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Neonatal hypoxic/ischemic (H/1) brain injury causes
neurological impairment, including cognitive and
motor dysfunction as well as scizures. However, the
molecular mechanisms regulating neuron death afier
H/1 injury are poorly defined and remain controver-
sial. Here we show that AIg7, a gene essential for
autophagy induction, is a critical mediator of H/I-
induced neuron death. Neonatal mice subjected to H/I
injury show dramatically increased autophagosome
formation and extensive hippocampal neuron death
that is regulated by both caspase-3-dependent and
-independent execution. Mice deficient in Atg7 show
nearly complete protection from both H/l-induced
caspase-3 activation and neuron death indicating that
Atg7 is critically positioned upstream of multiple neu-
ronal death executioner pathways. Adult H/I brain
injury also produces a significant increase in autoph-
agy, but unlike neonatal H/I, neuron death is almost
exclusively casg 3-independent. These data sug-
gest that autophagy plays an essential role in trigger-
ing neuronal death execution after H/1 injury and

Atg7 represents an attractive therapeutic wrget for
454

minimizing the neurological deficits associated with
H/1 brain injury. (Am J Patbol 2008, 172:454-469; DOI:
10.2353/afpath. 2008 070876)

Neonatal hypoxic/ischemic (H/l) brain injury causes neu-
rological impairment, including cognitive and motor dys-
function as well as seizures.'? The patterns of neuron
death after H/l injury in rodent rodels appear similar to
those involved in human cases of H/l encephalopathy.
Morphological and biochemical approaches have shown
the presence of apoptotic and necrotic neuron death in
the pyramidal layer of the hippocampus after H/l injury,”
whereas the extent of damage from H/l injury depends on
the degree of brain maturation and the severity of the
insult.®'% Apoptotic neuron death after H/l injury is ac-
companied by the activation of caspases, which may be
associated with proapoptotic factors such as Bax'"'? or
Bad,'® and suppressed by anti-apoptotic factors such as
Bel-xL. ' Although many neuroprotective slrategies have
been proposed, few anti-apoptotic therapies have proven
to be useful in inhibiting H/l-induced brain injury, ' There-
fore, it is very important to understand what molecular
pathways are executed in neuron death induced by H/l
brain injury.

Autophagy, which is a highly regulated process involv-
ing the bulk degradation of cytoplasmic macromolecules
and organelles in mammalian cells via the lysosomal
system, is induced under starvation, differentiation, and
normal growth control to maintain cellular homeostasis
and survival."®~"® Simultaneously, it has also been evi-
dent that autophagy participates in various neurodegen-
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erative disorders'® %% and further that it can trigger a
form of cell death distinct from apoptosis in neurons 2328
In particular, we have previously shown that autophagy is
highly induced in CA1 pyramidal neurons of gerbil hip-
pocampus after bnef forebrain ischemia, whereas such
neurons that contain numerous autophagosomes/autoly-
sosomes in the perikarya undergo delayed neuronal
death.?” The induction of autophagy has been shown in
neonatal and adult mouse cortex and striatum after H/l
injury,"®#® and LC3, a marker protein for autophagy, is
required for autophagosome formation via its conversion
from LC3-I to LC3-11.%® However, it is unclear if autophagy
participates as a pro- or anti-death factor in the execution
of neuron death after H/I injury.™

Here, to elucidate the molecular mechanisms of pyra-
midal neuron death in the hippocampus after H/l injury,
we used an ischemia model of left carctid artery occlu-
sion followed by exposure to low oxygen®' and found that
H/l injury-induced pyramidal neuron death in the neonatal
hippocampus occurred using both caspase-dependent
and -independent pathways. In such damaged neurons
autophagy was strongly induced, and this ischemic neu-
ronal death was rescued by an Atg7 deficiency. These
data indicate that autophagy plays an essential role in the
execution of pyramidal neuron death in the neonatal
mouse hippocampus after H/l injury

Materials and Methods
Animals

The experiments described below were performed in
compliance with the regulations of Osaka University
Graduate School of Medicine's Guidelines for the Care
and Use of Laboratory Animals. Neonatal and adult
C57BL/6J mice at postnatal day 7 (P7) and 8 weeks of
age were obtained from CLEA Japan (Tokyo, Japan) or
Charles River Laboratories Japan (Yokohama, Japan).
Nestin-Cre transgenic mice [strain name: B6.Cg(SJL)-
Ta(nestin-Cre)1KIn/J]** were purchased from the Jack-
son Laboratory (Bar Harbor, ME). Atg7™™* mice,'® CAD
homozygous (—/-) mice,*® and caspase-3 heterozygous
(+/—) mice backcrossed onto a C57BL/6 background for
at least 10 generations®* 3 were transferred to the Insti-
tute of Experimental Animal Sciences, Osaka University
Graduate School of Medicine, and were housed in a
pathogen-free facility Atg7™<™* mice were bred with
nestin-Cre transgenic mice to produce Atg7™™*, nestin-
Cre mice.*® Caspase-3*/~ mice were crossed to obtain a
mixture of +/+, +/—, and —/— pups. To determine the
genolypes of these lines, genomic DNA was prepared
from pup tail snips and analyzed by polymerase chain
reaction (PCR). The following primer sets were used for
genotyping: for the Cre transgene, 5'-TTTGCCTGCAT-
TACCGGTCGATGCAAC-3' and 5'-TGCCCCTGTTTCAC-
TATCCAGGTTACGGA-3'; wild-type and Atg7™* alleles, 5'-
TGGCTGCTACTTCTGCAATGATGT-3' and 5'-CAGGACA-
GAGACCATCAGCTCCAC-3'"%, wild-type and mutant
CAD alleles, 5'-AAAAGAACAGTCGGGACTGC-3', 5'-GA-
TTCGCCAGCGCATCGCCTT-3,' and 5'-TTCACACCAG-
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GAGACATCTG-3'*: wild-type and mutant caspase-3 al-
leles, 5'-AGGGTCCCATTTGCATAGCTTTGC-3', 5'-GC-
GAGTGAGAATGTGCATAAATTC-3, and 5'-TGCTAAAGC-
GCATGCTCCAGACTG-3".*

Hypoxic-Ischemic Injury

Neonatal and adult H/I brain injury was induced in mice
on P7 and at B weeks of age, respectively, essentially
according to the Rice-Vannucci model,*’ with minor
modifications.'® After the mice were deeply anesthetized
with isoflurane (2%), the left common carotid artery was
dissected and ligated with silk sutures (6/0). After the
surgical procedure, the pups and adult mice were al-
lowed to recover for 1 hour. They were then placed in
chambers maintained at 37°C through which 8% humid-
ified oxygen (balance, nitrogen) flowed for 40 or 45 min-
utes (neonate) or 35 or 40 minutes (adult). After hypoxic
exposure, the pups and adult mice were returned to their
dams and the plastic cages, respectively. The animals
were allowed to recover for 3, 8, 24, or 72 hours, or 7 days
(neonate). At each stage, brains were processed for bio-
chemical and morphological analyses. This procedure re-
sulted in brain injury in the ipsilateral hemisphere, consisting
of cerebral infarction mainly in the hippocampus.™ ' Control
litermates were neither operated on nor subjected to
hypoxia.

Antisera

The preparation of rabbit antibodies against rat LC3?' %7
and Atg7°® was described previously. Rabbit polyclonal
antibodies against ubiquitin (DAKO, Glostrup, Denmark),
caspase-3 (Cell Signaling, Danvers, MA), cleaved caspase-3
(Asp175; Cell Signaling), and cleaved caspase-7 (Asp198,
Cell Signaling). and mouse monoclonal antibodies
against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (clone 6CS5; Ambian, Austin, TX), caspase-7
(clone 10-1-62; BD Biosciences, San Jose, CA), and
neuronal nuclei (NeuN) (Chemicon, Temecula, CA) were
obtained commercially.

Sample Preparation for Histochemical and
Morphological Analyses

After H/l injury (n = 3 to 5 for each procedure and each
stage), mice were deeply anesthelized with pentobarbital
(25 mgfkg i.p.) and fixed by cardiac perfusion with 4%
paraformaldehyde buffered with 0.1 mollL phosphate
buffer (pH 7.2) containing 4% sucrose for light micros-
copy and with 2% paraformaldehyde-2% glutaraldehyde
buffered with 0.1 mol/L phosphate buffer for ordinary
electron microscopy.?'*%%° For light microscopy, brain
tissues were quickly removed from the mice and further
immersed in the same fixative for 2 hours at 4°C. Samples
processed for paraffin embedding were cut into 5-um
sections with a semimotorized rotary microtome (RM2245;
Leica, Nussloch, Germany) and placed on silane-coated
glass slides. Samples for cryosections were embedded
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in OCT compound (Miles, Elkhart, IN) after cryoprotection
with 15% and 30% sucrose solutions and cut into 10-pm
sections with a cryostat (CM3050.; Leica). The sections
were placed on silane-coaled glass slides and stored at
—B0°C until used. For routine histological studies, parat-
fin sections or cryosections were stained with hematoxy-
lin and eosin {(HAE). Samples for electron microscopy
were postfixed with 2% OsO, with 0.1 mol/L phosphate
buffer, block-stained in 1% uranyl acetate, dehydrated
with a graded series of alcohol, and embedded in Epon
812 (TAAB, Reading, UK), For light microscopic obser-
vations, semithin sections were cut at 1 um with an ultra-
microtome (Ultracut N. Reichert-Nissei, Tokyo. Japan)
and stained with toluidine blue. For electron microscopy,
silver sections were cut with an ultramicrotome, stained
with uranyl acetate and lead citrate, and observed with
an elactron microscope (H-7100; Hitachi, Tokyo, Japan).

Immunohistochemical Analyses

For double-immunofiuorescent staining, cryosections
were first incubated with anti-LC3%'¥7 (1:100) or anti-
cleaved caspases-3 or -7 (1:100) at 4°C overnight, fol-
lowed by goat anti-rabbit IgG coupled with Alexa Fluor
488 (Invitrogen, Grand Island, NY) for 1 hour at room
temperature. For LC3 detection, further incubations were
performed with biotinylated goat anti-rabbit IgG (Vector
Laboratories, Burlingame, CA) and finally with streptavi-
din coupled with Alexa Fluor 488 for 1 hour at room
temperature. After immunostaining. terminal dUTP nick-
end labeling (TUNEL) staining was performed as de-
scribed below. The sections were then viewed under a
confocal laser-scanning microscope (LSM 5 Pascal: Carl
Zeiss, Jena, Germany; or FV1000: Olympus, Tokyo, Ja-
pan). For NeuN staining, deparaffinized sections or cryo-
sections were autoclaved for 20 minutes in 10 mmol/L
Na-citrate buffer (pH 6.1)* before the incubation with
NeuN (1:1000). For ubiguitin staining, sections were in-
cubated with anti-ubiquitin (1:1000) without pretreatment.
These sections were further incubated with biotinylated
goat anti-rabbit or mouse IgG for 1 hour, and finally with
peroxidase-conjugated streptavidin (Vector Laborato-
ries) for 1 hour at room temperature. Staining for per-
oxidase was performed using 0.0125% 3,3'-diamino-
benzidine tetrahydrochloride and 0.002% H,0. in 0.05
mol/L Tris-HCI buffer (pH 7.8) for 10 minutes

TUNEL Staining

TUNEL staining was applied to deparalfinized sections or
cryosections as previously described 7 #%4" Briefly, sec-
tions with or without a 10-minute proteinase K (20 pg/ml)
pretreatment at room temperature were incubated with
100 U/mi terminal deoxynucleotidyl transterase (TdT) and
10 nmol/L biotinylated 16-2'-dUTP (Roche Diagnaostics,
Basel, Switzerland) in TdT buffer (100 mmol/L sodium
cacodylate, pH 7.0, 1 mmol/L cobalt chloride, 50 pg/mi
gelatin) in a humid atmosphere at 37°C for 1 hour, fol-
lowed by further incubation with Alexa Fluor 524 or
peroxidase-conjugated streptavidin (Vector Laborato-

ries) for 1 hour at room temperature. Staining for per-
oxidase was performed as above. In the case of dou-
ble-immunofiucrescent staining, an in situ cell death
detection kit, TMR red (Roche Diagnostics), was used
according to the manufacturer's recommended proto-
col after immunohistochemistry

Cell Counting

The number of neurons with pyknotic nuclei in sections
stained by H&E and that of neurons positive for TUNEL or
cleaved caspase-3, or double-positive for TUNEL and
cleaved caspase-3 in sections doubly stained for TUNEL
and cleaved caspase-3. respectively, were counted in
the whole pyramidal regions of the hippocampus located
in the same portion (bregma: —1.82 mm of adult C578L/
6J mice®?) by light microscopy (magnification, x200)
(three sections per animal). Data from three animals at
each stage were averaged

Neuropathological Evaluations

H/l injury and neuroprotection were evaluated by the
damaged area and the number of TUNEL-positive (dead)
neurans in the pyramidal layers of the hippocampus 3
days after H/l injury using brain sections corresponding
to the same portion of the hippocampus as mentioned
above. The total and damaged areas in the whole pyra-
midal layers of the ipsilateral hippocampus from each
animal were measured using a morphological analysis
software version 2.5 (Mac SCOPE; Mitani Corp., Fukui,
Japan). The damaged area was defined as a region of
the pyramidal layers that was NeuN-negative (see Figure
70). The degree of H/l injury 3 days after ischemic insult
was classified into four grades: the number of TUNEL-
positive neurons in the pyramidal layers of the hippocam-
pus per section was less than 10 for grade 0, 11 to 100 for
grade |, 101 to 200 for grade |l, and more than 201 for
grade lll. The percentage of mice showing each grade
was further calculated in the cases of Atg7-deficient mice
(n = 17) and their littermate controls (n = 32). The dam-
aged area in the hippocampal pyramidal layers was also
examined 7 days after H/l injury, in which time clear-cut
shrinkage occurred in the ipsilateral hippocampus of
control littermate mice (Atg7"*™* mice), resulting in loss
of ipsilateral hippocampal areas. To quantitate these
damaged areas after neonatal Hl, the areas of lesioned
and unlesioned hippocampi were measured and com-
pared within the same section, using the same software
as mentioned above.’® The area loss of the lesioned
ipsilateral hippocampus was calculated as a percentage
of the intact contralateral hippocampus and the area loss
was determined for each animal by measurement of at
least three sections according to the method mentioned
above. The degree of hippocampal damage was mea-
sured using Atg7-deficient (n = 11) and their littermate
control (n = 12) mice
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Sample Preparations for Biochemical Analyses

Anesthetized mice were sacrificed by decapitation at 3,
8, 24, or 72 hours after H/l injury (n = 5 per group), and
untreated control animals were sacrificed on P7 or at 8
weeks (n = 6 per group). The brains were rapidly dis-
sected on a bed of ice. The left and right hippocampi
were separately excised from the mice, frozen in liquid
nitrogen, and stored at —80°C until used.

Analysis of DNA Fragmentation

Genomic DNA was isolated according to a previously
described method.*? Briefly, each tissue was separately
homogenized gently in 1 ml of a lysis buffer consisting of
4 mol/L guanidine thiocyanate and 0.1 mol/L Tris-HCI, pH
7.0, and incubated at room temperature for 1 hour. Then,
20 pl of QIAEX |l suspension (Qiagen, Hilden, Germany)
was added to each sample, and the samples were vor-
texed, incubated at room temperature for 1 hour, and
finally spun at 12,500 x g for 2 minutes. The pellets were
washed by resuspending them three times in a NEW
Wash solution (GENECLEAN kit; Bio 101, Vista, CA) con-
sisting of 50% ethanol, 100 mmol/L NaCl, 10 mmal/L
TrisfHCI, and 1 mmol/L ethylenediaminetetraacetic acid,
pH 7.5, followed by resuspension in a TE buffer consist-
ing of 10 mmoal/L Tris/HCI and 1 mmol/L ethylenediami-
neteiraacetic acid, pH 8.0, Samples were incubated at
room temperature for 10 minutes and spun at 12,500 x g
for 2 minutes. The supernatants were colleclted and
stored at —30°C until used.

To visualize DNA laddering in DNA samples from indi-
vidual animals, a ligation-mediated polymerase chain re-
action (LMPCR) was performed with some modifications,
as outlined.**** Briefly, two unphosphorylated oligonu-
cleotides (24 bp, 5'-AGCACTCTCGAGCCTCTCACCG-
CA-3'; 12 bp, 5-TGCGGTGAGAGG-3') were synthe-
sized (Invitrogen). These are DNA fragments that are
never amplified from normal mouse brain DNA. The oli-
gonuclectides were annealed by heating to 55°C for 10
minutes, and the mixture was allowad to cool to 10°C for
55 minutes in advance of the experiment. Genomic DNA
(1.0 pg) was mixed with 1 nmol each of the 24-bp and
12-bp unphosphorylated oligonuclectides in 50 ul of T4
DNA ligase buffer (Promega, Madison, WI) and 3 U of T4
DNA ligase (Promega) The mixture was incubated at
16°C overnight, and the samples were then diluted with
TE to a final concentration of 5 ng/ul, and stored at
—20°C until used for PCR. The 24-mer adaptor also
served as a primer in the LMPCR (50 ul volume), in which
25 ng of ligated DNA was amplified with reagents from
the Expand high-fidelity PCR system (Roche) under the
following conditions: hot start (72°C for 8 minutes) with
1.75 U Expand high-fidelity enzyme mix (TaqDNA poly-
merase and Tgo DNA polymerase) added after 3 min-
utes, 20 (neonate) or 25 (adult) cycles (94°C for 1 minute,
72°C for 3 minutes), and postcycling (72°C for 15 min-
utes). The amplified DNA was separated by electro-
phoresis on a 2% agarose gel, visualized by staining with
ethidium bromide. and photographed on a UV transillu-
minator (Bio-Rad, Hercules, CA).
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Immunoblot Analysis

Each tissue was independently homogenized in a lysis
butfer [1% Triton X-100 and 1% Nonidet P-40 in phos-
phate-buffered saline (PBS)] containing a protease inhib-
itor cocktail (Nacalai, Kyoto, Japan). After two centrifuga-
tions at 10,500 X g for 10 minutes each at 4°C, the protein
concentrations in the supematants were determined us-
ing the BCA protein assay system (Pierce, Rockford, IL)
and used for immunoblotting. The samples (15 ug for the
detection of LC3 or GAPDH, 40 ug for Atg7, or for
caspases-3 and -7) were then analyzed by 12.5% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. The
electrophoretic transfer of proteins from polyacrylamide
gels to a polyvinylidene difluoride membrane (Immo-
bilon-P; Millipore Co., Bedford, MA) was performed ac-
cording to the method of Towbin and colleagues.*® The
sheets were soaked in PBS containing 0.1% Tween 20
and 5% bovine serum albumin (Sigma, St. Louis, MO) 1o
block nonspecific binding, and then incubated overnight
with anti-LC3 (1:1000), anti-GAPDH (10 ng/ml), anti-Atg7
(1 pug/ml), anti-caspase-3 (1:1000), anti-caspase-7 (1.
1000), or anti-cleaved caspase-7 (1:1000). The mem-
branes were washed three times for 10 minutes in PBS
containing 0.1% Tween 20 and then further incubated for
1 hour at room temperature with horseradish peroxidase-
labeled secondary antibody (pig anti-rabbit or goat anti-
mouse |gG, DAKQ) diluted 1:1000. Atter three 10-minute
washes in PBS with 0.1% Tween 20, the membranes were
treated with Immobilon Western chemiluminescent horse-
radish peroxidase substrate (Millipore Co.) for 2 minutes
and then observed using an LAS-3000 mini system (Fuji
Photo Film, Tokyo, Japan). Immunoreactive bands were
quantified using the Image Gauge software (Fuji Photo
Film). Based on the optical density of the different bands
in individual animals (n = 3 for each stage) LC3-II/LC3-I
ratio was calculated. As a reference of caspase-7 acti-
vation, primary mouse hepalocytes that were isolated
according to the method as described previously*® and
treated with tumor necrosis factor-a (25 ng/ml) (R&D
Systems, Minneapolis, MN) and actinomycin D (0.2 pg/
mil) (Sigma) for 6 hours were used, and their lysates were
subjected to Western blotting.

Measurement of DEVDase (Caspases-3 and -7)
Activity

The DEVD-AMC cleavage assay in hippocampal tissue
was performed as described elsewhere *C4* Briefly,
each tissue was independently homogenized in 100 ul of
lysis buffer containing 10 mmol/L HEPES, pH 7.5, 42
mmollL KCI, 5 mmol/L MgCl,, 1 mmol/L dithiothreitol,
0.5% CHAPS, 1 mmol/L phenylmethyl sulfonyl fluoride,
and a protease inhibitor cocktail, and spun at 10,500 x g
for 15 minutes at 4°C. Tissue lysates (10 ul each) were
incubated in an opaque 96-well plate with 190 ul of assay
buffer (25 mmol/L Hepes, 1 mmol/L ethylenediaminetet-
raacetic acid, 3 mmol/L dithiothreitol, 0.1% CHAPS, 10%
sucrose, and a protease inhibitor cocktail) containing 30
pmol/L of the following substrate; N-acetyl-Asp-Glu-Val-
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Asp-AMC (for caspases-3 and -7) (Peptide Institute, Inc.,
Minoo, Japan). The fluorescence intensity (excitation,
365 nm; emission, 465 nm) was monitored using a Spec-
tramax microtiter plate reader (Molecular Devices,
Sunnyvale. CA). The accumulation of fluorescence was
linear for at least 45 minutes. Protein concentrations in
each lysate were determined by BCA protein assay, as
described above The experiments were repeated three
times with samples from each hippocampus, and the
data from three animals in each group were averaged.

Statistical Analysis

Ratios (%) of the damaged areas to the total areas in the
ipsilateral hippocampal pyramidal layers in Atg7-defi-
cient (n = 17) and littermate control (n = 32) mice 3 days
after H/l Injury and the area loss (%) of the lesioned
ipsilateral hippocampus that was calculated as a per-
centage of the intact contralateral hippocampus in Atg7-
deficient (n = 11) and their littermate contral (n = 12)
mice 7 days after H/l injury, respectively, were compared
using the Mann-Whitney U-test. Differences between two
groups were assessed using two-tailed Student's t-tests.
Data were expressed as mean * SD. We assumed sta-
tistically significant differences at P < 0.05.

Results

Presence of Caspase-Dependent
and -Independent Neuron Death in the
Hippocampus after H/l Injury

Because the hippocampus has been shown to be the
most vulnerable to ischemic insult,® '3 we focused on the
damage in the pyramidal regions of the hippocampus in
neonatal and adult mouse brains after H/l injury and first
re-examined the pathways that were involved in Hfl injury-
induced pyramidal neuron death in the neonatal hip-
pocampus. In control neonatal mice at P7, hippocampal
pyramidal neurons with pyknotic nuclel were hardly de-
tected (Figure 1A), although positive staining for cleaved
caspase-3 was demonstrated in a small number of pyra-
midal neurons with positive TUNEL staining in nuclei
(Figure 1F). Such neuron death was naturally occurring
cell death (programmed cell death) that has been shown
in the hippocampus of mouse brains around P7.%” Dam-
aged neurons after H/l injury were detected only in the
ipsilateral hippocampus,® '* whereas neurons in the con-
tralateral hippocampus appeared histologically intact
could not be distinguished from those in the untreated
contro!l brains (data not shown). In an H/l injury model
using wild-type neonatal mice, we confirmed that the
death mode of pyramidal neurons in the hippocampus
was distinct from necrosis (Figure 1, B-D, G—J, and M),
~35% of pyramidal neurons in the hippocampus wers
immunostained for activated caspase-3 8 hours after H/l
injury (Figure 1, H and M). DEVDase activity was in-
creased in the ipsilateral hippocampus 8 hours after H/l
injury, whereas the cleaved form of caspase-3, but not

caspase-7, was clearly detected in the tissue by Western
blotting (Figure 1, N and O). By immunostaining, how-
ever, cleaved caspase-7-positive neurons appeared in
the ipsilateral hippocampus after H/I injury, but they were
rare (Figure 1, K and L; Figure 3C). The number of
TUNEL-paositive neurons increased at 24 and 72 hours.
although the number of pyknotic neurons was already
augmented 8 hours later (Figure 1M). These data indicate
that both caspase-3-dependent and caspase-3-indepen-
dent pyramidal neuron death occurred in the neconatal
hippocampus after H/l injury

Caspase-independent Pyramidal Neuron Death
in the Hippocampus after H/I Injury Is
Accompanied by DNA Fragmentation into
Oligonucleosomes

To confirm further the presence of caspase-independent
neuron death in the neonatal hippocampus after H/l In-
jury, we used caspase-3-deficient and CAD-deficient
mice. %48 Genomic DNA fragmentation into oligonu-
cleosomes is one of the hallmarks of apoptotic cell death
and is mediated by CAD ** Because programmed cell
death occurred around P8*’ (Figure 1F), the genomic
DNA from the untreated hippocampus of neonatal brains
was weakly but distinctly fragmented info oligonucleo-
somes, as evidenced by an LMPCR method (Figure 20D,
iane 1)** DNA laddering occurred intensely in the ipsilat-
eral side and weakly in the contralateral side of wild-type
neonatal hippocampi after H/l injury (Figure 2D, lanes 2
and 3), Using CAD-deficient neonatal mice,* we exam-
ined H/l injury-induced alterations in hippocampal pyra-
midal neurons and found that the degree of damage was
similar to that in the wild-type mice 24 hours later (Figure
2, A and C). In this situation, ONA laddering was detect-
able in the ipsilateral hippocampus (Figure 2D, lane 7),
indicating that nuclear DNA in the damaged neurons was
fragmented by a DNase other than CAD. Mareover, no
DNA laddering was observed in the contralateral hip-
pocampus (Figure 2D, lane 6), suggesting that the DNA
fragmentation of programmed neuron death is mediated
in the wild-type neonatal hippocampus by CAD. As has
been shown in caspase-3-deficient mice,** H/l induced
changes such as the appearance of shrunken neurans
with pyknotic nuclei were abundant in each pyramidal
layer of the hippocampus within 24 hours after H/l injury
(Figure 2B; Figure 3, D and E). It has been suggested that
long-term inhibition of caspase-3 during development by
its genetic ablation up-regulates caspase-3-independent
cell death pathways and increases the vulnerability of the
developing brain to neonatal H/l injury ** However, the
DNA fragmentation in the ipsilateral and contralateral
hippocampi of caspase-3-deficient mouse brains after
H/ injury occurred similar to that in the wild-type mouse
brains (Figure 2D, lanes 4 and 5). Because DNA ladder-
ing did not appear in the contralateral side of the CAD-
deficient hippocampus after H/l injury, it is assumed that
the DNA laddering detected in the contralateral side of
the caspase-3-deficient hippocampus was mediated by
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of pyramidal neuron death in the hippocampus after H/
injury, we further analyzed the degree of damage in the
neurons of the hippocampal pyramidal layers in Alg7-
deficient and control littermate mouse brains 7 days after
H/l injury. In fact, because shrunken or dying neurons
with pyknaotic nuclel were eliminated and the number of
NeuN-positive surviving neurons was much reduced in
the pyramidal layers of the control Atg7™**** mouse hip-
pocampus 7 days after H/l injury, the pyramidal layers of
the ipsilateral hippocampus were significantly diminished
in area, compared to the contralateral hippocampus (Fig-
ure 7, B. D, F, and H). In Atg7-deficient mice, pyramidal
neurons appeared intact in the hippocampus 7 days after
H/ injury (Figure 7, A, C, E, and G). As far as we inten-
sively measured the areas of the ipsi- and contralateral
hippocampi 7 days after H/l injury, the area loss in the
ipsilateral hippocampus that was expressed as a per-
centage of the contralateral hippocampal area was sig-
nificantly much lower in the Atg7-deficient mice (14.0%)
than in the littermate control mice (48 8%, P < 0.0001)
(Figure 71). These data indicate that the prevention of
hippocampal pyramidal neuron death after H/I injury by
Atlg7 deficiency in CNS tissue 1s sustained at least until 7
days after H/l injury
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Pathological Alterations Are Not Detected in the
Hippocampal Pyramidal Neurons of Atg7-Deficient
Neonatal Hippocampus after H/ Injury

Because H/l induced-pyramidal neuron death in the neo-
natal hippocampus was primarily prevented by Atg7 de-
ficiency. we next examined whether Atg7 deficiency pre-
vents caspase-independent neuron death only or both
caspase-dependent and -independent neuron death. Im-
munchistochemical observations revealed that only very
rare TUNEL-positive neurons were co-stained for cleaved
caspase-3 in the pyramidal layers of Alg7-deficiant hip-
pocampus 24 hours after H/l injury (Figure B, A and B),
whereas abundant TUNEL-positive pyramidal neurons,
some of which were co-stained for cleaved caspase-3.
appeared in the control littermate hippocampus at the
corresponding time point (Figure B, C and D). By electron
microscopy, the neuronal architecture in the pyramidal
layers of the hippocampus appeared intact in Alg7-defi-
cient mice 24 hours after H/l injury (Figure BE), By West-
ern blotting, the active forms of caspases-3 and -7 were
not detected in the hippocampus lacking Atg7 after H/I
injury, although cleaved caspase-3 was detected in the
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caspase 3-independent manners. The caspase 3-inde-
pendent neuron death in this model was accompanied by
DNA ladder formation that was mediated by unknown
DNase other than CAD. 2) H/l injury induced autophagy
in neonatal hippocampal pyramidal neurons, whereas
this pyramidal neuron death was prevented by Atg7 de-
ficiency. 3) Pyramidal neuron death in the adult hip-
pocampus after H/l injury was caspase-independent and
accompanied by autophagosome formation.

Pyramidal Neuron Death in the Neonatal
Hippocampus after H/l Injury

Because numerous studies on neuron death after H/l
brain injury using various animals have shown that the
hippocampus is the most vulnerable to ischemic insult.” ™ we
examined how pyramidal neurons in the neonatal and
adult hippocampi die after H/l injury. As shown in the
Results section, nuclei of most pyramidal neurons in
the hippocampus became pyknotic within 24 hours
after H/l injury, indicating that the dying neurons were
distinct from necrosis. It has been shown that
caspase-3 may meadiate ischemic neuron death in the
rodent hippocampus.'? 353 |n fact, we confirmed that
35% of total hippocampal pyramidal neurons under-
went neuron death in a caspase-dependent manner.
The ratio of neurons that died in a caspase-dependent
manner is consistent with previous data shown by the use
of a caspase-3 inhibitor** and Bcl-xL-overexpressing
mice ' Although H/ injury-induced pyramidal neuron
death in the neonatal hippocampus was in part caspase-
dependent,’®'? the genetic ablation of caspase-3 did not
prevent H/l injury-induced pyramidal neuron death.** It has
been shown that caspase-7, which is structurally and func-
tionally similar to caspase-3, compensates for the lack of
caspase-3.*®% In fact, in our H/l injury model using
caspase-3-deficient mice, caspase-7 was activated in
pyramidal neurons that underwent programmed cell
death in the contralateral hippocampus at P8 (Figure 3A)
and also weakly, but distinctly, in the pyramidal neurons
of the ipsilateral hippocampus after H/l injury (Figure 3, E
and F). Therefore, it seems likely that CAD in caspase-3-
deficient mouse brains after H/l injury was activated by
caspase-7 that was up-regulated in a compensatory way,
resulting in DNA laddering.%”

As shown in the present results, it is well known that a
great number of pyramidal neurons in the neonatal hip-
pocampus after H/l injury die in a caspase-independent
manner.'? To verify the involvement of this caspase-in-
dependent pathway in H/l injury-induced pyramidal neu-
ron death in addition to the caspase-dependent pathway,
neonatal CAD-deficient mice were subjected to H/I brain
injury. Like caspase-3-deficient mice, H/l injury-induced
pyramidal neuron death in the neonatal hippocampus
was not prevented by CAD deficiency. It is very interest-
ing that even in CAD-deficient mice, pyramidal neuron
death in the hippocampus after H/l injury that was
caspase-independent was accompanied by genomic
DNA laddering. indicating that this DNA fragmentation
was mediated by an unknown DNase other than CAD
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Collectively, H/l injury-induced pyramidal neuron death in
the neonatal hippocampus was mediated by both caspase-
dependent and -independent pathways.

Involvernent of Autophagy in Neonatal
Pyramidal Neuron Death after H/I Injury

This is the first report that we are aware of providing
direct evidence for autophagy-induced neuron death af-
ter neonatal mouse H/I brain injury, using mice that can-
not execute autophagy specifically in CNS tissue.® As
stated above, we demonstrated that pyramidal neuron
death in the neonatal hippocampus after H/l injury was
executed in both caspase-dependent and -independent
manners, as has been shown previously.'®** Surpris-
ingly, such caspase-dependent neuron death after H/l
injury, along with caspase-independent neuron death,
was prevented by selective CNS Atg7 deficiency. It has
also been shown that autophagy participates in the initi-
ation of apoptotic cell death such as photoreceptor cells
exposed fo oxidative stress and cerebellar granule cells
after deprivation of serum and potassium.**** As has
been noted,* if autophagy would act as a survival factor
In response to various siresses, hippocampal pyramidal
neurons deficient in Alg7 would not be resistant to H/l
injury. It is therefore important to reveal the molecular
mechanism of how autophagy is involved in the activation
of caspase cascade in H/I injury-induced pyramidal neu-
ron death. These lines of evidence suggest that once H/l
injury induces autophagy in pyramidal neurons of the
neonatal hippocampus, autophagy may further activate
two effectors, caspase-dependent (apoptotic) and -inde-
pendent pathways of neuron death.

It has been shown that specific inhibitors of caspases
attenuate H/l-induced pyramidal neuron death in the neo-
natal hippocampus **** Because there were caspase-
dependent and -independent pathways of hippocampal
pyramidal neuron death after neonatal brain H/l injury, the
suppressive effects of these chemical agents and ge-
netic manipulation such as Bel-xL'™ would be limited to
some extent. Thus far, chemical and genetically manip-
ulated suppressors of autophagy that are available for
therapeutic use have not been generated. Therefore, like
caspase inhibitars, the development of chemical tools
that prevent autophagic neuron death by specifically
blocking each step of autophagy®® may be important,
because our data strongly suggest that autophagy reg-
ulates H/l-induced pyramidal neuron death in the neona-
tal hippocampus.

H/l Injury-Induced Pyramidal Neuron Death in
the Adult Hippocampus Is Prevented by Neither
Caspase-3 Nor CAD Deficiency

The present data using caspase-3- or CAD-deficient
mice also provide direct evidence that H/l injury-induced
pyramidal neuron death in the adult hippocampus does
not require the activation of caspase-3 and CAD. Such
neuron death in the adult hippocampus was accompa-
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nied by pyknosis and genomic DNA fragmentation into
oligonucleosomes, indicating that pyramidal neuron
death in the adult hippocampus after H/Al injury is
caspase-3-independent and distinct from necrosis. The
present study could not examine the role of autophagy in
adult H brain injury, because Aig7™<™*; nestin-Cre
mice manifested neurcdegenerative signs such as loss of
pyramidal neurons in the hippocampus and Purkinje cells
in the cerebellum from 3 weeks of age.™ Nevertheless,
our current data showing that morphological features of
degenerating neurons in the adult hippocampus after H/l
injury resembled the features of type 2 neuron death,?*
suggest that autophagy is also involved in the execution
of H/l injury-induced neuron death in the aduit hippocam-
pus. Thus, therapeutic strategies to inhibit autophagy-
induced neuron death may prove beneficial in the treat-
ment of both pediatric and adult H/l brain injury.

Collectively, at present, it remains unknown how the
genetic ablation of Atg7 specifically in the CNS pre-
vents H/l injury-induced pyramidal neuron death in the
neonatal hippocampus. It is well known that autophagy
is essential for the maintenance of cellular metabolism
and is induced in response to various stresses such as
starvation, thus preventing cells from dying.'® It is
therefore very important to understand the mechanism
of how pyramidal neurons regulate the two opposite
downstream effects of autophagy. survival and death,
after H/l insult.
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Fbsl is an F-box protein present abundantly in the nervous
system. Similar to the ubiquitously expressed Fbs2, Fbsl recog-
nizes N-glycans at the innermost position as a signal for
unfolded glycoproteins, probably in the endoplasmic reticulum-
associated degradation pathway. Here, we show that the in vive
majority of Fbsl is present as Fbs1-Skp1 heterodimers or Fbsl
monomers but not SCF™' complex. The inefficient SCF com-
plex formation of Fbs1 and the restricted presence of SCF™"'
bound on the endoplasmic reticulum membrane were due to the
short linker sequence between the F-box domain and the sugar-
binding domain. /n vitro, Fbs1 prevented the aggregation of the
glycoprotein through the N-terminal unique sequence of Fbsl.
Our results suggest that Fbs1 assists clearance of aberrant gly-
coproteins in neuronal cells by suppressing aggregates forma-
tion, independent of ubiquitin ligase activity, and thus functions
as a unique chaperone for those proteins.

The SCF (Skpl/Cull/E-box protein) complex, the largest
known class of sophisticated E3” ubiquitin ligases, consists of
common components, Skpl, Cull, and Rocl/Rbx1, as well as
variable components known as F-box proteins that bind the
substrates (1, 2). In this complex, the scaffold protein Cull (alias
cullinl) interacts at the N terminus with the adaptor subunit
Skp1and at the C terminus with the RING-finger protein Roc1/
Rbx1 that recruits a specific ubiquitin-activating enzyme (E2)
for ubiquitylation. F-box proteins, interacting with Skpl
through the ~40 amino acid F-box motif, play an indispensable
role in the selection of target proteins for degradation because
each distinct F-box protein usually binds a protein substrate(s)
with a degree of selectivity for ubiquitylation through C-termi-
nal protein-protein interaction domains (3). The human
genome contains 69 genes for F-box proteins and a large num-
ber of F-box proteins function in the specific ubiquitylation of a
wide range of substrates. The F-box proteins are divided into
three classes according to the type of substrate-binding
domains. The two classes of binding domains are WD40
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repeats and leucine-rich repeats, which are named Fbw (or
FBX'W) and Fbl (or FBXL) families, respectively (4). The third
class of F-box proteins is the Fbx (or FBXO) family that does not
contain any of these domains.

It has been reported that a subfamily under the Fbx family
consists of at least five homologous F-box proteins containing a
conserved FBA motif (5, 6). Among them, Fbs1/Fbx2/NFB42/
Fbgl and Fbs2/Fbx6b/Fbg2 can bind to proteins with high
mannose oligosaccharides modification that occurs in the
endoplasmic reticulum (ER) (7). Experiments using a fully
reconstituted system showed that both Fbs1 and Fbs2 can form
SCF-type ubiquitin ligase complexes specific for N-linked gly-
coproteins (7, 8). Overexpression of the Fbsl or Fbs2 domi-
nant-negative form or decrease of endogenous Fbs2 by small
interfering RNA resulted in inhibition of degradation of endo-
plasmic reticulum-associated degradation (ERAD) substrates,
suggesting the involvement of SCF™*' and SCF™* in the
ERAD pathway. Interestingly, x-ray crystallographic and NMR
studies of the substrate-binding domain of Fbs1 have revealed that
Fbsl interacts with the innermost chitobiose in N-glycans of gly-
coproteins by a small hydrophobic pocket located at the top of the
B-sandwich, indicating that both Fbsl and Fbs2 efficiently recog-
nize the inner chitobiose structure in Man,_,GlcNAc, glycans (9).
Indeed, the introduction of point mutation into the residues
in the pocket impaired the binding activity toward its glyco-
protein substrates. In general, the internal chitobiose struc-
ture of N-glycans in many native glycoproteins is not acces-
sible by macromolecules. Fbsl interacted with denatured
glycoproteins more efficiently than native proteins, indicat-
ing that the innermost position of N-glycans becomes
exposed upon protein denaturation and used as a signal of
unfolded glycoproteins to be recognized by Fbsl (10).

Of the Fbs family proteins, whereas Fbs2 is distributed ubiqg-
uitously in a variety of cells and tissues, Fbs1 is expressed onlyin
neurons (7). In considering the involvement of these F-box pro-
teins in the ERAD pathway in general, the restricted expression
of Fbsl in neurons remains a mystery. In this study, we found
that the major population of Fbsl protein did not form the
SCF™*! complex in cells although Fbsl is known to act as a
compartment of SCF-type ubiquitin ligase (8). Moreover, the
results showed that the sequence of the intervening segment
between the F-box domain and the substrate-binding domain
of the Fbs1 hampered the assembly of the SCF™ complex in
the cytosol without affecting the association with Skpl. The
Skpl-Fbsl heterodimers as well as SCF™* complex effectively
prevented the aggregation of the glycoprotein in vitro, and this
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activity was dependent on the presence of the N-terminal
domain and the substrate-binding domain of Fbsl. Our data
thus imply that Skp1 and Fbs1 may function in both SCF and
non-SCF complexes.

EXPERIMENTAL PROCEDURES

Affinity Purification and Immunoprecipitation of Brain
Lysate—The preparation of lysates from mouse brains and
purification of Fbs1 by using a ribonuclease B (RNaseB) column
were performed as described previously (10). For immunopre-
cipitation, we used polyclonal antibody to Fbsl as described
previously (11). For immunoblotting, we used rabbit polyclonal
antibodies against Fbsl, Cull (Zymed Laboratories Inc., San
Francisco, CA) and Skpl (Santa Cruz Biotechnology, Santa
Cruz, CA), and horseradish peroxidase-conjugated goat anti-
rabbit IgG (Jackson ImmunoResearch Laboratories, West
Grove, PA) for Fbs1 and Skp1 blots or horseradish peroxid

Twenty-four hours after transfection, the cells were starved for
30 min and labeled for 1 h with 150 uCi of Pro-Mix L-**S in vitro
cell labeling mix (Amersham Biosciences) per milliliter. After
washing, the cells were chased with complete Dulbecco’s mod-
ified Eagle's medium supplemented with fetal bovine serum in
the presence or in the absence of 50 ug/ml MG132 (Peptide
Institute, Tokyo, Japan) for the indicated time intervals. After
the harvested cells were lysed by TBS containing 0.1% SDS and
1% Nonidet P-40, immunoprecipitation was performed with
anti-rhodopsin and FLAG antibodies.

Preparation of Recombinant Proteins and in Vitro Ubiquity-
lation Assay—The His-tagged Fbsl AF, Fbsl AP baculovirus
were produced by Bac-to-Bac baculovirus expression system
(Invitrogen). The SCF™1, Skp1-Fbsl dimers, Fbs1 Fbsl AF,
Fbs1 AP, Skp1-AP dimers, and Fbs1 AN were obtained by bacu-
lovirus-infected HighFive cells as described previously (10).

conjugated goat anti-rabbit 1gG light chain (Jackson Immu-
noResearch Laboratories) for Cull blots. Lectin blotting was
performed by using horseradish peroxidase-conjugated ConA
(Seikagaku-kogyo, Japan) as described previously (11).

Glycerol Gradient Analysis—The fraction eluated with 0.1 m
chitobiose from the RNaseB resin was prepared from 0.5 ml of
lysates (14 mg/ml) from mouse brains. The eluate was dialyzed
against TBS. The resultant fraction and a 1-mg lysate of brains
were used for glycerol gradient analysis. Samples and molecular
weight markers (Amersham Biosciences) were fractionated by
4-17% (v/v) linear glycerol density gradient centrifugation (22
h, 100,000 X g) as described previously (12).

Cell Culture and Immunological Analysis—PC12 cells were
grown in RPMI medium 1640 (Invitrogen) supplemented with
10% horse serum and 5% fetal bovine serum. For neuronal dif-
ferentiation, PC12 cells were treated with 10-20 ng/ml nerve
growth factor (Invitrogen) on collagen-coated plates. 293T and
HeLa cells were grown in Dulbecco’s modified Eagle's medium
(Sigma) supplemented with 10% fetal bovine serum and were
transfected as described previously (8). FLAG-tagged Fbsl
mutant vectors consisting of Fbsl and Fbs2 fragments were
generated by PCR, and those sequences were verified. Whole
cell lysates were prepared with 20 mm Tris-HCI (pH 7.5), 150
mm NaCl (TBS) containing 0.5% Nonidet P-40. The superna-
tant and precipitate fractions were prepared by ultracentrifuga-
tion of the supernatant that was prepared by centrifugation of
freezing-and-thawing cell lysates in TBS at 8,000 X g for 20 min
and at 100,000 X g for 60 min. The precipitate fraction was
solubilized with Triton X-100. Each immunoprecipitation
analysis was performed for whole cell lysates or subcellular
fraction of cells by using the same amount of proteins. Mono-
clonal antibodies to calnexin and rhodopsin were purchased
from BD Transduction Laboratories and Affinity Bioreagents
(Golden, CO), respectively. Antibodies to FLAG, HA, and
fetuin have been described previously (8).

Pulse-chase Analysis—The expression plasmid for P23H rho-
dopsin was kindly provided by M. E. Cheetham (University Col-
lege London). Pulse-chase experiments were performed as
described previously (7). Briefly, 293T cells were transfected
with 1 pg of P23H rhodopsin expression plasmid and 1 ug of
FLAG-tagged Fbsl derivatives or pcDNA3-FLAG plasmid.
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These p were purified by affinity chromatography using
RNaseB-immobilized beads as a ligand and chitobiose as an
eluent, and the eluates were dialyzed to 1,000 volumes of TBS
three times. In vitro ubiquitylation assays were performed as
described previously (10).

Aggregation Assay—Jack bean a-mannosidase (Sigma) was
desalted using a NAP-25 gel filtration column (Amersham Bio-
sciences) equilibrated in 10 mm Tris-HCl (pH 8.0). The desalted
protein was lyophilized and redissolved at 21.7 pm in 0.1 m
Tris-HCl (pH 8.0) and 6 M GdnHCl as described previously (13).
After denaturation for 60 min at room temperature, samples
were diluted to 0.3 pm in 1 ml of TBS containing various con-
centrations of bovine serum albumin or recombinant Fbsl
derivatives. Protein aggregation was monitored at 25 °C over a
period of 60 min by measuring absorbance at 360 nm.

RESULTS

Mudltiple States of Fbsl in Brain—Fbs] has been found in the
fraction eluted with di-N-acetyl-p-glucosamine (thereafter
referred to as chitobiose) from GlcNAc-terminated fetuin of
lysates prepared from mouse brain (8). Fbs1 and Skp1 proteins
were detected in the eluted fraction with Coomassie Brilliant
Blue staining, but we could not detect the apparent band of
Cull. However, the formation of the SCF™* complex was con-
firmed not only by reciprocal immunoprecipitation experi-
ments in 293T cells but also by reconstitution of baculovirally
expressed recombinant SCF™™! proteins. Toaddress these con-
tradictory observations, we tested whether endogenous Fbsl in
the mouse brain forms the SCF complex by examining the
interaction of Fbs1 with Cull (Fig. 14). Fbs1 can be easily puri-
fied by affinity chromatography using RNaseB that contains a
high mannose oligosaccharide as a ligand and chitobiose as an
eluent (10). Since Fbs1 contains a single binding domain toward
an N-glycan, it seems likely that the eluated Fbs1 protein or its
complex from the RNaseB-immobilized resin is free from its
substrates. Indeed, the glycoproteins modified with high man-
nose oligosaccharides were not included in the eluates by chi-
tobiose (Fig. 1B). Although Skpl was effectively co-immuno-
precipitated with Fbsl from the lysate of mouse brain, the
amount of Skp1 that was eluted with Fbsl from the RNaseB
resin was small (Fig. 14). Despite the difference in the quanti-
ties of Skp1 bound to Fbsl in the fractions between eluates from
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FIGURE 1. States of Fbs1 in mouse brain. 4, 0.6 mg of lysate from adult
mouse brain was subjected to RNaseB-immobilized affinity column and elu-
ated with chitablose (£) or subjected to immunoprecipitation with an anti-
body to Fbs1 (IF). Thirty ug of lysate (L), one-tenth of eluate, and immunopre-
cipitate were analyzed by immunaoblotting with antibodies to Cull, Fbs1, or
Skp1. Asterisks show Ig heavy chain (aFbs1) and light chain (aSkp1). 8, ConA
lectin blot for brain lysate (L) and the eluate from the RNase8 resin (F) against
the same amounts of proteins described in A. €, adult mouse brain lysate
(lower panel, 0.7 mg) and lysate eluated with chitobiose from RNaseB (upper
panel, started from 7 mg of the lysate) were separated by 4-17% glycerol
density gradient centrifugation. One-third of each fraction was analyzed by
immunoblotting with antibodies ta Cull, Fbs1, and Skp1. Molecular size mark-
ers are indicated below.

the RNaseB resin and immunoprecipitation with an anti-Fbsl
antibody, almost the same and small quantities of Cull were
detected in these fractions. These results suggest that major
populations of substrate-free Fbs1 and substrate-binding Fbsl
are present as Fbsl monomers and Fbs1-Skpl dimers, respec-
tively, and the binding of substrates to Fbs1 does not influence
the weak SCF complex formation.

To examine the behavior of endogenous Fbs1 in more detail,
eluates from the RNaseB resin and lysates from the mouse brain
were separated by a 4—17% glycerol density gradient centrifu-
gation (Fig. 1C). The distribution of Fbsl (42 kDa) in the
chitobiose eluates corresponded to the position of Fbsl mono-
mers (fraction 4) and Skp1-Fbs1 dimers (—63 kDa)(fraction 6).
Although Cull was not detected in any fractions, the peak of
Skp1 in eluates from the RNaseB resin was in the position of the
Skpl-Fbsl dimer, On the other hand, Fbsl protein in brain
lysate was detected in a broad range of fractions mainly larger
than Fbs1-Skpl dimers, indicating that most Fbs1, if not all, is
associated with various glycoprotein substrates; i.e. Fbs1-Skpl
dimers maintain the association with glycoproteins in vivo.
Cull (~90 kDa) in brain lysate was distributed broadly in
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higher density fractions, indicating its association with various
other SCF-components.

Minor Population of Fbsl Forms SCF Complex on ER—We
next expressed FLAG-tagged F-box proteins alone or their
combination with HA-tagged Skp1 in 293T cells and immuno-
precipitated with anti-FLAG and anti-HA antibodies (Fig. 24).
The expression of HA-tagged Skpl increased the amount of
exogenous F-box proteins, suggesting that Skpl stabilizes
F-box proteins (lanes 1-8). Cull was co-immunoprecipitated
with Fbs2 and Fbg3, which are highly homologous with Fbs1, or
BTrCP1/Fbwl, one of the Fbw family members (lanes 11-16).
The interaction between Cull and these F-box proteins increased
upon co-expression of Skpl. However, unlike these F-box pro-
teins, Fbs1 was almost undetectable in the immune complex with
Cull, regardless of the overexpression of exogenous Skp1 (lares 9
and 10), although Fbs1 was co-immunoprecipitated with Skpl
as well as other F-box proteins (lanes 18, 20, 22, and 24 in the
aFlag panel). Moreover, the amount of Cull associated with
exogenous Skpl was lower in the presence of Fbs1 than in those
of other F-box proteins, suggesting that expression of Fbs1 pre-
vents forming other SCF complexes by dimerizing with Skpl
(lanes 18, 20, 22, and 24 in the aCull panel). These results
suggest that Fbs1 can strongly bind Skp1 but is weak in forming
the SCF*™! complex.

We have recently reported that Fbs1 is a cytosolic protein but
that part of Fbsl associates with the ER membrane through
interaction with p97/VCP (valosin-containing protein) (11).
We next examined whether the ER membrane-associated Fbsl
formed the SCF complex. Lysates of 293T and HelLa cells
expressing FLAG-tagged Fbsl were fractionated into the
100,000 X gsupernatantand precipitate fractions excluding the
8,000 x g precipitate, and then Fbsl was immunoprecipitated
from these fractions by anti-FLAG antibody. As shown in Fig.
28, Cull was co-immunoprecipitated with Fbs1 mainly from
the precipitate (p) fraction (lanes 4 and 8). Although the asso-
ciation of Fbsl with Skpl occurred more effectively in the
supernatant (s) fraction, the formation of the SCF complex,
including Fbs1, was hardly detected in the supernatant fraction
(lanes 3 and 7). Moreover, we examined whether endogenous
Fbs1 formed the SCF complex in the precipitate fraction using
nerve growth factor-treated PC12 cells, which endogenously
express Fbsl (14). As shown in Fig. 2C, part of Cull was co-
immunoprecipitated with Fbsl from the precipitate (p) frac-
tion. These results indicate that the major population of endog-
enous Fbsl is present as the Fbs1-Skpl heterodimers or the
Fbs1 monomers in the cytosol, and a minor population of Fbs1
forms the SCF complex bound on the ER membrane.

Linker Sequence of Fbsl Pr SCF Comp
Although the SCF complex formation of Fbsl was inefficient,
Fbs2 formed the SCF complex effectively (Fig. 24). To identify
the region(s) of Fbs1 that impedes SCF complex formation, we
examined the ability of various fusion proteins containing Fbs1
and Fbs2 fragments to form the complex and compared these
findings with the full-length proteins in co-immunoprecipita-
tion assay (Fig. 34). Fbs1 AF was used as negative control that
did not bind to Skp1 (Fig. 3B, lane 3). Fbs1 YW and Fbsl AC,
both of which are deficient in substrate binding, could not
restore SCF complex formation, indicating that the interaction

.
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FIGURE 2. Major population of Fbs1 forms non-SCF complex in vive. A, 93T cells were transfected with
plasmids encoding various FLAG-tagged F-box proteins (Fbs1, Fbs2, Fbg3, and BTrCP1 (7)) combination with
empty HA plasmids (—) or plasmids encoding HA-tagged Skp1 (+). Whole cell lysates were subjected to
immunaprecipdtatian (1P with antibﬂdies to FLAG and HA, and lysates (15 g each) and one half of the result-
ing precip d by Im blotting with antibodies to Cull, FLAG, and Skp1. Asterisks show Ig
heavy and light chalns B. 293T and HeLa cells were transfected with FLAG-tagged Fbs)1. Cell lysates were
fractionated by ultracentrifugation, and FLAG-Fbs1 was immunoprecipi 1 with an antibody to FLAG from
the same amount of proteins of 100,000 X g supernatant (s) and predpltate {p) fractions. The total amount of
protein of the supernatant fraction was 2-3 timrs larger than that of the precipitate fraction, Lysates (15 ug
each) and Immunoprecipitates were analyzed by | ing with antibodies to Cull, FLAG, and Skp1.
Asterisks show Ig heavy and light chains. To control forthe ffacﬂonatinn immunoblotting withan antibody to
calnexin was performed. €, endogenous Fbs! was | ipitated with an ibody to Fbsl from
100,000 X g supernatant, and precipitate fral:uons of differentiated PC12 cells were treated with nerve growth
factor, Lysates (15 ug each) and immunog p were analyzed by Immunoblotting. The immunacblotting
analysis for separated supernatant and precipitate fractions was conducted as for 8.

lower homology than other portions
between Fbsl and Fbs2, suggesting
that the Fbsl linker sequence is
responsible  for impeding the
SCF™*! complex formation. Indeed,
only the Fbsl mutant protein that
contained the Fbs2 linker sequence
could form the SCF complex, but
the efficiency of the SCF complex
formation was less than that of Fbs-
2N1C (Fbsl 12: lane 15). On the
other hand, Fbs2 protein containing
the Fbsl linker sequence and the
Fbsl protein without its linker
sequence did not seem to show the
correct folding for Skpl binding
(Fbs2 11 and Fbsl Al: lanes 16 and
17). The Fbs1 mutant in which the
F-box domain and the linker
sequence are replaced with those of
Fbs2 forms the SCF complex effec-
tively. Thus, we conclude that the
Fbsl linker sequence between the
F-box and substrate-binding do-
mains hampers the SCF™' complex
formation.

We next compared the localiza-
tion of Fbsl, Fbs2, and the mutant
Fbsl proteins capable of forming
the SCF complex: Fbs-2N1C and
Fbs1 12 (Fig. 3C). Although a minor
population of Fbs1 in the precipitate
(p) fraction formed the SCF com-
plex, most Fbs2 formed the SCF™?
complex in the supernatant (s) frac-
tion as well as the precipitate frac-
tion. Fbs-2N1C could form the SCF
complex mainly in the supernatant
fraction (Fig. 3C). Moreover, the

between Fbsl and its substrates does not affect the complex
formation (lanes 4 and 5). The N-terminal sequence of Fbsl
called the P domain is unique and is not seen in other F-box
proteins, but the removal of this domain from Fbs1 or the addi-
tion to Fbs2 did not affect the complex formation (Fbsl AP and
Fbs2 P1: lanes 6 and 13). Exchange of the F-box domains
between Fbsl and Fbs2 caused the loss of the Skpl binding
activity, probably due to the incorrect folding (Fbsl F2, Fbsl
APF2, Fbs2 F1, and Fbs2 PF1: lanes 7, 8, 10, and 11, respec-
tively). However, the replacement of the Fbsl N-terminal
region (which contains P and F-box domains and linker
sequence) with the Fbs2 N-terminal region rescued the com-
plex formation (Fbs-2N1C: lane 9). In contrast, the addition of
the Fbsl N-terminal region instead of the Fbs2 N-terminal
region markedly reduced the activity of Fbs2 to form the SCF
complex but did not affect the Skp1 binding (Fbs-1N2C: lane
12). The linker sequences of the intervening segments between
the F-box domain and the substrate-binding domain showed
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amount of Cull co-immunoprecipi-
tated with Fbsl 12 was similar in both fractions. These results
suggest that the linker sequence of Fbsl does not only impede
the formation of the SCF complex but also restricts the local-
ization of the SCF complex bound on the ER membrane.
Expression of Mutant Fbs1 That Forms E3 Easily Induces Pro-
teolysis of Its Substrates—To confirm that most Fbs1 in the cells
is inactive to function as an E3 ubiquitin ligase, we next exam-
ined the ability of the mutant Fbsl that readily forms the SCF
complex (Fbs-2N1C) to ubiquitylate the substrates. It has been
shown that P23H mutated rhodopsin (hereafter referred to as
P23H) is an ERAD substrate, and its N-linked glycosylation is
required for the degradation (15, 16). As reported previously,
rhodopsin monomer is —40-43 kDa, but the majority of P23H
was detected as high molecular weight complex multimers by
immunoblotting with anti-rhodopsin antibody (Fig. 44). Wild-
type Fbsl, but not the substrate-binding defective mutant Fbs1
YW, wasable to associate with P23H effectively, suggesting that
Fbs1 binds to P23H through its N-glycans. On the other hand,
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