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Figure 1 BIXinduces BiP. (a) The structure of BIX {1-{3,4-dihydroxyphenyl)-2-thiocyanate-ethancne). (b) Dose-dependent induction of BiP mRNA in SK-N-SH cells after
6h of treatment with BIX is shown by northern blot (upper panel) and real-time PCR (lower panel); values are means £ S.D. from three independent experiments. The
induction of BiP mRNA by Tg is shown as a positive control. -Actin mRNA is shown as an internal control. (c) The time course of BiP mRNA induction in cells treated with BIX
is shown by semiquantitative RT-PCR (upper panel) and real-time PCR (fower panel); values are means + S.D. from three independent experiments. The level of BiP mRNA
peaked in 4 h and kept until 6 h after treatment with BIX at 5 uM, with a subsequent reduction after this point. (d) A time-dependent induction of BiP protein in SK-N-SH cells
treated with 5 M BIX or 1 uM Tg is detected by immunoblot and quantified by densitometry. Values are means + S.D. from three independent experiments

finding supports the results shown in Figure 1c and suggests
that the effects of BIX on BiP induction are transient and that
BiP mRNA reverts to basal levels. Therefore, induction of BiP
by BIX might be caused by a mechanism different to that
used by ER stressors such as Tg and Tm, and the BIX-
responsive element(s) might be included in the 132bp BiP
promoter region. Within this 132bp region, there are three
ER stress response elements (ERSEs) (Figure 3a).
Subsequently, we carried out the reporter assay using an
ERSE mut (132)-pGL3 plasmid (Figure 3a) to confirm
whether or not these ERSEs are involved in the induction
of BiP by BIX. BiP (132)-pGL3 or ERSE mut (132)-pGL3 was
transtfected into SK-N-SH cells, and the cells were treated

with 5uM BIX for 6h. The reporter activities in cells
transfected with BiP (132)-pGL3 were increased ~4-fold
by BIX. On the other hand, induction of reporter activity was
not observed in cells transfected with ERSE mut (132)-pGL3
(Figure 3c). This result suggests that ERSEs are involved in
the induction of BiP by BIX.

Next, to examine whether three major transducers of the ER
stress response, namely PERK, IRE1, and ATF®6, affect the
induction of BiP by BIX, we analyzed the expression of BiP in
knockout/knockdown mouse embryonic fibroblasts (MEFs)
lacking each transducer (Figure 3d). In PERK-deficient MEFs
and IRE14/f double-knockout MEFs, BiP mRNA was induced
by BIX to a similar level to that seen in wild-type cells
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Figure 3 The induction of BiP by BIX is mediated by ERSE and the ATF6 pathway. (a) Schematic representation of the BiP promoter cloned into the pGL3 plasmid (BiP
(132)-pGL3) and the ERSE mutant BiP promoter cloned into the pGL3 plasmid (ERSE mut (132)-pGL3). (b) The luciferase activities driven by the BiP promoter are normalized
against Renilla luciferase activities. The induction of luciferase activity in BiP (132)-pGL3-transfected cells that are treated with 5 «M BIX increased at 6 h after BIX treatment
and reversed to basal levels by 16 h. Induction of luciferase activity in 300nM Tg- or 0.5 ug/ml Tm-treated cells is sustained until 16 h after BIX treatment. Values are
means * S.D. from five independent experiments. (c) The relative reporter activity in cells transfected with BiP (132)-pGL3 (ratio of firefly/Renilia) at 6 h after treatment in cells
treated with BIX (5 uM) are increased ~ 4-fold, whereas that in cells transfected with ERSE mut (132)-pGL3 are not increased. Values are means  S.D. from five
independent experiments. Tg (300 nM) also increases reporter activity in cells transfected with BiP (132)-pGL3, but not in cells transfected with mut (132)-pGL3. (d)
Immunoblot analyses of PERK =/~ MEFs, IRE1af "~ MEFs, and iATF628 (knockdown) MEFs with anti-PERK, anti-JRE1 and anti-ATF6/f3 antibodies prove the deficiency of
those genes. (e) Semiguantitative RT-PCR analysis shows that BiP mRNA is induced at 6 h after treatment with BIX (50 M) in PERK ™'~ MEFs and IRE128~'~ MEFs, but not
in iIATF6 (knockdown) MEFs. Tg induces BiP mRNA in all three MEFs. Numeric values below the panels indicate the induction ratio of BiP mRNA adjusted to the level of

B-actin mRNA with reference to non-treated control sample as one

(Figure 3e). These results indicate that the induction of BiP by
BiX is not mediated via the PERK or IRE1 pathways. The data

showing that elF2« is not phosphorylated by BIX (Figure 2c), .

and that XBP1 is not processed by BIX (Figure 2a), support
this conclusion. By contrast, BiP was not-induced by BIX in
ATF6x double-knockdown MEFs (Figure 3e), suggesting
that BIX treatment mediates the induction of BiP via the ATF6
pathway. These results were also obtained by northern blot
analysis (data not shown). The data showing that BIX induced
GRP94, calreticulin, and CHOP, and that ERdj4/MDG1,
EDEM, p58'7¥ and ASNS were not induced by BIX (Figure
2a, b), also suggested that the effect of BiX is mediated by the
ATF6 pathway. This is because the inductions of GRP94,
calreticulin, and CHOP are known to be dependent on the
activation of ATF8; inductions of ERdj4/MDG1, EDEM, p58'7¥
are known to be mediated by IRE1 and that of ASNS by
" PERK. Next, we tried to detect the cleavage of ATF6 in
cells treated with BIX, but we have not yet detected cleaved
‘N-terminal fragments of endogenous ATF6 using the antibody
described in this study (data not shown).

BIX protects SK-N-SH ceils from ER stress-induced
apoptosis. BiP functions as a cytoprotective protein in
stressed cells.’'® As BIX activates BiP expression, BIX
might protect cells from ER stress. To investigate whether
BIX has the ability to prevent apoptosis induced by ER
stress, SK-N-SH cells were pretreated for 12 h with 0 or 5 uM
BIX, which was then replaced with fresh medium containing
0.5 ug/ml Tm. Phase-contrast images (Figure 4a—d) and
fluorescence micrographs (Figure 4e—h) of Hoechst staining
show that apoptotic cell death was observed within 36 h of
Tm treatment (Figure 4d, h), and that the number of dead
cells had increased significantly (Figure 4i). By contrast, cell
death was significantly inhibited by pretreatment with BIX
(Figure 4c, g, i). We also found that treatment of cells with
BIX only for 36h caused no changes in cells (Figure 4b, f).
Next, we looked at the activation of caspases 4 and 3/7 after
ER stress. Caspase 4 was reported to be activated in
response to ER stress in human cells.® Immunoblot analysis
showed that pretreatment of cells with BIX attenuated the
cleavage of caspase 4 (Figure 4j). Moreover, we analyzed

Cell Death and Differentiation
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Figure 4 BIX protects SK-N-SH cells from ER stress-induced apoptosis. SK-N-SH cells are pretreated with vehicle (control: a, e; Tm: d, h) or with 5 uM BIX (BIX: b, f;
BIX 4+ Tm: ¢, g} for 12 h, and then the whole medium is replaced with fresh medium (control, BIX) or medium supplemented with 0.5 g/m! Tm (BIX + Tm, Tm). Phase-
contrast images (a-d) and fluorescence micrographs of Hoechst staining (e—h) at 36 h after Tm stimulation show that pretreatment of cells with BIX reduces the number of Tm-
induced apoptotic cells. Arrows show apoptotic cells (h). (i) The number of dead cells (apoptotic cells) after Tm treatment increases from 0 to 48 h. Pretreatment of cells with
BIX significantly reduces the amount of cell death compared with cells treated with Tm only (*P< 0.05, **P<0.01). BIX alone does not cause remarkable ceil death. A total of
500 cells are counted at each time point. Values are means + S.D. from five independent experiments. (j) Immunoblot of caspase 4 shows that Tm causes cleavage of
caspase 4 (c-Casp.4) in a time-dependent manner and that pretreatment of cells with BIX attenuates this cleavage with no change in the level of f-actin. Asterisk indicates
nonspecific bands. The lower panel shows quantitative analyses of full-length and cleaved caspase 4. Filled square and triangle indicate full-length caspase 4; open square
and triangle indicate cleaved caspase 4. Values are means + S.D. from three independent experiments. (k) The caspases 3 and 7 activities in Tm-treated cefls are increased.
BIX reduces this caspase activity to almost half value of the Tm-treated levels. Values are means + S.D. from three independent experiments; *P < 0.01

the activities of caspases 3 and 7. The activities of caspases
3 and 7 in Tm-treated cells were extremely high. By contrast,
BIX reduced the activities of caspases 3 and 7 to half of
those in cells treated with Tm only (Figure 4k). Taken
together, these findings suggest that pretreatment of cells
with BIX inhibits cell death induced by ER stress involving
inhibited activation of caspases 3/7 and 4.

BIX administration reduces the insults due to cerebral
infarction. Because it has been shown that cerebral
ischemia causes ER stress,?® we performed occlusions of
the middle cerebral arteries (MCAs) of mice to confirm
whether the protective effects of BIX in vitro can be utilized
in vivo. Immunoblot analysis of extracts from the cerebral
hemisphere showed that 20 ug (2 ul) of BIX (administered
intracerebroventricularly) significantly increased the level
of BiP protein 24h after administration, confirming that
administration of BIX induces BiP protein in vivo

Cell Death and Differentiation

(Figure 5a). Real-time PCR analysis of the expression of
ER stress response-related genes showed that 20 ug BIX
significantly induced BiP at 6h after administration
(Figure 5b). The levels of GRP94, calreticulin, and CHOP
mRNA also increased; however, those of EDEM, p58'7, and
ASNS did not change (Figure 5b}, consistent with the results
of in vitro study (Figure 2b). Animals treated with BIX showed
no behavioral changes, except for the neurological deficits
induced by ischemia. Neurological evaluation at 24 h after
MCA occlusion showed that most of the vehicle-administered
(control) mice presented with moderate symptoms; for
example, circling to the contralateral side (Figure 5c). By
contrast, most BIX-administered (5 or 20 ug) mice presented
with milder symptoms; for example, extending the right
torepaw (Figure 5c).

Twenty-four hours after occlusion, 2,3,5-triphenyltetrazo-
lium chloride (TTC) staining showed that the mice had
developed infarcts affecting the ipsilateral cortex and striatum
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Figure 5 BIX administration reduces the extent of cerebral infarction after MCA occlusion. (a) It is confirmed that intracerebroventricular administration of BIX raises the
level of BiP protein in mouse brains. Immunoblot analysis of BiP and f-actin protein in-B{X-administered (20 1:g/2 ul) brains shows that the level of BiP protein is significantly
increased at 24 h after BIX administration compared with vehicle-treated brains. The inset is the representative immunoblot detected by luminescence of ECL. Densitometric
scanning of BiP bands normalized to S-actin was performed. Data are represented as means * S.E. from four independent experiments; *P< 0.05. (b) The real-time PCR
shows that the leve! of BiP (in arbitrary units) in the BIX-administered (20 ug/2 ul) hemisphere is increased significantly at 6 h after administration. The levels of GRP94,
calreticulin, and CHOP mRNA are increased by BIX; the levels of EDEM, pSB'PK, and ASNS do not change. The black bar is the BIX-administered (20 zg/2 1) hemisphere; the
white bar is the vehicle-administered hemisphere. Values are means t S.E. from 3-4 independent experiments; *P< 0.05, **P< 0.01. (c) Neurological deficits at 24 h after
occlusion of the MCA are scored using the following scale: 0 = no observable neurological deficits (normal); 1 = failure to extend the right forepaw (mild); 2 = circling to the
contralateral side (moderate); 3 = loss of walking or righting refiex (severe). BIX administration (5 or 20 1) improves neurologica! deficits induced by MCA occlusion. Values
are means (horizontal bold bar) + $.D. (d) Representative images of TTC staining at 24 h after MCA occlusion. Note that the infarct area (white or pink) in BIX-administered
brains is smaller than that in brains treated with vehicle. () Quantitative analysis of infarct volumes measured by TTC staining. Values are means £ S.E. from 12 or 13
independent experiments; *P<0.05. (f) BIX administration (5 or 20 ng) reduces brain swelling induced by MCA occlusion. Values are means + S.E. from 12 or 13
independent experiments; *P<0.05
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(Figure 5d). The core of infarction was observed as a white
area and the penumbra was pink. The infarction area
(core + penumbra) observed in BiX-treated brains was
smaller than that in vehicle-treated brains (Figure 5d).
Quantitation of TTC staining showed that administration of 5
or 20 ug of BIX significantly reduced the infarction area
(Figure 5e). Furthermore, measurement of brain swelling also
showed that administration of 20ug of BIX significantly
reduced brain swelling after 24 h of ischemia (Figure 5f).

BIX administration reduces apoptosis induced in the
penumbra by MCA occlusion. Detailed observation of
TTC-stained ischemic brains indicated that the reduction in
the area of infarction in BiX-treated brains was predominantly
due to a reduction in the area of the penumbra rather than the
core. Therefore, we examined the penumbra of BIX-treated
brain for evidence of apoptosis. Terminal deoxynucleotidy}
transferase-mediated dUTP-biotin nick end labeling
(TUNEL) staining of ischemic brains without BIX treatment
revealed an increased number of TUNEL-positive cells in
the ipsilateral core and penumbra compared with the
contralateral side (Figure 6a). By contrast, the number of
TUNEL-positive cells was significantly reduced in the
ipsilateral penumbra of BlX-treated brains compared with
that of vehicle-treated brains (Figure 6a, b). Immuno-
histochemistry for caspase 3 in the penumbrae of BIX- and
vehicle-treated brains showed that BiX reduced the number
of apoptotic cells at 24 h after MCA occlusion (Figure 6c, d).
CHOP plays a role in apoptotic cell death by ER stress.?’
Moreover, it is well-known that CHOP is induced after
ischemic insults.?? Therefore, we examined the effects of BIX
treatment on the induction of CHOP mRNA after ischemia.
In situ hybridization analysis showed that CHOP mRNA was
significantly induced in the penumbra of MCA-occluded mice,
whereas pretreatment of mice with BIX resulted in a marked
reduction in the level of CHOP mRNA expression (Figure 6e,
f). Although BIX induced CHOP (Figure 5b), the extent of this
induction was very weak compared with the expression
induced by ischemia (Figure 6e, f). The results of TUNEL
staining and in situ hybridization for CHOP indicate that BIX
suppresses the ER stress-mediated apoptotic cell death
induced in the penumbra after ischemia.

Discussion

If a BiP inducer is just an ER stressor such as Tg or Tm, its
application as a therapeutic strategy is unlikely to be realized
because it may activate several pathways of the UPR,
including ER stress-induced apoptetic pathways. The present
studies in knockout or knockdown MEFs deficient in ER stress
sensors showed that the ATF6 pathway is necessary for BIX
to induce BiP. This is consistent with the evidence that BIX
preferentially induced BiP with slight inductions of GRP94,
calreticulin, and CHOP mediated by the ATF6 pathway, and
that BIX does not affect the pathway downstream of IRE1
or the translational control branch downstream of PERK.
Moreover, for the apoptotic branches of ER stress, the
transient induction of CHOP by BIX was very weak compared
with the severe induction observed in ER stress, and caspase
4 was not activated by BIX. The differences among inductions

Cell Death and Differentiation

between BiP and the other genes of the ATF6 pathway by BIX
suggested that elements other than ERSEs may be involved
in the induction of BiP by BIX.

The present data from in vitro studies showed that -BIX
suppresses the cleavage of caspase 4, a member of one of
the apoptotic pathways mediated by ER stress. Because it
was reported that PERK is activated after cerebral ischemia'®
and that XBP1 mRNA splicing is detected after transient
cerebral ischemia,’" it would appear that cerebral ischemia
causes ER stress. Thus, to examine the antiapoptotic effect of
BiX in vivo, we used MCA-occluded mice. Intracerebroven-
tricular pretreatment of mice with BIX reduced the area of
infarction in the brain, especially the area of the penumbra.
BIX pretreatment also reduced the severity of neurological
deficits caused by focal cerebral ischemia. In the penumbrae
of BIX-treated brains, the induction of CHOP, an apoptotic
molecule induced by ER stress, was suppressed, suggesting
that BIX reduces cell death by preventing ER stress-induced
apoptosis. As the infarct volumes, brain swelling, and
neurological scores following 5 and 20 ug treatments were
similar, 5pg of BIX might be sufficient to protect against
ischemia. This is the first report demonstrating the in vivo
success of a therapeutic manipulation to inhibit apoptosis
mediated by ER stress, indicting that BIX might be a potential
therapeutic for neuroprotection after cerebral infarction.

The induction of BiP by BIX was transient, peaking at 4 h
after treatment, but the levels of BiP protein continued to
increase until 12h. The reporter assay using the 132bp
BiP-pGL3 plasmid also showed that the effect of BIX on the
induction of BiP was transient and weaker than the effect of
ER stressors, such as Tg or Tm. Even a high dosage of BIX
(50uM) did not induce genes mediated by non-ATF6
pathways. These results imply that the mechanism of BiP
induction utilized by BIX may be different from those used by
these ER stressors. It was reported that the activation of
transducers of ER stress is caused by dissociation of BiP from
their luminal domains.?® It may be assumed that artificial
induction of BiP disturbs the activation of transducers of ER
stress, because abundant BiP remains bound to these
transducers preventing their activation. However, the effect
of BIX peaked at 4 h and remained at that level until 6 h after
treatment; after this point, there was a subsequent reduction
in level. Therefore, the production of BiP induced by BIX may
not disturb this dissociation.

An earlier study showed that a selective inhibitor of elF2o
dephosphorylation protects cells from ER stress'? and that
the development of novel chemical compounds for diseases
related to ER stress is underway. It is possible that BIX, which
has effects in vivo, could have therapeutic applications in the
treatment of diseases involving ER stress. We propose that
BiP activators, such as BIX, will be effective agents against

.ER stress. However, further studies will be required to

investigate the pharmacology of BIX, including its possible
side effects, before BiP activators can be used in clinical
practice.

Materials and Methods

Cell culture. SK-N-SH neuroblastoma cells were grown in o-modified Eagle's
medium supplemented with 10% fetal bovine serum. MEFs derived from IRE1 ==
embryos or PERK™'~ embryos were cultured in Dulbecco's modified Eagle’s
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siress at 24 h. Insets are higher magnification images. Scale bar for higher magnification panels, 10 um; lower magnification panels, 100 ym. (f) Quantitative analysis of
CHOP-positive cells. Values shown are the ratios of CHOP-/GAPDH-positive cells. Values are means + S.D. from five independent experiments; *P<0.05
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medium supplemented with 10% fetal bovine serum. MEFs in which both ATF6x
and ATF6p (IATF6xfSMEF) had been knocked down were also maintained in the
Dulbecco's modified Eagle’s medium. PERK~'~ MEFs, IRE1™~ MEFs, and
iATF62SMEFs were kindly provided by Drs. David Ron (New York University, NY,
USA), Dr. Fumihiko Urano (University of Massachusetts Medical School, MA, USA),
and Laurie H Glimeher (Harvard School of Public Health, MA, USA), respectively.

Reagents. Cells were treated with Tm or Tg to induce ER stress conditions. Tm
was purchased from Sigma (St. Louis, MO, USA). Tg was purchased from Alomone
Labs Lid (Jerusalem, Israel). Hoechst staining was performed according to the
manufacturer’s instructions.

Plasmids. A pGL3-BiP promoter (132)-Luc reporter plasmid (BiP (132)-pGL3)
and an ERSE mutant BiP promoter-Luc reporter plasmid (ERSE mut (132)-pGL3)
were provided by Dr. K Mori (Kyoto University, Kyoto, Japan).

Transtection and reporter assays. SK-N-SH cells were grown to 80%
confluence and then transfected using Lipofectamine 2000 reagent, according to
the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). Cells were
transfected with a reporter plasmid (0.2 ug) carrying the firefly luciferase gene under
the control of the BiP promoter, and a reference plasmid pRL-SV40 (0.02 ug)
carrying the Renilla luciferase gene under the control of the SV40 enhancer and
promoter (Promega, Madison, WI, USA). At 12h after transfection, cells were
treated with fibrary compounds to screen for compounds that induce BiP. Firefly and
Renifla luciterase activities were measured in 104 of cell lysate using a Dual-
Luciferase Reporter Assay System (Promega) and a luminometer (Berthold
Technologies, Bad Wildbad, Germany). Relative luciferase activity was defined as
the ratio of firefly luciferase activity to Renilla luciferase activity. Values were
averaged from guadruplicate determinations. Using these BiP reporter cells, HTS
was performed on a compound library consisting of approximately 10000
compounds. The molecules were synthesized based on the structures of 10 lead
compounds that had high activity in HTS. Among the synthesized molecules, we
chose a small molecule that had the highest activity, naming it BIX. To confirm the
induction of BiP by this compound, 5 M BIX, 300nM Tg or 0.5 ug/ml Tm were
added to cell and the luciferase assay was performed as described; luciferase
activities were measured in three independent experiments.

RNA isolation and semiquantitative RT-PCR analysis. SK-N-SH
cells or MEFs were washed with phosphate-buffered saline (PBS) and then
collected by centrifugation. Total RNA was isolated from cells using an RNeasy kit
(Qiagen, Tokyo, Japan) according to the manufacturer’s protocol. Total RNA was
isolated from frozen brains using the acid guanidine-phenok-chloroform RNA
extraction method provided as ISOGEN (Nippon Gene, Toyama, Japan), and
purified using an RNeasy Mini kit (Qiagen). RNA concentrations were determined
spectrophotometrically at 260 nm. First-strand cDNA was synthesized in a 20-ul
reaction volume using a random primer (Takara, Shiga, Japan) and Moloney murine
leukemia virus reverse transcriptase (Invitrogen). PCR was performed in a total
volume of 30 ! containing 0.8 uM of each primer, 0.2 mM dNTPs, 3U Tag DNA
polymerase (Promega), 2.5mM MgCly, and 1 x PCR buffer. The amplification
conditions for semiquantitative RT-PCR analysis were as follows: an initial
denaturation step of 95°C for 5 min, 22 cycles of 95°C for 1 min, 55°C for 1 min, and
72°C for 1 min, and a final extension step of 72°C for 7min. The numbers of
amplification cycles for detection of BiP and f-actin were 18 and 15, respectively.
The primers used for amplification were as follows: BiP: 5'-GTTTGCTGAGG
AAGACAAAAAGCTC-3' and  5-CACTTCCATAGAGTTTGCTGATAATTG-3,
XBP1: 5-CAGCGCTTGGGGATGGATGC-3' and 5'-CCATGGGGAGATGTICTG
GA-3'; CHOP: 5-GGAGCTGGAAGCCTGGTATGAGG-3' and 5'-TCCCTGGTCA
GGCGCTCGATTTCC-3'; GRP94: 5'- CTCACCATTTGGATCCTGTGTG-3' and 5’
CACATGACAAGATTTTACATCAAGA-3'; calreticulin: 5'-GCCAAGGACGAGCT
GTAGAGAG-3' and 5-GGTGAGGGCTGAAGGAGAATC-3'; ERdj4/MDG1: &'-
TCTAGAATGGCTACTCCCCAGTCAATTTTC-3' and 5'-TCTAGACTACTGTCCT
GAACAGTCAGTG-3; EDEM: 5-TGGGTTGGAAAGCAGAGTGGC-3' and 5-
TCCATTCCTACATGGAGGTAG-3'; p58™* 5'-GAGGTTTGTGTTTGGGATGCAG-3'
and 5'-GCTCTTCAGCTGACTCAATCAG-3'; ASNS: 5'-AGGTTGATGATGCAATG
ATGG-3' and 5-TCCCCTATCTACCCACAGTCC-3'; f-actin: 5'-TCCTCCCTGGA
GAAGAGCTAC-3' and 5-TCCTGCTTGCTGATCCACAT-3. PCR products were
resolved by electrophoresis through 4.8% (w/v) polyacrylamide gels. The density of
each band was quantified using the Scion Image Program (Scion Corporation,
Frederick, MD, USA).
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Northern blot analysis. Total RNA (10pgflane}) was resolved by
electrophoresis through 1.0% agarosefiormaldehyde gels and transferred onto
Immobilon-NY 4+ membranes (Millipore, Bedford, MA, USA). Filters were
hybridized with **P-labeled cDNA probes generated from the BiP cDNA by the
Random Primer DNA labeling kit (Takara). After washing in 2 x SSC/0.1% SDS
and 0.1 x SSC/0.1% SDS, filters were exposed onto IP plates (Fuji Film, Tokyo,
Japan) and analyzed using a BAS1800 system (Fuji Film).

Real-time PCR. TagMan realtime PCR was performed as described
previously.®* Single-stranded ¢cDNA was synthesized from total RNA using a
High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA).
Quantitative reattime PCR was performed using an ABl PRISM™ 7900HT
Sequence Detection System (Applied Biosystems) with a TaqMan Universal PCR
Master Mix (Applied Biosystems) according to the manufacturer's protocol. The
expressions of mRNAs were measured by real-time PCR using the Applied
Biosystems Assays-on-Demand™ Gene Expression Product. The thermal cycler
conditions were as follows: 2 min at 50°C and then 10 min at 95°C, followed by two-
step PCR for 50 cycles consisting of 95°C for 15 s followed by 60°C for 1 min. For
each PCR, we checked the sfope value, A? valuie, and linear range of a standard
curve of serial dilutions. All reactions were performed in duplicate. The results are
expressed relative to the f-actin, internal control.

Immunoblot analysis. Cells were washed with PBS, harvested and lysed in
Nonidet P-40 lysis buffer (1% Nonidet P-40, 20 mM HEPES (pH 7.6), 100 mM NaCil,
3mM MgCl,, 5mM dithiothreitol, and 0.1% protease inhibitor cocktail (Sigma)).
Lysates were then sonicated on ice three times for 5s and centrifuged at
15000r.p.m. for 5min. Supernatants were retained and boiled for 5min in SDS
sample buffer. Equal amounts of protein were subjected to 10-15% SDS-PAGE,
transferred to PVDF membranes, and immunoblotted with each primary antibody.
Membranes were washed with TBS/Tween-20, and then incubated with an alkaline
phosphatase-conjugated secondary antibody {Sigma). The corresponding bands
were detected using ECL Plus Westem Blotting Detection System (GE Healthcare
UK Ltd, Buckinghamshire, England). The density of each band was quantified using
the Scion Image Program (Scion Corporation). As primary antibodies, anti-PERK
antibody was provided by Dr. David Ron (New York University} and anti-IRE1x
antibody was provided by Dr. Fumihiko Urano (University of Massachusetts Medical
School). Anti-KDEL (Stressgen, Victoria, BC, Canada), anti-total elF22 (Cell
signaling Technology, Beverly, MA, USA), anti-elF2x (phosphospecific) -
(Stressgen), anti-ATF62 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-
ATF6f (Santa Cruz Biotechnology), anti-TX (MBL Co. Ltd, Nagoya, Japan), and
anti-actin  (Chemicon, Temecula, CA, USA) antibodies were purchased
commercially. Anti-KDEL antibody detected BiP and GRP34. Anti-TX antibody
detected caspase 4 protein.

Caspase activity. SK-N-SH cells were seeded into 96-well culture plates
(1.0 x 10* cefisiwell). Cells were cultured under standard conditions for 12h, and
then treated with 5uM BIX or vehicle for another 12h. After BIX or vehicle
treatment, the whole medium was replaced with fresh medium containing 0.5 ug/m!
Tm and cells were incubated for additional 36 or 48 h. After incubation, caspase-3
and -7 activity was measured using a caspase-Glo 3/7 Assay kit (Promega),
according to the manufacturer's instructions. Luminescent signals were measured
using a luminometer {Berthold Technologies). The measurement of caspases 3 and
7 activities was conducted in three independent experiments.

Cell death assay. SK-N-SH cells were pretreated with 5 M BIX or vehicle for
12h, after which the whole medium was replaced with fresh medium containing
0.5 pg/ml Tm, in which cell were cuttured for the indicated times. Cells were fixed
with 4% paraformaldehyde for 30 min at 4°C, washed with PBS for 5min, and then
stained with 100 ;M Hoechst 33258 (Wako Pure Chemical Co., Tokyo, Japan) in
PBS for 20 min. A total of 500 cells were counted randomly and apoptotic cells were
determined by fluorescence microscopy.

Focal cerebral ischemia model in mice. Male adult ddY mice
weighing 24-34 g (Japan SLC) were used in experiments, and were housed
under diumnal lighting conditions. Anesthesia was induced by 2.0% isoflurane, then
maintained using 1% isoflurane in 70% N,O and 30% O, using an animal general
anesthesia machine (Soft Lander, Sin-ei Industry Co. Ltd, Saitama, Japan). Body
temperature was maintained between 37.0 and 37.5°C with the aid of a heating pad
and heating lamp. A filament occlusion of the left MCA was carried out as previously



. described. 2% Briefly, the left MCA was occluded with an 8-0 nylon monofilament
(Ethicon, Somenville, NJ, USA) coated with a mixture of silicone resin (Xantopren;
Bayer Dental, Osaka, Japan). This coated filament was introduced into the internal
carotid artery through the common carotid artery up to the origin of the anterior
cerebral artery, so as to occlude the MCA and posterior communicating artery.
At the same time, the left common carotid artery was occluded by the suture.
Permanent ischemia was selected because it produced a reproducible subtotal
infarction in our previous studies.2® Twenty-four hours after the occlusion, the
forebrain was divided into five coronal 2 mm sections using a mouse brain matrix
(RBM-2000C; Activational Systems, Warren, MI, USA). Sections were then stained
with 2% TTC. Images of the infarcted areas were recorded using a digital camera
(Nikon, COOLPIX4500), quantitated using Image J software (hitp://rsb.info.nih.gov/
ji/download/), and calculated as in a previous report.?® Brain swelling was calculated
according to the following formula: (infarct volume -+ ipsitateral undamaged
volume—contratateral  volume) x 100/contralateral volume (%) BIX was
dissolved in 10% DMSO and fresh solution was made daily. DMSO (10%) was
used as a control. Physiologic parameters were recorded according to our
previously described method.Z In brief, a polyethylene catheter was inserted into
the femoral artery to sample arterial blood (30 ) and measure blood pressure. After
the catheter had been inserted into the femoral artery, 2 ul of BIX at 2.5 or 10 g/t
was intracerebroventricularly administered 30 min before the start of the ischemia,
because we do not know the permeability of BIX to the blood brain barrier. Body
lemperature, arterial blood pressure, pO,, pCO,, pH, and plasma glucose were
measured 15min after the start of the ischemia. There were no significant
differences in physiological parameters between the vehicle- and BlX-treated
groups (data not shown). After 30min of ischemia, vehicle- and BlX-treated
mice exhibited moderate neurclogical deficits (such as circling, decreased
resistance to lateral pushing, decreased locomotor activity, flexion of the right
(contralateral to the ischemia) torso and forelimb upon lifting the animal by its tail,
and abnormal posture). Animals showing no neurological deficits at 30 min
after the occlusion were removed from the study on the grounds that they
had not undergone successful occlusion of the MCA. We removed 2 out of 15,
1 out of 13, and 1 out of 13 mice in control, 5ug BlX-treated, and 20 ug
BlX-treated groups, respectively. The present experiments were performed in
accordance with the Guidelines for Animal Experiments of Gifu Pharmaeeutical
University.

Neurological deficits. Mice were tested for neurological deficits at 24 h after
MCA occlusion and scored as described previously®® using the following scale:
0=no observable neurological deficits {normal); 1="1ailure to extend the right
forepaw (mild); 2 = circling to the contralateral side (moderate); 3 = loss of walking
or righting reflex (severe). The investigator who rated the mice was blinded as to the
group to which each mouse belonged.

Immunohistochemistry. At 24 h after MCA occlusion, mice were injected
with sodium pentobarbital (nembutal; 50 mg/kg, i.p.), and then perfused through the
left ventricle with 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4).
Brains were removed after 15 min of perfusion fixation at 4°C and immersed in the
same fixative solution overnight at 4°C. They were then immersed in 25% sucrose in
0.1 M PB for 24 h, and finally frozen in powdered dry ice. Coronal sections (10 um)
were cut on a cryostat at —20°C and stored at —80°C until use. After rehydration,
endogenous peroxidase activity was quenched using 1% hydrogen peroxidase
in methanol. Next, brain sections were blocked with 3% BSA in PBS/0.1% Triton
X-100 for 1h, and then incubated overnight at 4°C with primary antibody in the
same buffer. Sections were washed and then incubated with biotinylated secondary
antibody before being incubated for 30 min at room temperature with avidin-biotin~
peroxidase complex, and then developed using diaminobenzidine (DAB)
peroxidase substrate. Caspase 3-stained cells were counted in the striatum. The
results are expressed as positive cells per 1 mmZ,

TUNEL staining. Apoplosis was detected using the TUNEL method using an
in situ cell death detection kit, POD (Roche, Penzberg, Germany). TUNEL signals
were developed using a DAB peroxidase substrate kit (Vector Labs, Burlingame,
CA, USA).

In situ hybridization histochemistry. CHOP and GAPDH cDNAs were
subcloned into pGEM-T Easy and pBluescript veclors, respectively. Digoxigenin-
labeled cRNA probes were made by in vitro transcription in the presence of
digoxigenin using subcloned cDNAs for these genes as templates. In situ
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hybridization using digoxigenin-labeled cRNA probes was performed as previously
described 7

Statistical analysis. Stafistical comparisons were made using a one-way
ANOVA followed by a Student's ttest, Dunnett's test, or the Mann-Whitney (Hest.
STATVIEW version 5.0 (SAS Institute Inc., Cary, NC, USA) was used for statistical
analyses. P<0.05 was considered to indicate statistical significance.
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ABSTRACT Presenilin 1 (PS1) forms the y-secretase
complex with at least three components: nicastrin,
APH-1, and PEN-2. This complex mediates intramem-
brane cleavage of amyloid precursor protein (APP) to
generate B-amyloid protein (Af) as well as other type 1
transmembrane proteins. Although PS1 mutations
linked to familial Alzheimer’s disease influence these
cleavages, their biological consequences have not been
fully understood. In this study, we used mRNA differ-
ential display analysis to identify a gene, denoted
adoplin-1/ORMDIL-1, which displays significantly re-
duced expression in association with PS1 mutations.
Adoplin-1 and two highly homologous genes (adoplin-2,
-3) constitute a gene family that encodes transmem-
brane proteins. The mRNA and protein levels of ado-
plins (particularly adoplin-1, -2) were markedly elevated
in PS-deficient fibroblasts, compared to wild-type cells.
Moreover, knockdown of the three adoplins by RNA
interference affected maturation of nicastrin and its
association with PS1. Adoplin knockdown additionally
resulted in elevated levels of APP C-terminal fragments
and decreased AB production, suggestive of reduced
y-secretase activity, Our data collectively indicate that
adoplins are unique molecules with PS-related expres-
sion and functions that may play important role(s) in
the maturation and activity of the <y-secretase com-
plex.—Araki, W., Takahashi-Sasaki, N., Chui, D.-H.,
Saito, S., Takeda, K., Shirotani, K., Takahashi, K.,
Murayama, K. S., Kametani, F., Shiraishi, H., Komano,
H., Tabira, T. A family of membrane proteins associ-
ated with presenilin expression and y-secretase func-
tion. FASEB J. 22, 819-827 (2008)
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ALZHEIMER’S DISEASE (AD) 1S THE MOST common
neurodegenerative dementia in the elderly population,
characterized pathologically by neuronal and synaptic
loss and extensive formation of senile plaques and

0892-6638/08/0022-0819 © FASEB

neurofibrillary tangles. The principal component of
senile plaques is B-amyloid protein (AB), of which
accumulation appears to play a key role in the patho-
genesis of AD. AB is produced by sequential proteolysis
of its precursor, amyloid precursor protein (APP), by -
and vy-secretases. B-Secretase cleavage of APP generates
the secreted derivative, sAPP-B, and B-C-terminal frag-
ment, B-CTF. The latter is subsequently cleaved by
y-secretase, yielding AB40 and AB42. Alternative cleav-
age of APP by a-secretase generates sAPP-a and a-CTF,
precluding AB production (1).

Presenilin 1 (PS1) and PS2 genes are linked to
autosomal dominant early onset familial AD (2, 3). PS1
or PS2 comprises the catalytic component of PS-y-
secretase, a novel type of aspartyl protease complex
composed of at least four membrane proteins, includ-
ing PS1 or PS2, nicastrin, APH-1, and PEN-2 (4-6).
Recent reports that CD147 and TMP21 are regulatory
cofactors of the ysecretase complex (7, 8) have yet to
be confirmed clearly. The PS complex catalyzes y-cleav-
age of APP within the membrane to generate AP.
Familial AD-associated PS mutations lead to alterations
in the -y-secretase processing of APP to increase the
generation of highly amyloidogenic AB42, relative to
AB40 (9). The PS complex is additionally responsible
for processing various type 1 membrane proteins, in-
cluding Notch and cadherins (10), and AD-causing PS
mutations influence their cleavage (11-14). Thus, the
biological consequences of PS mutations are compli-
cated, and their characterization may aid in improving
our understanding of the pathological mechanisms of
AD.

In this study, we used mRNA differential display
(DD) analysis (15) to identify genes that are differen-
tially expressed in neuronal cells with wild-type PS1 ws.
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those with familial AD-associated mutant PS1. We iso-
lated a novel gene (adoplin-1 or ORMDL-1) that is
specifically down-regulated in association with PS1 mu-
tations. This gene and two highly homologous genes
(adoplin-2 and -3/ORMDL-2 and -3) constitute an
evolutionally conserved gene family that encodes inte-
gral membrane proteins with unknown functions (16).
Our subsequent analyses further indicate that adoplins
are unique molecules with PS-related expression and
functions.

MATERIALS AND METHODS
Differential display analysis

Total RNA was isolated from wild-type and mutant PSl-
transfected SH-SY5Y cells, as described previously (17). To
preclude selection bias, total RNA preparations from two
different clones were mixed and used for cDNA synthesis with
T11VV downstream primers. PCR was performed using mul-
tiple primer sets (9 down primersX24 up primers; Takara,
Tokyo, Japan) and *S-dATP. Amplified products were sepa-
rated on a polyacrylamide gel, followed by autoradiography.
DNA recovered from differential display bands on the gel was
reamplified using modified primer pairs (extra 8-9 bases
were added to the 5’ ends of primers; 18), subcloned into
pUCI18, and sequenced.

Northern blot analysis

mRNA was extracted with the Poly(A)Pure'™ mRNA isolation
kit (Ambion, Austin, TX, USA) and further purified with
phenol/chloroform. Northern blotting was performed ac-
cording to a previous report (17). Signals of mRNA were
quantified using a BAS5000 image analyzer (Fuji Film Co.,
Tokyo, Japan). B-actin labeling was used as an internal
control to normalize RNA loading.

Cell cultures and transfection

Murine wild-type fibroblasts and PS1-deficient, PS2-deficient,
and PS1/PS2-doubly deficient fibroblasts immortalized with a
large T antigen were maintained as described previously (19).
Wild-type or mutant (I143T or G384A) PSl ¢DNA were
transfected into SH-SY5Y or H4 cells, and stable transfor-
mants were obtained by selection with hygromycin, as de-
scribed previously (20, 21). Adoplin-1, -2, and -3 ¢cDNA were
subcloned into pcDNA3.1 vector (Invitrogen, Carlsbad, CA,
USA) and transfected into SH-SY5Y cells. Stable transfectants
were selected with G418. SH-SY5Y cells stably transfected with
APP were described previously (21). HeLa cells were trans-
fected with “Swedish” mutant APP (swAPP) cDNA, and stable
transfectants obtained as above. Notch AE cDNA with the
C-terminal myc epitope subcloned into pcDNA3 vector was
provided by Dr. Raphael Kopan (22). Transient transfection
was performed using Lipofectamine 2000 (Invitrogen) or
FuGENEG6 (Roche, Mannheim, Germany), according to the
manufacturer’s instructions. Rat primary cerebral cortical
neurons were cultured as described previously (23).

Antibodies

Polyclonal rabbit antibodies to adoplin-1 (anti-Adpl) were
raised against the synthetic peptide corresponding to residues
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134153 of human adoplin-1 and purified by affinity chroma-
tography on a HiTrap NHS-activated HP column (GE Health-
care Bio-Sciences, Piscataway, NJ, USA) coupled with the
peptide. Other antibodies employed include polyclonal anti-
PSl-loop (anti-CX against residues 346-363 of human PS1),
monoclonal anti-PSIN (24), polyclonal anti-nicastrin (Sigma,
St. Louis, MO, USA), anti-APH-1aL (Covance, Berkeley, CA,
USA), anti-PEN-2 (provided by Dr. Gopal Thinakaran) (25),
anti-APP C-terminal (R37) (26), monoclonal ant-APP N-
terminal (Chemicon, Temecula, CA, USA), and anti-myc
(Invitrogen).

Western blot analysis

Cells were lysed in RIPA buffer containing protease inhibitors
and processed according to a previous report (23). For
adoplin analysis, samples containing 100-150 ug protein
were immunoprecipitated with anti-Adpl antibodies. Immu-
noprecipitated proteins were subjected to Western blotting
with the same antibodies. Postmortem human brain tissues
were homogenized in 10 mM Tris, pH 8; 150 mM NaCl
containing protease inhibitors; and centrifuged at 100,000 ¢
for 1 h. The resultant pellet was lysed in RIPA buffer and
analyzed as above.

Immunoprecipitation

Cells were lysed in buffer containing 1% CHAPSO and
protease inhibitors (27). Lysates were incubated with anti-
PSIN covalently attached to protein G-agarose beads. Immu-
noprecipitated proteins were analyzed by Western blotting
with the appropriate antibodies.

Immunohistochemistry

Human brain tissue sections were prepared, and double-
immunohistochemical staining was performed following a
previously documented method (28). Briefly, sections were
incubated with anti-Adpl and subsequently with FITC-conju-
gated anti-rabbit IgG. For doublestaining, sections were
treated with primary antibodies [monoclonal anti-NeuN
(Chemicon), anti-glial fibrillary acidic protein (GFAP) (Da-
koCytomation, Kyoto, Japan), or anti-AB (6F/3d, DakoCyto—
mation)], followed by incubation with Texas-Red conjugated
anti-mouse IgG. Next, sections were observed with a confocal
laser scanning microscope imaging system (FLUOVIEW,
Olympus, Tokyo, Japan). Immunocytochemical staining of
cultured neurons was performed according to a previous
report (23).

RNA interference

Single-stranded gene-specific sense and antisense RNA oli-
gomers were synthesized by Qiagen (Hilden, Germany). The
specific siRNA sequences were directed to the following
targets: adoplin-1, 5'-ACACAGCTTCTCTCCTGAG-3'; adop-
lin-2, 5"AGGCTCGGCTACTGACACA-3'; adoplin-3, 5'-AAG-
TACGACCAGATCCATT-3'. Control nonsilencing siRNA was
obtained from Qiagen. siRNA duplexes were transfected
using a HiPerFect transfection reagent (Qiagen), according
to the manufacturer’s instructions. We used two consecutive
rounds of transfection (29). For measurement of secreted AB,
culture media were changed one day after the second trans-
fection. Cells and conditioned media were harvested the next
day. A mixture of siRNAs to adoplin-1, -2, and -3 was used to
achieve downregulation of adoplin expression (10 nM each).
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Control nonsilencing siRNA was used at a concentration of
30 nM.

AB measurement

AB1-40in conditioned media was measured using a sandwich
enzyme-linked immunosorbent assay (ELISA) kit (IBL,
Gunma, Japan), based on the manufacturer’s instructions.

RESULTS

Isolation of the adoplin-1 gene by differential
display analysis

Human SH-SY5Y neuroblastoma cells stably transfected
with wild-type or familial AD-associated mutant PS1
(I143T or G384A; designated SH-WT PS1, SH-1143T
PS1, and SH-G384A PS1, respectively; 20, 21) were used
for mRNA DD analysis. The expression levels of PS1
proteins in all transfectants were equivalent (data not
shown). After repeated DD experiments, we identified
two clones that were down-regulated in both SH-1143T
PS1 and SH-G384A PS1 cells, compared to SH-WT PS1
cells. Subsequent sequence analyses revealed that the
one clone corresponded to partial ORMDL-1 cDNA
(16) and the other to human ribosomal protein 1.23a
cDNA. We isolated full-length ¢cDNA clones of the
former gene encoding a protein of 153 amino acid
residues (Fig. 14) and redesignated the gene “adop-
lin-1” (a down-regulated gene in mutant presenilin 1
cells) for convenience.

Decreased adoplin-1 mRNA expression in mutant
PSl-transfected cells was verified by Northern blotting
(Fig. 1B). Specifically, the adoplin-1 mRNA levels in
SH-1143T PS1 and SH-G384A PS1 cells were 36 * 1 and
33 * 7% of control SH-WT PS1 cells, respectively.
Mutant PSl-associated down-regulation of adoplin-1
mRNA was additionally observed in stably transfected
human neuroglioma H4 cells (44 and 59% in H4 cells
expressing 1143T PS1 and G384A PS1, respectively,
compared to H4 cells expressing wild-type PS1). North-
ern blot analysis of human tissues disclosed adoplin-1
mRNA transcripts in various tissues, including brain, as
a major ~1.4 kb band (Fig. 1C). Adoplin-1 mRNA was
expressed in different subregions of the brain at similar
levels (data not shown). Relatively higher mRNA ex-
pression was observed in the heart, placenta, and
pancreas.

We further found that two paralogs of human ado-
plin-1/ORMDL-1 exist in the database (designated
adoplin-2 and -3/ORMDL-2 and -3) and cloned their
cDNAs (16). Adoplin-2 and -3 mRNA were observed
ubiquitously (Fig. 1C). Interestingly, adoplin-2 and -3

mRNA levels in SH-1143T PS1 and SH-G384A PS1 cells -

were lower than those in SH-WT PS1 cells (Fig. 1B),
although their decreases were not as significant as those
observed with adoplin-1. Homologous genes to human
adoplin-1, -2, and -3 have been identified in mouse, and
a single homologue exists in Drosophila (Fig. 14). North-
ern blot analysis of mouse tissues confirmed that the
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three adoplin genes are expressed ubiquitously (Fig.
S$1). Weakly homologous genes have additionally been
identified in fungi and plants (16). The estimated
hydropathy profile of the adoplin-1 protein is depicted
in Fig. 1D. Hydropathy analysis and the PSORT pro-
gram (http://psort.nibb.ac.jp) predict that adoplin-1
protein is a type 1b integral membrane protein with
one transmembrane region, although its exact trans-
membrane topology remains unclear at present (Fig.
1E; 16). The THWEQ sequence in the middle part of
the adoplin sequences is highly conserved among dif-
ferent species and may represent a functionally impor-
tant region.

Expression of adoplin in neurons

To determine adoplin-1 protein expression, we gener-
ated a specific antibody to the C-terminus of human
adoplin-1 (anti-Adpl). Western blotting with this anti-
body allowed the detection of overexpressed and en-
dogenous proteins (~17 kDa) in adoplin-1-transfected
SH-SYBY cells and nontransfected cells, respectively
(Fig. 24). Since the C-terminal region is highly con-
served among the three adoplin homologs, the anti-
body also recognized adoplin-2 and adoplin-3 proteins
in cells transfected with the corresponding constructs
(Fig. 2A, not shown). His-tagged adoplin-1 proteins
expressed in E. coli displayed a similar molecular weight
to those in SH-SY5Y cells (data not shown), implying
that no extensive modifications of adoplin-1 occur in
mammals. Western blot analysis further showed that
endogenous adoplin protein levels in SH-1143T PS1
and SH-G384A PSI cells were similar to those in SH-WT
PS1 cells (data not shown), despite lower adoplin-1
mRNA expression in the former cultures. .

We also observed the presence of ~17 kDa adoplin
proteins in the membrane but not cytosolic, fractions of
primary rat cerebral cortical neurons (data not shown)
and human brain tissues (Fig. 24). Immunocytochem-
ical staining of primary cortical neurons showed that
adoplin immunoreactivity was localized in both cell
bodies and neurites (Fig. 2B). Adoplin proteins were
primarily expressed in neurons, as evident from immu-
nohistochemical staining of human cerebral cortices of
control (data not shown) and AD brains (Fig. 2C) with
the anti-Adpl antibody. This finding was further con-
firmed by double-staining with anti-Adpl and either
anti-NeuN (a marker of neurons) or anti-glial fibrillary
acidic protein (GFAP, a marker of astrocytes) (data not
shown). Adoplin immunoreactivity did not colocalize
with AB in senile plaques (Fig. 2C). No adoplin immu-
noreactivity was observed when the primary antibody
was replaced with nonimmune rabbit IgG (data not
shown). These observations suggest that adoplins are
chiefly neuronal proteins.

Increased adoplin expression in PS-deficient cells

The relationship between PS and adoplin was further
investigated using PS-deficient cells. We compared the
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Figure 1. Identification of adoplin-1 gene by differential display
analysis. A) Amino acid sequence alignment of human (h) adoplin-1,
-2, and -3 (adp-1,-2, and -3) and murine (m) and Drosophila homologs.
Conserved sequences are depicted in gray. Accession numbers for
human adoplin-1, -2, and -3 are: AB064959 and AB064960 (adoplin-1),
AB064961 (adoplin-2), and AF395708 (adoplin-3). B) Northern blot
analysis of adoplin-1, -2, and -3 mRNA expression in SH-SY5Y cells
expressing PS1. The mRNA sequences from wild-type (WT) or mutant
(I143T and G384A) PSl-ransfected SH-SYSY cells were analyzed on
Northern blots. Blots were sequentially hybridized with “*P-labeled
adoplin-1, adoplin-2, adoplin-3, and B-actin cDNA. () Adoplin-1, -2,
and -3 mRNA expression in human peripheral tissues. Human mult-
ple tissue Northern blots (Clontech, Palo Alto, CA, USA) were
hybridized with **P-labeled probes, as in B. D)) The hydropathy profile of adoplin-1 was plotted using the hydrophobicity indices
of Kyte and Doolittle (40), with a window size of 19 residues. The hydropathy profiles of adoplin-2 and -3 are essentially similar
to those of adoplin-1. £) Models of the possible transmembrane topology of adoplin protein. Three possible models with one,
three, or four transmembrane segments are depicted.

adoplin protein levels in fibroblasts derived from wild-
type, PSldeficient, PS2-deficient, and PS1/PS2-doubly
deficient mice (19). Interestingly, endogenous adoplin
protein expression was increased marginally (~2-fold) in
PS1- or PS2deficient cells and markedly (~6-fold) in
PS1/PS2 doubly deficient cells, compared to wild-type
cells (Fig. 34, B). Northern blot analyses disclosed that
adoplin-1 and -2 mRNA levels were increased by 1.7fold
and 2.0Hfold in PSl-deficient cells, 2.5fold and 2.8-fold in

& B

PS2-deficient cells, and 4.74old and 6.5fold in double
PS-deficient cells, respectively, relative to wild-type cells;
adoplin-3 mRNA levels were similar among the cells
examined (Fig. 3C, D). Immunocytochemical staining
with the anti-Adp1 antibody additionally showed that the
intensity of adoplin immunoreactivity was higher in PS1/
PS2-deficient cells than wild-type cells (data not shown).
These data clearly indicate that PS deficiency results in
enhanced adoplin-1 and -2 mRNA and protein expression.

C
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Figure 2. Adoplin protein expression in cultured cells and human brain tissues. A) Western blot analysis of adoplin expression
in SH-SY5Y cells stably transfected with vector alone, adoplin-1, or adoplin-2, and the membrane fraction of human brain tissues.
Anti-Adpl antibody detected a ~17 kDa protein, as indicated with an arrow. B) Immunostaining of primary rat cerebral cortical
neurons with anti-Adpl. €)) Immunohistochemical analysis of adoplin proteins in AD brain tissues. Brain sections were doubly
immunostained with anti-Adp1 (green) and anti-AB (red), as described in Materials and Methods. Scale bar = 60 wm.
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Adoplin could possibly be a substrate of y-secretase
that accumulates in the absence of PS. To investigate
this theory further, we examined the effect of the
v-secretase inhibitor, DAPT (MN[N-(3,5-difluorophen-
acetyl)-L-alanyl]-(S)-phenylglycine #butyl ester) (30),
on adoplin protein expression. Treatment with DAPT
did not significantly alter adoplin levels in adoplin-1-
expressing cells but led to a marked increase in APP
CTF levels in APP-expressing cells (Fig. 44, B). These
findings indicate that augmented levels of adoplin
proteins in PS-deficient cells do not result from re-
duced degradation by y-secretase but from enhanced
transcription of adoplin genes.

Adoplin knockdown affects y-secretase function

To clarify the functional relationship between adoplin
proteins and PSl-ysecretase, we first examined whether

A B
DAPT DAPT
moidne somismes e | adoplin wy B-CTF
) o-CTF

(SH-adp-1 cells)

(SH-APP cells)

Figure 4. The y-secretase inhibitor, DAPT, has no effect on
adoplin expression. A) SH-SY5Y cells stably transfected with
adoplin-1 were treated with the indicated concentrations of
DAPT for 20 h, followed by Western blot analysis with the
anti-Adp antibody. B) SH-SY5Y cells stably transfected with
APP were treated with DAPT as in A, followed by Western blot
analysis with an anti-APP antibody. APP o-CTF and B-CTF
levels were markedly elevated in DAPT-treated cells.
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adoplin overexpression has any influence on PS complex
proteins. The levels of PS1 complex proteins were
unaffected in SH-SY5Y cells overexpressing adoplin-1
(Fig. 5A), suggesting that adoplin overexpression does
not influence the expression of PS complex proteins.

Next, we performed RNAi experiments using HeLa
cells. For downregulation of adoplin protein expres-
sion, cells were transfected with three small interfering
RNAs (siRNAs) specific for adoplin-1, -2, and -3. As
negative controls, cells were transfected with nonsilenc-
ing siRNAs. Significant reduction (~80%) in adoplin
protein levels was observed following treatment with
adoplin siRNAs (Fig. 5B). The adoplin siRNAs did not
affect cellular viability, although some morphological
changes such as thinner cell shape were observed (data
not shown). Adoplin knockdown did not affect the
expression of endogenous PS1, PS2, APH-1, or PEN-2.
However, the levels of the immature nicastrin were
significantly augmented (Fig. 5B). Densitometric quan-
tification estimated that immature nicastrin levels were
increased approximately 2-fold, and mature nicastrin
levels were almost unchanged in adoplin siRNA-treated
cells compared with control cells (Fig. 5C). However,
adoplin knockdown did not influence maturation of
APP (Fig. 5B). Thus, adoplin downregulation appears
to specifically impair nicastrin maturation. In these
RNAI experiments, nonspecific induction of interferon
responses (31) was unlikely because no upregulation of
Statl, one of the interferon-stimulated genes, was ob-
served in siRNA-treated cells on Western blots (data not
shown).

We then determined whether siRNA-mediated adop-
lin suppression affects PS complex formation. CHAPSO
extracts of siRNA-treated HeLa cells were immunopre-
cipitated with monoclonal anti-PS1 antibodies, and
PSl-associated proteins were analyzed by Western blot-
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Figure 5. Suppression of adoplin expression causes impaired maturation of nicastrin. A) Effects of adoplin overexpression on
PS1, nicastrin, APH-1, and PEN-2. Cell lysates of SH-SY5Y and adoplin-1-expressing SH-SY5Y cells were subjected to Western
blotting with the relevant antibodies. B) Effects of RNAi-mediated suppression of adoplin expression on PS1, PS2, nicastrin,
APH-1, and PEN-2. HeLa cells were treated with either nonsilencing (Non) or adoplin (Adp) siRNAs (mixture of siRNAs for
three adoplins), as described in Materials and Methods. Cell lysates were subjected to Western blotting with the relevant
antibodies. C)Immature and mature nicastrin bands from Bwere quantitated, and relative levels were calculated. Data represent
means * SE from three independent experiments. *P < 0.01 differed significantly from control by the paired ¢ test. D) Effects
of adoplin suppression on PS1 complex-associated proteins. SiRNA-treated HeLa cells were lysed in buffer containing 1%
CHAPSO. PS1 complexes were immunoprecipitated with anti-PSIN antibodies, and immunoprecipitated proteins were analyzed
by Western blotting as in B. mNIC, mature NIC; imNIC, immature NIC.

ting. Levels of PSl-associated APH-1aL, PEN-2, and PS1
remained almost unchanged in siRNA-treated cells,
compared with control cells (Fig. 5D). In contrast,
significantly less mature nicastrin (~75% of control)
was associated with PS1 in adoplin siRNA-treated
cells (Fig. 5D). Immature nicastrin barely associated
with PS1 in both cell types, consistent with previous
reports (32, 33). Adoplin proteins did not appear to
be in close physical association with PS1 or nicastrin
because endogenous adoplin proteins did not coim-
munoprecipitate with neither PS1 nor nicastrin (data
not shown).

Next, we examined whether downregulation of ado-
plin affects -y-secretase-mediated cleavage of APP and
Notch. In HeLa cells transfected with adoplin siRNAs, a
significant (~3 fold) increase in the APP o-CTF level
was observed, compared to those transfected with con-
trol siRNA (Fig. 64, B). Following transient transfection
of APP B-CTF, both - and o-CTF bands were aug-
mented in these cells (Fig. 6A). Furthermore, transient
transfection of Notch AE (22), the direct substrate of
y-secretase, led to a significant increase in its level while
that of Notch intracellular domain (NICD) remained
unaltered in adoplin siRNA-treated cells (Fig. 6C). The
data indicate that ysecretase cleavage of APP and
NotchAE are inhibited due to loss of adoplin. The
effects of adoplin downregulation on AB generation
were assessed by measuring AB levels in conditioned
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media of HelLa cells stably expressing swAPP. Levels of
AB1-40 in media from adoplin siRNA-treated cells were
decreased to ~40% of that from control cells (Fig. 6E).
Levels of AB1-42 were below detection limits. Since
the cellular level of full-length APP remained unaltered
(Fig. 6D), it is likely that AB secretion was suppressed
due to inhibition of y-secretase cleavage of APP. These
results suggest that adoplin knockdown affects not only
nicastrin maturation but also y-secretase activity.

DISCUSSION

Familial AD-associated PS mutations alter the y-cleav-
age of APP, increasing the ratio of AB42 relative to
AB40, which is a pathologically significant event. Nota-
bly, AD-causing PS mutations additionally alter proteo-
Iytic function toward several different substrates, such
as Notch and cadherins. Thus, the molecular effects of
PS mutations are complicated, and some find dispute
over the underlying AD-inducing mechanisms (34, 35).
In this study, we employed mRNA DD analysis to
identify a novel gene, adoplin-1/ORMDL-1, which dis-
plays reduced expression in neuronal cells containing
mutant PS] relative to those with wild-type PS1. Ado-
plin-l1 (or ORMDL-1) and two highly homologous
genes, adoplin-2 and -3 (or ORMDL-2 and -3), consti-
tute an evolutionally conserved family encoding inte-
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siRNAs and were transfected further with APP B-CTF cDNA or vector. APP CTF in cell lysates
was analyzed by Western blotting with anti-APP (R37). B) a-CTF levels in control and adoplin
siRNA-treated cells were quantitated, and relative levels were calculated. Data means * sE
from three independent experiments. *P < 0.05 by the paired { test. ) Effects of adoplin
RNAI on Notch cleavage. HeLa cells treated with siRNA were transfected with NotchAE ¢cDNA,

and cell lysates analyzed by Western blotting with anti-myc. D) Effects of adoplin suppression

on AB production. Hela cells stably expressing swAPP were treated with nonsilencing or
adoplin siRNAs, and AB1-40 levels in 24 h conditioned media were measured by sandwich ELISA. Data are presented as
means * sk of three independent experiments. *P < 0.01 by the paired ! test. ) Cellular APP protein expression in cells used
in C, as analyzed by Western blotting with anti-APP antibodies. mAPP, mature APP; imAPP, immature APP.

gral membrane proteins of 153 amino acids (Fig. 14).
Due to the lack of characteristic functional domains,
the physiological functions of adoplins are currently
unknown. Expression patterns of these proteins were
characterized by using Northern and Western blot
analyses and immunohistochemistry. We further inves-
tigated the possible relationship between adoplins, PS
expression, and y-secretase function using PS-null cells
and RNAi techniques. Unexpectedly, expression of
adoplin protein and mRNA was markedly up-regulated
in PS-deficient cells. Furthermore, our RNAi experi-
ments revealed that siRNA-mediated adoplin suppres-
sion affects nicastrin maturation and PS-ysecretase
activity, thus highlighting its relevance in PS-y-secretase
function.

Northern blot analysis showed that the three adoplin
genes are expressed ubiquitously, in keeping with a
previous report (16). Adoplin-1 and -2 mRNA expres-
sion patterns are different in human and mouse tissues.
Specifically, mouse but not human adoplin-1 and -2
transcripts are particularly abundant in the liver and
kidney. An antibody specific for the C-terminus of
adoplin-1 was employed to determine its expression in
cultured neuronal cells and human brain tissues. This
antibody is sufficiently sensitive to detect a ~17 kDa
endogenous adoplin protein in the membrane fraction
on Western blots, although it cannot distinguish among
the three homologs. Immunohistochemical analyses
disclosed that adoplin proteins are primarily expressed
in the neurons of cerebral cortices. Moreover, adoplin
is localized mainly in the cell bodies and neurites of
primary cortical neurons, which shows possible role(s)
in nerve cells. Adoplin immunoreactivity is not colocal-
ized in senile plaques, which suggests that the protein
does not function in the extracellular deposition of AB.

In contrast to the significant downregulation of ado-
plin-1 mRNA in mutant PSl-expressing cells, mRNAs of
adoplin-1 and -2 are up-regulated moderately in PS1- or
PS2-deficient cells and markedly in PS1-/PS2-doubly
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deficient cells. One possible explanation for this is that
adoplin gene expression is under transcriptional con-
trol by PS (Fig. 7). We postulate that the expression of
adoplin-1 and -2 mRNA is maintained at low levels
under normal conditions involving regulated PS-associ-
ated signaling. Adoplin expression may be controlled
via signaling pathway(s) downstream of specific y-secre-
tase substrate(s). Alternatively, Wnt/B-catenin signal-
ing may be involved in the upregulation of adoplins,
since PS deficiency results in increased B-catenin stabil-
ity (36). Our experiments with a y-secretase inhibitor
indicate that adoplin is not a substrate of y-secretase.
Thus, it is unlikely that the significant enhancement in
adoplin expression in PSnull cells results from de-
creased degradation by PS-y-secretase.
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Figure 7. Schema illustrating the relationship between ado-
plin and PS. Adoplin expression appears to be under tran-
scriptional control by PS. P8 deficiency results in the upregu-
lation of adoplin-1 and adoplin-2 mRNA, while familial AD-
associated PS mutations lead to down-regulation of adoplin-1
mRNA. However, adoplin knockdown induces abnormal mat-
uration of nicastrin, as well as reduced +y-secretase function.
Abnormal nicastrin maturation may be directly associated
with the y-secretase dysfunction, although the precise under-
lying mechanism remains unclear.

825



The mechanism underlying mutant PSl-associated
downregulation of adoplin-1 is yet to be established but
may be a result of gain-of-function, as suggested in a
previous microarray study (37). A number of genes
were identified that exhibit reverse-expression alter-
ations in the brains of PS1 conditional knockout mice
and mutant PS] transgenic mice. The authors suggest
that the familial AD-linked PS1 variant produces tran-
scriptome changes primarily by gain of aberrant func-
tion (37). We did not observe a clear reduction in
adoplin protein expression in mutant PSl-expressing
cells despite the significant downregulation of ado-
plin-1 mRNA. The reason for this discrepancy is un-
clear. It is possible that the extent of downregulation of
adoplin-1 is not sufficiently large to alter total adoplin
protein expression.

Our RNAi experiments show that adoplin knock-
down does not affect the expression of endogenous
PS1, APH-1, and PEN-2 but significantly influences
nicastrin maturation. The level of immature nicastrin is
clearly augmented by adoplin knockdown. This effect
appears specific, since maturation of APP remains
unaffected. Importantly, significantly less mature nicas-
trin is associated with PS1 in adoplin knockdown cells
than control cells, suggesting disruption of PS complex
formation. Furthermore, loss of adoplin results in de-
creased vy-secretase cleavage of APP and Notch (as
indicated by accumulation of APP CTF and Notch AE)
and reduced AB production, implying significantly
reduced <y-secretase activity. Nicastrin plays a critical
role in maintaining the PS-y-secretase complex and
serving as a vy-secretase substrate receptor (38, 39).
Thus, impaired nicastrin maturation may be directly
associated with the apparent reduction in y-secretase
activity following adoplin knockdown (Fig. 7). How-
ever, the possibility that adoplin suppression affects
v-secretase function by a different unknown mecha-
nism cannot be eliminated. A previous study demon-
strates that adoplin/ORMDL proteins localize in endo-
plasmic reticulum membranes (16). Consistent with
this report, our preliminary data of biochemical subcel-
lular fractionation indicate that adoplin mainly local-
izes in the endoplasmic reticulum, where it coresides
with PS1, PS2, nicastrin, APH-1, and PEN-2 (data not
shown). Experiments using yeast knockout strains also
suggest that adoplin/ORMDL functions in correct pro-
tein folding and/or trafficking in the endoplasmic
reticulum (16). Adoplin may participate in nicastrin
trafficking in the endoplasmic reticulum. However,
since neither PS1 nor nicastrin coprecipitate with en-
dogenous adoplin, close interactions between adoplin
and these proteins appear unlikely. Thus, further re-
search is required to elucidate the mechanism of
adoplin action in nicastrin maturation.

We have identified adoplin/ORMDL genes whose
transcription is possibly regulated by PS. Our data
additionally indicate that adoplins are relevant in PS-y-
secretase function. Thus, adoplins are unique mole-
cules that display PS-related expression and function.
In view of the reduced +y-secretase activity following
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adoplin knockdown, we hypothesize that adoplin may
be a therapeutic target for AD. Further clarification of
the role(s) of adoplins in relation to PS-y-secretase may
aid in the development of novel therapeutic strategies
for AD. [y
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Transthyretin Amyloidosis and Two Other Aging-Related Amyloidoses in an Aged
Vervet Monkey
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Abstract.

An aged male vervet monkey showed severe cardiac arrhythmia for more than 3 years. A

multifocal amyloid consisting of transthyretin was deposited in all areas of the heart wall, especially in
the extracellular stroma among muscle fibers and external tunica of arterioles. Moreover, the amyloid
was deposited in the stroma and arterioles of other systemic organs except the liver and spleen. These
characteristics are consistent with senile systemic amyloidosis in humans. A second amyloid consisting of
amyloid f protein was in senile plaques and cerebral amyloid angiopathy in the cerebral cortex. A third
amyloid consisting of islet amyloid polypeptide was deposited n islets of the pancreas. Apolipoprotein E
and amyloid P component colocalized with the 3 amyloids. Thus. 3 different aging-related amyloids were
found in an aged vervet monkey. In particular, to our knowledge, this is the {irst report on spontaneous

transthyretin amyloidosis in animals.

Key words:

Amyloid is a degenerative protein that exhibits
common biochemical and morphologic characteristics,
such as 1) birefringence under polarizing microscope. 2)
abundant B pleated-sheets in the secondary structure of
the proteins, and 3) nonbranching and nonparallel
straight fibrils (8-10 nm in diameter) under electron
microscope.’? However, each amyloid consists of
different precursor proteins.'? Furthermore, amyloidosis
may develop secondary to various conditions, such as
inflammation, aging. and certain neoplasms. Transthyr-
etin {TTR), amyloid B protein (Af), and islet amyloid
polypeptide (IAPP) amyloidoses are well known as
major aging-related amyloidoses.!* Among these amy-
loids. senile systemic amyloidosis (SSA), which is
characterized by the deposition of amyloid fibrils
containing TTR, is well known in aged humans but
not in animals. In SSA, first small amyloid deposits,
mainly in the heart, occur without obvious symptoms.
However, in some case, massive amyloid deposits result
in heart failure, eventually leading to death.’®

In nonhuman primates, limited literature on amyloid-
osis is available. However, cerebral AB and islet amylin
amyloidoses have been investigated in nonhuman pri-
mates as models for Alzheimer’s disease and diabetes
mellitus, respectively.”-'" In the vervet monkey, there has
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Amyloidosis; amyloid B protein; IAPP: transthyretin.

only been one repori on cerebral A} deposition prevent-
able by AP vaccination,® whereas no study has been
conducted for other types of amyloidoses.

A male vervet monkey (Cercopithecus acthiops),
assumed 1o be 29 years old. showed severe cardiac
arrhythmia for more than 3 years and bradycardia at
the later stage of the 3 years, which were detected by 4-
leads electrocardiography. Premature ventricular con-
tractions (PVCs) were monitored by 24-hour Holter
electrocardiography. The frequency of PVCs gradually
became severe (3,000 PVCs per day) during the 3 years.
Moreover, dilatation of the right ventricle was detected
by ultrasound and X-ray examinations. However, for
the left ventricle, no obvious disorders. such as reduced
left ventricular ejection fractions, were observed by
echocardiography. Symptoms associated with Alzhei-
mer’s disease and diabetes mellitus were not observed in
the present case. Finally. the monkey was euthanized
because of poor prognosis due 1o severe depression and
anorexia.

At necropsy, collected tissues were fixed in 10%
buffered formalin. embedded in paraffin, and sectioned
at 4 pm. The deparaffinized sections were stained with
hematoxylin and eosin. Some sections were stained with
Congo red and direct fast scarlet (DFS; Muto, Tokyo,



