Suppiemental Material can be found at:
hittp:/iwvaw jbc.org/content/suppl/2009/08/14/M109.055061.DC1 .htmi

Intrabody against Nicastrin

Notably, amino acid substitutions at certain sites in NCT ECD
differently affected the Af generation and Notch processing
(20). Thus, search for small compounds or peptides targeting
NCT ECD might provide a new class of biological tools as well
as therapeutics for y-secretase modulation. Further investiga-
tions including structural analyses of NCT ECD complexed
with scFvs would shed light on the molecular mechanism of the
functional assembly of y-secretase and the role of NCT ECD in
the y-secretase-mediated intramembrane cleavage.:
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Constitutive activation of Notch signaling is required for the prolif-
eration of a subgroup of human T-cell acute lymphoblastic leuke-
mias (T-ALL). Previous in vitro studies have demonstrated the
therapeutic potential of Notch signaling inhibitors for treating
T-ALL. To further examine this possibility, we applied a y-secretase
inhibitor {(GSI) to T-ALL xenograft models. Treatment of estab-
lished subcutaneous tumors with GSI resulted in partial or com-
plete regression of tumors arising from four T-ALL cell lines that
were also sensitive to GSI in vitro. To elucidate the mechanism of
action, we transduced DND-41 cells with the active form of Notch1
{aN1), which conferred resistance to in vitro G5l treatment. Never-
theless, in vivo treatment with GSI induced a partial but significant
regression of subcutaneous tumors that developed from aN1-
transduced DND-41 cells, whereas it induced complete regression
of tumors that developed from mock-transduced DND-41 cells.
These findings indicate that the remarkable efficacy of GSI might
be attributable to dual mechanisms, directly via apoptosis of DND-
41 cells through the inhibition of cell-autonomous Notch signaling,
and indirectly via disturbance of tumor angiogenesis through
the inhibition of non-cell-autonomous Notch signaling. (Cancer Sci
2009; 100: 2444-2450)

T he Notch signaling pathway has a crucial role in a variety
of cellular functions, including cell proliferation, differenti-
ation, and apoptosis.''* Notch proteins are heterodimeric trans-
membrane receptors composed of an extracellular subunit and a
transmembrane subunit, and associate with each other via hete-
rodimerization (HD) domains in the extracellular regions. Notch
signaling, initiated by receptor-ligand interactions, requires sub-
sequent proteolytic cleavage of the receptor by several prote-
ases, resulting in liberation of the cleaved form of Notchl that is
functionally active (hereafter referred to as aN1) as it translo-
cates into the nucleus and up-regulates the transcription of
Notch-RBP-Jx-regulated genes.'>

Recent studies in tumorigenesis of hematologic malignancies
and solid tumors have revealed several examples of aberrant
Notch signaling‘c““5 ! Forced expression of aN1 in mouse bone
marrow results in the development of T-cell leukemia,” and
more importantly, amplified Notch signaling contributes to
approximately 50% of human T-cell acute lymphoblastic leuke-
mia (T-ALL).™™ The Notch signal amplification in T-ALL is
due to gain-of-function mutations in the NOTCHI gene, which
have also been detected in many different murine T-ALL

Cancer Sci | December 2009 | vol. 160 | no. 12 | 2444-2450

models.”"'™ NOTCHI activating mutations cluster at the HD
and intracellular domains, leading to ligand-independent cleav-
age and activation of Notchl, and increased stability of aNl,
respectively. Notchl signaling, whether initiated by receptor—
ligand interactions or triggered by NOTCH/-activating muta-
tions in the HD domains, eventually depends on the proteolytic
activity of y-secretase. y-Secretase inhibitors (GSIs), available
as small molecular compounds, suppress Notch signaling by
blocking the activity of the y-secretase complex."” Previous
studies have demonstrated that blockade of Notch signaling with
GSI induces cell cycle arrest and apoptosis in a subset of human
T-ALL cell lines,”""*'* and an early phase clinical trial has
already been conducted.”'® Despite that, precise mechanisms of
action of GSI on T-ALL in vivo are yet to be elucidated.

Here, to examine the potential clinical applications for GSIs in
T-ALL patients, and to evaluate the mechanisms of GSI action,
we investigated the effects of the GSI compound Y001027¢'7
(referred to hereafter as YO) on human T-ALL growth in murine
xenograft models, because YO administration to mice induced
defective melanocyte stem cell maintenance but kept the mice
otherwise healthy as shown in our previous paper."'® The results
here indicated that YO is highly effective against T-ALL growth
in vivo and demonstrated that the efficacy of GSI might be due to
the inhibition of Notch signaling via two mechanisms.

Materials and Methods

Cell cultures and reagents. Human T-ALL cell lines (ALL-
SIL, DND-41, HPB-ALL, KOPT-K1, TALL-1, MOLT-4, PF-
382, and CEM) were obtained from the Fujisaki Cell Center,
Hayashibara Biochemical Laboratories (Okayama, Japan), main-
tained in RPMI supplemented with 10% fetal bovine serum and
penicillin/streptomycin, and incubated at 37°C with 5% CO,.
Human umbilical vein endothelial cells (HUVEC; Lonza Walk-
ersville, Walkersville, MD, USA) were cultured in Endothelial
Basal Medium-2 (Lonza Walkersville) and SingleQuots (Lonza
Walkersville). The YO, which is an LY-411,575 analogue, was
synthesized as described previously.'” YO was dissolved in
dimethyl sulfoxide (DMSO) to create 10 mM or 50 mM stock
solutions.

Animals. SCID mice (C.B-17/Icr-scid/scidlcl;, 6 weeks old.
female) were purchased from CLEA Japan (Tokyo, Japan) and
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maintained under specific pathogen-free conditions. All experi-
mental procedures were performed in accordance with the
guidelines for animal experiments of the University of Tokyo
and Jichi Medical University.

Xenograft mouse model. SCID mice at 6-8 weeks of age were
inoculated subcutaneously in the right flank with 3 x 107 cells in
300 pL of phosphate buffered saline. In concurrent administra-
tion experiments, the mice were assigned to a control group and
a YO-treated group the day after tumor inoculation. YO was
orally administered daily for at least 30 days at a dose of 0.1 or
1 mgrkg/day. In challenge experiments for established tumors,
mice were similarly assigned as described above at approxi-
mately 2.5-3 weeks (in HPB-ALL and TALL-1) or 8-12 weeks
(in ALL-SIL and DND-41) after tumor cell inoculation, when
tumor size had reached a certain volume. YO was orally admin-
istered daily at a dose of 0.1, 1, or 10 mg/kg/day. Tumor size
was measured at the greatest length and width, The.volume was
calculated as 1/2 x (tumor length) X (tumor width)>.

In vivo administration of YO. In vivo administration of YO
was performed as described previously.'” Briefly, 0.1-
10 mg/kg of YO or an equal volume of vehicle (DMSO) in
300 uL of 0.5% methylcellulose (Wako, Osaka, Japan) was
administered orally to SCID mice using a disposable oral zonde
(Fuchigami, Kyoto, Japan) once a day for the indicated periods.

Plasmid construction and retroviral transduction. The ¢cDNA
for myc-tagged murine aN1®® was subcloned into the BamHI
restriction site of the retrovirus vector pMYs/internal ribosomal
entry site-enhanced green fluorescent protein (IRES-EGFP;
pPMYs/1G).?" Retroviral transduction of a human T-ALL cell
line, DND-41, was performed using PLAT-F cells as described
previously.?"” Following transduction, GFP-positive cells were
sorted to 90% purity and used for further analysis. The proteins
were detected by Western blotting using an anti-myc antibody
(9E10).

Proliferation assay. Cell growth was quantified using a WST-
1-based assay (Cell Counting Kit-8; Dojindo Medical Technolo-
gies, Kumamoto, Japan), which is a highly sensitive colorimetric
assay. Briefly, human T-ALL cell lines (3 x 10* cells/well) or
HUVEC (4 x 10° cells/well) were seeded into 96-well plates.
Vascular endothelial growth factor (VEGF; 100 ng/mL) was
supplemented in the medium for HUVEC. Various concentra-
tions of YO were added, and proliferation was measured in
duplicate at 7 days or 11 days using'a WST-1-based assay
according to the manufacturer’s instructions. Proliferation was
expressed as a percentage or fold change of vehicle-treated con-
trols. Results are expressed as mean value + SD.

Detection of apoptosis. Cells were incubated with various
concentrations of YO for the indicated periods. Apoptosis was
assessed using a fluorescein isothiocyanate-labeled Annexin V
staining kit (Immunotech; Beckman-Coulter, Prague, Czech
Republic) combined with 7-amino-actinomycin D (7-AAD),
according to the manufacturer’s instructions, with a FACS Cali-
bur cytometer (BD Biosciences, San Jose, CA, USA).

TUNEL staining. To detect apoptotic cells, ALL-SIL-bearing
SCID mice were sacrificed after the treatment with 1 mg/kg YO
or vehicle for 5 days. Frozen blocks of tumors were cryosec-
tioned and fixed with 1% paraformaldehyde, followed by analy-
sis for apoptosis using the ApopTag Plus Peroxidase In Situ
Apoptosis Detection Kit (Millipore, Billerica, MA, USA)
according to the manufacturer’s instructions.

Western blotting. Western blotting was performed as
described previously.?” The probes used were antibodies
against cleaved Notchl (Val1744; Cell Signaling Technology,
Danvers, MA, USA) and GAPDH as a control. The Vall744
antibody was incubated at a dilution of 1:1000 overnight.

Tube formation assay. Upon the BD BioCoat Angiogenesis
Plate (96 well), 2 X 10° HUVEC were seeded per well, with or
without 100 nM YO. After 18 h, cells were stained with fluores-

(a) ost ALL SII. KOPT-X1 DND-41 HPB-ALL
(Yo01027) + - + = + = 4+
Cleaved
Notchl
GAPDHI Al ]
i 11 g |
®), 100 ©) 1004 DND-41
Fig. 1. Inhibition of Notch signaling impairs growth < B
of human T-cell acute lymphoblastic leukemias (T- E 80 'g 80+
ALL) celi lines. (a) Western blot analysis for cleaved o 50 g 604
Notcht in human T-ALL cell lines treated with ?, )
100 nM YO01027 for 48 h. GAPDH is shown as a 2 40 o 40+
loading control. (b) Proliferation assay of a panel of :@ 3
human T-ALL- cell lines. treated for 7 days with > 20 -“;’ 20+
100 nM YO01027 or vehicle control. The percent of X ¢ < 0 . . )
viable cell number indicates the proportion of viable T e 10 100 1000
cells in the treated populations relative to untreated A X
populations. (¢} Dose dependent effects of YO01027 Y'V YO concentration (nM)
on the proliferation of DND-41 cell line treated for _
7 days with 3, 10, 30, 100, 300, 1000 nM Y001027 or GSIsensitive GSIresistant (e) .
vehicle control. The percent of viable cell number _
indicates the proportion of viable cells in the treated d § 1
populations relative to untreated populations. (d) d DND-41 = 4
Annexin V assay of DND-41 cell line treated for Q] Yo) -% l
7 days with 10 nM YO0O01027 or vehicle control. (e) 8
Dose dependent effects of YO001027 on the g S 240 .3&:17,79 b o
apoptosis of human T-ALL cell lines treated for 2 “ g
7 days with 0.1, 1, 10, 100 nM YO01027 or vehicle & B B 2
control. The apoptotic fraction denotes the fraction fﬂ‘&w 149 {53 404 3-
of Annexin V (+)/7-AAD (+) cells, and the percent of
apoptotic fraction indicates the proportion of > 0 y T -
apoptotic cells among the total cells within each Anuexin V-FITC 0 0.1 1 10 100
treated well. YO concentration (uM)
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cent dye, Calcein’' AM (BD Biosciences), according to the manu-
facturer’s instructions. Images were captured with the BIOREV-
O BZ-9000 microscope (Keyence, Osaka, Japan), and the tube
length was measured using the BZ-H1C image analysis applica-
tion (Keyence).

Histological analysis. Frozen blocks were cryosectioned at
5 um and mounted on slides. Histological sections were air-
dried and fixed in acetone for 15 min, followed by immunostain-
ing with a 1:200 dilution of antimouse CD31 antibody (clone;
MEC13.3) (BD-Pharmingen, San Diego, CA, USA) overnight at
4°C. Horseradish peroxide with the coloring agent diam-
inobenzidine was used as the substrate. Sections were then
counterstained with hematoxylin. Vessel counting was per-
formed at x40 magnification in several randomly chosen areas.

Statistics. Statistical analyses were performed using the Stu-
dent’s t-test. A P-value of <0.05 was considered statistically sig-
nificant. ] ‘

Results

Human T-ALL lines are susceptible to Notch inhibition. Some
human T-ALL cell lines with NOTCHI activating mutations are
sensitive to GSI in vitro. 31 We examined the ability of YO,
a GSI compound that has not been tested in cell-based experi-
ments, to inhibit Notch signaling. Various human T-ALL cell
lines (ALL-SIL, KOPT-K1, DND-41, and HPB-ALL) were trea-
ted with YO for 48 h followed by immunoblotting with cleaved
Notchl (Vall744) antibody, which can specifically detect the
aN1 proteins. Treatment of these cell lines with 100 1M YO
resulted in an almost. complete block of Notchl activity
(Fig. la). )

To investigate the anti-proliferative effect of YO on T-ALL
‘cells, we measured cellular viability using the WST-1-based
assay in human T-ALL cell lines after YO. treatment. As
expected, YO exerted an anti-proliferative effect on some T-
ALL cell lines (ALL-SIL, KOPT-K1, HPB-ALL, DND-41, and
TALL-1), whereas other cell lines (MOLT-4, PF-382, and
CEM) were not sensitive to this compound (Fig. 1b). To exam-
ine concentration dependency, DND-41 was treated with various
concentrations of YO for 7 days and. applied to the WST-1-
based assay. A steep concentration dependency was observed
between 1 nM and 10 nM. The effect was virtually saturated at
>10 nM (Fig. Ic).

Next, we explored whether the decreased proliferation of T-
ALL cell lines after treatment with YO was due to the induction
of cell cycle arrest and/or apoptosis. We analyzed the cell cycle
of the T-ALL cell lines after YO treatment using flow cytome-
try. As expected from previous reports,”'*~'> YO induced GO-
G1 arrest in all the T-ALL cell lines sensitive to YO (data not
shown). Then, we treated five T-ALL cell lines with YO for
7 days followed by Annexin V/7-AAD staining, and found. that
YO induced significant apoptosis of DND-41 cells (Fig. 1d), as
well as the other T-ALL cell lines tested (Fig. le). Similar
results were observed using a pharmacologically distinct GSI,
DAPT, known. to block Notch activation (data'not- shown).
Taken together, these results confirmed that some human
T-ALL cell lines are susceptible to YO treatment in vitro.

Concurrent administration of YO with tumor inoculation
results in the inhibition of tumor growth in T-ALL xenograft
models. To examine in vivo antitumor effects of YO, we used
murine xenograft models, in which SCID mice were inoculated
subcutaneously with human cell lines. HPB-ALL and TALL-1
cell lines established subcutaneous tumors 2.5-3 weeks after
inoculation. The subcutaneous tumors of the YO-treated groups
were significantly smaller than those of control groups
2.5-4 weeks after the inoculation and the initiation of concur-
rent administration of YO or vehicle. Notably, in mice treated
with 1 mg/kg of YO, there was no tumor formation observed in
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Fig. 2. Antitumor effects of Y001027 (YO) on xenograft models of
human T-cell acute lymphoblastic leukemias (T-ALL), with concurrent
administration of YO with tumor inoculation. Mice were inoculated
subcutaneously with HPB-ALL (a) or TALL-1 cell lines (b). The next day,
mice were randomly .assigned to receive vehicle alone or varying
doses of Y001027 daily, as described in “Materials and Methods”.
Data represent the mean tumor volume (mm?) 25D grown in vehicle-
treated mice, YO (0.1 mg/kg)-treated mice, or YO (1 mg/kg)-treated
mice. *P < 0.05; **P < 0.01, statistically significant differences (vehicle
vs YO).

any of the TALL-1-inoculated mice or in approximately half the
HPB-ALL-inoculated mice (Fig. 2a,b). This result indicates that
YO exerts in vive antitumor effects on T-ALL, at least during
the period of tumor engraftment.

YO treatment against established tumors in T-ALL xenograft
models results in partial or complete regression. Next, we evalu-
ated the effects of YO treatment when the tumors grew to visible
sizes. In this experimental design, YO treatment resulted in par-
tial (HPB-ALL) or complete (ALL-SIL, DND-41, and TALL-1)
regression of the established subcutaneous tumors. When treated
with 10 mg/kg/day YO, the growth of tumors derived from
HPB-ALL was suppressed to <50% compared with growth with-
out treatment. Tumors derived from ALL-SIL, DND-41, and
TALL-1 completely regressed within 2-3 weeks following treat-
ment with YO at 1 mg/kg/day (Fig. 3a). .

To confirm the in vivo pharmacologic inhibition of Notch sig-
naling by YO, we excised tumors made of ALL-SIL from mice
with or without 1 or 10 mg/kg/day YO treatment for 3 days,
followed by immunoblotting of the tumor lysates with the
Vali744 antibody. The level of cleaved Notchl was reduced
partially or almost completely after 1 or 10 mg/kg/day YO
treatment, respectively, Thus, YO administered at both

doi: 10.1111/}.1349-7006.2009.01328.x
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Fig. 3. Antitumor effects of YO001027 (YO) on o
xenograft models of human T-cell acute lymphobiastic
leukemias (T-ALL), with YO treatment after tumor
establishment. (a) Mice were inoculated sub-
cutaneously with HPB-ALL, TALL-1, DND-41, or ALL-SIL  (b)
cell lines. When the diameter of the tumor reached
12-13 mm, mice were randomly assigned- to receive
vehicle alone or varying doses of YO01027 daily, as
described in the “Materials and Methods”. Data
represent the mean tumor volume (mm? +SD grown

in vehicle-treated mice or YO (0.1 or 1 or 10 mg/kg)-
treated mice.. *P < 0.001,  statistically significant
differences (vehicle vs YO). (b) Western blot analysis

for cleaved Notch1 in engrafted tumors treated with

YO. AlL-SlL-challenged mice were treated daily with
vehicle alone or YO, and tumors were harvested 72 h

after the initiation of treatment, followed by Western
blotting.. of tumor - lysates with cleaved Notchil (c)
(Val1744). antibody.. GAPDH is shown. as a. loading
control, (¢) YO treatment induces apoptosis of ALL-SIL

cells in vivo. ALL-SIL-bearing mice were treated daily
with.vehicle alone or YO01027 at a dose of 1'mg/kg,

and tumors were harvested S days after the initiation

of treatment. Tumor. sections were fixed with 1%
paraformaldehyde and. apoptotic cells were stained

using TUNEL assay.
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1 mg/kg/day and 10 mg/kg/day to SCID mice was pharmaco-
logically active, and blocked. Notchl signaling. partially or
almost. completely, at least in.cells of subcutaneous. tumors
(Fig. 3b).

To determine whether YO treatment induces  apoptosis
in vivo, we performed TUNEL staining on tumors made of
ALL-SIL, which was isolated from vehicle- or YO-treated mice.
TUNEL-positive cells were reproducibly increased in number
by the YO treatment (Fig. 3c), demonstrating increased apopto-
sis of T-ALL eells in vivo. .

Effect of aN1 expression in tumor growth during YO
treatment. We next expressed aN1 exogenously in DND-41 cell
lines to examine whether aN1 rescues YO-induced cell growth
arrest and tumor regression. aN1. represents-a protein that is
already cleaved, and. is thus not a substrate for vy-secretase.
Therefore, it was expected that DND-41 cells transduced with
aN1: (hereafter referred to as DND-41/aN1) would become
resistant to YO treatment.

We established. DND-41/aN1 cells by infection of parental
DNA-41 cells with aN1-expressing retrovirus, followed by bulk
sorting of GFP-positive cells. Expression of aN1 proteins- was
confirmed by Western blotting with an anti-myc antibody
(Fig. 4a). Parental DND-41 and mock-infected DND-41 (DND-
41/mock) were sensitive to YO, but, as expected, DND-41/aN1
was substantially resistant to YO in vitro when assessed by a
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cell proliferation assay- (Fig. 4b). The continuous presence of
100 nM YO allowed for selection of cells highly resistant to YO
(DND-41/aN1/GSI; Fig. 4b). The in vitro growth curves of
these cells under basal conditions (without YO) were very simi-
lar to each other (data not shown).

We implanted parental DND-41, DND-41/mock, DND-
41/aN1, -and- DND-41/aN1/GSI cells - subcutaneously ' into
SCID mice. Subcutaneous tumors began to be palpable and the
tumor volume reached 700 mm™ in. 8-12 weeks. Treatment
with- YO at 1-mg/kg/day or control vehicle was then initiated.
In- vehicle-treated mice, - the tumors derived from parental
DND-41, - DND-41/mock,  DND-41/aNl, and - DND-
41/aN1/GSI cells grew in a similar manner, whereas YO treat-
ment resulted in a substantial regression of the tumors derived
from parental DND-41 and DND-41/mock cells (Fig. 4c,d).
Interestingly, in vivo YO treatment of tumors derived from
DND-41/aN1 and DND-41/aN1/GSI cells, which were resis-
tant to YO in vitro, induced significantly slower cell growth
compared with the vehicle treatment, suggesting that these cells
were sensitive to YO to some degree in vivo (Fig. 4c,d). In
some mice, we observed.a stabilization of the tumor volume.
Nevertheless, YO treatment was not sufficiently effective. on
DND-41/aN1 and DND-41/aN1/GSI to regress the tumors to
an - impalpable level, unlike parental DND-41- and DND-
41/mock-derived tumors.
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Effect of YO on in vitro tube formation and in vivo tumor
vessels. Recent studies: have demonstrated that- inhibition of
Notch signaling in solid tumors resulted in tamor regression via
increased tumor vessels with poor perfusion.‘zg’"zm It has been
shown that Notch inhibition leads to promotion of non-function-
ing angiogenesis.

Tube formation assay was performed to investigate the effect
of YO on in vitro angiogenesis using HUVEC. We found that
YO treatment significantly increased the tube length in the tube
formation .assay (Fig. 5a,b), suggesting that Notch inhibition
promoted proliferation of endothelial cells, which is consistent
with previous studies. ™" In addition, cell proliferation in the
presence of VEGF was measured with WST-1-based assay. YO
significantly promoted Proliferation of HUVEC (Fig. 5¢) as
previously reported.**’

To further clarify the mechanism of action with YO treatment,
we analyzed: the tumor vasculature during YO treatment. We
implanted DND-41 cells into. SCID mice and started YO or vehi-
cle treatment after the tumor diameter reached approximately
1 cm. We sacrificed mice at treatment day 5, and analyzed tumor
sections by immunostaining for anti-CD31, which is able to
identify the vessels in tumors. In the average, approximately 30
and >40 vessels per mm~ were observed in the vehicle-treated
and YO-treated mice, respectively (Fig. 5d,e). These results are
consistent with the previous reports described above, in which
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Fig. 4. FEstablishment of DND-41/aN1 and effects of
aN1 rescue on tumor growth during YO01027 (YO)
treatment. (a) Expression of aN1 proteins tagged with
myc in DND-41/aN1 celis and DND-41/aN1/GS! cells
was confirmed by Western blotting analysis. (b)
Proliferation assay of established DND-41/aN1 and
DND-41/aN1/GSI cell lines, compared with DND-
41/WT and DND-41/mock cell lines, after treatment
for 11 days with varying doses of YO. The percent of
viable cell number indicates the proportion of viable
cells in the treated populations relative to untreated
populations. (¢) Antitumor effects of YO on xenograft
models of DND-41/WT, DND-41/mock, DND-41/aN1,
and DND-41/aN1/GS! {pre-selected by y-secretase
inhibitor [GSl} in vitro). “1 mg/kg/day” denotes the
group that received the YO treatment at a dose of
1 mgskg/day. Data represent the mean tumor
volume (mm3. £SD of vehicle-treated mice or YO
{1 mg/kg)-treated mice. *P < 0.01, statistically signi-
ficant differences. {d) Representative appearance of
subcutaneous xenograft models during YO treatment.
DND-41 cells stably expressing control vector or aN1
(pre-selected by GSI in vitro) were grown as
xenografts in SCID mice. Representative mice from
each group are shown.

tumor regression would result from increased but poorly func-
tional tumor vessels. Collectively, tumor regression in our mod-
els may depend partially on the disrupted tumor vasculature with
paradoxically increased tumor vessels presumably through the
inhibition of non-cell-autonomous Notch signaling by YO.

Discussion

The findings of the present study confirmed that the YO com-
pound that we synthesized is a GSI that efficiently blocks Notch
signaling in. T-ALL cell lines carrying activating NOTCHI
mutations and induces apoptosis of these cell lines in vitro. The
cell-autonomous effect against Notch signaling described here is
postulated to be the mechanism of anti-T-ALL, creating the
bases for clinical studies of a GSI targeting T-ALL.

We demonstrated a marked in vivo effect of YO in a xenograft
model that was more dramatic than we had expected. Although
the mechanisms of YO action on T-ALL have been virtually
confined to the cell-autonomous Notch signal inhibition, includ-
ing a recent report describing the combinatorial effect of steroid
with GSL?® the strong effect of GSI in vivo could also be attrib-

- uted to non-cell-autonomous inhibition of Notch signaling.

Our findings were consistent with the recent reports on the
role of Notch signaling in tumor angiogenesis.***® Delta-4,
one of the Notch ligands, is expressed on tip cells in the endothe-

doi: 10.1111/].1349-7006.2009.01328.x
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Fig. 5. In vitro and in vivo analysis of vascular cells 2
after YO01027 (YO) treatment. (a) The in vitro tube 2 0.8
formation analysis of HUVEC, either with or without s
100 nM YO treatment. The cells were stained with & 06
fluorescent dye, Calcein AM, and the representative -]
images are shown. Original magnification, x20. (b} S 0.4-
Quantitative analysis of tube length after tube %
formation of HUVEC with or without 100 nM YO. Fold = 0.2
change of tube length is shown, compared with that
of vehicle control. *P < 0.05, statistically significant 0.0 4

differences. (¢) The cell proliferation assay of HUVEC
in the presence of vascular endothelial growth factor
(VEGF), either with or without 100 nM YO for 7 days.
Fold change of absorbance at 450 nm is shown,
compared with that of the vehicle control. *P < 0.05,
statistically significant differences. (d) Anti-CD31
immunostainings of tumor sections in DND-41-
bearing SCID mice, either after YO treatment at a
dose of 1 mg/kg/day or after vehicle treatment.
Original magnification, 'x40. (e} Quantitative analysis
of vessels in tumors after YO treatment. The cells
stained with anti-CD31 were counted, and data
represent the mean vessel density (per mm?) xSD in
tumors derived from DND-41." *P < 0.05, statistically
significant differences.

lium of newly elongating tumor vessels by stimulation with
VEGF. Engagement of Notchl expressed on the stalk cells in the
endothelium by neighboring tip cell-expressing Delta-4 blocks
differentiation of the stalk cells into tip cells, which represents
the ‘process required for the normally functioning tumor vessel
formation. Blockade of this signaling. pathway. impairs normal
tumor angiogenesis and creates hyper-blanched, non-functioning
vasculature, which results in regression of the: solid tumor.
Whereas we used T-ALL cell lines in our experiments, we chose
the subcutaneous tumor injection model because it is more con-
venient for observing and measuring the tumors. In this subcuta-
neous tumor model, we observed a similar tendency regarding
tumor vessel density, from which we could easily speculate that
the same mechanism was underlying this phenomenon.

The introduction of the GSI-insensitive-cleaved form of
Notchl into DND-41 cells transformed these cells to be com-
pletely resistant to YO in vitro, exactly as expected, but failed to
confer complete resistance to YO in the subcutaneous xenograft
model. Whereas the subcutaneous tumors derived from DND-
41/aN1 were significantly more resistant to. YO than tumors
derived from parental DND-41 and DND-41/mock cells, they
still significantly responded to YO. These observations fit the idea
that the marked in vivo antitumor effect of YO against subcutane-
ous tumors derived from parental DND-41 as well as DND-
41/mock cells was mediated -through, in addition to the cell-
autonomous effect, a blockade of tumor vasculature that supplies
blood to the tumor cells in a non-cell-antonomous fashion.

‘We confirmed that subcutaneous tumors made of a colon can-
cer cell line, LoVo, which was non-sensitive to YO in vitro,

Masuda ef al.

Vehicle YO

(c} *

0.4 -
0.2 -
0.0 -

Fold change of absorbance at 450 nm
S O o e
P O SO VI Y

(e)

g 3

o 0 9 e
PR WU SR SIUU WO 1

Number of vessels fmm?)
N W A

Vehicle YO

were partially regressed by YO at 10 mg/kg/day (data not
shown). The effect of YO on the LoVo tumors, however, was
not as strong as on tumors made of parental DND-41 and several
other T-ALL cell lines, again supporting the idea that the excep-
tionally strong effect of YO on T-ALL xenografts is due to the
inhibiting effect of YO on Notch signaling at two independent
targets in vivo.

As shown in Figure 3(b), inhibition of Notchl activation
in vivo was almost complete with YO at 10 mg/kg but incom-
plete with YO at | mg/kg. On the other hand, the effect of YO
in vitro was saturated by YO >10 nM, as shown in Figure 1(c).
These findings might indicate that >10 nM serum/tissue concen-
tration is achieved with 10 mg/kg and 1-10 nM with 1 mg/kg
administration, if both in vitro and in vivo results are considered
together. Whereas administration of YO at 1-3. mg/kg/day for
up to 4 weeks did not cause weight loss, diarrhea, or hair coat
abnormalities in mice, treatment at 10 mg/kg/day for more than
2 weeks resulted in obvious weight loss, diarrhea, and hair coat
roughness. This implies a narrow window of YO for the treat-
ment purpose. Nevertheless, it also indicates that the sensitivity
to YO is variable among tissues and cells, and this difference
might be important for YO to be considered as a drug. Together
with the results described in previous papers,’'®?*3% 3 subset of
T-ALL cells may be the most sensitive among others and possi-
bly similar to: melenocyte stem cells and splenic marginal zone
B cells. In contrast, thymocyte progenitors and intestinal goblet
cells appear to be less sensitive to YO.

Based on the facts that subcutaneous tumors from T-ALL cell
lines do not represent common clinical presentations and that
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our finding might depend on the experimental model that we
chose in this study, the. question arises as to how the current
findings can be translated to clinical application. The vascula-
ture component might be negligible in the leukemia model; but
the effect of the combination: of cell-autonomous - apoptosis
induction in leukemia cells with the inhibition of angiogenesis
in leukemic cell-infiltrating bone marrow is- not known. The
effectiveness of YO in a leukemia model must be examined
using the same T-ALL cell lines. :

The discovery of NOTCH]I activating mutations in T-ALL has
made the Notch pathway an attractive target for therapy.®" The
results described here indicate the rationale for the use of GSI in
the treatment of T-ALL, as well as for solid tumors whose tumor
vasculature formation is dependent on Notch signaling.

Nevertheless, resistance of T-ALL against GSI might limit
the clinical use of GSI. Recently, mutational loss of the phos-
phatase and tensin homolog (PTEN) gene, which encodes a key
tumor suppressor that inhibits the phosphatidylinositol-3 kinase
(PI3K)-Akt signaling pathway, was discovered in T-ALL cells
that ate resistant to’ GSLE® This could explain the variation of
GSI sensitivity among T-ALL cells. Our results with HPB-ALL
raise a different issuie. This cell line was very sensitive to YO
in vitro, but subcutaneous tumors derived from HPB-ALL
appeared to be less sensitive to YO compared to other cells such
as DND-41. This result indicates that YO concentrations suffi-
cient to inhibit Notchl activation may not be achieved in the
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subcutaneous tumor made from HPB-ALL. In addition, it is
likely that inhibition of tumor vessel formation is less efficient
for the reduction of subcutaneous HPB-ALL tumors for some
reasons, such that this particular tumor is less dependent on
tumor vessels.

Expectations and questions are intermingled with regard to
the development of GSI and other Notch signal inhibitors for the
treatrnent of T-ALL as well as other tumors. Nevertheless,
various’ Notch signal inhibitors are being developed aiming at
clinical vse.
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1. Introduction

«SYN was originally isolated from senile plaques in Alzhei-
met's disease as a protein of 35 highly hydrophobic amino acid
metabolites, known as the non-amyloid component (NAC),
derived from a 140 amino-acid precursor encoded by a gene on
chromosome 4 (Uedé et al., 1992; Chen et al,, 1995), which has
homology to rat and Torpedo «SYN and songbird synelfin
(George et al., 1995). «SYN is highly abundant in presynaptic
terminals (Iwai et al.,, 1995) and has potential roles in synaptic
function and neural plasticity (George et-al,, 1995; Clayton and
George, 1998).«SYN binds to phospholipid vesicles and inhi-
bits PLD2, a regulator of vesicle membrane budding (Liscovitch
et al., 2000; Lotharius and Brundin, 2000; Payton et al., 2000),
and also plays modulatory roles in the release of dopamine
vesicles (Abeliovich et al., 2000).

A few cases of familial Parkinson'’s disease (FPD) have been
linked to missense point mutations in «SYN with A53T
(Polymeropoulos et al., 1997), A30P (Kruger et al,, 1998) and
E46K (PARK1) (Zarranz et al., 2004). Soon after the first A53T
missense mutation of «SYN was discovered, the main
component of Lewy bodies (LBs) was identified as insoluble
aggregates of «SYN (Baba et al., 1998). «SYN and phosphory-
lated-Ser129 «SYN accumulated in LBs and Lewy neurites
(LNs) in PD and Dementia with Lewy bodies (DLB) (Fujiwara et
al., 2002; Hasegawa et al., 2002). Then, a second causative gene
known as parkin (Kitada et al., 1998) was found in familial
autosomal recessive juvenile Parkinson’s disease (PARK2).
Parkin ubiquitinates «SYN normally and this process is
aberrantly altered in PD (Shimura et al,, 2001). Acceleration
of oligomerization or protofibrillization is a common property
of mutant «SYN (Conway et al, 2001; Choi et al, 2004).
Recently, triplication of the aSYN locus (PARK4) was identified
in an “lowanian kindred" with autosomal dominant Lewy
body disease (Singleton etal., 2002). Subsequently, duplication
of the aSYN gene locus was also reported as a cause of familial
PD (Chartier-Harlin et al, 2004). These findings suggest that
overexpression of wild type aSYN also leads to facilitation of
insoluble aggregation of «SYN. a-synucleinopathy is a disease
entity which shares common pathological accumulation of
insoluble aggregates of aSYN in the neurons and processes of
PD, DLB, Hallervorden-Spatz disease, pure autonomic failure
and in the glial cells of multiple system atrophy (MSA)
(Goedert, 2000; Hardy and Gwinn-Hardy, 1998; Spillantini et
al,, 1997; Tu et al., 1998; Galvin et al., 2000; Shoji et al., 2000;
Arai et al., 2000). .

To elucidate the pathological mechanism of LBs and LNs
associated with the decrease in dopamine (DA) production, it
is necessary to investigate the aberrant mechanism of mutant
aSYN, which is an essential molecule consisting of LBs and
LNs (Baba et al., 1998). Here, we generated transgenic (Tg) mice
expressing human mutant «SYN A30P+AS3T under a human
Thy-1 promoter, named as TgaSYN. Overexpression of double
mutant human oSYN was expected to lead to further
synergistic effects and induce severe a-synucleinopathies
and neurodegeneration (Citron et al, 1998; Chishti et al,
2001). TgaSYN showed significant motor impairment in
rotarod test, accumulation of insoluble «SYN, aberrant inclu-
sions and decreased dopamine levels. These findings indicate

that TgeSYN is a useful animal model to investigate the
crucial pathogenesis of «-synucleinopathies, and it may help
to develop therapeutic agents.

2. Results

2.1, . Expression of oSYN in transgenic mice and analyses
of RT-PCR

We used the transgene construct hThyl-«SYN A30P+A53T to
generate transgenic (Tg) mice, TgaSYN (Fig. 1a). PCR analysis
of tail-derived DNA revealed 18 positive Tg mice for human
«SYN and EGFP among 129 FO mice. Five of the 18 Tg mice
showed the strongest green fluorescence under irradiation at
365 nm ultraviolet (Fig. 1b). These selected independent lines
(#8707, #8713, #8718, #8812, #8819) were mated with BDF1 mice
and raised for examination. The following Tg mice were
analyzed: 18 positive Tg progenies, 60 F1 Tg (#8707: 2, #8713:
31, #8718: 5, #8812: 10, #8819: 12) and 135 F2 Tg (#8707: 0, #8713:
101, #8718: 2, #8812: 29, #8819: 3). The mRNA expressions of
human oSYN A30P+A53T and EGFP in TgaSYN brains were
confirmed by RT-PCR; showing the same expression levels of
human aSYN A30P+A53T and EGFP at three, eight and
17 months old, respectively (Figs. 1c and d). Western blot
using LB509 recognized a 16 kD band corresponding toc human
«SYN only in Tg mice. AB5038 recognized a 16 kD band
corresponding to both human and mouse «SYN. The expres-
sion level of human «SYN was 130% of that of endogenous
mouse «SYN (Fig. 1e).

2.2,  Histological studies

Immunocytochemistry of sagittal sections of a seven-month-
old #8707 TgaSYN brain by LB509 revealed extensive human
«SYN immunostaining in the brainstem, hippocampus, tha-
lamus, cerebral cortex and cerebellum (Fig. 2a, arrow indicates
the substantia nigra), but no staining in the non-Tg mouse
(Fig. 2b). The TgaSYN brain showed atrophy of the cerebral
cortex and cerebellum’ (Fig. 2a). The HE stain showed
eosinophilic inclusion bodies and vacuoles in the cytoplasm
of neurons in the substantia nigra (Fig. 2¢, arrow), and in the
dentate nucleus of TgaSYN (Fig. 2h, arrow). These cytoplasmic
inclusions were stained with human-«SYN specific antibody,
LB509 (Fig. 2d, arrow, and Fig. 2i, arrow), and anti-aSYN
antibody, 42/a-Synuclein (Fig. 2j, arrows). Nitrated o/p synu-
clein was also stained in the cytoplasmic inclusions (Fig. 2e,
arrow,). Ubiquitin-positive inclusions were observed in neu-
rons at brainstem (Fig. 2f, arrow), and dystrophic neurites in
the dentate nucleus of TgaSYN (Fig. 2g). Staining of phos-
phorylated synuclein showed diffuse staining in somatoden-
drites of TgaSYN neurons (Fig. 2k). Gallyas-Braak staining
revealed dystrophic neurites in the dentate nucleus of TgaSYN
(Fig. 2) in ubiquitin-positive structures in the same region (Fig.
2g). Anti-tyrosine hydroxylase (TH) immuno-positive neurons
in the locus ceruleus showed weak immunostaining intensity
in TgaSYN (Fig. 2m), compared with those of non-Tg mice
brains (Fig: 2n). The intensity of substance P immunopositive
synapses in the striata of TgaSYN brains (Fig. 20) was weaker
than that of non-Tg mice brains (Fig. 2p). Severe astrocytosis
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Fig. 1- The mutant SYN A30P+A53T construct and the expression of EGFP. (a) The structure of the construct: hThy1-aSYN
A30P+A53T. (b) TgaSYN (#8713) showed fluorescence by EGFP (enhanced green fluorescence protein) under 365 nm long wave
UV (EGFP-negative non-Tg mouse in the upper location, EGFP-positive Tg mouse in the lower location). (c) Analyses of RT-PCR
transcripts: Human oSYN mRNA transcripts (exons 2-4) were detected as 280 bp in TgaSYN brains, but not in non-Tg mice
brains, and the intensity of PCR products was the same level as three-, eight-, and 17-month-old Tg mice brains. (d) EGFP mRNA
transcripts were detected in TgaSYN brains at the same level at three, eightand 17 months of age, but notin non-Tg mice brains
(N showed non-Tg mice brains, T showed Tg mice brains). (¢) The expression of human «SYN was detected as a 16 kD band at
the same size as recombinant synthetic a SYN by Western blot using LB509 in L$-soluble fractions of TgaSYN #8713 (Tg1-4)
mice brains, but not in three 14-month-old non-Tg mice brains (upper lane). AB5038 recognized a 16 kD band corresponding to
human and mouse «SYN (lower lane). The expression level of human oSYN was about 130% of that of endogenous mouse
aSYN. Synthetic oSYN (S5} was used as a marker of 16 kD aSYN (BIOMOL Research Laboratories Inc., Plymouth Meeting, PA).

was observed in the cerebellum of a 16-month-old TguSYN
(Fig..2q). An EM study demonstrated cytoplasmic inclusions
(Fig. 2r, arrow) and intranuclear inclusions (Fig. 2s, arrows) in
the neurons of the brainstem. These inclusion bodies lacked
the typical halo and fibrillar structure of LBs.

2.3.. _Western blot analysis

Fourteen-month-old TgaSYN showed a 16 kD band corre-
sponding to «SYN in the LS-soluble fraction (L), Triton-soluble
fraction. (T), sarcosyl-soluble (S} and sarcosyl-insoluble frac-
tions (I) (Fig. 3a: arrow). In sarcosyl-insoluble fraction, smear
pattern was detected in TgaSYN#8812(T3), which accumulated
much synuclein histologically. The anti-phosphorylated «SYN

antibody pSyn#64 labeled the same size band as aSYN, 16 kD
(Fig- 3b: arrow). These findings presented that sarcosyl-
insoluble human «SYN and phosphorylated «SYN was
accumulated -in TgaSYN brains as reported in DLB brains
(Hasegawa et al,, 2002).

2.4. . Rotarod test for motor function of TgaSYN

The- rotarod test demonstrated that significant motor
impairment appeared after a shorter time in TgaSYN; they
dropped from the rotating rod faster than non-Tg litter-
mates. The motor impairment was found at three months of
age (p<0.01) and thereafter deteriorated with age (p<0.001.
Fig. 4).
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Fig. 2= The pathological features of TgaSYN at seven months of age and age-matched non-Tg mice. (a) A sagittal section of a
seven-month-old #8707 TgaSYN brain labeled by LB509 showed extensive «SYN accumulation prominently in the brainstem,
hippocampus, thalamus;, cerebellum and cerebral cortex. The substantia nigra of the midbrain is also labeled (arrow). The
cerebral cortex and cerebellum showed atrophy. (b) No staining in the non-Tg mice brain by LB509. (c) Hematoxylin-eosin stain
showed eosinophilic inclusion badies and vacuoles in the cytoplasm of neurons in the substantia nigra of #8707 TgaSYN
(arrow). (d) LB509 detected cytoplasmic inclusions in the substantia nigra of #8707 TgaSYN (arrow). (e) Anti-nitrated o/ SYN
monoclonal antibody (Syn12) immunostained cytoplasmic intlusions in the substantia nigra (arrow), as well as in 14-month-
old #8713 TgaSYN. (f) Ubiquitin-positive inclusions are shown in the substantia nigra of #8707 TgaSYN (arrow). (g} Ubiquitin-
positive dystrophic neurites in the cerebellum dentate of 16-month-old #8713 TgaSYN. (h) Eosinophilic cytoplasmic inclusions
(arrow) in the dentate nucleus of #8707 TgaSYN. (i} LB509-positive inclusion in the dentate nucleus of #8707 TgaSYN (arrow). (j)
Cytoplasmic inclusions immunostained with a mouse monoclonal antibody 42/a-Synuclein in the brainstem of #8812 TgaSYN
{arrow). (k) The PSer129 aSYN antibody immunostained the cytoplasm of neurons in the substantia nigra of #8707 TgaSYN. ())
Gallyas-Braak stain of dystrophic neurites in the dentate nucleus of a 16-month-old #8713 TgaSYN. (m) Tyrosine hydroxylase
(TH) immuno-positive neurons in the locus ceruleus showed less immunostaining in the #8707 Tga:SYN brain, than the non-Tg
mouse brain (n). (o) The intensity of substance P immuno-positive synapses in the striatum of #8707 TgaSYN brain was lower
than non-Tg mice brain (p). (q) Astrocytosis in the cerebelium of 16-month-old #8713 TgaSYN. (1) Electron-dense inclusions
were found in the cytoplasm of neurons in the brainstems of 8-month-old #8718 TgaSYN by an EM study (arrow). (s) In the
brainstem of the same mouse, intracellular inclusions (arrows) were also detected. Scalebar=1mm in a, b, 12.5 pm in ¢-f, h-k,
50 uming,1, m,n, 25 pmino, p,and 0.38 pminy, s.
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Fig. 3—Westemn blot analysis. The expression of human
«SYN was 16 kD (lane S; corresponded to recombinant
human «SYN) by Western blot using antibody LB509 (a) and
pSyn#64 (b) in LS-soluble (L), Triton-soluble (T}, sarcosyl-
soluble (8) and sarcosyl-insoluble (I) fractions of non-Tg (N},
TgoSYN#8713 (T1), TgaSYN#8819 (T2), and TgaSYN#8812
(T3), 14-month-old mice brains.

2.5.  Measurement of neurochemicals

There was no significant difference in brain weight among Tg
and non-Tg mice at 10 and 17 months of age. Compared with
age-matched non-Tg control mice, the levels of DA in the
striatum were significantly decreased in 10 month-old
(p=0.0159) and 17 month-old mice brains (p=0.0286). DA
decreased approximately 17% to 24% in the striatum of
TgaSYN brains (Fig. 5a). A significant decrease in DA was
also detected in the hypothalamuses of 17-month-old TgaSYN
brains (p=0.0079. Fig. 5b). NE was not decreased in any areas of
10-month-old TgaSYN. brains. (Fig.. 5c). Serotonin was
decreased in the hypothalamuses of 10- and 17-month-old
TgaSYN brains (p=0.0079, p=0.0286, respectively. Fig. 5d). ACh
decreased in the striatum in 17-month-old TgaSYN (p=0.0286.
Fig. 5e). There was no significant alteration in DOPAC, HVA,
MHPG, 5-HIAA and Ch levels in any areas of TgaSYN (data not
shown). These results showed that insoluble mutant «SYN
aggregation selectively decreased the DA level at 10 and
17 months of age.

3. Discussion

Several groups have already reported animal models of PD,
such as wild-type «SYN Tg mice (Masliah et al., 2000}, mutant
«SYN Tg mice (van der Putten et al., 2000, Kahle et al,, 2000,
Giasson et al.,, 2002, Lee et al,, 2002, Richfield et al., 2002,
Neumann et al,, 2002, Thiruchelvam- et al., 2004, Tofaris et al.
2006, Wakamatsu et al,, 2008), Drosophila melanogaster -(Pen-
dleton et al., 2002) and C. elegans (Kuwahara et al,, 2006). The
first aSYN Tg mice expressed wild-type human «SYN driven
by the PDGF-p promoter (Masliah et al.,, 2000). This mouse
displayed intraneuronal inclusions immunoreactive for «SYN
and ubiquitin in several regions typically affected in «-

synucleinopathies, while lacking the characteristic fibrillar
components of Lewy bodies. The Tg mice overexpressing
oSYN AS53T developed under the murine Thy-1 regulatory
sequence showed an early and dramatic decline in motor
function (van der Putten et al., 2000). Transgenic wild-type and
A30P «SYN abnormally accumulated in neuronal cell bodies
and neurites throughout the brain (Kahle et al.,, 2000). Mice
expressing wild-type or A53T «SYN under the mouse prion
promoter developed motor deficits by eight months of age
(Giasson et al., 2002), Neuropathological assessment of these
Tg mice. revealed a wide distribution of «SYN, with a
pathological sparing of the motor cortex and a total sparing
of the substantia nigra. Another group developed Tg mice
harboring' «aSYN A53T using a mouse prion promoter showing
motor dysfunction and «SYN accumulation (Lee et al., 2002).
Truncated human «SYN (C-120) Tg mice under the TH
promoter led to pathological changes in dopaminergic nerve
cells of the substantia nigra and olfactory bulb (Tofaris et al,,
2006). Recently, truncated human oSYN (C-130) Tg mice also
led to selective loss of dopaminergic neurons and accumula-
tion of phosphorylated «SYN (Wakamatsu et al., 2007, 2008).

One of the differences between these models and our
TgaSYN was a novel combination of a promoter and mutation
of «SYN. TgaSYN expressed double mutant «SYN with A30P
+AS53T under the human Thy-1 promoter. As expected, our
TgaSYN demonstrated widespread «SYN accumulation in the
brainstemn, caudate putamen, cerebellum, hippocampus and
cerebral cortex. Eosinophilic inclusion bodies in the substantia
nigra and dentate nucleus of the cerebellum corresponded to
accumulation of aSYN. Accumulated «SYN was ubiquitinated,
nitrated and phosphorylated at the histological levels as
shown in PD and DLB brain. Unfortunately, these inclusion
bodies were not compatible with typical LBs because of the
absence of a halo structure. At the EM leve], fibrillar structure
was not observed in inclusion bodies, but they were composed
of massive aberrant fine granular structures. Aberrant inclu-
sion bodies with modified «SYN were also observed widely.
Since Gallyas-Braak staining labeled these LNs, accumulated
«SYN in these neurites may have characteristics of those in -
sheet pleated structures.
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Fig. 4-Rotarod test. The retention time of Tg mice on the
rotarod significantly decreased in TgaSYN. The significant
difference began to decrease at three months old (¥: p<0.01)
and progressively deteriorated in an age-dependent manner
from six months (k: p<0.001). Statistics were analyzed by
two-way repeated measures ANOVA,
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Fig. 5—Measurement of neurochemicals. Opened column: 10-month-old non-Tg mice, Oblique column: 17-month-old non-Tg
mice; Closed black colored column: 10-month-old TgaSYN mice, Grossed column: 17-month-old non-Tg mice. Cortex: cerebral
cortex, Hippoc: hippocampus, MidThal: midbrain-thalamus, Hypothal: hypothalamus, MedPons: medulla-pons, Cerebell:
cerebellum. *p<0.01, **p<0.05. Statistical analysis of neurochemicals between the TgaSYN and non-Tg control groups at the
same age was conducted by a two-way repeated measure ANOVA (GraphPad Prism 4). (a) DA was significantly decreased in the
striatum in 10- and 17-month-old TgaSYN compared with non-Tg control mice. (b) A decrease in dopamine was detected
significantly in the hypothalamuses of 17-month-old TgaSYN brains (p=0.0079). (c) Norepinephrine (NE) was not decreased in
10- and 17-month-old TgaSYN brains; (d) Serotonin (5-HT) was decreased in the hypothalamus of 10- and 17-month-old
TgaSYN brains (p=0.0079, p=0.0286, respectively). (¢) ACh was decreased in the striatum of 17-month-old Tgo:SYN (p=0.0286).

The «-synuclein pathologies in TgaSYN were accompa-
nied by decreased tyrosine hydroxylase-positive neurons,
Substance P synapses and severe astrocytosis. These histo-
logical a-synuclein pathologies were also detected at the
biochemical level. Accumulated «SYN was phosphorylated,
ubiquitinated and sarcosyl-insoluble, suggesting that it may
be conformationally changed as reported in PD/DLB brains
(Hasegawa et al,, 2002). The presence of higher molecule
phosphorylated and ubiquitinated bands (22/29 kD) on
Western blots also indicated that accumulated oSYN was
modified and aggregated.

The severe decrease in DA and loss of dopaminergic
neurons in SNc and the striata of PD brains is widely believed
to be the pathological and biochemical cause of PD. Notably,
our TgaSYN demonstrated decreased DA production in a
disturbed DA system which was measured in the liquid
chromatographic systems. Although other neurochemicals
were altered slightly, a prominently decreased level of DA was

revealed in the striatum of TguSYN. These findings suggést
selective neurotoxicity with «SYN accurnulation.

In our mouse model, approximately a 20% reduction in DA
in the striatum was observed when motor impairment
existed. Since the rotarod test revealed significant decreased
spontaneous movement, the phenotype of TgaSYN is quite
similar-to the cardinal clinical symptom of PD, akinesia. A
decreased level of TH-positive neurons and substance P
synapses also éuggested that the motor impairment in
TguSYN may be caused by aberrant aSYN processes.

Our TgeSYN is a mammalian model animal showing
decreased DA and motor deficits, which were certainly
detected by the liquid chromatographic systems and rotarod
test. For this reason, TgaSYN is a useful model for analyzing
the aberrant cascade induced by pathological metabolism and
aggregation of mutant «SYN, and may be useful for developing
essential treatments for a-synucleinopathies such as PD and
DLB.

-
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4, Experimental procedures

4.1,  Transgene construction, generation of transgenic mice
and analyses of RT-PCR

Human o«SYN A30P+A53T cDNA (450 bp) was ligated into Hind
Il sites in the human Thy-1 genome gene. The transgene
hThyl1-«SYN A30P+AS53T consisted of an 8.1 kb Xhol-Ncol
fragment of pBluescript II KS kidney enhancer (Fig. 1a). The
CX-EGFP transgene consisted of a 3 kb Xba I/BamH I fragment
of pCAGGS containing the CMV enhancer, p-actin promoter, a
part of the rabbit 3-globin gene, a part of the second intron, the
third exon and 3‘-untranslated region and cDNA of EGFP
(Enhanced green fluorescent protein) with the Kozak sequence
(Imai et al., 1999). Approximately 2,000 copies of the transgene
with a 1:1 mole rate mixture of the hThyl-aSYN A30P+A53T
and CX-EGFP as a transgene marker were micro-injected into
the pronuclei of fertilized BDF1 eggs. To analyze gene
expression of human «SYN, RT-PCR was performed using
2 ul of mRNA, isolated using the QuickPrep Micro mRNA
purification kit (GE Healthcare Bio-Sciences Corp., Piscataway,
NJ), from the brains of TgaSYN (#8713) and non-Tg mice brains
at3, 8,17 months of age (n=3, respectively) in the reaction tube
of Ready-To-Go RT-PCR Beads (GE Healthcare Bio-Sciences
Corp., Piscataway, NJ) with PCR primer sets as follows: (xSYN
forward primer: TG GAT GTA TTC ATG AAA GGA, aSYN
reverse primer: CC AGT GGC TGC TGC AAT GCT C; EGFP
forward primer: TGG TGA GCA AGG GCG AGG AG,; EGFP reverse
primer: TCG TGC TGC TTC ATG TGG TC). For semi-quantifica-
tion, RT-PCR of p-actin was performed as an internal control
(Elliott, 2001). Ten microliters of PCR products were analyzed
by 2.5% agarose gel electrophoresis. The intensity of ethidium-
stained bands was analyzed by Scion Image (Scion Corpora-
tion, Frederick, MD).

4.2.  Histological examinations

After mice were sacrificed under anesthesia, the brains were
removed and cut sagittally along the midline. One hemisphere
was fixed in 0.1 mol/L phosphate buffer (PB, pH 7.6) containing
4% paraformaldehyde, and embedded in paraffin. For immu-
nostaining, 5-um sections were treated with 99% formic acid
for 3 min, or treated in a microwave at 500 W for 5 min three
times in 10 mmoV/L citrate buffer (pH 6.0). After blocking with
5% normal goat or horse sefum in 50 mmol/L phosphate
buffered saline (PBS) containing 0.05% Tween-20 and 4%
Block-Ace {Snow brand, Sapporo, Japan), sections were
incubated with primary antibodies for 6 h. Specific labeling
was visualized using a Vectastain Elite ABC kit (Vector,
Burlingame, CA). Immunostained tissue sections were coun-
terstained with hematoxylin. Nissl, Hematoxylin-eosin (H-E),
and Gallyas-Braak stains were also done.

The following antibodies were used: mouse monoclonal
antibody to human aSYN, LB509 (x4, residues 115-121/122)
(Baba et al., 1998); mouse monoclonal antibody to «SYN, 42/c-
Synuclein (x50, BD Transduction Laboratories, San Jose, CA);
rabbit polyclonal antibody to phosphorylated Serine at residue
129 of human «SYN, PSer129 (x200) (Fujiwara et al,, 2002;
Hasegawa et al,, 2002); rabbit polyclonal antibody to tyrosine

hydroxylase (TH), AB151 (x 2,000, CHEMICON, Temecula, CA);
rabbit polyclonal antibody to substance P, AB1566 (x1,000,
CHEMICON, Temecula, CA); rabbit polyclonal antibody to
ubiquitin, UbiQ (x500) (Ikeda et al., 2005; Murakami et al,
2006); mouse monoclonal antibody to nitrated «/f SYN, Syn12
(x400, Invitrogen, Corps., Carlsbad, CA); rabbit polyclonal
antibody to glial fibrillary acidic protein (GFAP, x20,000,
DAKO, Carpinteria, CA).

For electron microscopic (EM) studies, the brain tissues
were immersed in a fixative solution (2.5% glutaraldehyde,
0.1 mol/L phosphate buffer (PB), pH 7.4) for 4 h and washed
several times in 0.1 mol/L PB containing 7% sucrose. Blocks
were then postfixed in 2% osmium tetroxide, dehydrated in
ethanol and propylene oxide, and embedded in Quetol 812
(Nisshin EM, Tokyo, Japan). Ultrathin sections were stained
with uranyl acetate and lead acetate prior to observation.

4.3.  Western blot analysis

Half of each brain was homogenized in 3 ml/g of low-salt buffer
{LS: 10 mmol/L Tris, 5 mmol/L ethylenediaminetetraacetic acid
(EDTA), 1 mmol/L dithiothreitol (DTT), 10% sucrose, and a
cocktail of protease inhibitors (Complete®, Roche Diagnostics,
Indianapolis, IN), pH 7.5) and centrifuged at 25,000 g for 30 min at
4 °C (LS-soluble fraction). Pellets were treated with 3 ml/g of LS
with 1% Triton X-100 and 0.5 mol/L. NaCl, and centrifuged at
180,000 g for 30 min at 4 °C (Triton-soluble fraction). Pellets were
then homogenized again in 2 ml/g LS with 1% N-lauroylsarcosine
(SIGMA CHEMICAL CO. St Louis, MO} and 05 mol/L NaC},
incubated at 22 °C on a shaker for 1 h, and centrifuged at
180,000 g for 30 min at 22 °C. Supemnatants were analyzed as
sarcosyl-soluble fraction (Iwatsubo et al,, 1996; Hasegawa et al,,
2002; Sampathu et al.; 2003; Ikeda et al., 2005; Murakami et al.,
2006). The remaining pellets obtained from each sarcosyl-
insoluble fraction were boiled at 70 °C in 20 ul of NuPAGE® LDS
Sample Buffer for 10 min. Each fraction was separated on 4t0 12%
NuPAGE Bis-Tris Gels (Invitrogen, Corps., Carlsbad, CA) and the
blots were labeled by a mouse monoclonal antibody to human
aSYN (LB509, x4), and a mouse monoclonal antibody to
phosphorylated Serine at residue 129 of human «SYN
(pSyn#64, x200, Wako, Japan). Signals were visualized with an
enhanced chemiluminescence detection system (SuperSignal
West® Dura Extended Duration Substrate, PIERCE, Rockford, IL)
and quantified by a luminoimage analyzer (LAS 1000-mini, Fuji
film, Tokyo, Japan).

4.4.  Measurement of neurochemicals

Neurochemicals, including dopaminergic (dopamine: DA, 3,4-
dihydroxyphenylacetic acid: DOPAC, homovanillic acid: HVA),
noradrenergic (norepinephrine: NE, 3-methoxy-4hydroxyphe-
nylglycol: MHPG), serotonergic (5-hydroxytryptamine: 5-HT, 5-
hydroxyindoleacetic acid: 5-HIAA}) and cholinergic (acetylcho-
line: ACh; choline: Ch) systems in the brain were measured in
Tg mice (n=10) and non-Tg control mice (n=10) at 10 and 17
months old, respectively. In brief, each animal was anesthe-
tized with Nembutal® (Dainippon Pharmaceutical Co. Ltd.,
pentobarbital sodium), sacrificed, and irradiated with micro-
waves (NJE 2603 Microwave device, New Japan Radio, Kami-
fukuoka, Japan) at 9.0 kKW for 0.42 s to prevent post-mortem
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changes in the neurochemicals during brain sampling (Ikar-
ashi et al.,, 1985, 2004). The brain was removed from the skull
and dissected into seven regions (cerebral cortex, hippocam-
pus, midbrain-thalamus, striatum, hypothalamus, medulla-
pons and cerebellum) according to the established method
(Glowinski and Iversen, 1966), and then each region was
weighed. Each dissected brain region was homogenized with
0.5 ml of 0.1 mol/L perchloric acid containing 0.8 nmol
isoproterenol hydrochloride as an internal standard for the
determinations of catecholamines, indoleamines and related
metabolites, and 5 nmol ethylhomocholine iodide as an
internal standard for the determinations of ACh and Ch,
using an ultrasonic cell disrupter (US-300T, Nissei, Tokyo,
Japan). The homogenate was centrifuged at 17,300 g at 4 °C for
15 min. The supernatant was filtered through a 045 uym
millipore filter. Aliquots, typically 10 ul of the filtrates, were
injected into the liquid chromatographic systems (Eicom

HPLC-ECD system, Eicom Co. Ltd., Kyoto, Japan) to determine -

catecholamines-, indoleamines-, and acetylcholine-related
substances (Ikarashi et al, 1992). The sediment was re-
homogenized with 2 ml of 1 mol/L NaOH for a protein assay,

which was performed using the method of Lowry et al. (1951).

The concentrations of neurochemicals in the brain were
expressed as the values per milligram of protein.

4.5.  Behavioral experiments

4.5.1. Rotarod test

TgaSYN (n=10) and age-matched control mice (n=10) at one
month to 10.5 months old were examined by the rotarod
performance test according to a previous method (Kuribara et
al., 1977; Ikarashi et al., 2004). Mice were placed on the rotating
rod of the apparatus (Ugo basile, biological research apparatus,
Milan, Italy) at a speed of 16 rpm for 300 s, and the time they
stayed on the rotating rod was measured. Each set of three trials
was performed at 10 minute intervals each day for every mouse.

4.6.  Statistical analyses

Two-way repeated measures ANOVA followed by the Mann~
Whitney U test for the rotarod test and open field test, and
two-way. ANOVA followed by Student’s t test to analyze
neurochemicals were performed. using GraphPad Prism 4
(GraphPad Software Inc., San Diego, CA) and SPSS 10.0 (SPSS
10.0 for Windows, SPSS Inc., Chicago, IL). The means of all data
are presented with their standard errors (meanzS.E.).
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Abstract

Transthyretin (TTR) binds amyloid-B (AB) and prevents AP fibril formation in vitro. It was
reported that the lack of neurodegeneration in a transgenic mouse model of Alzheimer’s
disease (AD) (Tg2576 mouse) was associated with increased TTR level in the hippocampus,
and that chronic infusion of anti-TTR antibody into the hippocampus of Tg2576 mice led to
increased local AP deposits, tau hyperphosphorylation and apoptosis. TTR is, therefore,
speculated to prevent A pathology in AD. However, a role for TTR in AP deposition is not
yet known. To investigate the relationship between TTR and AP deposition, we generated a
mouse line carrying a null mutation at the endogenous T7R locus and the human mutant
amyloid precursor protein ¢cDNA responsible for familial AD (Tg2576/TTR™ mouse) by
crossing Tg2576 mice with TTR-deficient mice. We asked whether AP deposition was
accelerated in Tg2576/TTR™ mice relative to the heterozygous mutant Tg2576 (Tg2576/
TTR*-) mice. Contrary to our expectations, the degree of total and vascular AP burdens in
the aged Tg2576/TTR™- mice was significantly reduced relative to the age-matched Tg2576/
TTR* mice. Our experiments present, for the first time, compelling evidence that TTR does

not suppress but rather accelerates vascular AP deposition in the mouse model of AD.

INTRODUCTION

Insoluble amyloid-B (AP) peptides, the main components of
brain amyloid plaques, are thought to be the causative agent of
Alzheimer’s disease (AD) (11). However, AP is normally present
in a soluble form in plasma and in the cerebrospinal fluid (CSF)
(39, 40), suggesting that some other factors may modulate the
aggregation of AP fibrils. The hypothesis that transthyretin (TTR)
might play some role in the pathogenesis of AD originated from
the observation that TTR in the CSF binds AB, and prevents A
fibril formation in vitro (36, 37). It was further observed that the
levels of both TTR and its oxidized forms in the CSF were lower
in patients with AD compared with the age-matched controls (2,
38). The importance of TTR in inhibition of AP fibril formation
and toxicity in vivo was also suggested in two model systems:
transgenic Caenorhabditis elegans and a transgenic mouse model
of AD, Tg2576. Link reported that co-expression of AP peptide
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and TTR in transgenic C. elegans led to a reduction in Af depos-
its (22). Tg2576 line has high level of plasma AP peptides
(14, 18), and develops brain AP deposits similar to that seen in
patients with AD (15, 35) and behavioral deficits (13, 53).
However, it lacks neurofibrillary tangles (NFT) (27, 48, 49) and
neuronal loss (15), which are unique characteristics of patients
with AD (5). Stein and Johnson reported that the lack of neurode-
generation was associated with increased level of TTR in the
hippocampus of Tg2576 (43). They aiso reported that chronic
infusion of an antibody against TTR ‘into the hippocampus of
Tg2576 mice led to increased AP deposits, tau hyperphosphory- -
lation, neuronal loss and apoptosis in the CAl neuronal field
(42). Carro et al reported that reduced AP burden after insulin-
like growth factor I-treatment of Tg2576 was paralleled by
increased brain levels of TTR (6). Giunta et o/ reported the inhi-
bition of AP aggregation and toxicity and AB-induced apoptotic
changes by TTR in cultured cells (10).
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