574 Kanno and Ishiura

Kokubo H, Lun Y, Johnson RL. 1999. Identification and expression of a
novel family of bHLH ¢DNAs related to Drosophila hairy and enhancer
of split. Biochem Biophys Res Commun 260:459-465.

Kokubo H, Miyagawa-Tomita S, Tomimatsu H, Nakashima Y,
Nakazawa M, Saga Y, Johnson RL. 2004. Targeted disruption of hesr2
results in atrioventricular valve anomalies that lead to heart dysfunction.
Circ Res 95:540-547.

Kokubo H, Miyagawa-Tomita S, Nakazawa M, Saga Y, Johnson RL.
2005. Mouse hesrl and hesr2 genes are redundantly required to mediate
Notch signaling in the developing cardiovascular system. Dev Biol
278:301-309.

Kokubo H, Tomita-Miyagawa S, Hamada Y, Saga Y. 2007. Hesr1 and
Hesr2 regulate atrioventricular boundary formation in the developing
heart through the repression of Tbx2. Development 134:747-755.

Kouzmenko AP, Pereira AM, Singh BS. 1997. Intronic sequences are
involved in neural targeting of human dopamine transporter gene
expression. Biochem Biophys Res Commun 240:807-811.

Krause KH, Dresel SH, Krause J, lIa Fougere C, Ackenheil M. 2003. The
dopamine transporter and neurcimaging in attention deficit hyper-
activity disorder. Neurosci Biobehav Rev 27:605-613.

Leimeister C, Externbrink A, Klamt B, Gessler M. 1999. Hey genes: a
novel subfamily of hairy- and Enhancer of split related genes specifically
expressed during mouse embryogenesis. Mech Dev 85:173-177.

Madras BK, Gracz LM, Fahey MA, Elmaleh D, Meltzer PC, Liang AY,
Stopa EG, Babich J, Fischman AJ. 1998. Altropane, a SPECT or PET
imaging probe for dopamine neurons: III. Human dopamine transporter
in postmortem normal and Parkinson’s diseased brain. Synapse 29:116~
127.

Martinez D, Gelernter J, Abi-Dargham A, van Dyck CH, Kegeles L,
Innis RB, Laruelle M. 2001. The variable number of tandem repeats
polymorphism of the dopamine transporter gene is not associated with
significant change in dopamine transporter phenotype in humans.
Neuropsychopharmacology 24:553-560.

Michelhaugh SK, Fiskerstrand C, Lovejoy E, Bannon M]J, Quinn JP.
2001. The dopamine transporter gene (SLC6A3) variable number of
tandem repeats domain enhances transcription in dopamine neurons.
J Neurochem 79:1033-1038.

Mill J, Asherson P, Browes C, D’souza U, Craig 1. 2002. Expression of
the dopamine transporter gene is regulated by the 3’ UTR VNTR:
evidence from brain and lymphocytes using quantitative RT-PCR. Am
J Med Genet B Neuropsychiatr Genet 114B:975-979.

Mill J, Asherson P, Craig I, D'souza UM. 2005. Transient expression
analysis of allelic variants of a VNTR in the dopamine transporter gene
(DATT). BMC Genet 6.

Miller GM, Madras BK. 2002. Polymorphisms in the 3'-untranslated
region of human and monkey dopamine transporter genes affect
reporter gene expression. Mol Psychiatry 7:44-55.

Missale C, Nash SR, Robinson SW, Jaber M, Caron MG. 1998. Dop-
amine receptors: From structure to function. Physiol Rev 78:189-225.
Muller-Vahl KR, Berding G, Brucke T, Kolbe H, Meyer GJ,
Hundeshagen H, Dengler R, Knapp WH, Emrich HM. 2000.
Dopamine transporter binding in Gilles de la Tourette syndrome.

J Neurol 247:514-520.

Nakagawa O, Nakagawa M, Richardson JA, Olson EN, Srivastava D.
1999. HRT1, HRT2, and HRT3: a new subclass of bHLH transcrip-
tion factors marking specific cardiac, somitic, and pharyngeal arch
segments. Dev Biol 216:72-84.

Nakagawa O, McFadden DG, Nakagawa M, Yanagisawa H, Hu TH,
Srivastava D, Olson EN. 2000. Members of the HRT family of basic
helix-loop-helix proteins act as transcriptional repressors downstream of
Notch signaling. Proc Natl Acad Sci U S A 97:13655-13660.

Nakamura Y, Koyama K, Matsushima M. 1998. VNTR (variable
number of tandem repeat) sequences as transcriptional, translational, or
functional regulators. ] Hum Genet 43:149-152.

Ohadi M, Shirazi E, Tehranidoosti M, Moghimi N, Keikhaee' MR,
Ehssani S, Aghajani A, Najrnabadi H. 2006. Attention-deficit/hyper-
activity disorder (ADHD) association with the DATT core promoter-67
T allele. Brain Res 1101:1-4.

Ohadi M, Keikhaee MR, Javanbakht A, Sargolzaece MR, Robabeh M,
Najmabadi H. 2007. Gender dimorphism in the DAT1-67 T-allele
homozygosity and predisposition to bipolar disorder. Brain Res
1144:142-145.

Roberts J, Scott AC, Howard MR, Breen G, Bubb V], Klenova E,
Quinn JP. 2007. Differential regulation of the serotonin transporter
gene by lithium is mediated by transcription factors, CCCTC
binding protein and Y-box binding protein 1, through the poly-
morphic intron 2 variable number tandem repeat. ] Neurosci
27:2793-2801.

Sacchetti P, Brownschidle LA, Granneman GJ, Bannon MJ. 1999.
Characterization of the 5'-flanking region of the human dopamine
transporter gene. Brain Res Mol Brain Res 74:167-174.

Sakamoto M, Hirata H, Ohtsuka T, Bessho Y, Kageyama R. 2003. The
basic helix-loop-helix genes Hesr1/Heyl and Hesr2/Hey2 regulate
maintenance of neural precursor cells in the brain. J Biol Chem
278:44808-44815.

Sanchez-Capelo A, Colin P, Guibert B, Biguet NF, Mallet J. 2003.
Transforming growth factor beta 1 overexpression in the nigrostriatal
system increases the dopaminergic deficit of MPTP mice. Mol Cell
Neurosci 23:614-625.

Shibuya N, Kamata M, Suzuki A, Matsumoto Y, Goto K, Otani K.
2009. The-67 A/T promoter polymorphism in the dopamine trans-
porter gene affects personality traits of Japanese healthy females. Behav
Brain Res 203:23-26.

Shimada S, Kitayama S, Lin CL, Patel A, Nanthakumar E, Gregor P,
Kuhar M, Uhl G. 1991. Cloning and expression of a cocaine-sensi-
tive dopamine transporter complementary DNA. Science 254:576—
578.

Steidl C, Leimeister C, Klamt B, Maier M, Nanda I, Dixon M, Clarke
R, Schmid M, Gessler M. 2000. Characterization of the human and
mouse HEY1, HEY2, and HEYL genes: Cloning, mapping, and
mutation screening of a new bHLH gene family. Genomics 66:195—
203.

Stull ND, Jung JW, lacovitti L. 2001. Induction of a dopaminergic
phenotype in cultured striatal neurons by bone morphogenetic proteins.
Brain Res Dev Brain Res 130:91-98.

Takizawa T, Ochiai W, Nakashima K, Taga T. 2003. Enhanced gene
activation by Notch and BMP signaling cross-talk. Nucleic Acids Res
31:5723-5731.

Ueno S. 2003. Genetic polymorphisms of serotonin and dopamine trans-
porters in mental disorders. ] Med Invest 50:25-31.

Ueno S, Nakamura M, Mikami M, Kondoh K, Ishiguro H, Arinami T,
Komiyama T, Mitsushio H, Sano A, Tanabe H. 1999. Identification of
a novel polymorphism of the human dopamine transporter (DATI)
gene and the significant association with alcoholism. Mol Psychiatry
4:552-557.

Uhl GR. 2003. Dopamine transporter: Basic science and human variation
of a key molecule for dopaminergic function, locomotion, and parkin-
sonism. Mov Disord 18:571-S80.

Vandenbergh DJ, Persico AM, Hawkins AL, Griffin CA, Li X, Jabs
EW, Uhl GR. 1992. Human dopamine transporter gene (DATI)
maps to chromosome 5p15.3 and displays a VNTR. Genomics
14:1104-1106.

Vandenbergh DJ, Thompson MD, Cook EH, Bendahhou E,
Nguyen T, Krasowski MD, Zarrabian D, Comings D, Sellers
EM, Tyndale RF, George SR, O'Dowd BF, Uhl GR. 2000.
Human dopamine transporter gene: coding region conservation
among normal, Tourette’s disorder, alcohol dependence and

Journal of Neuroscience Research

—259—



HESRs Affect Gene Expression Via the DAT 3'-UTR 575

attention-deficit hyperactivity disorder populations. Mol Psychiatry ~Wang WL, Campos AH, Prince
5:283-292.

VanNess SH, Owens M], Kilts CD. 2005. The variable number of
tandem repeats element in DATI regulates in vitro dopamine trans-
porter density. BMC Genet 6.

Villaronga MA, Lavery DN, Bevan CL, Llanos S, Belandia B. 2010.

HEY1 Leu94Met gene polymorphism dramatically modifies its biologi-
cal functions. Oncogene 29:411-420.

CZ, Mou YS, Pollman M]J.

2002. Coordinate Notch3-hairy-related transcription factor pathway
regulation in response to arterial injury—mediator role of
platelet-derived  growth  factor and ERX. J Biol
277:23165-23171.

Zavadil J, Cermak L, Soto-Nieves N, Bottinger EP. 2004. Integration of
TGF-beta/Smad and Jagged1/Notch signalling in epithelial-to-mesen-
chymal transition. EMBO J 23:1155-1165.

Chem

Journal of Neuroscience Research

—260—



The FASEB Journal » Research Communication

An alternative metabolic pathway of amyloid precursor
protein C-terminal fragments via cathepsin B in a
human neuroglioma model

Masashi Asai,*"""* Sosuke Yagishita,"*> Nobuhisa Iwata,”S Takaomi C. Saido,’

Shoichi Ishiura,” and Kei Maruyama*

*Department of Pharmacology, Faculty of Medicine, Saitama Medical University, Saitama, Japan;
TLaboratory for Proteolytic Neuroscience, RIKEN Brain Science Institute, Saitama, Japan;
*Department of Life Sciences, Graduate School of Arts and Sciences, The University of Tokyo,
Tokyo, Japan; and SGraduate School of Biomedical Sciences, Nagasaki University, Nagasaki, Japan

ABSTRACT y-Secretase catalyzes the cleavage of the
intramembrane region of the Alzheimer amyloid pre-
cursor protein (APP), generating p3, amyloid-f peptide
(AB), and the APP intracellular domain (AICD). Al-
though a y-secretase inhibitor has been shown to cause
an accumulation of the APP C-terminal fragments
(CTFs) a and B and to decrease levels of p3 or AR and
AICD, we found that treatment with a lysosomotropic
weak base, such as chloroquine or ammonium chloride,
caused simultaneous accumulation of both CTFs and
AICD, suggesting that lysosomal proteases are also
involved in processing of APP. This observation was
reinforced by the results that cysteine protease inhibi-
tor E-64d and cathepsin B specific inhibitor CA-074Me
caused the accumulation of both CTFs and AICD with
no change in known secretase activities. y-Secretase
preferentially cleaved phosphorylated CTFs to produce
AB, but cathepsin B degraded CTFs regardless of
phosphorylation. Our results suggest that cathepsin B
plays novel roles in the metabolism of APP and that an
inhibition of APP phosphorylation is an attractive ther-
apeutic target for Alzheimer’s disease.—Asai, M.,
Yagishita, S., Iwata, N., Saido, T. C., Ishiura, S., Maruy-
ama, K. An alternative metabolic pathway of amyloid
precursor protein C-terminal fragments via cathepsin B
in a human neuroglioma model. FASEB J. 25,
3720-3730 (2011). www.fasebj.org
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AMYLOID PRECURSOR PROTEIN (APP) is a type I integral
membrane glycoprotein with a single membrane-span-
ning domain, a large ectoplasmic N-terminal region,
and a shorter cytoplasmic C-terminal region (1-3). An
understanding of APP metabolism is physiologically
and clinically important because APP is a stepwise
substrate for B- and +y-secretases in the production of
the neurotoxic amyloid-B peptide (AB; AB40 or AR42;
refs. 1-4). Thus, B- and v-secretase inhibitors are
pharmacological targets for the treatment or preven-
tion of Alzheimer’s disease (AD; refs. 4, 5).
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Proteolytic processing of APP has been extensively
studied, and two major processing pathways have been
described. Initially, a- or B-secretase cleaves APP to
produce a secreted N-terminal soluble extracellular
fragment of APP (sAPPa or sAPPB) and membrane-
bound C-terminal fragments of APP (CTFa or CTFB).
Sequentially, y-secretase catalyzes the intramembrane
proteolysis of CTFs to produce p3, AB, and APP intra-
cellular domain (AICD; refs. 1-4).

Numerous +vy-secretase inhibitors have been devel-
oped (2, 4, 5), and treatment with a y-secretase inhib-
itor causes accumulation of substrates, such as CTFs,
and suppression of the production of AR and AICD in
vivo or in vitro (6-9). This quantitative balance of CTFs,
AR, and AICD seems to be dependent on y-secretase,
which is an enzymatic multiprotein complex containing
presenilin (PS; either PS1 or PS2) as the active core.
However, it has been reported that both CTFs and
AICD simultaneously accumulated under treatment
with lysosomotropic weak bases, such as chloroquine or
ammonium chloride (NH,Cl; refs. 10, 11). It is highly
unlikely that alkalization of the endosome-lysosome
system causes y-secretase dysfunction because y-secre-
tase can cleave other substrates, such as Notch, and can
produce intracellular fragments in the presence of
these lysosomal inhibitors. In other words, the accumu-
lation of both products and substrates of y-secretase is
indicative of the presence of proteases other than
y-secretase for the processing of CTFs and AICD.

To identify CTF- and AICD-processing enzymes, we
analyzed APP metabolism using a pharmacological
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approach in a human neuroglioma model. We found
that cysteine protease inhibitor E-64d (12) and cathep-
sin B-specific inhibitor CA-074Me (12-15) could cause
the accumulation of both CTFs and AICD with no
change in a-, B, and y-secretase activities. Moreover, we
found that y-secretase prefers phosphorylated CTFs on
Thr668 (at a position corresponding to the APPgqs
isoform), whereas cathepsin B catalyzed degradation of
CTFs regardless of phosphorylation. Altogether, our
results suggest that cathepsin B plays novel roles in the
metabolism of the APP C-terminal region and that
inhibition of APP phosphorylation is an attractive ther-
apeutic target for AD.

MATERIALS AND METHODS
Reagents

CA-074 (also known as cathepsin B inhibitor IIl; [1-3-trans
(propylcarbamoyl) oxirane-2-carbonyl]-i-isoleucyl-L-proline),
CA-074Me (also known as cathepsin B inhibitor IV; [L-3-trans
(propylcarbamoyl) oxirane-2-carbonyl]-L-isoleucyl-L-proline
methyl ester), E-64d [(L-3-frans-ethoxycarbonyloxirane-2-
carbonyl)--leucine (3-methylbutyl) amide], lactacystine ([N
acetyl-S-{(2R,3S8,4R)-3-hydroxy-2-[ (15)-1-hydroxy-2-
methylpropyl]-4-methyl-5-oxo-2-pyrrolidinecarbonyl}-Lcysteine),
DAPT [also known as +y-secretase inhibitor IX; (8,5-
difluorophenylacetyl)-L-alanyl-L-2-phenylglycine tbutyl ester],
and L-685,458 (also known as <y-secretase inhibitor X;
[(2R4R,5S)-2-benzyl-5-(+butyloxycarbonylamino)-4-hydroxy-6-
phenylhexanoyl]-L-leucyl-L-phenylalanine amide) were pur-
chased from the Peptide Institute (Osaka, Japan). B-Secretase
inhibitor IV (MN-[(1S, 2R)-1-benzyl-3-(cyclopropylamino)-2-
hydroxypropyl]-5-[ methyl (methylsulfonyl)amino-N'-[ (1R)-1-
phenylethyl]isophthalamide), compound E (also known as
y-secretase inhibitor XXI; (S$,5)-2-[2-(3,5-difluorophenyl)-
acetylamino]-N-(1-methyl-2-oxo-5-phenyl-2,3-dihydro-1H-
benzo[e] [1,4]diazepin-3-yl)-propionamide), and cathepsin G
inhibitor 1 ([2-[3-[(1-benzoylpiperidin-4-yl}-methylcarbamoyl]
naphthalen-2-yl]-1-naphthalen-1-yl-2-oxoethyl ] phosphonic acid)
were purchased from Merck KGaA (Darmstadt, Germany).
Pepstatin A, chloroquine, and NH,Cl were obtained from
Sigma-Aldrich Co. (St. Louis, MO, USA). Chloroquine was
dissolved in sterilized PBS, and all other powdered reagents were
dissolved in sterilized dimethyl sulfoxide (DMSO) and added
into the cell culture medium to yield 0.2% DMSO as a final
concentration.

Cell culture

A murine neuroblastoma Neuro2a (N2a) cell line (mNotch®E-
N2a cells) stably expressing both mouse Notch-deleted extra-
cellular domain with myc tag (mNotch®®) and enhanced
green fluorescent protein (16), a human neuroglioma H4
cell line stably expressing human APPg,; with the Swedish
mutation (APPy, -H4 cells) (17) or stably expressing human
APPqy5 with the Swedish mutation and a point mutation at a
phosphorylation site [Thr to Ala on 668 (APP,,; numbering);
APPy; ra-H4 cells], and mouse embryonic fibroblast cells
with deficiencies of both PSI and PS2 genes (PSI™/"PS27/~
cells) (18) were cultured in DMEM (Invitrogen, Carlsbad,
CA, USA) at 37°C in 5% CO,. The DMEM was supplemented
with 10% FBS (Invitrogen), 100 U/ml penicillin, and 100
pg/ml streptomycin (Invitrogen). In addition, G418 (Merck)
was supplemented for mNotch®*-N2a cells (160 pg/ml) and

CATHEPSIN B DEGRADES APP C-TERMINAL FRAGMENTS

PSI7/7PS27/ cells (200 pg/ml), and hygromycin B (Wako
Pure Chemicals Industries, Osaka, Japan) was supplemented
for APPy,; -H4 cells (150 pg/ml) and APPy; 1,-H4 cells (225
pg/ml). After passage by trypsinization, cells were grown for
24-36 h and then treated with reagents: CA-074Me (0.1, 1, or
10 uM), pepstatin A (10 uM), cathepsin G inhibitor I (10
wM), E-64d (10 uM), compound E (1 pM), DAPT (1 pM),
1-685,458 (1 wM), B-secretase inhibitor IV (1 uM), lactacystin
(I pM), chloroquine (1 pM), or NH,Cl (1 mM), for the
indicated time.

Sample preparation for Western blot analysis

Cells treated with reagents were harvested and lysed in a
buffer containing 10 mM HEPES (pH 7.4), 150 mM NaCl,
0.5% Triton X-100, and protease inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany) on ice. The cell lysate was
freeze-thawed at three 20-min intervals and centrifuged at
13,000 g for 15 min at 4°C. The supernatant protein
concentrations were determined using a BCA protein assay
kit (Pierce Biotechnology, Rockford, IL, USA). sAPP se-
creted into the conditioned medium was precipitated with
heparin agarose resin (Pierce Biotechnology), as described
previously (16).

Western blot analysis

Equal amounts of proteins from the cell lysates or sAPP
collected from the equal volumes of the conditioned medium
were subjected to SDS-PAGE, and proteins in the gels were
transferred to PVDF membranes (Hybond-P; GE Healthcare,
Little Chalfont, UK) or nitrocellulose transfer membranes
(Protran; Whatman, Dassel, Germany). The membranes were
probed with an appropriate primary antibody and then
reacted with an appropriate secondary antibody, specifically
horseradish peroxidase-conjugated anti-mouse or anti-rabbit
IgG (GE Healthcare). The protein band was visualized using
an enhanced chemiluminescence (ECL) detection method
(GE Healthcare), and band intensity was analyzed with a
densitometer (LAS-4000; GE Healthcare), using Science Lab-
oratory 2001 Image Gauge software (GE Healthcare).

Monoclonal antibody 2B3 (Immuno-Biological Laborato-
ries, Gunma, Japan), which recognizes amino acid residues at
the C terminus of human sAPP«, was used at a concentration
of 2 pg/ml to detect sAPPa (anti-sAPPo antibody). Polyclonal
anti-sAPPB,; antibody was used at a concentration of 1:1000
to detect sSAPPBy; (APP with Swedish mutation), as described
previously (17). Monoclonal antibody 82E1 (Immuno-Biolog-
ical Laboratories), which recognizes amino acid residues 1-16
of the human AB sequence, was used at a concentration of 1
pg/ml to detect AR (anti-AP antibody). Polyclonal anti-APP
antibody (catalog no. A8717; Sigma-Aldrich), which recog-
nizes amino acid residues 676—695 at the C terminus of the
APPg,; isoform, was used at a concentration of 1:15,000 to
detect full-length APP (FL-APP), CTFs, and AICD (anti-APP
antibody). Polyclonal anti-phosphorylated APP antibody (Cell
Signaling Technology, Danvers, MA, USA), which recognizes
the phosphorylation of Thr668, was used at a concentration
of 1:1000. Monoclonal antibody AC-74 (Sigma-Aldrich),
which recognizes amino acid residues at the N-terminal end
of B-actin, was used at a concentration of 1:5000. Monoclonal
antibody 9B11 (Cell Signaling Technology), which recognizes
the myc epitope tag corresponding to amino acid residues
410-419 of human c-Myc, was used at a concentration of
1:1000.

Cell-free assay
The microsomal fraction was isolated from APP; -H4 cells, as

described previously (8). Briefly, harvested APP,-H4 cells
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were homogenized in buffer A (20 mM PIPES, pH 7.0; 140
mM KCl; 0.25 M sucrose; and 5 mM EGTA), and the
homogenates were then centrifuged at 800 g for 10 min to
remove nuclei and cell debris. The resultant supernatants
were centrifuged at 100,000 g for 1 h. The pellets were
suspended in buffer A and centrifuged again. The resultant
pellets were suspended in buffer A containing various pro-
tease inhibitors, including 50 wM diisopropyl fluorophos-
phate (Wako), 50 pM phenylmethylsulfonyl fluoride (Sigma-
Aldrich), 0.1 pg/ml N*p-tosyl-i-lysine chloromethyl ketone
(Sigma-Aldrich), 0.1 wg/ml antipain (Peptide Institute), 0.1
ug/ml leupeptin (Peptide Institute), 100 uM EGTA (Wako),
1 mM thiorphan (Sigma-Aldrich), and 5 mM phenanthroline
(Nacalai Tesque, Kyoto, Japan), for a final concentration of
2.5 mg protein/ml. The mixtures were incubated at 37°C for
1 h with CA-074, CA-074Me, or L-685,458. The reaction was
terminated using a solution of chloroform:methanol (2:1).
After extracting lipids with chloroform:methanol:water solu-
tion (1:2:0.8), the protein fractions were separated on con-
ventional 16.5% Tris/Tricine gels to detect AR or AICD
product by Western blot analysis.

In vitro degradation assay

In vitro cleavage of AICD was performed in 30 pl of 100 mM
sodium acetate buffer (pH 5.5), containing 1 mM EDTA and
8 mM cysteine with or without synthetic AICD (Merck).
Various amounts of purified cathepsin B from human liver
(Merck) were added with or without 1 uwM CA-074. The
mixtures were incubated at 37°C for the indicated time, and
sample buffer was then added to stop the reaction. The
products were analyzed by Western blotting conventional
16.5% Tris/Tricine gels with an anti-APP antibody.

Statistical analysis

All values are expressed as means * sE. For comparisons of 2
groups, a 2-tailed Student’s ¢ test was used. For comparisons
among >3 groups, a Dunnett’s or Student-Newman-Keul
multiple comparison test was used. Differences were consid-
ered significant at values of P < 0.05.

RESULTS

Cathepsin B inhibitors, CA-074Me and E-64d, lead to
the accumulation of CTFs and AICD with no change
in o- and fB-secretase activities

Weak bases, such as chloroquine or NH,Cl, alkalize the
intracellular pH of acidic compartments (19, 20). If
there are proteases responsible for the degradation of
CTFs and AICD other than +y-secretase, we should be
able to detect the accumulation of CTFs by treatment
with chloroquine or NH,Cl in <y-secretase-deficient
cells. To verify this hypothesis, we treated PSI™/~
PS27/~ cells and APPy;-H4 cells with chloroquine or
NH,CI (Fig. 14, B). After chloroquine or NH,CI treat-
ment, accumulation of CTFa was observed in PSI™/~
PS27/" cells (Fig. 1A). We were unable to detect CTFB,
which is derived from endogenous APP, likely due to
the low B-secretase activity in these cells (Fig. 1A4). In
chloroquine- or NH,Cl-treated APPy;-H4 cells, we also
observed accumulation of both CTFa and AICD with
no change in FL-APP (Fig. 1B). Conversely, treatment
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with the <y-secretase inhibitor 1-685,458 produced a
significant accumulation of CTFs and lower production
of AICD in APPy;-H4 cells (Fig. 1B).

To address whether the cathepsin family is involved
in degrading CTFs and AICD, we treated APPy;-H4
cells with representative cathepsin inhibitors (Fig. 1C,
D). Cathepsins B, D, and G are cysteine, aspartyl, and
serine proteases, respectively. E-64d generally inhibits
cysteine proteases. Western blot analysis showed that
CTFa, CTFB, and AICD did not significantly accumu-
late in the presence of inhibitors for cathepsins G and
D (cathepsin G inhibitor I and pepstatin A, respec-
tively), but E-64d and the cathepsin B-specific inhibitor
CA-074Me markedly increased accumulation of CTFa,
CTFB, and AICD (Fig. 1C). In addition, treatment with
the proteasome inhibitor lactacystin exerted no signif-
icant influence on the levels of CTFa, CTFB, and AICD
production (Fig. 1C). It has been reported that cathep-
sin B prefers wild-type APP (APPy) to APPy (12).
Although CA-074Me treatment led to significant accu-
mulation of CTFa, CTFB, and AICD in stably APPy1-
overexpressing H4 cells (APPyy-H4 cells), this efficacy
in APPy-H4 cells was less than that observed in
APPy;-H4 cells (Supplemental Fig. S1).

If CA-074Me causes up-regulation of both a- and
B-secretase activities, CTFa and CTFB might simultane-
ously accumulate in cells. To evaluate the effects of
CA-074Me on o- and B-secretase activities, sAPPa and
sAPPB levels were assessed in the conditioned medium
from APPy;-H4 cells treated with CA-074Me (Fig. 1E,
F). No change in either sAPPa or sAPPB levels was
observed (Fig. 1F). Therefore, we concluded that cys-
teine protease cathepsin B was a major CTF- and
AICD-degrading enzyme with no effect on a- and
B-secretase activities.

Time course and dose dependency of the
accumulation of CTFs and AICD via cathepsin B
inhibition

To accurately assess the drug efficacy of CA-074Me, we
performed time-course and dose-dependency analyses
in APPy;-H4 cells (Fig. 2). Time-course analysis re-
vealed that CA-074Me treatment for 6 h or longer
resulted in the gradual accumulation of CTFa, CTFB,
and AICD, as compared to 0 h of treatment (Fig. 24, B).
The effect of CA-074Me was observed to differ among
CTFa, CTFB, CTFs, and AICD. The accumulation of
CTFa, CTFB, and CTFs reached a peak at 12 h; in
contrast, an accumulation of AICD showed a mono-
tonic increase over a 0- to 24-h period (Fig. 24, B).
Dose-dependency analysis demonstrated that inhibition
of cathepsin B by CA-074Me at 1 M or more led to a
significant accumulation of CTFa, CTFB, CTFs, and
AICD (Fig. 2C, D).

CA-074 and CA-074Me have no inhibitory effect on
y-secretase activity of the presenilin complex

Several drugs have been reported to inhibit or modulate
y-secretase activity, and nonsteroidal anti-inflammatory
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A) Representative Western blots show the effect of treatment with chloroquine (1 pM), ammonium chloride (1 mM), or 1-685,458
(1 pM) for 24 h on FL-APP, and CTFa levels in PSI™/~ PS2™/~ cells. FL-APP and CTFa were detected with A8717; B-actin was detected
with AG-74. B) Representative Western blots show the effect of treatment with chloroquine (1 pM), ammonium chloride (1 mM), or
1-685,458 (1 pM) for 24 h on FL-APP, CTFa, CTFB, and AICD levels in APP;-H4 cells. FL-APP, CTFa, CTFB, and AICD were
detected with A8717; B-actin was detected with AC-74. C) Amounts of FL-APP, CTFo, CTFB, and AICD in the cell lysates of APP,, -H4
cells treated with cathepsin inhibitors [B, CA-074Me (10 uM); D, pepstatin A (10 uM); G, cathepsin G inhibitor I (10 pM)], E-64d
(10 pM), or lactacystin (1 pM) for 24 h were measured by semiquantitative Western blot analysis. B-Actin was used as loading control
(A-C). D) Results of Western blot analysis shown in C. Data represent means * Sk of 5 experiments. *#P < 0.01: significandy different
from the vehicle-treated group. E) Amounts of sSAPPa or sAPP( in conditioned medium from APPy, -H4 cells treated with CA-074Me
(10 pM) or B-secretase inhibitor IV (1 pM; as a positive control) for 24 h were measured by semiquantitative Western blot analysis
with 2B3 or anti-sAPPB antibody, respectively. ) Results of Western blot analysis shown in E. Data represent means * S of 4
experiments. *P < 0.05, **P < (.01 vs. vehicle-treated group.

drugs (NSAIDs) are representative y-secretase modulators bottom band of AB), and new AP was processed from

that lower AB42 production and increase AB38 produc-
tion. To elucidate the effects of CA-074Me on y-secretase
activity, we examined whether CA-074Me has a direct
effect on vy-secretase activity (Fig. 3). We prepared a total
cell membrane fraction of APPy, -H4 cells and incubated
this fraction with 1-685,458, CA-074Me, or CA-074, which
is a nonmethyl esterified analog of CA-074Me. Western
blot analysis with anti-APP antibody showed that a y-secre-
tase inhibitor significantly suppressed production of
AICD (Fig. 34, lane 8; B). Treatment with cathepsin
B-specific inhibitors CA-074 or CA-074Me did not sup-
press <y-secretase activity in the membrane fraction, as
compared to treatment with vehicle (Fig. 34, lane 3 vs.
4-7; B). Similarly, Western blot analysis with the antibody
82E1 showed that both CA-074 and CA-074Me failed to
block production of AB (Fig. 3C, lane 3 vs. lanes 4-7, D).
However, 1-685,458 inhibited y-secretase activity, leading
to a decrease in AR levels, as compared to vehicle (Fig. 3C,
lane 8; D). A weak band (Fig. 3C, lane 8) is believed to be
AR preexisting in the membrane fraction (Fig. 3C, lane 2,

CATHEPSIN B DEGRADES APP C-TERMINAL FRAGMENTS

longer AB (Fig. 3C, lane 2, top band of AP). This
observation is consistent with a previous report that sug-
gests longer AB can be processed to shorter AB by
y-secretase in the presence of 1-685,458 without produc-
tion of AICD (21). These results clearly demonstrate that
the cathepsin B-specific inhibitors CA-074 and CA-074Me
did not significantly affect the activity of ysecretase.

Inhibition of cathepsin B has no inhibitory effect on
Notch processing

With a rare exception, all vy-secretase substrates are
membrane-associated stubs, which are type I mem-
brane proteins with ectodomain shedding. The intra-
cellular domain of several y-secretase substrates cleaved
by y-secretase translocates into the nucleus, and this
domain has been shown to activate transcription. To
assess the effect of CA-074Me on the processing of
Notch, another y-secretase substrate, we treated mNotch-
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N2a cells, which were stably overexpressing ectodomain
truncated mouse Notch®F, with CA-074Me or typical ysecre-
tase inhibitors (compound E, DAPT, and 1-685,458; Fig. 4).
Western blot analysis indicated that treatment with com-
pound E, DAPT, or 1-685,458 significantly inhibited Notch
processing, leading to a decrease in production of the Notch
intracellular domain (NICD), as compared to treatment
with vehicle. However, treatment with CA-074Me had no
significant effect on the production of NICD. From these
data, we conclude that cathepsin B, unlike APP, barely
influences regulated intramembrane proteolysis of Notch or
degradation of NICD.

Cathespin B is involved in the metabolism of CTFs
independently of y-secretase

Our results clearly suggest that cathepsin B and y-secre-
tase separately catalyze the proteolysis of CTFa and

Figure 4. Inhibition of cathepsin B has no inhibi-
tory effect on Notch processing. A) Amounts of
Notch fragments in the cell lysates of mNotch®*
N2a cells treated with CA-074Me (10 pM) or
y-secretase inhibitors (compound E, DAPT, and
1-685,458; 1 uM) for 24 h were measured by
semiquantitative Western blot analysis with anti-
myc antibody. Sample Western blots for mNotch*®
and NICD are shown. B-Actin was used as loading
control and detected with AC-74. B) Results of
Western blot analysis shown in A. Data represent
means * SE of 4 experiments. **P < 0.01 vs.
vehicle-treated group.

CTFB, based on the following observations: chloro-
quine and NH,Cl caused accumulation of CTFa in
PSI~/~pS2=/~ cells; inhibition of cathepsin B caused
accumulation of CTFs and AICD in APPy;-H4 cells;
and CA-074Me did not inhibit y-secretase activity in the
membrane fraction. To ascertain this conclusion, we
investigated the effect of a combination of CA-074Me
and +y-secretase inhibitor (compound E or 1.-685,458)
in APPy;-H4 cells (Fig. 54, B). Western blot analysis
demonstrated that CTFs significantly accumulated fol-
lowing treatment with CA-074Me alone, y-secretase
inhibitor alone, or both of these compounds. Com-
pound E is a peptidomimetic nontransition-state
y-secretase inhibitor, and 1-685,458 is a hydroethylene
dipeptide isostere-type transition-state analog. CA-
074Me caused additional accumulation of CTFs in the
presence of y-secretase inhibitor; however, there was no
difference in the level of extracellular AB, which is
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D Figure 5. Cathespin B is involved in the metabolism of CTFs independently of +y-secretase.
L] Vehicle A) Amounts of CTFs (CTFa and CTFB) in the cell lysates of APPy;-H4 cells treated with a
W CA-074Me y-secretase inhibitor (compound E or 1-685,458; 1 pM) in combination with CA-074Me (10 pM)
CTFa for 24 h were measured by semiquantitative Western blot analysis with A8717. B) Results of
150 * Western blot analysis shown in A. *P < 0.05, **P < 0.01 vs. CA-074Me-untreated group.
5 C) Amounts of total CTFa in the cell lysate of PSI™/~ PS27/~ cells treated with CA-074Me (10 uM)
‘E 100 for 24 h were measured by semiquantitative Western blot analysis with A8717. D) Results of
8 Western blot analysis shown in C. *P < 0.05 vs. vehicle-treated group. B-Actin was used as loading
%5 50 control and detected with AG-74 (A, C). Data represent means * Si of 4 experiments.
ES
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produced by y-secretase, in the presence or absence of
CA-074Me (Supplemental Fig. S2).

In addition, we treated y-secretase-deficient PSI1™/~
PS27/ cells with CA-074Me. Western blot analysis with
an anti-APP antibody showed that CTFa significantly
accumulated in PSI7/"PS2™/" cells following CA-
074Me treatment (Fig. 5C, D). From these results, we
concluded that cathespin B had no effect on the
production of CTFs from APP, and cathepsin B de-
grades CTFs independently of y-secretase.

Cathespin B degrades AICD in vitro

To examine whether AICD is directly degraded by
cathepsin B, we subjected synthetic AICD to increasing
quantities of purified cathepsin B for 60 min either in
the absence or presence of CA-074 (Fig. 6). AICD
degradation was assessed by Western blot using an
anti-APP antibody. AICD was efficiently degraded by
cathepsin B. This degradation by cathepsin B was
promptly abolished by CA-074.

Y-Secretase prefers to degrade phosphorylated APP,
whereas cathepsin B processes all APP substrates in
the same way

Our above results indicate that cathepsin B contributes
to the degradation of both CTFs and AICD indepen-
dently of y-secretase. We hypothesized that there was a
regulatory factor for proteolysis of CTFs by cathepsin B
or +y-secretase. A previous study demonstrated that
CTFs phosphorylated at Thr668 facilitate their own
processing by <y-secretase (22). We treated APPy,-H4
cells with CA-074Me, B-secretase inhibitor IV, or
1-685,458, and then assessed the levels of phosphory-
lated CTFs (pCTFs) and total CTFs containing phos-
phorylated and nonphosphorylated CTFs (npCTFs)
(Fig. 7A, B). We used CTFs containing CTFa and CTFB,

both of which are y-secretase substrates. In the case of
treatment with CA-074Me or B-secretase inhibitor IV,
the ratios of the accumulated pCTFs to total CTFs did
not show a significant difference. In contrast, the
y-secretase inhibitor 1-685,458 caused an increase in
this ratio. This significant increase in phosphorylated
CTFs means that treatment with 1-685,458, unlike
treatment with CA-074Me, caused the increased accu-
mulation of pCTFs over npCTFs.

To discern the difference between pCTFs and npCTFs
for ysecretase activity, we established a cell line that stably
overexpressed APP mutated at a phosphorylation site
(Thr to Ala on 668; APPy; 1o-H4 cells) and then com-
pared the accumulation rate of CTFs in APPy;-H4 cells
with that in APPy; 1,-H4 cells (Fig. 7C, D). Although
treatment with CA-074Me caused an increase in CTFs in
both APPy; -H4 cells and APPy, 1,-H4 cells as compared
to vehicle treatment in each cell, there was no significant
difference in the accumulation rate of CTFs between
APPy-H4 cells and APPy 14-H4 cells. In contrast, treat-
ment with 685,458 caused accumulation of CTFs in
both APPy; -H4 cells and APPy; ,-H4 cells as compared
to vehicle treatment in each cell, and the accumulation
rate of CTFs in APPy;-H4 cells was 4.5 times larger than
that in APPy; 1o-H4 cells. From these data, we could
conclude that cathepsin B catalyzed the proteolysis of
CTFs regardless of APP phosphorylation, whereas y-secre-
tase preferred pCTFs to npCTFs.

DISCUSSION

Cathepsin B, a well-characterized endosomal/lysosomal
cysteine protease in mammalian cells, plays major roles
in intracellular protein proteolysis (23, 24). Its specific
inhibitor CA-074Me is a membrane-permeable analog
of CA-074 that inhibits intracellular cathepsin B. CA-
074Me is widely used #n vivoand in vitro, although some
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Figure 6. Cathepsin B degrades AICD in vitro. A, C) Representative Western blots with
A8717 show effect of in vitro cleavage of AICD by increasing quantities of purified cathepsin
B (1, 5, 10, and 50 ng) for 60 min (A) and by a selected quantity of cathepsin B for
increasing reaction times (0, 15, 30, and 60 min; C). In vitro degradation assays were
performed in the presence or absence of 1 uM CA-074. Remaining amounts of AICD were
measured by semiquantitative Western blot analysis. B) Results of Western blot analysis
shown in A. #P < 0.05, #*P < 0.01 vs. no cathepsin B (60 min incubation) group. D) Results
of Western blot analysis shown in C. *P < 0.05, **P < 0.01 vs. 0 min incubation group;

#P < 0.01 vs. corresponding CA-074 group. Data represent means =+ SE of 3 experiments.
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studies suggest that CA-074Me deprives the specificity
of cathepsin B by methyl esterification, to distinguish
between inhibition of cathepsin B and that of other
cysteine proteases, such as cathepsins H, L, and cal-
pains (12-15). In the present study, we have demon-
strated that cathepsin B possesses two novel roles in the
metabolism of APP using a pharmacological approach
with CA-074Me. Although chloroquine or NH,Cl treat-
ment has been reported to cause accumulation of both
CTFs and AICD, which are a substrate and product of
v-secretase (11), CTFs have been recognized to be a
substrate of only vy-secretase (1-4). As shown here,
however, CTFs are also a substrate of cathepsin B;
cathepsin B degraded CTFs with or without Swedish
FAD mutation of APP independently of +y-secretase
(Figs. 1, 2, and 5 and Supplemental Fig. S1) but did not
affect Notch processing (Fig. 4). The key regulatory
factor to determine an alternative pathway of CTF
degradation in which cathepsin B or y-secretase may be
involved is phosphorylation at Thr668 of APP (Fig. 7).
In addition, cathepsin B is also involved in degradation
of AICD (Figs. 1, 2, and 6 and Supplemental Figs. S1
and S3).

The organelles in which cathepsin B degrades CTFs
and AICD are a critical issue. In the hippocampal CAl
pyramidal neurons in mice, cathepsin B is primarily
localized in the lysosomes and early endosomes (25). In
the lysosome, one model posits that a KFERQ-like motif
in APP, which is a specific pentapeptide lysosome-
targeting consensus sequence (26), is recognized by a
complex of chaperone proteins (including the heat
shock 73-kDa protein, Hsc73) and then targeted to the

CATHEPSIN B DEGRADES APP C-TERMINAL FRACGMENTS

lysosomal membrane for binding to LAMP2a, followed
by transportation into the lysosomal lumen for degra-
dation (27). Alternatively, Hsc73 binds to APP at an-
other site unrelated to KFERQ sequence (28). How-
ever, in the early endosome, it is also possible that
cathepsin B directly encounters CTFB and AICD, which
has been freshly produced, and degrades them. APP
interacts with B-secretase [B-site APP-cleaving enzyme
(BACE)] at the cell surface and then appears to be
internalized together into early endosomes, undergo-
ing B-cleavage (29), and PS also localizes in the early
endosome, generating AR and AICD (30). On the
other hand, because CTFa is thought to be produced
by a-secretase at the cell surface (31), CTFa might be
led to the lysosome by Hsc73, and thus be degraded by
cathepsin B. Cathepsin B-mediated degradation of
CTFa, CTFB, and AICD might occur in different sub-
cellular compartments and be regulated by different
signaling.

The mode of regulation of cathepsin B activity re-
mains unclear. Putative models include an endogenous
cysteine protease inhibitor cystatin C (32) and a feed-
back mechanism based on AICD. AICD is assumed to
function as a transcription activating factor for target-
ing APP, BACE, and neprilysin genes (33, 34). If gene
expression of APP and BACE is up-regulated by AICD,
AB levels should be increased. The major AB-degrading
enzyme neprilysin, which is also likely to be upregu-
lated, regulates levels of AB. AB42 activates cathepsin B
(25), and then cathepsin B degrades CTFs and AICD to
regulate transcription via AICD. An alternative name
for cathepsin B is APP secretase (APPS), and it has been
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suggested that cathepsin B is involved in proteolysis of
FL-APP. Although it was initially demonstrated that
cathepsin B has a-secretase-like activity through exper-
iments with an artificial substrate that mimicked the
a-secretase cleavage site (35), Hook et al. (14) showed
that cathepsin B functioned as a P-secretase in the
regulated secretory pathway against wild-type but not
the Swedish mutation of APP. Moreover, it has been
reported that cathepsin B has AB-degrading activity in
vivo and in wvitro, reducing the amount of amyloid
plaques in aged AD model mice by lentivirus-mediated
expression of cathepsin B (25). In the present study,
cathepsin B seems to have no a- or B-secretase activity,
and it may contribute to some AB degradation. How-
ever, cathepsin B is likely to be a multifunctional
enzyme for APP metabolism; further studies are needed
to establish its role in APP processing. First, for under-
standing the contribution of cathepsin B as B-secretase,
itis important to estimate a ratio between A present in
the regulated secretory pathway and A present in the
constitutive secretory pathway in normal or AD brain.
Second, from a different perspective, because treat-
ment with CA-074Me results in acute inhibition of
cathepsin B, there is no denying that a pharmacological
approach with CA-074Me results in a different outcome
than a genetic knockout experiment. As indicated
above, cathepsin B-deficient mice exhibit no obvious
phenotype, including the amounts of CTFs (25, 36);
however, it has been suggested that cathepsin L com-
pensates for the deficiency of cathepsin B. In this study,
the treatment with E-64d, which is a broad cysteine
protease inhibitor, caused accumulation of CTFa,
CTFB, and AICD. In cases in which CA-074Me loses the
specificity of cathepsin B, cathepsin L also might be
involved in degradation of CTFa, CTFB, and AICD.
Cathepsin B and L double-knockout mice are terminal
during the second to fourth week of life and show
neuronal loss (87). Although it has been reported that
cathepsin B produces CTFB in the regulated secretory
pathway (14, 38, 39), our study clearly showed that
cathepsin B degrades both CTFs and AICD. Since CTFs
themselves are toxic (40) and AICD transgenic mice
display age-dependent neurodegeneration (41), it may
not be advisable to inhibit cathepsin B activity to treat
AD, which may worsen rather than improve AD.
Protein phosphorylation, in particular, plays a signif-
icant role in a wide range of molecular and cellular
biology. Reversible phosphorylation of proteins is an
important regulatory mechanism that may influence
conformational changes in the structure, altered local-
ization, and enzymatic activity regulation. Phosphoryla-
tion of APP has been previously reported to induce a
conformational change in the cytoplasmic region to
alter interaction with Fe65, a neuronal-specific adaptor
protein (42). The transfection of APP containing a Thr
to Glu mutation (mimics phosphorylation) with Fe65
increases AB levels (42). Phosphorylation by stress-
induced cJun N-terminal kinase (JNK) enhances pro-
teolysis of pCTFs by y-secretase (22). Although further
investigation of the relationship between phosphoryla-
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tion of APP and cathepsin B is required, we have
provided indirect evidence that cathepsin B degrades
CTFs at a constant rate without distinction for the
phosphorylation state of the CTF (Fig. 7). Interestingly,
inhibition of cathepsin B showed no significant differ-
ence in AR levels in our experimental paradigm (Sup-
plemental Fig. S2). This result indicates that cathepsin
B and +y-secretase share CTFs as a substrate but do not
compete against each other. However, y-secretase pref-
erably hydrolyzed pCTFs over npCTFs (Fig. 7). Why
inhibition of y-secretase causes an increase in the ratio
of the accumulation rate of pCTFs to the accumulation
rate of CTFs and why inhibition of cathepsin B does not
show this result are interesting puzzles still to be
resolved. The significant decrease in the accumulation
rate of CTFs in APPy; 1,-H4 cells, as compared to that
in APPy-H4 cells, when the +y-secretase inhibitor
L-685,458 was administered confirms that APP phos-
phorylation regulates proteolysis of CTFs by y-secretase.
Cyclin-dependent kinase-5 (Cdk5), glycogen synthase
kinase-3f3 (GSK-3B), and JNK are believed to phosphor-
ylate APP at Thr668 (43), suggesting that inhibitors of
these kinases would be effective drugs in the treatment
of AD. Indeed, the GSK-3 inhibitor lithium chloride
reduces AP levels (44). Kinase inhibitors, unlike
y-secretase inhibitors, would be expected to specifically
block +y-cleavage of CTFs derived from APP without
inhibition of y-cleavage of other substrates (44). Fur-
thermore, because these kinases also phosphorylate
tau, which is a major component of neurofibrillary
tangles, inhibition of these kinases decreases levels of
hyperphosphorylated tau, preventing neurodegenera-
tion and neuronal loss without A reduction (45). In
addition, based on our results and previous findings,
serine/threonine phosphatases are also drug candi-
dates. Protein phosphatase 2A (PP2A) is one of the
most important phosphatases in the brain (46). PP2A
activity decreases in AD brains (47), suggesting that AR
is overproduced by activation of vy-secretase. This de-
creased PP2A activity also promotes phosphorylation of
tau (47).

We propose the following model for roles of cathep-
sin B in APP processing. APP is metabolized by a- and
B-secretase to generate CTFa and CTFB, respectively.
y-Secretase and cathepsin B continuously hydrolyze
CTFs; however, y-secretase prefers the phosphorylated
form of CTFs as substrates and then produces AICD
from CTFs. pCTFs, npCTFs, and AICD are substrates
for cathepsin B.

In summary, the present data demonstrate that ca-
thepsin B contributes to the degradation of CTFs and
AICD independently of a-, B-, and y-secretases and that
y-secretase prefers pCTFs to npCTFs but cathepsin B
does not. This study also suggests that reducing this
phosphorylation may be a candidate for therapeutic
intervention in AD.
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Huntington disease (HD) is caused by the expansion of polyglutamine (polyQ) repeats in the amino-
terminal of hungtintin (htt). PolyQ-expanded htt forms intracellular ubiquitinated aggregates in neurons
and causes neuronal cell death. Here, utilizing a HD cellular model, we report that Tollip, an ubiquitin bind-
ing protein that participates in intracellular transport via endosomes, co-localizes with and stimulates
aggregation of polyQ-expanded amino-terminal htt. Furthermore, we demonstrate that Tollip protects
cells against the toxicity of polyQ-expanded htt. We propose that association of Tollip with polyubiquitin
accelerates aggregation of toxic htt species into inclusions and thus provides a cell protective role by

© 2011 Elsevier Ireland Ltd. All rights reserved.

Huntington disease (HD, OMIM-143100) is a progressive autoso-
mal dominant neurodegenerative disorder caused by expansion of
polyglutamine (polyQ) in the hungtintin (htt) protein. The gene
encoding htt contains a CAG repeat in exon 1, and this repeat is
expanded in HD patients. Although full-length htt is ubiquitously
expressed as a 348-kDa cytoplasmic protein, the amino-terminal
fragments of polyQ expanded htt (httP?) tend to form ubiquiti-
nated intracellular aggregates and exert toxicity in neuronal cells
[1]. HttPQ has been shown to cause protein misfolding, aberrant
transcription, chaperone activity inhibition and proteasome dys-
function, although the exact molecular mechanism by which polyQ
exerts cellular toxicity is unknown {8].

Tollip (Toll-interacting protein) is a ubiquitin binding protein
that is involved in sorting of ubiquitinated proteins from endo-
somes to lysosomes for degradation including that of interleukin-1
receptor (IL-1R) [3,4]. Tollip binds to ubiquitin through the CUE
(coupling of ubiquitin to ER degradation) domain and interacts with
clathrin and Tom1 (target of Myb protein 1), leading to formation
of a multi protein complex for protein degradation [9]. Tollip is
localized in endosomes, and disruption of the Tollip gene results in
accumulation of IL-1R in endosomes and deficiency in lysosomal
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degradation of IL-1R [3]. Tollip is reported as a protein concen-
trated in polyglutamine aggregates [5], and the ubiquitin binding
protein p62 (also known as sequestosome 1) is known to mediate
autophagy-dependent clearance of polyQ aggregates with accel-
erating httPQ aggregation [13]. These observations suggested that,
like p62, Tollip may be involved in httPQ aggregation and degra-
dation through ubiquitin binding and membrane sorting activities.
Thus, we decided to analyze the role of Tollip in httPQ aggregation,
trafficking and cytotoxicity in neuronal cells.

Experimental procedures: The htt expression constructs, pIND-
tNhtt-EGFP-60Q and pIND-tNhtt-EGFP-150Q, and the gener-
ation of the stable Neuro2a cell lines expressing htt pro-
teins were provided by Dr. Nukina [7]. The stable cell lines
(HD60Q and HD150Q) were maintained in DMEM supple-
mented with 10% fetal bovine serum, 0.4mg/ml Zeocin and
0.4 mg/ml G418 (Sigma). All transfections were performed using
the Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer’s instructions. To knockdown Tollip, cells were
transiently transfected with Tollip stealth siRNA duplex olig-
oribonucleotides, 5'-UCUCAAGGUAGAACGAGUCCACACC-3’ and
5'-GGUGUGGACUCGUUCUACCUUGAGA-3' or Stealth RNAi Nega-
tive Control Duplexes, while Tollip overexpression was achieved
by transiently transfected with the RFP-Tollip expression vector
[mouse Tollip cloned into the RFPc1 vector (Invitrogen)]. To assess
iflevels of Tollip affected aggregate formation, cells were transiently
cotransfected with either GFP-Tollip (or empty GFP cassette) and
htt (20Q, 80Q or 87Q) exon1 fused with a V5 tag. Twelve hours after
transfection, 1 wM of ponasterone A (Invitrogen) for induction of
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Fig. 1. Tollip associates with aggregates of polyQ-expanded htt and affects polyQ aggregation. (A) GFP-Tollip overexpression shows the same localization pattern as endoge-
nous Tollip in the htt150Q Neuro2a cell line without induction. At 48 h of transfection, cells were analyzed by immunostaining. Tollip distributed in small granular particles
in the cytoplasm. Bar =20 pm. (B) Cells were transiently transfected with GFP-Tollip or RFP-Tollip for 48 h (left), or Tollip siRNA for 48~72 h (right). Tollip expression level was
analyzed by Western blotting. (C) Htt150Q-expressing cells were transfected with Tollip siRNA or control siRNA for 48 h. Tollip siRNA treated cells exhibits decreased httPQ
aggregation. Arrows indicate GFP-positive cells that do not form httP2 aggregates. Bar=50 wm. (D) Tollip knockdown inhibits httPQ aggregation. HD150Q and HD60Q cells
were transfected with Tollip siRNA or control siRNA, and aggregate-containing cells were counted (n=3).* p<0.01.
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aggregation was added to the culture and then incubated for an
additional 24 h. To count aggregate containing cells, 1 x 103 cells
were seeded into chambered slides, and aggregate containing cells
were manually counted using a fluorescence microscope. To test
cell death, 5 x 10° cells were inoculated into each well of 6-well
plates, 48 h following transfection, cells were differentiated with
5mM dibutyryl cyclic AMP in the presence of 1uM of ponas-
terone A and allowed to incubate for three days. Aggregate counting
experiments were performed after cells were transiently trans-
fected with Tollip stealth siRNA duplex or plasmid expression vector
(transfection efficiency was almost 90% in Neuro2a cells), and more
than 200 cells were counted. Dead cells were counted by propid-
ium iodide staining as described previously [10], and cell viability
was measured using Titer Blue assay kit (Promega). Statistical anal-
ysis was performed by Student’s t-test. To inhibit the proteasome,
cells were treated with carbobenzoxy-L-leucyl-L-leucyl-L-leucinal
(MG-132; Wako, Osaka, Japan) and microtubule destabilization was
performed using nocodazole (Sigma).

For immunofluorescence experiments, cells were fixed with 4%
paraformaldehyde in PBS for 20 min and blocked with 0.2% BSA in
TBST (Tris-Buffered Saline Tween-20) for 1 h. Fixed cells were incu-
bated with antibodies against Tollip (rabbit polyclonal, Ref. [21]),
vimentin (mouse monoclonal, Abcam), EEA1 (mouse monoclonal,
BD Transduction) or syntaxin-7 (rabbit polyclonal, Abcam) at 1:50
dilution (4°C, overnight). After several washes with TBST, cells
were incubated with Alexa488- or Alexa546-conjigated secondary
antibodies (1:2000) for 1h. After washes, cells were mounted in
antifade solution. Immunofluoresent staining of Tollip in HD150Q
cells was carried out as described [7]. Solubility of proteins was
examined as follows: cells were scraped, homogenized and lysed
in PBS supplemented with protease inhibitor cocktail (Sigma) on
ice. Cell lysates were briefly sonicated, centrifuged for 10 min at
15,000 x g at 4°C, and supernatants (soluble fraction) and pellet
(insoluble fraction) were analyzed by Western blotting [21].

To examine whether Tollip affects httPQ aggregation, we estab-
lished Tollip overexpression and knockdown system in vitro (Fig. 1A
and B). After overexpression of Tollip using GFP-Tollip construct,
transfected Neuro2a cells showed essentially the same localization
pattern as endogenous Tollip in cytosol (Fig. 1A), while expression
levels of GFP/RFP-Tollip were significantly higher than endoge-
nous Tollip (Fig. 1B, left). Treatment of Neuro2a cells with Tollip
siRNA diminished endogenous Tollip protein after 48 h through
72 h (Fig. 1B, right). Under the Tollip knockdown conditions, the
number of cells that contain htt (150Q and 60Q) aggregates was
significantly reduced to approximately 50% (Fig. 1C and D). These
results indicate that Tollip stimulates polyQ aggregation in living
cells.

Since many polyQ binding proteins affects polyQ-dependent
cell death [18], we hypothesized that association of Tollip with
httPQ aggregates may affect polyQ toxicity. Overexpression of Tol-
lip significantly stimulated aggregation of GFP-htt60Q (Fig. 2A), and
suppressed cell death in the htt80Q and htt87Q lines (Fig. 2B). In
contrast, Tollip overexpression provided no significant difference
on the cell death of htt20Q expressing cells (Fig. 2B). Thus, Tollip
protects cells against the toxicity of expanded polyQ concomitant
with stimulating httPQ aggregation into aggresomes.

Previous reports indicated that Tollip contains the ubiquitin
binding CUE domain [15,20]. Ubiquitin binding motifs are also
found in p62 and ubiquilini, and these proteins function in the
ubiquitin-proteasome pathway [6,18]. To investigate whether Tol-
lip distribution is affected by proteasomal inhibition, Neuro2a cells
treated with the proteasome inhibitor MG-132 and localization of
Tollip was analyzed by immunofluorescence microscopy (Fig. 3A).
MG-132 treatment frequently induced formation of juxtanuclear
Tollip-containing inclusions surrounded by vimentin, of which spe-
cific structure is a marker of the aggresome. We next treated cells
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Fig. 2. Overexpression of Tollip induces httP? aggregation and reduces cell death.
(A) Htt-expressing cells were transfected with RFP-Tollip or RFP-C as a control, and
aggregate-containing cells were counted (n =4). (B) Tollip protects cells against the
toxicity of httPQ. Neuro2a cells were transiently co-transfected with htt (20Q, 80Q or
87Q) and GFP-Tollip (or GFP as a control). Cells were differentiated in the presence
of 5mM dbcAMP. Cell death was analyzed by propidium iodide staining (n=4). More
than 300 cells were counted for each experiment. *, p<0.01; **, p<0.001.

with the microtubule-destabilizing drug nocodazole, because for-
mation and maintenance of aggresomes are known to be dependent
on microtubule-dependent transport system. Treatment of cells
with nocodazole resulted in a more dispersed distribution of Tollip
in the cytoplasm in the presence of MG-132. These results indi-
cate that Tollip is concentrated in the aggresome and/or in the
region surrounding the aggresome. Centrifugal fractionation indi-
cated that Tollip was present in the insoluble fractions after MG132
treatment (Fig. 3B). Given the insoluble nature of the aggresome,
this suggests that Tollip is associated with this structure.

Tollip is known to play a role in endosomal protein trafficking;
therefore we performed immunostaining of Tollip with EEA1 (an
early endosome marker) or syntaxin-7 (a late endosome marker)
in cultured Neuro2a and HEK293 cells after treatment with MG-
132 (Fig. 4A). Tollip was rarely found in early endosomes but
partly distributed in late endosomes under normal conditions.
After MG132 treatment, however, Tollip was highly colocalized
with the late endosome marker syntaxin-7. Previous studies indi-
cated that Tollip is known to be accumulated in httPQ inclusions
in the brain of HD model mouse (R6/1) [21]. We thus tested
whether Tollip associates with httPQ aggregates in the HD cellu-
lar model [7]. Expression of GFP-htt150Q was induced for 24 h
in the presence of ponasterone A, and localization of Tollip was
analyzed by immunofluorescence staining. Strong Tollip staining
surrounding httPQ aggregates was observed (Fig. 4B, upper). We
also analyzed localization of syntaxin-7 in htt150Q expressing
cells and found that syntaxin-7 colocalizes with httPQ aggregates
(Fig. 4B, lower). Thus, Tollip function may be associated with
recruitment of misfolded proteins to aggresomes via late endo-
somes, including the case of httPQ, Under MG132-induced stress
conditions, overexpression of Tollip significantly protected cells
from the toxicity of the proteasome inhibitor (Fig. 4C, left). Fur-
thermore, knockdown of Tollip significantly decreased cell viability
of MG132-treated cells (Fig. 4C, right). These results indicate that
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Fig. 3. Proteasome inhibition causes accumulation of Tollip in the aggresome. (A) After treatment with 0.5 M MG-132 for 24 h, cells were stained with antibodies against
Tollip and vimentin. Arrows indicate aggresomes surrounded by vimentin cage in Neuro2a cells. Alternatively, after treatment of Neuro2a cells with 10 .M nocodazole and
0.5 .M MG-132 for 12 h, cells were analyzed by immunostaining. Tollip exhibited multiple, small and granular distribution in the cytoplasm after nocodazole treatment.
Bar=20 wm. (B) Western blot analysis of soluble (sup) and insoluble (ppt) fractions prepared from Neuro2a cells after treatment with MG-132 for 24 h or untreated as a

control. Blotted proteins were analyzed with indicated antibodies.

Tollip is required for maintaining cell viability against the toxicity
of misfolded proteins, probably by recruiting them to aggre-
somes.

The formation of intracellular ubiquitinated aggregates is a
hallmark of polyQ diseases including HD. Transcription factors,
molecular chaperones and ubiquitin-proteasome system proteins
are known to associate with the polyQ aggregates and implicated in
the pathogenesis of polyQ disease [18]. However, role of aggrega-
tion in the toxicity is controversial, because accumulating evidence
suggests that controlled aggregation into inclusion bodies has
cell protective roles against misfolded proteins including polyQ-
expanded proteins [16,17]. Tollip is involved in two major cascades
of cellular functions. Firstly, Tollip interacts with the TIR domain of
the IL-1R [4]. Since the TIR domain mediates the binding of the
serine/threonine kinase IRAK-1 to the activated receptor complex,
Tollip acts as a regulator of the signaling cascade. Secondly, Tollip

is known to interact with polyubiquitinated proteins through the
CUE domain and is involved in the ubiquitin-proteasome system.
In the case of IL-1R, the CUE domain and TIR interacting domain of
Tollip are required for endosome-mediated lysosomal degradation
of IL-1R [3]. In the present study, we analyzed the role of Tollip in
httPQ aggregation and cytotoxicity and found that Tollip associates
with the httP2 aggregates and protect cells against httPQ toxicity by
stimulating aggregation (Figs. 1 and 2).

Tollip is a multifunctional protein that interacts with a num-
ber of ubiquitin-related proteins and sumolylated proteins, and
forms a complex with TOM1, polyubiquitin chains and clathrin
heavy chain [9]. As Tollip localizes in endosomes [3], Tollip can
function as a molecular link between endosomal processing and
ubiquitin-proteasome system. In the present study, we demon-
strate that Tollip colocalizes with a late endosome marker in httPQ
aggregates and the aggresome formed under proteasome inhibition
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Fig. 4. Colocalization of Tollip with a late endosomal maker in MG132-induced aggresomes and httP? inclusions and Tollip-dependent cell protection against the toxicity
of proteasome inhibition. (A) HEK293 cells were co-stained with antibodies against EEA1 (early endosome marker) and Tollip (left), or GEP-Tollip transfected Neuro2a cells
were stained with antibody against syntaxin-7 (late endosome marker) (right). Arrows indicate the co-localization of Tollip with syntaxin-7. Bar=15 pm. (B) A Neuro2a cell
line stably expressing GFP-htt150Q was stained with anti-Tollip (upper) or anti-syntaxin-7 (lower) antibodies. Arrows indicate the co-localization of Tollip and syntaxin-7 in
htt aggregates. Bar =20 pm. (C) After the treatment with 5 uM MG-132 for 24 h, Neuro2a cells were transiently transfected with GFP-Tollip or GFP vector as a control (left).
Alternatively, cells were treated with Tollip siRNA or control siRNA as a control (right). Cells were then differentiated in the presence of 5mM dbcAMP. Cell viability was
measured by Titer Blue assay (Promega) (n=3). **, p<0.001. The difference of control cell viability between left and right panels is considered to be due to the difference in
toxic effect between plasmid DNA transfection and small RNA transfection [11].

conditions (Figs. 3 and 4). These observations strongly suggest that Accumulating evidence indicates that ubiquitin binding pro-
Tollip mediates trafficking of ubiquitinated aberrant proteins to teins play crucial roles in degradation of polyQ proteins through
aggresomes via late endosomes or structures containing endosomal ubiquitin and autophagy systems. For example, the ubiquitin bind-
proteins. ing protein p62 co-localizes with many types of polyubiquitinated
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protein aggregates and recruit the autophagosomal protein LC3 [2].
The p62 protein recognizes polyubiquitin by the carboxyl-terminal
UBA domain and is polymerized through the amino-terminal
PB1 domain. Expression of p62 is strongly induced by exposure
to proteasomal inhibitors or overexpression of polyglutamine-
expanded proteins [18], and this protein is required for autophagic
clearance of misfolded proteins [2,11,12]. Ubiquilin, another ubig-
uitin binding protein, protects cells against the toxicity of htt
exon-1 (74Q) through authophagy [19]. Formation of inclu-
sions/aggresomes is considered to reduce toxic misfolded species
like oligomers, and ubiquitin interacting proteins may stimulate
formation of aggresomes to accelerate clearance of the toxic species
by microtubule-dependent controlled aggregation and degradation
through the autophagy-lysosome pathway [11,14]. These obser-
vations suggest that Tollip protects cells perhaps by enhancing
controlled aggregation to the aggresome using the ubiquitin bind-
ing CUE domain and the ability to interact with multiple proteins
(e.g., clathrin and Tom1). Since Tollip is involved in protein trans-
port via endosomes [9] and Tollip colocalized with an endosome
maker in aggresomes/inclusions in our experiments, Tollip may
accerelate aggregation of ubiquitinated proteins via endosomes,
although precise roles of Tollip in the aggregation of ubiquitinated
proteins and protection against misfolded proteins remain to be
investigated. In conclusion, our present data indicate that Tollip is
a cell protective ubiquitin binding protein that stimulates aggre-
some/inclusion formation in neuronal cells.
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Myotonic dystrophy type 2 is rare in the Japanese

population
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Myotonic dystrophy (DM) is the most com-
mon form of adult-onset muscular dystrophy
and is characterized by autosomal dominant
progressive myopathy, myotonia and multi-
organ involvement. There are two distinct
entities currently known: DM type 1 (DM1)
and type 2 (DM2). DM2 is caused by the
expansion of a tetranucleotide CCTG repeat in
the first intron of the zinc finger protein 9
(ZNF9) gene on chromosome 3q21,' whereas
DM1 is caused by a CTG repeat expansion in
the 3’-untranslated region of the dystrophia
myotonica-protein  kinase gene (DMPK).2
In the normal allele for ZNF9, the repeat
sequence is a complex motif with an overall
configuration of (TG),(TCTG),(CCTG),,. The
number of CCTG repeats is <30 in the
normal allele, with interruptions by GCTG
and/or TCTG motifs, and this allele is stably
transmitted from one generation to the next.?
However, in the expanded allele only the
CCTG tract elongates and no GCTG and
TCIG interruptions occur. The expanded
ZNF9 allele is extremely unstable and the size
is highly variable, ranging from 75 to 11000
repeats, with a mean of 5000 CCTG repeats.
This unprecedented repeat size and somatic
heterogeneity make the molecular diagnosis of
DM2 difficult, and explain why the expansion
yields variable clinical phenotypes.*

To date, DM2 mutations have been identi-
fied predominantly in European Caucasians.>
Although a small number of DM2 mutations
have been reported in non-European popula-
tions, including families in Morocco, Algeria,
Lebanon, Afghanistan and Sri Lanka,®’ all
reported that DM2 patients had been con-
sidered to originate from a single common
founder because they shared an identical
haplotype.>>” However, in 2008 we identified
the first case of DM2 in an East-Asian popu-
lation, in a Japanese patient with a disease
haplotype distinct from that shared among

Caucasians, indicating that DM2 exists in
non-Caucasian populations and that there
may have been separate founders.

Thus, it was of interest to determine the
frequency of DM2 in non-Caucasian popula-
tions. We studied a Japanese population for
the presence of the DM2 mutation. We
included both patients with clinically and/or
electrically confirmed myotonia in which the
DM1 mutation had been excluded and
patients with the limb-girdle muscular dys-
trophy (LGMD) phenotype, because DM2 is
generally proximal dominant* and the phe-
notype often lacks myotonia,” similar to
LGMD, a heterogenous group of muscle dis-
orders for which >60% of the genetic causes
have remained undisclosed in Japan (Y.K.
Hayashi et al., unpublished data). It has
been currently reported that the frequency
of the DM2 mutation is more than DM1 in
the European population:!® 1 in 1830 in
the general Finnish population, 1 in 988
Finnish patients with non-myotonic neuro-
muscular diseases and 1 in 93 Italian patients
with undetermined non-myotonic proximal

2

myopathy or asymptomatic hyperCKemia.
Both the Finnish and Italian population are
expected to be a relatively representative
European population with regard to the
DM2 mutation, because of a single European
founder haplotype.>>7

Genomic DNA was extracted from blood
leukocytes or muscle biopsy samples accord-
ing to the standard protocols. The CCTG
repeat size was determined by PCR, using
primers flanking the repeat. When a single
allele was amplified, Southern blot analysis
using EcoRI or repeat-primed PCR specific
for the DM2 expansion!* was performed to
distinguish homozygosity from heterozygos-
ity involving a large CCTG expansion. All
subjects included in this study gave informed
consent and the protocol was approved by the
Ethical Committee of Okayama University,
Nagoya University and the National Center of
Neurology and Psychiatry. In total, we stu-
died 153 unrelated patients. In all, 34 were
myotonic patients without the DM1 muta-
tion and 119 showed a LGMD phenotype
without identified LGMD mutations. Clinical

4 5

Figure 1 Repeat-primed PCR analysis. Expanded CCTG repeats in the two DM2 patients (Caucasian
and Japanese DM2° in lanes 4 and 5, respectively) are detected as a continuous characteristic smear
of products at higher molecular weight than those in non-DM2 patients (3 different individuals from
the 11 patients showing a single allele by PCR amplification of the DM2 repeat in lanes 1--3).
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