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FIG. 2. Characterization of capping antibodies to the N terminus of NICD and detection of distinct NICD species in cultured cells. (A) Spec-
ificities of the anti-NT-V and the anti-NT-S antibodies. Immunoblotting with antibody mN1A confirmed that equal amounts of the polypeptides
were loaded in each lane (upper panel). (B) Affinities of the anti-NT-V and anti-NT-S antibodies. The indicated amounts of NICD-V or
NICD-S(+3) were separated by SDS-PAGE and analyzed by immunoblotting with the anti-NT-V or anti-NT-S antibody, respectively. The graph
shows the chemiluminescence intensity versus the concentration of NICD-V (squares) or NICD-S(+3) (circles). Each antibody detected the
respective polypeptide in a dose-dependent manner. (C) Schematic representation of Notch-1 and NEXT constructs. The C-terminal portion of
the NEXT construct is replaced by myce, while full-length Notch-1 has no modification. Note that the molecular mass of NICD generated from
NEXT-mycg is ~70 kDa, while that of NICD generated from unmodified Notch-1 is ~110 kDa. (D) Generation of NICD-V and NICD-S(+3) in
cultured cells. Proteasome inhibitors lactacystin (10 pM), 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 S3-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
mNI1A, 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).

S3 cleavage during Notch signaling produces distinct 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 signaling. (A) Schematic representation of Notch signaling. (B) Notch signaling in
cell culture. CHO(r) cells stably expressing Jagged-1 or Notch-1 were used. Expression of Notch-1 (top panel) and Jagged-1 (middle panel) was
determined by a 1-h pulse experiment, followed by inmunoprecipitation using antibodies mN1A and H114, respectively. The precipitated proteins
were analyzed by SDS-PAGE, followed by autoradiography. A 1-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 activity of
Jagged-expressing cells was defined as 1.0. Values represent means * standard deviations (n = 3). (D) In the presence of the proteasome
inhibitors, both NICD-V (upper panel) and NICD-S(+3) (lower panel) were detected during Notch signaling. The bands were detected as
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-I 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-
sities 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 mN1A, 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-S§(+3) in vivo. The indi-
cated amounts of nuclear extracts were loaded for immunoprecipita-
tion. IgG and NRYI, isotype-matched immunoglobulin and normal rab-
bit immunoglobulin, respectively.

Transactivation of the HES-1 promoter by NICD-S(+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.
S3 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
immunoblotting (Fig. 5C). Our results indicated that NICD-
S(+3) is much less stable than NICD-V (Fig. 5D). Moreover,

MoL. CELL. BioL.

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 S3 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-S(+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 S3 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 A1l (11) (see Fig. S4 in the supplemental
material). When endocytosis was strongly inhibited, the preci-
sion of S3 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 S3 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. 7A).
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 S3-V to 83-§(+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 (see Fig. S4B in
the supplemental material). Therefore, it appears that the pre-
cision of S3 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 X 10°) were loaded with 5 g of purified
NICD-V, NICD-S(+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 ng 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-S(+3)-loaded cells (P < 0.001). Similar
results were obtained using cells expressing pGa981-6 (data not
shown). (C) Stability of recombinant NICD species in rabbit reticulo-
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 Leul745 (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-S(+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).
Squares and triangles indicate the means for NICD-V and NICD-S(+3),
respectively. Values represent means * standard deviations (n = 3). (E)
Assay of Notch downstream signaling induced by the NICD species in the
presence of the proteasome inhibitor mixture. Experiments were per-
formed as described for panel B in the presence of the proteasome
inhibitor mixture. 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).
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FIG. 6. Subcellular locations where S3-V and S3-S(+3) cleavages
occur. (A) Fractions from a 2.5% 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 agreement 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
Argl1749 at the N terminus, respectively (Fig. 8E). These re-
sults suggest that due to a dramatic change in the S$3 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 S3 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 immunoblotting with anti-
body 12CA35 (upper panel) or antitubulin (lower panel). The levels of
Dyn-1 K44A increase as the concentration of tetracycline 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 Tfn (37°C; lower panel) to sur-
face-bound Tfn (4°C; upper panel) in cells cultured in medium con-
taining 1 pug/ml of tetracycline was defined as 100%. The rate of
endocytosis decreased to ~15% when tetracycline was completely
withdrawn. (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
S3 cleavage precision induced by these S3 mutations are at
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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. SB. 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. 5C but using NICD-L(+1) (triangles) and NICD-V (squares). Values represent means * standard 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 € 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/ABA40 ratio (38, 42). In addition, compounds that modify
PS/v-secretase do not induce changes in the precision of S3 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 precision of S3 cleavage induced by FAD
mutations in PS1. (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-S(+3) (third panel) was assessed. Note that amount of total
NICD was greatly reduced in PS1 R278I- and Aexon 9-expressing cells.
The ratio of NICD-V to NICD-S(+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 §3 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); SS, 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
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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
AB42 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 S3-V to S3-S(+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 S3 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 S4/S3 and /e sites, respectively
(14, 31, 33). The finding of diversity in the site of S3 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 S3 changes
according to the subcellular location. On the PM, cleavage is
more likely at S3-V, whereas on endosomes, cleavage is more
likely at S3-S(+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 €49
cleavage, which topologically corresponds to S3-V, occurs
mainly on the PM, whereas the more C-terminal €51 cleavage,
which topologically corresponds to S3-S, 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.

S2 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-S(+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 83 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 83 (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 S3 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
AB42 (42). This pathological gain of function of PS is due to a
change in the precision of vy 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
AP42 and AB38 (31, 49). In this study, we found that several
FAD PS1 mutants change the precision of S3 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 Notch processing is unaffected by nonsteroidal anti-
inflammatory drugs that can reduce AB42 generation (45, 49).
PS/vy-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.e.,
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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Pituitary adenylate cyclase-activating polypeptide (PACAP, ADCYAP1: adenylate cyclase-
activating polypeptide 1), a neuropeptide with neurotransmission modulating activity, is a
promising schizophrenia candidate gene. Here, we provide evidence that genetic variants of
the genes encoding PACAP and its receptor, PAC1, are associated with schizophrenia. We
studied the effects of the associated polymorphism in the PACAP gene on neurobiological
traits related to risk for schizophrenia. This allele of the PACAP gene, which is overrepresented
in schizophrenia patients, was associated with reduced hippocampal volume and poorer
memory performance. Abnormal behaviors in PACAP knockout mice, including elevated
locomotor activity and deficits in prepulse inhibition of the startle response, were reversed by
treatment with an atypical antipsychotic, risperidone. These convergent data suggest that
alterations in PACAP signaling might contribute to the pathogenesis of schizophrenia.
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Introduction

Schizophrenia is a common neuropsychiatric disor-
der affecting 0.5-1% of the general population
worldwide. This disease is characterized by psycho-
sis and profound disturbances of cognition, emotion
and social functioning. The pathophysiology of
schizophrenia is still unclear; however, this disease
is highly heritable® and several intermediate pheno-
types such as neurocognitive dysfunction, abnormal
brain morphology and deficits in prepulse inhibition
(PPI) of the startle response are known to be useful to
identify susceptibility genes for schizophrenia.??
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The adenylate cyclase-activating polypeptide 1
(ADCYAP1) gene encodes pituitary adenylate cy-
clase-activating polypeptide (PACAP), a neuropep-
tide, which is a member of the vasoactive intestinal
peptide (VIP)/secretin/glucagon family. It exerts
multiple activities as a neurotransmitter or neuro-
modulator via three heptahelical G-protein-linked
receptors, one PACAP-specific (PAC1) receptor and
two receptors that are shared with VIP (VPAC1 and
VPAC2).*% PACAP induces cyclic AMP accumulation
through activation of these receptors.*® We generated
mice lacking the PACAP gene (PACAP~'7); these mice
had profound behavioral abnormalities including
hyperactivity and explosive jumping in an open field,
increased novelty-seeking behavior and deficits in
PPL.7® In addition, the PACAP gene is located on
18p11, which linkage studies have suggested as a
locus for schizophrenia and bipolar disorder.®
Although previous studies indicated that the PACAP
gene could be a good candidate gene for schizo-
phrenia, only one preliminary study has examined a
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possible association with schizophrenia and reported
negative results.’® Here, we present data demonstrat-
ing a possible association between PACAP-PAC1
signaling and schizophrenia, using a multidisciplin-
ary approach in both humans and rodents.

Materials and methods

Subjects

Subjects for the clinical association study were 804
patients with schizophrenia (51.1% males with a
mean age of 44.2 years (s.d. 14.5) and a mean age of
onset of 24.8 years (s.d. 8.8)) and 967 healthy controls
(47.7% males with a mean age of 40.4 years (s.d.
16.1)). All the subjects were biologically unrelated
Japanese. Three hundred and fifty-one patients with
schizophrenia and 518 controls were from Tokyo
Metropolitan (the east part of Japan), and 453 patients
with schizophrenia and 449 controls were from Aichi
prefecture (the central part of Japan). Patients were
recruited at the National Center Hospital of Mental,
Nervous, and Muscular Disorders; Nagoya University
Hospital; Showa University Hospital and hospitals
related to Department of Psychiatry, Nagoya Univer-
sity Graduate School of Medicine or Department of
Psychiatry, Showa University School of Medicine.
Healthy controls, including hospital and institutional
staff, were recruited from local advertisements in
Tokyo and Aichi. Magnetic resonance (MR) measure-
ments and neurocognitive tests were performed only
on some subjects (MR measurements: 81 patients with
schizophrenia and 201 healthy controls; neurocogni-
tive tests: 62 patients with schizophrenia and 139
healthy controls), all of whom were recruited at
National Center of Neurology and Psychiatry. Demo-
graphic information for the subjects receiving MR
measurements and neurocognitive tests is shown in
detail in Supplementary Table 1 and Figure 1b.
Consensus diagnosis was made for each patient by
at least two trained psychiatrists, according to the
Diagnostic and Statistical Manual of Mental Disor-
ders, fourth edition (DSM-IV) criteria, based on
clinical interview and other available information
including medical records and other research assess-
ments. No patient was diagnosed by medical records
alone. Controls were healthy volunteers who had no
current or past contact to psychiatric services. After a
description of the study, written informed consent
was obtained from every subject. The study protocol
was approved by institutional ethics committees.

Genetic analysis

Venous blood was drawn from subjects and genomic
DNA was extracted from whole blood according to
standard procedures. Seven single nucleotide poly-
morphisms (SNPs) in the PACAP gene and three SNPs
in the PAC1, VPAC1 and VPAC2 genes were geno-
typed using the TagMan 5-exonuclease allelic dis-
crimination assay, as described previously.'*?
Primers and probes for the detection of the SNPs are
available on request. Statistical analysis of genetic
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association studies was performed using SNPAlyse
(DYNACOM, Yokohama, Japan). The presence of
Hardy-Weinberg equilibrium was examined by using
the 7* test for goodness of fit. Allele distributions
between patients and controls were analyzed by the z*
test for independence. All P-values reported are two-
tailed. Statistical significance was defined as P<0.05.

Neuroimaging analysis

All MR studies were performed on a 1.5T Siemens
Magnetom Vision plus system (Siemens, Erlangen,
Germany). A three-dimensional volumetric acquisi-
tion of a T1-weighted gradient echo sequence pro-
duced a gapless series of 144 sagittal sections using
an MPRage sequence (TE/TR, 4.4/11.4 ms; flip angle,
15° acquisition matrix, 256 x 256; 1NEX, field of
view, 31.5cm; slice thickness, 1.23 mm).

Data were analyzed with Statistical Parametric
Mapping 2 (SPM2) running on MATLAB 6.5. MR
images were processed using optimized voxel-based
morphometry (VBM) in SPM2 as described in detail
previously.’®** Normalized segmented images were
modulated by multiplication with Jacobian determi-
nants of the spatial normalization to encode the
deformation field for each subject as tissue density

"changes in normal space. Following modulation,

images were smoothed using a 12mm full-width
half-maximum of isotropic Gaussian kernel, because
previous studies had proved that this should be a
reasonable filter.'*1>'® In addition, we confirmed that
the results of statistical analyses with three different
smoothing filters (6, 8 and 12mm Gaussian kernels)
were essentially the same.

Statistical analyses were performed with SPM2,
which implemented a general linear model. A
hypothesis-driven regions of interest (ROIs) approach
was used to investigate the hippocampus, using an
ROI from the Wake Forest University PickAtlas.'” Our
hypothesis is that the PACAP genotype related to the
risk of developing schizophrenia is associated with
hippocampal volume, because PACAP is associated
with hippocampal function in rodents, and hippo-
campal volume is reported to be reduced in schizo-
phrenia. The genotype and diagnostic effects on
hippocampal gray matter volume change were as-
sessed statistically using a single-subject condition
and covariate model with a significance level set to
0.05 (corrected for multiple comparisons within the
ROI). Age and gender were included in the model to
control for confounds. Anatomic localization was
according to both MNI coordinates and Talairach
coordinates, obtained from M. Brett’s transformations
(http://www.mrccbu.cam.ac.uk/Imaging/Common/
mnispace.shtml) and presented as Talairach coordi-
nates.

Neurocognitive tests

Several memory tests, subscales of the Wechsler
Memory Scale revised version (logical memory I,
logical memory II, visual reproduction I, visual
reproduction II, verbal paired associates I (VPAI),



verbal paired associates II, visual paired associates I
and visual paired associates II) and the general
intelligence IQ (from full scale of the Wechsler Adult
Intelligence Scale, revised edition, WAIS-R), were
performed by some of the subjects recruited at
National Center of Neurology and Psychiatry. In
association analysis between SNP3 of the PACAP
gene and VPAI, group comparisons of demographic
data were performed by using unpaired t-tests or 2, as
appropriate. There were no differences between
genotype groups and demographic variables, for
example, age, gender, education years and full-scale
IQ, except for gender distribution in patients with
schizophrenia (P=0.026) (Figure 1b). The effects of
the SNP3 genotype of the PACAP gene and diagnosis
on scores of memory tests were analyzed by a two-
way analysis of covariance (ANCOVA), with age,
gender and education years as covariates using SPSS
11.0] for Windows (SPSS Japan Inc., Tokyo, Japan).

T value

b Schizophrenia (n=62) Coutrol {u=139}
AA, AIG GIG AJA, AIG GG
‘Variables {n=10) (n=52) (n=27y {n=112)

Age (SI) 392105 4TI03T  36010) 373 (18
Gender (M/F} 317 3517 334 378

Education years (SD) 14.0 2.6) 12.8(3.3) 16.7{2.8) 16.5 3.1)
Full scake 1Q (SD): 862 (21.5) 83.8(18.8) 109.9(13.4)y 109.6(11.6)
YPAL (5D} 13.33.9)  2.0.6)* 161 1.7 161 3.3

Figure 1 Genetic variation of PACAP is associated with
hippocampal morphology and memory in humans. (a)
Statistical maps of t-transformed hippocampal volume
differences derived by optimized VBM of individuals
homozygous for the G allele in SNP3 of the PACAP gene,
relative to A-carriers, in all subjects, thresholded at P<0.05
(corrected) in coronal, sagittal and axial views. These data
show bilateral significant hippocampal volume reduction in
individuals homozygous for the G allele. (b) Lower visual
associate memory I score in individuals homozygous for
the G allele in SNP3 of the PACAP gene, compared to
A-carriers, in the schizophrenia group. Means+s.d. are
shown. VPAI, visual paired associates I. *P <0.05, compared
with A-carriers.
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When genotype effects on VPAI in controls or patients
with schizophrenia were examined separately, a
Mann-Whitney U-test and ANCOVA with gender as
a covariate were used.

Animal study

All animal experiments were carried out in accor-
dance with protocols approved by the Animal
Research Committee of Osaka University and by
the Ethics Review Committee for Animal Experi-
mentation of the National Institute of Neuroscience.
Generation of PACAP~'~ mice by a gene targeting
technique has been reported previously.” The null
mutation was backcrossed onto the genetic back-
ground of Crlj:CD1 (Institute of Cancer Research) mice
purchased from Charles River (Tokyo, Japan). All
wild-type control mice and PACAP~'~ mice (homo-
zygous for the mutant PACAP gene) used in locomotor
activity and PPI experiments were obtained from the.
intercross of heterozygous animals. C57BL/6] mice
were purchased from Charles River and were allowed
to acclimate in our animal facility for at least 5 days
before initiation of experiments. Mice were housed in
a temperature- (234 1°C) and light-controlled room
with a 12h light-dark cycle (lights on from 0800 to
2000) and allowed free access to water and food,
except during behavioral testing.

Locomotor activity was quantified using an infrared
photocell beam detection system, Acti-Track (Panlab,
Barcelona, Spain). Following intraperitoneal injection
of risperidone (0.1 mg/kg) or an equivalent amount of
saline, mice were placed in plastic activity monitor-
ing boxes (30 x 30 x 30cm) and tracked for 60min,
with data being stored permanently; parameters
indicative of locomotor activity, such as distance
traveled, were assessed. Each mouse was tested
individually and had no contact with the other mice.
The PACAP mutant cohort used in locomotor activity
testing consisted of 12 wild-type mice and 12
PACAP~/~ mice (n=6 each for saline control and
risperidone groups).

Acoustic startle responses for PPI were measured in
a startle chamber (SR-LAB; San Diego Instruments,
CA, USA) as described.’® Mice were placed in the
startle chamber for 30 min after intraperitoneal injec-
tion of risperidone (0.1 mg/kg) or an equal amount of
saline. The testing session started with 5min of
acclimatization to the startle chamber in the presence
of 65 dB background broadband (white) noise. Testing
consisted of forty 120 dB pulses alone and 10 pulses
preceded (100 ms) by a prepulse of 66, 68, 71 or 77 dB.
Pulses were randomly presented with an average of
15s between pulses. Twelve no-stimulus trials were
included to assess spontaneous activity during test-
ing. PPI was calculated as a percentage score: PPI
(%) =(1—((startle response for pulse with prepulse)/
(startle response for pulse alone))) x 100. The PACAP
mutant cohort used in PPI testing consisted of 35
wild-type mice (saline control group = 22; risperidone
group=13) and 33 PACAP~'~ mice (saline control
group =17; risperidone group = 186).

w
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Male C57BL/6] mice weighing 20-25g received
once-daily injections intraperitoneally for 14 days
with phencyclidine (PCP) (5 mg/kg; n=13) or saline
for control (n=12). PACAP and PAC1 mRNA levels
were measured by a real-time quantitative RT-PCR
method (TagMan assay, Applied Biosystems, Tokyo,
Japan), using total RNA extracted from the frontal
cortex or hippocampus of mice treated with PCP or
saline, as described previously.'® Statistically signifi-
cant differences were assessed by the Mann—-Whitney
U-test.

Results

Genetic analysis

We examined the possible association between schi-
zophrenia and genetic variations in the PACAP gene.
Seven SNPs in the PACAP gene, selected from public
databases, were genotyped, and the genotype dis-
tributions of all seven SNPs in the PACAP gene were
in Hardy—Weinberg equilibrium in both controls and
patients with schizophrenia (data not shown). The
allele frequencies of the seven SNPs in patients and
controls are shown in Table 1. The major allele of
SNP3 and the minor allele of SNP5 were in excess
in patients with schizophrenia when compared to
controls (SNP3: y*=7.6, P=0.0059, odds ratio=0.74,
95% confidence interval (CI) 0.59-0.92; SNPS5:
7*=4.2, P=0.041, odds ratio=1.38, 95% CI 1.01-
1.84), whereas no significant association of the other
five SNPs with schizophrenia was observed (Table 1).
SNP3 was significantly associated with schizophrenia
after Bonferroni correction (corrected P=0.041). We
next examined the possible association between
schizophrenia and genes encoding the receptors for
PACAP, such as the PAC1, VPAC1 and VPAC2
receptor genes. The genotype distributions of all three
SNPs in the PAC1, VPAC1 and VPAC2 genes were in
Hardy-Weinberg equilibrium in both controls and
patients with schizophrenia, except for that of SNP3
of the VPAC1 gene in controls (data not shown). The

allele frequencies of the three SNPs in each receptor
gene in the patients and controls are shown in
Table 2. There was significant evidence for an asso-
ciation between a genetic variant of the PAC1 gene
and schizophrenia (SNP2: »*=6.0, P=0.014, odds
ratio=1.18, 95% CI 1.03-1.35, corrected P=0.042), -
whereas none of the SNPs in the genes encoding
VPAC1 or VPAC2 was associated with schizophrenia
(Table 2). The evidence that the genes encoding
PACAP and its receptor PAC1 are associated with
schizophrenia suggests that signaling through PACAP
and PAC1 might be associated with the pathophysiol-
ogy of schizophrenia.

Intermediate phenotype

As the PACAP gene has been reported to play a role in
learning and memory and hippocampal long-term
potentiation in rodents,>*' we next examined the
possible impact of SNP3 of the PACAP gene, which
was associated with schizophrenia, on hippocampal
volume in patients with schizophrenia and controls.
A genotype effect was found as bilateral reductions of
hippocampal volumes (right: P=0.04, t=3.2; left:
P=0.002, t=4.1) in homozygous G subjects compared
with A-carriers (Figure 1a). There was also a diag-
nostic effect, a significant reduction in left hippo-
campal volume in patients with schizophrenia
compared with controls (P=0.033, t=3.3). Geno-
type—diagnosis interaction effects on brain morpho-
logy were not found, even at a lenient threshold
(uncorrected P=0.05). We next estimated the effects
of genotypes on hippocampal volume in the control
groups and schizophrenic groups, separately. Schizo-
phrenic patients homozygous for the G allele showed
a significant reduction in bilateral hippocampal
volumes (right: P=0.013, t=3.5; leftt P=0.005,
t=3.9). On the other hand, we found significantly
decreased volumes of the bilateral hippocampi in
homozygous G subjects compared with the A-carriers,
at a lenient threshold (uncorrected P=0.05) in
controls; however, no voxels could survive after the
correction for multiple comparisons. These data

Table 1 Allele frequencies of seven SNPs in the PACAP gene between the patients with schizophrenia and controls

SNP-ID dbSNP Distance  Major/minor  Location Number of Minor allele P-value Odds ratio
from polymorphism subjects frequency (95% CI)
SNP1
Controls Patients Controls Patients
SNP1 1s2846584 —_ C/T 5'-region 967 804 0.362 0.373 0.54
~SNP2 1s2231181 712 G/C 5-UTR 960 795 0.336 0.330 0.69
SNP3 rs1893154 1071 G/A Intron1 951 797 0.126 0.097 0.0059 0.74 (0.59-0.92)
SNP4 151893153 1149 T/A Intron1 953 793 0.174 0.163 0.37
SNP5 152856966 3656 A/G Exon3 (D54G) 953 786 0.047 0.063 0.041 1.38 (1.01-1.84)
SNP6 15928978 4481 C/A Intron4 958 798 0.475 0.485 0.58
SNP7 151610037 6581 AlIG 3'-region 962 794 0.216 . 0.211 0.73

Abbreviations: CI, confidence interval; PACAP, pituitary adenylate cyclase-activating polypeptide; SNPs, single nucleotide

polymorphisms.

Minor allele frequencies in controls are shown. Significant results (P <0.05) are indicated with underline.
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Table 2 Allele frequencies of SNPs in the PAC1, VPAC1 and VPAC2 gene between the patients with schizophrenia and controls
Gene  SNP-ID dbSNP Distance  Major/minor  Location Number of Minor allele P-value Odds ratio
name from  polymorphism subjects frequency (95% CI)
SNP1
Controls Patients Controls Patients
PAC1 SNP1 151468687 _ T/C Intron2 950 796 0.287 0.264 O.iZ
SNP2 rs2302475 15553 C/T Intron5 958 797 0.479 0.520 0.014 1.18 (1.03-1.35)
SNP3 152267742 34598 A/G Intron12 936 786 0.127 0.133 0.58
VPAC1 SNP1 15735773 — C/G Intron1 937 784 0.357 0.38 0.16
SNP2 15406360 12972 AlG Intron4 948 789 0.431 0.433 0.91
SNP3 rs3733055 22942 G/T Exon13 958 801 0.041 0.035 0.33
(R445L)
VPAC2 SNP1 rs885861 —_— C/T 3-UTR 963 802 0.208 0.232 0.090 1.15 (0.98-1.36)
SNP2 1s3793224 55026 C/T Intron4 944 791 0.247 0.232 0.29
SNP3 rs3812312 109228 C/T Intron2 923 781 0.221 0.218 0.85

Abbreviations: CI, confidence interval; SNPs, single nucleotide polymorphisms.
Minor allele frequencies in controls are shown. Significant results (P <0.05) are indicated with underline.’

suggest that SNP3 in the PACAP gene could have an -

impact on hippocampal morphology.

As the human hippocampus is related to memory
function, we also examined the association between
SNP3 of the PACAP gene and several subscales of the
Wechsler memory scale revised version in patients
with schizophrenia and controls (Figure 1b). Two-
way ANCOVA on VPAI revealed significant effects of
diagnosis (F=33.8, P<0.0001) and genotype of SNP3
(F=5.2, P=0.024), and an interaction between diag-
nosis and genotype (F=6.6, P=0.011), whereas an
effect of genotype was not found in other memory
subscales (data not shown). Individuals homozygous
for the G allele of SNP3, which was enriched in
schizophrenia, had lower scores of VPAI than schizo-
phrenic patients carrying the A allele (Mann-Whit-
ney U-test: P=0.015); however, there was no
difference between the two genotypes in the control
group (P>0.8). ANCOVA with gender as a covariate
did not alter the statistical significance of these
results in patients with schizophrenia (P=0.029).
These data suggest that the risk SNP of the PACAP
gene could be associated with reduced hippocampal
volume and poorer memory performance, which are
neurobiological traits related to risk for schizophrenia.

Animal study

As our data indicate that PACAP might be associated
with schizophrenia, PACAP knockout mice (PACAP~/'~
mice) could be a possible animal model for
schizophrenia. Several schizophrenia-related beha-
viors in rodents, such as hyperactivity, deficits in PPI,
locomotor response to antipsychotics, disturbance in
social interaction and cognitive deficits, have been
commonly observed in previous pharmacological and
genetic animal models for schizophrenia.?* Therefore,
we examined the impact of an atypical antipsychotic,
risperidone, on hyperactivity and deficits in PPI in
PACAP~'~ mice. PACAP~'~ mice maintained high
initial levels of locomotor activity during the open

field test (Figure 2a and b), as reported previously.”
When treated with risperidone, hyperlocomotion in
PACAP~'~ mice was attenuated almost to the normal
levels seen in wild-type mice; however, treatment
with risperidone had no significant effect on loco-
motor activity in wild-type mice (Figure 2a and b).
Risperidone also reversed the diminished PPI in
PACAP~'~ mice® to the control level seen in wild-
type mice (Figure 2c). Risperidone had no significant
effect on PPI levels in wild-type mice (Figure 2c¢) and
startle amplitudes in both PACAP~'~ and wild-type
mice (data not shown). These results suggest that
the abnormal behaviors in PACAP~'~ mice, which
are believed to be schizophrenia-like phenotypes in
rodents, can be rescued by an atypical antipsychotic,
risperidone.

The abuse of PCP, an N-methyl-D-aspartic acid
receptor antagonist, results in positive symptoms,
negative symptoms and cognitive impairments, simi-
lar to those seen in patients with schizophrenia.
Thus, mice chronically treated with PCP have been
used as a potential animal model for schizophrenia.?
To assess a possible change in the expression of
PACAP and PAC1 receptor in the pathological state,
we performed mRNA expression analysis for PACAP
and PAC1 in the frontal cortex and hippocampus of
mice chronically treated with PCP. The expression
level of PACAP mRNA was significantly reduced in
the frontal cortex, but not in the hippocampus
(Supplementary Figure - 1). On the other hand,
increased expression of PAC1 mRNA was observed
in both frontal cortex and hippocampus (Supple-
mentary Figure 1). Although the altered expression of
PACAP and PAC1 in mouse brains treated with PCP
was subtle, these data are considered to be in line
with the behavioral abnormalities in PACAP~/~ mice,
a possible animal model for schizophrenia.

These results using animal models support the
notion that PACAP is associated with the patho-
physiology of schizophrenia.
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Figure 2 Hyperlocomotion and deficits in the PPl of PACAP~'~ mice were normalized by risperidone treatment.
{a) Locomotor activity in wild-type and PACAP~/~ mice that received 0.1 mg/kg risperidone (RIS) or saline. n=6 per group.
{(b) Representative locomotor patterns of saline- or 0.1 mg/kg risperidone-treated wild-type and PACAP~/~ mice during 25-
30 min of a 60 min recording in an open field test. (¢) PPI levels induced by a 77 dB prepulse in wild-type and PACAP~/~
mice after pretreatment with risperidone (0.1mg/kg) or saline. Numbers of animals for experiments are shown in’
parentheses. Data are given as means+s.e.m. *P<0.05, **P<0.01, ***P<0.001, compared to wild-type. *P<0.05, **P<0.01,

compared with saline in PACAP~'~ mice.

Discussion

Our findings support the possibility that PACAP is a
potential schizophrenia susceptibility gene. Clinical
association between schizophrenia and the genes
encoding PACAP and PAC1 and an association
between intermediate phenotypes, hippocampal vo-
lume and visual associate memory performance and a
risk SNP in the PACAP gene have been demonstrated
in our study. There are several limitations in our
results. We screened control subjects with no past or
current visits to psychiatric services; however, we
could not exclude the possibility that they have an
undiagnosed or untreated psychiatric disorder. The
obtained evidence for association was not very strong,
especially in the association between the genotype
and visual associate memory performance (P<0.05
level). When we applied corrections for multiple
testing for several memory tests, this positive associa-
tion became negative. This association is not con-
clusive, although the association between the risk
allele for schizophrenia and poorer memory perfor-
mance might be attractive. Thus, replication studies
should be conducted to confirm our findings. We do
not know whether SNP3 alters the expression/func-
tion of the PACAP gene. Accordingly, there remains
the possibility that other polymorphisms, which are
in linkage disequilibrium to this polymorphism, are
truly responsible for giving susceptibility.
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Studies aiming to identify susceptibility genes
for schizophrenia are faced with the confounds of
subjective clinical criteria and the likelihood of allelic
and locus heterogeneity. Although schizophrenia is
substantially heritable, the mode of inheritance is
complex, involving numerous genes of small effect
and a nontrivial environmental component. The
concept of intermediate phenotype {endophenotype)
assumes that neurobiological deficits occur across the
schizophrenia spectrum in schizophrenia patients,
schizotypal patients and clinically unaffected rela-
tives of schizophrenia patients. The intermediate
phenotype approach is an alternative method for
measuring phenotypic variation that may facilitate
the identification of susceptibility genes in the
context of complexly inherited traits. Using this
approach, we showed an association between the
PACAP gene and two intermediate phenotypes,
hippocampal volume and visual associate memory,
in addition to the genetic association with schizo-
phrenia. Our study could be a successful example of
using this strategy to find susceptibility genes for
complex diseases.

The hyperactivity and deficits in PPI observed in
PACAP~'~ mice”® are believed to be schizophrenia-
like behaviors in rodents. PAC1 knockout mice also
show abnormal behaviors, including elevated loco-
motor activity and abnormal social behavior.?*?** Qur
genetic findings, which demonstrate an association



between schizophrenia and two genes, PACAP and
PAC1, are supported by the abnormal behaviors in
knockout mice of PACAP and PAC1. Risperidone, an
atypical antipsychotic, has the "advantage of better
extrapyramidal tolerability than conventional antipsy-
chotics, but also has advantages in cognitive distur-
bances and the treatment of negative and depressive
symptoms.?® Our previous study showed that haloper-
idol, a representative conventional antipsychotic,
rescued hyperactivity,” but did not rescue deficits in
PPL® As risperidone treatment rescued both of these
abnormalities in PACAP~'~ mice, and as risperidone is
a combined D2 and 5-HT,, receptor antagonist, either
dopamine or serotonin signaling, or both, could be
relevant to the abnormal behaviors in PACAP~/~ mice.

Our convergent evidence suggests that investiga-
tion of PACAP-PAC1 signaling in the brain could
provide a clue to elucidating the possible mechan-
isms of pathophysiology in schizophrenia.
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Abstract

Tryptophan hydroxylase 2 (TPH2) is a rate-limiting enzyme of neuro
(SNPs) at the exon 11 coding region that resulted in amino acid substitut

in humans and mice. We determined 175 base-pair sequences of th
nucleotide sequence substitutions were synonymous, with the excep
in the open reading frame (ORF). This substitution leads to a gl
chimpanzee sequences. The frequency of the G allele was 0
and we have named these two alleles as ch468Q and ch468
increase in enzyme function during L-5-hydroxytryptophan (£
activity among human, chimpanzee, and rat. Although the rat sho
and ch468Q, the rat enzyme was more active than those of huma

onin biosynthesis. Recently, two single nucleotide polymorphisms
he C-terminal domain have been reported to affect enzyme activity
region in nine primate species from all recognized lineages. All

ofn f one adenine (A) to guanine (G) substitution at the 1404th position

) to arginine (R) amino acid substitution at the 468th position within

66 chimpanzees. Therefore, it is a novel SNP observed in chimpanzees,
=ctively. When expressed in HeLa cells, ch468R caused an approximate 20%
roduction (P <0.001). We also surveyed the interspecies difference in enzyme
an identical amino acid sequence at the C-terminal region as those of human
r chimpanzee (P < 0.001), indicating the importance of substitutions in other

regions. Our findings on the chimpanzee SNP will be a useful genetic marker in understanding the individual difference in the serotonin-related

behavior.
© 2006 Elsevier Ireland Ltd. All rights rese
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‘the rate-limiting enzyme
chicatalyzes the pterin-depe-
tophdn to L-5-hydroxytryptophan
(SHTP). Additionally, thi§ireaction is the first step in the syn-
thesis of melatonin, whichis involved in the regulation of
mammalian repr n‘atd circadian rhythms [27]. The TPH
belongs to the fa rahydrobiopterin-dependent aromatic
amino acid hydroxylases, which includes phenylalanine hydrox-
ylase (PAH) and tyrosine hydroxylase (TH) [14]. These enzymes

Serotonin synthesis is mediated:
tryptophan hydroxylase (TP
ndent hydroxylation of L-
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share similar protein organization composed of a regulatory N-
terminal domain, a catalytic domain, and a short C-terminal
oligomerization domain (Fig. 1a) [6-8]. Although the precise
manner is often unique for each hydroxylase, they can be acti-
vated by similar mechanisms [4,9,10].

Recently, TPH isoform 2 was discovered to be preferen-
tially located in brain dorsal raphe [23,28] and in the peripheral
myenteric neurons in the gut [4]. The discovery of TPH2 has
renewed great interest in studying the role of this enzyme in the
neurochemical function of serotonin. To date, over 500 single
nucleotide polymorphisms (SNPs) have been identified in the
TPH2 gene in humans and mice, but coding non-synonymous
SNPs are only six [3,33]. A number of recent studies have
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already reported tl iation between genetic polymor-
phisms and affective and suicidal tendency [3,9,24,34].

Additionally, a number-of interesting differences in the prop-

resulted in an approximate 80% decrease in serotonin levels as
compared to the wild-type. R441H mutants were identified in
unipolar major depression patients. In the mouse TPH2, a wild-

erties of TPH1 and TPH2 have been revealed, suggesting that
these enzymes may have different catalytic control mechanisms
or are differentially regulated at the post-translational level [19].

In human and mouse studies, SNPs in TPH2 have been
suggested to alter enzyme function [31,32]. The human TPH2
contained an SNP that replaced a wild-type arginine with a his-
tidine (R441H). Expression of the mutant TPH2 in PC12 cells

type proline has been reported to be replaced by arginine (P447R
mutant). Expression of mutant TPH2 revealed an approximate
55% decrease in serotonin levels as compared to wild-type.
The mutant P447R homozygous inbred strains (BALB/c and
DBA/2J) of mice showed 50-70% decrease in the rate of sero-
tonin synthesis in the brain when compared to the wild-type
homozygous strains (C57BL/6 and 129X1/SvJ). Interestingly,
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the mice from these strains display significantly different aggres-
sive behavior [16] and responses to antidepressants [2,18]. These
results raised the possibility that similar mutations in nonhuman
primates may affect their brain serotonin levels.

In general, the nucleotides and amino acids similarities
among the TPH2 sequences of human, chimpanzee, and rat
that were downloaded from GenBank database were >80% and
>90%, respectively. The C-terminal region (highlighted by a
box) was identical among the major allele of the species except
for a proline to arginine replacement in mouse and for an argi-
nine to histidine replacement in human (Fig. 1a and b).

The close genetic, physiological, and behavioral similarities
between humans and nonhuman primates provide the basis for
a comparative analysis of the genetic and environmental factors
underlying both normative and pathological outcomes in behav-
ioral development [1]. In this study, our primary purpose was to
identify a new polymorphic loci in chimpanzees neurotransmit-
ter related genes. Therefore, we sequenced the exon 11 coding
region that corresponds to the polymorphic regions in humans
and mice for several primate species.

Genomic DNA was extracted from the peripheral blood
or buccal mucous membrane obtained from humans (healthy
Japanese subjects, n=10; informed consent was obtained in
accordance with the guidelines of Gifu University), chimpanzees
(Pan troglodytes, n=66), gorillas (Gorilla gorilla, n=10),
orangutans (Pongo pygmaeus, n=10), agile gibbons (Hylo-
bates agilis, n=15), Japanese macaques (Macaca fuscata, n=4)
mandrill (Papio sphinx, n=1), common marmosets (Callithri
Jacchus, n=3), tarsier (Tarsius bancanus, n=1), and galag
(Galago crassicaudatus, n=1). Thus, all primate lineages
covered. Most of the nonhuman primate samples were
from the Primate Research Institute of Kyoto Unive
Sanwa Kagaku Kenkyusho Co. Ltd.

We determined the sequences in 10 individuals of c
panzees and each one individual for the other species. PCR was
performed for the amplification of a 295 equence includ-
ing 175bp of the exon 11 coding region. T¢r
the reaction mixture containing 20 ng
primer, 0.5 U LA Taq polymerase, GC |
Japan), and 400 uM of each dNTP:
sequences employed were 5-
GACT-3' (TPH2F) and 5'- TTAGE!
(TPH2R), corresponding to‘in
TPH2 genomic sequence
for 2 min, PCR amplificat

A, 05 pM of each
er [ (TaKaRa, Shiga,
#used. The primer
TTTATTCTGCAGG-
GCCATGACACAG-3'
nd 3'UTR of the human
initial incubation at 95 °C
rformed for 35 cycles con-
for 1 min and 74 °C for 2 min;
xtension at 74 °C for 10 min. The
by using a PCR purification kit
(Roche, Mannheim; GGérmany), followed by sequencing of both
strands at least twiceiby using an ABI 3100 DNA sequencer
(Applied Biosystems, Foster City, CA) according to manufac-
turer’s instructions.

The nucleotide sequences of the C-terminal domain (exon 11
coding region of TPH2) in the nine primate species are shown in
DDBJ database with accession numbers AB68316-AB68324. A
total of 23 nucleotide substitutions were observed. All substitu-
tions were silent, except one substitution within chimpanzees.
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An adenine (A) at the 1404th position was substituted by gua-
nine (G), and this change caused a replacement of the 468th
glutamine (CAG, ch468Q) by arginine (CGG, ch468R). Both
chimpanzee sequences contained one substitution synonymous
with that of human sequence at the 1468th position.
Genotyping for the chimpanzee SNP for remaining 56 indi-
viduals was performed by using a PCR-RFLP method. After
amplification using TPH2F and TPH2Rprimers, 1 pl of the PCR
product was incubated at 37 °C overnightin the reaction mixture
having a total volume of 10 ul, cont mng\l x NEBuffer 4 with
1.5 U of HpyCH4V (New England ab¥, Beverly, MA). The
products were subsequentl d by electrophoresis on a
2.0% agarose gel.
The allelic frequenc;

03 respectively. The presence of
Hardy—Weinberg equilibrium was examined by using the Chi-
or 0oodness of fit, The observed genotypic fre-

ns, five agile gibbons, four Japanese macaques, and
on marmosets, but we could not detect the same sub-
If these species have the SNP site in the same frequency
panzee, then it should be detected by the possibility of
o in 10 individuals [15]. For confirmation, we need to sur-
vey larger sample size and diverse population.

For elucidating the functional effect of chimpanzee SNP, the

“human full-length ORF was amplified from the human brain hip-

pocampus cDNA library (TaKaRa, Shiga, Japan) by using the
primers 5-CCCTGCTGCAGAGAAAGAAT-3' (TPH2Fm) and
5'- AGATCATGCTGGCAACAACA-3' (TPH2Rm), and was
subsequently ligated into a human TPH2/TOPO TA cloning
vector (Invitrogen, Carlsbad, CA). The chimpanzee amino
acid sequence differed from that of the humans at only three
positions. Of these, the two positions — C164A (R54S) and
G170A (A56T) — were common in all the chimpanzees sur-
veyed, but the A1404G (Q468R) substitution was polymor-
phic within chimpanzees. Therefore, two types of chimpanzee
TPH2 ORFs were obtained by the mutagenesis of human
ORF. The following are the oligonucleotides used to gen-
erate the ch468Q and ch468R (lowercase underlined letters
represent new codons introduced by site-directed mutagen-
esis): 5'-AGCAAAagtGAAactGCTACCGAAAG-3 for R54S
and A56T, and 5'-ATGTGGTGcggGACCTTCGCAG-3' for
Q468R.

The rat ORF was amplified by 5'- TCCCCGCGGTTCGA-
AACCatgcagcccgeaatgatgat-3' (ratTPH2Fm) and 5'-GGAC-
TAGTCTAGAtcaaatccccaaatattggttcatt-3’  (ratTPH2Rm). The
ratTPH2Fm included Csp451 restriction sites and a ribosome-
binding sequence (ACC) flanking the 5’ region of the TPH2
OREF, and the ratTPH2Rm included the Xbal restriction sites
flanking the 3’ region of the rat TPH2 ORF.

The human and chimpanzee inserts were obtained by diges-
tion with Kpnl and Not, the recognition sites of which were
located on the TOPO TA cloning vector, and the rat insert
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was obtained by digestion with Csp451 and Xbal. The inserts
were then ligated with the Gateway® pENTR™ 11 entry vector
(Invitrogen, Carlsbad, CA) digested with the same restriction
enzymes. The inserts were transferred from the entry vector to
the Gateway™ pDEST™ 12.2 destination vector (Invitrogen,
Carlsbad, CA) by an LR reaction with Gateway® LR Clonase™
I Enzyme Mix (Invitrogen, Carlsbad, CA).

Transfection of pDEST12.2/TPH2 ORFs to HeLa cells
was performed using jet PEI® (PolyPlus-Transfection, Illkirch,
France) essentially according to the manufacturer’s instructions.
HeLa cells (2 x 10° cells/3.5cm dish) were plated 28 h prior
to the treatment. The cells were transfected with 1.7 ug DNA
(1.5 g of TPH2/pDEST12.2 and 0.2 png of B-GAL/pCMV-
SPORT) plus 3.4 ul jet PEI for 48 h.

After transfection of the expression vectors for 48 h, HeLa
cells were collected and the TPH activity was determined essen-
tially as described previously [11]. Cells in the monolayer cul-
ture were collected in PBS(—) “Ca/Mg-free PBS” and then
subjected twice to freezing in liquid nitrogen and thawing on
water. The disrupted cells were pre-incubated for 15 min at 30 °C
in 0.1 M Tris—HCI (pH 8.0) containing 30 mM DTT, 50 pM
Fe(NH4)2(SO4)3, and 4 mg/ml catalase in a total volume of
100 pl. Subsequently, SO .l of another cocktail was added to
yield a final reaction mixture of 250 uM tryptophan, 400 uM 6R-
tetrahydrobiopterin, 500 .M NADH, 1 mM NSD-1015,2 mg/ml
catalase, and 50 pg/ml dihydropteridine reductase in 0.1 M K-
phosphate buffer (pH 6.9). The enzyme reaction was allowed to
proceed for 10 min at 30 °C and was then terminated by adding
1 M perchloric acid.

The SHTP formed was measured using a high performang
liquid chromatography (HPLC) system equipped with (
rescence monitor (JASCO model, FP920) set at excitatio
emission wave lengths of 302 nm and 350 nm, respectivel
solid phase was ODS (4.6 mm x 250 mm, JASCO, Finepak SIL
C18T5), the mobile phase was a 100:5:7 mixture of 40mM
sodium acetate (adjusted to pH 3.5 with formigzacid): acetoni-

defined at P <0.05.
We measured the TPH2:

Fhe ‘results of the enzyme activ-
).45 pmole/10 min/B-gal mU in
mole/10 min/B-gal mU in ch468R,
50.11 & 1.72 pmole/10 min/B-gal mU in human, and
65.32 +:0.99 pmole/10 min/B-gal mU in rat (Fig. 2). The
ch468R and rat isoform showed significantly higher activity
than ch468Q and human isoform (ANOVA, P <0.05).

The sequences of the exon 11 coding region were well con-
served among human and nonhuman primate species, except
one missense substitution at A1404G leading to Q468R in chim-
panzees. The enzyme activity assay indicated that the capacity

ch4680, 6436+ 1.67
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Fig.2. Inter- and intra-specific comparis

of L-5-hydroxytrytophan
and human TPH2, whereas it was significantly high in the
If there were no significant changes in TPH2

tic function was not elucidated in the present
of the non-polar glutamine by the positively
inine could suggest the influence of the conformation
ytic site of the enzyme in some way [26].

is the first comparative study on human and rat enzyme
In mice, in vitro SHTP synthesis corresponded to their
serotonin levels [31]. Therefore, although the difference
in the activity was produced by an in vitro analysis, the high
{evel of rat TPH2 activity probably implies the genetically higher
serotonin concentration in serotonergic neurons of rodents than
in human and nonhuman primates, if there were no significant
differences in the amount of TPH2 protein.

TPH2, similar to all other monoamine-oxygenases, assem-
bles into tetramers [29,30], and the tetramerization domain is
present mostly within a 24-residue a-helix in the extreme C-
terminal region of the enzymes {4,5]. The region of exon 11 is
a part of the biopterin-dependent aromatic amino acid hydroxy-
lase domain and also contains the tetramerization domain. The
chimpanzee Q468R substitution is located on the tetrameriza-
tion domain of the C-terminal. Therefore, the chimpanzee SNP
may influence tetramer formation.

This result implies that low enzyme activity in humans
and chimpanzees may result in low serotonin concentrations
in the brain and may influence differences in the behavioral
traits among chimpanzees as observed in mice [31,32]. Neu-
rotransmitters such as dopamine and serotonin have been the
prime target for understanding the biological basis of animal
behaviors and interactions among animal groups. Primate social
colonies are very sophisticated, and social interactions of chim-
panzees are an interesting target for anthropologists. However,
few genetic markers were reported for understanding primate
behavioral traits {1,22].

In this study, we discovered a functional genetic marker for
understanding the relationship between serotonin and chim-
panzee behaviors including social dominance or aggression.
The previous primate studies on the relationship between the
serotonergic system and social dominance and aggression were
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