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Table 1 Suppressive effect of the A120 mAb on various clades of HIV-1 strains.

Member HIV-1 Subtype Isolate Country of Origin  Syncytium  Co-receptor Usage Percent inhibition of p24 production
PRD320-01 A UG275 Uganda NSI CCR5 88.3% )
PRD320-02 A |-2496 Ghana NSI CCR5 99.8%

PRD320-03  CRFO2_AG DJ263 Djibouti NS CCR5 94.7%

PRD320-04 CRFO2_AG POC44951 Liberia NSI CCR5 99.7%

PRD320-06 B BZ167 Brazil SI CXCR4 97.2%

PRD3200-7 C DJ259 Djibouti NS CCRS 91.5%

PRD320-08 C ZAM18 Zambia NSI CCR5 93.7%

PRD320-09 D SE365 Senegal Sl CXCR4 98.5%

PRD320-10 D UG270 Uganda SI CXCR4 99.7%

PRD320-11  CRFO1_AE D17 Indonesia NSI CCRS 81.0%

PRD320-12  CRFO1_AE NPO3 Thailand S CXCR4 94.5%

PRD320-14 F BCI-R0O7 Romania Sl CXCR4/CCRS 99.4%

PRD320-15 G BCF-DIOUM  Zaire NSI CCR5 99.9%

PRD320-16 G HH8793 Kenya NSI CCR5 83.3%

PRD320-17 H BCF-KITA Zaire NSI CCR5 92.5%

PRD320-18 O BCFO6 Cameroon S CXCR4/CCRS 98.3%

PRD320-19 O 1-2478B us NSI CCRS 65.6%

Anti-CD3/CD28 activated PBMCs were infected with each of 15 different HIV-1 strains belonging to various clades and with previously defined different CXCR4
and CCRS usages. HIV-1 dose of 10 ng p24 value was added to 1 x 10° cells for infection. After washing, PBMCs were aliquoted and cultured in triplicate in the
presence of 10 ug/ml of the A120 mAb or isotype control IgG for 5 days. Virus production was determined by quantitation of p24 in the culture supernatants by
ELISA and the mean values calculated. Percent inhibition was calculated relative to the values obtained with the isotype control mAb alone. Representative data

from three independent experiments are shown.

So far, similar suppression of both X4 and R5 HIV-1
infection has also been reported in a study utilizing
anti-human CCR2 mAb that is neither agonistic nor
antagonistic [14]. It was reasoned that this anti-CCR2
mAb functions by the induction of hetero-oligomeriza-
tion of CCR2 with CCR5 and CXCR4, but not receptor
down-modulation. Another report showed that a non-
agonistic/antagonistic anti-CCR5 N-terminus specific
mADb that is unable to block the binding of R5 HIV-1
gp120 to CCR5 interferes with R5 HIV-1 infection by
induction of CCR5 dimerization rather than down-mod-
ulation of CCR5 [16]. It is of interest to note that this
anti-CCR5 mAb does not inhibit X4 HIV-1. Thus, our
finding that ligation of CXCR4 via the ECL1/ECL2
region on activated PBMCs results in the production of
CCR5-binding B-chemokines followed by down-modula-
tion of CCR5 expression is unique. However, it remains
to be determined whether the ligation of CXCR4 with
the A120 mAbD similarly induces hetero-dimerization of
CXCR4 with CCR5 or the other chemokine receptors or
CCR5 homo-dimerization. Further studies are in pro-
gress using immunoprecipitation and Western blot tech-
niques utilizing appropriate mAbs.

It is important to note that the addition of anti-che-
mokine mAbs did not show the same degree of reversal
of the A120 mAb-induced inhibition of R5 HIV-1 infec-
tion in the cultures from 2 out of the 6 PBMC donors
(Figure 6). In addition, there was a lack of correlation

between enhanced fB-chemokine levels and the reversing
effects of the anti-B-chemokine antibodies on the A120-
mediated R5 HIV-1 inhibition. We assume that the con-
centration of the B-chemokine antibodies (10 pg/ml)
was sufficient to neutralize endogenously produced f-
chemokines as the antibodies at this concentration
could neutralize > 100 ng/ml of each of the recombinant
B-chemokines (data not shown). While resistance of
these donors was not due to the production of some
other anti-HIV-1 factor such as CD8"T lymphocyte
antiviral factor (CAF) [17], it may be possible that treat-
ment with the A120 mAb might induce the hetero-
dimerization of CXCR4 and CCR5 which results in
resistance to R5 HIV-1 infection. Further studies are in
progress to address this issue. It is interesting to note
that among the neutralizing mAbs against the B-chemo-
kines, the anti-MIP-1la. mAb was the most effective in
reversing the A120 mAb-induced R5 HIV-1 inhibition.
Since all the available anti-MIP-1a mAbs at present do
not distinguish MIP-1a (LD78a) from its homologue
CCR3L1 product (LD78B) [18], it is possible that
CCR3L1 protein is also produced upon A120 mAb
treatment and involved in the R5 HIV-1 inhibition. As
CCR3L1 is known to be a potent factor that may delay
the progression to clinical AIDS [19], it will be impor-
tant to determine whether A120 mAb stimulates the
production of CCR3L1 proteins. Such studies are also in
progress.
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The generation of resistance to CCR5 inhibitors invol-
ving either the selection of pre-existing CXCR4 tropic
HIV-1 and/or due to the evolution of Env variants has
been well documented [20]. Thus, in such cases, the
availability of a reagent like the A120 mAb that has
inhibitory properties for both CCR5 and CXCR4 tropic
HIV-1 may provide a unique therapeutic tool worthy of
consideration. Since the A120 mAb also inhibits the
SIV-1 infection in activated PBMCs from rhesus maca-
ques (Takahashi et al., unpublished), this hypothesis is
currently being investigated using the nonhuman pri-
mate model.

Conclusions
Data described herein have identified a unique epitope
of CXCR4 whose ligation not only directly inhibits
CXCR4 tropic HIV-1, but also indirectly inhibits the
infection of R5 tropic HIV-1 via the synthesis of natural
CCR5 ligands.

Methods

Reagents

RPMI 1640 medium (Sigma-Aldrich. Inc. St. Louis, MO)
supplemented with 10% fetal calf serum (FCS), 100 U/
ml of penicillin and 100 pg/ml of streptomycin (herein-
after called RPMI medium) was utilized for the
described studies. Anti-human CD3 (clone OKT-3) and
anti-CD28 (clone 28.2) were obtained from the Ameri-
can Type Culture Collection (Rockville, MD) and BioLe-
gend (San Diego, CA), respectively. Neutralizing mAbs
against human RANTES, MIP-1a and MIP-1B were
purchased from R&D systems (Minneapolis, MN). The
rat anti-CXCR4 mAbs used were produced in our
laboratory and included clones A145 (IgG1), A120
(IgG2b) and A80 (IgG1) [16]. Mapping of the epitopes
recognized by these mAbs was reported previously [16].
Other rat mAbs used were IgG1 anti-CCR5, IgG2b anti-
HTLV-I gp46 and IgG1 anti-HCV produced in our
laboratory [16,21,22]. These mAbs were purified from
CB.17-SCID mouse ascites fluids by ammonium sulfate
precipitation followed by gel filtration using Superdex
G-200 (GE), and passed through a polymyxin B column
to remove potential LPS contamination. The fluorescent
dye-labeled anti-human CD4, CD8, CD14 and CD19
mAbs were purchased from Beckman-Coulter or BioLe-
gend. The anti-HIV-1 p24 mAbs used were also pro-
duced in our laboratory. Magnetic beads conjugated
with mAbs against human CD4, CD8, CD14 or CD19
were purchased from Dynal and used according to the
manufacturer’s recommendation. Low endotoxin murine
anti-CXCR4 mAbs including clone 12G5 and the other
anti-CXCR4 ECL2 mAbs were purchased from BioLe-
gend and R&D.
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HIV-1 preparation

Virus stocks of R5 HIV-1jg g1, R5 HIV-1jp_csp and X4
HIV-1yp4.3 were produced by transfection of the 293T
cells with the appropriate HIV-1 infectious plasmid
DNAs utilizing the calcium phosphate method as
described previously [23]. X4 HIV-1yp was produced in
the Molt-4/I1IB cell line. The other HIV-1 isolates used
were from the HIV subtype infectivity panel PRD320
(BBI Diagnostics, West Bridgewater, MA, USA) which
included clade A R5 HIV-1 (UG275, 1-2496 isolates),
clade CRFO2AG R5 HIV-1 (DJ263, POC44951 isolates),
clade B R5 (US2 isolate) and X4 HIV-1 (BZ167 isolate),
clade C R5 HIV-1 (DJ259, ZAM18 isolates), clade D X4
HIV-1 (SE365, UG270 isolates), clade CRFO1AE R5
(ID17 isolate) and X4 HIV-1 (NPO3 isolate), clade F R5
(BZ163 isolate) and X4/R5 HIV-1 (BCI-R17 isolate),
clade G R5 HIV-1 (BCF-DIOUM, HH8793 isolates),
clade H R5 HIV-1 (BCE-KITA isolate), clade O R5 (I-
2478B isolate) and X4/R5 HIV-1(BCFO06 isolate). Each of
these panel HIV-1 strains was grown in primary PHA-
activated PBMCs and the levels of p24 determined and
10 ng of p24 used to infect PBMCs. These HIV-1 stocks
were aliquoted and stored at -80°C until used.

In vitro stimulation of PBMCs and infection with HIV-1
PBMCs from healthy donors were obtained by density
gradient centrifugation on HistoPAQUE-1077 (Sigma-
Aldrich), suspended at 2 x 10° cells/ml in RPMI med-
ium, dispensed into individual wells of 24-well plates
(BD) (1 ml/well) pre-coated with 5 pg/ml anti-CD3
mADb (OKT-3) and cultured in the presence of soluble
0.1 pg/ml anti-CD28 mAb at 37°C in a 5% CO, humi-
dified atmosphere for 24 hours. The activated PBMCs
were collected, washed once and infected with HIV-1
at a multiplicity of infection (m.o.i.) of 0.005~0.01 or
at 10 ng p24 per 1~2 x 10° cells for 2 hours. Infected
PBMCs were washed three times, re-suspended at
0.5~1 x 10° cells/ml in RPMI medium containing 20
U/ml recombinant human IL-2 containing RPMI med-
ium, dispensed into individual wells of 48-well plates
(BD) (0.5 ml/well) and then cultured in the presence
or absence of various concentrations of the anti-
CXCR4 or control mAbs. Production of HIV-1 was
determined by the measurement of HIV-1 core p24
levels by ELISA, and the number of HIV-1 p24* cells
were determined by FCM as described previously [24].
For select experiments, activated PBMCs were cultured
at 1 x 10° cells/ml in RPMI medium containing 20 U/
ml IL-2 in the presence or absence of 10 pg/ml of
A120 mAb for 24 hours, and the culture supernatants
were collected, and the levels of B-chemokines were
determined by ELISA. All the experiments in this
study were performed in triplicate wells.
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Cell lines

Molt-4/111B [25] and MT-2 [26] cells that were produc-
tively infected with HIV-1IIIB (Molt-4/I1IB) and human
T cell leukemia virus type-I (HTLV-I), respectively, were
cultured in RPMI medium. HIV-1 and HTLV-I produc-
tion were determined by our in-house HIV-1 p24 and
HTLV-1 p24 sandwich ELISA kits (Tanaka et al,
-unpublished).

Flow Cytometry (FCM)

Cells to be analyzed were Fc-blocked with 2 mg/ml nor-
mal human pooled IgG on ice for 15 minutes, and ali-
quots of these cells were subjected to staining using
pre-determined optimum concentrations of fluorescent
dye-conjugated mAbs for 30 minutes on ice. The cells
were then washed using FACS buffer (PBS containing
2% FCS and 0.1% sodium azide), fixed in 1% paraformal-
dehyde (PFA) in FACS buffer and analyzed using a
FACS Calibur. The data obtained were analyzed using
the Cell Quest software (BD). For detection of HIV-1
infected cells, cells were fixed with 4% PFA-containing
PBS for 5 min at room temperature followed by washing
with 0.1% Saponin-containing FACS buffer. These cells
were then Fc-blocked with 2 mg/ml normal human
pooled IgG on ice for 15 min, and aliquots of these cells
were stained with Alexa Fluor 488-conjugated anti-HIV-
1 p24 mAD (clone 2C2) for 30 min on ice. The cells
were then washed using FACS buffer and the frequency
and the absolute number of p24+ cells determined by
FCM using a cell counting kit (BD) according to the
manufacturer’s protocol.

Statistical analysis

Data were tested for significance using the Student’s ¢
test using the Prism software (GraphPad Software).

Additional material

Additional file 1: Dose response of the A120 mAb-mediated MIP-1o
production in activated PBMCs. As described in the legend for Figure
7, activated PBMCs were incubated in the presence of graded
concentrations of the A120 mAb or isotype control mAb for an
additional day. Changes in the concentrations of MIP-1a in the culture
supernatants were assayed by ELISA. Isotype control mAbs did not
enhance MIP-1a production at 0.5~20 ug/ml in these culture conditions
(data not shown). Representative data are from 3 independent
experiments using PBMCs from a single donor.

Lists of abbreviations used

HIV: human immunodeficiency virus; PBMC: peripheral blood mononuclear
cells; mAb: monoclonal antibody; X4: CXCR4-tropic; R5: CCR5-tropic; ECL:
extra-cellular loop.
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Decreased Proteasomal Activity Causes
Age-Related Phenotypes and Promotes the
Development of Metabolic Abnormalities
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The proteasome is a multicatalytic enzyme complex
responsible for the degradation of both normal and
damaged proteins. An age-related decline in protea-
somal activity has been implicated in various age-
related pathologies. The relevance of decreased
proteasomal activity to aging and age-related dis-
eases remains unclear, however, because suitable
animal models are not available. In the present
study, we established a transgenic (Tg) mouse
model with decreased proteasomal chymotrypsin-
like activity. Tg mice exhibited a shortened life span
and developed age-related phenotypes. In Tg mice,
polyubiquitinated and oxidized proteins accumu-
lated, and the expression levels of cellular proteins
such as Bcl-xL and RNase L were altered. When Tg
mice were fed a high-fat diet, they developed more
pronounced obesity and hepatic steatosis than did
wild-type mice. Consistent with its role in lipid
droplet formation, the expression of adipose differ-
entiation-related protein (ADRP) was elevated in
the livers of Tg mice. Of note, obesity and hepatic
steatosis induced by a high-fat diet were more pro-
nounced in aged than in young wild-type mice, and
aged wild-type mice had elevated levels of ADRP,
suggesting that the metabolic abnormalities present
in Tg mice mimic those in aged mice. Our results
provide the first in vivo evidence that decreased

proteasomal chymotrypsin-like activity affects lon-
gevity and aggravates age-related metabolic disor-
ders, such as obesity and hepatic steatosis. (4m J
Pathol 2012, 180:963-972; DOI: 10.1016/j.ajpath.2011.11.012)

Protein degradation is a major intracellular function, re-
sponsible not only for cellular housekeeping but also for
regulation of important cellular functions. Two major pro-
teolytic systems are responsible for most intracellular
protein turnover: the lysosomal system and the ubiquitin
(Ub) proteasome system.! The latter contributes to the
maintenance of cellular homeostasis and protein quality
control, and functions as a regulator of many essential
cellular processes, including proliferation, cell cycling,
gene transcription, apoptosis, antioxidant responses,

. and immune reactions.?3 Proteasomes are multisubunit
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complexes made up of a core particle, known as the 20S
proteasome, and additional subunits comprising the 193
complex. Proteolysis is conducted by three 8 subunits,
B1, B2, and B5, which have caspase-like, trypsin-like,
and chymotrypsin-like activities, respectively.* It has
been assumed that the relative importance of the three
proteolytic activities varies across substrates and depends
on the proteins being degraded.® However, little is known
about the importance of each proteasomal activity in vivo.
Recently, the proteasome has emerged as an attrac-
tive target for cancer therapy, because proteasome inhi-
bition has produced encouraging antitumor activity in
preclinical studies and clinical trials. Bortezomib (origi-
nally codenamed PS-341), the first proteasome inhibitor
tested in clinical trials, has been used for treating multiple
myeloma patients.® This drug has also been shown to be
effective with manageable toxicity for mantle cell and
other lymphomas, leukemias, and solid malignancies, in-
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cluding non-small cell lung carcinoma.® Although differ-
ent factors regulate apoptosis in individual carcinoma
cell models, it is plausible that bortezomib promotes
apoptosis by shifting the balance from antiapoptotic sig-
nals toward proapoptotic signals through modulation of
the translocation of nuclear factor-«B (NF-«B).”

Physiologically, proteasomal activity decreases with
age.?™"" Because the proteasome plays an essential role
in cellular processes, an age-associated decline in pro-
teasome function is assumed to contribute to the devel-
opment of age-related pathology and to the aging pro-
cess itself.’® Indeed, recent evidence indicates that
mouse hepatocytes with impaired assembly of 20S protea-
somes undergo premature senescence.'? Furthermore, re-
duced 26S proteasome assembly in Drosophila was shown
to shorten life span and enhance the development of neu-
rodegenerative phenotypes.™ Nonetheless, there is no di-
rect evidence linking decreased 20S proteasomal activity
and age-related pathology in mammals, because in mice
deficiency in catalytic subunits 81, B2, or g5 is lethal, and no
other suitable animal models are available.

In the present study, we generated transgenic (TQ)
mice with decreased proteasomal chymotrypsin-like ac-
tivity by introducing mouse B5t as a transgene. p5tis a
recently discovered B5-like subunit of the 20S protea-
some expressed exclusively in the thymus.™ In the thy-
mic cortex, B5t is incorporated into 20S proteasomes in
place of B5 or B5i and forms a specialized type of pro-
teasomes, known as thymoproteasomes, that seem to be
important for positive selection of T cells.”®'® Because
B5t has only weak chymotrypsin-like activity and seems
to be preferentially incorporated into 20S proteasomes
over B5 or 851,'® we reasoned that forced expression of
this subunit in vivo would generate an animal model with
decreased proteasomal chymotrypsin-like activity. We
show here that the reduction of proteasomal chymotryp-
sin-like activity in vivo results in a shortened life span and
the development of age-related phenotypes. We also
show that mice with decreased proteasomal chymotryp-
sin-like activity develop more profound obesity and he-
patic steatosis than wild-type (WT) mice when chal-
lenged with a high-fat diet (HFD).

Materials and Methods

Generation of Tg Mice and Animal Experiments

Mouse B5t cDNA was ligated to the CAGGS vector,'”
which allows for ubiquitous expression of a transgene
under the contro! of the cytomegalovirus immediate-early
enhancer and the chicken-actin promoter/enhancer. The
expression construct was injected into C57BL/6 fertilized
ova; integration of the B5t transgene was detected in
three of the pups born from the DNA-injected ova. The
transgene was transmitted into the offspring in two inde-
pendently derived transgenic lines. Both transgenic lines
showed similar phenotypes, with low weight and a short
life span, compared with WT littermates. Both Tg and WT
mice were housed on a 12-hour light-dark cycle in cli-
mate-controlled, pathogen-free barrier facilities. For feed-
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ing experiments, 6-week-old Tg and WT male mice were
fed a HFD or a normal control diet (CD) (HFD-60 or
AIN-93G; Oriental Yeast, Tokyo, Japan) and water ad
libitum for 16 weeks. For aged mice, we used 76-week-
old WT mice; they were fed HFD or CD for 16 weeks. All
animal experiments were conducted according to the
Guidelines for the Care and Use of Laberatory Animals at
Hokkaido University Graduate School of Medicine.

Cell Isolation and Cell Culture

Primary fibroblastic cells (FCs) and hepatocytes were iso-
lated from Tg and WT male mice using collagenase diges-
tion. FCs were grown in Dulbecco’s modified Eagle’s me-
dium supplemented with 20% fetal bovine serum, 100 U/mL
penicillin, and 100 U/mL streptomycin in an atmosphere of
5% CO, and 95% O, at 37°C. FCs were assayed for pro-
teasomal activity during passages 3 to 4; primary hepato-
cytes were assayed immediately after isolation. FCs from
WT mice were treated with 5 to 50 nmol/L of bortezomib
(Janssen Pharmaceuticals, Tokyo, Japan) for 20 hours and
subjected to Western blot analysis. Hepatocytes from WT
mice were incubated in oleic acid-containing medium (600
wmol/L) with or without 100 nmol/L bortezomib for 48 hours
and then were subjected to staining with Oil Red O (Sigma-
Aldrich, St. Louis, MO) and Western blot analysis.

Histological Analysis

Formalin-fixed tissue sections were stained with H&E.
The thickness of the dermal adipose and muscle layers
was guantified by random measurements of the length of
individual skin samples. To estimate lipid accumulation,
frozen liver sections or isolated primary hepatocytes were
stained with Oil Red O solution. For immunohistochemical
detection of Ub, tissue slides were processed for antigen
retrieval by a standard microwave heating technique, and
incubated with anti-Ub antibody (Ab) (DakoCytomation Ja-
pan, Tokyo, Japan), followed by detection with streptavidin-
biotin-horseradish peroxidase (DakoCytomation Japan). To
detect aggresomes, FCs were cultured in chamber slides,
and slides were stained according to the manufacturer's
instructions (ProteoStat aggresome detection kit; Enzo Life
Sciences, Farmingdale, NY; Lausen, Switzerland). For im-
munofluorescence staining for adipose differentiation-re-
lated protein (ADRP), hepatocytes on chamber slides
were washed twice in PBS, fixed with 4% paraformalde-
hyde for 30 minutes, and permeabilized with 0.1% Tri-
ton-X surfactant in PBS for 5 minutes. After a washing, the
slides were incubated in PBS with 10% goat serum for 1
hour at room temperature, followed by overnight incuba-
tion with anti-ADRP Ab (Abcam Japan, Tokyo, Japan) at
4°C. Sections were stained with BODIPY 493/503 (Invit-
rogen, Tokyo, Japan) to detect intracellular lipid, and
labeled with Alexa Fluor 594-conjugated goat anti-
chicken IgG (Invitrogen) and Hoechst 33342 dye (Enzo
Life Sciences) for nuclear staining.



Immunoprecipitation and Western Blot Analysis

Tissues were lysed in a buffer containing 150 mmol/L
NaCl, 20 mmol/L Tris-HCI (pH 7.5), 0.2% NP-40 deter-
gent, and 1 mmol/L dithiothreitol, and centrifuged at
15,000 X g for 10 minutes. The supernatants (10 ug
aliquot of total proteins) were subjected to SDS-PAGE
and blotted onto nitrocellulose membranes. The blots
were probed with Abs, and reacted with horseradish
peroxidase-conjugated anti-rabbit IgG (Jackson Immu-
noResearch, West Grove, PA) for immunodetection. The
immune complexes were visualized by enhanced chemi-
luminescence (Amersham; GE Healthcare, Piscataway,
NJ) and analyzed by Image Gauge software version 2.1
(Fujifilm, Tokyo, Japan). For immunoprecipitation, tissue
lysates (100 g of protein) were incubated in a total volume
of 150 plL of 25 mmol/L Tris-HCI buffer (pH 7.5) containing
1 mmol/L dithiothreitol at 4°C for 2 hours with Abs bound to
protein A Sepharose (Amersham). The beads were washed
and boiled in SDS sample buffer. After centrifugation, su-
pernatants were used for Western blot analysis. Each lane
was loaded with 15% of the total amount of proteasomes
precipitated with Abs. The Abs for 85, B85i, 85t, and a6 were
as described previously.' The Abs for RNase L were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA);
the Abs for Bel-xL were purchased from Sigma-Aldrich. The
Abs for cell death-inducing DNA fragmentation factor-45-
like effector protein (CIDE) A, CIDE B, fat-specific protein 27
(Fsp 27), and perilipin A were purchased from Abcam Ja-
pan. The Ab for Ub was purchased from Enzo Life Sci-
ences. These antibodies were used according to the man-
ufacturers’ recommendations. All information, including the
dilution and organism, may be provided via data sheets
form the companies.

Measurement of Proteasomal Activity

FCs and hepatocytes were harvested into 96-well plates at
10,000 cells per well and were analyzed using proteasome
activity assay kits (Proteasome-Glo cell-based assay; Pro-
mega, Madison, WI), according to the manufacturer’s instruc-
tions. Briefly, cells were incubated with specific luminogenic
proteasome substrates (Suc-LLVY-aminoluciferin for chymot-
rypsin-like activity, Z-LRR-aminoluciferin for trypsin-like activity,
and Z-nLPnLD-aminoluciferin for caspase-like activity), and
substrate luminescence was measured by a luminometer. The
number of viable cells in each well was measured by ATP
measurement methods using luciferase reactions (CellTiter-
Glo luminescent cell viability assay; Promega). All data were
corrected by the number of viable cells and expressed as a
substrate luminescence/ATP luminescence ratio. All measure-
ments were made in triplicate.

Cellular Senescence Assay

To detect senescence-associated B-galactosidase, FCs in
subconfluent cultures were stained using a cellular senes-
cence assay kit (Cell Biolabs, San Diego, CA). Briefly, cells
were washed with PBS, fixed for 5 minutes with fixing solu-
tion, and washed again with PBS. Cells were incubated
overnight at 37°C in a CO,-free atmosphere with senes-
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cence-associated B-galactosidase staining solution. Posi-
tive cells were scored under light microscopy.

Laboratory Data and Measurement of
Triglycerides and Cholesterol

Tail blood was collected and centrifuged to obtain clear sera.
Blood total protein, aloumin, aspartate transaminase, lactate
dehydrogenase, and cholesterol levels were measured at the
Kishimoto Clinical Laboratory (Sapporo, Japan). Serum leptin
and insulin levels were determined via enzyme-linked immu-
nosorbent assay, according to the manufacturer’s instructions,
at the Morinaga Institute of Biological Science (Tokyo, Japan).
For glucose tolerance tests, mice fed the CD or a HFD for 12
weeks were fasted for 12 hours with full access to water.
Fasted mice were administered p-glucose solution intraperito-
neally at 1 g/kg body weight. At 0, 30, 60, or 120 minutes after
administration, blood glucose levels were measured using a
measuring device (OneTouch UltraVue; Johnson & Johnson,
Tokyo, Japan). Triglycerides and cholesterol in the liver tissue
were measured at Skylight Biotech (Tokyo, Japan).

Protein Assays

Muscles were lysed in a buffer containing 150 mmol/L
NaCl, 20 mmol/L Tris-HCI (pH 7.5), 0.2% NP-40, and 1
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Figure 1. 85t is ubiquitously expressed and incorporated into 20S protea-
somes in Tg mice. A: Expression of B85t in WT and Tg mice. Tissue extracts
were immunoblotted with B85t, B5, B5i, and «6 Abs. Tissue distribution of B5
and B5i was similar in WT and Tg mice. B: Incorporation of 5t into 208
proteasomes in Tg mice. Extracts from thymus, spleen, and skeletal muscle
were immunoprecipitated with Ab for a6, followed by immunoblotting with
the same four Abs. B5t was incorporated into 20S proteasomes in the tissues
of Tg mice. B5-containing 20S proteasomes virtually disappeared from the
muscle of Tg mice. In the spleen of Tg mice, B5i-containing 20S proteasomes
were detected along with B5t-containing 20S proteasomes. C: Proteasomal
activities in Tg mice. FCs and hepatocytes isolated from WT or Tg mice were
subjected to cell-based luminescence assays using specific luminogenic pro-
teasome substrates: Suc-LLVY-aminoluciferin for chymotrypsin-like activity,
Z-1RR-aminoluciferin for trypsin-like activity, and Z-nLPnLD-aminoluciferin
for caspase-like activity. The number of viable cells was measured by ATP
assays using the luciferase reaction. Chymotrypsin-like activity was signifi-
cantly decreased in FCs and hepatocytes from Tg mice. Data are expressed as
the substrate luminescence/ATP luminescence ratio (mean * SD). n = 4
mice per group. *P < 0.05, **P < 0.001 versus WT (Student’s #test).
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mmol/L dithiothreitol, and centrifuged at 15,000 X g for
10 minutes. The levels of polyubiquitinated proteins
were quantified by enzyme-linked immunosorbent as-
say according to the manufacturer’s instructions (Cy-
cLex, Nagano, Japan). Levels of oxidized proteins
were determined by sensitive procedures based on the
reactivity of protein carbonyl with 2,4-dinitrophenylhy-
drazine,'®® using an ELISA kit according to the man-
ufacturer’s instructions (BioCell, Auckland, New Zea-
land). Protein expression profiles were compared in
muscles of WT and Tg mice with a Panorama antibody
microarray XPRESS Profiler725 kit (Sigma-Aldrich), ac-
cording to the manufacturer’s instructions. Briefly, ex-
tracts from muscles of WT and Tg (1 mg/mL) were
labeled with Cy3 and Cy5 dyes, respectively, and the
samples were applied simultaneously on the array. The
expression profile of each sample (Cy3 and Cy5) was re-
corded individually and compared. The microarray slides
were scanned on a GenePix 4000B scanner (Molecular
Devices Japan, Tokyo, Japan). Data were normalized, and
the ratio of Tg to WT mice was computed for each spot, to
estimate the relative fold excess.

Image Analyses

The thickness of the dermal adipose and muscle layers, the
amount of lipid accumulation in liver tissues and hepatocytes,
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and Western blotting data were subjected to image analysis
using Imaged software version 1.43u (NIH, Bethesda, MD).

Statistical Analyses

We performed statistical analyses for two unmatched groups
with the unpaired, two-tailed Student’s t-test. For the analysis of
three or more unmatched groups, one-way analysis of vari-
ance with multiple comparisons or post hoc testing was per-
formed. P values of <0.05 were considered significant.

Results

Decreased Body Weight and a Shortened Life
Span in Tg Mice

In Tg mice, B5t was expressed in all of the tissues tested
and was incorporated into 20S proteasomes, whereas in
WT mice B5t was expressed only in the thymus (Figure 1,
A and B). As expected, proteasomes in Tg mice showed
decreased chymotrypsin-like activity, compared with
those in WT mice (Figure 1C).

Tg mice were smaller in size and weighed significantly
less than WT mice (Figure 2A). Furthermore, the survival
rate was markedly reduced; more than half of the Tg mice
died by 40 weeks (Figure 2B). Tg and WT mice showed
similar food intake (Figure 2C), and their blood total pro-

Figure 2. Decreased body weight and short-
ened life span in Tg mice. A: Body weight of
male WT and Tg mice. # = 6 to 10 mice per data
point. B: Kaplan-Meier survival analysis of WT
(n = 70) and Tg (n = 75) cohort mice. C: Food
intake was measured for 4 weeks in 16-week-old
WT and Tg mice. # = 4 mice per group. D:
fukad Plasma concentrations of total protein (TP), al-
100 bumin (ALB), aspartate transaminase (AST), and
lactate dehydrogenase (LDH) in WT and Tg
mice. All mice were 4 to 24 weeks old. n = 24
mice per group. E: Representative photographs
of 24-week-old WT and Tg mice. Tg mice were
smaller and appeared weak, compared with WT
mice, and frequently exhibited lordokyphosis.
Scale bar = 2 cm. F: Subcutaneous adipose tis-
sue and muscle mass in Tg mice (24 weeks of
age) were decreased. The thickness was mea-
sured as described under Materials and Meih-
ods. All mice were 24 weeks old. # = 6 mice per
group. Scale bar = 500 um. G: Representative
histological sections of skeletal muscle in WT
and Tg mice. Atrophy and degeneration of mus-
cle fibers appeared frequently in Tg mice older
than 24 weeks of age. Scale bar = 100 pm. H:
Cellular senescence in FCs from Tg mice. FCs
from WT and Tg mice were stained with senes-
cence-associated B-galactosidase solution. Posi-
tive cells were scored under light microscopy.
»n = 3 mice per group. Scale bar = 200 um. Data
are expressed as means = SD. *P < 0.01, **P <
0.001 versus WT (Student’s #test).
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tein and albumin levels were also similar (Figure 2D).
Aspartate transaminase and lactate dehydrogenase lev-
els were significantly increased in Tg mice (Figure 2D).
Tg mice younger than 12 weeks of age displayed no ap-
parent histological abnormality (see Supplemental Figure
S1 at http.//ajp.amjpathol.org). After 24 weeks of age, Tg
mice gradually became weak, and died without any gross
pathological changes such as cancer and cardiovascular
diseases (data not shown). They frequently exhibited lor-
dokyphosis (curvature of the spinal column) and a loss of
subcutanecus adipose tissue and skeletal muscle mass
(Figure 2, E and F). Microscopically, degeneration of skel-
etal muscle fibers was observed (Figure 2G). There were no
phenotypic differences between male and female Tg mice
(data not shown). Lordokyphosis and the loss of subcuta-
neous fat and skeletal muscle mass are prominent features
of aging. In addition, primary FCs from Tg mice showed
elevated levels of senescence-associated B-galactosidase,
compared with those from age-matched WT mice (Figure
2H). Thus, these results suggest that decreased chymot-
rypsin-like activity induces cellular senescence and leads to
a shortened life span and age-related phenotypes.

Accumulation of Polyubiquitinated and Oxidized
Proteins in Tg Mice

Proteasomes are responsible for the degradation of nor-
mal cellular proteins, as well as of abnormal proteins
such as misfolded and oxidized proteins. We therefore
investigated whether protein degradation by protea-
somes is impaired in Tg mice. First, we investigated
whether polyubiquitinated proteins are accumulated in
the tissue lysates from muscles of Tg mice. Polyubiquiti-
nated proteins were significantly increased in Tg mice
(Figure 3A). Immunohistochemical analysis showed ac-
cumulation of Ub-conjugated substrates in both the nu-
cleus and cytoplasm (Figure 3B). In addition, ag-
gresomes were observed in FCs from Tg mice (see
Supplemental Figure S2 at http.//ajp.amjpathol.org). Next,
using a protein array, we compared the expression of 725
proteins regulating cellular functions including apoptosis,
cell cycle, signal transduction, and stress responses be-
tween Tg and WT mice. Expression of several cellular
proteins was significantly altered in Tg mice (see Supple-
mental Table S1 at http://ajp.amjpathol.org). Notably, two
cellular proteins regulating cellular senescence and sur-
vival showed altered expression: RNase L was increased
more than twofold, and Bcl-xL was reduced more than
twofold in Tg mice. These findings were confirmed by
Western blot analysis (Figure 3C).

To examine whether the accumulated RNase L pro-
teins in Tg mice are polyubiquitinated, immunoprecipi-
tates with anti-RNase L Ab were analyzed by Western
blotting using anti-Ub Ab (Figure 3D). RNase L proteins in
Tg mice were polyubiquitinated, suggesting that the ac-
cumulation of RNase L proteins is due to decreased
protein degradation resulting from decreased protea-
somal activity. We tested the influence of proteasome
inhibition on the level of RNase L proteins by in vitro
experiments using the proteasome inhibitor bortezomib.

201

Animal Model of Proteasomal Hypofunction 967
AJP March 2012, Vol. 180, No. 3

>

500
400
300
200
100

Polyubiquitinated protein
(unit/1mg protein lysate)

16w

32w

- O

RNase L

N

BelxL

-

b

Fold increase

Bel-xL

400

500 ° T g8
Protein number = s
=10 =
H g§o°
2 2 04
S05 g
k3 X
w w Q.2
ok
0 0
WT Tg WT Tg
i
. P PS-341
1P: RNase L § M)
1B: ubiquitin 4 R
L Nase L
o
2 ab
1B: RNase L
F CawWT
4 = g
2
©
22 3] d
ge
[}
c o **%
@ E
S 14
oo
£
~0 T T
16w 32w

Figure 3. Accumulation of polyubiquitinated and oxidized proteins in Tg
mice. A: Polyubiquitinated proteins in the muscles of WT and Tg mice at 16
and 32 weeks. 7 = 4 mice per group. B: Immunochistochemical staining for
Ub in the muscles of 24-week-old WT and Tg mice. Staining patterns are
representative of four WT and four Tg mice. Scale bar = 100 pm. C: Altered
expression of cellular proteins in Tg mice. Expression levels of 725 proteins
extracted from skeletal muscles were compared between 24-week-old WT
and Tg mice. Proteins whose expression levels differed more than twofold
between WT and Tg mice are encircled. A comprehensive list of proteins
with altered expression is given in Supplemental Table S1 (available at
btip:/fajp.amjpathol.org). Altered expression of RNase L and Bcl-xL was
validated by Western blot analysis. Lanes 1, 2, and 3 represent individual
mice. The proteasome subunit a6 was used as an internal control. The
expression ratio of RNase L and Bcl-xL to a6 (right upper panel) was
determined by image analysis of the Western blotting data (right lower
panel). D: Polyubiquitinated RNase L is accumulated in Tg mice. Muscle
tissue extracts from 24-week-old WT and Tg mice were immunoprecipitated
(IP) with anti-RNase L Ab, followed by immunoblotting (IB) with anti-Ub Ab.
PolyUb-conjugated RNase L proteins typically appear as broad smears. E:
RNase L accumulates in FCs treated with bortezomib (PS-341). FCs from WT
mice were incubated in culture medium with 0, 5, 10, or 50 nmol/L of
bortezomib for 18 hours. After incubation, samples were subjected to West-
ermn blot analysis. F: Protein carbonyl concentrations in the muscles of WT
and Tg mice at 16 and 32 weeks. 7 = 6 mice per group. Data are expressed
as means * SD. *P < 0.05, *P < 0.01 versus WT (Student’s £test).

The degradation of RNase L was inhibited by bortezomib
in a concentration-dependent manner (Figure 3E). Be-
cause proteasomal activity decreases with age,®'" we
compared expression of Bcl-xL and RNase L between
young (16 weeks old) and aged (92 weeks old) WT mice.
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concentrations in WT and Tg mice fed a CD or HFD. Data were collected at the endpoint (22 weeks old). #» = 10 mice per group. H: Representative photographs
of HFD-fed WT and Tg mice. HFD-fed Tg mice were visibly more obese, and the deposition of subcutaneous and visceral fat was more pronounced, compared
with HFD-fed WT mice. Scale bar = 2 cm. Data are expressed as means * SD. *P < 0.05, **P < 0.001 (one-way analysis of variance with multiple comparisons

or post hoc testing).

Although expression of Bcl-xL was not significantly altered
in aged WT mice, expression of RNase L was increased in
aged WT mice, compared with young WT mice (see Sup-
plemental Figure S3 at http.//ajp.amjpathol.org).

We also measured protein carbonyl concentrations in
the muscle as indices of oxidized proteins. In Tg mice,
carbonylated proteins were increased (Figure 3F), indi-
cating accumulation of oxidatively damaged proteins.

Pronounced Obesity and Fat Accumulation in
HFD-Fed Tg Mice

Because proteasomal activity decreases with age, we
hypothesized that a decline in proteasomal chymotryp-
sin-like activity in vivo might be involved in the devel-
opment of age-related metabolic disorders. To test this
hypothesis, we fed Tg mice a HFD and analyzed pheno-
typic alterations. Dietary fat is an important environmental
factor promoting obesity, which in turn is critically in-
volved in the development of many metabolic disorders.
Administration of the HFD vyielded more weight gain,
compared with a CD, in both Tg and WT mice (Figure 4,
A and B). There was no difference in food intake between
WT and Tg mice fed a HFD (Figure 4C). Of note, when Tg
and WT mice were fed a HFD, the Tg mice gained more
weight than the WT mice (Figure 4D), and total blood
cholesterol levels increased more prominently in Tg than
in WT mice (Figure 4E). Serum leptin was also elevated in
both Tg and WT mice fed a HFD; however, the increase
was not significantly different between Tg and WT mice
(Figure 4F). There was no significant increase in the lev-
els of serum insulin (Figure 4G). Fasting serum glucose
levels were significantly increased in both WT and Tg mice
fed a HFD, compared with CD (P < 0.05); however, there
was no significant difference in glucose tolerance between
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WT and Tg mice fed a HFD or between WT and Tg mice fed
the CD (see Supplemental Figure S4 at http://ajp.amjpathol.
org). Consistent with more weight gain, HFD feeding in-
duced more prominent subcutaneous and visceral fat de-
position in Tg than in WT mice (Figure 4H).
Microscopically, marked hepatic steatosis was ob-
served in both Tg and WT mice; however, the pattern of
steatosis was different. Tg mice developed macrovesicu-
lar steatosis, whereas lipid droplets in WT mice were
predominantly microvesicular (Figure 5A). Tg mice accu-
mulated more lipids than WT mice, as measured by dig-
ital image analysis of Oil Red O-stained liver sections
(Figure 5B). Although there was no statistical difference,
triglyceride and cholesterol levels in the liver of HFD-fed Tg
mice were increased, compared with HFD-fed WT mice
(see Supplemental Figure S5 at http://ajp.amjpathol.org).
Because lipid-droplet-associated proteins, such as per-
ilipin, ADRP, and CIDE family proteins (CIDE A, CIDE B,
and Fsp27), are known to associate with intracellular lipid
droplets and to regulate their formation and metabo-
lism,?%2" we examined their expression in the liver of Tg
and WT mice. Among the proteins tested, expression of
ADRP was significantly elevated in Tg mice (Figure 5C).
To examine whether decreased proteasomal activity
promotes lipid accumulation, we performed in vitro exper-
iments using primary hepatocytes. When hepatocytes
isolated from WT mice were incubated in oleic acid-
containing medium (600 umol/L), Oil Red O-stained lipid
droplets were observed in hepatocytes (Figure 6A).
When the cells were treated with bortezomib, the amount
of lipid droplets was significantly increased and the size
of lipid droplets in the hepatocytes was enlarged (Figure
6, A and B). Expression of ADRP was elevated when the
cells were incubated with oleic acid and bortezomib (Fig-
ure 6C), with ADRP distributed around lipid droplets in
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Figure 5. Steatosis and fat accumulation in HFD-fed Tg mice. A: H&E staining
of liver sections from HFD-fed WT and Tg mice. Scale bars: 500 pm (left); 100
um (right). B: Oil Red O staining of liver sections from HFD-fed WT and Tg
mice. The amount of accumulated lipid in the liver of HFD-fed WT and Tg mice
was measured by digital image analysis. # = 10 mice per group. C: Expression
of lipid-droplet-associated proteins in Tg mice. Extracts from livers of 24-week-
old WT and Tg mice were immunoblotted with six different Abs. Lanes 1, 2, and
3 represent individual mice. » = 3 mice per group. ADRP, adipose differentia-
tion-related protein; CIDE A and B, cell death-inducing DNA fragmentation
factor45-like effector protein A and B; Fsp 27, fat-specific protein 27. The
expression ratio of ADRP to a6 was determined by image analysis of the Western
blotting data. Data are expressed as means * SD. **P < 0.001 (Student’s #test).

hepatocytes (see Supplemental Figure S6 at http://
ajp.amjpathol.org). These results indicate that decreased
proteasomal activity promotes lipid accumulation, sug-
gesting a possible mechanistic explanation for the obe-
sity and hepatic steatosis observed in Tg mice.

Pronounced Steatosis and Fat Accumulation in
HFD-Fed Aged WT Mice

Although the underlying molecular mechanism is poorly
understood, proteasomal activities are known to de-
crease with age.®"" We confirmed that hepatocytes from
aged WT mice indeed had decreased proteasomal chy-
motrypsin-like activity, compared with those from young
WT mice (Figure 7A). Tg mice showed significantly de-
creased chymotrypsin-like activity in comparison with
age-matched WT mice; after 60 weeks of age, the chy-
motrypsin-like activities in WT mice were similar to those
in Tg mice. To examine whether aged WT mice show
metabolic abnormalities similar to those observed in Tg
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mice, 76-week-old WT mice were challenged with a HFD
or CD. HFD feeding induced a significant increase in
body weight and blood cholesterol levels, compared with
CD feeding (Figure 7, B-D). Notably, a significant increase
in blood cholesterol levels was observed in HFD-fed aged
WT mice, but no significant increase was observed in HFD-
fed young WT mice (Figures 4E and 7D). When young and
aged mice were fed a HFD, aged mice gained more weight
than young mice (Figure 7E). Strikingly, like the Tg mice
(Figure 5, A and B), the HFD-fed aged mice developed
macrovesicular hepatic steatosis (Figure 7F) and accumu-
lated more lipids, compared with HFD-fed young mice (Fig-
ure 7G). In addition, ADRP expression was increased in
aged mice (Figure 7H). Thus, Tg and aged WT mice exhib-
ited similar metabolic abnormalities, and they both devel-
oped more pronounced obesity and hepatic steatosis than
young WT mice when challenged with a HFD.

Discussion

An age-related decrease in proteasomal activity has
been assumed to be involved in the aging process and
the development of age-related pathology.®8~'° To date,
however, evidence supporting this assumption has been
limited. In the present study, we generated for the first
time an animal model in which proteasomal chymotryp-
sin-like activity is reduced. Mice with diminished chymot-
rypsin-like activity accumulated ubiquitinated as well as
oxidized proteins (Figure 3), and their life span was short-
ened, with evidence of cellular senescence (Figure 2).
They exhibited lordokyphosis and a loss of subcutaneous
adipose tissue and skeletal muscle mass (Figure 2), both
prominent features of normal aging. Importantly, these
mice showed metabolic. abnormalities typically seen in
aged mice; they were susceptible to HFD-induced obe-
sity and hepatic steatosis, and had elevated levels of
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Figure 6. Decreased proteasomal chymotrypsin-like activity and lipid accu-
mulation in hepatocytes. Hepatocytes from WT mice were incubated in oleic
acid-containing medium (600 pmol/L) with or without 100 nmol/L bort-
ezomib (PS-341) for 48 hours, and subjected to Oil Red O staining and
Western blot analysis. A: Representative photomicrographs of Oil Red O
staining of hepatocytes. Scale bar = 50 wm. B: Lipids in hepatocytes were
measured by digital image analysis. Data were corrected by cell numbers.
n = 10 experiments/group. C: ADRP measured in hepatocytes treated with
oleic acid and bortezomib. Data are expressed as means * SD. *P < 0.05
(Student’s rtest).



970 Tomaru et al
AJP March 2012, Vol. 180, No. 3

B
9]
O
O
m

-
(]

25 400

o kL —_
§° 8% E 300
8 C g1 2 g4
2 = £ i<
8 2 5 % 10 B 200 £
£, B 3 5 2 812
£ 2 o 2 100
= O WT HFD 5 10
0 u T T T J -5 0 -
16w 30w 60w 120w 30w 76 80 84 88 92 CD  HFD CD  HFD young aged
WT Tg Age (weeks)
80 1.5
x dk
= 60 2
2 g 1.0
o o
S 40 2
z 8 05
<

ol
young aged 16w 60w

Figure 7. Steatosis and fat accumulation in HFD-fed aged WT mice. A: Proteasomal chymotrypsin-like activity in hepatocytes from WT and Tg mice. Isolated
hepatocytes were subjected to luminescent assays using a specific lJuminogenic proteasome substrate, Suc-LLVY-aminoluciferin. The number of viable cells was
measured by ATP assays using the luciferase reaction. Data are expressed as a Suc-LLVY luminescence/ATP luminescence ratio. n = 4, 5, or 6 mice per group.
B: Body weight of aged CD- or HFD-fed WT mice. # = 4 or 5 mice per data point. C: Weight gain in CD- or HFD-fed WT mice between starting point (76 weeks
old) and the endpoint (92 weeks old). #n = 4 or 5 mice per group. D: Total blood cholesterol concentration (mg/mL) in CD- or HFD-fed WT mice. Data were
measured at the endpoint (92 weeks old). 7 = 4 or 5 mice per group. E: Weight gain in young (22 weeks old) and aged (92 weeks old) WT mice after HFD feeding.
Fold increase in body weight was calculated by dividing the body weight of HFD-fed mice by that of CD-fed mice. F: H&E and Oil Red O staining of liver sections
from HFD-fed aged WT mice. Scale bars: 100 um. G: Lipid accumulation in the liver of HFD-fed young (22 weeks old) and aged (92 weeks old) WT mice. n =
4 to 10 mice per group. H: Expression of ADRP in aged WT mice. Liver extracts from young (16 weeks old) and aged (60 weeks old) WT mice were immunoblotted
with ADRP Ab (left panel). Lanes 1, 2, and 3 represent individual mice. The expression ratio of ADRP to proteasome subunit a6 was calculated (right paneD.
n = 3 mice per group. Data are expressed as means * SD. *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s #test).

ADRP (Figures 4, 5, and 7). Thus, our results suggest that specificity of the proteasome may be altered by the in-

decreased proteasomal activity accelerates the aging corporation of the g5t subunit. Bel-xL is transcriptionally
process and promotes the development of age-related regulated by NF-«B, and activation and nuclear fransio-
pathology. cation of NF-kB are dependent on the degradation of
Ub-conjugated substrates are known to accumulate in inhibitory-kB (IkB) by proteasomes.®® Incorporation of
most aged tissues because of decreased removal by B5t may, for example, alter the substrate specificity of the
proteasomes.?#2* However, little is known about the proteasome so that 1kB becomes more resistant to pro-
identity of specific substrate proteins that accumulate in teasomal degradation. Because altered substrate spec-
the tissue of aged individuals. In the present study, using ificity of the proteasome should affect degradation of
protein arrays we identified several proteins whose ex- many other proteins, it may make a large contribution to
pression differed significantly between Tg and WT mice the phenotypes of Tg mice, along with decreased chy-
(Figure 3C and see Supplemental Table S1 at http:// motrypsin-like activity. In addition to RNase L and Bcl-xL,
ajp.amjpathol.org). RNase L, whose expression was in- we identified several proteins that were differentially ex-
creased, is an effector molecule of the 2-5A system, a pressed in Tg and WT mice, but with no known functions
major enzymatic pathway regulated by interferons.?*2° in cellular senescence (see Supplemental Table S1 at
RNase L expression is increased in an age-dependent http://ajp.amjpathol.org). Further studies of these proteins
manner, and its ectopic expression induces a senescent may provide new insights into the regulation of cellular
morphology and accelerated replicative senescence in senescence.
cultured cells.?32® Furthermore, RNase L knockout mice In addition to Ub-conjugated proteins, Tg mice accu-
survive longer than RNase L WT mice.?” On the other mulated oxidized proteins (Figure 3F). Oxidatively dam-
hand, Bcl-xL, whose expression was decreased in Tg aged proteins, which are normally removed by protea-
mice, is an antiapoptotic protein that plays a central role somes,3°3" are widely believed to contribute to the aging
in cell survival; it inhibits senescence induction in cul- process.®32 Thus, the accumulation of oxidatively dam-
tured cells by preventing generation of reactive oxygen aged proteins presumably constitutes an additional fac-
species.?® Thus, elevated expression of RNase L and tor contributing to the age-related phenotype in Tg mice.
decreased expression of Bcl-xL may be involved in the Many human diseases are age-related, and aging is
development of age-related phenotypes in Tg mice. known to increase the prevalence of metabolic disorders.
As in Tg mice, expression of RNase L was elevated in Metabolic syndrome occurs more frequently in the el-
aged WT mice. In contrast, Bcl-xL expression was not derly, and intake of high dietary fat has been shown to
significantly altered in aged mice (see Supplemental Fig- induce more fat accumulation in aged than in young
ure S3 at http.//ajp.amjpathol.org) whereas it was reduced individuals.33%® It has been assumed that altered phys-
in Tg mice. This discordance may be explained if reduc- ical activity and systemic metabolism, such as a reduc-
tion in proteasomal activity is more persistent and pro- tion in systemic energy expenditure, are major risk fac-
found in Tg than in aged WT mice. Alternatively, substrate tors for the development of metabolic disorders such as
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obesity, hyperlipidemia, and liver steatosis. With the
present study, we have provided in vivo and in vitro evi-
dence linking decreased proteasomal activity and lipid
accumulation. Our data suggest that, in addition to the
aforementioned risk factors, an age-related decline in
proteasomal activity is involved in the development of
age-related metabolic disorders. Remarkably, HFD-fed
aged WT mice developed more pronounced obesity and
hepatic steatosis than young WT mice (Figure 7), sug-
gesting that the metabolic abnormalities in Tg mice mimic
those in aged mice. Specifically, ADRP expression was
increased in the liver of both Tg and aged WT mice.
ADRP is a constitutively expressed, lipid-droplet-associ-
ated protein that is rapidly degraded by proteasomes in
the absence of lipids.3”° Its abundance is directly pro-
portional to the amount of intracellular lipids, and its ex-
pression is increased in human diseases involving fat
accumulation, such as hepatic steatosis.*®*' Thus, up-
regulated expression of ADRP may in part account for the
pronounced HFD-induced obesity and hepatic steatosis
observed in Tg and aged WT mice.

In conclusion, the newly developed Tg model de-
scribed here enabled us to address the in vivo signifi-
cance of proteasomal chymotrypsin-like activity for the
first time. Our results suggest that an age-related decline
in proteasomal activity has an important role in the patho-
genesis of age-related metabolic disorders and possibly
in age-related disorders in general. Future studies are
needed to address the molecular mechanisms underly-
ing an age-related decrease in proteasomal activity and
to identify specific substrate proteins, the altered expres-
sion of which is involved in the development of age-
related diseases. Such studies may provide a new ap-
proach to the prevention and treatment of age-related
diseases.
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Abstract: Human T-lymphotropic virus type 1 (HTLV-1) is a retrovirus that is the
causative agent of adult T cell leukemia/lymphoma (ATL) and associated with multiorgan
mnflammatory disorders, including HTLV-1-associated myelopathy/tropical spastic
paraparesis (HAM/TSP) and uveitis. HTLV-1-infected T cells have been hypothesized to
contribute to the development of these disorders, although the precise mechanisms are not
well understood. HTLV-1 primarily infects CD4" T helper (Th) cells that play a central
role in adaptive immune responses. Based on their functions, patterns of cytokine
secretion, and expression of specific transcription factors and chemokine receptors, Th
cells that are differentiated from naive CD4" T cells are classified into four major lineages:
Thl, Th2, Thl7, and T regulatory (Treg) cells. The CD4"CD25"CCR4" T cell population,
which consists primarily of suppressive T cell subsets, such as the Treg and Th2 subsets in
healthy individuals, is the predominant viral reservoir of HTLV-1 in both ATL and
HAM/TSP patients. Interestingly, CD4 CD25"CCR4" T cells become Thl-like cells in
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HAM/TSP patients, as evidenced by their overproduction of IFN-vy, suggesting that HTLV-1
may intracellularly induce T cell plasticity from Treg to IFN-y" T cells. This review
examines the recent research into the association between HTLV-1 and Treg cells that has
greatly enhanced understanding of the pathogenic mechanisms underlying immune
dysregulation in HTLV-1-associated neuroinflammatory disease.

Keywords: HTLV-1; HAM/TSP; ATL; CD4'CD25"CCR4" T cell; regulatory T cell;
exFoxp3" cell; inflammation; immune-dysfunction

1. Introduction

Human T-lymphotropic virus type 1 (HTLV-1) is a retrovirus associated with chronic, persistent
infection of human T cells. HTLV-1 infection is endemic in Japan, the Caribbean, and part of South
America, Africa, the Middle East, and Melanesia [1]. Studies conducted in HTLV-1 endemic areas
have demonstrated that HTLV-1 infection is associated with a variety of human diseases, including
an aggressive mature T cell malignancy termed adult T-cell leukemia (ATL) [2], which is defined
as neoplastic growth of HTLV-1-infected T cells. HTLV-1 is also associated with non-neoplastic
inflammatory conditions such as HTLV-1-associated myelopathy/tropical spastic paraparesis
(HAM/TSP) [3,4], uveitis [5], Sjogren syndrome [6], bronchoalveolitis, arthritis [7], and polymyositis 8],
where high tissue concentrations of HTLV-1 infected T lymphocytes have been observed. Importantly,
some patients have more than one of these HTLV-1-associated inflammatory conditions [9].

Although HTLV-1-associated disorders have been extensively studied, the exact mechanism by
which HTLV-1 induces these inflammatory conditions is not completely understood. The proviral load
of HTLV-1 may contribute to development of HTLV-1-associated inflammatory conditions, since the
number of HTLV-1-infected T cells circulating in the peripheral blood is higher in patients with
HAM/TSP than in asymptomatic HTLV-1-infected individuals [10,11], and is even higher in the
cerebrospinal fluid of patients with HAM/TSP [12]. In HAM/TSP patients, the proviral load correlates
with not only the percentage of activated CD4" T cells but also with that of HTLV-1-specific CD8"
cytotoxic T lymphocytes (CTLs) [11,13]. These HTLV-1-specific CTLs produce various cytokines,
such as IFN-y and TNF-a, that may suppress viral replication and kill infected cells and/or promote
bystander activation and killing of nearby resident cells in the central nervous system (CNS) [14-17].
In addition, increased viral expression, particularly of the transactivating viral gene encoding HTLV-1
Tax, has also been hypothesized to play a role in HTLV-1 disease progression [11,12]. Transgenic
mice expressing HTLV-1 Tax develop an inflammatory arthropathy [18], and transgenic rats
expressing HTLV-1 env-pX develop destructive arthropathy, Sjogren syndrome, vasculitis, and
polymyositis [19]. These findings support the hypothesis that HTLV-1 fax is one of the exogenous
retrovirus genes responsible for immune dysregulation.

HTLV-1 Tax is a transactivator/oncoprotein that has potent effects on infected T cells, including
activation of nuclear factor(NF)-xB [20] with subsequent enhancement of cell activation and
proliferation and expression of various cellular genes, such as IL-2 [21], the a-chain of the IL-2
receptor (IL-2Ra) [22], IL-15 [23], and IL-15Ra [24]. Such virus-induced intracellular activation may
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directly contributes to T cell activation and the ex vivo T cell proliferation observed in patients with
HAM/TSP [25]. These findings suggest that invasion by HTLV-1-infected T cells, together with viral
gene expression and cellular-signaling mechanisms, trigger a strong virus-specific immune response
and increased proinflammatory cytokine production, leading to CNS inflammation and autologous
tissue damage. However, the precise mechanisms underlying the induction of immune activation by
HTLV-1-infected T cells are not well understood.

2. HTLV-1 and Regulatory T Cells

The recent discovery of regulatory T cells (Treg cells) has generated new opportunities for and
increased interest in elucidating the above mentioned mechanisms. In healthy individuals, the Treg
cells, a subset of CD4"CD25" T cells, play a key role in maintaining immune system homeostasis by
suppressing the proliferation of and cytokine production by pathogenic T cells [26]. Although Treg
cells are phenotypically similar to activated T cells, they can be identified ex vivo by their intracellular
expression of the transcriptional regulator Foxp3 [27], which is critical in the development and
functioning of Treg cells in both mice and humans. Significant reductions in Foxp3 expression
and/or Treg cell function have been observed in patients with several types of human autoimmune
diseases [28], suggesting that defects in Foxp3 expression and/or Treg functioning may precipitate loss
of immunological tolerance. CD4+CD25+. T cells are also the predominant viral reservoir in the
peripheral blood of HTLV-1-infected individuals [29]. Recently, significant reductions in Foxp3
expression and Treg cell function have been observed in CD4'CD25" T cells from patients
with HAM/TSP [30-34]. Furthermore, decreased expression levels of CTL antigen-4 (CTLA-4), a
Treg-associated immune-suppressive molecule, and glucocorticoid-induced tumor necrosis factor
receptor-related protein (GITR) have also been observed on the CD4'CD25" T cells of HAM/TSP
patients [30,34]. Notably, overexpression of HTLV-1 Tax has been observed to reduce Foxp3
expression and inhibit the suppressive function of Treg cells in vitro [30]. Furthermore, because of a
Tax-induced defect in TGF-B signaling, Foxp3 expression was decreased and Treg functions were
impaired in patients with HAM/TSP [35]. Recently, significantly decreased numbers of
CD4'CD25 Foxp3™ Treg cells were observed in transgenic mice expressing HTLV-1 Tax that develop
an inflammatory arthropathy [36]. In addition, increased viral expression of the HTLV-1 bZIP factor
(HBZ) gene encoding the minus strand of HTLV-1 has also been suggested to play a role
in HTLV-1 disease progression [37], and CD4 Foxp3™ Treg cells in HBZ transgenic mice were
functionally impaired [38]. These findings indicate that HTLV-1-induced dysfunctioning of
CD4'CD25" Treg cells may be one of the mechanisms underlying the induction of immune activation
by HTLV-1-infected T cells.

In contrast to the decreased expression of Foxp3 in CD4'CD25" T cells observed in HAM/TSP
patients [30-34], most CD4'CD25" ATL cells have been shown to express Foxp3 in patients with
ATL [39,40]. Therefore, it has been hypothesized that ATL cells may be derived from Treg cells [41].
Interestingly, some ATL cells exhibit immunosuppressive functions similar to those of Treg cells,
which may contribute to clinically observed cellular immunodeficiency in ATL patients [41-43],
although some of these ATL cells lose this regulatory function [44].
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3. HTLV-1 and CD4"CD25"CCR4" T Cells

Although HTLV-1 has been reported to infect a number of cell types both in vitro and
in vivo [29,45-49], CD4" Th cells, which play a central role in adaptive immune responses, are the
predominant viral reservoir in the peripheral blood [50]. To understand the effects of HTLV-1
infection on the functioning of CD4" Th cells, it is necessary to discover if, and if so which of the Th
subpopulations is preferentially infected with HTLV-1. Based on their functions, patterns of cytokine
secretion, and expression of specific transcription factors and chemokine receptors, CD4™ Th cells,
which are differentiated from naive CD4" T cells, are classified into four major lineages: Thl, Th2,
Th17, and Treg cells (Figure 1).

Figure 1. T cell subsets of CD4" T helper cells. Th cells are differentiated from naive
CD4" T cells into 4 major lineages: Th1l, Th2, Th17, and T-regulatory (Treg) cells. Each
Th subset exhibits characteristic functions, patterns of cytokine secretion, and expression
of specific chemokine receptors.

CCR5
CXCR3

IFN-y
IL-12
IL-6
IL-23 A7
TGF-B
IL-4

The chemokine receptor CCR4 has recently been found to be expressed on HTLV-I-infected
leukemia cells in ATL patients [51]. Because CCR4 is known to be selectively expressed on Treg
and Th2 cells [51-53] (Figure 1) and because most ATL cells express high levels of Foxp3, it has
been hypothesized that ATL cells may be derived from Treg cells [41]. Although it has been
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demonstrated that CD4"'CD25" T cells in HAM/TSP patients exhibit reduced Foxp3 expression and
Treg suppression [30-33] and that HTLV-1-infected CD4" T cells in HAM/TSP patients produce Thl
cytokines (IFN-y) [16,30], it has also been observed that CCR4 selectively overexpresses on
HTLV-1-infected T cells in HAM/TSP patients [54]. Furthermore, the majority of CD4"CD25 CCR4"
T cells have been found to be infected with HTLV-1 and this T cell subset has increased numbers in
HAM/TSP patients [54]. Thus, CD4 'CD25'CCR4" T cells are a major reservoir of HTLV-1-infected T
cells, which are increased in numbers in both HAM/TSP and ATL patients.

4. HTLV-1 and Foxp3 CD4°CD25"CCR4" T Cells

Although CCR4 is known to be selectively expressed on Treg and Th2 cells in healthy individuals,
more detailed flow cytometric analysis of Foxp3 expression in CD4'CD25'CCR4" T cells of
HAM/TSP patients demonstrated that the frequency of the Foxp3™ population was greatly increased in
CD4'CD25"CCR4" T cells [54]. Moreover, analysis of proinflammatory cytokine expression in this
Foxp3 CD4'CD25"CCR4" T cell subset demonstrated that these cells uniquely produced multiple
proinflammatory cytokines such as IL-2, IL-17, and few IFN-y in healthy individuals while
Foxp3'CD4"CD25'CCR4" T cells (Treg cells) did not. Furthermore, it was demonstrated that
HAM/TSP patients had only few Foxp3'CD4'CD25'CCR4" T cells that did not produce such
cytokines [54]. The Foxp3 CD4'CD25'CCR4" T cells in HAM/TSP were greater in number and
overproduced IFN-y [54]. Further, the proportion of these IFN-y-producing Foxp3 CD4 CD25"CCR4"
T cells may have a functional consequence, since the presence of this subpopulation could be
correlated with disease activity and severity of HAM/TSP in vivo [54]. Thus, in a CD4"CD25 CCR4"
T cell population that mainly consists of suppressive T cell subsets such as Treg and Th2 under healthy
conditions, IFN-y-producing Foxp3 CD4'CD25'CCR4" T cells, rarely encountered in healthy
individuals, were increased in number and overproduced IFN-y in HAM/TSP patients (Figure 2). We
therefore propose to call this IFN-y Foxp3 CD4 CD25"CCR4" T cell subset Tuay cells. Interestingly,
increased numbers of F0xp3l°WCD4+CD25Jr memory T cells, which have cytokine secretion patterns
similar to those of Tyam cells, have recently been observed in patients with active systemic lupus
erythematosus (SLE) [55]. Therefore, it would be of interest to build on this finding by confirming
whether this newly defined unique T cell subset, which has been observed in both HAM/TSP and SLE
patients, is found in both these patient groups and can be functionally deregulated in other
immunological diseases.

Although most CD4'CD25"CCR4" T cells are infected with HTLV-1 in both HAM/TSP and
ATL patients [54,56], the ratio of Tmam cells (CCR4 Foxp3™ with IFN-y production) to Treg
cells (CCR4"Foxp3™ with no cytokine production) in the CD4'CD25'CCR4" T cell subset has
been found to be high in HAM/TSP patients but low in ATL patients [54]. This differential Tyam/Treg
ratio in HTLV-1-infected T cells may be associated with the differential immune responses observed
between HAM/TSP and ATL patients (Figure 3). ATL patients tend to have very low numbers
of Tax-specific CD8" T cells in peripheral blood mononuclear cells (PBMCs) and to develop
opportunistic infections [57,58], while HAM/TSP patients tend to have high numbers of Tax-specific
CD8" CTLs [11,12,14,59]. As CD4'CD25" T cells with high levels of Foxp3 expression have been
reported to have an immunosuppressive function in ATL patients [41-43], the increased number of
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CD4"CD25"CCR4" leukemia T cells with Treg functions observed in ATL patients may contribute
to their clinically observed cellular immunodeficiency. However, HAM/TSP patients show very
high cellular and humoral immune responses, such as high proportions of Tax-specific CD8" T cells,
as well as cytomegalovirus (CMV)-specific CD8" T cells in the PBMCs [14,33]; high antibody
titer to HTLV-1 [9]; and increased production of proinflammatory cytokines, such as IL-12 and
IFN-y [60]. It has been reported that CD4'CD25" T cells with low expression of Foxp3 [30]
and HTLV-1 Tax-expressing Foxp3™ Treg cells [61] extracted from HAM/TSP patients exhibit
defective immunosuppressive functioning. Moreover, it has been demonstrated that HTLV-1-infected
IEN-y-overproducing CD4"CD25 CCR4 Foxp3™ T cells (Tram cells) increase in number in HAM/TSP
patients, and their levels can be correlated with disease severity [54]. Thus, CD4'CD25'CCR4" T cells
with increased proinflammatory functioning, together with a defective Treg compartment [30-33,54],
may overcome the regulatory effect of HTLV-1-uninfected Treg cells [61] and at least partly account
for the heightened immune response observed in HAM/TSP patients. Collectively, these observations
support the hypothesis that an imbalance in the Tuam/Treg ratio in HTLV-l-infected
CD4"CD25"CCR4™ T cells is an important contributing factor in the immunological differences in host
immune response observed between HAM/TSP and ATL patients (Figure 3).

Figure 2. Cellular components of CD4°CD25"CCR4" T cells in healthy donors and
HAM/TSP patients. In healthy donors, the CD4'CD25"CCR4" T cell population
primarily consists of suppressive T cell subsets, such as Treg and Th2, whereas that of
HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) patients consists
of an increased number of IFN-y-producing Foxp3 CD4"CD25"CCR4" T cells (Tuam cells).
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