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Fig. 2. Lipid accumulation in the liver. (A) Total lipid, (B) TG, and (C) FFA in the
liver were measured and normalized to the tissue weight. (D) Lipid peroxide in
the liver was measured and normalized by each amount of protein. (E) The
hepatic fatty acid composition analyzed by gas chromatography was organized as
follows: SFA, saturated fatty acid; MUFA, cis-monounsaturated fatty acid; PUFA,
polyunsaturated fatty acid; n-6, n-6 PUFA; and n-3, n-3 PUFA (n=6 for each
group). *Significantly different from the control group with the same dietary
composition; 'significantly different from the low-fat diet with same dietary oil; i
significantly different from LF-C-fed and HF-T-fed group.

terms of linoleic acid (18:2n-6), the precursor of arachidonic acid.
Except for elaidic acid and arachidonic acid, there were no spe-
cific alterations for the HF-T group.
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Cytokine-, adipokine- and lipid metabolism-related gene expression '

in liver

Real-time RCR showed that TNFo and inducible nitric oxide syn-
thase (iNOS) mRNA expression increased in the HF groups com-
pared to the LF groups by approximately 2-fold when evaluated
for each C or T group (Table 4), while no difference was seen in
[L-6 and transforming growth factor-B (TGF-B) mRNA expression
in liver among all groups. In addition, adiponectin receptor 1 and
2 gene expression was measured as adipokine related genes, but
they did not differ among all groups.

To examine the potential mechanisms of hepatic steatosis by
the TFA-rich diet, we determined the expression of known medi-
ators of lipogenesis, fatty acid oxidation and TG excretion in liver,
the imbalance of which is thought to lead to steatosis. Sterol reg-
ulatory element-binding protein-1 (SREBP-1) induces fatty acid
synthase (FAS) and acetyl CoA carboxylase (ACC), and is impli-
cated in steatosis [27]. In relation to hepatic fatty acid synthesis,
the mRNA expression of SREBP-1 was significantly elevated in the
LE-T, HF-C and HF-T groups when compared to the LF-C group,

- whereas FAS and ACC were elevated significantly only in the

HE-T group (Table 4). Peroxisome proliferator activated receptor
v (PPARY) is also implicated in steatosis [33]. The expression of
PPARY1 did not differ among the groups, while PPARY2 was sig-
nificantly elevated 13-fold in the HF-C group and, remarkably,
50-fold in the HE-T group. Although, the expression of PPARy
coactivator-1p (PGC-1p), known to coactivate the SREBP-1 and
stimulate lipogenic gene expression [19], was decreased in HF-
fed mouse livers. The fatty acid oxidation-related genes of PPARa
and carnitine palmitoy! transferase-1, and the TG excretion-
related genes of microsomal triglyceride transfer protein and
apolipoprotein B did not differ among the groups; fatty acid oxi-
dation-related genes showed a tendency to be decreased in the
LE-T group, but without statistical significance.

Concerning cholesterol metabolism-related gene expression
in liver, SREBP-2 was increased in the HF groups, but was not
affected by the dietary lipid sources. Hydroxymethylglutaryl-
CoA synthase-1 and reductase were significantly increased and
apolipoprotein A-1, a component of HDL, was decreased only in
the HF-T group, while they did not change in the LF-T group,
which showed an alteration of plasma cholesterol fraction
(Table 4).

Phosphorylation status of AKT in high-fat diet-fed mice livers

As Koppe et al. suggested that TFA feeding increased insulin resis-
tance in mice [17], and to determine if the exacerbating effects of
TEA intake on liver were associated with increased insulin resis-
tance, we evaluated the hepatic phosphorylation status of AKT
(Fig. 3A). The phospho-AKT(Thr308) level was significantly
decreased (Fig. 3B) and the phospho-AKT(Ser473) level was also
decreased, but without statistical significance (Fig. 3C) as deter-
mined by densitometrical analysis.

TFA increases TNFo. production and alters phagocytotic ability of KCs

The cis- or trans-fatty acid-containing medium showed no cyto-
toxicity towards KCs when compared to the fatty acid-free con-
trol medium (Fig. 4A). TNFa production of KCs induced by LPS
was increased in both the Ci18:1 and C18:2 TFA-containing
medium compared to that of cis-structural isomer-containing
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Table 3. Individual fatty acid composition of the liver.

Low-fat diet

High-fat diet

Control oil (LF-C)

TFA-rich oil (LF-T)

SFA
Myristic 14:0 06+0.1
Palmitic 16:0 21.0+1.6
Stearic 18:0 3708
Arachidic 20:0 0603
MUFA
Palmitoleic 16:1 n-7 6949
Oleic 18:1 534167
Elaidic 18:1 (9-trans) 0.0+0.0
PUFA
Linoleic 18:2 n-6 65+2.1
o-Linolenic 18:3 n-3 06+04
Dihomo-y-linolenic 20:3 n-6 02+01
Arachidonic 20:4 n-6 2509
Eicosapentaenoic 20:5 n-3 0402
Docosapentaenoic 22:5n-3 02:0.1
Docosahexaenoic 22:6 n-3: 3.0%1.1

Control oil (HF-C) TFA-rich oil (HE-T)

0.5+0.0 03+0.17 0401°°
192211 121£06% 18.7+3.6
36106 46406 33£1.2
1.0£0.17 0603 09+03
7.9+48 25402 49+10
59.8+23 474213 572+4.87
22105 0302 6.2+247%
21+04" 18.1+1.6° 26414
0.0%00° 3.2+05° 02+02°
02+£0.1 05+02% - 0202
22405 2.6+06 0.6+0.3"
0.1%0.0 ‘14£01% 12£097
0.0+00 08+ 0.0° 04037
1.0£03 52:04 32424

The relative percentage (mean + SD) of each fatty acid to the total fatty acids is presented (n =6 per each group).
" Significantly different from the corresponding control group with the same dietary composition; p <0.05.
! Significantly different from the low-fat diet with the same dietary lipid as a source; p < 0.05.

T Significantly different from low-fat control diet group; p <0.05.

medium (Fig. 4B). However, IL-6 production by KCs did not differ
between cis- and trans-fatty acid-containing medium for both
C18:1 and C18:2, respectively (Fig. 4C). The phagocytotic ability
of KCs incubated in trans-C18:1-containing medium was lower
than that in cis-C18:1-containing medium (Fig. 4D), while the
influence of the structural difference of C18:2 fatty acid was
small (Fig. 4E).

Discussion

Both of the dietary lipid species [3] and their amounts (6,23} are
known to affect hepatic steatosis and inflammation. TFAs have
been mainly linked with coronary heart disease, possibly by
decreasing HDL-cholesterol and increasing LDL-cholesterol
[20,29]; while little attention has been paid to liver disease, even

Table 4. Cytokine-, adipokine- and lipid metabolism-related gene expression in liver. -

Low-fat TFA-rich (LF-T)

High-fat control (HF-C) High-fat TFA-rich (HF-T)

Cytokine and adipokine ; TS L
Tumor necrosis factor TNF 0.98 £0.20 2.11+0.73% 1.94 +0.777
Interleukin-6 ! TUIL-6 ~1.3O +0.28 1.16+0.14 1101025
Transforming growth factor-p TGB-B 0.86+0.17 1.35£0.50 0.98 £0.22
Nitric-oxide synthase 2, inducible . iNOS 11.29%034 2.23+0.75° 2,69 +0.74°"
Adiponectin receptor 1 AdipoR1 1.01 £0.17 1.29+0.29 1212025
Adiponectin receptor 2 " AdipoR2 092+0.16 1204022 1.28£0.26

Lipogenesis
Fatty-acid synthase FAS: 1363021 079012 - “1.69£046™
Acetyl-CoA carboxylase ACC 1.27 £0.10 0.80£0.05 149+037°F
Sterol regulatory element-binding protein-1 SREBP-1 °3.76051 1.93 +0.23¢ 4690177
Peroxisome proliferator activated receptor y1 PPARY1 1.45+042 1.58 £0.48 1.29+0.26
Peroxisome proliferator activated receptor y2 .. “PPARY2 . 1.88+033 1292 +6.04% . 50.18 £ 3.61°#
PPARY coactivator-1B PGC-18 0.81+0.10 0.61+0.15% 0.59 +£0.12°*

Fatty acid oxidation s . S k ; o Co
Peroxisome proliferator activated receptor o PPARa 051£023 1.25+048 1.28 £+ 0.41
Carnitine palmitoyl transferase-1 L CPT-1. 0.63%0:11. - 1.03+0.34 1.08 +0.57

Triglyceride excretion
Microsomnal triglyceride transfer protein = S MTP 1.04£0.16 092+0.11 1091+0.11
Apolipoprotein B ApoB 1.11£0.15 1.20£0.13 1.15£0.09

Cholesterol metabolism ; R : R : i
Sterol regulatory element-binding protein-2 SREBP-2 0.87 £0.15 1.66£0.25 169+034
Hydroxymethylglutaryl-CoA synthase-1 - 'HMGCs1 - 1.03%0.11 1.60+£0.26 456 +0.737
Hydroxymethylglutaryl-CoA reductase HMGCr 0.99+0.13 1.22+032 2.93 +0447
Apolipoprotein A-1 ApoAl 0.93+0.09 1.26 £0.21 0.61+0.117¢

All results are expressed as the relative fold change compared to the low-fat control diet group + SD (n =6 per each group).

” Significantly different from the corresponding control group with the same dietary composition; p < 0.05.

* Significantly different from the low-fat diet with the same dietary lipid as a source; p < 0.05.

' Significantly different from low-fat control diet group; p < 0.05.
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though a few studies have reported that hepatic steatosis [30]
and ALT elevation [17] were induced by a TFA-rich diet in mice,
the mechanisms remain to be clarified. In agreement with this,
the HF-T group showed severe steatosis with a significant trans-
aminase elevation, while HF-C-fed mice only showed moderate
steatosis without liver injury, in addition we showed that rela-
. tively small amounts of TFA-rich oil intake do not induce severe
steatosis and liver injury in the current study. Interestingly, the
plasma cholesterol fraction was significantly altered even in the
LF-T group in association with the elevation of the total: HDL-

>

Celi viability. 5 Cis B
gi Trans

pg/mi
2000

-
S
[

a
(=]

MTS assay
(% of control)

TNFa production C

cholesterol ratio, a risk factor index of coronary artery disease
[22]. The alteration of the plasma cholesterol fraction might be
partially explained by changes in the cholesterol metabolism-
related gene expressions in the HE-T group, but not in the LF-T
group. We could not determine why the cholesterol fraction
was altered in the LE-T group, but it might be partially due to
the modified membrane fluidity induced by TFA intake [14]. That
a relatively small TFA intake could affect the cholesterol fraction
but not the liver might be the reason why less attention has been
paid to the liver until recently.
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Fig. 4. The impact of cis-/trans-fatty acid on the cytokine production and phagocytotic ability of KCs. (A) No fatty acids (200 pM) shows cytotoxicity for primary KCs
after 24 h incubation, but (B) increases TNFo production in both €18:1 and C18:2-TFA-containing medium compared to its cis-structural isomer. (D) IL-6 production
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influence of the C18:1 (D) and C18:2 (E) cis-/trans-fatty acid on the phagocytotic ability of KCs is measured by flow cytometry analysis. MFI: mean fluorescence intensity
(n =8 for each group, A-C). "p < 0.05.
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One of the noted biochemical changes seen in the HF-T group
was the elevation of plasma FFA, almost all of which is derived
from adipose tissue and accumulates in the liver as TG in a
dose-dependent fashion [7]. The increase of plasma FFA might
be due to the TFA incorporation in the adipocyte plasma mem-
brane resulting in decreased membrane fluidity, accompanied
by increased adipose tissue insulin resistance as evidenced by
increased lipolysis, decreased antilipolysis and decreased glucose
uptake in rat adipocytes [14]. In addition, in contrast to TG, the
circulating FFAs {21] and accumulation of FFAs in liver [32] are
known to exert lipotoxicity to hepatocytes, so the significant
increase of the plasma FFA in the HF-T group might affect the
pathophysiology. On the other hand, hepatic FFA was higher in
HF than LF irrespective of the dietary lipid sources, and it was
reported that forced high-fat feeding induced NASH in mice,
while usual high-fat intake does not {6]. Hepatic FFA accumula-
tion remained unaltered among heaithy, NAFLD and NASH sub-
jects liver [24], so it might not be necessary for the progression
to NASH but could be a exacerbating factor in the case of excess
fat consumption. Therefore, elevated plasma FFA and accumu-
lated hepatic lipid peroxide {23] would contribute synergistically
to the liver injury in this model.

A previous study reported that TFA intake decreased the
arachidonic acid level and induced insulin resistance in adi-
pose tissue, probably due to the decreased membrane fluidity
[14], and the present study also revealed a decrease of the
arachidonic acid level in the liver and lower phosphorylation
status of AKT which could reflect the hepatic insulin resistant
status in the HF-T group. In addition, a human lipidomic anal-
ysis of NAFLD/NASH liver described a decrease of arachidonic
acid and unaltered levels of precursor linoleic acid, but the
study did not address TFA consumption {24]. Although, the
mechanisms of the arachidonic acid decrease and involvement
in the insulin resistance and progression to NASH remain to
be clarified, these common findings might suggest that TFA
intake influences both the liver and adipose tissue in a some-
what similar fashion in NASH patients and people who con-
sume excess TFAs.

Typical pathological findings in human NAFLD/NASH patients
such as macrovesicular lipid deposit and inflammation are usu-
ally identified around zone 3, though the mice liver showed lipid
deposits around zone 1 even in the control lipid-fed group. Micr-
ovesicular lipid droplets were remarkable in the HE-T group, so it
might be difficult to assess the pathological changes using a
human scoring system such as NAS. The pathological differences
might be due to a specific problem, since the pediatric NAFLD is
known to show histological findings around zone 1 [26], which
might be related to the dietary habit of consuming excess TFAs
from snacks and first food.

Although the expression of proinflammatory cytokines such
as TNFo [30] and [L-1B [17] have been shown to be induced in
the mice liver by TFA-rich diets, this was not the case in the cur-
rent study. However, a previous study reported that, among
hypercholesterolemic subjects, the production of TNFo by cul-
tured mononuclear cells was increased by a TFA-rich soy bean
margarine diet compared with a natural soybean oil diet [12],
and we showed KCs increased TNFa production in TFA-contain-
ing medium compared to that of cis-structural isomer-containing
medium. Accordingly, pathophysiological conditions induced by
TFA consumption could be partially due to alterations in the
monocyte/macrophage ability in proinflammatory cytokine pro-

duction and phagocytosis, and KCs in particular may play impor-
tant roles in the local circumstances.

With regard to the adipokines, the adiponectin levels were not
changed between the HF-C and HF-T group, but plasma leptin
was significantly increased in the HF-T group. Leptin is an appe-
tite-suppressing and body weight-regulating adipokine, and is
even related to liver regeneration and fibrosis [13]; hyperleptin-
emia might be related directly to the elevation of typel collagen
o1 mRNA expression in the liver.

In terms of the severe steatosis of the model, the lipogenetic
genes such as FAS, ACC, SREBP-1 and PPARY2 were coordinately
induced, but PGC-1p was not. PGC-1B is known to be induced
in the liver by short term high-fat feeding, to coactivate SREBP-
1, but to reduce hepatic fat accumulation. However, since it
was not investigated in this study, the decrease of PGC-18 gene
expression might be due to long term feeding or any other fac-
tors, such as the relatively low carbohydrate diet. It was reported
that a TFA-rich diet suppressed the PPARy gene expression in rat
adipose tissue [8], and that lipogenic gene expressions in the liver
and the adipose tissue are reciprocal modulations [4], which
might reflect the core mechanisms of the heterotopic fat accumu-
lation in vivo.

In summary, excess TFA consumption induces significant
hepatic steatosis accompanied by augmentation of the hepatic
lipogenic gene expressions, FFA influx into the liver, and the
hepatic accumulation of lipid peroxide. The hepatic accumulation
of TFA and the reduction of the arachidonic acid content were the
lipidomic properties in this model. Together with their potential
induction of local cytokines by KCs, lipid species including TFA
may play a pivotal role in the development of non-alcoholic fatty
liver diseases.
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ARTICLE INFO ABSTRACT

Deubiquitination is a biochemical process that mediates the removal of ubiquitin moieties from ubiqui-
tin-conjugated substrates. AMSH (associated molecule with the SH3 domain of STAM) is a deubiquitina-
tion enzyme that participates in the endosomal sorting of several cell-surface molecules. AMSH
_impairment results in missorted ubiquitinated cargoes in vitro and severe neurodegeneration in vivo,
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gMSHd . that AMSH™/~ mice developed ubiquitinated protein accumulations as early as embryonic day 10
UE:.Z&.S?“C”UO" (E10), and that severe deposits were present in the brain at postnatal day 8 (P8) and P18. Interestingly,

TDP-43 was found to accumulate and colocalize with glial marker-positive cells in the brain. Glutamate
receptor and p62 accurnulations were also found; these molecules colocalized with ubiquitinated aggre-
gates in the brain. These data suggest that AMSH plays an important role in degrading ubiquitinated pro-
teins and glutamate receptors in vivo. AMSH ™/~ mice provide an animal model for neurodegenerative
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diseases, which are commonly characterized by the generation of proteinaceous aggregates.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The highly dynamic endosomal sorting process determines a
membrane-bound protein’s fate by either recycling it back to the
cell surface or delivering it into endosomal network pathways.
Membrane proteins destined for lysosomes are tagged with ubig-
uitin. Endosomal sorting complexes required for transport (ESCRT)
recognizes and dictates cargo selection. ESCRT produces intralumi-
nal vesicles (ILVs) that originate by inward budding from the lim-
iting membrane of the sorting endosome [1]. This process creates a
multivesicular body (MVB), which leads to lysosome-dependent
cargo degradation through the subsequent MVB-lysosome fusion
event.

Balanced ubiquitination and deubiquitination of cargos is a
prerequisite for protein homeostasis. Ubiquitin modifications are
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reversed through the isopeptidase activities of deubiquitinating
enzymes (DUBs), with most of the DUBs studied deconjugating
only a small number of targets {2]. In fact, deubiquitination, a term
used here to refer to both ubiquitin and ubiquitin-like deconjuga-
tion, is emerging as a regulatory process in signaling pathways,
chromatin structure, endocytosis, and apoptosis {2}, and is impor-
tant for physiological activities such as development, immunity,
and neuronal function [3].

We identified AMSH (associated molecule with the SH3 domain
of STAM) [4] while screening for an ESCRT-bound molecule. AMSH
is an endosomal DUB in the JAMM metalloprotease family, and
plays a role in MVB/late endosomes. Recombinant AMSH has been
shown to deubiquitinate epidermal growth factor receptor (EGFR)
and to cleave lysine 63 (K63)-linked, but not lysine 48 (K48)-
linked, polyubiquitin chains into ubiquitin monomers [5]. In a pre-
vious study, we found that AMSH binds the ESCRT-III subunit
CHMP3 and plays a role in MVB/late endosomes [6]. AMSH also
binds the ESCRT-HII subunits CHMP1A, CHMP1B, and CHMP2A
[7]. This intimate relationship between AMSH and ESCRT
prompted us to investigate AMSH’s in vivo roles. We have reported
that AMSH knockout mice (AMSH™/~) exhibit postnatal growth
retardation and die between postnatal day 19 (P19) and P23.
AMSH '~ mice exhibit severe neuronal damage, specifically neuron
loss and increasing numbers of apoptotic cells, that is almost en-
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tirely confined to the CA1 subfield of the hippocampus [8]. Despite
the severity of these AMSH-deficient neuronal phenotypes, the
pathophysiology is not fully understood.

Most age-related neurodegenerative diseases are character-
ized by accumulations of aberrant protein aggregates in affected
regions of the brain. In particular, ubiquitin-positive proteina-
ceous deposits are a hallmark of neurodegeneration; such
deposits include Lewy bodies in Parkinson's disease (PD), neu-
rofibrillary tangles in Alzheimer disease (AD), Bunina bodies
in amyotrophic lateral sclerosis (ALS), and Pick bodies in fronto-
temporal dementia (FTD) with parkinsonism [9]. Since principal
function of ubiquitination is to maintain protein homeostasis
inside a cell, these neuronal pathologies may indicate a failure
to clear unwanted proteins {9]. A recent report suggests that
ESCRT-III dysfunction is associated with neurodegeneration
resembling age-dependent neurodegenerative diseases such as
FID [10]. A certain percentage of FID is known as chromosome
3-linked FTD (FTD3), which is attributed to a genetic disorder
or mutation of the ESCRT-III molecule CHMP2B [11]. In a previ-
ous study using neuron-specific knockout mice, we found that
the ESCRT-0 protein Hrs plays a pivotal role in neural cell sur-
vival by clearing ubiquitinated proteins in neurons [12]. A
growing body of evidence suggests that insufficient ESCRT func-
tion leads to the accumulation of ubiquitinated proteins and to
human neurodegenerative disease [13]. Nevertheless, little is
known about how an ESCRT-associating DUB is involved in
ubiquitinated protein degradation in the central nervous sys-
tem. Here, we demonstrate that ubiquitinated protein accumu-
lations are present in brain lesions found in AMSH™/~ mice,
and that AMSH is crucial for the proper degradation of both
ubiquitinated proteins and glutamate receptors in the central
nervous system.

2. Materials and methods
2.1. Cell fractionation

Cerebral tissues were washed with phosphate-buffered saline
(PBS), suspended with homogenization buffer (10 mM HEPES,
3 mM imidazole, and 250 mM sucrose), and dissociated by passage
through a 22-G needle. The cells were centrifuged at 3000g for
10min at 4°C, and the supernatants were ultracentrifuged at
100,000g for 30 min at 4 °C. The supernatants were regarded as
the cytoplasmic fraction, and the pellets as the membrane fraction.
The pellets were resuspended with IP buffer (10 mM Hepes, pH 7.2,
0.5% Triton-X, 150 mM NaCl) and centrifuged at 10,000g for 30 min
at 4 °C. The supernatants were filtered through a polyvinylidene
difluoride (PVDF) membrane (0.45 um, PALL Life Sciences, NY)
and regarded as a membrane fraction. These fractions were quan-
tified using the Bio-Rad Protein assay (Bio-Rad, CA) according to
the manufacturer’s protocol.

2.2. Western blotting

Immunoblotting was conducted as previously described [4].
In brief, mouse brain lysates were fractionated as described
above, then separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred onto
PVDF membranes (Millipore, MA). After being blocked with 5%
nonfat milk in Tris-buffered saline (TBS) containing 0.1% Tween
20, the membranes were probed with the primary antibodies
indicated below, washed again, and probed with horseradish
peroxidase (HRP)-conjugated secondary antibodies (Cell Signal-
ing, MA).

2.3. Immunofluorescence reactions and immunohistochemistry

For immunofluorescence studies, mice were perfused with 4%
paraformaldehyde, and 50-pum sections were prepared using a
microslicer (VT1000S, Leica, Nussloch, Germany). The antibodies
and dilutions used were as follows: Anti-ubiquitin mouse mono-
clonal Ab (mAb) 1B3 (MBL, Nagoya, Japan), 1:100; anti-ubiquitin
mouse mAb FK2 (BIOMOL, NY), 1:100; anti-TDP-43 mouse mAb
(TARDBP) (Proteintech Group, IL), 1:100; anti-p62 (C-terminal spe-
cific) guinea pig polyclonal antibody (pAb) (American Research
Products, MA), 1:100; anti-GFAP mouse mAb (Chemicon, CA),
1:200; anti-tyrosine hydroxylase rabbit pAb (AB152, Chemicon),
1:1000; anti-microtubule-associated protein 2 goat pAb (MAP2,
[14]), 1 pg/mL; anti-calbindin rabbit pAb [15], 1 pg/mL. Appropri-
ately, coupled secondary antibodies (Alexa Fluor, Molecular
Probes, CA) were used for double-labeling. For immunohistochem-

istry, we used the Histofine mouse stain kit or Histofine simple

stain mouse MAX-PO(R) (Nichirei, Japan), according to the manu-
facturer’s protocols.

3. Results

Because AMSH is a deubiquitinating enzyme with endosome
functions, we analyzed ubiquitinated protein accumulation in the
soluble (cytoplasmic) and insoluble (membrane) fractions of the
AMSH - brain. Western blot analysis using the anti-ubiquitin
antibody P4D1 revealed no difference in ubiquitinated protein lev-
els in the soluble fractions from control or AMSH™/~ brains (Fig. 1,
left panels). In the insoluble fraction, however, the ubiquitinated
protein levels were higher in the AMSH ™/~ brain than in the control
(Fig. 1, right panels). The ubiquitinated protein levels in the'insol-
uble fraction increased slightly from embryonic day 10 (E10) to
postnatal day 8 (P8) in the control brain, and the levels were higher
in the AMSH™/~ than the control brain during E10 to P18, near the
end of the AMSH™/~ mouse lifespan. By P8 the ubiquitinated pro-
tein levels in the AMSH™/~ brain had increased markedly. These
data suggest that AMSH deficiency leads to the progressive accu-
mulation of ubiquitinated proteins in the membrane fraction of
the brain.

Histopathological examination of the hippocampus, the brain
region most affected in AMSH™/~ mice, showed evident neurode-
generation in the CA1 subfield in P6 mice [8]. Confirming the pres-

Soluble fraction Insoluble fraction
E10 E15 P8 P18 E10 E15 P8 P18

CKCK CKCK MW (kDa) ¢ K C K K C K

b= 250 =

b= 50

1B: anti-ubiquitin

b= 25

10 =

Fig. 1. Ubiquitinated proteins increase with aging in the AMSH knockout mouse
brain, Western blots were performed on soluble and insoluble brain fractions of
control (C) and AMSH knockout (K) mice at the ages indicated (see Section 2) using
the anti-ubiquitin antibody P4D1. Gels were loaded with equal amounts of protein.
IB, immunoblotting.
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Fig. 2. Ubiquitinated proteins accumulate in the AMSH/~ mouse neurons. Immunofluorescence in postnatal day 8 (P8) AMSH"Y~ and AMSH /- tissues stained with
antibodies against ubiquitinated proteins in red (clone FK2) is shown in the hippocampal CA1 (A and B), CA3 (C and D), cerebral cortex (E and F), and caudate putamen (G and
H). Arrows indicate ubiquitin-positive aggregates. Bar, 10 pum. Lu, stratum lucidum; Py, pyramidal cell layer; Ra, stratum radiatum; Ii/lll, laminae II/IIL

ence of neural damage, staining with the glial marker GFAP (glial
fibrillary acidic protein) was greater in the hippocampal CA1 sub-
field of the AMSH '~ P1 brain than in the control, and was pro-
foundly increased in P8 mice (data not shown). To determine
whether ubiquitin is involved in the neuronal degeneration ob-
served in AMSH™/~ mice, we immunostained brain tissues with
FK2, an antibody against ubiquitinated protein. In P8 AMSH™/~
brains, FK2-stained granules were clearly apparent in the CA1 sub-
field, frontal cortex (Cx), and caudate putamen (CPu), but not in the
CA3 subfield (Fig. 2A to H in red). The immunostainings of micro-
tubule-associated protein 2 and ubiquitined aggregate were co-
localized in CA1 and Cx (Fig. 2A-F). The staining patterns both
dopaminergic (tyrosine hydroxylase-positive) fibers in CPu were
similar between control and AMSH~/~ mice (Fig. 2G and H). The
ubiquitinated aggregates in CPu were partially colocalized with
dopaminergic fibers, which suggested that ubiquitinated proteins
did not accumulated in dopaminergic neurons but in the striatal
neurons receiving dopaminergic input. These results suggested
that both the ubiquitinated protein accumulation and neuron l[oss
specifically occurred in the AMSH™/~ CA1 subfield.

We next examined whether the AMSH deficiency impacts
autophagy. Because AMSH is generally known to interact with ESC-
RT protein components [16], and ESCRT is closely involved with the
autophagic pathway [12,17], insufficient autophagy and autophagic
protein clearance might account for the aggregation of ubiquitinat-
ed proteins in the AMSH™/~ mouse brain. We therefore looked at

two marker proteins for autophagy: LC3, a specific autophagosome
marker, and p62, a ubiquitin-binding protein that is implicated in
autophagic protein degradation and that accumulates intracellu-
larly with insufficient autophagy [18]. Although LC3-positive vesi-
cles could not be detected at P20 in either the control or AMSH ™/
brain (data not shown), p62 aggregations were clearly observed
in pyramidal cell perikarya in the CA1 subfield, Cx, and CPu in the
AMSH /- brain (Fig. 3A and B in red' and data not shown). Notably,
p62 and ubiquitinated proteins colocalized strongly.

We next examined the expression of the transactivation re-
sponse element (TAR)-DNA-binding protein 43 (TDP-43), since a
previous report suggested that defective ESCRT function leads to
aggregations of cytoplasmic proteins, including TDP-43 [19]. Inter-
estingly, TDP-43 was found in several regions of the AMSH~/~ P8
brain, including the CA1 subfield, Cx, and CPu (Fig. 3E and F in
green and data not shown), and its levels increased markedly from
P8 to P20 (Fig. 3G and H). TDP-43 accumulations did not colocalize
with ubiquitinated proteins (Fig. 3F), but rather with GFAP
(Fig. 3D). These data indicate that TDP-43 accumulates in astro-
cytes but not neural cells in AMSH~/~ mice.

AMSH is known to deubiquitinate receptors, such as the EGF
receptor [5] and protease-activated receptor 2 [20], but how AMSH
contributes to receptor deubiquitination in vivo is unknown. We

' For interpretation of color in Figs. 2 and 3, the reader is referred to the web
version of this article.
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Fig. 3. Ubiquitinated proteins, p62, and TDP-43 accumulate in the AMSH ’/ muouse brain. (A and B) Immunofluorescence in P20 AMSH"'~ and AMSH ™/~ tissues stained with
antibodies against ubiquitinated proteins (1B3) and p62 is shown in the hippocampal CA1. (C and D) TDP-43 and GFAP colocalize in the AMSH™/~ mouse brain.
Immunofluorescence staining with antibodies against GFAP and TDP-43 in AMSH" and AMSH ' mice at P20 in the hippocampal CA1 subfield. Bar, 10 pm. (E and F)
Immunofluorescence staining in the cerebral cortex of P20 AMSH* and AMSH / mice, using antibodies against ubiquitinated proteins (1B3) and TDP-43. Arrows indicate
TDP-43-positive cells. Arrowheads indicate ubiquitin-positive cells. Bar, 10 um. (G and H) Immunohistochemistry of hippocampal CA1 subfields from AMSH~/~ mice at P8 (E)
and P20 (F), stained with an anti-TDP-43 antibody. Bar, 50 um.
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AMSH*"
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Fig. 4. Patterns of glutamate receptor subunits and ubiquitinated proteins. Immunofluorescence reactions in P8 AMSH" - (A, C, E, G) and AMSH™/~ (B, D, F, H) mice are shown.
CA1 subfields were counterstained with DAP! (blue) and stained with antibodies (red) against GluR1 (A and B), NR1 (C and D), VR1 (E and F), and PSD95 (G and H).

Ubiquitinated proteins were also stained in green.

suspected that glutamate receptors, which play prominent roles in
several neurodegenerative diseases [21], might be regulated by
AMSH. We used immunohistochemistry to examine the expression
and localization of GluR1, which is a subunit of the a-amino-3-hy-
droxy-5-methyl-isoxazolepropionic acid receptor (AMPAR), as well
as NR1 and VR1, which are subunits of the N-methyl-p-aspartate
receptor (NMDAR), in the CA1 subfield. Aggregates in the AMSH"/
~ brain were not stained by antibodies against GluR1, NR1, or
VR1 (Fig. 4A, C, E, and G); however, glutamate receptor-positive
aggregates were clearly visible (Fig. 4B, D, F, and H). PSD95, which
is known to bind Hrs and control glutaminergic synapse function,
was weakly detected and was found colocalized with ubiquitinated
proteins. Interestingly, we found the colocalization of glutamate
receptor- and ubiquitin-positive aggregates (Fig. 4B, D, F, and H, in-
sets). These results indicate that AMSH is critical for glutamate
receptor regulation.

4. Discussion

The present study demonstrated that ubiquitinated proteins
were accumulated in the membranous fractions of the AMSH-

deficient mouse brain, indicating that membrane traffic is altered.
These accumulations were found as early as E10. In a previous
study, we found neuron loss in the AMSH-deficient CA1 subfield
on and after P8, but not at E19 or P1 [8]. Ubiquitinated protein
aggregates in neurons are known to induce neurodegeneration in
conditions such as AD, FID, and ALS [9]. Therefore, it is reasonable
that we detected aggregates of ubiquitinated proteins prior to neu-
rodegeneration in the AMSH-deficient brain. Ubiquitinated pro-
teinaceous aggregates in the brains of AMSH-knockout mice
colocalized with p62, which also accumulates in the affected neu-
rons. The protein p62 binds ubiquitin and the autophagosome mar-
ker protein LC3, and regulates aggregate formation [22]. In
addition, p62 is a selective target of autophagy, and is eventually
degraded in lysosomes as a result of the autophagosome-lysosome
fusion event [22]. Based on these findings, it is possible that AMSH
is required for the basal or naturally occurring autophagic clear-
ance of aggregate-prone proteins by facilitating the autophago-
some-lysosome fusion.

We also observed TDP-43 aggregates in GFAP-positive glial
cells in the AMSH-deficient brain, and these aggregates were not
stained by anti-ubiquitin antibodies. In contrast, TDP-43 has been
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reported to accumulate in cytoplasmic lesions in neural cells and
to colocalize with ubiquitin-positive cellular inclusions in human
neurodegenerative diseases such as ALS and FTD [23]. However, a
recent study showed that neuronal and glial inclusions were pos-
itively stained with ubiquitin and TDP-43 antibodies in some FID
brain specimens [24]. As TDP-43 is known to be polyubiquitinated
in the presence of proteasome inhibitors [25], we expected AMSH
to be critical for degrading TDP-43 in glial cells. However, we
failed to detect TDP-43 ubiquitination in glial cells. Furthermore,
we also examined alpha-synuclein, one of the proteins affected
in PD, and phosphorylated Tau, which accumulates in AD, and
found no differences between the AMSH"~ and AMSH™/~ brains
(data not shown). These results suggest that there may be an un-
known substrate that needs to be cleared by AMSH-dependent
deubiquitination and sorting, or that AMSH may be required for
non-specific clearance of unwanted proteins. Further study is re-
quired to find AMSH substrates related to neurodegenerative
disease.

In contrast to our present findings of neurodegeneration in the
CA1 subfield in AMSH knockout mice, we previously reported find-
ing CA3 sector neurodegeneration in STAM1-knockout as well as
neuron-specific Hrs-knockout mice [12,26]. STAM1 and Hrs form
an ESCRT-0 complex, which sorts ubiquitinated proteins upstream
of ESCRT-III [27]. The mechanism determining the specificity of
neurodegeneration in CA1 versus CA3 is an intriguing issue. Since
AMSH and Hrs are distributed ubiquitously in the hippocampus,
including the CA1 and CA3 subfields [8,12], their expression pat-
terns do not account for the difference. The glutamate receptor
subunit aggregates that we found in the CA1 subfield of the
AMSH '~ brain in this study have also been found in the CA3 sub-
field in the Hrs-knockout brain. While we cannot completely ex-
clude the possibility that neurodegeneration itself causes the
accumulations of ubiquitinated aggregates, we suspect that in-
stead, neurodegeneration is a result of impaired glutamate
receptor regulation; we found that ubiquitinated protein accumu-
lations were already present at E10 and E15 in the AMSH™/~ brain,
before CA1 pyramidal neuron loss occurs [8]. We also suspect that
the survival of hippocampal neurons in the CA1 and CA3 subfields
requires novel, distinct proteins that are subject to ubiquitination.
Further study is required to determine how endosomal trafficking
is regulated in the different subfields in the hippocampus.

Among the ESCRT molecules, CHMP2B mutations cause chro-
mosome 3-linked, familial FTD (FTD-3) in humans. CHMP2B is a
component of ESCRT-III, and like AMSH, is recruited to the endo-
somes and MVB for cargo sorting. Because AMSH binds indirectly
with CHMP2B via another ESCRT-IIl molecule, CHMP3 [28], AMSH
depletion and CHMP2B mutations seem to share similar patholog-
ical features. Indeed, neurodegeneration in FTD-3 patients is dis-
tributed not only in the frontal, parietal and temporal cortex, but
also in the hippocampus. Histopathological changes found in pa-
tients with late stages of ubiquitin-positive FTD include changes
in the CA1 sector of the hippocampus {29]. In addition, p62 and
ubiquitinated protein accumulations are related to human neuro-
degenerative diseases [18]. It is not known whether AMSH selec-
tively recognizes harmful gene products associated with
neurodegenerative disorders. However, AMSH mutant mice pro-
vide an excellent animal model system for studying the molecular
mechanisms of neurodegenerative diseases.
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ARTICLE INFO ABSTRACT

Exosomes are nanovesicles derived from multivesicular bodies (MVBs) in antigen-presenting cells. The
components of the ESCRT (endosomal sorting complex required for transport) pathway are critical for
the formation of MVBs, however the relationship between the ESCRT pathway and the secretion of exo-
somes remains unclear. We here demonstrate that Hrs, an ESCRT-0 protein, is required for fascilitating
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K‘-’YW"T‘?S: the secretion of exosomes in dendritic cells (DCs). Ultrastructural analyses showed typical saucer-shaped
Dendritic cells exosomes in the culture supernatant from both the control and Hrs-depleted DCs. However, the amount
giﬁ?:mes of exosome secretion was significantly decreased in Hrs-depleted DCs following stimulations with oval-
Hrs bumin (OVA) as well as calcium ionophore. Antigen-presentation activity was also suppressed in exso-

somes purified from Hrs-depleted DCs, while no alteration in OVA degradation was seen in Hrs-
depleted DCs. These data indicated that Hrs is involved in the regulation of antigen presentation activity

through the exosome secretion.

© 2010 Elsevier inc. All rights reserved.

1. Introduction

Exosomes are nanovesicles (60-90 nm in diameter) surrounded
by a lipid bilayer. Exosomes are secreted from a variety of cells,
including antigen-presenting cells (APCs), B cells, monocytes, and
dendritic cells (DCs) [1], in physiological situations. They are gen-
erated as the intraluminal vesicles (ILVs) of a sorting endosome
called a multivesicular body (MVB), by the inward budding of the
MVB’s limiting membrane. The release of exosomes into the extra-

celiular milieu is achieved by the direct fusion of the MVB with the

plasma membrane. Exosomes possess selected cargo proteins orig-
inating from the MVB membrane, including the major histocom-
patibility complex (MHC), costimulatory molecules, tetraspanins,
adhesion molecules, and cytosolic proteins, and the biological

Abbreviations: APC, antigen-presenting; ESCRT, endosomal sorting complex
required for transport; ILV, intraluminal vesicle; MVB, multivesicular body; MHC,
major histocompatibility complex; N-Rh-PE, N-(lissamine rhodamine B sulfonyl)
phosphatidyl ethanolamine; OVA, ovalbumin; TEM, transmission electron micros-
copy; VPS, vacuolar protein sorting.
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functions of exosomes depend mainly on the types of cargo pro-
teins they contain. For instance, APC-derived exosomes are capable
of directly sensitizing naive T cells via the MHC/peptide complex
and the costimulatory molecules on their surface [2]. On the other
hand, exosome like vesicles secreted from intestinal epithelial cells
can induce tolerance in an antigen peptide-specific manner [3,4].
These findings suggest that exosomes carrying MHC proteins can
regulate immune responses positively or negatively in vivo.
Exosomes also contain ubiquitinated proteins, suggesting that a
subset of ubiquitinated cytoplasmic proteins is actively incorpo-
rated into the MVB pathway [5]. The sorting of ubiquitinated pro-
teins on MVBs is mediated by a series of proteins involved in
vacuolar protein sorting (VPS), called endosomal sorting complex
required for transport (ESCRT). The first complex that binds the car-
go on endosomes is ESCRT-0 (it includes Hrs [6,7] and STAM), and
with the help of the ESCRTs-I, -II, and -~III, the cargo accumulates
on the endosomal membrane. At the end of the sorting, an AAA-type
ATPase, VPS4, disrupts the ESCRT complexes, and the membrane
with its accumulated cargo is invaginated into the maturing endo-
some to produce an intraluminal vesicle, called an MVB. Most of
the ubiquitinated cargo, which includes epithelial growth factor
(EGF) receptors, c-Met, and gp130, is degraded by lysosomal prote-
ases. A deficiency of Hrs results in abnormally enlarged endosomes
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and a marked reduction in cargo sorting to the MVBs, which accu-
mulate ligand-activated membrane-bound growth factor receptors
[8]. While most of the cargo is destined for degradation, some MVBs
direct their [LVs to be secreted as exosomes by direct fusion with the
plasma membrane [9]. In this context, the intracellular membrane
traffic system seems to play key role in the formation and release
of exosomes. Previous studies suggested that at least four Rab
GTPase members, Rab5, Rab11, Rab27a and Rab27b are involved in
the secretion of exosomes [10-12]. Nevertheless, the precise mech-
anisms of the exosome pathway are still unclear.

Considering that the importance of MVB formation in exosomal
pathway, as well as the presence of ubiquitinated proteins in exo-
somes, we suspected that Hrs might be involved in exosomal path-
way. We report here that Hrs is required for secretion of exosomes
in DCs.

2. Materials and Methods
2.1. Ethics Statements

This study was conducted according to the principles expressed
in the Declaration of Helsinki and Fundamental Guidelines for Ani-
mal Experiments and Related Activities. The study was approved
by the research committees of the Miyagi Cancer Center and Toho-
ku University. All the animal experiments were conducted under
the approval of the Institutional Animal Care and Use Committees
of Miyagi Cancer Center and Tohoku University.

2.2. Cells

DC2.4 cells (murine DC line) were maintained in RPMI medium
containing 10% fetal calf serum, 2 mM L-glutamine, 1 mM sodium
pyruvate, 0.1 mM non-essential amino acids, 10 mM hepes buffer,
and antibiotics. We also generated primary DCs from mouse bone
marrow using a standard method, as previously described [13]. To
express Hrs-specific short hairpin RNA (shRNA), a retroviral vector
(pSIREN-RetroQ, BD Biosciences) was generated as described previ-
ously [14]. The target sequence consisted of nucleotide residues
302-320 (5'-AGG TAA ACG TCC GTA ACA A-3') in the human hrs
cDNA. A control plasmid, pSIREN-RetroQ-Luc, targeted bp 413-
434 of firefly luciferase (5'-GCA ATA GTT CAC GCT GAA AAG-3').
The retrovirus was prepared as previously described [14].

2.3. Mice

We generated a conditional knock-out of Hrs as described previ-
ously (Acc. No. CDB0476 K, Center for Developmental Biology, Kobe,
Japan)[15]. To generate a dendritic-cell-specific conditional knock-
out of Hrs, We crossed this mouse with a LysM-cre transgenic mouse
(a gift from Dr. L. Foerster) [16]. The OT-I TCR-transgenic mice were a
gift from Dr. W. Heath (Walter and Eliza Hall Institute, Melbourne,
Australia) and were used as the source of CD8" T cells that were spe-
cifically responsive to the OVA257-264 peptide [17].

2.4. Genotype analysis

The hrs flox allele was genotyped as described previously [15].
Genotyping for the presence of the LysM-Cre allele was performed
using the following primer pair: forward (5-TTA CCG GTC GAT GCA
ACG AGT GAT G) and reverse {5'-TTC CAT GAG TGA ACG AAC CTG
GTCG).

2.5. Isolation and purification of exosomes

Exosomes were purified as previously described [2,18]. In brief,
the cell culture medium was centrifuged for 10 min at 300 g,

10 min at 1200 g, and 30 min at 10,000 g to remove the cells and
debris. The supernatant obtained from the last spin was then cen-
trifuged for 60 min at 100,000 g, and the pellet was solubilized in
SDS sample buffer for analyses by Western blotting.

2.6. Fluorescent N-Rh-PE measurement

To measure exosome secretion, the fluorescent phospholipid
analog N-(lissamine rhodamine B sulfonyl) phosphatidyl ethanol-
amine (N-Rh-PE) was inserted into the plasma membrane as de-
scribed previously [19], and eventually secreted into the
extracellular medium [10]. Briefly, the lipid was solubilized in
absolute ethanol and injected into serum-free RPMI (<1% v/v) dur-
ing vigorous vortexing. The mixture was then added to the cells,
which were incubated for 60 min at 4 °C. After this incubation,
the medium was removed, and the cells were extensively washed
with cold PBS. The labeled cells were cultured in complete RPMI
medium to collect the exosomes. To measure the exosome secre-
tion, 50 pl of the exosomal fraction was solubilized in 1.5 ml PBS
containing 0.1% Triton X-100, and the N-Rh-PE was measured at
560nm -and 590 nm excitation and emission wavelengths,
respectively.

2.7. OVA protein degradation

Control and Hrs-depleted dendritic cell lines were treated with
a lysosomal inhibitor (50 mM NH,4Cl) and/or proteasomal inhibitor
(10 uM epoxomicin) for up to 2 h. The cells were pulsed with
300 pg/ml ovalbumin (OVA) protein for 1h, and incubated with
fresh medium for the indicated times. For western blot analysis,
an anti-OVA antibody (rabbit polyclonal antibody, Abnova, Tai-
wan) was used for the first antibody.

2.8. Western blotting

Immunoblotting was carried out as described previously [20].
For dot-blot analysis, each cell lysate was spotted onto PVDF
membranes.

2.9. Phenotypic analysis of cells by flow cytometry

Cells were assessed for surface marker expression by fluores-
cent multicolor flow cytometry (FACSCalibur, Becton Dickinson,
San Jose, CA). The immunophenotypic profile of DCs was evaluated
by staining with anti-CD40, anti-CD80, anti-I-A®, and anti-H-2 K?
antibodies (Pharmingen).

2.10. Antigen presentation assays

To assess the function of DC-derived exosomes, we performed
an in vitro CD8" T-cell proliferation assay as described previously
[21]. The spleen was harvested from OT-I mice, and the CD8" T cells
were positively selected using MACS magnetic beads (Miltenyi Bio-
tec). Next, 4 x 10° BMDCs from Hrs*'*; LysM-Cre and Hrsflox/fox,
LysM-Cre mice were incubated with 300 mg/m! OVA for 24 h. Exo-
somes in 10 ml of supernatant were purified as described above.
The purified OT-I CD8" T cells were cocultured with the purified
exosomes in 96-well plates for 5 days. The exosome induced prolif-
eration of the OT-I T cells was measured after 5 days by adding
[*H]thymidine (1 pCi/well; ICN Pharmaceuticals) during the last
8 h of each culture.

2.11. Negative staining in electron microscopy

Samples of exosomes pelletted by ultracentrifugation as de-
scribed above were resuspended in 0.1% glutaraldehyde, and a
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drop of each resuspension was mounted on an ion-coated copper
grid supported by a carbon-coated collodion film. The grid was
stained with 1% uranyl acetate for 1 min and observed under an
electron microscope (H-7650, Hitachi, Tokyo, Japan).

3. Results
3.1. Establishment of Hrs-depleted DCs and purification of exosomes

To examine the role of Hrs in exosome secretion, we established
an Hrs-depleted dendritic cell (DC) line through retrovirus-medi-
ated shRNA expression (Fig. 1A). The exosome-containing fractions
were purified from the DCs by sucrose gradient centrifugation,
using an anti-MHC-class II (I-AF) antibody to detect the exosomes.
The fraction containing the peak I-A*-binding activity occurred at
1.15 g/ml sucrose in the sample from control DCs, and 1.14 g/mi
from the Hrs-depleted DCs, indicating a similar distribution irre-
spective of the Hrs expression (Fig. 1B). Although these values were
slightly different, they were both within the normal density profile
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for DC-derived exosomes in sucrose gradients {22]. Ultrastructural
analysis of the ultracentrifuged exosome pellets by negative stain
method of transmission electron microscopy (TEM) showed them
to be markedly enriched in typical saucer-shaped exosomes, 40—
100 nm in diameter, from both the control and knock-out DCs
(Fig. 1C).

We further examined the exosome-containing fractions by
Western blot analysis. Exosomes from the Hrs-depleted DCs un-
der steady-state conditions contained less ubiquitinated protein
than exosomes from control DCs, although the total ubiquitinated
protein in the whole-cell lysates of both types of DCs was the
same (Fig. 1D). MHC-I and -II, two marker proteins for DC-derived
exosomes, were included at similar levels in the two exosome
fractions (Fig. 1E). Although Hrs was not detected in the exosome
fractions, TSG101 and VPS4B, two downstream ESCRT proteins,
were clearly identified in the exosomes, and at lower amounts
in the Hrs-depleted DCs. These data suggested that Hrs and an-
other ESCRT trafficking pathway are involved in exosome
secretion.
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Fig. 1. Hrs-knock-down dendritic cells {DCs), Hrs knock-out bone marrow DCs, and characterization of their exosomes. (A) Western blot analysis of total cell lysates from
control and Hrs knock-down DCs. (B) Sucrose gradient fractionation and dot-blot analysis of exosomes produced from DCs. The same amount of protein was fractionated and
blotted on the membranes, (C) Negative staining TEM of‘exosomes from murine DCs. DCs were grown from monocytic precursors and cultured in GM-CSF for 10 days. The cell
culture supernatants were sequentially centrifuged to obtain a pellet containing exosomes. The 100,000 x g pellet was washed and analyzed by TEM. Bar, 100 nm. (D)
Western blot analysis of total cell lysates (left panel) and exosome fraction (right panel) using an antibody against ubiquitinated proteins (FK2). (E) Western blot analysis of

total cell lysates (left panel) and exosomes (right panel) using the indicated antibodies.
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3.2. Impairment of exosome secretion in Hrs-depleted DCs

In addition to steady-state secretion, DCs release additional
exosomes upon stimulation. To examine the effect of Hrs on activa-
tion-dependent exosome secretion, the amount of purified exo-
somes released under several types of stimulation was measured.
Ovalbumin (OVA) is known to induce exosome secretion from

DCs {18,21]. Exosome secretion by the control DCs was clearly in-
creased by 24 h of stimulation with OVA, whereas no significant in-
crease was found in the Hrs-depleted DCs (Fig. 2A). To evaluate the
possible effect of lipopolysaccharide (LPS) contamination in the
OVA, we examined the amount of exosomes released under stimu-
lation with LPS alone. Exosome secretion was not enhanced by the
LPS stimulation, irrespective of the Hrs level (Fig. 2A). We also
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Fig. 2. Hrs is required for the secretion of exosomes. (A) Measurement of the exosome secretion from DCs under stimulation with OVA or LPS, using a protein assay.
*p < 0.007. (B) Measurement of exosomes under stimulation with a Ca®* ionophore (1 uM A23187), using a protein assay. *p < 0.005. (C) Measurement of exosome production
under simulation with OVA, using N-Rh-PE release. *p < 0.05. (D) Western blot analysis of exosomes under stimulation with OVA. (E) Western Blot analysis of total lysates
from control and Hrs-knock out BMDCs. (F) Measurement of the exosome secretion from BMDCs under stimulation with OVA in BMDCs, using a protein assay. "p < 0.006. WT,
hrs*/*, LysM-Cre; KO, hrs®¥/fex [ysM-Cre. (G) Measurement of exosomes under stimulation with a Ca®* ionophore (1 uM A23187) in BMDCs, using a protein assay. *p < 0.005.
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Fig. 3. Characteristics of Hrs-knock-out DCs under antigen stimulation. The
degradation rate of OVA in control and Hrs-knock-down DCs was shown by
western blot. A lysosomal inhibitor (NH,Cl) and/or protease inhibitor (Epoxomicin)
were included in the culture medium in some cases.

examined the exosome secretion induced by intracytoplasmic Ca®*
release [23]. The incubation of DCs with the Ca*' ionophore
A23187 induced a 2.8-fold increase in exosome release from the
control DCs; however, the Hrs-depleted DCs showed very low
Ca®" responsiveness (Fig. 2B). We also measured the exosome
secretion using N-(lissamine rhodamine B sulfonyl) phosphatidyl
ethanolamine (N-Rh-PE) [10], and obtained similar results
(Fig. 2C). Western blot analysis revealed that the levels of three
exosome markers, HSP70, 1-AP, and H-2 KP, were reduced in the
Hrs-depleted DCs compared with the control DCs, after incubation
with OVA (Fig. 2D).

To verify the essential role of Hrs in exosomal secretion,
Hrs-depleted bone marrow-derived DCs (BMDCs) were success-
fully generated from hrs%¥/1°%: | ysM-Cre mice, and they expressed
dramatically less Hrs than DCs derived from the hrs*'*; LysM-Cre
mice (Fig. 2E). No significant difference was seen between the
population of CD11c* cells in BMDCs from hrs™*; LysM-Cre and
hrsfox/@ox. [ysM-Cre mice (data not shown). First, we examined
the amount of exosome secretion under stimulation of OVA as well
as Ca®* ionophore A23187. Similar to the results obtained from
Hrs-knock-down DCs, BMDCs from hrs™¥/fo%; |ysM-cre secreted
lesser amount of exosome than those from hrs*/*; LysM-Cre mice
(Fig. 2F and G). We further investigated whether the Hrs depletion
affected the amount of exosomes secreted from these cells, by
measuring the antigen-presenting activity of the exosomes for T
cells. DCs derived from the hrs*/*; LysM-cre and hrsf¥/fox; LysM-
Cre mice were incubated with OVA for 48 h, and the exosomes
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secreted from the DCs were purified. The exosomes were co-cul-
tured with splenic CD8" T ceils derived from OT-I transgenic mice.
We found a significant increase in the proliferation of OVA-peptide
restricted CD8* T cells cultured with the exosomes from the hrs*/*;
LysM-cre DCs, but not with those from the hrs®/f°%; LysM-Cre
DCs (Fig. 2H). Collectively, these data suggested that Hrs is re-
quired for exosome secretion.

3.3. No alteration in OVA degradation in Hrs-depleted DCs

It was possible that the decreased antigen-presentation activity
of exosomes from the Hrs-depleted DCs was due to insufficient
degradation of the OVA protein that was taken up. We therefore
measured its degradation rate. The OVA protein was completely
degraded one hour after the OVA pulse, and the degradation was
the same, regardless of Hrs expression. The degradation of the
OVA was efficiently blocked by a lysosomal acidification inhibitor,
NH,4CI, but not by a proteasomal inhibitor, epoxomicin, in both the
control and the Hrs-depleted DCs (Fig. 3). These results suggested
that Hrs does not affect the lysosome-dependent degradation of
the OVA protein in DCs.

3.4. Characteristics of Hrs-depleted DCs under stimulation by OVA

We next investigated whether Hrs-depleted DCs were activated
by stimulation with OVA. When stimulated with OVA proteins, DC
activation markers increased more in Hrs-depleted DCs than in
control cells (Fig. 4A to C). This was also true of the production
of cytokines, including interleukin-6 (IL-6) and tumor necrosis fac-
tor-alpha (TNF-a) (Fig. 4D and E). These findings indicated that
exosome secretion and DC activation were regulated by different
mechanisms.

4. Discussion

There is accumulating evidence that the ESCRT proteins play
important roles in the formation of MVBs, which undergo lysosomal
digestion or are released into the extracellular environment as exo-
somes [24]. The ESCRT machinery, glycosylphosphatidylinositol-
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Fig. 4. Characteristics of Hrs-depleted DCs under stimulation of OVA (A to C) FACS analysis using anti-I-A® (A), CD80 (B), and CD40 (C) antibodies. Control and Hrs-knock-
down DCs were incubated with OVA for 24 h. Data are representative of at least three experiments. (D and E) Measurement of cytokine secretion from control and Hrs-knock-
down DCs. Control and Hrs-knock-down DCs were incubated with OVA for 16 h. Data are representative of at least three experiments performed in triplicate. *p < 0.05.
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associated lipid affinity, and tetraspanin-associated protein affinity
are involved in the mechanisms of cargo-protein sorting and intralu-
minal-veside formation, which are related to exosome maturation
[25]. So far,two Ras family monomeric G protein Rab27a and Rab27b
were reported to function in MVB docking at the plasma membrane,
and to control the exosomal pathway [11], suggesting that MVBs
contribute to exosome secretion through their direct fusion to the
cell surfacemembranes. In this context, we demonstrated here that
Hrs, one ofthe ESCRT proteins, is required for the production of exo-
somes within MVBs. Regarding the relationship between exosome
productionand the ESCRT machinery, there have been some contra-
dictory reports. For example, the formation of proteolipid protein-
containing exosomes is dependent on Rab5, but independent of
the ESCRT machinery in oligodendrocytes under ceramide stimula-
tion [12}]. Since our present study on exosome production was lim-
ited to DCs stimulated by OVA or a calcium ionophore, there may
be some cargo-dependent or stimulation-dependent pathways for
MVB formation and exosome production. '

In antigen-presenting cells, exosomes are secreted upon expo-
sure to various stimulants, such as OVA or the calcium ionophore
A23187 [18]. OVA is usually considered to act as an antigenic pep-
tide source and other report also utilized this agent alone to stim-
ulate DCs [26], although we cannot fully exclude a possibility that a
faint contamination of LPS as a stimulator is included in OVA. The
exosome secretion in Hrs-depleted DCs was decreased in spite of
their higher expression of the cell-surface-activation markers,
MHC class I/l molecules as compared with the control DCs. Those
markers are also known to be ubiquitinated and sequestered
through MVBs [27,28]. Therefore, our findings suggested that Hrs
is required for the efficient endocytosis and degradation of the
MHC molecules through MVB formation as well as the exosome
secretion. We previously demonstrated that the deficiency of Hrs
suppresses degradation of gp130, a subunit of IL-6 receptor, in
Hela cells, which leads to a prolonged and amplified IL-6 signal
[8]. Epidermal growth factor receptor (EGFR) degradation is im-
paired and the signaling is enhanced in Hrs-depleted mouse
embryontic fibroblasts and Drosophila [29,30]. We suspect that
Hrs-depleted DCs may be more sensitive to some stimulations than
control DCs. This may be true of IL-6 secretion, because the Hrs-de-
pleted cells secreted small but significantly more [L-6 even in the
absence of OVA (Fig. 4D). It is possible that IL-6 secretion is some-
what enhanced by a factor(s) contained in FCS in the medium
without OVA stimulation. We suspect that both the prolongation
of cytokine signals and the deficiency of exosome production in
Hrs-depleted DCs are caused by the impaired MVB formation.

Finally, our present study suggests a biological role of Hrs in im-
mune regulation (Fig. 2H). DC-derived exosomes have been shown
to have potent immunostimulatory potential, and MHC-I and B7.2
(CD86)-bearing exosomes generate CD8" T-cell responses against
tumors in vivo [31]. Further study using DC-specific Hrs knock-
out mice will provide precise roles of the Hrs-dependent exosomal
pathway in anti-tumor immune response.
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