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Amyloid Precursor Protein (APP)/APP-like Protein 2 (APLP2)
Expression Is Required to Initiate Endosome-Nucleus-
Autophagosome Trafficking of Glypican-1-derived Heparan
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(Bacl(ground: The normal function of the amyloid precursor protein of Alzheimer disease is poorly understood.
Results: Amyloid precursor protein controls nuclear translocation of heparan sulfate released from its parent proteoglycan in

Conclusion: An endosome-cytosol-nucleus-autophagosome traffic route for heparan sulfate is demonstrated.
Significance: This study provides a basis for better understanding of the pathogenesis of the major form (sporadic) of Alzheimer
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Anhydromannose (anMan)-containing heparan sulfate (HS)
derived from the proteoglycan glypican-1 is generated in endo-
somes by an endogenously or ascorbate-induced S-nitrosothiol-
catalyzed reaction. Processing of the amyloid precursor protein
(APP) and APP-like protein 2 (APLP2) by 8- and ‘y-secretases
into amyloid B (AB) and Ap-like peptides also takes place in
these compartments. Moreover, anMan-containing HS sup-
presses the formation of toxic Af3 assemblies in vitro. We
showed by using deconvolution immunofluorescence micros-
copy with an anMan-specific monoclonal antibody as well as 3°S
labeling experiments that expression of APP/APLP2 is required
for ascorbate-induced transport of HS from endosomes to the
nucleus. Nuclear translocation was observed in wild-type
mouse embryonic fibroblasts (WT MEFs), Tg2576 MEFs, and
N2a neuroblastoma cells but not in APP~/~ and APLP2~/~
MEFs. Transfection of APP~/~ cells with a vector encoding
APP restored nuclear import of anMan-containing HS. In
WT MEFs and N2a neuroblastoma cells exposed to f3- or
vy-secretase inhibitors, nuclear translocation was greatly
impeded, suggesting involvement of APP/APLP2 degrada-
tion products. In Tg2576 MEFs, the PB-inhibitor blocked
transport, but the y-inhibitor did not. During chase in ascor-
bate-free medium, anMan-containing HS disappeared from
the nuclei of WT MEFs. Confocal immunofluorescence
microscopy showed that they appeared in acidic, LC3-posi-
tive vesicles in keeping with an autophagosomal location.
There was increased accumulation of anMan-containing HS
in nuclei and cytosolic vesicles upon treatment with chloro-
quine, indicating that HS was degraded in lysosomes. Manip-
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ulations of APP expression and processing may have delete-
rious effects upon HS function in the nucleus.

Biochemical and genetic evidence points to a central role for
the amyloid precursor protein (APP)? in Alzheimer disease
(AD) pathogenesis. APP and its paralogs, amyloid precursor-
like proteins 1 and 2 (APLP1 and APLP2), are proteolytically
processed by a-, 8-, and 7y-secretases to large soluble N-termi-
nal ectodomains, small soluble internally derived peptides, and
C-terminal membrane-bound domains. The intracellularly
released amyloid B peptides (mostly AB40 and AB42) derived
from APP by combined B- and vy-cleavage can aggregate into
neurotoxic oligomers and insoluble fibrils that accumulate in
AD plaques (1-5). Secreted A3 peptides have a regulatory role
in transmitter release at hippocampal synapses under physio-
logical conditions (6). However, the intracellular function of
APP, APLP1, APLP2, and their degradation products remains
largely unknown (7).

APP and AP peptides bind strongly to the heparan sulfate
(HS) proteoglycan glypican-1 (Gpc-1) in vitro, and APP and
Gpc-1 are colocalized inside cells (8—10). Gpc-1 can be inter-
nalized via a caveolin-1-associated pathway and is recycled via
endosomes and the Golgi. During or after uptake, specific cys-
teines in the Gpc-1 core protein are S-nitrosylated in a reaction
that is dependent on copper that could be provided by APP. In
endosomes, the Gpc-1 HS chains are deaminatively cleaved in
an S-nitrosothiol (SNO)-catalyzed reaction, resulting in release

2 The abbreviations used are: APP, amyloid precursor protein; AB, amyloid 3;
AD, Alzheimer disease; anMan/AM, anhydromannose; APLP1/2, amyloid
precursor-like protein 1/2; Gpc-1, glypican-1; HS, heparan sulfate; LTR,
LysoTracker Red; MEF, mouse embryonic fibroblast; SNO, S-nitrosothiol;
Tg2576, transgenic AD mouse; U18666A, 3-[2(diethylamino)ethoxylan-
drost-5-en-17-one; mAb AM, anMan-specific monoclonal antibody; CTF,
C-terminal fragment.
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of HS chains and oligosaccharides containing reducing termi-
nal anhydromannose (anMan). This reaction can also be
induced by exogenously supplied ascorbate (11-17). There
appears to be a functional relationship in vivo between the HS
and copper binding activities of APP/APLP2 and their modu-
lation of Gpc-1 autoprocessing in neurons (10).

HS as well as other glycosaminoglycans has been found in
various cell nuclei (18 -21). Moreover, xyloside-primed HS is
secreted and reinternalized by T24 bladder carcinoma cells and
processed to anMan-positive degradation products that are tar-
geted to the nucleus (22). Whether and how HS degradation
products penetrate the endosomal membrane to reach the
cytosol and then the nucleus have remained unsolved (23).

We have previously shown that anMan immunoreactivity is
present in AD plaques, that a 50-55-kDa anMan- and A-im-
munoreactive component can be isolated from fibroblasts of
transgenic AD mice (Tg2576), and that anMan-containing HS
degradation products can suppress Af342 oligomerization in
vitro (24). More recently we have shown that non-toxic A3
peptide assemblies are formed when oligomerization/aggrega-
tion takes place, whereas anMan-containing HS is simultane-
ously generated from Gpc-1-SNO (25). As this may reflect
normal functions for APP, A peptides, and anMan-contain-
ing HS, we decided to examine whether APP and its degra-
dation products play a role in the generation and/or local-
ization of anMan-containing HS. We showed by using wild-
type, APP~/~, APLP2™ /", and Tg2576 mouse embryonic
fibroblasts (MEFs) and mouse N2a neuroblastoma cells that
APP/APLP2 expression is required to initiate transport of
anMan-containing HS from endosomes via the cytosol into
the nucleus. HS then returns to the cytosol and accumulates
in autophagosomes.

EXPERIMENTAL PROCEDURES

Materials—Mammalian transfection plasmid pIRESpuro-
APP695 (Clontech) encoded the APP695 cDNA. MEFs from
wild-type (WT), APP~/~, APLP2™/~, and Tg2576 mice as well
as mouse N2a neuroblastoma cells were grown as described
earlier (10, 14, 24). A polyclonal antibody to LC3 (L8918) and
chloroquine were obtained from Sigma. The 3-secretase inhib-
itor LY2811376 and the <y-secretase inhibitor BMS-708163
(avagacestat) were both purchased from Selleckchem. Poly-
clonal antibodies to the C terminus of APP (A8717), a mAb
recognizing anMan-containing HS (12), various secondary
antibodies, heparinases I and III, the DNA-staining compound
4,6-diamidino-2-phenylindole (DAPI), the cationic steroid
3-[2(diethylamino)ethoxy]androst-5-en-17-one ~ (U18666A),
LysoTracker Red (LTR), L-ascorbic acid, other chemicals, and
Superdex peptide were generated as described or obtained from
sources listed previously (14, 24, 26, 27).

Transfection—pCEP4-APP encodes the APP695 cDNA
cloned into Nhel-Xhol-cleaved pCEP4 (Invitrogen). Transfec-
tion was performed using Invitrogen’s standard protocol for
transfection with Lipofectamine 2000.

Deconvolution Immunofluorescence Microscopy—Cells were
examined by immunofluorescence microscopy as described
previously (24). In brief, cells were fixed in acetone to retain
cellular and subcellular structure and to ensure the preserva-
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tion of carbohydrates. The fixed cells were first precoated with
10% antimouse total Ig and then exposed to primary antibodies
overnight. The secondary antibodies used were Texas Red-
tagged goat anti-mouse Ig when the primary antibody was
monoclonal and FITC-tagged goat anti-rabbit IgG or some-
times FITC-tagged donkey anti-goat IgG when the primary
antibody was polyclonal. In the controls, the primary antibody
was omitted. DNA staining with DAPI as well as staining with
antibodies was performed as recommended by the manufactur-
ers. The fluorescence images were analyzed by using a Carl
Zeiss AxioObserver inverted fluorescence microscope with
deconvolution technique and equipped with objective EC
“Plan-Neofluar” 63X/1.25 oil M27 and AxioCam MRm Rev
camera. Identical exposure settings and times were used for all
images. Several cells were observed before a representative
image was selected. Images were also taken using the Z-stack-
ing function in the AxioVision Release 4.8 software. Once the
cell of interest was identified, a series of 10 images were auto-
matically captured every 1.5 um of the focal plane. Following
capture, the 10 images were combined into a movie to allow
visualization of a three-dimensional image of the entire cell. In
colocalization and quantification measurements using line scan
analysis, the fluorophores were excited in a sequential manner
using multitrack acquisition. This procedure minimizes chan-
nel cross-talk. Data analysis for colocalization was performed
using Zeiss AxioVision Release 4.8 software.

Confocal Immunofluorescence Microscopy—Cells were ana-
lyzed by using a Zeiss LSM 710 confocal laser scanning micro-
scope with a C-apochromat 63X/1.20 water correction ring
objective and Zen 2009 software. Colocalization analysis was
performed with Image] 1.48v module FIJI.

Preparation of Nuclear Extract—For preparation of the
nuclear fraction, 5 X 10° cells in minimum Eagle’s medium
containing 1 mMm ascorbate and supplemented with 0.5% (w/v)
BSA and 20 mm HEPES, pH 7.4 were treated with 6 mIU/ml
heparinase I and 2 mIU/ml heparinase III for 30 min at 37 °C.
Enzyme addition was repeated for another 30 min. Cells were
washed off the plate, harvested by centrifugation, and lysed.
Intact nuclei were separated from “non-nuclear” cell compo-
nents (cytosol, other organelles, and membrane fragments)
using the standard protocol provided by the manufacturer (Bio-
Vision Research Products, Mountain View, CA). The purity of
the preparation was assessed at each step by phase-contrast
microscopy. The final preparation had no observable intact
cells and consisted of bare nuclei. The nuclear preparation was
lysed in 4 M guanidinium chloride, 50 mm sodium acetate, pH
5.8.

Radiolabeling and Identification of HS—Labeling of cells
with [**S]sulfate and identification of radiolabeled HS by deg-
radation with HNO, at pH 1.5 followed by gel exclusion chro-
matography on Superdex peptide were performed as described
earlier (11, 28).

RESULTS

Formation and Nuclear Targeting of anMan-containing HS
Degradation Products Are Dependent on APP/APLP2 Expres-
sion in MEFs—We have shown previously that proliferating
human fetal lung fibroblasts constitutively generate Gpc-1-de-
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FIGURE 1. Time course of nuclear accumulation of anMan-containing HS
degradation products in ascorbate-treated MEFs. A-F, representative
immunofluorescence images of WT MEF cells exposed to 1 mm ascorbate for
the indicated periods of time. G, a horizontal section at 7.77 um from the top
of a nucleus. H, three-dimensional (3D) image of the cell nuclei. This experi-
ment was repeated five times. DAPI, nuclear stain.

rived, anMan-containing HS degradation products, which were
demonstrated by confocal immunofluorescence microscopy
using an anMan-specific monoclonal antibody (mAb AM).
However, as cells grow to confluence, the anMan staining
diminishes. Ascorbate can be taken up by growth-quiescent
fibroblasts and induce deaminative autodegradation of Gpc-1
HS, resulting in reappearance of anMan staining (14, 15).

We therefore examined by deconvolution immunofluores-
cence microscopy the appearance of anMan staining in near
confluent cultures of mouse WT MEFs exposed to 1 mm ascor-
bate for different periods of time. In untreated cells and in cells
treated for 1 min, staining with mAb AM was undetectable (Fig.
1, A and B, AM). After 5 min of ascorbate treatment, anMan
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staining was visible in cytoplasmic vesicles (Fig. 1C, AM and
DAPI). After 15 min, most of the staining was in the nuclei (Fig.
1D), and after 1 h, nuclear accumulation appeared to have
reached its maximum (Fig. 1, E and F). To confirm the nuclear
localization, we generated an image from a section through the
center of a nucleus (Fig. 1G) and a three-dimensional image of
the nuclei (Fig. 1H).

To examine whether expression of APP or APLP2 is required
for formation and nuclear translocation of anMan-containing
HS degradation products, we investigated APP'~ and
APLP2™/~ MEFs. Although all WT MEFs observed showed
nuclear anMan staining after ascorbate treatment (Fig. 2A
and B, AM), very little anMan staining appeared in APP~/~ and
APLP2™/~ MEFs (Fig. 2, C and D and E and F, AM). Tg2576
mice carry a mutation in APP that affects its processing, and
MEFs from such mice overexpress APP and generate increased
amounts of A peptides. Treatment with ascorbate resulted in
intense nuclear staining with mAb AM in all cells observed,
indicating that anMan-containing HS degradation products
were produced in large amounts and accumulated in the nuclei
of Tg2576 MEFs (Fig. 2, G and H, AM and DAPI).

In an attempt to restore formation and nuclear translocation
of anMan-containing HS degradation products in APP~/~
MEFs, cells were transiently transfected with a vector encoding
APP695 cDNA, treated with ascorbate, and stained with mAb
AM and a polyclonal antibody to the C terminus of APP
(A8717). Transfected cells expressed APP (Fig. 2], A8717; cf.
Fig. 2I), and anMan staining of the nuclei was intense in these
cells, indicating that APP expression is required for both for-
mation and nuclear targeting of anMan-containing HS degra-
dation products (Fig. 2/, AM and DAPI; cf. Fig. 2I).

To confirm that HS was present in the nuclei of WT MEFs
upon ascorbate treatment, [*°S]sulfate-labeled cells were
treated with ascorbate, and a nuclear fraction was analyzed by
gel exclusion chromatography on Superdex peptide before and
after deaminative cleavage by nitrous acid at the HS-specific
N-sulfated glucosamines. The amount of >*S-labeled glycos-
aminoglycans eluting near the void volume increased almost
3-fold after ascorbate treatment (Fig. 2, K and L). In untreated
cells, there was very little nuclear HS as judged from the relative
insensitivity to nitrous acid (Fig. 2K, inset), whereas a large part
of the nuclear glycosaminoglycans in ascorbate-treated cells
consisted of HS (Fig. 2L, inset). Hence, the increase in nuclear
35S-labeled glycosaminoglycans can be attributed to accumula-
tion of HS.

Nuclear Targeting of anMan-containing HS Degradation
Products Is Suppressed by B-Secretase Inhibition in WT and
Tg2576 MEFs and by y-Secretase Inhibition in WT but Not in
Tg2576 MEFs—Both APP and APLP2 are processed by the -
and y-secretases (1, 29). To determine whether processing is
required for endosome exit and nuclear import of the anMan-
containing HS degradation products, we used the B- and
y-secretase inhibitors LY2811376 and BMS-708163, respec-
tively. When WT MEFs were incubated with 100 nm
LY2811376 for 48 h and then treated with 1 mm ascorbate for
1 h, the staining for anMan remained essentially extranuclear,
and nuclear accumulation of HS was prevented (Fig. 3, A and B;
cf. Fig. 2, A and B). Treatment with 10 nm BMS-708163 partly
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FIGURE 2. Formation and nuclear targeting of anMan-containing HS deg-
radation products are dependent on APP/APLP2 expression in MEFs. A-J,
representative immunofluorescence images of WT MEF cells (A and B),
APP~/~ cells (C and D), APLP2 ™/~ cells (E and F), Tg2576 cells (G and H), and
APP~/~ cells that were untransfected (/) or transfected (J) with a vector encod-
ing APP. Cells were untreated or treated with 1 mm ascorbate for 1 h and
stained with DAPI and mAb AM. Bar, 20 um. Exposure times were the samein
all cases. Tg2576, MEFs from AD mouse model; DAPI, nuclear stain; A8717,
antibody to C terminus of APP; Asc, ascorbate. Kand L, WT MEFs (T-25 dishes)
were grown to confluence in [**S]sulfate-containing medium, treated with
HS lyase to remove pericellular HS, washed, and extracted sequentially with
detergents (see “Experimental Procedures”) to obtain a nuclear fraction,
which was lysed and chromatographed on a column of Superdex peptide in 4
m guanidinium chloride. The nuclear extracts were obtained from cells that
were untreated (K) or treated (L) with 1 mm ascorbate for 1 h. The void volume
(V,) fractions were pooled (see bars in K and L), recovered by ethanol precip-
itation in the presence of HS carrier, treated with HNO, at pH 1.5, and rechro-
matographed (insets in K and L). Identical aliquots of the fractions were ana-
lyzed for radioactivity by B-scintillation. Di, disaccharide elution position;

dpm, disintegrations per minute; 35504, sulfate elution position; V,, total vol-
ume. These experiments were performed twice.
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suppressed nuclear import (Fig. 3, C and D; ¢f. Fig. 2, A and B).
When Tg2576 MEFs were incubated with the [B-secretase
inhibitor followed by ascorbate, nuclear anMan-staining was
undetectable (Fig. 3, E and F; ¢f. Fig. 2, G and H). In contrast,
treatment with 10 nm vy-secretase inhibitor was essentially
unable to prevent ascorbate-induced nuclear import of anMan-
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FIGURE 3. Nuclear targeting of anMan-containing HS degradation prod-
ucts is suppressed by 3-secretase inhibition in WT and Tg2576 MEFs and
by y-secretase inhibition in WT but not in Tg2576 MEFs. A-H, representa-
tive immunofluorescence images of wild-type MEF cells (A-D) and Tg2576
cells (E-H) treated with 100 nm B-inhibitor (A, B, E, and F) or 10 nm y-inhibitor
(C, D, G, and H) for 48 h followed by treatment with 1 mm ascorbate for 1 h (B,
D, F, and H) and then stained with DAPI and mAb AM. Bar, 20 um. Tg2576,
MEFs from AD mouse model; DAPI, nuclear stain; Asc, ascorbate. These exper-
iments were repeated twice.

containing HS-degradation products in Tg2576 MEFs (Fig. 3, G
and H; cf Fig. 2, G and H). We also tested higher concentrations
of the y-inhibitor, but the cells did not survive. Overall, B-secre-
tase inhibition was considerably more effective than y-secre-
tase inhibition in blocking nuclear translocation of HS.

Nuclear Targeting of anMan-containing HS Degradation
Products Is Suppressed by B- and y-Secretase Inhibition in N2a
Neuroblastoma Cells—APP and Gpc-1 colocalize in N2a neu-
roblastoma cells (10). These cells constitutively produce
anMan-containing HS degradation products that are mainly
located extranuclearly (15). To increase formation of these
products by ascorbate treatment, endosomal accumulation of
the Gpc-1-SNO precursor is required. This is achieved by pre-
treatment with the synthetic cationic steroid U18666A, which
inhibits transport from early to late endosomes and thereby
precludes deaminative cleavage of HS (15).

When N2a cells were treated with ascorbate only, anMan
staining of the nuclei was negligible (Fig. 44). However, treat-
ment with U18666A followed by ascorbate resulted in intense
nuclear staining by the anMan-specific mAb in most cells (Fig.
4B). To determine whether APP processing by B- and/or
y-secretase was required for nuclear translocation of anMan-
containing HS, N2a cells were treated with the respective inhib-
itors. In the presence of either LY2811376 or BMS-708163,
anMan staining remained extranuclear in most cells following
exposure to U18666A and ascorbate (Fig. 4, C—F).

Nuclear anMan-containing HS Degradation Products Are
Exported to Autophagosomes—Ishihara et al. (20) showed thata
minor portion of HS derived from both endogenously produced
and exogenously supplied [**S]sulfate-labeled HS proteoglycan
accumulated for up to 20 h in the nuclei of rat hepatocytes and
subsequently disappeared from the nuclei with a half-life of 8 h.
We therefore examined whether the nuclear anMan-contain-
ing HS degradation products disappeared from the nuclei of
wild-type MEF cells during chase in ascorbate-free medium.
After 8 h of chase, the vast majority of the anMan-containing
HS still remained in the nuclei; only a very weak, diffuse anMan
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FIGURE 4. Nuclear targeting of anMan-containing HS degradation prod-
ucts is suppressed by 3- and y-secretase inhibition in N2a neuroblas-
toma cells. A-f, representative immunofluorescence images of cells treated
with 1 mmascorbate for 1 h (A), with 100 nm B-inhibitor for 48 h (Cand £), or 10
nm y-inhibitor for 48 h (D and F) with 3 ug/ml U18666A fromt =32 htot =
48 h (B-F) followed by 1 mm ascorbate for 1 h (B, E, and F) and then stained
with DAPI and mAb AM. Merged, DAPI/AM. Bar, 20 wm. N2a, neuroblastoma
cells; DAPI, nuclear stain; Asc, ascorbate; U178, U18666A, inhibitor of endo-
somal traffic. These experiments were repeated twice.

staining was seen in the cytoplasm (Fig. 54, left panels). How-
ever, after 24 h of chase, most of the anMan-staining had dis-
appeared from the nuclei and appeared to be both diffusely
distributed in the cytosol and concentrated in cytoplasmic ves-
icles (Fig. 5A, middle panels). After 32 h of chase, the anMan
SASBMB
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FIGURE 5. Nuclear anMan-containing HS degradation products are
exported to autophagosomes. Representative immunofluorescence
images of WT MEFs treated with 1 mm ascorbate for 1 h and then chased in
fresh medium for various periods of time (t = 4, 6, 8, 24, and 32 h) are shown.
Staining was performed with DAPl and mAb AM (A); DAPI, mAb AM, and LTR
(B); and DAPI, mAb AM, and polyclonal antibody to LC3 (C). Deconvolution
microscopy was performed in A, and confocal microscopy was performedin B
and C. B, merged image of DAPI, AM, and LTR. C, merged image of DAPI, AM,
and LC3. Insets in B and C show scattergrams that estimate the extent of
colocalization (Pearsons’s R value) for AM and LTR (B) and AM and LC3 (C). Bar,
20 um. DAPI, nuclear stain; LC3, autophagosome marker. These experiments
were repeated three times.

staining was exclusively associated with vesicles of varying size
(Fig. 5A, right panels). To determine whether the anMan-stain-
ing was associated with acidic vesicles, cells were also exposed
to LTR and examined by confocal microscopy. There was
extensive (approximately 83%) colocalization between anMan
staining and LTR (Fig. 5B), suggesting a phagosomal or lyso-
somal localization. Staining with anti-LC3, a recognized
marker for autophagosomes (30), also revealed extensive
(approximately 87%) colocalization with the anMan-stained
HS degradation products at paranuclear sites (Fig. 5C).
anMan-containing HS Degradation Products Are Degraded
in Lysosomes—Nuclear recycling of HS may depend on the
growth state of the cells. We therefore examined the location of
anMan-containing HS degradation products in proliferating
wild-type MEFs by confocal microscopy. Most (approximately
87%) of the anMan-staining in ascorbate-treated proliferating
cells appeared to be in acidic cytoplasmic vesicles (Fig. 6A4),
suggesting a rapid transfer from endosomes into the nucleus
and out to autophagosomes/lysosomes. Degradation in lyso-
somes can be impeded by treatment with chloroquine, a lyso-
somotropic agent that interferes with phagosome-lysosome
fusion and/or lysosomal degradation (20). Accordingly, chloro-
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FIGURE 6. anMan-containing HS degradation products are degraded in
lysosomes. A and B, representative confocal immunofluorescence images of
proliferating WT MEFs treated with 1 mm ascorbate for 1 h (A) or 0.1 mm
chloroquine overnight (B). Staining was performed with DAPI, mAb AM, and
LTR. The inset in A shows a scattergram that estimates the extent of colocal-
ization (Pearson’s R value) for AM and LTR. Insets in B show corresponding
scattergrams for AM and LTR (/) and DAPIand AM (/l). Bar, 20 um. DAPI, nuclear
stain; Asc, ascorbate; Chl, chloroquine. This experiment was repeated twice. C,
schematic summary of major findings in the present work: 7, Gpc-1 is S-ni-
trosylated (SNO) in a copper-dependent reaction supported by APP; 2,
anMan-containing HS (HS-anMan) is released from Gpc-1 and transferred into
the cytosol supported by APP/APLP2 and/or its degradation products; 3,
anMan-containing HS enters the nucleus; 4, anMan-containing HS leaves the
nucleus; 5, anMan-containing HS is captured in autophagosomes and even-
tually degraded in lysosomes.

quine treatment resulted in increased anMan staining that
colocalized both with the nuclei (approximately 54%) and LTR-
positive cytoplasmic vesicles (approximately 87%) (Fig. 6B).
Thus, in proliferating MEFs, the endosomal and nuclear HS
pools may be small, and most of the anMan-containing HS
undergoes degradation in lysosomes.

DISCUSSION

In addition to HS, a number of exogenous growth factors and
their receptors can be targeted to the nucleus (23). Endocytosis
of cell surface proteins and HS proteoglycans is well under-
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stood, but how they cross the lipid bilayer and escape into the
cytosol remains an unresolved issue. HS, which is a highly poly-
anionic polysaccharide, is nevertheless transported from endo-
somes to the cytosol and then into the nucleus. We have dem-
onstrated that expression of APP and/or APLP2 is required to
initiate an intracellular HS recycling route. anMan-containing
HS degradation products that are derived from Gpc-1 by con-
stitutive or ascorbate-induced, SNO-dependent deaminative
cleavage are transferred from endosomes into the cytosol and
then into the nucleus. Eventually this HS disappears from the
nucleus and is taken up by autophagosomes and degraded (Fig.
6C shows a schematic summary). We favor a non-vesicular
transfer of HS through the cytosol because the anMan staining
was diffuse both in the cytosol and in the nucleus. The present
results also indicate that the traffic of anMan-containing HS is
different between proliferating and growth-quiescent WT
MEFs. In proliferating cells, anMan-containing HS is rapidly
transferred to the nucleus and then to autophagosomes. In
growth-quiescent MEFs, the HS that is susceptible to deamina-
tive cleavage is mainly attached to endosomal Gpc-1.

In previous studies (24), we did not observe extensive nuclear
accumulation of anMan-containing HS when Tg2576 MEFs
were exposed to ascorbate for 3 h or more. The present results
show that nuclear accumulation of HS is complete within 30
min in WT MEFs. Prolonged ascorbate treatment of Tg2576
MEFs may have exhausted the Gpc-1-SNO pool, and most of
the HS may have reached the autophagosome compartment.
Staining with mAb AM could be affected by changes in HS
structure and/or by epitope availability. Changes in HS struc-
ture near the anMan of the reducing end after release from
Gpc-1 by heparanase cleavage is unlikely as its cleavage sites
should be far removed from the reducing end. In the nucleus
where HS can interact strongly with the basic histones, epitope
availability did not appear to be a problem.

Nuclear translocation of anMan-containing HS was affected
by inhibition of B- and 7y-secretases. Although the inhibitors
used could affect other signaling pathways, it appears likely that
APP/APLP2 degradation products are involved in the endo-
some-to-cytosol transfer. The B-inhibitor efficiently blocked
nuclear uptake in both WT and Tg2576 MEFs as well as in N2a
cells. B-Cleavage generates a soluble N-terminal APP fragment
(sAPPB) and a membrane-bound C-terminal fragment (3CTF)
that may be involved in the S-nitrosylation of Gpc-1 (10) and in
the transfer of HS across the lipid bilayer, respectively. The
y-inhibitor efficiently blocked nuclear targeting in N2a cells,
whereas it was less efficient in WT MEFs and totally inactive in
Tg2576 MEFs. These results imply that A peptides and/or
A-like peptides as well as the remaining C-terminal fragment
of APP (yCTF) may also be involved. The lack of effect in
Tg2576 MEFs may reflect an inability to reach a sufficiently
high inhibitor concentration to diminish production of AB.

AP peptides can assume a variety of oligomeric conforma-
tions, some of which may be pore-forming or may function as
cell-penetrating peptides that can deliver large cargo mole-
cules, including HS, into cells (2, 31-33). Such A assemblies
formed in vitro can be toxic to cells (2). However, we have
recently shown that A assemblies formed in the presence of
anMan-containing HS degradation products are non-toxic
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(25). It is possible that complexes between A peptides and
anMan-containing HS are involved in endosomal exit of HS.
Thereby, formation of toxic AS is precluded.

The deaminative cleavage sites in Gpc-1 HS are preferen-
tially located near the linkage region to the core protein. There-
fore, the anMan-containing HS degradation products consist
mostly of almost full-length HS chains (11, 29). The nuclear HS
isolated from hepatocytes was also of polysaccharide size (19).

The functional role of HS inside the nucleus remains to be
elucidated. Earlier studies have implicated histones, transcrip-
tion factors, kinases, and topoisomerases as target molecules
(34). Evidence that nuclear HS regulates the cell cycle, prolifer-
ation, transcription, and nuclear import of cargo is mounting
(35).

Nuclear import of anMan-containing HS may require bind-
ing to proteins that contain a nuclear localization signal (35).
The anMan residue, which contains a free aldehyde, can couple
reversibly to amino groups in proteins via an aldimine bond. HS
may transport positively charged cargo from the cytosol into
the nucleus (31) and/or serve as a scavenger of misfolded
nuclear proteins and transport them to autophagosomes for
destruction. This should be particularly important for non-di-
viding cells like neurons. Manipulations of A production may
thus have deleterious effects upon HS function in the nucleus.
The present findings may also contribute to an understanding
of the physiological function of APP, which is still incomplete
(36).
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