reaction mixture. Cy2-conjugated streptavidin was used
to detect bound 82E1. Human brain sections (4-um thick-
ness) were obtained from paraffin-embedded tissue
blocks. After deparaffinization and rehydration, endoge-
nous peroxidase activity was quenched with 3% H,0O,
(Sigma). Sections were subjected to heat-induced
epitope retrieval followed by IgG blocking using M.O.M.
kit (Vector Laboratories Inc., Burlingame, CA). Sections
were incubated with RB4CD12 (1:100 dilution) overnight
at 4°C. Bound antibody was detected with horseradish
peroxidase-conjugated mouse anti-VSV followed by visu-
alization with diaminobenzidine (3,3'-diaminobenzi-
dinetetrahydrochloride) supplied with the EnVision re-
agent (Dako Japan, Tokyo, Japan).

Immunoelectron Microscopy

Cryostat-cut sections from 17-month-old Tg2576 mouse
brains were prepared on MAS-coated glass slides, fixed
in 4% paraformaldehyde for 5 minutes, and then washed
with PBS for 1 hour. Sections were incubated with 3%
bovine serum albumin for 30 minutes at RT. Diluted
RB4CD12 antibody (1:40) was then applied overnight.
After washing, diluted rabbit anti-VSV secondary antibody
(7.2 ug/mL) was applied for 1 hour. After several washes,
diluted goat anti-rabbit 1IgG antibody coupled with 1.4-nm-
diameter tertiary gold particles (1:40) was applied for 30
minutes. The samples were then washed and fixed in 2%
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4)
for 3 hours, followed by enlargement of the gold particles
with an HQ-Silver Enhancement Kit (Nanoprobes). The
specimens were examined in a Hitachi H-7600 transmission
electron microscope (Hitachi Koki, Tokyo, Japan).

Immunoblots

The proteins (40 pg per lane) were separated by
NuPAGE 3% to 8% polyacrylamide gel electrophoresis
(Invitrogen, Carlsbad, CA), and blotted onto a polyvi-
nylidene difluoride membrane (Millipore, Bilierica, MA).
The membrane was blocked with 5% skim milk/PBS 0.1%
Tween for 1 hour at room temperature and then incu-
bated overnight with RB4CD12 antibody (1:500) in TBS
0.1% Tween at 4°C. The membrane was washed and
incubated with horseradish  peroxidase-conjugated
mouse anti-VSV (1:2000) for 1 hour at RT. Bound antibod-
ies were visualized with SuperSignal West Dura Chemi-
luminescent reagent (Thermo Scientific). Signals were
visualized and quantified using a LAS-3000 mini lumines-
cent image analyzer (Fujifilm, Tokyo, Japan).

Preparation and Structural Analysis of HS

There were 100 mg of frozen brain tissues or the cortical
vessel residue that remained on filters previously de-
scribed, which was suspended in 2 mL of 0.2N NaOH
and incubated overnight at RT. The samples were neu-
tralized with 4 N HCI and then treated with DNase | and
RNase A (0.04 mg/mL each) (Roche Diagnostics) in 50
mmol/L Tris-HCI, pH8.0, 10 mmol/L MgCl,, for 3 hours at
37°C. Subsequently, the samples were treated with acti-
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nase E (0.08 mg/mL) (Kaken Pharmaceutical Co., Ltd.,
Tokyo, Japan) overnight at 37°C. The supernatant was
collected by centrifugation at 5000 X g at 4°C for 10
minutes after heat inactivation of the enzyme and then
mixed with the same volume of 50 mmol/L Tris-HCI, pH
7.2. The HS was purified by DEAE-Sepharose column
chromatography.® The disaccharide compositions of the
HS were determined by reversed-phase ion-pair chroma-
tography with postcolumn fluorescent labeling.

Quantitative Real Time-PCR for Expression of
Genes Related to HS Synthesis

Total RNA was extracted from frozen mouse cortices
using TRIZof Reagent (Invitrogen). Total RNA (4 ug was
used for reverse transcription reaction in 100 uL of buffer
with random hexamers, using Superscript |l Reverse
Transcriptase (Invitrogen). PCR was conducted in dupli-
cate with 20-ul reaction volumes of SYBR Premix Ex
Tagll (Takara Bio Inc. Shiga, Japan), 0.2 umol/L of each
primer and 2 L of the cDNA reaction mixture. PCR was
performed using the following parameters: 95°C, 10 sec-
onds, 1 cycle; 95°C, 5 seconds; and 60°C, 30 seconds,
40 cycles. Analysis was performed using sequence de-
tection software supplied with Thermal Cycler Dice Real
Time System TP800 (Takara Bio Inc.). mRNA levels of
each gene were normalized by comparison to B-actin
mRNA levels. Conclusions are drawn from duplicate PCR
reactions at least two independent reverse transcription
reactions. Primer sequences used in this study are as
indicated for Ndst?, 5-GCAGATGGCCCTGAACAA-
GAA-3" and 5'-GCACGTGCACAGGGTACACA-3’; for N-
deacetylase/N-sulfotransferase 2 (Ndst2), 5'-TCATCCAG-
AAGTTCCTGGGTATCAC-3" and 5'-AGACAGCGAGTC-
TTACCACCTTCAA-3'; for Ndst3, 5'-TCTGGTGTCAGCT-
GCTGGAAG-3' and 5'-CACGTTGTGGTCGCGGTAGTAG-3;
for Nast4, 5'-TTGTTCCCAAAGCCAAGATCATTAC-3' and 5'-
TCAGGGCAGCTGGATCTTCA-3"; for Hs6st1, 5'-CT-
GACTGGACCGAACTCACCAA-3" and 5-TCTCGCAGC-
AGGGTGATGTAGTAG-3; for Hs6st2, 5-AAACTTCAACT-
CAGGCGCCAAC-3' and 5'-CTCCATTCACTCAAGTACCGT-
GACA-3'; for Hsbst3, 5'-GACTGGACCGAGCTCACCAA-3!
and 5-CATGCTTCCATTCGCTCAGGTA-3’; for Hs2st1,
5'-GCAAGCACCTCGTTCACCAA-3" and 5-CATCTCGTTC-
CAGGTGGTTATGTTC-3"; for Sulfl, 5'-CCACATGGAGTT-
CACCAACGTC-3" and 5-TAGCCGTGGTCCGCAGTGTA-3';
for Sul2, 5'-GAGTACCAGACAGCATGCGAACA-3' and 5'-
TTGGGCACCAGGTTGGAGA-3'; and for Actb, 5'-CATCCG-
TAAAGACCTCTATGCCAAC-3" and 5'-ATGGAGCCAC-
CGATCCACA-3'.

Statistical Analysis

All data are presented as means + SD unless noted
otherwise. The values were analyzed by unpaired Stu-
dent’s f-test using Prism software (GraphPad Software,
La Jolla, CA). P values less than 0.05 were considered to
be statistically significant.
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Figure 1. RB4CD12 anti-heparan sulfate epitope colocalizes with amyloid B8 plaques in the brain of Tg2576, J20, and T41 mice. A: Cryostat-cut brain sections of
18-month-old non-Tg and Tg2576, 23-month-old J20, and 12-month-old T41 mice were stained with RB4CD12 anti-HS antibody (red) and 82E1 anti-amyloid
(AB) antibody (green). Staining signals in vessels (arrows) and amyloid plaques (arrowheads) are shown. B: Expression of the RB4CD12 epitope and AB in aging
Tg2576 brain. C: Expression of the RB4CD12 epitope, AB and laminin, a marker for vessels in the 18-month-old Tg2576 brain. D: Co-staining of RB4CD12 anti-HS
antibody (red) with cell type-specific antibodies against glial fibrillary acidic protein astrocytes (left) or Ibal microglia (right) (green). Co-stained areas are shown
in yellow. E: Immunoelectron microscopy for the RB4CD12 epitope in amyloid fibrils in the brain of 18-month-old Tg2576 mouse. Left panel shows RB4CD12
signals in amyloid fibrils indicated by arrowheads. Right panel shows RB4CD12 signals in the basement membrane of vessels. BM, basement membrane. Scale
bars (in A, C, and D): 50 um. Scale bars (in B and E): 20 um and 500 nm, respectively.

Results

Immunoreactivity of RB4CD12 Anti-Heparan
Sulfate is Colocalized with AB Plaques in Brains
of Transgenic Mouse Models of AD

RB4CD12 scFv antibody recognizes trisulfated disaccha-

ride-containing highly sulfated domains within HS 82"
The RB4CD12 epitope has been shown to be present

abundantly in the vasculature of the brain in mice.® We
first analyzed expression of the RB4CD12 epitope in the
brain of transgenic mouse models of AD. Tg2576 mice
express mutated human amyloid precursor protein in the
brain and show numerous AB plaques in the cortex and
hippocampus.'® The localization of the RB4CD12 highly
sulfated domains in AB plagues was observed in an
18-month-old Tg2576 hippocampus (Figure 1A). The
RB4CD12 epitope was immunolocalized in both diffuse



and neuritic amyloid plagues in the brain of Tg2576 (Fig-
ure 1, A-C). RB4CD12 also detected brain microvessels
in Tg2576 mice. No specific staining was observed when
RB4CD12 was substituted with MPB49, a non-HS scFv
antibody (not shown). We also tested aged J20 and T41,
other mouse models of AD. With respect to expression
levels of AB peptides, AB42 is dominant in J20 and T41
mouse brains, whereas AB40 is dominant in Tg2576
mouse. We examined brain sections of these model mice
immunohistochemically. The RB4CD12 highly sulfated
domains were colocalized with AB plaques in the hip-
pocampus of 23-month-old J20 and 12-month-old T41
mice (Figure 1A). To analyze age-dependent accumula-
tion of the RB4CD12 epitope in AB plagues, we collected
Tg2576 brains from 5-, 8.5-, 14- and 17-month-old mice.
AB plagues were observed in 8.5-, 14- and 17-month-old
Tg2576 brains. Cerebral AB deposition increases with
age. RB4CD12 stained AB plaques at these ages (Figure
1B). Next, we investigated vasculature and non-vascula-
ture RB4CD12 epitopes in aged Tg2576 brain by co-
staining with antibodies against AB and laminin, a marker
of vascular basement membranes. Immunoreactivity of
RB4CD12 in vascular structure was colocalized with anti-
laminin staining signals (Figure 1C). RB4CD12 staining
signals that were not associated with signals of anti-
laminin antibody predominantly colocalized with anti-Af
staining signals in the cortex of Tg2576 mice (Figure 1C,
upper panels). The RB4CD12 epitope was also observed
in the vessel walls of AB-positive leptomeningeal vessels
(Figure 1C, lower panels). Staining patterns of RB4CD12
were different from the immunoreactivity of glial fibrillary
acidic protein, an astrocyte marker, and lba-1, a micro-
glia marker (Figure 1D). Immunoelectron microscopy
confirmed the localization of RB4CD12 epitope within
amyloid fibrils and the basement membrane (Figure 1E).
The RB4CD12 immunoreactive area that is not colocal-
ized with anti-laminin staining signals was determined by
fluorescence microscopy and quantified with computer-
aided image analysis. In Tg2576 cortex and hippocampus,
RB4CD12-positive but laminin-negative area was increased
to fourfold to fivefold of that in non-Tg (Figure 2). In contrast,
no change was observed in the cerebellum where no
AB plagues were observed (Figure 2). We noted that
laminin-positive vessels had attenuated diameters and
a more ragged profile in Tg2576 cortex and hippocam-
pus (Figure 2).

The RB4CD12 Epitope Is Immunolocalized in
Amyloid Plaques in Postmortem Brains of
Alzheimer’s Disease Patients

We tested RB4CD12 antibody for staining of brains from
NDC individuals and AD patients (Table 1). In NDCs,
vessel-staining signals were predominantly observed
(Figure 3A). In AD entorhinal cortex, amyloid deposits, as
well as vessels, were positive for RB4CD12 (Figure 3B).
Amyloid deposits and microvessels were also stained
with RB4CD12 in AD hippocampus (Figure 3C). Interest-
ingly, some pyramidal neurons in AD hippocampus
showed intracellular granular staining (Figure 3D). These

Highly Sulfated HS in Alzheimer Brain 2061
AJP May 2012, Vol. 180, No. 5

intracellular staining signals were detected in a certain
number of cells that were positive for hyperphosphory-
lated microtubule-associated protein tau as revealed by
the AT180 monoclonal antibody (see Supplemental Fig-
ure S1 at hitp://ajp.amjpathol.org).

Expression of the RB4CD12 Epitope Borne in
Molecules with 70-180 kDa Molecular Weights
Is Upregulated in the Cortex of Tg2576 Mice

As an extension of the staining results in the mouse and human
brain tissues, we wished to determine which proteins contain
the RB4CD12 epitope and were differentially expressed in
Tg2576 brains. We performed Western blotting for cortex sam-
ples, which were fractionated as TBS-insoluble/1% SDS-solu-
ble. Four non-Tg and five Tg2576 mice (20 months old) were
examined. Multiple bands were positive for RB4CD12 anti-
body in both non-Tg and Tg2576 (Figure 4A). We measured
intensities of 460 kDa, 180 kDa, 120 kDa, and 100-70 kDa
bands by densitometry. There was a 1.3-fold increase in the
intensity of overall RB4CD12 recognition determinants in
Tg2576 brain extracts compared with non-Tg controls (Figure
4B). Expression levels of RB4CD12 epitopes in bands of 180
kDa, 120 kDa, and 100-70 kDa were increased 1.1-to 1.5-fold
in the cortex of Tg2576 mice (Figure 4B). There was no signif-
icant change in the intensity of bands of 460 kDa. Syndecan-3
and glypican-1 are HSPGs expressed in glial cells surround-
ing AB plagues of Tg2576 mice.?2 To ascertain whether these
proteins are HSPGs that contain the RB4CD12 epitope, we
then analyzed their expression. Western blotting revealed
the protein bands at 250 to 180 kDa for syndecan-3 and 60
kDa for glypican-1 in the cortex of Tg2576 mice (see Sup-
plemental Figure S2A at http://ajp.amjpathol.org). Expres-
sion levels of these proteins in the Tg2576 cortex were
comparable to those in non-Tg controls (see Supplemental
Figure S2B at hitp://ajp.amjpathol.org).

Disaccharide Compositions of HS and
Expression Profiles of HS Enzymes in the
Cortex of Tg2576 and Postmortem AD

We performed structural analysis of HS chains extracted from
mouse and human postmortem brains (Table 1). HS was iso-
lated from the cortex of mice or postmortem human entorhinal
cortex. HS was depolymerized into its constituent disaccha-
rides by a mix of bacterial heparitinases. The disaccharide
compositions of the HS were determined by reversed-phase
ion-pair chromatography. We found that the total HS contents
and HS disaccharide compositions in vessel-enriched frac-
tions (“vessel-enriched fr") and non-vessel associated frac-
tions (“non-vasculature ") were comparable between non-Tg
and Tg2576 mice (Figure 4C). In human, the reduction in the
proportion of non-sulfated disaccharides reached statistical
significance. Total HS contents and percentages of other sul-
fated disaccharides were comparable between NDC and AD
(Figure 4D). To understand possible mechanisms of upregu-
lation of the RB4CD12 epitope in AD mouse brains, we mea-
sured mRNA levels of 10 HS modification enzymes by quan-
titative real time-PCR. HS enzymes include sulfotransferases
and extracellular sulfatases. These enzymes are regarded as



2062 Hosono-Fukao et al
AJP May 2012, Vol. 180, No. 5

RB4CD12
Cortex. 7 | .7 .~

Cerebeljum.

- N
! i

o
1

RB4CD12 positive area
(Relative to Laminin positive area)
w

Hippocampus

RB4CD12 positive area
(Relative to Laminin positive area)
S

Cerebellum

RB4CD12 positive area
(Relative to Laminin positive area)

Non-Tg
Tg2576

Figure 2. Quantification of the RB4CD12 epitope in nonvascular parenchyma in the brain of Tg2576 mice. Cryostat-cut brain sections of Tg2576 mice were stained
with RB4CD12 (red) and anti-laminin (green) antibodies. Laminin is a marker for brain vessels. Nonvascular amyloid 8 plaques were stained with RB4CD12
antibody in the cortex and hippocampus. Graphs are of semiquantitative analysis of immunohistochemical pictures of RB4CD12 and laminin. RB4CD12-positive
areas that were not colocalized with anti-laminin staining signals were calculated. *P < 0.05, *P < 0.01.

key molecules in the regulation of sulfation of HS. The mRNA
level of N-deacetylase/N-sulfotransferase 2 were significantly
increased in Tg2576 (24%) (Figure 4E). The mRNA levels of
Sulf-1 and Sulf-2 were comparable between non-Tg and
Tg2576 mice (Figure 4E).

Sulf-1 and Sulf-2, Extracellular HS Sulfatases,
Degrade the RB4CD12 Epitope Accumulated in
Amyloid Plagues

Previously, we showed that the treatment of wild-type

mouse brain sections with Sulf-1 or Sulf-2 greatly dimin-
ished the RB4CD12 epitope abundant in vasculature.? To

determine whether the RB4CD12 epitope in amyloid
plagues is susceptible to Sulf-1 and Sulf-2 and degraded
by these enzymes, we treated cryo-cut brain sections of
18-month-old Tg2576 mice with recombinant Sulf-1,
Sulf-2, or conditioned medium of MCF-7 breast cancer
cells, which secrete native Sulf-2.2°> These treatments
substantially reduced the RB4CD12 epitope in sections
of Tg2576 brain ex vivo (Figure 5). A mixture of bacterial
heparinases confirmed that the assay is suitable for ex
vivo degradation of HS in brain sections and that the
observed signals arose from HS (Figure 5). Anti-Ag stain-
ing signals that were colocalized with the RB4CD12
epitope were retained after Sulf treatment (Figure 5).
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Figure 3. RB4CD12 epitope immunolocalizes in amyloid plaques in the brains of Alzheimer's disease patients. Immunoperoxidase staining for RB4CD12 (brown)
in the entorhinal cortex (A, B) and hippocampus (C, D). Open arrowheads in A-C show vessel-staining signals in brains of non-demented control (NDC) and
Alzheimer’s disease (AD). In AD, amyloid deposits were also positive for RB4CD12 (arrows in B and ©). Intracellular RB4CD12-staining signals are seen in some

hippocampal neurons of AD (arrowheads in D). Scale bars: 50 pm.

Discussion

In the present study, we showed that the RB4CD12
epitope is colocalized with amyloid plagues in brains of
AD mouse models and patients with AD. Consistent with
our previous report,® the RB4CD12 epitope was also
colocalized with laminin-positive vasculature in brains of
mouse models of AD. Quantification analysis revealed
that the non-vascular RB4CD12-positive area was in-
creased in the cortex and hippocampus of Tg2576, J20,
and T41 AD models. In the cerebellum, where no amyloid
plagues were observed in these model mice, RB4CD12
staining was comparable to that in the non-Tg. Morpho-
logical alterations of the vasculature observed in the cor-
tex and hippocampus of Tg2576 were consistent with the
previous report that AB aggregates induce the structural
and functional disruption of smooth muscle cells in the
vasculature.® Results in aging brains of Tg2576 mice
suggested that AB and the HS highly sulfated domains
start accumulation at the same age. AB and other self-
aggregating peptides share cationic motifs that may be
involved in binding to the negative charges of sulfated
glycosaminoglycan.?*2® HS and other glycosaminogly-
can chains can stabilize mature fibrils against proteolytic
degradation.?” HS facilitates the formation of fibrils of
amylin,’ apo-serum amyloid A,2® a-synuclein,?® prion
protein,®® muscle acylphosphatase,®' transthyretin,3?
Tau,®® and AB.2*%€ In vivo fragmentation of heparan sul-

fate by heparanase overexpression could protect mice
from amyloid protein A amyloidosis.®” Importantly, the
degree of sulfation is critical for enhancement of fibrillo-
genesis of AB.%® Pathological effects of heparin in AB
aggregation assays are dependent on sulfate moieties at
N- and O-positions.®® Our findings of selective accumu-
lation of the RB4CD12 epitope in amyloid plaques sug-
gest that highly sulfated domains of HS could play an
important role in the progression of AB deposition. HSPG
facilitates cerebral amyloid deposition, which can be in-
duced exogenously in a rat model."® Highly sulfated HS
chains could be one candidate for heat-resistant materi-
als present in the brain extract that are essential for
exogenous induction of cerebral B-amyloidogenesis in
mouse models.®® Recently, Timmer et al“® demonstrated
that only a minimal number of AB plaques (~30%) were
co-stained with the epitope of JM403, an anti-HS anti-
body, in aging brains of APPswe/PS1dE9 model mice.
JM403 detects HS subdomains containing the positively
charged disaccharide [-glucuronic/iduronic acid-N-un-
substituted glucosamine].*” Future studies may reveal
differential contribution of HS subdomains composed
of specific disaccharide structures to AD pathogene-
sis. Possible involvement of the RB4CD12 epitope ex-
isting in laminin-positive vasculature in AD pathogen-
esis should also be clarified in the future. Interestingly,
intraneuronal RB4CD12 staining was observed in the
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Figure 4. Immunoblotting analysis of the RB4CD12 epitope, disaccharide composition analysis of Heparan sulfate (HS) and quantitative real-time PCR analysis
of HS enzymes in the brain of Tg2576 mice. A: Tris-buffered saline (TBS)-insoluble/1% SDS-soluble fractions were prepared from tissue homogenates of four
20-month-old Tg2576 (lanes 1-4) and five 20-month-old non-Tg (lanes 5-9) cortices. Immunoblot with RB4CD12 was performed as described in Materials and
Methods. B: Relative intensities of bands with molecular weights of 460 kDa, 180 kDa, 120 kDa, and 70 to 100 kDa indicated by open arrowheads in (A) were
measured. C: High performance liquid chromatography analysis determined non-sulfated (0S), monosulfated (NS, 63), disulfated (IN,6]diS, [N,21diS) and trisulfated
(IN,6,2]triS) disaccharide compositions in non-vasculature fractions and vessel-enriched fractions of 18-month-old non-Tg and Tg2576 cortices. The level of total
HS was determined by summing amounts of all disaccharides detected in each fraction. The values are representative of two independent experiments. D: HS
disaccharide compositions and the level of total HS in the entorhinal cortex of non-demented control (NDC) (1 = 8) and Alzheimer’s disease (AD) (n = 8)
postmortem brains were determined. E: Total-RNA from the cerebral cortices of 18-month-old Non-Tg (72 = 3) and Tg2576 mice (1 = 3) were prepared and tested.
mRNA levels of 10 HS modification enzymes were determined by quantitative real-time PCR. *2 < 0.05, **P < 0.001.

hippocampus of AD patients. Microtubule-associated
protein Tau is the major protein subunit of intraneuronal
neurofibrillary tangles, another neuropathological hall-
mark of AD.*% It has been shown that Tau and HS

coexist in nerve cells with overt neurofibrillary lesion.®?
The filamentous structures induced by heparin are
structurally similar to those found in Alzheimer’s dis-
ease.*>** We have shown that some of RB4CD12
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Figure 5. The RB4CD12 epitope in amyloid plaques of Tg2576 mouse brains is
degraded ex vivo by Sulf-1, Sulf-2 and conditioned medium of Sulf-2-expressing
cells. Cryostat-cut consecutive sections of 18-month-old Tg2576 mouse brains
were incubated overnight with recombinant human Sulf-1 and Sulf-2 prepared
from CM of wransfected HEK293 cells (Sulf1, Sulf2), buffer only (Buffer), or CM
of MCF-7 human breast cancer cells (MCF-7 CM).*** The Ni-NTA resin-bound
materials that were prepared from HEK293 cells transfected with the empty
vector were eluted and used (control). A mix of bacterial heparinases (hepari-
nases) served as a positive control. RB4CD12 binding was visualized using a
Cy3-conjugated anti-VSV tag antibody (red). Treated sections were co-stained
with 82E1 anti-AB antibody (green). The data are representative of two inde-
pendent experiments. Arrowheads indicate amyloid plaques. Scale bars: 20 um.

staining signals were found in cells that were stained with
AT180, an antibody against hyperphosphorylated tau. Our
results suggest that highly sulfated domains of HS might
play a role in the formation of neurofibrillary tangles.

In immunoblots of brain lysates with the RB4CD12
antibody, we detected several RB4CD12-positive bands
in non-Tg and Tg2576 mouse brains and found that 180
kDa, 120 kDa, and 100-70 kDa bands were upregulated
in the cortex of Tg2576 mice. There were no significant
changes in the intensities of 460 kDa bands. Our previ-
ous results showed that the RB4CD12 epitope is abun-
dant in the basement membrane of the brain vessels and
that the RB4CD12-positive bands were predominantly
460 kDa bands in brain vessel fractions.® In our immuno-
histochemical studies, non-vascular RB4CD12 staining
was increased in Tg2576 mice. These results suggest
that upregulation of 180 kDa, 120 kDa, and 100-70 kDa
bands could contribute to the RB4CD12 staining colocal-
ized with amyloid plaques in Tg2576 mouse brain. Sev-
eral HSPGs are known to be localized in amyloid
plaques.’**¢~® Because of the high molecular weight
(>210 kDa) of agrin and perlecan, it is conceivable that
the observed signals in immunoblots might have arisen
from other molecules. Syndecan-3 and glypican-1 in glial
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cells were identified as molecules associated with AB
deposits.?2 Our Western blotting results suggested that
syndecan-3 with the molecular weights of 180 to 250 kDa
could be an HSPG that possesses the RB4CD12 epitope.
However, we cannot rule out the possibility that degra-
dation products of agrin or perlecan could harbor the
RB4CD12 epitope observed in amyloid plagues. We
should also pay attention to possible accumulation of HS
degradation products catalyzed by nitric oxide.®®
Unexpectedly, the trisulfated disaccharide composi-
tion was not increased in either Tg2576 or human post-
mortem AD brains. The mechanisms underlying the ac-
cumulation of the RB4CD12 highly sulfated domains
within HS polysaccharides in non-vasculature amyloid
plagues are not clear. There are two possibilities to ex-
plain the mechanisms. First, the N-sulfation of glucosa-
mine residues is the initial HS sulfation and the N-sulfated
domains are primary sites for further modification.®' Con-
secutive occurrence of N-sulfation could be attributable
to the formation of trisulfated disaccharide clusters,
namely, highly sulfated domains, within HS chains in non-
vasculature spaces. Second, translocation of HS that
contains the RB4CD12 highly sulfated domains between
brain vasculature and non-vasculature could be an ex-
planation for the accumulation of the RB4CD12 epitope in
Tg2576 brain parenchyma. Our findings that comparable
levels of disaccharide compositions and HS contents in
vessel-enriched fractions and non-vasculature fractions
in the cortex of Tg2576 were shown and that the mRNA
level of N-deacetylase/N-sulfotransferase 2 was in-
creased in the cortex of Tg2576 mouse could support the
former possibility. A previous study by Lindahl et al®®
showed altered distribution of N-sulfated glucosamine
residues within HS extracted from postmortem AD brain.
Highly N-sulfated HS may be involved in the initiation of
the aggregation process of AB in AD brains.®® These
studies also support the former possibility as an expla-
nation of the mechanisms of accumulation of RB4CD12-
positive highly sulfated domains in AB plagues. We can-
not rule out the possibility that the RB4CD12 epitope is a
minor component and that the structural analysis we have
performed might not fully detect the minor change. Quan-
titative analysis for the RB4CD12-positive HS in the cortex
would make advances in the study of the mechanisms.
Herein, we found that the RB4CD12 epitope accumu-
lated in amyloid plaques can be degraded by Sulf-1 and
Sulf-2 ex vivo. It was suggested that the RB4CD12 highly
sulfated domains are localized at the surface of amyloid
plagues, as these HS degrading enzymes could access
and efficiently degrade the epitope. Although the
RB4CD12 epitope in amyloid plaques was degraded by
the Sulfs, substantial amounts of A8 were retained in
these plaques. This result suggests that the highly sul-
fated domains of HS universally associated with amyloid
deposits in the brain. Accumulation of the RB4CD12
epitope in amyloid plagues could induce excessive en-
trapment of growth factors at amyloid plaques, which
might lead to an imbalance in homeostasis of the brain
microenvironment. Increasing evidence points to vascu-
lar damage as an early contributor in Alzheimer pathol-
ogy.>*®° A recent study suggested that angiogenesis
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might be impaired in AD model mice,®® despite the fact
that the levels of pro-angiogenic growth factors (eg, vas-
cular endothelial growth factor [VEGF]) are elevated in
AD brains.®”-%° VEGF binds to immobilized heparin and
can be stored in the extracellular space by binding to HS
and HSPG.2%8° Heparin-bound VEGF is mobilized by the
action of Sulf-2, which exerts pro-angiogenic activity.2*’
VEGF is found to be associated with amyloid plaques in
AD, but not non-AD brain.®? Our results also suggested
that the highly sulfated domains could be involved in
sequestration of VEGF within amyloid plaques and vas-
cular damage in AD through perturbation in the supply of
pro-angiogenic growth factors. Aberrant angiogenesis
could induce neurovascular uncoupling, which ultimately
leads to synaptic dysfunction.®® In summary, we provide
evidence that highly sulfated domains recognized by
RB4CD12 accumulated in amyloid plaques of brains of
AD model mice and patients with AD. Further studies to
investigate the roles of the highly sulfated HS domains
with special regard to angiogenesis in AD pathology will
be needed.
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Supplemental Figure S1
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Immunohistochemistry for the RB4CD12 epitope and phosphorylated tau proteins.
Postmortem brain sections of Alzheimer's disease (AD) patients (AD1, AD2) were subjected

to heat-induced epitope retrieval and co-stained with RB4CD12 and biotinylated anti-paired
helical filament (PHF)-tau antibody AT 180 as described in Materials and Methods in the article.
Primary antibodies were detected with Cy3-conjugated anti-VSV-G (red) and Cy2-conjugated
streptavidin (green). Digital images were captured by fluorescent microscopy. Intracellular
RB4CD12-staining signals were seen in some AT 180-positive hippocampal neurons (arrows).
Vessel-staining signals with RB4CD12 were observed (arrowheads). Bars: 25 um.
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Immunoblotting analysis of syndecan-3 and glypican-1. A: Tris-buffered saline (TBS)-soluble and
TBS-insoluble/1% SDS-soluble fractions were prepared from tissue homogenates of 20-month-

old Tg2576 and age-matched non-Tg cortices. Immunoblots with anti-syndecan-3 antibody for
TBS-insoluble/1% SDS-soluble fractions (Sdc3) and with anti-glypican-1 antibody for TBS-soluble
fractions (Gpcl) were performed as described in Materials and Methods in the article. B: Relative
intensities of bands indicated by open arrowheads in (A) were measured. N = 4, Tg2576; N = 5,
Non-Tg; NS, not significant.
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Summary

Two members of the N-acetylglucosamine-6-O-sulfotransferase (GIcNAc6ST) family, GIcNAc6ST-1 and GIcNAc6ST-2,
function in the biosynthesis of 6-sulfo sialyl Lewis X—capped glycoproteins expressed on high endothelial venules (HEVs)
in secondary lymphoid organs. Thus, both enzymes play a critical role in L-selectin-expressing lymphocyte homing. Human
GIcNACc6ST-1 is encoded by a 1593-bp open reading frame exhibiting two 5 in-frame methionine codons spaced 141 bp
apart. Both resemble the consensus sequence for translation initiation. Thus, it has been hypothesized that both long and
short forms of GIcNAc6ST-1 may be present, although endogenous expression of either form has not been confirmed in
humans.Here,the authors developed an antibody recognizing amino acid residues between the first two human GIcNAc6ST-1
methionines. This antibody specifically recognizes the long form of the enzyme, a finding validated by Western blot analysis
and immunofluorescence cytochemistry of Hela cells misexpressing long and/or short forms of human GIcNAc6ST-1.
Using this antibody, the authors carried out immunofluorescence histochemistry of human lymph node tissue sections and
found endogenous expression of the long form of the enzyme in human tissue, predominantly in the trans-Golgi network
of endothelial cells that form HEVs. (J Histochem Cytochem 60:397—407,2012)

Keywords
N-acetylglucosamine-6-O-sulfotransferase | (GlcNAc6ST-1), long form, high endothelial venule (HEV)

Circulating lymphocytes routinely home to secondary lym-
phoid organs such as lymph nodes, tonsils, and Peyer’s
patches, where they recognize cognate antigens by interact-
ing with antigen-presenting cells. Such homing is tightly
regulated by sequential adhesive interactions. The initial
step of the interaction, called “tethering and rolling,” is
mediated by the carbohydrate-binding protein L-selectin
expressed on lymphocytes and by its carbohydrate ligand
peripheral lymph node addressin (PNAd), expressed on the
luminal surface of high endothelial venules (HEVs). This
step is a prerequisite for subsequent lymphocyte chemo-
kine-dependent activation, integrin-mediated firm attach-
ment to the endothelium, and transmigration across blood
vessels (Springer 1994; Butcher and Picker 1996; von
Andrian and Mempel 2003). PNAd is expressed not only on

HEVs in secondary lymphoid organs but also on HEV-like
vessels induced in various non-lymphoid organs under
chronic inflammatory states (Michie et al. 1993; Salmi et al.
1994; Renkonen et al. 2002; Kobayashi et al. 2004; Aloisi
and Pujol-Borrell 2006). Moreover, PNAd is also expressed
in gastric mucosa-associated lymphoid tissue (MALT)
lymphoma, a neoplastic lesion resulting from chronic
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Helicobacter pylori gastritis (Dogan et al. 1997; Kobayashi
et al. 2011).

PNAAJ consists of a group of glycoproteins recognized
by the MECA-79 monoclonal antibody (Streeter et al. 1988;
Rosen 2004), which has an epitope that has been shown to
be 6-sulfo N-acetyllactosamine (LacNAc) attached to
extended core 1 O-glycans, Galf1—4(sulfo—6)GIcNAcB1
—3Galpl—3GalNAcal—Ser/Thr (Yeh et al. 2001).
MECA-79 also recognizes the epitope’s sialylated and
fucosylated form, 6-sulfo sialyl Lewis X, attached to
extended core 1 O-glycans, sialic acid2—3Galp1—4[Fuc
al—3(sulfo—6)]GleNAcB1—3Galfl—3GalNAcal —
Ser/Thr. N-acetylglucosamine (GIcNAc)-6-O-sulfation of
the sialyl Lewis X tetrasaccharide, which is critical for
L-selectin binding (Imai et al. 1993), is catalyzed by
GlcNAc-6-O-sulfotransferases  (GIeNAc6STs), which
transfer sulfate from 3'-phosphoadenosine 5'-phosphosul-
fate (PAPS) to the 6-O position of GlcNAc residues (Fukuda
et al. 2001; Grunwell and Bertozzi 2002). Thus far, five
members of the GIcNAc6ST family have been cloned in
humans, four of which have murine orthologues (Uchimura
and Rosen 2006). Among them, GIcNAc6ST-1 (Uchimura
etal. 1998; Li and Tedder 1999) and GIcNAc6ST-2 (Bistrup
et al. 1999; Hiraoka et al. 1999) have been confirmed to be
expressed in HEVs, and both play a critical role in L-selectin
ligand biosynthesis (Kawashima et al. 2005; Uchimura
et al. 2005). Relevant to human pathological states, we pre-
viously reported that the number of PNAd-expressing HEV-
like vessels in the colonic lamina propria is increased in
active ulcerative colitis (UC) compared with the number
seen in remission phase UC and that such an increase is
associated with increased levels of transcripts encoding
GIcNACc6ST-1 (Suzawa et al. 2007; Kobayashi et al. 2009).

GIcNAc6ST-1 is a type II transmembrane protein com-
posed of a short N-terminal cytoplasmic tail, a hydrophobic
single-pass transmembrane domain, an intervening stem
region, and a C-terminal catalytic domain that resides in the
Golgi Iumen (Grunwell and Bertozzi 2002). Human
GlcNAc6ST-1 was cloned as a 1593-bp open reading frame
showing two in-frame methionine codons at the 5’ end,
spaced 141 bp apart from each other. Both potential start
sites agreed with the consensus sequence for translation ini-
tiation (Kozak 1991) (Fig. 1). One of the authors of this
study previously proposed that both long and short forms of
GIcNACc6ST-1 are expressed (Uchimura et al. 1998). Thus
far, in vitro studies employing cell culture and misexpres-
sion of human GIcNAc6ST-1 have characterized the bio-
chemistry and function of the enzyme in detail (Uchimura
et al. 1998, 2002; Tangemann et al. 1999; Bhakta et al.
2000; Li et al. 2001; Grunwell et al. 2002; Lee et al. 2003;
de Graffenried and Bertozzi 2003, 2004; Desko et al. 2009);
however, most have used expression vectors harboring
c¢DNA encoding short and/or even shorter engineered solu-
ble forms of the enzyme. In the only study using an

-60 GTCCCCTTCCCGGGCTGCAGGGCTGCCTCCGCCGCGCCGCCGOCCCGGATTGTGCCTGTG -1

1 ATGAGCCGTAGCCCGCAGCGAGCTCTGCCCCCGGGCGCGCTCCCTCGGCTGCTCCAGGCT 60
1 MsRSPQRALPPGALGPRLTLGOQA 20

61 GCGCCTGCAGCCGCGCCGCGTGCCCTGCTCCCOCAGTGGCCCCGGCGCCCAGGACGCCGL 120
2 AP AAAPRALLPQWPRRPGRR R 40

121 TGGCCCGCGTCCCCTCTCGGAATGAAGGTGTTCCGTAGGAAGGCGCTGGTGTTGTGCGCE 180
40 WP ASPLG[MKYFRRKALVLCA 6
—— e

181 GGCTATGCACTGCTGCTGGTGCTCACTATGCTCAACCTCCTGGACTACAAGTGGCACAAG 240
61 6 Y AL L LV LTMLNLTLTDYKWHK 80

241  GAGCCGCTGCAGCAGTGCAACCCCGATGGGCCGCTGGGTGCCGCAGCGGGGGCAGCCGRA 300
81 E P L QQCNPDGPLGAAAGAAG G 100

301 GGCAGCTGGGGGCGCCCAGGGCCGCCTCCGGCCGGGCLGCCCCGTGCTCATGCCCGTTTG 368
vl G S WGRPGPPPAGPPRAHARIL 120

Figure 1. Nucleotide and deduced amino acid sequences of
the N-terminal region of human GIcNAc6ST-1 (long form). The
first two methionines are boxed, and the sequence encoding
the putative transmembrane domain is doubly underlined.
The sequence of the antigenic peptide used to produce anti-
GIcNAc6ST-1-N antibody is underlined in bold.

expression vector harboring the long-form cDNA, the
authors confirmed its mRNA expression by Northern blot
analysis; however, expression of the protein was not evalu-
ated (Li et al. 2001). More important, expression of native
human GIcNAc6ST-1 protein, regardless of form, has not
yet been confirmed.

In the present study, we developed an antibody recogniz-
ing amino acid residues between the first two methionines
(designated M#1 and M#2, respectively) of human
GlcNAc6ST-1 and found that the long form of the enzyme
is endogenously expressed in humans, predominantly in the
trans-Golgi network (TGN) of endothelial cells that form
HEVs. We also found that both forms of the enzyme show
comparable subcellular localization and intracellular enzy-
matic activity.

Materials and Methods

Generation of an Antibody against the N-Terminal
Site of Human Long-Form GIcNAcé6ST-1

We generated a polyclonal antibody recognizing only the
long form of human GIcNAc6ST-1 by directing it to residues
between M#1 and M#2. An immunogenic peptide, NHz-
C+LPQWPRRPGRRWPA-COOH, corresponding to amino
acids 30 to 43 of human GIcNAc6ST-1 (Fig. 1, bold line),
was chemically synthesized and conjugated with keyhole
limpet hemocyanin (KLH). The KLH-conjugated peptide
was mixed with Freund’s complete adjuvant and subcutane-
ously injected into a Japanese white rabbit, followed by four
additional injections with Freund’s incomplete adjuvant at
2-week intervals. The antibody was purified by affinity chro-
matography on a column coupled to the immunogenic pep-
tide. The purified antibody, designated anti-GIcNAc6ST-1-N,

Downloaded from jhc.sagepub.com at ACADEMIA SINICA, Life Science Library on May 2, 2012



Long-Form Human GIcNAc6ST-1 Expressed in HEV

399

was used for subsequent experiments. The experimental
protocol was approved by the Institutional Animal Care and
Use Committee at Operon Biotechnologies (Tokyo, Japan).

Construction of Expression Vectors
Encoding Long and Short Forms of Human
GIcNAc6ST-1 with or without a FLAG Tag

pcDNA1-GIeNAc6ST-1 M#1 encoding the long form of
human GIcNAc6ST-1 was constructed previously
(Kobayashi et al. 2009). pcDNA1-GIcNAc6ST-1 M#1-
FLAG, which encodes the long form with a FLAG epitope
tag fused to its C-terminus, was similarly constructed using
the polymerase chain reaction (PCR) by replacing the
3'-primer with 5-AATCTAGATTATTTGTCGTCGTC
ATCCTTATAATCCTCGAGGAGACGGGGCTTC
CGAAGCAG-3' (Xbal site underlined; FLAG epitope tag
bolded). Similarly, pcDNA1-GIcNAc6ST-1 M#2 encoding
the short form of GIcNAc6ST-1 and pcDNA1-GIcNAc6ST-1
M#2-FLAG were constructed by replacing the 5'-primer
with 5-TCGAATTCCCCTCTCGGAATGAAGGTGTT-3'
(EcoRI site underlined). All constructs established here
have an identical sequence outside the insert.

Expression of Human GIcNAc6ST-1 in Hela Cells

HeLa cells were transiently transfected with one of the
above expression vectors using Lipofectamine Plus
(Invitrogen; Carlsbad, CA), according to the manufactur-
er’s instructions, and analyzed 24 to 48 hr after transfec-
tion. To express long and short forms of GlcNAc6ST-1
simultaneously, Hela cells were cotransfected with
pcDNA1-GIcNAc6ST-1 M#1 and pcDNA1-GlcNAc6ST-1
M#2-FLAG at a ratio of 1:1.

Western Blot Analysis

HeLa cell transfectants were harvested in phosphate-
buffered saline (PBS) supplemented with Complete Mini
protease inhibitor (Roche; Basel, Switzerland) with a cell
scraper and subjected to three cycles of freeze/thawing to
disrupt the plasma membrane. The membrane fraction was
collected by centrifugation at 12,000 x g for 10 min and
resuspended in 10 mM Tris/HCl and 1 mM EDTA (pH 8.0).
Subsequently, 10% Triton X-100 was added to a final con-
centration of 1%, the mixture was gently rocked at 4C for
15 min, and the Triton X-100-soluble membrane fraction
was obtained by centrifugation at 12,000 x g for 10 min. To
remove N-glycans on the protein, an aliquot of each mem-
brane fraction containing 5 pg protein was treated with 125
units of peptide N-glycosidase F (PNGase F) (New England
Biolabs; Ipswich, MA) at 37C for 2 hr, lysed in sample
buffer, and incubated at 95C for 5 min. Each sample was

separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) using SuperSep Ace 7.5%
(Wako Pure Chemical Industries; Osaka, Japan) and trans-
ferred onto a polyvinylidene difluoride (PVDF) membrane
(Millipore; Billerica, MA). After blocking with Tris-
buffered saline (TBS) (pH 7.6) supplemented with 5% skim
milk and 0.1% Tween-20 for 60 min, the membrane
was incubated with anti-GIcNAc6ST-1-N (1:1000) and
anti-FLAG M2 (Sigma-Aldrich; St. Louis, MO) (1:5000) at
4C overnight, followed by incubation with horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG (Cell
Signaling Technology; Danvers, MA) (1:2500) and anti-
mouse IgG (Immuno-Biological Laboratories; Gunma,
Japan) (1:5000), respectively, for 60 min. Immunoreactive
bands were visualized using SuperSignal West Dura
Extended Duration Substrate (Thermo Scientific; Rockford,
IL) and a luminescent image analyzer LAS-3000 (Fuji
Film; Tokyo, Japan).

Immunofluorescence Staining

For immunofluorescence cytochemistry, HeLa cell trans-
fectants grown on coverslips were fixed with 20% neutral-

‘buffered formalin for 15 min, and cell membranes were

permeabilized with 0.1% Triton X-100 in PBS for 15 min.
For immunofluorescence histochemistry, fresh human
lymph node tissues were embedded in Tissue-Tek OCT
compound (Sakura Finetek; Tokyo, Japan) and frozen at
—80C. Frozen tissues were sectioned at 6 ug, fixed with
acetone for 5 min, and air-dried. Use of human lymph node
tissues was approved by the Ethics Committee of Shinshu
University School of Medicine. After blocking with 1%
bovine serum albumin (BSA) (Sigma-Aldrich) in TBS for
15 min, samples were incubated with a cocktail of two pri-
mary antibodies for 15 min. After washing, samples were
incubated for 15 min with a cocktail of two isotype-
matched secondary antibodies differentially labeled with
Alexa Fluor 488 and Alexa Fluor 555 (Invitrogen) (1:1000).
Samples were mounted with Vectashield mounting medium
(Vector Laboratories; Burlingame, CA) and observed under
a fluorescence microscope AX-80 (Olympus; Tokyo,
Japan). Primary antibodies used for immunofluorescence
are listed in Table 1.

Cell Enzyme-Linked Immunosorbent Assay

HeLa cells were seeded into 96-well plates (BD Falcon;
Franklin Lakes, NJ) at 2 x 10* cells/well and 24 hr later
transiently transfected with one of the following expression
vectors: pcDNAI1-GIcNAc6ST-1 M#1, pcDNAIL-
GIcNACc6ST-1 M#2, pcDNA1-GlcNAc6ST-2, and pcDNA1
(mock). Forty-eight hours later, cells were fixed with
20% neutral-buffered formalin for 15 min. To quench
endogenous peroxidase activity, cells were treated with
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Table I. Primary Antibodies Used for Immunofluorescence Staining

Name Clone Isotype Source Dilution
Anti-GlcNAc6ST-1-N — Rabbit polyclonal This study 1:250
Anti-FLAG M2 Mouse IgG, Sigma-Aldrich, St. Louis, MO 1:250
Anti-PNAd MECA-79 Rat IgM BD Pharmingen, San Diego, CA 1:100
Anti-GMI30 35/GMI30 Mouse 1gG, BD Bioscience, San Jose, CA 1:25
Anti-GS27 25/GS27 Mouse IgG, BD Bioscience, San Jose, CA 1:100
Anti-Rab8 4/Rab4 Mouse IgGZb BD Bioscience, San Jose, CA 1:100

0.3% hydrogen peroxide in absolute methanol for 30 min
and washed with TBS. After blocking with 1% BSA in TBS
for 30 min, cells were incubated for 60 min with 0.5 pg/ml
of S2 monoclonal antibody recognizing 6-sulfo sialyl
LacNAc on N- and O-glycans (Hirakawa et al. 2010). After
washing with TBS, cells were incubated with HRP-
conjugated anti-mouse IgM (Jackson ImmunoResearch;
West Grove, PA) (1:5000) for 60 min. After washing,
100 pl of 1-Step ABTS (Thermo Scientific) was applied to
each well, and absorbance at 405 nm was read using a
microplate reader (DS Pharma Biomedical; Osaka, Japan).

Fluorescence-Activated Cell Sorting Analysis

HeLa cell transfectants were dissociated into mono-dis-
persed cells in PBS containing 0.5 mM EDTA and fixed
with 20% neutral-buffered formalin for 15 min. Cells were
then permeabilized with PBS/0.1% Triton X-100 for 15
min and incubated with anti-FLAG M2 (1:250), followed
by Alexa Fluor 488—conjugated anti-mouse IgG- (1:1000).
Stained cells were analyzed using FACSort (BD Biosciences;
San Jose, CA) with FlowJo software (Tree Star; Ashland,
OR).

Semi-Quantitative Reverse Transcriptase PCR

Semi-quantitative reverse transcriptase PCR (RT-PCR) was
carried out essentially as described (Kobayashi 2006). Total
RNA was extracted from HeLa cell transfectants using
ISOGEN reagent (Nippon Gene; Tokyo, Japan) according
to the manufacturer’s instructions. Single-stranded cDNA
was synthesized as described (Suzawa et al. 2007). PCR
was then carried out with primers for GIcNAc6ST-1,
5-TCCTCCAAGCCTTTCGTGGTATCT-3’ (5'-primer) and
5'-TGGTAGCAAAACTCCTCCACCTGT-3' (3'-primer),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
5'-TGAGTACGTCGTGGAGTCCACT-3' (5'-primer) and
5'-CAGAGATGATGACCCTTTTGGCTC-3" (3'-primer).
After initial denaturation at 94C for 2 min, 24 cycles of
amplification with denaturation at 96C for 20 sec, anneal-
ing at 65C for 30 sec, and extension at 72C for 30 sec were
performed, followed by a final extension at 72C for 2 min.
PCR products were electrophoresed on 2% agarose gels
containing 0.1 pg/ml ethidium bromide.

Statistical Analysis

Data are expressed as means + SD. Differences among
groups were statistically analyzed by one-way analysis of
variance (ANOVA) with Bonferroni’s posttest, using InStat
3 software (GraphPad Software; San Diego, CA). p values
less than 0.05 were considered significant.

Results

Anti-GIctNAcéST-1-N Specifically Recognizes
the Long Form of GIctNAc6ST-1

To determine whether anti-GIcNAc6ST-1-N selectively
recognizes the long form of GIcNAc6ST-1, the membrane
fraction of HeLa cell transfectants was subjected to Western
blot analysis. As shown in Fig. 2 (left panel), immunoblot-
ting with anti-FLAG of samples not treated with PNGase F
showed multiple immunoreactive bands migrating at ~60
kDa for the long form and ~55 kDa for the short form. In
addition, immunoreactive species migrating at >100 kDa, the
molecular weight of enzyme homodimers, were also detected
with both forms of the enzyme, as described previously (de
Graffenried and Bertozzi 2004). The appearance of multiple
bands is consistent with a previous study using HeLa cells
transfected with wild-type or mutant forms of GIeNAc6ST-1,
which demonstrated that at least three of four potential
N-glycosylation sites were glycosylated (Desko et al. 2009).
Indeed, PNGase F digestion converted the multiple bands
into a single major band migrating at ~55 kDa for the long
form and ~50 kDa for the short form. By contrast, immunob-
lots using anti-GIctNAc6ST-1-N (Fig. 2, right panel) revealed
immunoreactive species only for the long form, and the
migration patterns of these bands were similar to those
detected by immunoblotting with anti-FLAG.

We then performed double immunofluorescence staining
of HeLa cell transfectants using anti-FLAG and anti-
GIcNAc6ST-1-N  antibodies. Cells transfected with
pcDNA1-GleNAc6ST-1  M#1-FLAG and pcDNAI-
GIcNACc6ST-1 M#2-FLAG exhibited FLAG signals chiefly
in a perinuclear, punctate pattern (Fig. 3, left panels). By
contrast, anti-GIcNAc6ST-1-N antibody stained only cells
transfected with pcDNA1-GlcNAc6ST-1 M#1-FLAG and
pcDNA1-GIcNAc6ST-1 M#1, that is, expression vectors
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Figure 2. Western blot analysis of long and short forms of human
GIcNACc6ST-1. The membrane fraction of Hela cells transiently
transfected with pcDNAI  (mock), pcDNAI-GIcNAc6ST-1
M#1-FLAG, pcDNAI-GIcNAc6ST-I M#2-FLAG, or pcDNAI-
GIcNACc6ST-2, with or without PNGase F digestion, was subjected
to sodium dodecyl sulfate—polyacrylamide gel electrophoresis
and probed with anti-FLAG (left panel) and anti-GIcNAc6ST-1-N
(right panel) antibodies. Molecular weights are indicated to the
left of each blot.

harboring cDNA encoding the long form of GIcNAc6ST-1
(Fig. 3, middle panels). In the case of cells transfected with
pcDNA1-GIcNAc6ST-1 M#1-FLAG (Fig. 3, second row),
the staining pattern of anti-GlcNAc6ST-1-N was similar to
that of anti-FLAG, as judged by yellow signals seen in the
merged image (Fig. 3, right panels). Overall, these findings
indicate that the anti-GIcNAc6ST-1-N antibody specifically
recognizes the GIcNAc6ST-1 long form.

Comparable Subcellular Localization of the
Long and Short Forms of GIcNAc6ST-1

To determine potential differences in subcellular localiza-
tion of long and short GIcNAc6ST-1 forms, HelLa cells
cotransfected with pcDNAI1-GIcNAc6ST-1 M#1 and
pcDNAI1-GIcNAc6ST-1 M#2-FLAG were subjected to
double immunofluorescence staining with anti-GIcNAc6ST-
1-N (for the long form) and anti-FLAG (for the short form)
(Fig. 4A). As shown in Fig. 4B, signals for the long form
showed a perinuclear punctate pattern, indicative of the
Golgi apparatus, and almost all signals colocalized with
those for the short form, indicating that the subcellular
localization of both forms does not differ substantially.

Long and Short Forms of Human
GIcNAc6ST-1 Show Comparable Intracellular
GlcNAc-6-O-Sulfation Activity

To evaluate potential differences in intracellular GIcNAc-6-
O-sulfation activity between long and short GIcNAc6ST-1
forms, cell enzyme-linked immunosorbent assays (ELISAs)
for sulfation activity were carried out using HeLa cell trans-
fectants. As shown in Fig. 5A, all GIcNAc6ST transfectants
tested showed intracellular GlcNAc-6-O-sulfation activity,
as assessed by reactivity of the S2 monoclonal antibody,
which recognizes 6-sulfo sialyl LacNAc on N- and
O-glycans (Hirakawa et al. 2010). The activity difference
between both forms of GIcNAc6ST-1 was not statistically
significant, but both GIcNAc6ST-1 forms demonstrated
higher intracellular GleNAc-6-O-sulfation activities than
did GIeNAc6ST-2 (p<0.05).

We next performed fluorescence-activated cell sorting
(FACS) analysis of Hela cell transfectants to evaluate expres-
sion levels of long and short forms of GIcNAc6ST-1 protein.
As shown in Fig. 5B, expression of the short-form protein
(right panel) was higher compared with that of the long form
(left panel). This finding confirms findings from our Western
blot analysis that demonstrated that the intensity of immuno-
reactive bands representing the short form of the protein was
greater than that of the long form (Fig. 2, left panel). In addi-
tion, semi-quantitative RT-PCR demonstrated that mRNA
expression of short-form GleNAc6ST-1 was higher than that
of the long form (Fig. 5C).

The Long Form of GIctNAcéST-1 Is Expressed
Endogenously in Human HEVs

Finally, to determine whether the GIcNAc6ST-1 long form
is endogenously expressed in human tissues, we performed
double immunofluorescence staining of human lymph node
tissue sections using anti-GIcNAc6ST-1-N and the anti-
PNAd antibody MECA-79. As shown in Fig. 6A, MECA-
79 clearly stained HEVs, predominantly the cell membrane
of endothelial cells. By contrast, anti-GlcNAc6ST-1-N
signals were detected in HEVs in a cytoplasmic perinuclear
punctate pattern, indicative of the Golgi apparatus. This
anti-GIcNAc6ST-1-N staining was abolished by addition of
the peptide used for immunization (Fig. 6B), confirming
antibody specificity.

To determine the sub-Golgi localization of this staining,
we undertook double immunofluorescence staining for anti-
GIcNAc6ST-1-N and a battery of Golgi markers. As shown
in Fig. 6C, anti-GIcNAc6ST-1-N signals colocalized with
those of Rab8, a membrane marker of the TGN (Chen et al.
1993), and partially colocalized with the medial-to-trans-
Golgi marker GS27 (Lowe et al. 1997). Anti-GIcNAc6ST-
1-N signals did not colocalize with the cis-Golgi marker
GM130 (Nakamura et al. 1995). These findings, taken
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Anti-FLAG Anti-GIcNAc6ST-1-N Merged Figure 3. Specificity of anti-
GIcNAc6ST-1-N  antibody  as
assessed by immunofluorescence
cytochemistry. Hela cells were
transiently transfected with
Mock expression  vectors  harboring
cDNA encoding long (M#l) and
short (M#2) forms of human
GIcNAc6ST-1  with  or without
a FLAG epitope tag, as well as
GlcNACc6ST-2 and mock (pcDNAL)
as controls. Cells were doubly
immunostained with anti-FLAG
GIcNAC6ST-1 (green) and anti-GIcNAc6ST-1-N
(red). Yellow signals in merged
M#1-FLAG images indicate colocalization of
the two antigens. Bar = 100 pm.
GIcNACBST-1
M#1
GIcNAC6ST-1
M#2-FLAG
GIcNAC6ST-1
M#2
GIcNACc6ST-2
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Figure 4. Subcellular localization of long and short forms of
human GIcNAc6ST-1. (A) Schematic representation of long-form
GlcNACc6ST-1 and short-form GIcNAcéST-1 with a FLAG epitope
tag.The antibody-binding site for anti-GlcNAc6ST-1-N (green) and
anti-FLAG (red) is also indicated. LFS, long form—specific site. (B)
Hela cells doubly transfected with pcDNAT-GIcNAc6ST-1 M# |
and pcDNAI-GIcNAc6ST-1 M#2-FLAG were subjected to dual
immunofluorescence staining for anti-GIcNAc6ST-1-N (green)
and anti-FLAG (red). Yellow signals in merged images indicate
colocalization of the two antigens. Bar = 50 pm.

together, indicate that the long form of GIcNAc6ST-1 is
endogenously expressed in human endothelial cells of
HEVs and localizes primarily to the TGN.

Discussion

In the present study, we developed an antibody specific for
the long form of human GlcNAc6ST-1. Previously, one of
the authors of this article reported that human GleNAc6ST-1
cDNA potentially encodes long and short isoforms
(Uchimura et al. 1998). However, most in vitro studies of
human GIcNAc6ST-1 have employed expression vectors
encoding the short and/or soluble forms of the enzyme,
which lack a putative 47-amino acid N-terminal cytoplas-
mic tail. Moreover, expression of native human
GIcNAc6ST-1 protein has not been confirmed. This
prompted us to clarify whether the long form of the enzyme
is endogenously expressed in humans. Employing the anti-
body developed here, we found that the long form of
GlcNACc6ST-1 protein is endogenously expressed in human
tissues, predominantly in endothelial cells that form HEVs.

Western blot analysis indicated that both forms of
GIecNACc6ST-1 protein migrate as multiple bands of differ-
ent molecular weights, consistent with previous reports (de
Graffenried and Bertozzi 2003, 2004; Desko et al. 2009).
Similar to other Golgi-resident proteins, GIcNAc6ST-1 dis-
plays four consensus sequences for N-glycosylation (Bause

A
Mock
GICNACBST-1 (M#1)
NS
GICNACBST-1 (M#2)
GIcNAC6ST-2
0 0.1 0.2 0.3
Absorbance at 405 nm
B GIcNACBST-1 M#1-FLAG GleNACBST-1 M#2-FLAG
C M#1 M#2 Cont
RT
GIcNAc6ST-1
GAPDH
Figure 5. (A) Cell enzyme-linked immunosorbent assay

(ELISA) showing intracellular GlcNAc-6-O-sulfation activity of
GIcNAC6ST-I M#| and GIcNAc6ST-I M#2. Hela cells were
transiently transfected with pcDNAI-GIcNAc6ST-1 M#l and
pcDNAI-GIcNAc6ST-1 M#2, as well as pcDNAI-GIcNAc6ST-2
and pcDNAI (mock) as controls, and subjected to cell ELISA for
S2 monoclonal antibody recognizing 6-sulfo sialyl LacNAc on N-
and O-glycans. Data are expressed as means * SD (n = 8 for each
group). NS, not significant. (B) intracellular expression levels of
long (left panel) and short (right panel) forms of GIcNAc6ST-1
protein with a C-terminal FLAG epitope tag (gray histograms).
Cells were stained for FLAG and subjected to fluorescence-
activated cell sorting analysis. Open histograms represent
negative control resulting from omitting the primary antibody.
The x- and y-axes indicate fluorescence intensity and number of
events, respectively. (C) Semi-quantitative RT-PCR showing mRNA
expression levels of Hela cells transfected with long (M#l) and
short (M#2) forms of GIcNAc6ST-1 cDNA. Each RNA sample
was treated with (+) or without (=) reverse transcriptase (RT).
Cont., control amplification using distilled water () and plasmid
harboring the target cDNA (+). GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.

1983). Desko et al. (2009) determined that three of those are
indeed modified with N-glycans—namely, N196, N410,
and N428 (N243, N457, and N475 for the long form).
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Figure 6. Endogenous expression
of long-form GIcNAc6ST-1 protein
as revealed by immunofluorescence
histochemistry of human lymph
node tissue sections. (A) Double
immunofluorescence  staining  with
MECA-79 (green) and anti-GlcN
Acé6ST-1-N  (red). Lower panels
are enlarged images of the upper
panels. Bar = [00 um for upper
panels and 25 um for lower
panels. (B) A competitive inhibition
assay on tissue sections for anti-
GIcNAc6ST-1-N  binding in which
antibody is preincubated at 4C
overnight with 5 pg/ml of synthetic
peptide used for immunization.
Anti-GIcNAc6ST-1 staining on high
endothelial venules (left panel) was
abolished by this procedure (right
panel). Bar = 100 pm. (C) Double
immunofluorescence staining with
anti-GlctNAc6ST-1-N  (green) and
one of the following Golgi markers
(red): cis-Golgi marker GMI30
(upper  panels), medial-to-trans-
Golgi marker GS27 (middle panels),
and a trans-Golgi network marker
to plasma membrane protein Rab8
(lower panels). Bar = 25 ym.
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Consistently, pretreatment with PNGase F altered the size
of immunoreactive species of both long and short forms of
GleNAc6ST-1 expressed in HeLa cells.

We also employed HeLa cell transfectants to compare
subcellular localization and intracellular enzymatic activity
of both forms. Double immunofluorescence staining of
HeLa cells transfected with both GlcNAc6ST-1 forms
revealed no gross difference in their subcellular localiza-
tion. It is noteworthy that Pl,4-galactosyltransferase 1
(B4GalT-1), a type Il membrane-bound enzyme that trans-
fers galactose (Gal) to acceptor sugars in a pl1,4-linkage,
also exists in long and short forms (Lopez et al. 1991). Both
forms share an 11-amino acid cytoplasmic tail, but the long
form exhibits an additional 13—amino acid sequence and is
preferentially targeted to the plasma membrane, whereas
the short form resides primarily within the Golgi compart-
ment. In addition to B4GalT-1, differential subcellular local-
ization of two enzyme isoforms has been recently reported
for glucuronyltransferase P (GlcAT-P) and lactosylceramide
02,3-sialyltransferase (GM3 synthase) (Kizuka et al. 2009;
Uemura et al. 2009). However, our study shows that, unlike
these enzymes, the 47-amino acid sequence in the short
cytoplasmic tail of long-form GleNAc6ST-1 does not affect
its subcellular localization.

Cell ELISAs carried out in the present study also showed
that both long and short forms of GIcNAc6ST-1 demon-
strate  comparable intracellular GlcNAc-6-O-sulfation
activity. Catalytic properties and substrate specificities of
N-terminally truncated/protein A fusions of human
GIcNAc6STs were previously reported (Uchimura et al.
2002). In that study, both N-terminally truncated, soluble
GlcNAc6ST-1 and the full-length short form of transmem-
brane GlcNAc6ST-1 showed similar substrate specificities
and enzymatic activity, which is consistent with the present
finding. It should be noted that expression of the short-form
GIcNACc6ST-1 protein exceeded that of the long form, as
evaluated by FACS and Western blot analyses. It is possible
that long-form GIcNAc6ST-1 may exhibit higher GicNAc-
6-O-sulfation activity. Alternatively, the short form might
have difficulty accessing the substrate, leading to less prod-
uct elaboration. Considering the results of semi-quantitative
RT-PCR analysis, the higher expression of the short-form
GlcNAc6ST-1 protein is likely due to higher mRNA expres-
sion level compared with that seen for the long form.

Among GIcNAc6ST family members, GIcNAc6ST-1 is
unique in having an N-terminal long cytoplasmic tail (in the
long form) and an intervening stem region between the trans-
membrane and catalytic domains. A previous study reported
that GIcNAc6ST-1 sulfotransferase is confined to the TGN,
whereas GIcNAc6ST-2 is distributed throughout the Golgi
apparatus (de Graffenried and Bertozzi 2003). To clarify the
mechanism underlying differential localization, those authors
constructed a chimera comprising the localization domain
(for the short form) and the stem region of GlcNAc6ST-1

fused to the GIcNAc6ST-2 catalytic domain and found that
the chimeric protein was confined to the TGN and adopted
GlIcNAc6ST-1 substrate preference. Our result is consistent
with these results because both long and short forms of
GlIeNAc6ST-1 expressed in HeLa cells contain the putative
localization domain proposed by these authors.

Although short-form GIcNAc6ST-1 can be misexpressed
in Hela cells in vitro, it is not known whether the short
form is indeed expressed endogenously in humans. It has
been reported that a suboptimal context around the first
AUG codon causes some 40S ribosomal subunits to bypass
the first AUG and initiate at a second AUG codon (Kozak
1989, 1991). Given our observation of endogenous long-
form GlcNAc6ST-1, future studies are required to deter-
mine whether the short form is also expressed in vivo.
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