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Fig.2. Effect of BIX on renal I/R injury.
Vehicle or BIX was administered to mice
24h before I/R operation. a, b, c: PAS
staining was performed on kidney sections
obtained 24 h after I/R from mice treated
I—"—l with vehicle (a) or BIX (b). The cortex is
mainly shown. Bars=50um. The PAS-
positive area was measured as described
previously (8) (c). Values are each a mean £
S.E.M. Numb in parenth are the
numbers of animals tested. ***P<0.001 s
vehicle (Student’s r-test). d: Plasma creatinine
concentrations before (Pre) and 24 h after I/R
are shown. Values are each 4 mean + S.EM.
Numbers in parentheses are the numbers of
animals tested. **P<0.01 vr vehicle (Student’s
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tunicamycin (Fig. 1b). BIX and tunicamycin had no
effect on the expression level of HSP70, indicating that
both agents specifically activated the UPR pathway.

Mice were treated with vehicle or BIX for 24 h and
then subjected to renal I/R. At 24 h after renal I/R, renal
function and histology with PAS staining were evaluated
(Fig. 2). Histological analysis revealed that renal I/R in
the vehicle group caused cast formation in tubules,
tubular dilatation, and necrosis in the cortex and the
outer medulla (Fig. 2a), which was less pronounced in
mice treated with BIX (Fig. 2b). The PAS-positive area
in the BIX group was significantly smaller than that in
the vehicle mice (Fig. 2¢). In accordance with the histo-
logical results, the plasma concentration of creatinine in
the BIX group was significantly lower than that in the
vehicle group at 24 h after I/R (Fig. 2d).

Tunicamycin has been shown to be protective against
renal I/R injury, accompanied by enhancement of the
renal BiP protein level (8). Therefore we compared the
expression level of BiP in the kidney following renal I/R
between the vehicle and BIX groups. The level of BiP
protein was clearly higher in the BIX group (Fig. 3a). In
contrast, the level of HSP70 expression did not differ
between the groups. These data clearly show that treat-
ment of mice with BIX attenuated renal I/R injury with
concomitant enhancement of renal BiP expression,
which is similar to the effect of tunicamycin on renal I/R
injury.

R t-test).

In order to examine whether the effect of BIX resulted
from the activation of the UPR pathway, we compared
the effect of treatment with tunicamycin alone with that
of a combination of BIX and tunicamycin on I/R-
induced renal dysfunction. To this end, we used a dose
of tunicamycin, which was known both to efficiently
activate the unfolded protein response in the kidney and
to exert protection against renal I/R injury (8, 12). As
shown in Fig. 3b, no significant additive effect of co-
administration was observed, indicating that the two
drugs share the same pathway.

Several in vitro and in vivo studies have examined
UPR activation in response to renal I/R and its role in
preventing cell injury using chemical UPR inducers such
as tunicamycin and thapsigargin (6 — 8). However, since
these drugs cause the unfolded proteins to accumulate in
the ER (1 - 3), their application for therapeutic purposes
is unlikely to be realized (9). In order to circumvent this
problem, we have searched for a chemical compound
that induces BiP through a selective pathway without
accumulation of the unfolded proteins and has low cell
toxicity; and we finally found BIX, which up-regulates
BiP with lower expression of genes mediated by non-
ATF6 pathways in the cultured cells and the brain (9,
10). In this study, we examined whether BIX amelio-
rated renal I/R injury through activation of the UPR
via the ATF6 pathway. BIX significantly lessened the
severity of renal I/R injury without expression of genes
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Intramembrane proteolysis by presenilin-dependent vy-secretase produces the Notch intracellular cytoplas-
mic domain (NCID) and Alzheimer disease-associated amyloid-f3. Here, we show that upon Notch signaling the
intracellular domain of Notch-1 is cleaved into two distinct types of NICD species due to diversity in the site
of 53 cleavage. Consistent with the N-end rule, the S3-V cleavage produces stable NICD with Val at the N
terminus, whereas the 53-S/53-L cleavage generates unstable NICD with Ser/Leu at the N terminus. Moreover,
intracellular Notch signal transmission with unstable NICDs is much weaker than that with stable NICD.
Importantly, the extent of endocytosis in target cells affects the relative production ratio of the two types of
NICD, which changes in parallel with Notch signaling. Surprisingly, substantial amounts of unstable NICD
species are generated from the Val—Gly and the Lys—+Arg mutants, which have been reported to decrease 53
cleavage efficiency in cultured cells. Thus, we suggest that the existence of two distinct types of NICD points to
a novel aspect of the intracellular signaling and that changes in the precision of 53 cleavage play an important

role in the process of conversion from extracellular to intracellular Notch signaling.

Presenilin (PS)-dependent y-secretase (PS/y-secretase) me-
diates the degradation of transmembrane domains (TMs) in
many type 1 receptors, including Notch and p-amyloid protein
precursor (BAPP) (18, 52). Degradation of these receptors is
characterized by sequential endoproteolysis: following shed-
ding by cleavage in the extracellular juxtamembrane region,
the receptors undergo PS-dependent intramembrane proteol-
ysis, releasing amyloid-g (AB)-like peptides and intracellular
cytoplasmic domains (ICDs) (5, 14). At least in the cases of
BAPP, Notch, and CD44, cleavages of the C termini of Ap-like
peptides and of the N termini of ICDs in the TM are distinct.
This process of cleavage at two sites is known as “dual cleav-
age” (33). The process of Ap generation has been intensively
studied, and it is suggested that AR is released by a series of
sequential cleavages followed by the ICD generation (25, 36,
53). An unusual characteristic of this intramembrane proteol-
ysis is that some of the cleavage sites can vary (42). The pre-
cision of cleavage can therefore be defined as the ratio of the
cleavage at each site. For example, PS-dependent cleavage of
BAPP at the v site, which is associated with Alzheimer discase
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(AD), occurs mainly at residue 40 (y40), producing AB40, and
at residue 42 (v42), producing A42. A small increase in the
proportion of ¥42 to 440 cleavage is consistently observed in
many familial AD (FAD)-associated PS or BAPP mutants (42),
but it is unclear whether such changes in the precision of
PS-dependent intramembrane proteolysis have any biological
effects.

Notch signaling, which is essential for development, is a type
of local-cell signaling that participates in neurodegeneration
and tumorigenesis (1). The canonical Notch pathway is medi-
ated by the regulated intramembrane proteolysis pathway, in
which Notch receptors undergo ligand-dependent sequential
endoproteolysis via a series of enzymes, including PS/y-se-
cretase (8). The Notch-1 ICD (NICD), which is produced by
PS/y-secretase-mediated cleavage at site 3 (S3), translocates to
the nucleus and participates in transactivation of target genes
(40). Elimination of PS function results in the Notch pheno-
type, which includes disruption of segmentation during the
development of many kinds of animals, demonstrating the im-
portance of NICD generation (41).

The intensity of Notch signaling is crucial for cell fate deci-
sions. For example, Notch haplo-insufficiency causes the
“notched-wing” phenotype in Drosophila (9). Reduced Notch
activity favors the v5 T-cell fate over the af T-cell fate,
whereas a constitutively activated form of Notch produces a
reciprocal phenotype (48). The endocytosis of Notch and its
ligands plays a key role in the regulation of the signaling
intensity (40), but the biochemical aspects regulating this pro-
cess have not been well studied. N-terminal amino acid se-
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Fig.3. Effect of BIX on renal BiP expression after renal 1/R and
effect of co-administration of tunicamycin on BIX-induced renal
protection. a: Representative immunoblots for BiP and HSP70.
Vehicle or BIX was administered to mice at 24 h before 1/R opera-
tion, and kidneys were removed 24 h after 1/R, Protein was extracted
from whole kidney. b: Mice were treated with tunicamycin for 24 h
and then were treated with vehicle or BIX for another 24 h, There-
after, mice were subjected to I/R operation. Plasma creatinine
concentrations at 24 h after I/R are shown. Values are each a
mean + S.EM. N.S.,, not significant, Nurnlser! in parentheses are the
numbers of lmmals tested. It was n rthy that the tini
concentration in the co-administration group (tunicamycin+ BIX)
was similar to that in the group treated with BIX alone (Fig. 2d).

mediated by non-ATF6 pathways. Furthermore, tunica-
mycin co-administration provided no additional protec-
tive effect. Our data strongly suggest that BIX exerts
its protective effect through activation of the UPR via
the ATF6 pathway and that BIX may be a potential
therapeutic agent for ischemic AKI caused by renal I/R.
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quencing revealed that 83 in mouse Notch-1 lies between
Gly1743 and Vall744 (murine Notch-1 numbering) (39).
Whether the site of 53 cleavage can vary has not been exam-
ined previously.

In this study, we found that there is diversity in the site of 53
cleavage, resulting in the production of two types of NICD with
apparently distinct stability and ability to transmit Notch sig-
naling in cultured cells. Our results suggest that the precision
of PS/y-secretase-mediated cleavage is important for deter-
mining the intensity of Notch signaling,

MATERIALS AND METHODS

Antibodies. To generate affinity-purified polyclonal N inal capping anti-
bodies to NICD-S (anti-NT-S), rabbits were immunized with a mﬂmk pepnd:
(SRKRR) corresponding to the N terminus of NICD-S(+3). We also prepared
two kinds of affinity columns in which the N-terminal peptide of NICD-V
(VLLSRKRR) or NICD-S (SRKRR) was conjugated to Sepharose 4B (Amer-
sham). We isolated the fraction of the anti-NT-S antiserum that bound to the
NICD-8(+3) column but not the NICD-V column (32). Anti-NT-L antiserum
was raised against a synthetic peptide (LLSRKRR) corresponding to the N
Ilsruw of NICJ.')-L{H) and then wriﬁnd by affinity chromatography on

b 4B conjugated to the N-terminal peptide of NICD-L (LLSRKRR),
iuﬂuwdbylmndmu(lﬁniurcbrmdumphyw&phm 4B conju-
gated to the NICD-S peptide (SRKRR). Other antibodies were purchased from
commercial sources as follows: anti-NT-V (V1744 antibody) from Cell Signaling:
antinicastrin and antibody mN1A against Notch-1 from Sigma-Aldrich; antibody
H114 against Jagged-1 and antitubulin from Santa Cruz Biotechnology, anti-
carly endosome antigen | and anti-GM130 from BD Transduction Laboratories;
antibody 12CAS against the HA epitope from Roche Diagnostics, Inc.; antibody
YE10 against the myc upmpu from Zymed; and anti-Na-K ATPase from Upstate

Bmlnchnnlcn
The cDNA. ding the mouse Notch-1 variant NEXT was
ptevhm(y described (33). NEXTAC was generated by PCR-based mutagenesis
using the QuikChange-11 kit (Stratagene) with NEXT cDNA as a template. The
mlammﬂmMNmmmameumduﬁwﬂumhLTn
for polypeptides NICD-V, NICD-L (+1), and
NICD-S (+3), cDNAs encoding Val, Leu(+1), and Ser(+3) as the N termini
were subcloned into the pASK-IBAG vector (TBA), HES-1-lue (4 kind gift from
Alain Isracl) (16) and pGad981-6 (a kind gift from Georg W. Bomkamm) (21)
ummdudmﬁeihrmmmhdumnimotﬂs&!mm

Mol CeLL. Biow,

Aldrich). ‘l1|e cell lysates were munhmd tl m.cm x g for 15 min, and the
jons were i di J. Following 8% Tris-
glymu (Tefco) or 10 to 20% Tris-Tricive ( (1 gen) SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), the gels were either transferred to a polyvinyl-
idene difluoride membrane and probed with the indicated antibodies or dried
and analyzed by iography. To quanti the levels of NICD
rpcdalnudlnudcelh.mnl dmuolth‘lCD polypeptide were separated
together !ﬂlh umplu by SDS-PAGE and analyzed by immunoblotting with the
| capping antibody. The chemiluminescence intensities
were mea:urcd using an LAS3000 scanner, bllmd by analysis with Muli
Gauge Ver3.0 software (Fuji Film) Biotinyl: was semiquantita-
tively d by chemil using the followed by analysk
with the software.
Cell-cell association assay. For the detection of de novo NICD species,
CHO(r) cells stably expressing Notch-1 were grown to confluence in 150-mm

_ dishes (2 % 107 cells per dish) in triplicate, Next, 3 % 107 CHO(r) cells stably

expressing Jagged-1 were spread over the Notch-1-expressing cells. After 8 h of
coculture, the cells were collected. For the reporter assay, the procedure was the
same, although it was carried out in a 12-well plate and the number of cells was
reduced accordingly.

cDNA transfection and reporter assay. To examine the intensity of Notch
signaling, we used a dual luciferase reporter assay system (Promega) as described
by the manufacturer (31). Briefly, cells cxpressing Notch-1 or its derivatives in a
12-well plate were transiently transfected with 125 ng of HES-Y or pGa981-6 and
1.25 ng of the control Renilla luciferase reporter plasmid pRL-TK. The reporter
assay was performed on the next day. Dyn-1 K44A expression was induced with
various ions of yeline 24 h prior to transfection with HES-Y.
Cell-cell association was performed 24 h afier transfection with HES-Y.

Preparation of nuclear extract from mouse tissues. A nuclear complex co-1P
kit (Active Motif) was used to obtain nuclear extracts from CS7BL/6 (Japan
SLC) mouse tissues. Homogenized adult mouse brain or fetal mouse tissues
mlheut internal mpu (e.mhqmnlc day 12) were treated according to the man-

g 1 quently, the nuclear extracts were diluted using the

ipitation buffer i ummmmmmm

pwuﬁt(}-urpmt:lu"‘ h , and i precip g 1o the
manufacturer’s instructions.

Purification of polypeptides, NICD-V, NICD-L{+1), and NICD-S(+3)
m&pepﬁuhdwﬁhmﬂ[lhﬂmdhlnNWnllbcwthduw
age site were Escherichia coli (BL21) with pASK-1BA6
mmmwnnnmy.mmmmmhmm
cells were collected by centrifugation at 4,500 X g for 12 min, resuspended in
ice-cold TSE buffer (10 mM Tris-HCl [pH 7.4], 20% sucrose, and 2.5 mM
NrEDTﬁ).mdﬂnnhmhMuubfurleh.Tbemﬂlmmumlhﬂd

1 in ice-cold waler, incubated for 10 min, briefly

Jasat Pl

, we newly g da Mby md h of split-Y (HES-Y)

g four seq 1 RBP-Jx b g sites in the HES-1 promoter region.

Cell culture, We gen:mad HEK293 cells expressing P51 R2781 (a kind gift
from M, Nishimura) (27) 6 PS1 G384A (a kind gift from H. Steiner) (4).

by
mmwmwbmpmnntlmx;hﬁmm(mk
shock fractionation). The was passed through a Strep-Tactin Sepha-
mumlmn (TBA). muwmemmmwmmm
saline g 2.5 mM desthiobiotin. Eluted polypeptides were treated with

HEK293 cells expressing either wild-type (wi) or mutants of PS1 were p
described (31). These cells were transfected with wi, mutant NEXT, wmluu‘l
NEXTAC, HeLa cells expressing Dyn-1 K44A (a kind gift from S. Schmid) were
uscd as described and stably transfected with NEXT or NEXTAC. CHO(r) cells
(a gift from S. Shirhata) (29) were stably transfected with mouse Notch-1 or
Jagged-1.

Cell-free Notch-1 cleavage assay. To obtain crude membrane fractions
(CMFs), cells were homogenized in buffer (0.25 M sucrose and 10 mM HEPES,
pH 7.4) containing a p inhibitor cocktail (Roche), followed by centrifu-
gation at lmxghimm The postnuclear supernatant was further centri-
fuged at 100,000 X g for 30 min, and the resulting pellet was collected. This CMF
mmpendﬁdin 150 mM sodium citrate bulfer (pH 6.4) containing a 4x

Mmh(&imﬂldlﬂ).udﬂuldndmwpﬁzdthu@ihmhm
again 1o remove uncleaved ide (34). The purity of the polypeptides was
confirmed by 6% Tris-glycine SDS-PAGE, followed by staining with Coomassic
brilliant blue.
Loading of polypep The pol; btained as described above were
wmwkﬁumwdﬂmms(mmm
g to the I *s instructions. Briefly, cells were grown and trans-
rmwﬁmmmhumammmm:mwmns
ug of each polypeptide or bovine serum albumin (BSA) along with 0.5 pg of
B-galactosidase, using 15 ! of Chariot reagent per well. Finally, the cells were
stained for f-galactosidase or used for the reporter assay.

o(, inhibitor cocktail (Sigma-Aldrich) and 5 mM 1,10 In vilro degradation assay. mmwu{azmmmm“mm,a

Aldrich), i d for 20 min at 37°C, and then centri- of fresh rabbit reticulocyte lysate (Promega) and incubated at 37°C. Clasto-

Mulmngormmh(ll) lactacystin (10 pM), MG262 (100 nM), and 4-hydroxy-S-iodo-3-nitrophenyl

Pulse-chase experiments. Pu xperi were perft 4 as described mﬁmwmumﬁmm{mm(wmunm:umm
previously (11, 30, 31, 33, 34). the action of the proteasome.,

WIDI-WFM& precipitation and matrix Transferrin uptake assay, To the rate of endocytosis, the levels of
sisted laser desory i .-__mlmmelqml- internalized and surface-bound biotinylated ferrin were 4 a5 de-
TOF MS) snalysis was carried out as described previously (11, 31, 33].Tbe scribed previously (11).
heights of the MS peaks and molecular weights were calibrated using angi Suly lonati gradi dblw?jﬁbd!nnol(()pﬂ-
and bovine insulin B-chain as standards (Sigma-Aldrich). prep; Axis-Shield) were p d, and fracti was perfc d as previously

5 YR B & = ad "

raphy. Metabolically labeled or unlabeled lysates were lysed in radiol st N ot M were performed at least three times unless
precipitation assay buffer (1% Triton X-100, 05% sodium deoxycholate, and mmwmmwluthuﬂ-&wm
0.1% sodium dodecyl sulfate [SDS]) ining a p inhibitor mix (Sigma- cipitafion/MALDI-TOF MS, i Ating, i precip g
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FIG. 1. MALDI-TOF MS analysis of NICD(AC) produced by the cell-free Notch-1 cleavage assay. (A) Sck : ial

i ion of
lytic sites and the putative TM, respectively. (B) Schematic

endoproteolysis of Notch-1. S2 to 54 and the gray area rep

nt the p

representation of the NEXTAC construct used in the cell-free Notch-1 cleavage assay. Colored inverted triangles show the $3 and S4 proteolytic
sites. S8, signal sequence. (C) MS spectrum of de novo NICD(AC) generated in the cell-free assay. CMF was derived from K293 cells stably
expressing NEXTAC. The molecular mass of each species is indicated. To inhibit degradation by proteases other than aspartyl proteases, BSA and

a mixture of metallo-, serine, and

raphy, and cytochemistry. The
determined by Student’s  test.

istical significance of differences was

RESULTS

A cell-free Notch-1 cleavage assay indicates diversity in the
site of 53 cleavage. The cleavage of the Notch-1 TM occurs at
least at two sites, one at 83, which determines the N terminus
of intracellularly liberated NICD (39), and the other at S4,
which determines the C terminus of extracellularly secreted
NB (Fig. 1A) (31, 33). We first examined the diversity of the S3
cleavage site. We constructed NEXTAC, a mouse Notch-1
derivative that lacks the majority of its extracellular and intra-
cellular domains (Fig. 1B), and we established a cell-free
Notch-1 cleavage assay using the CMF from cells stably
expressing this construct (11). The de novo-generated
NICD(AC) was immunoprecipitated with anti-myc antibodies
and then analyzed by MALDI-TOF MS (Fig. 1C). Strikingly,
proteolysis at 83 did not occur at a unique site but rather
occurred at multiple sites, as indicated by the presence of
multiple sizes of NICD(AC) (see Table S1 in the supplemental

cysteine protease inhibitors were added to the cell-free assay buffer. Colored inverted triangles indicate the
NICD{AC) species produced by cleavage at the sites shown in panel B.

material). Specifically, proteolysis at 83 occurred at the follow-
ing sites: S3-L(+1), between Val1744 and Leul745; S3-L(+2),
between Leul745 and Leul746; S3-S(+3), between Leul746
and Ser1747; and the previously reported S3-V, between
Gly1743 and Val1744 (39) (Fig. 1B; see Fig. S1A in the sup-
plemental material). Unexpectedly, the highest peak was for
NICD-S(+3)(AC) rather than NICD-V(AC) (Fig. 1C), sug-
gesting that $3-S(+3) is the major site of 83 cleavage under
these assay conditions. Addition of the PS/y-secretase inhibi-
tors eliminated the cleavage at both $3-V and $3-5(+3) (see
Fig. S1B in the supplemental material). Moreover, we did not
observe generation of these shorter NICD(AC) species from
the longer NICD(AC) (see Fig. S1C in the supplemental ma-
terial). Therefore, the results are consistent with the possibility
that all the fragments are produced by PS-dependent S3 cleav-
age in the Notch-1 TM.

Diversity in the site of S3 cleavage in living cells. To identify
the N terminus of NICD molecules in vivo, we prepared two
N-terminal capping antibodies, anti-NT-V (anti-V1744) and
anti-NT-S (32), and corresponding recombinant NICD species
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cultured cells. Proteasome inhibitors lactacystin (10 uM). MG262 (100 nM), and NLVS (10 pM) were added to the medium 12 h prior to cell

collection.

with distinct N termini (Fig. 2A; see Fig. S2A in the supple-
mental material). We found that (i) the anti-NT-V antibody
specifically recognizes recombinant NICD-V but not NICD-
S(+3) (34) (Fig. 2A, middle panel; see Fig. S2B in the supple-
mental material), whereas the anti-NT-S antibody has the op-
posite specificity (Fig. 2A; lower panel, see also Fig. S2B in the
supplemental material), and (ii) these antibodies can be used
to determine the relative amounts of NICD-V and NICD-
S(+3) generated, that is, the extents of $3-V and S3-S(+3)
cleavage, respectively (Fig. 2B).

Using these capping antibodies, we examined the diversity in
the site of S3 cleavage in living cells. The Notch extracellular
truncation (NEXT) (Fig. 2C), which lacks the majority of the
extracellular domain of Notch-1, undergoes constitutive li-
gand-independent intramembrane proteolysis by PS/y-secret-
ase (24). We prepared cells stably expressing NEXT and wt or
a dominant-negative form of PS1 (PS1 D385N) (51). A 30-min
pulse with [**S]methionine followed by a 2-h chase revealed

production of an ~70-kDa NICD band that completely disap-
peared upon elimination of PS/y-secretase function (Fig. 2D,
upper panel). Because degradation of NICD is mediated by
the ubiquitin-proteasome pathway (8, 40, 41), we added a
potent proteasome inhibitor mixture consisting of lactacystin,
MG262, and NLVS (Fig. 2D, middle and lower panels). The
resulting cell lysates were immunoprecipitated with antibody
mN1A, separated by SDS-PAGE, and analyzed by immuno-
blotting with anti-NT-V or anti-NT-S. The anti-NT-V and anti-
NT-S antibodies specifically detected the PS-dependent pro-
duction of NICD-V and NICD-S(+3), respectively (Fig. 2D,
middle and lower panels; see Fig. S2C in the supplemental
material). We also confirmed that both NICD-V and NICD-
S(+3) are produced in cells in the absence of the proteasome
inhibitor mixture (see Fig. S2D in the supplemental material).

83 cleavage during Notch signaling produces distinet mo-
lecular species of NICD. Because ligand-induced degradation
of Notch receptors is initiated at the plasma membrane (PM),
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FIG. 3. Detection of different NICD species during Notch si 2 (A) Sct i n of Notch signaling. (B) Notch signaling in
cell culture. CHO(r) cells stably ﬂplﬂsin; lll.ltd -1 or Notl:li-l were used, Expression of Notch-1 (lup panel) and Jagged-1 (middle panel) was
determined by a 1-h pulse experiment, fi ion using antibodies mN1A and H114, respectively. The precipitated proteins
were analyzed by SDS-PAGE, followed by nutondiognphy Al-h pulse/2-h chase experiment detected an ~110-kDa NICD band only when the
cells were cocultured (bottom panel). (C) Notch signaling was measured using a dual luciferase assay, The relative luciferase wwily ol
Jagged-expressing cells was defined as 1.0. Values represent means * standard deviations (n = 3), (D) In the p of the p
inhibitors, both NICD-V (upper panel) and NICD-S(+3) (lower panel) were detected during Notch signaling. The bands were dewmd aa
described for Fig. 2D. (E) Relative levels of NICD-S(+3) and NICD-V generated during Notch signaling. The relative levels were calculated based

on the standard curve shown in Fig. 2B.

intramembrane proteolysis of Notch-1 is thought to occur at
restricted subcellular locations, such as the PM and endocy-
tosed vesicles (13, 17, 20) (Fig. 3A). We prepared cells stably
expressing either Jagged-1 (a Notch ligand) or full-length
Notch-1 and then cocultured them. We determined the extent
of Notch signaling using a luciferase reporter assay in cells
expressing a newly improved construct, HES-Y (see Materials
and Methods for details). Pulse-chase experiments revealed
that upon coculture, sequential endoproteolysis of Notch-1
occurs, producing the NICD ‘band (Fig. 3B, bottom panel).
Moreover, when the cells were cocultured, we observed con-
comitant activation of the HES-1 promoter (Fig. 3C). The
results therefore demonstrate Notch-1 signaling in cell culture,
Using this assay system, we investigated whether NICD-S(+3)
and NICD-V are indeed generated during Notch signaling.
Strikingly, upon coculture, both NICD-V and NICD-S(+3)
were detected (Fig. 3D, upper and lower panels). The inten-
sitics of the bands indicated that 1.5-fold more NICD-S(+3)
than NICD-V was produced (Fig. 3E). Therefore, the results

indicated that there are multiple forms of NICD produced
during Notch signaling.

We next tried to detect the NICD-V and NICD-S(+3) in fetal
(embryonic day 12, whole embryo without internal organs) and
adult (brain) mouse tissues (Fig. 4). Nuclear extracts from these
tissues were immunoprecipitated with mNLA, which specifically
recognizes intracellular domain of Notch-1 but not Notch-2, -3, or
-4. The precipitated proteins were then analyzed by SDS-PAGE,
followed by immunoblotting with anti-NT-V or anti-NT-S anti-
bodies. As shown in Fig. 4A, we clearly found both NICD-V
(upper panel) and NICD-S( +3) species (lower panel) in the fetal
mouse tissues, but these species were barely detectable in adult
brains. This is consistent with the finding of a high level of Notch
signaling in fetal mouse tissue (22). Moreover, we successfully
detected the same NICD-V and NICD-S bands in the mouse
embryo even when the combination of antibodies used for immu-
noprecipitation and immunoblotting was swapped (Fig. 4B).
Therefore, the results indicated that multiple forms of NICD are
produced in vivo.
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FIG. 4. Detection of NICD-V and NICD-5(+3) in vivo. The indi-
cated amounts of nuclear extracts were loaded for immunoprecipita-
tion. IgG and NRI, isotype-matched immunoglobulin and normal rab-
bit immunoglobulin, respectively.

Transactivation of the HES-1 promoter by NICD-5(+3) is
much weaker than transactivation by NICD-V in living cells.
The stability of polypeptides degraded by the ubiquitin-protea-
some pathway depends on the N-end rule, where an N-termi-
nal valine is a stabilizing residue and an N-terminal serine is
destabilizing (2, 12). Therefore, we examined whether the in-
tensity of Notch signaling differs for NICD-V and NICD-
S(+3) in living cells. We loaded HES-Y-transfected cells with
equal amounts of purified NICD-V or NICD-S(+3) (see Fig.
$3 in the supplemental material). After a 1-h loading period,
the cells contained similar levels of each NICD species (Fig.
5A). Induction of Notch signaling by chasing the loaded cells
for 4 h (signaling period) resulted in much less luciferase
activity in the NICD-S-loaded cells than in NICD-V-loaded
cells, demonstrating that NICD-S(+3) is much weaker than
NICD-V at activating the promoter in living cells (Fig. 5B, left
panel).

We next investigated whether the rates of degradation by the
proteasome pathway differ for the various species of NICD in
an in vitro assay. We incubated recombinant NICD-V or
NICD-S(+3) (34) with rabbit reticulocyte lysate (Promega)
(12) and examined the levels of the two types of NICD by
immunaoblotting (Fig. 5C). Our results indicated that NICD-
S(+3) is much less stable than NICD-V (Fig. 5D). Moreover,

Mot CeLe. Biow.

following the proteasome inhibitor treatment, the relative lu-
ciferase activities in NICD-S- and NICD-V-loaded cells turned
out to be almost the same (Fig. SE). Collectively the results
suggest that unstable NICD-S(+3) may have a much weaker
ability than stable NICD-V to mediate intracellular signaling.

The precision of 83 cleavage is distinct in the subcellular
locations where it occurs. A previous study showed that the
precision of & cleavage of BAPP, which topologically corre-
sponds to S3 cleavage of Notch-1, differs before and after
endocytosis (11). To determine whether S3 cleavage precision
differs on PM and endosomes, we performed the cell-free assay
using organelles separated by iodixanol gradient fractionation
from NEXTAC-expressing HeLa cells (11). Fractions from a
2.5% to 25% linear iodixanol gradient were examined by im-
munoblotting with antibodies to early endosome antigen 1
(endosome marker), Na-K ATPase (PM marker), GM130
(Golgi marker), or nicastrin (a component of the PS complex)
(Fig. 6A). NICD(AC) was generated in the cell-free assay using
membranes collected by centrifugation from the endosome-
rich (fraction 3) and the PM-rich (fraction 7) fractions and
analyzed by immunoprecipitation/MALDI-TOF MS. Remark-
ably, the relative ratio of NICD-V(AC) to NICD-S(+3)(AC)
was much higher in the PM-rich fraction than in the endo-
some-rich fraction (Fig. 6B). This indicates that cleavage at
S3-V, which generates the longer NICD-V(AC), and at S3-
S(+3), which generates the shorter NICD-5(+3)(AC), occurs
predominantly on the PM and endosomes, respectively. This is
very similar to the case of € cleavage of BAPP (11). Subse-
quently, we investigated the effect of endocytosis on the pre-
cision of 83 cleavage. To down-regulate endocytosis, we used
cells that express a dominant-negative mutant of dynamin-1
(Dyn-1 K44A) upon tetracycline withdrawal (Fig. 6C) or treat-
ment with bafilomycin A1 (11) (see Fig. $4 in the supplemental
material). When endocytosis was strongly inhibited, the preci-
sion of $3 cleavage changed drastically, so that the S3-V site
instead of the $3-S(+3) site became the major site of cleavage
in the cell-free assay (Fig. 6C; see Fig. S4A in the supplemental
material). These results from the cell-free assay suggest that
generation of stable NICD-V and unstable NICD-S occur pre-
dominantly on the PM and endosomes, respectively.

The precision of 83 cleavage changes in parallel with the
rate of endocytosis in target cells. Next, we investigated
whether these phenomena also occur in living cells. We exam-
ined the influence of the rate of endocytosis of NEXT by
altering the expression of Dyn-1 K44A in living cells (Fig. TA).
Measurement of biotinylated transferrin uptake revealed var-
ious rates of endocytosis in Dyn-1 K44A-expressing cells (Fig.
7B). Strikingly, we found that the ratio of $3-V to 83-5(+3) is
low in cells with a high rate of endocytosis and, conversely, that
the ratio is high in cells with a low rate of endocytosis (Fig. 7C),
which is consistent with the result from the cell-free assay (Fig.
6C). We observed a similar change in the 83 cleavage when
endocytosis was blocked with bafilomycin Al (sce Fig. S4B in
the supplemental material). Therefore, it appears that the pre-
cision of 53 cleavage changes in parallel with the rate of en-
docytosis, and relative generation of stable NICD-V increases
as the rate of endocytosis decreases.

Because Notch signaling is associated with endocytosis of
Notch receptors and/or Notch ligands during development (3,
28, 35, 40, 43), we next examined the effect of the change in S3
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FIG. 5. Characterization of the NICD species. (A) Loading of cells
with NICD. Hela cells (2.5 % 10°) were loaded with 5 pg of purified
NICD-V, NICD-§( +3), or BSA (control), The cells were collected 1 h
after the addition of the Chariot macromolecule complex (defined as
the loading period). (B) Assay of Notch downstream signaling induced
by the NICD species. The NICD-loaded cells from panel A were
chased for 4 h and collected, and Notch downstream signaling was
assayed. The values were corrected for background luciferase activity
(0.5 pg of B-galactosidase-loaded cells), and the luciferase activity in
the NICD-V-loaded cells was defined as 100%. Values represent
means + standard deviations (n = 3). The asterisk indicates that the
relative luciferase activity in NICD-V-loaded cells is statistically dif-
ferent than that in NICD-5(+3)-loaded cells (P < 0,001). Similar
results were obtained using cells expressing pGa981-6 (data not
shown). (C) Stability of twombml NICD in rabbit

cyte lysate. Note that the degradation of NICD-S(+3) was inhibited in
the presence of proteasome inhibitors. (D) Levels of intact NICDs in
the lysates during in vitro degradation. The amount of intact polypep-
tide was determined using a standard curve of the chemiluminescence
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precision on the intensity of Notch signaling. Surprisingly, we
observed a higher intensity of Notch signaling in cells in which
the rate of endocytosis of NEXT was lower (Fig. 7D; see Fig.
S4C in the supplemental material). These results suggest that
the rate of endocytosis in target cells could affect the intensity
of intracellular Notch signaling by changing the precision of S3
cleavage and thus its stability.

Mutations around S3 can induce changes in the precision of
the cleavage. S3 mutations, such as the Val—Gly mutation
(V1744G mutant) and the Lys—Arg mutation (K1749R mu-
tant), cause a decrease in the NICD level (13, 15). To date, this
reduction has been considered to be due to decreased NICD
generation. However, since we revealed that multiple NICD
species with different stabilities are generated, we investigated
whether these mutants also change the S3 cleavage precision,
which would accelerate degradation of NICD. First, we deter-
mined the precision of the S3 cleavage of the Val—Gly mutant
version of NEXTAC in the cell-free assay (Fig. 1C). Strikingly,
this mutant was degraded mainly into NICD-L(+1)(AC),
which has Leu1745 (murine Notch-1 numbering) at its N ter-
minus (Fig. 8A). Therefore, it appears that the Val—Gly mu-
tation causes not only a complete loss of stable NICD-V, but
also a dramatic shift in the major product from NICD-§(+3) to
NICD-L(+1). We next examined whether NICD-L(+1) be-
haved like NICD-S(+3) in cellular signal transduction. Like
NICD-S(+3), NICD-L(+1) was much weaker than NICD-V at
inducing promoter activation in living cells (Fig. 8B). More-
over, our in vitro degradation assay revealed that NICD-L{+1)
was much less stable than NICD-V (Fig. 8C). Thus, our in vitro
experiments suggested that NICD-L(+1) and NICD-S(+3)
are both unstable and have similar effects on Notch signaling
but that their effects are distinct from those of NICD-V. We
further investigated whether the precision change in the mu-
tant is also observed in living cells. To specifically detect
NICD-L(+1), we generated anti-NT-L, an N-terminal capping
antibody (see Fig. S5 in the supplemental material). As is
clearly shown in Fig. 8D, although almost no NICD-V was
detected, a substantial amount of NICD-L(+1) was detected in
the Val—Gly version of NEXT-expressing cells. These results
indicate that the relative production of unstable NICDs with
respect to stable NICD increases in the mutant NEXT cells
due to change of the S3 cleavage precision.

The Lys—Arg mutant NEXT (the K1749R mutant) is nei-
ther monoubiquitinated nor endocytosed (13). This mutant,
like the Val—Gly mutant, causes decreased NICD levels in cell
culture (13). Analysis to determine the precision of the S3
cleavage of the Lys—Arg mutant version of NEXTAC was
performed in the cell-free assay. Surprisingly, the Lys—Arg

intensities of the bands versus their concentrations (data not shown).
Sqmmmnghmdhuﬂwmmhmmvmmmﬁﬂ}.
respectively. Values represent means + standard deviations (n =

mixture, were per-
fumcdudmcﬂ:edﬁxpundamlhupmmmuflhcmlume
inhibitor mixture. The values were corrected for
activity (0.5 udﬂ-phcmddue—loudcdulh}.mdlhehmﬂmmhily
in the NICD-V-loaded cells was defined as 100%. Values represent
means = standard deviations (n = 3).
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FIG. 6. Subcellular locations where 83-V and 53-5(+3) cleavages
occur. (A) Fractions from a 25% to 25% linear iodixanol gradient
examined by immunoblotting with the indicated antibodies. (B) MS
spectra of NICD(AC) generated in the cell-free assay using mem-
branes collected by centrifugation from the endosome-rich (fraction 3)
and the PM-rich (fraction 7) fractions. Asterisks indicate nonspecific
peaks. (C) MS spectra of NICD(AC) generated in the cell-free assay.
CMFs from HeLa cells stably expressing NEXT(AC) and conditionally
expressing Dyn-1 K44A were used. The precision of PS-dependent
cleavage at the TM-cytoplasmic border in HeLa (left panel) and K293
(Fig. 1C) cells was different, in ag with a previous report (11).

mutant was found to be degraded mainly into NICD-
L(+2)(AC), NICD-S(+3)(AC), and NICD-R(+5)(AC) spe-
cies, which have unstable Leul746, Ser1747, and the mutated
Argl749 at the N terminus, respectively (Fig. 8E). These re-
sults suggest that due to a dramatic change in the S3 cleavage
precision, the Lys—Arg mutation causes not only a decrease of
NICD-V but also an increase of extra unstable NICD species
besides NICD-S(+3). This finding is reminiscent of the S3
cleavage for the Val—Gly mutant NEXT. Moreover, we stud-
ied whether NICDs in living cells expressing the Lys—Arg
mutant are composed mainly of unstable NICD species. Strik-
ingly, in the cells stably expressing the mutant NEXT, the
stable NICD-V was barely detectable (13), while substantial
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FIG. 7. Parallel change in the rate of endocytosis and the precision
of 53 cleavage. (A) Expression of Dyn-1 K44A at various concentra-
tions of tetracycline. Dyn-1 K44A/NEXT-coexpressing HeLa cells
were cultured in medium with the indicated concentrations of tetra-

* cycline, and cell lysates were examined by immunaoblotting with anti-

body 12CAS (upper panel) or antitubulin (lower panel). The levels of
Dyn-1 K44A increase as the concentration of tetracycling is decreased.
(B) Various rates of endocytosis in Dyn-1 K44A expressing cells.
Transferrin (Tfn) uptake assays were performed to measure the rate of
endocytosis. The ratio of internalized Tin (37°C; lower panel) to sur-
face-bound Tin (4°C; upper panel) in cells cultured in medium con-
taining 1 pg/ml of tetracycline was defined as 1009%. The rate of
endocytosis decreased to —15% when tetracycline was completely
wilthdrawn. (C) Effect of the rate of endocytosis on the NICD species.
The calculated rates of endocytosis were 100%, 41%, 37%, 21%, and
15% in lanes 1 to 5, respectively. (D) A plot of the relative Notch
downstream luciferase activity versus the rate of endocytosis at various
tetracycline concentrations.

amounts of NICDs were generated in the presence of the
proteasome inhibitor mixture (Fig. 8F, top and middle panels).
Since almost no NICD is observed in the mutant cells without
the inhibitor mixture, it is indicated that NICDs in the
Lys—Arg mutant-expressing cells are composed of unstable
species (Fig. 8F, bottom panel). Therefore, the changes in the.
$3 cleavage precision induced by these S3 mutations are at
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FIG. 8. Characteristics of the NICD species generated from the Val—Gly and the Lys—Arg mutants in cultured cells. (A) MS spectrum of de novo
NICD{AC) generated from the Val—Gly mutant of NEXTAC in K293 cells. The asterisk indicates the position of molecular mass corresponding to
NICD-G(AC) species. Colored letters and inverted triangles show the mutation and proteolytic sites, respectively, (B) Assay of Notch downstream
signaling induced by NICD-L{+1), Experiments were performed as described for Fig. 5B. The luciferase activity in the NICD-V-loaded cells was defined
as 100%. Values represent means * standard deviations. (n = 3). The asterisk indicates that the relative luciferase activity in NICD-V-loaded cells is
statistically different than that in NICD-L{+1)-loaded cells (P < 0.001). (C) Degradation of NICD-L(+ 1) species in vitro. Experiments were performed
as described for Fig. SC but using NICD-L(+1) (triangles) and NICD-V (squares), Values rep means * dard deviations (n = 3). (D) Gen-
eration of NICD-L(+1) and NICD-S(+3) in the Val—+Gly mutant NEXT cells, K293 cells expressing either wt or the Val—»Gly mutant NEXT were
analyzed as described for Fig. 2D, (E) MS spectrum of de novo NICD(AC) generated from the Lys—Arg mutant of NEXTAC in K293 cells. The asterisk
indicates the position of molecular mass corresponding to NICD-V(AC) species. Colored letters and inverted triangles show the mutation and proteolytic
sites, respectively. (F) Generation of unstable NICD species in the Lys—Arg mutant NEXT cells. K293 cells expressing either wt or the Lys—Arg mutant
NEXT were analyzed as described for Fig. 2D (top and middle panels).

least partially responsible for the observed decrease in NICD  only y but also e cleavages of BAPP and, therefore, generally
level/Notch signaling in cultured cells. increase the relative AICDe48/AICDe49 ratio as well as the

Unlike several FAD-associated PS1 mutations, modifiers of  AB42/ARA40 ratio (38, 42). In addition, compounds that modify
PS/y-secretase do not induce changes in the precision of 83 the activity of PS/y-secretase, including a subset of nonsteroi-
cleavage. Many FAD PS mutations affect the precision of not dal anti-inflammatory drugs, cause reciprocal changes in rela-
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FIG. 9. Changes in the p of §3 cleavage induced by FAD
mutations in PSL (A) Effect of several FAD PS1 mutations on the
precision of 83 cleavage. K293 cells expressing the indicated PS mutant
were transiently transfected with NEXT and analyzed as for Fig. 2D.
The production of total NICD (first panel), NICD-V (second panel),
and NICD-§(+3) (third panel) was 1. Note that of total
NICD was greatly reduced in PS1 R2781- and Aexon 9-expressing cells.
The ratio of NICD-V to NICD-5(+3) in cells expressing wt PS1 or
FAD mutants is shown in the bottom panel. Values represent means +
standard deviations (n = 3). The asterisk indicates that the ratio of
NICD-V to NICD-S(+3) in cells expressing PS1 FAD mutants is
significantly different from that in wt PS1-expressing cells (P < 0.002).
(B) Effect of PS/y-secretase modifiers on the precision of 53 cleavage.
K293 cells stably expressing NEXT were treated with several PS/y-
secretase modifiers at the indicated concentration for 24 h and
analyzed as described for the first three panels in panel A, DMSO,
dimethyl sulfoxide; CW, compound W (31); S5, sulindac sulfide
(49). The ratio of NICD-V to NICD-S(+3) in the control and
treated cells is shown in the bottom panel. Values represent means
+ standard deviations (n = 3).

tive production of AB42 and AR38 (19, 31, 49). Therefore, we
investigated whether FAD PS mutations or PS/y-secretase
modifiers affect the precision of S3 cleavage. To evaluate the
precision change, we used the relative NICD-V/NICD-S ratio,
mimicking the relative AB42/AB40 ratio in the case of y cleav-
age. Immunoblotting using anti-NT-V or anti-NT-S revealed

that cells coexpressing PS1 mutants and NEXT produce both.

MoL. CeLL. Blow.

of the NICD species (Fig. 9A, top three panels). We found that
the relative ratio of S3-V to S3-S(+3) cleavage was signifi-
cantly reduced in some mutants (Fig. 9A, bottom panel). Sub-
sequently, we examined the effects of PS/y-secretase modifiers
and naproxen (Fig. 9B). Because the effective doses of the
compounds for y and S3 cleavage may differ, we performed
dose-response experiments to select the highest working con-
centrations (data not shown). After confirming that the level of
ApP42 in the medium was altered following a 24-h incubation
with each compound (data not shown), we analyzed the cell
lysates for the presence of NICD-V and NICD-S(+3) (Fig.
9B). In contrast to the case for the FAD mutants, the relative
ratio of 53-V to S3-8(+3) cleavage was unchanged by the
modifiers. These results suggest that y-secretase modifiers do

not affect the precision of intramembrane proteolysis by PS/y-

secretase.

DISCUSSION

The current studies suggest a novel mode by which the
intensity of Notch signaling is regulated. We found that intra-
cellular Notch signaling molecules (NICDs) in target cells can
be divided into a stable one that transmits a substantial signal
and unstable ones that transmit a much weaker signal, depend-
ing on the specific site of 83 cleavage. Therefore, Notch sig-
naling intensity transmitted by conversion of extracellular
signaling into intracellular signaling could depend on the
characteristics of the target cell. For example, although S3
cleavage occurs, cells might not receive a substantial Notch
signal when predominantly unstable NICDs are generated.
On the basis of our results, we propose that the precision of
S3 cleavage by PS/y-secretase in the target cell is an impor-
tant factor in determining the signaling intensity.

PS-dependent proteolysis on the TM of Notch-1 and BAPP
consists of dual cleavage at the $4/53 and /e sites, respectively
(14, 31, 33). The finding of diversity in the site of 3 cleavage
means that cleavage at all four sites in the TM of Notch-1 and
BAPP can vary. Thus, we suggest that the existence of variabil-
ity in both the site and precision of cleavage may be a common
feature of PS-dependent intramembrane proteolysis. Further-
more, we found that the precision of cleavage at 53 changes
according to the subcellular location. On the PM, cleavage is
more likely at $3-V, whereas on endosomes, cleavage is more
likely at §3-5(+3), which is more C terminal. Interestingly, we
have obtained very similar results regarding the cleavage of
BAPP at the € site (11). The precision of cleavage at the & site
changes depending on the’subcellular location (11). The e49
cleavage, which topologically corresponds to S3-V, occurs
mainly on the PM, whereas the more C-terminal e51 cleavage,
which topologically corresponds to 53-8, occurs mainly on en-
dosomes. Therefore, we have demonstrated that such subcel-
lular location-dependent changes in the precision of the cleav-
age by PS/y-secretase are common to the substrates. These
findings suggest that such changes reflect a functional alter-
ation of PS/y-secretase in each subcellular location.

$2 cleavage upon ligand binding should occur on the PM of
the target cells, but whether the subsequent S3 cleavage occurs
on the PM or after endocytosis remains controversial (13, 17,
20, 46). The results of the current study suggest that (i) S3
cleavage occurs in both subcellular fractions in cell culture and
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(ii) S3-V cleavage, which generates stable NICD-V, occurs
predominantly on the PM, whereas $3-5(+3) cleavage, which
generates unstable NICD-S(+3), occurs predominantly on en-
dosomes. We also found that the intensity of Notch signaling
changes along with the extent of endocytosis, perhaps due to a
change in the precision of 3 cleavage, Therefore, our results
suggest that NICD generation on the PM and endosomes
increases and decreases the intensity of Notch signaling, re-
spectively. Reports that Sanpodo positively regulates Notch
signaling on the PM and that Numb, a negative regulator,
promotes endocytosis of Notch receptors and/or Sanpodo are
consistent with our findings (3, 28). A previous study showed
that Drosophila with a mutation in shibire, which encodes a
homolog of dynamin, has a phenotype indicating a loss of
Notch function (43). Further study to solve the contradiction is
necessary.

Elimination of either Notch or PS function causes a strong
Notch loss-of-function phenotype in vivo (23, 41). Knock-in
mice with the S3 (Val-»Gly) mutant of Notch-1 display a
hypomorphic Notch phenotype, possibly due to reduced Notch
signaling caused by a decrease in the intracellular NICD level
(6, 15, 39). This reduction in the level of NICD polypeptides
could be due to decreased generation and/or increased degra-
dation (4, 6). Previously, NICD was considered to be a single
polypeptide mediating a single type of signaling, implying that
the lower level of NICD is due to a decrease in its generation;
however, we found that the N termini of NICDs may play
critical roles in their stabilities and thus signaling intensities.

Among 53 mutants of Notch-1, the Lys—Arg mutant NEXT
is neither monoubiquitinated at Argl749 nor endocytosed
(13). Concurrently, the NICD-V level in the cells expressing
this mutant is low (13). In this paper, we demonstrated that the
Lys—»Arg mutation also causes a drastic change in the preci-
sion of the S3 cleavage, which results in a drastic decrease of
NICD-V generation on the PM. This explanation, if valid,
resolves the discrepancy between the two studies.

Both stabilizing (Val, Met, or Gly) and destabilizing amino
acid residues seem to be conserved in Notch orthologs of
various organisms (see Table S2 in the supplemental material).
This suggests that both stable and unstable intracellular Notch
signaling exists in many species. Previous studies have indi-
cated that differences in the intensity, duration, and timing of
Notch signaling in target cells affect cell fate decisions (7, 26).
Furthermore, the signaling by a molecule is dependent on its
lifetime in the cell, and the lifetime should be short enough for
the target cell to be able to rapidly change the extent of sig-
naling (22). Therefore, target cells in different contexts may
convert extracellular signals to various relative amounts of
short- and long-term Notch signals.

FAD PS mutations generally increase the generation of
Ap42 (42). This pathological gain of function of PSisdue toa
change in the precision of y cleavage, resulting in an increase
in cleavage at y42 (42). PS/y-secretase modifiers can up- or
down-regulate the cleavage at y42 (19, 31, 49). In both cases,
the modifiers have reciprocal effects on the production of
AR42 and AR38 (31, 49). In this study, we found that several
FAD PS1 mutants change the precision of 83 cleavage but that
the PS/y-secretase modifiers do not. These findings are con-
sistent with previous studies showing that the precision of &
cleavage in BAPP is altered by certain FAD PS mutations (38)
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and that Nolch processing is unaffected by nonsteroidal anti-
inflammatory drugs that can reduce AB42 generation (45, 49).
PS/y-secretase modifiers could thus affect the precision of the
intramembrane proteolysis differently from PS FAD muta-
tions.

Because up-regulation in Notch signaling is involved in a
subset of malignancies (10, 37, 47, 50), y-secretase inhibitors
have been considered for the treatment of cancer; however,
inhibitors would cause the accumulation of substrates (i.c.,
NEXT), inevitably producing a “rebound effect,” where the
concentration of NICD would increase. Therefore, compounds
that alter the precision of S3 cleavage and specifically inhibit
the generation of stable NICD-V may be more effective ther-
apeutic agents.
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Abstract Alzheimer disease (AD) is characterized by
progressive cognitive decline caused by synaptic dysfunc-
tion and neurodegeneration in the brain, and late-onset AD
(LOAD), genetically classified as a polygenetic disease, is
the major form of dementia in the elderly. It has been
shown that f amyloid, deposited in the AD brain, interacts
with dynamin 1 and that the dynamin 2 (DNM2) gene
homologous to the dynamin 1 gene is encoded at
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chromosome 19p13.2 where a susceptibility locus has been
detected by linkage analysis. To test the genetic association
of LOAD with the DNM2 gene, we performed a case—
control study of 429 patients with LOAD and 438 sex- and
age-matched control subjects in a Japanese population. We
found a significant association of LOAD with single
nucleotide polymorphism markers of the DNM2 gene,
especially in non-carriers of the apolipoprotein E-g4 allele.
Even though subjects with the genotype homozygous for
the risk allele at rs892086 showed no mutation in exons of
the DNM2 gene, expression of DNM2 mRNA in the
hippocampus was decreased in the patients compared to
non-demented controls. We propose that the DNM2 gene is
a novel susceptibility gene for LOAD. ;

Keywords Alzheimer - Apolipoprotein E - Association -
Chromosome 19p - Dynamin 2 - Genetic risk

Introduction

Alzheimer disease (AD) is the most common form of
dementia in the elderly and is characterized by progressive
cognitive decline with brain atrophy that is most marked in
the temporal lobes. It is thought that f amyloid is a caus-
ative molecule in AD by disturbing synaptic function,
leading to neuronal death (for review, see Selkoe 2002;
Yao 2004). Although both early- and late-onset AD
(LOAD) exhibit the same neuropathology in the brain,
LOAD is genetically classified as a polygenetic disease and
is characterized by more heterogeneous conditions than
autosomal dominant early-onset AD. Apolipoprotein E
(APOE) has been shown to be a major risk factor for
LOAD (Corder et al. 1993; Farrer et al. 1997). Genome
scans of LOAD detected several susceptibility loci, among
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which chromosomes 12, 10 and 9 have been the targets of
searches for risk genes (Pericak-Vance et al. 1997; Blacker
et al. 2003). Multipoint linkage analysis of LOAD families
have also demonstrated a susceptibility locus at 19p13.2
between D195391and D195914 (Wijsman et al. 2004),

The major role of the dynamin proteins is in the endocy-
tosis of vesicles, and its functions in vesicle budding have
been described as being responsible for the constriction of
the lipid neck, fission of lipids and regulation of the scission
reaction (for review, see Praefcke and McMahon 2004).
Expression of the dynamin 2 (DNM2) as well as dynamin |
(DNM1) gene is downregulated by ff amyloid in hippocam-
pal neurons (Kelly et al. 2005), suggesting that the dynamin
proteins are involved in the cascade of neurodegeneration
caused by fi amyloid. The dynamin-binding protein
(DNMBP) gene on chromosome 10 has also been shown to
be associated with LOAD (Kuwano et al. 2006). We
observed that the DNM2 gene is located at 19p13.2, within
the region where a susceptibility locus was noted (Wijsman
et al. 2004). Therefore, the DNM2 gene could be a positional
and functional candidate for a genetic risk for LOAD.

To examine whether the DNM2 gene is genetically
associated with LOAD, we performed an age- and sex-
matched case—control study in a Japanese population, We
propose herein that the DNM2 gene is a novel genetic
factor for LOAD in non-APOE-e4 carriers.

Subjects and methods
Study subjects

Patients with LOAD were diagnosed as having definite or
probable AD according to the criteria of the National
Institute of Neurological and Communicative Disorders
and Stroke-Alzheimer's Disease and Related Disorders
Association (NINCDS-ADRDA) (McKhann et al. 1984).
Controls consisted of non-demented elderly subjects
obtained from the general population. Written informed
consent to participate in this study was obtained, and then
peripheral blood was drawn and subjected to DNA
extraction. For a definite diagnosis of AD, dissections were
carried out at the Choju Medical Institute after obtaining
the agreement of the patients’ guardians for diagnosis and
genomic research. In total, 429 (69.9% female) patients
participated in the study, of whom 66 had definite AD and
363 had probable AD. The mean age =+ SD of the patient
population at onset was 72.3 + 8.1 years (range 60-
94 years), and the mean age at blood drawing was
774 + 8.7 years (range 60-98 years). The controls con-
sisted of 438 individuals (63.7% female). The mean age of
the controls at assessment was 74.5 = 5.5 years (range 60—
99 years). The age at onset of the patient was matched to

the age of controls, and the sex composition was not dif-
ferent between the groups. Hippocampal tissue was also
obtained from the postmortem brains of 22 patients with
AD (age 82.8 + 8.5 years, 63.6% female) and 12 controls
(age 89.0 £ 7.0 years, age at onset 72.9 =+ 7.2 years,
58.0% female). DNA was extracted from peripheral blood
using a QlAamp DNA Blood Kit (Qiagen, Tokyo, Japan)
and from brain tissue by the phenol-chloroform method
(Sambrook et al. 1989), The procedure to obtain the
specimens was approved by the Genome Ethical Com-
mittee of Osaka University Graduate School of Medicine,
Ehime University, and the Choju Medical Institute of
Fukushimura Hospital.

Genotyping and sequencing

Single nucleotide polymorphisms (SNPs) in the DNM2 gene
regions used in this study are listed in Table 1. Genotyping
was performed by a quantitative genotyping method using
the TagMan SNP Genotyping System (Applied Biosystems,
Foster City, CA). The genotype of the APOE gene was
determined by a PCR-restriction fragment length polymor-
phism (RFLP) method (Wenham et al. 1991). DNA obtained
from six patients and three controls homozygous for the risk
allele at rs892086 of the DNM2 gene was subjected to direct
sequencing of its exons using the primers listed in Electronic
Supplementary Material.

Quantitative real-time PCR

Total RNA was isolated from frozen hippocampal tissues
using the acid guanidine—phenol-chloroform RNA extrac-
tion method provided as ISOGEN (Nippon Gene, Toyama,
Japan) and purified using an RNeasy Mini kit (Qiagen,
Valencia, CA). RNA samples with an Ay4o/Aagg absorption
ratio over 1.9 were subjected to cDNA synthesis using a
High-Capacity ¢cDNA Archive kit (Applied Biosystems).
Primers and probe sets for the human DNM2 and f-actin
genes were purchased from TagMan Gene Expression
Assay products (Applied Biosystems), and quantitative
real-time PCR was carried out in an ABI PRISM 7900HT
(Applied Biosystems). All quantitative PCR reactions were
duplicated, and the ratio of the amount of DNM2 cDNA to
that of the f-actin internal control cDNA was determined
at the cycle threshold (CT).

Statistical analysis

Linkage disequilibrium (LD) between all pairs of biallelic
loci was measured by Lewontin's D' (ID’l) (Hedrick 1987)
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Table 1 Single nucleotide

: . NCBI SNP  Location in NCBI Location  SNP sequence Strand/ Minor allele

fﬂ*g;‘;;‘;:f“m markersin o pence D (build 36.1) (allele 1) Srienbation
1512974306 10691281 Intron 1  CTCTT|G/TICCTTT  fwd/B Allele 2
5714307 10696405 Intron 1  CGCTA[C/TITGCTG  fwd/B Allele 1
15892086 10698677 Intron 1 GTTAG[A/G]TACCA  rev/T Allele 1
1534626880 10701428 Intron 1 AGCTC[C/TIACCTG  fwd/B Allele 2
510775614 10728219 Intron |  GGCAC[A/ fwd/T Allele 2

G|TGGCG

7246673 10737841 Intron 2 AACCCIG/TIGCTGT  fwd/B Allele 1
3826803 10744126 Intron 2 TTTCT[C/GJATTTT  fwd/B Allele 2
;52043332 10752239 Intron 5 GTGAC[A/CITCAGG rev/T Allele 1
rs873016 10755728 Intron 6  AAATG[A/GITATTA rev/T Allele 1
1109376 10775829 Intron 12 AGGATIA/GICTTCT  fwd/T Allele 1
153786719 10788100 intron 15 TGGAA[C/GICTTCC  fwd/T Allele 2

UTR, Uniranslated region; rs11085748 10788540 intron 15 GTTTT[C/TICTCAT  fwd/B Allele 2

NCBI, National Center for 3760781 10808522 IUTR  TTGAG[C/TIGCTCA  fwd/B Allele 2

Biotechnology Information

and r*. Haplotype blocks, defined as segments with strong
LD (Gabriel et al 2002), were calculated using HapLoview
(Barrelt et al. 2005). Allele and genotype frequencies were
assessed for associations by one-sided chi-squared test for
both allele and genotype frequencies in dominant and
recessive models, where p values less than 0.05 were
tentatively judged to be significant. The effective number
of independent marker loci in the DNM2 gene was calcu-
lated to correct for multiple testing, using the software
SNPSeD  (hitp://www . genepi.qimr.edu.au/general/daleN/
SNPSpDY/) based on the spectral decomposition of matri-
ces of pair-wise LD between SNPs (Nyholt 2004). The
experiment-wide significance threshold required to keep
the type I error rate at 5% was used for judging significance
to correct for multiple testing, The values obtained by
quantitative PCR, having a normal distribution, were
compared by Student’s ¢ test, and a p value less than 0.05
was considered to be significant.

Results

We genotyped 13 SNPs located from intron | to the
3'-untranslated region (UTR) of the DNM2 gene (Table 1).
In total, 429 cases and 438 sex- and age-matched controls
were genotyped, and their genotype distributions of both
the cases and controls were in Hardy-Weinberg equilib-
rium. In these datasets, the APOE-£4 allele was associated
with LOAD (p < 1 x 107'%: compared to non-APOE-g4
carriers, the odds ratio for carrying one APOE-¢4 allele was
4.3 [95% confidence interval (CI) 3.12—6.16] and that for
carrying two APOE-e4 allele was 284 (95% CI 6.75—
119). Linkage disequilibrium statistics indicated more than
three haplotype blocks in the DNM2 gene region (Fig. 1).
No validated SNPs were available between rs873016 and

£ pringer

rs1109376 at a distance of approximately 20 kb, and no
strong evidence of LD was found between these two SNPs.
The case—control study showed that p values of less than
0.05 were found in four SNPs located from intron 6 to the
3'UTR in terms of allele distribution, and in seven SNPs
from intron 1 to the 3’UTR in terms of genotype frequen-
cies; their odds ratios were between 1.53 and 1.75
(Table 2). Calculations with SNPSpD indicated that the
effective number of independent marker loci was 8.3094
and that the experiment-wide significance threshold was
0.006. Therefore, rs3760781 remained significant after the
correction for multiple testing (p = 0.003). To examine the
interaction between the DNM2 gene and the APOE gene,
the cases and controls were divided into APOE-g4 carriers
and non-APOE-¢4 carriers. In non-APOE-g4 carriers, seven
markers showed p' values of less than 0.05, and the
experiment-wide significance threshold (0.0059) supported
a significant association at rs892086 (p = 0.003) as well as
at 153760781 (p = 0.004) (Table 3). However, no associ-
ation was found in APOE-g4 carriers (data not shown),
indicating that the association of the DNM2 gene is specific
for non-APOE-¢4 carriers in our dataset.

To examine whether patients with the risk genotype
could harbor any mutations in the DNM2 gene, we
sequenced all exons of the DNM2 gene in patients and
controls homozygous for the risk allele at rs892086, but we
did not found any mutations, indicating that no particular
mutation resulting in amino acid change is linked to the
risk genotype of the DNM2 gene. To examine the expres-
sion of the DNM2 gene in the AD hippocampal tissue, we
measured the amount of DNM2 ¢cDNA normalized to that
of B-actin cDNA using quantitative PCR. Analysis of ten
LOAD and eight control subjects revealed that there was
significantly lower amounts of DNM2 mRNA in the AD
hippocampal tissue than in the controls (p < 0.01) (Fig. 2).
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Fig. 1 Linkage disequilibrium |
coefficients and haplotype
blocks in the DNM2 gene
region. Linkage disequilibrium
coefficients (ID') among DNM2
single nucleotide
polymorphisms (SNPs) and
haplotype blocks defined by
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Table 2 Association analysis of late-onset Alzheimer disease in the DNM2 gene

SNP ID LOAD Control Risk allele p value Risk p value O.R (95% CI)
Genotype number ~ MAF  Genotype mumber  MAF genotype

Genolype v 22 % m 22 %

MArs12974306 174 57 196 0363 204 46 188 0320 Allele 2 NS - NS

rs714307 16 285 127 0.186 16 304 117 0170 Allele 1 NS - NS

rsB92086 93 134 202 0452 67 145 226 0411 Allele 1 NS 171 0.015 L.53 (1.08-2.17)

rs34626880 284 16 129 0.188 306 16 116 0.169 Allele 2 NS - NS

10775614 306 11 111 0155 326 14 95  0.141 Allele 2 NS - NS

37246673 78 134 215 0434 55 150 233 0392 Allele | NS m 0.020 1.56 (1.07-2.26)

rs3826803 132 86 209 0446 145 58 234 0400 Allele 2 NS 22 0.007 1.65 (1.15-2.37)

2043332 15 295 118 0.173 11 309 118 0160 Allele 1 NS - NS

873016 80 135 212 0436 55 153 230 0388 Allele | 0.045 mn 0.012 1.61 (1.11-2.33)

1109376 2B 256 144 0234 19 275 144 0208 Allele ] NS - NS

33786719 145 85 198 0430 166 57 215 0376 Allele2 0.021 U2 0.007 1.66 (1.15-2.39)

rs11085748 138 81 209 0433 160 56 222 0381 Allele2 0.027 i) 0.013 1.59 (1.10-2.31)

53760781 141 B7 199 0437 157 56 225 0385 Allele2 0.028 2 0.003* 1,75 (2.21-2.52)

*Significant for experiment-wide significance threshold (p < 0.006)

LOAD, Late-onset Alzheimer disease; MAF, Minor Allele Frequency; O.R., odds ratio; 95% CI, 95% confidence interval

Discussion

We found that the DNM2 gene is genetically associated
with LOAD and that this association was specifically sig-
nificant in non-APOE-¢4 carriers. In non-APOE-g4 carriers,
two SNPs, not in strong LD, were associated with LOAD.

The DNMBP gene, which encodes a scaffold protein that
binds to DNMI protein, has been shown to be associated
with LOAD in APOE-g3*3 carriers or non-APOE-g4 car-
riers, but not in APOE-g4 carriers (Kuwano et al. 2006),
Therefore, DNM2 protein could interact with proteins
encoded in or linked to the APOE-g3 genotype. It is
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Table 3 Association analysis of late-onset Alzheimer disease in the DNM2 gene in non-APOE-g4 carriers

SNP ID LOAD Control Risk allele p value Risk p value O.R. (95% CI)
Genotype number MAF  Genotype number MAF i
11 iy Y 1] mn e
512974306 87 as 97 0.381 174 37 158 0314 Allele 2 0.019 22 0.033 1.71 (1.04-2.80)
rs714307 6 152 63 0.170 12 259 97 0.164  Allele 1 NS NS
rs892086 55 64 102 0480 56 121 192 0.412  Allele 1 0.023 n 0.003* 1.85 (1.22-2.81)
rs34626880 152 6 63 0.170 260 12 9 0.164  Allele 2 NS NS
rs10775614 164 5 51 0139 278 11 77 0.135  Allele 2 N3 NS
157246673 41 62 117 0452 46 127 196 0390 Allele 1 0.037 i 0.041 1.61 (1.02-2.54)
rs3826803 63 42 115 0452 121 49 198 0402 Allele 2 NS NS
52043332 7 149 64 0177 7 264 98 0.152 Allele 1 NS NS
rs873016 42 63 116 0452 46 130 193 0386 Allele 1 0.025 171 0.031 1.65 (1.04-2.60)
1109376 13 138 69 0216 15 234 120 0203 Allele 1 NS NS
rs3786719 71 45 104 0441 141 47 181 0373 Allele 2 0.021 22 0.013 1.76 (1.13-2.76)
rs11085748 68 44 109 0446 136 46 187 0378 Allele 2 0022 272 0.015 1.75 (1.11-2.74)
3760781 3 47 100 0441 135 46 188 0.379  Allele 2 0.037 22 0.004* 191 (1.22-2.98)

*Significant for experiment-wide significance threshold (p < 0.0039)

p<0.01

1

L5

DNM2 / B Actin

¢

AD

0.5
Control

Fig. 2 Expression of DNM2 mRNA in the hippocampus. The ratio of
the amount of DNM2 ¢cDNA to that of fi-actin cDNA is shown, Dots
indicate mean value, bars indicate standard error

possible that the causative mechanism of DNM2 for the
development of AD could be different from the lipid
transfer proteins involved in lipid metabolism, such as the
APOE (Strittmatter et al. 1993), LRP (Kang et al. 1997)
and CYP46 genes encoding cholesterol 24S-hydroxylase
(Kolsch et al. 2002). However, the majority of cases gen-
otyped in our study are still living, and the use of still living
controls also warrants caution as the incidence of devel-
oping dementia increases with age. Therefore, our results
could be misrepresented, as the controls may still develop
AD, or we may have misdiagnosed AD patients who may
actually have another form of dementia.

4 Springer

The DNM gene was first identified as the locus for a
paralytic phenotype in Drosophila melanogaster (Suzuki
et al. 1971) and encodes large GTPases that can associate
with microtubules in vitro (Shpetner and Vallee 1989; Obar
et al, 1990). The dynamin proteins are distinguished from
other GTPases by their low GTP-binding affinities and the
ability of many members of the dynamin family to interact
with lipid membranes (for review, see Praefcke and
McMahon 2004). Mutations of the pleckstrin homology
domain of the DNM2 gene, leading to diminished binding
of the DNM2 protein to membranes, are responsible for
Charcot-Marie-Tooth disease (Zuchner et al. 2005). While
Charcot—Marie-Tooth disease is clinically characterized by
peripheral neuropathy, the relation between aging and
DNM2 gene expression remains undetermined. Disuse
muscle atrophy related to decreased daily activity is
commonly found in the elderly, but it is unclear whether
exercise is effective for the maintenance of cognitive
function.

Kelly et al. (2005) showed that f amyloid induces
depletion of the DNM1 as well as DNM2 protein in cul-
tured hippocampal neurons and the hippocampus of a
Tg2576 mouse model of AD. On the other hand, dominant-
negative DNM1, which selectively inhibits receptor-med-
iated endocytosis, raises the levels of mature amyloid
precursor protein (APP) at the cell-surface, which is con-
sistent with retention of APP on the plasma membrane, and
endogenous Af secretion was significantly increased
(Chyung and Selkoe 2003). It has also been shown that the
location of f# amyloid can be changed by decreased activity
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of the DNMI protein and that endocytosis affects the
precision of PS-dependent epsilon-cleavage in cell culture
(Fukumori et al. 2006). Whereas the DNMI1 protein is
specific for presynaptic terminals in the central nervous
system (CNS), the DNM2 protein is ubiquitously expressed
and, to our knowledge, does not exist in presynaptic ter-
minals in the CNS. However, DNM2 has a similar structure
to DNM1 and might also affect the sequestration and
scavenging of f amyloid in relation to its axonal transport
in peripheral nervous system.

We found that the expression of hippocampal DNM2
mRNA was lower in the patients than in the control
subjects, but this result should be carefully interpreted.
We examined a small number of hippocampal tissue
samples and used f-actin ¢cDNA as an internal control;
however, quantitative PCR revealed that the p-actin
transcript is differently expressed in brain specimens of
AD and control subjects (Gutala and Reddy 2004).
Therefore, this decrease should be examined in the other
brain areas and also in a larger number of samples using

another internal control eDNA, such as GAPDH (Gutala -

and Reddy 2004). Alternatively, DNM2 gene expression
could be depleted in AD due to the widespread devasta-
tion of neurons, particularly in the hippocampus, as well
as by f amyloid. Therefore, it remains to be determined
whether the decrease in DNM2 expression is the cause or
the outcome of AD.
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