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The highly sulfated domains of heparan sulfate (HS), alias HS S-domains, are made up of repeated
trisulfated disaccharide units [iduronic acid (2S)-glucosamine (NS, 6S)] and are selectively remodeled
by extracellular endoglucosamine 6-sulfatases (Sulfs). Although HS S-domains are critical for signal
transduction of several growth factors, their roles in amyloidoses are not yet fully understood. Herein,
we found HS S-domains in the kidney of a patient with transthyretin amyloidosis. In in vitro assays with
cells stably expressing human Sulfs, heparin, a structural analog of HS S-domains, promoted aggre-
gation of transthyretin in an HS S-domainedependent manner. Interactions of cells with transthyretin
fibrils and cytotoxicity of these fibrils also depended on HS S-domains at the cell surface. Furthermore,
glypican-5, encoded by the susceptibility gene for nephrotic syndrome GPC5, was found to be
accumulated in the transthyretin amyloidosis kidney. Our study, thus, provides a novel insight into the
pathologic roles of HS S-domains in amyloidoses, and we propose that enzymatic remodeling of HS
chains by Sulfs may offer an effective approach to inhibiting formation and cytotoxicity of amyloid
fibrils. (Am J Pathol 2019, 189: 308e319; https://doi.org/10.1016/j.ajpath.2018.09.015)
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(K.N.) and the MEXT/JSPS grants-in-aid JP15K08265 (K.U.) and
JP16KK0202 (K.U.).
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Highly sulfated domains of heparan sulfate (HS), alias HS
S-domains, consist of consecutive clusters of a trisulfated
disaccharide unit [iduronic acid (2S)-glucosamine (NS,
6S)].1 These HS S-domains are a major determinant of
specific interactions between HS and its protein ligands,
including growth factors, chemokines, and morphogens, and
thus they regulate HS functions in diverse biological
processes.2,3 In addition to being involved in biological
processes, HS is associated with various amyloid deposits,
including those in transthyretin amyloidosis (ATTR
amyloidosis),4 Alzheimer disease (AD),5e7 light-chain
amyloidosis,8 and amyloid A (AA) amyloidosis,9 which
suggests that HS may affect amyloid deposition and
amyloidosis pathology. Indeed, HS and heparin, whose
stigative Pathology. Published by Elsevier Inc
major components are HS S-domains, reportedly promoted
fibrillogenesis of various amyloidogenic proteins, such as
transthyretin (TTR) in ATTR amyloidosis,4,10 amyloid b
(Ab) in AD,11e13 cellular prion, Ig light chain in light-chain
amyloidosis,14 and serum AA in AA amyloidosis.15e17

Also, HS at the cell surface mediated interactions of cells
with and cytotoxicity of amyloid fibrils or protein aggre-
gates, including those of t protein and a-synuclein,18 Ab,19
. All rights reserved.
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Table 1 Basic Characteristics of Human Subjects and Postmor-
tem Tissues

Characteristic
Control
(n Z 2)

ATTR patients
(n Z 8)

Female/male ratio 2:0 5:3
Age, years 78 44 � 8.6
Liver transplantation 0 3
Mutation NA V30M
Amyloid deposition in
the glomeruli

0 5

Accumulation of HS S-domains
in amyloid deposits

0 4

Data are expressed as mean or means � SD, unless indicated otherwise.
NA, not applicable.

HS S-Domains in ATTR Amyloidosis
and mutant apolipoprotein A-I (apoA-I).20 We and others
previously reported that HS S-domains accumulated with
tissue amyloid in brains of patients with AD and brains of
mouse AD models.21,22 These lines of evidence suggest that
HS S-domains may be key elements in amyloidoses,23 a
suggestion that is also supported by our previous study
showing that HS S-domains mediated interactions of cells
with fibrils of the G26R mutant apoA-I and cytotoxicity of
these fibrils.20 However, involvement of HS S-domains in
other amyloidoses, such as ATTR amyloidosis, which is the
most common form of hereditary amyloidosis, has not been
addressed.24

Amyloidoses are caused by abnormal depositions of amyloid
fibrils. Although the sequences of amyloidogenic proteins vary,
amyloid fibrils share a common structuredthe cross-b struc-
ture.25 Currently, >30 amyloidogenic proteins have been
identified in humans.26 TTR in plasma is present as a homote-
tramer composed of four 14-kDa monomers.27 TTR is pre-
dominantly synthesized by the liver and the choroid plexus and
transports retinol and thyroxine.28 In addition to having physi-
ological functions, TTR is an amyloidogenic component of
amyloid fibrils in several types of amyloidoses, including fa-
milial ATTR amyloidosis29 and senile systemic amyloidosis.30

Symptoms of ATTR amyloidosis, which depend on the site of
deposition, include peripheral neuropathy, gastrointestinal tract
impairment, cardiomyopathy, nephropathy, and ocular mani-
festations.31 Autosomal dominant ATTR amyloidosis caused
by variant forms of TTR is themost common form of hereditary
amyloidosis. Several endemic foci have been found in Japan,
Sweden, and Portugal.31 More than 100 amyloidogenic muta-
tions in TTR have been reported,27 although wild-type (WT)
TTR also forms amyloid fibrils, which suggests that the muta-
tions are not the sole determinant of amyloid formation.32

Indeed, TTR fibrillization is reportedly initiated by dissocia-
tion of tetramers into monomers that can misfold and aggregate
intofibrils.33 In addition, amyloidfibrils donotdeposit alonebut
rather deposit together with nonamyloid protein components34

andnonprotein components.35 These data indicate the existence
of a cofactor for formation and deposition of aggregates formed
by WT TTR and variant TTRs. ATTR amyloidosis is charac-
terized by deposition of TTR fibrils in various tissues, including
the kidney,which is themost frequent site of deposition.36 TTR
deposition in the kidney leads to renal injury associated with
various clinicalmanifestations, ranging fromproteinuria to end-
stage kidney failure.37 As an intriguing finding, HS is the major
component of glomerular basement membranes.38

Herein, to identify potential cofactors for TTR deposition
in tissues, we studied the involvement HS S-domains in
ATTR amyloidosis. HS S-domains were detected in tissues
obtained from patients with ATTR amyloidosis by using the
RB4CD12 antibody, which specifically recognizes HS
S-domains.39 Previously, Chinese hamster ovary (CHO)
cells that stably expressed the extracellular endoglucos-
amine 6-sulfatase human sulfatase 2 (HSulf-2) were estab-
lished.40 Sulf-2 enzymatically remodels extracellular HS by
removing C-6 sulfate groups in HS S-domains and thereby
The American Journal of Pathology - ajp.amjpathol.org
regulates interactions between the HS S-domains and their
protein ligands.41 By using CHO cells that stably expressed
the extracellular endoglucosamine 6-sulfatase HSulf-2, it
was shown that formation of fibrils and interactions of cells
with fibrils generated by various TTR fragments depended
on HS S-domains. Moreover, glypican-5 (GPC5) was
detected in glomeruli obtained from patients with ATTR
amyloidosis. The GPC5 gene is a recently identified new
susceptibility gene for acquired nephrotic syndrome that
may confer susceptibility to that syndrome by hyper-
activating fibroblast growth factor 2 (FGF2) signaling.42

Our results support the importance of HS S-domains and
their enzymatic remodeling by Sulf-2 in the pathogenesis of
ATTR amyloidosis and development of therapeutic strate-
gies,43 and they point to GPC5 as a new therapeutic target to
reduce renal injury in ATTR amyloidosis.

Materials and Methods

Materials

After receiving approval from the Kumamoto University
Research Ethical Committee, informed consent was ob-
tained from all study subjects. Table 1 provides details about
study subjects and postmortem tissues. Formalin-fixed,
paraffin-embedded sections of normal kidney were ob-
tained from BioChain Institute Inc. (Newark, CA), accord-
ing to ethical standards and procedures approved by the
institutional review board. WT TTR 81 to 127 fragments
were expressed by Escherichia coli and purified. WT TTR,
V30M mutant TTR 12 to 35 fragments, and the C-terminal
fragment with amino acid residues 105 to 123 were pur-
chased from Eurofins Genomics (Tokyo, Japan). CHO cells
that were stably transfected with HSulf-2eencoding cDNA
were established as previously described.40 A conditionally
immortalized human podocyte cell line was established by
Saleem et al.44 Mouse mesangial cells (SV40 MES 13,
number CRL-1927) were purchased from ATCC (Manassas,
VA). Porcine intestinal mucosa heparin was coupled to
bovine serum albumin (BSA) at its reducing end on the
basis of the procedure described by Najjam et al.45 The
309
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conjugates were referred to as heparin-BSA. Thioflavin T
(ThT) was purchased from Sigma (St. Louis, MO). An
antieb-actin antibody was purchased from Sigma, and a
rabbit monoclonal anti-GPC5 antibody was purchased from
Abcam (Cambridge, MA). RB4CD12 antieS-domain anti-
body22 was kindly provided by Dr. Toin H. van Kuppevelt
(Nijmegen Center for Molecular Life Sciences, Radboud
University Nijmegen Medical Center, Nijmegen, the
Netherlands). Mouse IgG and IgM isotype controls were
obtained from Abcam, and a rabbit IgG isotype control was
from Thermo Fisher Scientific (Waltham, MA).

Monitoring Fibril Formation

Fibril formation was monitored by means of ThT,46 as
previously described,47 except that we used Black 96-Well
Immuno Plates (Thermo Fisher Scientific) that were coated
with BSA (control) or heparin-BSA conjugates. To elimi-
nate S-domains from heparin, each well of the heparin-
BSAecoated plate was incubated with the culture medium
of CHO cells that stably expressed HSulf-2.48 To monitor
formation of fibrils by TTR fragments, TTR fragments (30
mmol/L) in phosphate-buffered saline (PBS; pH 7.4) were
incubated in the presence of 10 mmol/L ThT at 37�C with
agitation on an orbital rotator. Fluorescence of ThT was
recorded from 460 to 600 nm with an excitation wavelength
of 445 nm. The area under the curve was determined by
using Prism 7 software (GraphPad Software, La Jolla, CA).

Cell Culture

WT CHO cells and their variants were cultured in a 1:1
mixture of Dulbecco’s modified Eagle’s medium and Ham’s
F-12 Nutrient Mixture (Sigma) supplemented with 10%
heat-inactivated fetal bovine serum (Lonza Group Ltd,
Basel, Switzerland), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Sigma) at 37�C in 95% air and 5% CO2.
Immortalized human podocytes were maintained in RPMI
1640 medium (Thermo Fisher Scientific) containing 10%
fetal bovine serum, 1% Insulin-Transferrin-Selenium-A
Supplement (Thermo Fisher Scientific), 100 U/mL peni-
cillin, and 100 mg/mL streptomycin. Cells were grown at
33�C in 95% air and 5% CO2 and were then differentiated at
37�C for 7 days.44 SV40 MES 13 mouse mesangial cells
were cultured in a 3:1 mixture of Dulbecco’s modified Ea-
gle’s medium and Ham’s F-12 Nutrient Mixture containing
14 mmol/L HEPES (Sigma), 5% fetal bovine serum, 100 U/
mL penicillin, and 100 mg/mL streptomycin at 37�C in an
atmosphere containing 5% CO2.

Analysis of HS S-Domains by Enzyme-Linked
Immunosorbent Assay

Heparin was immobilized by adding 100 ng/mL heparin-
BSA conjugates in PBS to wells (100 mL/well) of Black 96-
Well Immuno Plates. The plates were kept at 4�C overnight.
310
The wells were washed three times with PBS containing
0.1% Tween-20 and were then blocked with 3% BSA
(Sigma) in PBS at room temperature for 2 hours, after which
the wells were washed with PBS containing 0.1% Tween-20
and incubated with the primary antibody (RB4CD12, 1:750
in 0.1% BSA/PBS, 100 mL/well) at room temperature for 1
hour. After being washed, the wells were incubated with
100 mL/well of the secondary antibody, rabbit
antievesicular stomatitis virus antibody conjugated with
Cy5 (Sigma; 1 mg/mL in 0.1% BSA in PBS), at room
temperature for 45 minutes. The fluorescence intensity of
each well was analyzed by using an Infinite M200 micro-
plate reader (Tecan Japan Co, Ltd, Kanagawa, Japan).

Preparation of TTR Fibrils

WT TTR, V30M mutant TTR 12 to 35 fragments, the C-
terminal fragment with amino acid residues 105 to 123, and
WT TTR 81 to 127 fragments were solubilized in PBS to
give a final concentration of 30 mmol/L, and the solutions
were incubated in a microcentrifugation tube in a rotating
mixer for 7 days at 37�C. Fibril formation was confirmed by
using atomic force microscopy (AFM).

AFM Analysis

ForAFManalysis, 10mLof eachfibril solution (30mmol/L) in
10 mmol/L PBS was diluted with 45 mL of distilled water and
spotted on freshly cleavedmica (Nilaco Corp., Tokyo, Japan).
After the mica was washed with 20 mL of distilled water,
sample images were obtained under ambient conditions at
room temperature via NanoScope IIIa Tapping Mode AFM
(Veeco Instrument, Plainview, NY) and a single-crystal
microcantilever OMCLAC160TS-R3 (Olympus, Tokyo,
Japan) at a scan rate of 0.5 Hz in tapping mode.

Analysis of Interactions of Cells with TTR Fibrils

HS S-domain expression and its removal were successfully
induced by plating CHO cells and their HSulf-2eexpressing
variants on coverslips coated with poly-L-lysine to prevent
cells from detaching.20,40 Cells were plated onto the coated
coverslips and cultured for 12 hours, after which they were
incubated with CF488A dye-labeled TTR fibrils (1 mmol/L)
at 37�C for 12 hours. TTR fibrils were labeled by using the
CF488A Protein Labeling Kit (Biotium, Fremont, CA).
Briefly, 100 mL of 1 mol/L sodium bicarbonate (pH 8.3) was
added to 1000 mL of 30 mmol/L TTR fibrils in PBS solution.
The CF488A dye was dissolved in 25 mL of dimethyl
sulfoxide, and the dye solution was added to the TTR fibril
solution. After labeled TTR fibrils were incubated at room
temperature in the dark for 1 hour, the fibrils were purified
by using ultrafiltration vials with a 3-kDa cutoff (Millipore,
Billerica, MA). The cells were fixed with 4% para-
formaldehyde for 20 minutes at room temperature. The cells
were washed three times with PBS and were mounted with
ajp.amjpathol.org - The American Journal of Pathology
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Vectashield Mounting Medium with DAPI (Vector Labo-
ratories, Burlingame, CA). The specimens were examined
with an LSM710 confocal microscope. For quantification of
TTR fibrilepositive cells, 5 to 10 fields were randomly
selected and the percentages of TTR fibrilepositive cells
was calculated from the total number of cells and number of
amyloid-positive cells. The mean ratios of amyloid-positive
cells/total cells were obtained.

Cytotoxicity Assay

Cytotoxicity was determined by measuring mitochondrial
membrane potential with the mitochondrial membrane
potentialesensitive fluorophore tetramethylrhodamine,
ethyl ester (MitoPT assay kit; ImmunoChemistry Technol-
ogies, Bloomington, MN). Briefly, CHO cells and their
variants were plated on poly-L-lysineecoated coverslips,
cultured for 12 hours, and treated with TTR fibrils
(1 mmol/L) at 37�C for 12 hours. After the cells were
washed with PBS twice, they were spiked with 10 nmol/L
tetramethylrhodamine, ethyl ester, at 37�C for 20 minutes in
the dark. Tetramethylrhodamine, ethyl ester, fluorescence
was detected by using an LSM710 confocal microscope
(Carl Zeiss MicroImaging GmbH, Jena, Germany) with an
excitation wavelength of 555 nm. Mean fluorescence in-
tensities were determined using ImageJ software version
1.50i (NIH, Bethesda, MD; http://imagej.nih.gov/ij).

Immunohistochemistry

Paraffin-embedded blocks of human tissue were cut into sec-
tions (3 mm thick) and stained with alkaline Congo red after
deparaffinization and rehydration. Stained specimens were
examined under polarized light.49 After deparaffinization and
rehydration of the sections, antigens were heat retrieved by
boiling the sections in a pressure cooker in citrate buffer
(10mmol/L sodiumcitrate and0.05%Tween20, pH6.0) for 20
minutes, after which sections were blocked in Animal-Free
Blocker (Vector Laboratories) for 1 hour at room tempera-
ture. Sections were then incubated overnight at 4�C with pri-
mary antibodies: an anti-TTR antibody, 1:200 (Dako,
Glostrup, Denmark); an anti-FGF2 antibody, 1:200 (Novus
Biologicals, Littleton, CO); an anti-GPC5 antibody, 1:200
(BiossAntibodies,Woburn,MA); the RB4CD12 antibody; the
10E4 anti-HS antibody, 1:50 (United States Biological, Salem,
MA); or isotype controls in Animal-Free Blocker. After the
samples were washed in PBS, primary antibodies were detec-
ted with the secondary antibody Alexa 488econjugated
polyclonal goat anti-rabbit IgG, Alexa 568econjugated poly-
clonal goat anti-rabbit IgG, Alexa 568econjugated polyclonal
goat anti-mouse IgG, Alexa 488econjugated polyclonal goat
anti-mouse IgM (5 mg/mL; Thermo Fisher Scientific), or
Cy3-conjugated monoclonal antievesicular stomatitis virus G
glycoprotein (4 mg/mL; Sigma). Sections were mounted with
Vectashieldmountingmediumand examinedwith anLSM710
confocal microscope.
The American Journal of Pathology - ajp.amjpathol.org
Analysis of GPC5 Expression by Means of Western Blot
Analysis

MES 13 cells or differentiated human podocytes were treated
with fibrils of WT TTR 81 to 127 fragments (1 mmol/L) at
37�C for 12 hours. After incubation, cells were washed with
PBS three times and were lysed by sonication in RIPA buffer
[1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
150 mmol/L NaCl, 50 mmol/L Tris-HCl (pH 8.0), and 1
mmol/L EDTA] containing a protease inhibitor cocktail
(Roche Diagnostics, Basel, Switzerland). Cell lysates were
subjected to SDS-PAGE with 4% to 20% gradient gels
(Wako Pure Chemicals, Osaka, Japan) and were transferred
to polyvinylidene difluoride membranes (Millipore). GPC5
was probed with an anti-GPC5 antibody (Abcam), followed
by the secondary antibody (a horseradish peroxidaseelabeled
anti-rabbit antibody; Cell Signaling Technology, Beverly,
MA) and the chemiluminescent substrate ImmunoStar LD
(Wako Pure Chemicals). Signals were detected by using a
Fujifilm LAS-3000 Imager (Fujifilm, Tokyo, Japan). The
protein contents were normalized to the expression level of b-
actin protein. To determine protein band densities, image files
were analyzed with ImageJ software version 1.50i .

Immunoprecipitation

Cells were incubated with TTR fibrils (1 mmol/L) at 37�C for
12 hours, and cell lysates were prepared as described above.
GPC5 in cell lysates was immunoprecipitated by using an
anti-GPC5 antibody (Abcam) that was conjugated with
Dynabeads Protein G (Thermo Fisher Scientific). The pre-
cipitates obtained were washed three times with PBS and heat
treated at 70�C for 10 minutes in SDS-PAGE sample buffer.
HS S-domains in the supernatants were detected by means of
SDS-PAGE with 4% to 20% gradient gels, followed by
immunoblotting with the RB4CD12 antibody and a horse-
radish peroxidaseeconjugated mouse antievesicular stoma-
titis virus G glycoprotein antibody (Sigma). The signals were
visualized and analyzed as described in the above section.

Statistical Analysis

Data were analyzed by means of the unpaired t-test. Results
were considered significant when P < 0.05.

Results

HS S-Domains and TTR Colocalized in the Kidney of an
ATTR Amyloidosis Patient

Under polarized light, Congo red staining of sections of the
kidney from a patient with ATTR amyloidosis demonstrated
apple-green birefringence, which indicated deposition of
amyloid fibrils in this specimen (Figure 1A). Immuno-
staining with an anti-TTR antibody confirmed deposition of
TTR fibrils in glomeruli obtained from this patient; a control
311
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Figure 1 TTR and HS S-domains colocalize in the
kidney of a 38-yeareold patient with ATTR amyloidosis
(V30M mutation). A: Renal sections were stained with
Congo red and confirm the presence of amyloid de-
positions under polarized light. B: Additional sections
were stained with RB4CD12 antibody and anti-TTR
antibody. The merged image indicates that RB4CD12
staining colocalizes with TTR deposits in the glomeruli.
Postmortem kidney sections prepared from subjects
without amyloidosis were also used (Control). Boxed
area is shown at higher magnification below. The high-
magnification image demonstrates segmentally vari-
able deposition involving the mesangium and capillary
wall. C: Renal sections from patients with ATTR
amyloidosis who underwent liver transplantation (LT;
ATTR number 5 through 8þ LT; bottom row) or did not
undergo liver transplantation (ATTR number 1 through
4; top row) were stainedwith anti-TTR antibody (green)
and RB4CD12 antibody (red). Scale bars: 50 mm (A, B,
main images, and C); 25 mm (B, high-magnification).

Kameyama et al
section had no such deposition (Figure 1A). Expression of
RB4CD12 epitopes was analyzed in sections from the same
patient. Localized RB4CD12 epitopes (ie, highly sulfated
domains of HS) were observed in glomeruli of this patient
(Figure 1B). RB4CD12 signals completely overlapped with
TTR signals (Figure 1B). The high-magnification image
shows segmentally variable deposition involving the
mesangium and capillary wall (Figure 1B). Among patients
tested, five of the eight patients had amyloid deposits in the
glomeruli, and four of the eight patients were positive for
RB4CD12 staining (Table 1). Three of the five patients who
did not receive liver transplantation were positive for both
TTR deposits and HS S-domains, and one patient had TTR
deposits but was HS S-domain negative (Figure 1C). The
HS S-domainenegative tissue was stained with the 10E4
anti-HS antibody that requires N-sulfated glucosamine.50

Several punctate TTR deposits colocalized with the 10E4
signal, whereas relatively large deposits were negative for
10E4 staining (Supplemental Figure S1), which suggests the
existence of an alternative aggregation pathway in addition
to those that involve sulfated GAGs. Two of the three pa-
tients who received liver transplantation were positive for
both TTR deposits and HS S-domains (Figure 1C).
312
Heparin Accelerates Fibril Formation by TTR Fragments
in an S-DomaineDependent Manner

Many studies reported that heparin, which is a structural
analog of HS S-domains, enhanced amyloid formation or
protein aggregation by various amyloidogenic proteins.23

We investigated whether HS S-domains would facilitate
fibril formation by various TTR fragments. The aggregation
propensity prediction tool AmylPred251 was used with TTR.
On the basis of the results, three TTR fragments (ie, the
fragment with amino acid residues 12 to 35, where the
heparin-binding motif is located4; the fragment with amino
acid residues 12 to 35 carrying the V30M mutation; and the
C-terminal fragment with amino acid residues 105 to 123,
which were shown to be the major depositing fragments in
patients with ATTR amyloidosis) were used (Supplemental
Figure S2).52 Fibril formations of these three fragments,
which were analyzed by using the amyloidophilic ThT dye,
were enhanced within 30 to 50 minutes of incubation in the
wells of heparin-BSAecoated plates (Figure 2A). It was
then investigated whether the HS S-domain is critical for
enhancing fibril formation by TTR fragments. To degrade
the HS S-domains in these plates, immobilized heparin was
ajp.amjpathol.org - The American Journal of Pathology
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preincubated with concentrated culture medium of CHO
cells that stably express HSulf-2. Elimination of HS S-
domains was confirmed by using an enzyme-linked immu-
nosorbent assay with RB4CD12 antibody (Figure 2B).
Fibril formation by TTR fragments in these HS S-
domaineeliminated plates was suppressed in 75 minutes
from the beginning of the assay compared with that in plates
that were treated with the conditioned medium of control
CHO cells (the 12 to 35 fragment, 20%; the 12 to 35
mutated fragment, 5%; and the 105 to 123 fragment, 40%)
(Figure 2C). Sulf-2 pretreatment completely abolished the
fibril formation of TTR12-35/V30M (Figure 2C). These
results clearly indicate that HS S-domains are critical for
fibril formation accelerated by heparin. The ThT intensity
began to decrease after an incubation time of approximately
4 hours (Figure 2C), possibly because of the absorption of
fibrils to the wall of the well. However, ThT intensities were
1.5 (TTR 105 to 123) to 10 (TTR 12 to 35) times higher in
Figure 2 Heparin promotes fibril formation by TTR fragments in an HS S-doma
coatedor heparin-BSAecoated plates was determined by using the fluorescence-de
heparin chains, wells of heparin-BSAecoated plates were preincubated with HSul
that stably express HSulf-2. Elimination of HS S-domains was confirmed by using
RB4CD12. C: Conditioned medium prepared from CHO cells that stably express a mo
decreases after HS S-domains in immobilized heparin were removed. Left colum
minutes. Right column: Fibril formation in heparin-BSAecoated plates was monit
when the error bars are smaller than the sizes of the symbols). n Z 5 (A and C)

The American Journal of Pathology - ajp.amjpathol.org
the mock-treated groups than in the HSulf-2etreated
groups, which supports the importance of HS S-domains.

HSulf-2 Interferes with Interactions of Cells with TTR
Fibrils and Cytotoxicity of TTR Fragments

A HSulf-2 stably expressing variant of CHO cells whose HS
S-domains were reduced to approximately 20% to 50% of
those of mock-transfected cells40 was previously used, and
it was found that the interactions of cells with fibrils of
apoA-I fragments and cytotoxicity of these fibrils depended
on HS S-domains at the cell surface.20 Because fibrils of the
TTR fragments that were used herein cannot be detected by
immunocytochemical analysis or immunoblotting, fluo-
rescently labeled TTR fibrils were used to analyze their
interactions with cells. CHO cells and HSulf-2eexpressing
cells were then treated, after which the percentages of TTR
fibril-positive cells were calculated. Formation of TTR
inedependent manner. A: Fibril formation in bovine serum albumin (BSA)e
tected thioflavin T (ThT)ebinding assay. B: To degrade HS S-domains within
f-2econditioned medium prepared from Chinese hamster ovary (CHO) cells
an enzyme-linked immunosorbent assay with the antieS-domain antibody
ck vector was used as a control. Fibril formation by TTR fragments markedly
n: Fibril formation in heparin-BSA -coated plates was monitored for 75

ored for 48 hours. Data are expressed as means � SEM (no error bars appear
; n Z 3 (B). ***P < 0.001 versus þ mock. AU, arbitrary unit.
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fibrils of these fragments was confirmed by using AFM
(Figure 3A). The percentages of TTR fibrilepositive cells
were 50% to 75% and 20% to 25% in CHO and HSulf-
2eexpressing cells, respectively (Figure 3B). Contacts of
these TTR fibrils with CHO cells significantly decreased as
a result of the reduction in HS S-domains at the cell surface
(Figure 3B). Also, interactions of TTR fibrils with cells were
mediated by HS S-domains independently of the V30M
mutation. Cytotoxicity of apoA-I fibrils (ie, induction of
mitochondrial depolarization) depends on HS S-domains.20

It was studied whether TTR fibrils caused the cytotoxicity.
TTR fibrils caused mitochondrial depolarization in cells, as
measured with the mitochondrial potentialesensitive tetra-
methylrhodamine, ethyl ester, dye (Figure 3C), which
indicates that HS S-domains mediated interactions of cells
with TTR fibrils and the cytotoxicity of these TTR fibrils
regardless of the TTR mutation or the TTR fragment.

GPC5 Accumulates in the ATTR Amyloidosis Kidney and
Increases in Mesangial Cells after TTR Fibril Treatment

A major cause of death in various systemic amyloidoses,
including ATTR amyloidosis, is kidney dysfunction.37

Okamoto et al42 identified GPC5, a member of the heparan
sulfate proteoglycan family, as a susceptible gene for ac-
quired nephrotic syndrome and showed that GPC5 mediated
the harmful effects of excessive FGF2 on glomeruli.53 As an
314
interesting result, colocalization of GPC5 and HS S-domains
was observed in the glomeruli of a patient with ATTR
amyloidosis (Figure 4A). No signals were observed when
control tissues were stained with an isotype rabbit IgG or an
isotype mouse IgG (Supplemental Figure S3). Because GPC5
in the kidney is expressed by mesangial cells and podo-
cytes,42 the effect of TTR fibrils on expression of GPC5 was
next studied in cultured mesangial cells and podocytes. The
expression of GPC5 in mesangial cells, but not in podocytes,
was enhanced by treatment with fibrils of C-terminal frag-
ments of TTR, which often accumulated in patients’ tissues
or organs (Figure 4B).52 In addition, HS S-domains coim-
munoprecipitated with GPC5 in TTR fibril-treated mesangial
cells (Figure 4C), which suggests that GPC5 is a candidate
core protein of HS S-domains in mesangial cells. Increased
GPC5 induced glomerular accumulation of FGF2.53 In
agreement with that result, accumulation of FGF2 and its
colocalization with GPC5 and TTR deposits was seen in
glomeruli of a patient with ATTR amyloidosis (Figure 5 and
Supplemental Figure S4).
Discussion

Since the identification of HS as a codeposited component
of tissue amyloid in experimental AA amyloidosis,9

certain studies have suggested that HS affects the
Figure 3 Stable expression of HSulf-2 inhibits in-
teractions of cells with TTR fibrils and cytotoxicity of fibrils of
TTR fragments. A: Atomic force microscopy (AFM) images of
TTRfibrils formedby thewild-type andV30Mmutant TTR12 to
35 fragments and the 105 to 123 fragments. TTR fibrils were
obtained by incubating these TTR fragments (30 mmol/L) at
37�C for 7 days, after which the AFM analysis was performed.
B: Nontransfectant Chinese hamster ovary (CHO) cells (CHO)
and transfectants that stably expressed HSulf-2 (SULF2) were
plated on poly-L-lysineecoated coverslips, treated with
1 mmol/L TTR fibrils that were fluorescently labeled, and
examined with a confocal microscope. Percentages of TTR
fibrilepositive CHO and SULF2 cells were determined. C:
Nontransfected and HSulf-2etransfected CHO cells were
seeded onto 24-well plates and treated with 1 mmol/L TTR
fibrils, after which the membrane potential of mitochondria
was analyzed by using tetramethylrhodamine, ethyl ester,
dye. The graphs show the percentages of cells with depolar-
ized mitochondria. The control is the result for cells treated
with the same amounts of phosphate-buffered saline as those
used for cells treated with TTR fibrils. Data are expressed as
means � SEM (B and C). n Z 3 independent experiments
(B and C). *P < 0.05, **P < 0.01 versus nontransfectants.
Scale barsZ 2 mm (A).
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Figure 4 Accumulation of glypican-5 (GPC5) in the ATTR amyloidosis
kidney and effects of TTR fibrils on GPC5 expression in kidney cells. A:
Amyloid-positive sections were stained with an anti-GPC5 antibody
(green) and the RB4CD12 antibody (red). GPC5 accumulates in the ATTR
amyloidosis kidney and colocalizes with HS S-domains. Postmortem kid-
ney sections prepared from subjects without amyloidosis were also used
(Control). B: Immortalized human podocytes and mesangial cells were
cultured and then treated with 1 mmol/L TTR fibrils for 24 hours, after
which levels of GPC5 protein were analyzed by means of Western blot
analysis. The graphs show quantification of GPC5. TTR fibril treatment
enhances expression of GPC5 in mesangial cells but not in podocytes. C:
HS S-domains in TTR fibriletreated cells immunoprecipitate together with
the anti-GPC5 antibody in MES 13 cells. Cells that were treated with TTR
fibrils were homogenized by sonication in radioimmunoprecipitation
assay buffer containing a protease inhibitor cocktail followed by centri-
fugation at 1000 � g for 20 minutes at 4�C. Supernatants were harvested;
GPC5eHS S-domain complexes were immunoprecipitated with an anti-
GPC5 antibody; and HS S-domains in the immunoprecipitants were
detected by Western blot analysis with the RB4CD12 antibody. Data are
expressed as means � SEM (B). n Z 3 independent experiments (B).
**P < 0.01 versus nontreated cells. Scale bars Z 50 mm (A). IB,
immunoblot; IP, immunoprecipitation; PBS, phosphate-buffered saline.
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aggregation of various amyloidogenic proteins.23 The
ability of HS and/or heparin to promote protein aggrega-
tion depended on the degree of sulfation. However, the
involvement of an S-domain, which is highly sulfated and
a key element in the biological functions of HS, in sys-
temic amyloidosis has never been addressed. Herein, we
showed that HS S-domains colocalized with TTR amyloid
deposits in tissues from patients with ATTR amyloidosis.
The ability of heparin to promote aggregation of various
TTR fragments was reduced by eliminating HS S-domains
in polysaccharide chains, which suggests that heparin-
mediating fibril formation of TTR fragments depended
on HS S-domains. Given that HS or heparin serves as a
scaffold by collecting monomers and promotes aggrega-
tion of a model peptide for amyloidogenic proteins,54 our
results strongly suggest that HS S-domains play a central
role in collecting the monomers of the N-terminal fragment
of TTR that have a heparin-binding motif.4 Aggregation of
the C-terminal fragment of TTR was observed without
heparin within 20 minutes and was accelerated by heparin.
Thus, although the C-terminal fragment of TTR does not
include a heparin-binding site,4 denatured small in-
termediates or seeds for aggregation may acquire a
heparin-binding ability via conformational changes, and
the subsequent aggregation process may depend on HS S-
domains. Also, the C-terminal 49 to 127 fragments that are
released by a proteolytic cleavage are highly amyloido-
genic.55 Elucidation of the molecular mechanism of TTR
aggregation in the presence of heparin is a challenge for
the future.

HS also mediates interactions of cells with protein
aggregates. For example, HS is a primary receptor for
infectious prion,56e58 and HS at the cell surface mediated Ab
cytotoxicity.19HS, and especially its HSS-domains, mediates
interactions of cells with apoA-I fibrils.20 These results
indicate a potential role of HS S-domains in interactions of
cells with protein aggregates or uptake of protein aggregates.
Also, in the present study, elimination of HS S-domains by
HSulf-2 markedly decreased interactions of cells with TTR
fibrils, which suggests that HS S-domains are critical for in-
teractions of cells with TTR fibrils as well as for fibril for-
mation. Although the C-terminal TTR fragment reportedly
lacks heparin-binding ability,4 interactions of the C-terminal
TTR fragment fibrils with cells and the subsequent cytotox-
icity were reduced by HSulf-2, which suggests that fibrils of
the C-terminal TTR fragment acquired heparin-binding
ability by aggregating into amyloid fibrils. The G26R
variant apoA-I forms fibrils in a heparin-independent
manner,59 and its interactions with cells and cytotoxicity
depend on HS S-domains at the cell surface.20 These lines of
evidence suggest that binding molecules of amyloid fibrils
before and after fibril formation may differ.

TTR exists physiologically as a tetramer with only a
small amount of monomer,60 and the initial step of TTR
aggregation is dissociation of TTR tetramers into mono-
mers.33 With regard to serum AA, Noborn et al61 reported
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Figure 5 Fibroblast growth factor 2 (FGF2) accumulates in the kidney
of a 38-yeareold patient with V30M ATTR amyloidosis. Renal sections were
stained with an anti-FGF2 antibody (red) and an antieglypican-5 (GPC5)
antibody (green). GPC5 staining colocalizes with FGF2 staining in the
glomeruli (Merge). Scale bars Z 50 mm.
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that HS dissociated serum AA from high-density lipoprotein
and thereby promoted serum AA aggregation. Thus,
whether HS and heparin affect the stability of TTR tetramers
is also of interest. Several tissues and organs, including the
kidney, are enriched with HS and HS S-domains regardless
of the presence of amyloid deposits, and Sulfs are at least
partly involved in the expression of HS S-domains.62

Because these results suggest that HS S-domains acceler-
ated TTR aggregation and mediated the cytotoxicity of TTR
fragments, analysis of the disaccharide compositions and
Sulf levels in various tissues and organs with or without
amyloid deposits will broaden the current understanding of
the role of HS S-domains in amyloidoses.

Although the principal manifestation of most ATTR
amyloidoses is peripheral neuropathy, the kidney is also a
main organ with amyloid deposition in ATTR amyloidosis.63

The clinical manifestations range from proteinuria to end-
stage renal failure, although proteinuria is the most frequent
manifestation.64,65 Proteinuria has been well established as
resulting from defects in the glomerular filtration barrier.66

Although the mechanisms of organ dysfunction in amyloid-
osis include physical disruption of tissues that is caused by
accumulation of amyloid fibrils in the extracellular spaces and
direct cytotoxicity of the amyloid fibrils or oligomers,36 some
common structural defects may occur in diabetes and
amyloidosis-related renal dysfunction.67 Okamoto et al42

identified GPC5 as a novel gene that is involved in the
susceptibility to acquired nephrotic syndrome. They also
showed that podocyte-specific knockdown of GPC5 pre-
vented podocyte injury inmousemodels of nephrosis. Herein,
we showed that GPC5 accumulated in glomeruli of a patient
with ATTR amyloidosis, which strongly suggests that GPC5
may be involved in renal dysfunction in this disorder. GPC5 is
an HS-carrying proteoglycan and one of the six members of
the glycosylphosphatidylinositol-anchored glypican fam-
ily.68 Because GPC5 can be cleaved,69 membrane-anchored
GPC5 may be released and may accumulate in glomerular
316
TTR deposits. One of the core proteins of HS S-domains that
codeposit with TTR amyloid may be GPC5. The kidney and
glomeruli express other core proteins of proteoglycans,
including those of the extracellular matrix. Additional studies
to identify the other core proteins are absolutely necessary.
FGF2 is a highly conserved cationic protein and is released

from cytoplasmic storage sites in response to cell injury. In the
kidney, FGF2 is reportedly synthesized by glomerular
mesangial cells70 and podocytes,71 and it stimulates prolif-
eration of these cells in vitro. Optimal activities of FGF2
require glypicans,72 including GPC5.73 Although FGF2
stimulated proliferation of glomerular mesangial cells,
endothelial cells, and podocytes,71,74,75 an excess amount of
FGF2 was harmful to glomeruli and induced proteinuria.76,77

Podocyte-specific knockdown of GPC5 has also reduced
FGF2-induced podocyte injury and proteinuria by inhibiting
FGF2 binding to cells.42 Thus, the accumulation of both
GPC5 and FGF2 in glomeruli of patients with ATTR
amyloidosis, as observed herein, indicates that hyper-
activation of FGF2 signaling via GPC5 may have a role in
amyloid nephropathy in ATTR amyloidosis. The mechanism
by which accumulation of GPC5 and FGF2 was induced is
currently unknown. GPC5 may have accumulated as a core
protein of the HS S-domains that also occurred in glomeruli
with amyloid. FGF2 was released after cell damage,78 so
podocytes or mesangial cells may also release FGF2 in
response to amyloid fibril-induced cell damage. Although
FGF2 gene transfer reportedly restored hippocampal func-
tions in an ADmouse model,79 the roles of FGF2 signaling in
other systemic and localized amyloidoses remain to be
elucidated. Additional studies to clarify thesemechanisms are
essential before considering GPC5 and FGF2 as therapeutic
targets in amyloid nephropathy in ATTR amyloidosis.
Inasmuch as the kidney is a common target in several systemic
amyloidoses, addressing the involvement of GPC5 and FGF2
in amyloid nephropathy that occurs in other amyloidoses
would also be of interest.
Sulf-2 is an enzyme that remodels HS extracellularly by

removing 6-O-sulfate groups on glucosamine residues in the
HS S-domains within heparin and HS.40,80 A previous
knockout study suggested that Sulf-2 contributed to the
occurrence and maintenance of specific sulfation patterns of
HS in various organs, such as the kidney,62 which is one of
the major sites and targets for amyloid deposition and
amyloid-related damage in several systemic amyloidoses,
including ATTR amyloidosis. Transfectant CHO cells that
stably express HSulf-1 or HSulf-2 interact less with Iowa
mutation of apoA-I fibrils compared with nontransfectant
CHO cells.20 On the basis of the finding that HS S-domains
that were degraded by Sulf-2 accumulated in senile plaques
in AD patients,22 we proposed that enzymatic remodeling of
HS by Sulf-2 may modulate the pathogenesis or pathology
of localized and systemic amyloidoses, such as AD and
Iowa mutation of apoA-I amyloidosis.43 With regard to
FGF, FGF signaling requires heparan sulfate proteoglycans
to form stable ligand/receptor complexes,81 because the
ajp.amjpathol.org - The American Journal of Pathology
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6-O-sulfate group of heparin and HS plays a critical role in
FGF-FGF receptor binding and dimerization of the FGF
receptor.82,83 Thus, our study supports the idea that enzy-
matic remodeling of HS may affect not only deposition of
amyloid fibrils but also clinical manifestations in amyloid-
oses via modulating various signaling pathways, including
FGF signaling. Our results also lead us to propose that the
activity or protein levels of endogenous Sulf-2 may be
involved in the pathogenesis, progression, and clinical
manifestation of amyloidoses. The correlation between
Sulf-2 and GPC5 is currently not clear. The finding showing
accumulation of HS S-domains in kidneys of ATTR patients
suggests that Sulf-2 activity may be affected in ATTR
amyloidosis. Because reports have shown that Sulf-2
negatively regulates and GPC5 positively regulates FGF2
signaling,41,73 additional studies are required.

On the basis of these results, we therefore propose that
HS S-domains, which can be enzymatically remodeled by
Sulf-2, act as a scaffold for formation of TTR fibrils and
mediate interactions of the fibrils with cells. Our idea of
modulating amyloid deposition and clinical symptoms by
enzymatic remodeling is not limited to ATTR amyloidosis
but can be applied to various systemic and localized amy-
loidoses. The glomerular accumulation of GPC5 and FGF2
suggested hyperactivation of FGF2 signaling, which is an
attractive candidate as a therapeutic target in renal
dysfunction in systemic amyloidoses. Additional studies to
confirm these possibilities are needed. Amyloid deposits
were observed in the mesangium and capillary walls, but the
mechanism by which TTR or TTR fibrils pass through the
endothelial barrier and reach the mesangium is currently
unknown. With regard to Ab, Marco and Skaper84 sug-
gested that Ab has a detrimental effect on the endothelial
barrier at the brain-blood barrier. Effects of amyloid fibrils
on endothelial cells are also yet to be clarified. Finally, the
contents of HS S-domains vary among tissues, organs, and
various types of cells. Determining the HS S-domain con-
tents in various tissues, organs, and cells and using tissue-
derived HS may provide clues to understanding the tissue
specificity of deposition and damage by amyloid fibrils.
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