly, the heparin-induced tau fibrils
from 2N4R monomer are internalized by primary neurons
in a HSPG-dependent manner. HSPGs are also found to be
crucial for tau intracellular seeding activity (Holmes et al.
2013; Barbara Stopschinski et al. 2018). The important role
of 3-O-sulfation on HSPGs in regulating tau internalization
has been recently reported in a non-neuronal cellular model
(Zhao et al. 2020). In fact, tau-HS affinity is mediated by
various factors such as the HS modifications and the con-
formational structure of tau (Song et al. 2021). Different
cell types have different HS-modifying enzyme patterns,
while the physical structure of tau changes with mutations
or post-translational modifications of tau. In our study, the
interaction between HSPGs and tau monomers in glial cells
was investigated by treating cells with heparin, a glycosami-
noglycan, that has been used to competitively inhibit bind-
ing of tau to HSPGs (Murakami et al. 2017). We observed
that heparin addition led to a 50% decrease in ON4R tau
uptake compared to the control group without heparin addi-
tion. A similar effect of heparin reduction of wild-type tau
and ptau internalized by astrocytes was observed (Supple-
mental Fig. S6), suggesting that heparin competes with tau
for binding with HSPGs at the cell surface, regardless of
physiological tau state. Further, the presence of heparin also
ameliorated the immune activation of astrocytes upon the
addition of unlabeled monomeric VPR by driving the IL-6
and IL-1p gene expression back to baseline levels, though
TNFa levels remained elevated (Fig. 7E).
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Fig.6 HSPGs are relevant to LRP-mediated tau endocytosis. A
Reduction of LRP1 mRNA was observed for C6 cells but not for CL5
(Xylt1-) after incubation with 1 pM VPR (darkly shaded bars) for 24 h,
as analyzed by RT-qPCR (n=2, *p<0.05 between different condi-
tions). B Rat C6 glioma cells were transiently transfected with non-
targeting siRNA (NC; open bars) or LRP1-specific siRNA1, siRNA2,
and siRNA3 for 48 h. LRPI knockdown was then confirmed by RT-
PCR analysis. Darkly shaded bars indicate LRPI-specific siRNA,
compared with NC-siRNA (open bars) (n=2, *p<0.05 between
different conditions). C.i The propensity of AlexaFluor488-labeled
monomeric VPR-ON4R (VPR-AF488, green) uptake was exam-
ined in C6 cells post-transfection with non-targeting siRNA (NC)
or LRPI-specific siRNA3 at 1 pM for 30 min. Scale bar=100 pm.
C.ii Flow cytometry histogram of VPR-AF488 uptake in NC siRNA

Discussion

Rapid HSPG-Dependent Endocytosis of Tau
Monomers

Extracellular tau is present in brain cerebrospinal fluid (CSF)
and interstitial fluid (ISF) of AD patients either as free tau
or within vesicles (Merezhko et al. 2018). The majority of
extracellular tau consists of soluble oligomers and monomers,
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cells (black curve) compared with LRP[-specific siRNA3 (red curve)
shows quantitative decrease in tau uptake following knockdown. Gray
filled curve shows distribution with vehicle only. Rat C6 glioma cells
were transiently transfected with either non-targeting siRNA (NC)
or LRPI-specific siRNA3 for 48, followed by incubation with 1 pM
VPR-AF488 or vehicle for 24 h. D RT-qPCR analysis was performed
to detect the expression level of IL-6 in C6 cells post-transfection
as in C, with f-actin used as an internal control. Open bars, NC-
siRNA transfected; gray shaded bars, LRPI-siRNA3 (n=2, *p<0.05
between different conditions) E Cell lysates were then analyzed
by immunoblotting (i) against p-ERK1/2, total ERK (t-ERK), and
B-actin, followed by quantitation (ii) of p-ERK/p-actin ratios from a
representative western blot experiment (n=3, *p <0.05 between differ-
ent test conditions)

while a minority of tau species are in a truncated form from
cleavage by various pro-inflammatory cytokines released
by reactive astrocytes and microglia in AD brains (Dal Pra
et al. 2015). The cellular internalization of extracellular tau
is a major part of neurodegenerative disease progression,
which is still under investigation (Holmes and Diamond
2014). HSPGs, highly expressed on the cell surface, have
been identified as an important cell-surface endocytosis
receptor of tau, as reported in various studies (Holmes et al.
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Fig.7 Rat primary astrocytes readily take up tau in an HPSG-
dependent manner. A The amount of VPR-ON4R labeled with
AlexaFluor488 (+ VPR, green) internalized by primary astrocytes
increases over time from 1 to 6 h, while the presence of heparin has
attenuated the tau uptake rate in astrocytes, as observed by fluores-
cence microscopy. Scale bar=100 pm B Representative fluorescent
images of GFAP (red) and Hoechst (blue) for primary astrocytes
under different conditions, as indicated, where VPR indicates the
addition of VPR-488 with (middle panel) or without (bottom panel)
heparin to the cell as observed via fluorescence microscopy. Scale

2013; Christianson and Belting 2014). Ranch and coworkers
reported that knockouts of extension enzymes of the HSPG
biosynthetic pathway, such as extension enzymes exostosin 1
(EXT1), exostosin 2 (EXT?2), and exostosin-like 3 (EXTL3),
sufficiently reduced the uptake of tau oligomers in HEK293
cells (Rauch et al. 2018). Primary neurons and mouse models
with heparin pretreatment showed diminished tau aggregate
uptake, suggesting that HSPGs are required for tau aggregate
internalization in vivo (Holmes et al. 2013). We have
observed a similar effect of HSPGs on regulating monomeric
tau protein uptake, using CNS-relevant cell lines. In our
study, reduced tau uptake was observed in CHO745 and Xylz-
knockout C6 glial cell lines, as well as in primary astrocytes,
and validated a role for HSPGs in tau uptake. The efficient
uptake of tau (2N4R isoform) protein by astrocytes was

bar=100 pm. C To determine population behavior, VPR-AF488
endocytosed by primary astrocytes was determined by flow cytometry
with and without heparin addition. Grey filled line: negative control,
black line: cells without heparin, red line: cells with heparin. D The
propensity of VPR-ON4R uptake was quantified in primary astrocytes
by flow cytometry (n=2) E An RT-qPCR analysis was performed to
detect the expression levels of IL-1p (lightly shaded bars), IL-6 (open
bars), and TNF-« (filled bars) in primary astrocytes affected by incu-
bation with VPR and heparin, as indicated. p-Actin was used as an
internal control. *p <0.05 between different test conditions; n=2

observed in a previous study (Perea et al. 2019), where tau-
containing cells were detected as early as 30 min. However,
the authors showed that heparin pre-treatment exhibited
little effect on monomeric tau internalization, which is
inconsistent with our findings on ON4R uptake by astrocytes.
The interaction between tau monomers and HSPGs has been
characterized previously at the structural level by surface
plasmon resonance and NMR mapping. Interestingly, tau
was found to contain a specific heparin-binding domain;
residues in both the proline-rich region (PRR) and the second
repeat motif (R2) were specifically recognized by negatively
charged sulfo groups on heparin sulfate (Zhao et al. 2020).
We believe the discrepancy between the research of Perea
et al. (2019), and our results may arise from conformational
differences of the tau isoforms, ON4R and 2N4R, used for
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the studies that result in differential tau-HSPG interaction.
Taken together, the data suggest a complex regulation of
tau interactions with HSPG and heparin that merits more
attention in further studies.

ERK1/2 Signaling Events Are Regulated by Cell
Surface Heparan Sulfate Proteoglycans

Cell surface HSPGs have been implicated in a variety of
receptor signaling pathways via the binding of extracellular
molecules and entities, including tau (Christianson and
Belting 2014; Song et al. 2021). HSPGs act as internalizing
receptors of macromolecular cargo such as FGF2,
lipoproteins, and ApoE in a receptor-independent mechanism
via the clathrin-coated pit endocytosis pathway. There are
two major classes of cell surface HSPGs defined by the type
of core protein — the glypican (GPC) protein family and the
syndecan protein family (Lin 2004). Most relevant to our
study, the binding of ligands to cell surface syndecan HSPG
activates ERK1/2 signaling to facilitate actin-dependent
endocytosis (Christianson and Belting 2014). Similarly,
our study showed that monomeric tau uptake activates
ERK1/2 signaling in an HSPG-dependent way, suggesting
a regulatory role of HSPGs between tau and intracellular
ERK1/2 signaling (Fig. 5A). Additionally, HSPG, as a
co-receptor, activates receptor signaling following binding
of cytokines to their corresponding receptors, including the
binding between IL-6 and IL-6R (Lin 2004). A recent study
demonstrated the inflammatory effects of low molecular
weight heparin in attenuating IL-6 release in patients with
COVID-19 by competing with HSPGs for the binding of
IL-6 (Shi et al. 2020). Moreover, the transcriptional level
of IL-6 was significantly decreased after the addition of a
heparinase enzyme inhibitor. The underlying mechanism
behind these effects was that cell surface HSPGs regulate
IL-6 ligand-receptor interaction and IL-6 secretion via
facilitating the activation of JAK associated with the IL-6
receptor. Subsequently, downstream ERK 1/2 signaling
was activated to mediate the transcriptional activation of
IL-6 (Maddabhi et al. 2012). Analogously, the addition of
ERK1/2 inhibitor in our study reduced the transcriptional
level of IL-6 significantly, which validates the role of the
ERK pathway in regulating /L-6 transcription and therefore,
promoting subsequent IL-6 secretion. Additionally, the
mild responses of HSPG-deficient cells to tau addition
are concurrent with inactive ERK1/2 signaling (Fig. 5A);
this result further indicates that HSPGs play a critical role
in regulating inflammatory gene expression in glial cells
following the addition of exogenous monomeric tau via
intracellular ERK1/2 signaling activation (Fig. 8). However,
further study is needed to identify the primary contributor to
ERK1/2 phosphorylation, HSPG-dependent endocytosis of
tau or positive-feedback regulation of IL-6 secretion, or both.
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Differential Tau-HSPG Interaction Defined
by Specific Tau Variants

Previous work describes a “paperclip-like” conformation for
tau in solution, where the N- and C-terminal ends fold over
in proximity to the center of the repeat domains (Jeganathan
et al. 2006). Site-specific phosphorylation and mutations
have been found to directly impact the conformation of mon-
omeric tau and affect the stability of a folded conformation,
contributing to the propensity for tau protein to aggregate
(Tenreiro et al. 2014). A recent study reported that FTD-
associated mutations enhanced tau oligomer internalization
in SH-SYSY cells, presenting in vitro evidence that muta-
tion-induced conformational changes may lead to changes
in tau binding to HSPGs on the cell surface (Karikari et al.
2019). Indeed, site-specific modifications of tau monomer
may cause conformational changes to tau structure that facil-
itate conversion of inert wild-type tau into seed-competent
tau states that have a high propensity to form aggregates and
filaments (Mirbaha et al. 2018). In our study, no significant
difference was observed in monomeric tau uptake between
different protein variants within 30 min. Nevertheless, dif-
ferential pro-inflammatory gene expression and ERK1/2
phosphorylation was observed with these variants. This
result implies that differential tau-HSPG interaction may be
responsible for intracellular change; further investigation of
tau protein variant binding to heparan sulfate proteoglycans
may uncover differential affinities. Alternatively, changes
to the tau variants following uptake — such as aggregation
or phosphorylation — could alter intracellular pathways.
To our knowledge, our study is the first that finds differ-
ent tau variants’ behavior in activating downstream cellular
pathways in a CNS-relevant cellular system, which argues
that the tau-HSPG interaction may be also epitope and tau
variant-dependent.

Crosstalk Between LRP1 and HSPGs in Regulating
Intracellular Responses of Glial Cells to Tau
Monomer

Apart from HSPG-dependent endocytosis, tau internaliza-
tion is also regulated by specific receptor-mediated endocy-
tosis, as suggested by several previous reports (Evans et al.
2018; Rauch et al. 2020). LRP1 has recently been recognized
as a master regulator of tau uptake; LRPI knockdown abol-
ished uptake of various forms of tau including monomers,
oligomers, and fibrils in H4 neuroglioma cells (Rauch et al.
2020). Our study showed consistent results as observed in
neuronal cells, demonstrating the involvement of LRP1 in
tau endocytosis by glial cells. In addition, the cooperative
interplay between HSPGs and LRP1 has been found to regu-
late neuronal A uptake (Kanekiyo et al. 2011). Interest-
ingly, LRP1 has been shown to facilitate the endocytosis
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Fig.8 Schematic illustration of the intracellular responses affected by
monomeric tau endocytosis. Monomeric tau is rapidly internalized by
both neuronal and glial cells, mediated by the actin-dependent macro-
pinocytosis pathway. In addition, an important role of HSPG has been
demonstrated in regulating inflammatory gene expression, including
IL-6 and IL-1p, partially via ERK1/2 activation following tau uptake.

and lysosomal degradation of the HSPG-hedgehog complex
(Capurro et al. 2012), suggesting a possible LRP1-based
regulation of HSPG-dependent endocytosis.

In our study, downregulation of LRP/ mRNA was
observed in the glial cells upon monomeric tau addition,
while LRP] remained at a similar level in HSPG-deficient
cells compared to control cells upon tau addition. Further,
LRPI knockdown exaggerated /IL-6 mRNA expression,
while no ERK activation was observed. Thus, we suggest
that IL-6 changes likely were altered via the JNK pathway
(Fig. 8). Alternatively, upregulated IL-6 expression may be
the outcome of cooperation between LRP1 and HSPG via
its binding to monomeric tau. Further studies are needed to
identify the intracellular signaling pathways involved in the
immune response of glial cells to tau, with a special focus on
the MAPK and JNK pathways, which have been previously

LRP1 modulates IL-6 responses to tau endocytosis, and this interac-
tion is HSPG-dependent but not ERK-dependent. Solid arrows repre-
sent the pathways that have been demonstrated in this study. Dashed
arrows represent the pathways speculated to be responsible for sub-
sequent cellular responses based on other relevant publications, as
described in the “Discussion” section

identified as the key protein kinases regulated by AB-LRP1
interaction in microglial cells (Yang et al. 2016).

Implications of Efficient Monomeric Tau Endocytosis
for Tau Pathogenesis

Extensive studies suggest that the progression of tau
pathologies, including FTD, Pick disease, progressive
supranuclear palsy, and corticobasal degeneration, rely
on the effective spreading of pathogenic tau, known as
“seeds,” along both synaptic and non-synaptic pathways
(Holmes and Diamond 2014; Hock and Polymenidou 2016).
This propagation of tau pathology involves the transfer of
pathogenic tau seeds from “donor cell” to “recipient cell” and
templated-seeding of aggregation via recruitment of normal
tau and formation of new tau seeds in donor cells (Mudher
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et al. 2017). Soluble tau oligomers have been shown to be
the main toxic seeds inducing endogenous tau misfolding
(Shafiei et al. 2017) and transneuronal propagation (Pooler
et al. 2013). However, the role of monomeric tau in the
pathogenesis of tauopathies is still under investigation.
Until this report, there has been only one publication that
successfully showed the capacity of exogenous monomeric
tau for seeding intracellular tau aggregates and its subsequent
propagation (Michel et al. 2014). Rapid endocytosis of
monomeric tau protein provides an excess of tau protein
available for seeding intracellular tau aggregates, though
the templating-seeding properties of tau seeds mostly rely
on the recruitment of endogenous tau protein (Holmes and
Diamond 2014). It remains more plausible that this seeding
occurs under pathological conditions where tau seeds
facilitate intracellular tau aggregate formation (Leyns and
Holtzman 2017; Guo and Lee 2011). Apart from the role
of monomeric tau in tau pathogenesis, how astrocytic tau
endocytosis affects tau pathology needs further discussion.
In our study, abundant and rapid accumulation of tau protein
in astrocytic-like cells was observed when compared with
neuronal cells. This observation is consistent with prior
work demonstrating that astrocytes exhibit greater avidity for
oligomeric tau than neurons (Piacentini et al. 2017) primarily
due to the enriched phagocytosis pathways in astrocytes
(Martini-Stoica et al. 2018). Astrocytic internalization of tau
mainly disrupted intracellular Ca>* signaling, leading to a
significant reduction in the levels of released gliotransmitters
and synaptic vesicles (Piacentini et al. 2017). Informed by
these previous studies, rapid endocytosis of monomeric
tau by astrocytes observed in our study would likely alter
astrocytic neurotransmission, causing synaptic degeneration.
We suggest that the seeding propensity for aggregation and
potential alterations in neurotransmission following uptake
of monomeric tau may have an overlapping role in the
progression of tau pathogenesis. Future studies will focus on
further investigating the functional alterations in CNS cell
lines following monomeric tau internalization.

Conclusions

Our study shows that monomeric tau is rapidly endocy-
tosed by multiple CNS-relevant cell lines, and the fastest
tau endocytosis rate was observed in glial cells among all
the cell types tested. In addition, we have demonstrated that
tau endocytosis is facilitated by multiple pathways includ-
ing actin-dependent macropinocytosis as well as HSPG- and
LRP1-dependent pathways. Moreover, HSPG-mediated tau
endocytosis in glial cells also triggered the downstream
upregulation of pro-inflammatory gene expression, in part
via mediating ERK1/2 signaling activation. Further, ERK1/2
phosphorylation also displayed a tau variant-dependent

@ Springer

activation, where disease-relevant tau variants induced the
highest levels of ERK1/2 phosphorylation. Further investiga-
tion also revealed the pivotal role of LRP1 in regulating the
pro-inflammatory gene expression and tau internalization
via altering the expression level of LRP1. The study has
provided experimental evidence to advance the understand-
ing of the important role of monomeric tau uptake in glial
cells in the progression of tau pathology.
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