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The 26S proteasome, a central enzyme for ubiquitin-dependent proteolysis, is a highly complex structure
comprising 33 distinct subunits. Recent studies have revealed multiple dedicated chaperones involved in
proteasome assembly both in yeast and in mammals. However, none of these chaperones is essential for yeast
viability. PAC1 is a mammalian proteasome assembly chaperone that plays a role in the initial assembly of the
20S proteasome, the catalytic core of the 26S proteasome, but does not cause a complete loss of the 20S
proteasome when knocked down. Thus, both chaperone-dependent and -independent assembly pathways exist
in cells, but the contribution of the chaperone-dependent pathway remains unclear. To elucidate its biological
significance in mammals, we generated PAC1 conditional knockout mice. PAC1-null mice exhibited early
embryonic lethality, demonstrating that PAC1 is essential for mammalian development, especially for explosive
cell proliferation. In quiescent adult hepatocytes, PAC1 is responsible for producing the majority of the 20S
proteasome. PAC1-deficient hepatocytes contained normal amounts of the 26S proteasome, but they completely
lost the free latent 20S proteasome. They also accumulated ubiquitinated proteins and exhibited premature
senescence. Our results demonstrate the importance of the PAC1-dependent assembly pathway and of the

latent 20S proteasomes for maintaining cellular integrity.

The 26S proteasome is a eukaryotic ATP-dependent pro-
tease responsible for the degradation of proteins tagged with
polyubiquitin chains (21). The ubiquitin-dependent proteolysis
by the proteasome plays a pivotal role in various cellular pro-
cesses by catalyzing the selective degradation of short-lived
regulatory proteins as well as damaged proteins. Thus, the
proteasome is essential for the viability of all eukaryotic cells.

The 26S proteasome is a large protein complex consisting of
two portions; one is the catalytic 20S proteasome of approxi-
mately 700 kDa (also called the 20S core particle), and the
other is the 19S regulatory particle (RP; also called PA700) of
approximately 900 kDa, both of which are composed of a set of
multiple distinct subunits (70). The 20S proteasome is a cylin-
drically shaped stack of four heptameric rings, where the outer
and inner rings each are composed of seven homologous o
subunits (a1l to «7) and seven homologous B subunits (B1 to
B7), respectively (5). The proteolytic active sites reside within
the central chamber enclosed by the two inner B-rings, while a
small channel formed by the outer o-ring, which is primarily
closed, restricts the access of native proteins to the catalytic
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chamber. Thus, the 20S proteasome is a latent enzyme. Ap-
pending 19S RP, which consists of 19 different subunits, to the
a-ring enables the 20S proteasome to degrade native proteins;
19S RP accepts ubiquitin chains of substrate proteins, removes
ubiquitin chains while unfolding the substrates, and feeds the
substrates into the interior proteolytic chamber of the 20S
proteasome through the o-ring that is opened when the C-
terminal tails of the ATPase subunits of 19S RP are inserted
into the intersubunit spaces of the a-ring (24, 62, 74). How-
ever, it also has been reported that some denatured or unstruc-
tured proteins can be degraded directly by the 20S proteasome
even in the absence of 19S RP and ubiquitination (37, 39).

Much attention has been focused on how such a highly
elaborate structure is achieved. Recent studies have identified
various proteasome-dedicated chaperones that assist in the
assembly of the proteasome in eukaryotic cells (23, 40, 56, 57,
65, 66). In yeast, while most of the proteasome subunits are
essential for viability, the deletion of any of these chaperones
does not cause lethality. In fact, many, if not all, of the dele-
tions exhibit subtle phenotypes. In mammalian cells, although
the knockdown of the assembly chaperones reduced protea-
some assembly and thus proteasome activity, leading to slow
cell growth, the degree of reduction was much lower than that
which occurred following the knockdown of the proteasome
subunit itself (33, 35, 40). These results indicate that the as-
sembly chaperones play an auxiliary role in proteasome bio-
genesis.

Proteasome assembly chaperone 1 (PACI) is one of the
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FIG. 1. PACl-dependent proteasome biogenesis is essential for
mammalian development. (A) Strategy for the mutation of Psmgl
gene. The genomic region of the wild-type Psmgl locus (+), the Psmgl
targeting vector, the structures of the mutated Psmgl gene (M), the
floxed gene in which the neomycin cassette (Neo) removed by flippase-
mediated recombination (F), and the knockout allele in which exon 2
was deleted by Cre-mediated recombination [Aexon2 (—)] are de-
picted. The numbered black boxes are Psmgl exons. The open arrow-
heads and circles indicate loxP and FRT sites. The probe for Southern
blot analysis is shown as a gray box. DNA fragments detected by
Southern blot analysis after BamHI digestion are shown. DTA, diph-
theria toxin fragment A. (B) Southern blot analysis of genomic DNAs
extracted from ES cells of the indicated genotypes. (C) Psmgl ™™ or
Psmgl*'~ (left) and Psmgl '~ (right) embryos in the uterus at E6.0
(top) and E6.5 (bottom) were morphologically identified by hematox-
ylin-eosin (HE) staining followed by immunofluorescent staining with
anti-PAC1 antibody (middle). The signal shown with an asterisk in the
immunostaining of Psmgl ™/~ embryo corresponds to eosinophilic
structures seen outside the embryo in HE staining and probably is due
to nonspecific staining.

assembly chaperones originally identified in mammalian cells
(34). PAC1 plays a role in a-ring formation that occurs during
the initial assembly of the 20S proteasome; it also prevents the
aberrant dimerization of the a-ring. As is the case for most
assembly chaperones, the knockdown of PAC1 in mammalian
cells decreases proteasome activity but to a lesser extent than
that in, for example, B2 knockdown (34, 35). Therefore, both
PACI1-dependent and -independent assembly pathways exist in
cells, but the importance of the PACIl-dependent pathway
remains elusive. To further elucidate the biological significance
of PAC1 and PACIl-dependent proteasome biogenesis, we
generated conditional mouse mutants carrying an inactivating
mutation in Psmgl, the gene coding for PACI1 protein, in the
whole body, the nervous system, and in the liver. Our results
demonstrate that PACI is essential for the development of a
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mouse, and that it plays important roles in maintaining cellular
integrity in quiescent tissue. Our study revealed for the first
time the importance of chaperone-mediated proteasome bio-
genesis in a whole-body mammalian system and may provide
valuable knowledge in medical drug development targeting
proteasomes.

MATERIALS AND METHODS

Gene targeting of Psmgl. A targeting vector for Psmgl-floxed mice was con-
structed by inserting loxP sequences into intron 1 and intron 2 so that exon 2 was
deleted upon the expression of Cre recombinase. A neomycin resistance gene
cassette that was flanked by FRT sites also was inserted into intron 2. TT2
embryonic stem (ES) cells were screened as described previously (54). For
Southern blot analysis, genomic DNA extracted from ES cells was digested with
BamHI and hybridized with the probe indicated in Fig. 1A. The mice carrying the
mutated PsmglI locus were crossed with Flp mice (Jackson Laboratory) to delete
the neomycin cassette, generating Psmgl™'* mice. Psmgl™* mice were back-
crossed onto the C57BL/6J strain for at least five generations before analysis.
Ella-Cre, Nestin-Cre, and albumin-Cre transgenic mice were purchased from
Jackson Laboratory. PCR primers used for mouse genotyping are listed in Table
1. Mice were housed in pathogen-free facilities. The experimental protocols were
approved by the Ethics Review Committee for Animal Experimentation of the
Tokyo Metropolitan Institute of Medical Science and the University of Tokyo.

Real-time PCR. The isolation of total RNA, reverse transcription, and real-
time PCR analysis were performed as described previously (30). The optimal
combinations of the specific PCR primers and probes (Roche), which are listed
in Table 2, were designed according to the Universal Probe Assay Design Center
(https://www.roche-applied-science.com/sis/rtpcr/upl/adc.jsp). B-Glucuronidase
(GUSB) was used for normalization. Real-time PCR data were analyzed by the
E-method from Roche Applied Science.

Immunoblot analysis. Mouse brains and livers were homogenized with a
Potter-Elvehjem homogenizer in a buffer containing 25 mM Tris-HCI (pH 7.5),
2 mM ATP, 5 mM MgCl,, and 1 mM dithiothreitol (DTT). The homogenates
were clarified by centrifugation at 20,000 X g for 10 min at 4°C before immu-
noblot analysis, glycerol gradient centrifugation, and peptidase activity assay. For
subcellular fractionation, the liver homogenates were clarified by passing them
through a 70-um mesh to remove debris and then were centrifuged at 100 X g for
10 min at 4°C. The precipitates were dispersed in TKM buffer (50 mM Tris-HCl
[pH 7.5], 25 mM KCI, 5 mM MgCl,) containing 0.25 M sucrose and subjected to
sucrose density gradient ultracentrifugation at 12,000 X g for 30 min at 4°C on a
2.3 M sucrose cushion in TKM buffer. The resultant pellets were dissolved in a
buffer containing 25 mM Tris-HCI (pH 7.5), 0.1 M NaCl, 1 mM DTT, 2 mM
ATP, and 1% Triton X-100 and were centrifuged at 20,000 X g for 10 min at 4°C.
The supernatant was used as the nuclear fraction. SDS-PAGE and immunoblot
analysis were performed as described previously (29). Antibodies for the pro-
teasome subunits and chaperones used in this study were described previously
(30, 33-35, 40). The antibodies for polyubiquitin (FK-2; Medical & Biological
Laboratories), actin (MAB1501R; Chemicon), and lamin B (M-20; Santa Cruz)
were purchased.

Glycerol density gradient analysis. Clarified homogenates were subjected to 8
to 32% (vol/vol) linear glycerol density gradient centrifugation (22 h; 83,000 X g)
as described previously (55). For immunoblot analysis, the fractionated samples

TABLE 1. Genotyping PCR primers®

Primer designation Product

Detected allele length (bp)

Forward Reverse
Psmgl wild type a b 350
Psmgl mutated (M) a c 640
Psmgl floxed (F) a d 150
Psmgl Aexon2 (—) e d 420
Cre transgenes f g 970

“ Primer designations and sequences are the following: a, TGTCTTCAAAA
GCCACAGTCGT; b, AGGGCAAGAGCTCCTAACTAG; ¢, TCGTGCTTTA
CGGTATCGCCGCTCCCGATT; d, AGGGCAAGCGATACCGTCGAGATT
AAAATA; e, GGTGATTGTGTCAACGACAGACACTTTTG; f, ATTTGCC
TGCATTACCGGTCGATGCAAC; g, TGTTTCACTATCCAGGTTACGGAT
ATAG.
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TABLE 2. PCR primers and universal probes for real-time PCR

Primer sequence (5'-3")

Gene product Probe no.
Forward Reverse

Gusp 6 GATGTGGTCTGTGGCCAAT TGTGGGTGATCAGCGTCTT
ad 21 CAACAGAGCCCGGGTAGA CGCCCATTGCTCTGTGTAT
B2 89 TCCCGAGAGTTGTTACAGCTAA GCACCAATGTAACCTTGATACCT
Rpnl3 40 CCCCAGACTGCAGATGAGAT GCCGCACTGAACATACCC
Smp30 3 CGATTCAATGATGGGAAGGT CGTTTCCTCAGCCATGGTA
Cu/ZuSOD 49 CCATCAGTATGGGGACAATACA GGTCTCCAACATGCCTCTCT
Gst-mu 58 CTACCTTGCCCGAAAGCAC ATGTCTGCACGGATCCTCTC
Gpx2 2 GTTCTCGGCTTCCCTTGC TTCAGGATCTCCTCGTTCTGA
Cyp2a$ 52 ACCAAGGACACCAAGTTTCG AGAGCCCAGCATAGGAAACA
Nqol 50 AGCGTTCGGTATTACGATCC AGTACAATCAGGGCTCTTCTCG
Ercc3 6 CGGGTACTCAGAGCCAAGAA CAGGGAGTAGAAAAAGGCATTG
XreeS 29 GAAGATCACATCAGCATCTCCA CAGGATTCACACTTCCAACCT
Oggl 20 TTATCATGGCTTCCCAAACC CCTCAGGTGAGTCTCTGCTTC
p19ARF 106 GGGTTTTCTTGGTGAAGTTCG TTGCCCATCATCATCACCT
pS3 60 GTGAGGCGAGTTGTGGAAAT TGCCACACAGCAGTGAATG
p21waf 1/Cip1 21 TCCACAGCGATATCCAGACA GGACATCACCAGGATTGGAC
p63 45 AGACCTCAGTGACCCCATGT CTGCTGGTCCATGCTGTTC
Noxa 15 CAGATGCCTGGGAAGTCG TGAGCACACTCGTCCTTCAA
PUMA 79 TTCTCCGGAGTGTTCATGC TACAGCGGAGGGCATCAG

16!NKda 42 CTTCCTGGACACGCTGGT TCTTGATGTCCCCGCTCTT
pls [NKab 42 GACACGCTTGTCGTGCTG TGCTCTTCAGCCAAGTCTACC

were precipitated by cold acetone and dissolved in SDS sample buffer containing
B-mercaptoethanol.

Assay of proteasome activity. The peptidase activity of the proteasome was
measured using a fluorescent peptide substrate, succinyl-Leu-Leu-Val-Tyr-7-
amido-4-methylcoumarin (Suc-LLVY-MCA; Peptide Institute), as described
previously (55). The degradation assay of the recombinant *>S-labeled ornithine
decarboxylase (ODC) was performed as described previously (30).

Histological examination. Embryos in utero and brains subjected to 5-bromo-
2'-deoxyuridine (BrdU) staining were fixed by immersion in phosphate-buffered
saline (PBS) containing 4% paraformaldehyde (PFA), embedded in paraffin, and
sectioned. Other tissues were processed as described previously (45). Meyer’s
hematoxylin and eosin, toluidine blue, and oil red O stainings were performed by
conventional methods. Immunofluorescent analysis was performed as described
previously (45). Anti-calbindin-D-28K (EG-20; Sigma) and anti-NeuN (4G2;
Abcam) were purchased. Alexa Fluor 647 goat anti-rabbit IgG and Alexa Fluor
488 goat anti-rabbit IgG (Molecular Probes) were used as secondary antibodies
to detect the primary antibodies. For senescence-associated 3-galactosidase (B-
gal) activity staining, cryosections of PsmgI™¥ liver were washed in PBS and
incubated in a freshly prepared buffer containing 40 mM citrate-phosphate (pH
6.0), 1 mg/ml 5-bromo-4-chloro-3-indolyl-B-D-galactosidase, 5 mM potassium
ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl, at
37°C for 12 h.

BrdU staining. Postnatal day 0 (P0) mice, P3 mice, and pregnant mice at
embryonic day 15.5 (E15.5) were intraperitoneally injected with PBS containing
BrdU (Sigma; 50 pg/g body weight) three times every hour before dissection.
Paraffin sections of their brains were deparaffinized, subjected to microwave-
enhanced antigen retrieval in 0.05% citraconic anhydride, and then incubated in
0.2 M HCI at 37°C for 30 min, followed by immunofluorescent staining using
Alexa Fluor 488-conjugated anti-BrdU antibody (Molecular Probes).

RESULTS

Early embryonic lethality of PAC1-null mice. To create
Psmgl-flox mice, a targeting vector was designed to modify the
Psmgl gene by homologous recombination in ES cells so that
exon 2 was flanked by loxP sites, leading to the deletion of the
Psmgl-flox gene when expressing the DNA recombinase Cre
(Fig. 1A). We included FRT sites to remove the neomycin
cassette after the generation of chimeric mice by crossing these
with Flp mice. Homologous recombination in an ES cell clone
and the deletion of the floxed gene by the infection of the clone

with Cre-expressing adenovirus were confirmed by Southern
blotting (Fig. 1B). Germ line mice were crossed with Flp mice
to obtain Psmgl™" mice. Psmgl™ mice were healthy and
fertile, indicating that the presence of the loxP sites did not
affect PACI function in vivo.

We first crossed Psmgl™F mice with mice expressing Cre
recombinase throughout the whole body under the control of
the adenovirus-derived EIla promoter to obtain PACI1-null
(Psmgl~—'~) mice. Psmgl heterozygous (Psmgl™'~) mice were
born healthy and fertile without any noticeable pathological
phenotypes. However, the subsequent intercrossing of the het-
erozygous mice failed to produce any viable homozygous
(Psmgl ") mice. To further characterize these mice, embryos
in utero were analyzed at various developmental stages.
Psmgl~'~ mice were evident at E3.5 with the appearance of
normal blastocysts (data not shown). In E6.0 to 6.5 embryos, a
cylinder-like two-layered cellular structure was observed in
normal embryos (Fig. 1C). In contrast, PACI-deficient em-
bryos, which were identified by immunostaining with anti-
PACI antibody, exhibited disorganized structure at E6.0 (Fig.
1C). At E6.5, PAC1-deficient embryos were mostly absorbed,
while wild-type or heterozygous embryos developed into the
normal egg cylinder (Fig. 1C). These data indicate that PAC1
is essential for mammalian embryonic development.

Loss of PAC1 leads to poor proteasome activity in the brain.
Recent studies have suggested links between the impairment
of the ubiquitin-dependent protein degradation system and
neurological disorders such as neurodegeneration (26). There-
fore, as a next step, we investigated the role of PACI in the
central nervous system by crossing PsmgI™" mice with mice
that express Cre under the control of the Nestin promoter. The
Nestin-Cre allele has been shown to result in very efficient
recombination in neuronal and glial precursor cells starting at
around E10.5 (78). Homozygous mutant pups (Psmgl™/F™Nes)
were born at the Mendelian frequency as genotyped at P1
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FIG. 2. Decreased proteasome activity in PsmgI™ ™ mouse
brains. (A) Growth retardation (left two panels) and abnormal limb-
clasping reflexes (right two panels) in Psmgl™ N mice at P21. When
lifted by the tail, Psmgl™'F mice behaved normally, extending their hind
limbs and bodies. In contrast, Psmgl™ ™ mice bent their legs toward
their trunk or tightened their back limbs to their bodies and anterior
limbs. (B) Impairment of weight gain in PsmgI™ ™ brains. Control
(PsmgI™*) and Psmgl®¥™Nes cerebra and cerebella were dissected, and
their wet weight was measured on the indicated days. The data are
shown as the means =+ standard deviations (SD) (n > 3 each). (C) Ex-
tracts from PsmgI™" and Psmgl™"N* brains at P21 were subjected to
immunoblot analysis using the indicated antibodies. p35-Ub denotes
monoubiquitinated p35. (D) The extracts used for panel C were frac-
tionated by 8 to 32% glycerol gradient centrifugation. An aliquot of
each fraction was used for an assay of the chymotryptic activity of the
proteasomes using Suc-LLVY-MCA in the absence (upper panel) or
presence (lower panel) of 0.025% SDS. (E) Extracts from Psmgl™'®
and Psmgl®FNes brains at E14.5, E16.5, E18.5, and PO were used for
an assay of the chymotryptic activity of the proteasomes using Suc-
LLVY-AMC as a substrate. The data are shown as means = SD (n >
3 each) relative activity.

without gross abnormality (n = 59 for Psmg1¥FNe out of 224
pups from the crossing of Psmgl™ "™ and Psmgl1™'"). How-
ever, they exhibited growth retardation and neurological dis-
orders, including ataxia, tremor, and abnormal limb-clasping
reflexes when held by the tail (Fig. 2A). They died at around
P21, with no pups surviving beyond the weaning stage.

The cerebrum and cerebellum weights of mutant mice were
reduced as early as P3 and were only one-third of those of
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control mice at P21 (Fig. 2B). Whole-brain lysates of P21
PsmgI™™™Nes and control (Psmgl™") mice were analyzed by
immunoblotting for PAC1 protein expression as well as for its
heterodimeric partner PAC2, several proteasome subunits,
and ubiquitin. PACI protein contents were reduced by approx-
imately 90% in brain lysates of Psmgl™ N mice (Fig. 2C).
Considering that PACI is a short-lived protein that is rapidly
degraded upon the biogenesis of the 20S proteasome, the re-
sidual PAC1 protein likely is due to its expression in the blood
vessels and in the meninges of the brain, where Cre-mediated
DNA recombination does not occur (17, 27, 34). The PAC2
protein was similarly reduced (Fig. 2C), which is consistent
with the notion that PAC1 and PAC2 proteins are stable only
when they form a heterodimer (34). The proteasome subunits
a7 and B1, both of which are subunits of the 20S proteasome,
were significantly reduced, whereas the 19S RP subunits, Rpt6
and Rpnl, were marginally increased (Fig. 2C). Immunoblot-
ting for ubiquitin revealed that the mutant mouse brain accu-
mulated a larger amount of ubiquitin-conjugated proteins than
the control mouse brain (Fig. 2C). We also observed an in-
crease in two known short-lived proteins, p35 and HIF1a, that
are degraded by the ubiquitin-proteasome pathway (59, 68),
the former accumulating mainly in a ubiquitinated form, as
described previously (59) (Fig. 2C). These data indicate atten-
uated proteasome activity in the Psmgl™ N brain.

Indeed, the analysis of the chymotryptic activity of the pro-
teasome following glycerol gradient centrifugation of the brain
lysates revealed a decrease in the activity of the 26S protea-
some and the free 20S proteasome (Fig. 2D). The time-course
analysis of proteasome activity showed that the activity of the
PACI-deficient brain declined with the developmental pro-
cess; while mutant brains still exhibited approximately 80% of
the activity of the controls at E14.5, it gradually decreased to
only 60% at birth (Fig. 2E). Immunoblot analyses of fractions
separated by glycerol gradient centrifugation of E12.5, E16.5,
and PO brains showed a parallel, gradual decrease in the free
20S proteasomes (see Fig. S1A in the supplemental material),
which was further confirmed by the time-course analysis of the
activities of 20S and 26S proteasome fractions (see Fig. S1B in
the supplemental material). Of note, when total levels of 20S
proteasome gradually decreased as development proceeded,
the levels of 26S proteasome were maintained until free 20S
was lost, suggesting that when both 19S RP and 20S protea-
somes exist in cells, they are preferentially assembled into 26S
proteasomes rather than existing as free forms. These results
indicate that the loss of PAC1 caused an inefficient 20S pro-
teasome biogenesis and hence decreased proteasome activity,
which led to the impaired degradation of ubiquitinated pro-
teins.

PAC1 deficiency leads to severe defects in brain develop-
ment. We next performed histological analyses of these brains.
PACI-deficient brains exhibited malformations of the cere-
brum and cerebellum (Fig. 3A to C). The cerebrum of the
mutant mice displayed cortical thinning and reduced hip-
pocampus and dentate gyrus, although the layer formation of
the pyramidal cells and granule cells was not disturbed (Fig.
3A). The morphological abnormality was more apparent in the
cerebella of the mutant mice. Not only was the size markedly
reduced compared to that of the controls but normal lobula-
tion also was absent from the mutant cerebella (Fig. 3B).
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wm) magnification. CC, cerebral cortex; HC, hippocampus; TH, thal-
amus; DG, dentate gyrus. (B) Histological analysis of Psmgl™" and
PsmgIT/FNes cerebella at P9 and P20. A section of each brain was
stained with hematoxylin-eosin. Scale bar, 1 mm. (C) High-magnifica-
tion images of images from panel B. Scale bar, 100 pm. EGL, external
granule layer; ML, molecular layer; PL, Purkinje cell layer; IGL, in-
ternal granule layer. (D) Immunofluorescent staining of Purkinje cells
in the cerebellum at E15.5 and PO by anticalbindin antibody. (E) BrdU
staining following BrdU injection into E15.5 pregnant mice and PO
mice. (F) Mature neurons in the cerebellum at P21 were visualized by
immunofluorescent staining against NeuN. Abbreviations are the same
as those for panel B.
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During cerebellar development, Purkinje cells emerge from
the ventricular zone and stop dividing between E11 and E13.
Granular cell precursors within the external granular layer are
mitotically active between E15 and P14. Some of these cells
stop dividing after birth, differentiate into mature granular
cells, and migrate inward past the molecular layer, which is
filled with dendritic trees of the Purkinje cells and the Purkinje
cell layer, thus forming lobules and the inner granule cell layer
that occupy the majority of a mature cerebellar cortex (73). In
PsmgI™ N mice, however, this three-layered structure was
completely lost (Fig. 3C).

The immunostaining of cerebellar sections at E15.5 and PO
for calbindin 1, a marker for Purkinje cells, indicated that the
number of Purkinje cells in Psmgl™ N mice was comparable
to that in control mice, although their distribution within the
cerebellum was severely affected at PO (Fig. 3D). This suggests
that the ventricular zone cells had sufficient proteasome activ-
ity to give rise to Purkinje cells at E11 to 13, which can be
inferred from the data shown in Fig. 2E.

We then analyzed the developmental processes of cerebellar
granule cells that occur between E15.5 and P21. The prolifer-
ation of granular cell precursors was monitored by BrdU in-
corporation at E15.5 and P0O. While the granular cell precur-
sors in the external granular layer of the control cerebellum
had strong signals for BrdU, those in the mutant cerebellum
showed much weaker BrdU incorporation (Fig. 3E). We also
stained the cerebellar sections for cleaved caspase 3, a marker
for apoptosis, but we did not observe differences between
PsmgI®FNes and control cerebellum (see Fig. S2 in the sup-
plemental material). These results indicate that the prolifera-
tion of granule progenitor cells in Psmgl™ N mice was se-
verely inhibited (Fig. 3E), even though proteasome activity
remained at 60 to 80% of that of the control brain (Fig. 2E),
and a reduction in granular cells in Psmgl™ ™ cerebellum
was due to a proliferation defect rather than increased cell
deaths. Furthermore, immunofluorescent staining against
NeuN, a marker for mature neuronal cells, the majority of
which are mature granular cells, revealed that very few mature
neuronal cells were present in the PAC1-deficient cerebellum
at P21 (Fig. 3F). These data indicate that brain development is
strongly dependent on the integral proteasome activity that is
supported by PACl-assisted proteasome formation in mice.

Important role of latent 20S proteasome in the degradation
of ubiquitinated proteins. To better determine the biochemical
basis of the significance of PACI1, we generated mice lacking
PACI in postnatal hepatocytes by crossing PsmgI™F mice with
transgenic mice that expressed Cre recombinase under the
albumin promoter, Psmgl™"A (61). Psmgl™*'* mice were
born without any abnormal appearance or developmental de-
fects, were fertile, and survived as long as the control mice with
a nearly equal mortality rate at 18 months of age (data not
shown). Both the PAC1 protein and the PAC2 protein were
largely lost in the Psmgl™ "~ mouse liver at P14 (Fig. 4A). In
the mutant liver, the subunits of the 20S proteasome de-
creased, while those of 19S RP increased compared to those in
the control liver (Fig. 4A). These results are similar to the
observations in the mutant brains (Fig. 2D).

Fractionation of the liver lysates of P14 mice by glycerol
gradient centrifugation followed by immunoblot analysis re-
vealed that the amount of the 26S proteasome was comparable
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(B) The extracts shown in panel A were fractionated by 8 to 32% glycerol
gradient centrifugation and subjected to immunoblot analysis using the
indicated antibodies. (C) The fractions shown in panel B were subjected
to an assay of the chymotryptic activity of the proteasome using Suc-
LLVY-MCA in the absence (upper panel) or presence (lower panel) of
0.025% SDS. (D) Liver extracts from PsmgI™* and Psmgl™"*" mice at
P112 were analyzed as described for panels A and B. (E) Immunoblot
analysis of liver extracts from PsmgI™* and Psmgl™FA" mice at P14 and
P112 using antiubiquitin antibody. (F) Transcription levels of proteasome
subunits in P14 liver analyzed by real-time PCR. The relative ratios of the
expression levels in Psmgl™ ™A™ liver compared to those in PsmgI™* liver
are shown. The data represent means *+ standard deviations (SD) from
three independent experiments. (G) Fraction 26 shown in panel B was
subjected to an S**-ODC degradation assay. The data represent means +
SD from five independent experiments.
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between the mutant and control livers, although the 26S pro-
teasome in the mutant liver sedimented at heavier fractions
than that in the control liver, probably due to the association of
additional proteins, as reported previously (49) (Fig. 4B, frac-
tions 24 to 30). However, the PAC1-deficient liver almost lost
all the free 20S proteasomes that were not associated with 19S
RP and thus were latent with respect to protein degradation
(Fig. 4B, fractions 16 to 18). Instead, the amount of free 19S
RP, which is similar in size to the 20S proteasome but is not
associated with it around fraction 16, was increased (Fig. 4B;
also see Fig. S3A in the supplemental material). We also ob-
served complexes that presumably correspond to a-rings in the
control liver (see Fig. S3B, fraction 14) and a-ring dimers in
the PACl-deficient liver (see Fig. S3B, fractions 16 to 18).
Neither of these contained B-subunits (see Fig. S3C), which is
consistent with the observation found in PACI knockdown
cells (34). The subunit composition of the 20S proteasome in
PACI1-deficient livers was almost normal, containing all of the
14 subunits at levels similar to those in wild-type livers (see Fig.
S3D).

Consistently with the immunoblot analysis, the mutant liver
of P14 mice exhibited a peptide-hydrolyzing activity of the 26S
proteasome comparable to that of the control liver, as judged
by the areas surrounded by the lines representing Suc-LLVY-
hydrolyzing activities in the absence of SDS (Fig. 4C, upper
panel, fractions 22 to 28). In contrast, the activity of the latent
20S proteasome, which was artificially activated by the addition
of a low concentration of SDS, was completely abolished in the
mutant liver (Fig. 4C, lower panel, fractions 15 to 18). The
small activity peak observed in fractions 16 to 18 of the control
liver is likely to represent the complex formed between the 20S
proteasome and the proteasome activator PA28 complex,
which also was lost in the mutant liver (Fig. 4C, upper). Sur-
prisingly, even at P112, profiles of proteasome peptidase activ-
ities and distributions of proteasome subunits were almost the
same as that at P14, i.e., mutant livers exhibited the normal
peptidase activity of the 26S proteasome and a disappearance
of the latent 20S proteasome (Fig. 4D).

Intriguingly, the accumulation of polyubiquitin-conjugated
proteins was noted in the PACl-deficient livers both at P14
and P112 (Fig. 4E). Consistently with this finding, transcrip-
tions of subunits of both the 20S proteasome and 19S RP were
increased by 3- to 4-fold in the mutant livers, which accounts
for the increased protein content of the 19S RP subunits, as
shown in Fig. 4A, and indicates the presence of proteotoxic
stress due to insufficient proteasome activity (53, 63) (Fig. 4F).
Since 20S assembly is impaired and unassembled subunits are
rather unstable, the protein levels of the 20S subunits were
reduced in PACI1-deficient livers (Fig. 4A).

Because the amount of the 20S proteasome in PACI1-defi-
cient livers was approximately only 20 to 30% of that of the
control liver, despite the increased mRNA of the proteasome
subunits (Fig. 4A, B, and F), we can speculate that more than
70 to 80% of the 20S proteasome was generated in a PACI-
dependent manner, and that only a small amount of the 20S
proteasome was generated without PACI.

To test whether the degradation of native proteins by the
26S proteasome was impaired in the PACI1-deficient liver, we
measured the degradation rate of ornithine decarboxylase,
which is degraded by the 26S proteasome in an antizyme- and
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ATP-dependent manner, using the 26S proteasome fractions
separated in Fig. 4B. This experiment exhibited no significant
difference between the mutant and control livers (Fig. 4G),
indicating that not only artificial small peptide-hydrolyzing ac-
tivity but also the native protein-degrading activity of the 26S
proteasome was maintained in the PAC1-deficient liver.

Taken together, these results suggest that not only the 26S
proteasome but also the latent 20S proteasome is involved in
the degradation of native proteins and possibly ubiquitinated
proteins, considering the accumulation of ubiquitinated pro-
teins in the PACl-deficient liver.

Senescence-like phenotypes in the PAC1-deficient liver. To
investigate whether histological alterations were occurring in
the PAC1-deficient liver, we performed microscopic analysis of
liver sections from 6-month-old mice. Toluidine blue staining
and light microscopy revealed that although specific disease-
related pathological abnormalities, such as necrosis, apoptosis,
fibrosis, and inflammation, were not observed, PAC1-deficient
livers exhibited enlarged hepatocytes, accompanying irregular
hepatic cords and narrow sinusoids (Fig. 5SA). Further analysis
by oil red O staining detected intracellular accumulation of
excess lipids in some of the mutant hepatocytes (Fig. 5B); these
have been reported to accumulate due to metabolic distur-
bances associated with aging (3, 48).

Ultrastructural examination demonstrated highly aberrant
nuclear morphology in PAC1-deficient hepatocytes (Fig. 5C).
Such morphological abnormality is well known in Hutchinson-
Gilford progeria syndrome and often is observed in aging cells
(3, 50, 69). We also noted the aberrant proliferation of per-
oxisomes, the deregulation of which is implicated in aging-
related degenerative diseases (60), in PACI-deficient hepato-
cytes (Fig. 5D). Collectively, these histological analyses suggest
that PACI deficiency is associated with senescence.

To confirm that the PAC1-deficient hepatocytes underwent
premature senescence, we examined the activity of senescence-
associated B-galactosidase (SA-B-Gal). As shown in Fig. SE,
the PACl1-deficient liver of a 1-year-old mouse exhibited a
denser and larger area of blue staining than that of the control
liver. Furthermore, we observed a decrease in mRNA expres-
sion of the senescence marker protein-30 (SMP-30), which is a
hepatic senescence marker that has been shown to decline with
aging (22, 36) (Fig. 5F). These data further support the notion
that the loss of PACI and the resultant disappearance of the
free latent 20S proteasomes caused early senescence in the
mouse liver.

Activation of oxidative and DNA damage responses and the
ARF-p53 senescence pathway in the PAC1-deficient liver. Ac-
cumulating evidence supports the hypothesis that free radicals
and oxidative stress causes molecular damage that contributes
to cell senescence (20, 25, 75). To examine whether the PAC1-
deficient liver suffered from oxidative stress, we measured
mRNA expression levels of genes involved in antioxidant de-
fenses induced in response to oxidative stress. All of the genes
examined were significantly upregulated in the PAC1-deficient
liver, including Cu/Zn-superoxide dismutase (SOD), glutathi-
one S-transferase (GST) mu, glutathione peroxidase 2 (Gpx2),
cytochrome P450 2a5 (Cyp2a5), and NAD(P)H:quinone oxi-
doreductase (Nqol), all of which are induced by the activation
of the transcription factor Nrf2 or FoxO following oxidative
stress (1, 4, 19, 46, 52, 79) (Fig. 6A). This result suggests that
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FIG. 5. Premature senescence-like phenotypes in Psmgl™FAP

liver. (A) Toluidine blue staining of PsmgI™* and Psmgl*/*** livers at
6 months of age. The lower panels are higher-magnification images of
the regions outlined by white rectangles in the upper panels. Scale
bars, 20 pm. (B) Cryosections of 1-year-old livers were stained with oil
red O. The lower panels are higher-magnification images of the re-
gions outlined by the rectangles in the upper panels. Scale bars, 100
wm (upper panels) and 50 pm (lower panels). (C) Electron-micro-
graphic examination of hepatocyte nuclei in Psmgl™" and Psmgl ™A
livers at 6 months of age. The invagination of the nuclear envelope is
indicated by arrows. N, nucleus. Scale bar, 2 um. (D) Electron micro-
graphs of hepatocyte peroxisomes in Psmgl™"**® livers at 6 months of
age. The lower right panel is a higher-magnification image of the
region outlined by the rectangle in the lower left panel. Scale bar, 2
pm. (E) Detection of senescence-associated 3-galactosidase activity on
cryosections of Psmgl™" and Psmgl™FA™ livers at 1 year of age. The
lower panels are higher-magnification images of the regions outlined
by the rectangles in the upper panels. Scale bar, 200 wm (upper panels)
and 50 wm (lower panels). (F) Expression of senescence marker pro-
tein 30 (SMP-30) mRNA. The relative amount of SMP-30 mRNA in
PsmgI™" A" Jiver at 3 months of age was measured by real-time PCR
analysis. The data represent means *+ standard deviations (SD) from
three independent experiments.

the loss of PACI caused oxidative stress in the liver, which is
consistent with previous reports (7, 13).

Free radicals can damage various cellular molecules, includ-
ing DNA (6, 20, 25). We therefore tested the expression levels
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FIG. 6. Activation of the oxidative stress response and a senes-
cence pathway in Psmgl¥FA® liver. Relative mRNA levels in
PsmgI™ A Jiver compared to those in Psmgl™F liver by real-time
RT-PCR. Data represent means * standard deviations (SD) from
experiments on three pairs of littermates. (A) Analysis of oxidative
stress-related genes. (B) Analysis of DNA repair-related genes.

(C) Analysis of senescence-associated genes. Note that the data are
shown on a natural logarithmic scale.

of molecules involved in DNA repair that are induced upon
DNA damage. Excision repair cross-complementing rodent
repair deficiency, complementation group 3 (Ercc3), X-ray re-
pair complementing defective repair in Chinese hamster cells 5
(Xrcc5), and 8-oxoguanine DNA-glycosylase 1 (Oggl), which
play a role in nucleotide excision repair, double-strand break
repair, and base excision repair, were induced in PACI1-defi-
cient livers (38) (Fig. 6B). This suggests that the DNA damage
response pathway is activated following genotoxic stress in the
PACI-deficient liver.

Senescence is induced by multiple stimuli, including DNA
damage and mitogenic signals, which activate the ARF-p53
and p16™*4*_pRb pathways to induce growth arrest by inhib-
iting cyclin-dependent kinases (10, 16, 31). Accordingly, we
examined the expression of molecules involved in these path-
ways. The activation of the ARF-p53 pathway was demon-
strated by increased mRNA levels of ARF, p53, and molecules
regulated by p53, such as p21WV*/CiPl 163 Noxa, and Puma
(18, 28, 42, 47, 72, 80) (Fig. 6C). Curiously, however, the
expression of the key molecules of the other pathway, p16™<4=
and p15™%** was markedly reduced (Fig. 6C). Since it is
known that the ARF-p53 and pl16™%*.pRb pathways are
largely coregulated (10, 16, 43), senescence caused by protea-
some dysfunction might be characteristic in that it selectively
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FIG. 7. Age-dependent nuclear import of the 26S proteasomes and
its acceleration in the absence of PACI. (A) Immunofluorescent stain-
ing of PsmgI™* and Psmgl™"A™ livers at 3 and 12 months of age using
anti-o7 antibody. 4’,6-Diamidino-2-phenylindole (DAPI) was used for
nuclear counterstaining. Scale bar, 50 pm. (B) Immunoblot analysis of
nuclear fractions, postnuclear fraction (PNE), and total lysates from
PsmgI™ and PsmgI™"*® livers at 6 months of age using antibodies
against the indicated proteins. Immunoblots for lamin B and B-actin
are shown as loading controls. (C) Suc-LLVY-MCA-hydrolyzing ac-
tivity of nuclear proteasomes. The nuclear fractions shown in panel B
were fractionated by glycerol density gradient centrifugation followed
by measurements of peptidase activity in the fraction containing the
26S proteasome in the absence of SDS. The data represent the
means of two independent experiments.

regulates the former pathway, although the responsible mech-
anism remains unclear.

Nuclear accumulation of the 26S proteasome upon prema-
ture senescence in the PAC1-deficient liver. Aging and oxida-
tive stress are known to enhance the production of methyl-
glyoxal and glyoxal, which in turn modify proteins, lipids, and
DNA to generate what are called advance glycation end prod-
ucts (20, 64). There is an intriguing report showing that nuclear
proteasome activities were increased when cells were treated
with glyoxal (11). Therefore, we investigated whether the in-
tracellular distribution of the proteasome was affected in the
PACI1-deficient liver by immunostaining liver sections with an
antibody against a7, one of the subunits of the 20S protea-
some. At 3 months of age, a7 was distributed nearly homog-
enously in both the cytosol and nucleus in control livers,
whereas it accumulated in the nucleus in the PACI-deficient
hepatocytes (Fig. 7A). At 12 months of age, this nuclear accu-
mulation of the 20S proteasome was observed not only in the
PACl1-deficient hepatocytes but also in the control hepato-
cytes, indicating that nuclear proteasome accumulation occurs
as one of the normal aging processes and that the PACI-
deficient liver underwent accelerated senescence (Fig. 7A).

To confirm this observation and to investigate whether 19S
RP also was accumulated in the nucleus of PACI-deficient
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hepatocytes, we fractionated liver lysates from 3-month-old
mice into nuclear fractions and postnuclear fractions, which
then were subjected to immunoblot analysis using antibodies
for proteasome subunits. Consistently with the immunofluo-
rescence analysis, a2, 1, and g6, which are subunits of the 20S
proteasome, all were enriched in the PACI-deficient liver de-
spite their decrease in total lysates (Fig. 7B). The amount of
the nuclear 19S RP subunits, irrespective of whether they were
the base subunits (Rptl amd Rpnl3) or the lid subunits
(Rpn8), also was much larger in the PAC1-deficient liver than
in the control liver (Fig. 7B).

The increase in nuclear 19S RP in PAC1-deficient livers may
simply reflect the increased expression of the 19S RP subunits
in the PACI-deficient liver, as revealed by the immunoblot of
total lysates and postnuclear fractions. Whether these were
accumulated in the nucleus as active 26S proteasomes is not
clear. The analysis of peptidase activity revealed that the nu-
clear fraction of the PACI-deficient liver exhibited 26S pro-
teasome activity more than 4-fold higher than that in the con-
trol liver, indicating that the PAC1-deficient liver accumulated
active 26S proteasomes in the nucleus (Fig. 7C).

DISCUSSION

Until now, nine proteasome-dedicated chaperones (PAC1/
Pbal, PAC2/Pba2, PAC3/Pba3, PAC4/Pba4, POMP/Umpl,
p28/Nas6, p27/Nas2, S5b/Hsm3, and PAAF1/Rpn14) involved
in proteasome assembly have been identified both in mammals
and in yeast (51, 56, 58). None of these, however, has been
analyzed in the context of mammalian development as well as
the maintenance of differentiated tissues. In this paper, we
demonstrated for the first time the significance of the chaper-
one-assisted biogenesis of proteasomes in mouse development,
central nervous system development, and liver homeostasis.

Mice that systemically lacked PAC1 died around E6.0. How-
ever, this phenotype is still milder than that of mice deficient in
proteasome subunits Rpt3 and Rpt5, which died before devel-
opment into blastocysts (~E3.5) (67). This is consistent with
the results observed in mammalian cells, where the loss of
PACI was not as severe as the loss of the proteasome subunits,
and supports the notion that proteasome biogenesis is not
entirely dependent on the assembly chaperones. Nevertheless,
efficient proteasome biogenesis assisted by PAC1 is needed to
develop beyond the blastocyst stage and thus is essential for
mouse development.

In terms of the central nervous system-specific deletion of
PACI, the development of the glial cells was profoundly af-
fected compared to Purkinje cell development. Although we
cannot rule out the possibility that this difference is dependent
on cell type, it is more likely due to differences in stages of
active proliferation. When the Purkinje cells developed, the
proteasome activity was, for the most part, retained. However,
when glial cells explosively proliferated, the proteasome activ-
ity of the mutant brain was reduced to 70 to 80% of that of the
control brain, as far as we could assess using a short peptide
substrate. This suggests that only a 20 to 30% reduction in
proteasome activity is critical for rapidly proliferating cells
during development.

In contrast to Psmgl™FNes mice, Psmgl™FA1® mice, in which
the hepatocyte-specific deletion of PACI1 occurs mostly after
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birth, grew up without gross abnormality. This enabled us to
assess the roles of PACI in terminally differentiated and qui-
escent cells, which revealed the biological significance of latent
20S proteasomes. In normal mammalian tissues, the molar
amount of the 20S proteasome is approximately 2- to 3-fold
greater than that of 19S RP, and therefore both the 26S pro-
teasome and the free latent 20S proteasome not associated
with 19S RP exist in cells, and very few free 19S RPs are
observed. Profiles of the proteasome activity of PAC1-deficient
livers in glycerol gradient analysis revealed that they lost the
free 20S proteasome but displayed a normal amount of the 26S
proteasome and hence regular activity. However, ubiquitinated
proteins were accumulated in these cells, suggesting that the
free 20S proteasome participates in the turnover of ubiqui-
tinated proteins.

As there has been no previous report showing that the 20S
proteasome directly recognizes and degrades ubiquitinated
proteins, some proteins that usually are degraded directly by
the 20S proteasome in a ubiquitin-independent manner, such
as natively unfolded proteins and oxidized proteins (8, 39), may
accumulate and subsequently be ubiquitinated. This increase
of additional ubiquitinated proteins might exceed the capacity
of the 26S proteasomes and thus lead to the accumulation
observed in PACI-deficient livers. It also can be speculated
that the dissociation of the 20S proteasome from 19S RP
occurs during the degradation of a ubiquitinated protein, so
that 19S RP is able to attach to another latent 20S proteasome
for the degradation of another ubiquitinated substrate, while
the substrate-loaded 20S proteasome is capped by PA28 for
the acceleration of peptide release. Although some reports
have shown that the 26S proteasome is stable during protein
degradation (32, 44), we observed that free 19S RP increased
while the 20S-PA28 complex drastically increased upon the
inhibition of the 20S proteasome by MG132, which is thought
to mimic degradation intermediates of substrates during pro-
teolysis (our unpublished data) (71).

The PACI1-deficient liver exhibited several phenotypes typ-
ical for senescence, such as increased SA-B-gal staining, oxi-
dative stress response, and the activation of the ARF-p53 path-
way. There have been many reports proposing a link between
decreased proteasome activity and aging, indicating that the
connection between proteasome activity and senescence is not
just a secondary effect of cellular aging. Findings have not only
shown that proteasome inhibition in cells by specific inhibitors
and the RNA interference-mediated knockdown of protea-
some subunits induces cellular senescence (9, 14) but also that
the elevation of proteasome activity by the overexpression of
proteasome subunits or transcription factor Nrf2, which in-
creases the expression of the proteasome subunits, actively
relieved senescence and even extended life spans in Drosophila
melanogaster (12, 13, 15, 41, 77). Therefore, proteasome ac-
tivity might be a primary regulatory mechanism involved in
mammalian senescence. However, many missing links be-
tween proteasome inactivation, oxidative stress, irregular
nuclear structure, and the nuclear accumulation of the pro-
teasome still remain.

The observation that the PACI1-deficient liver maintained
26S proteasome formation while the PACI1-deficient brain did
not probably was due to a difference in the proliferation status
of the two tissues. The adult liver is a quiescent organ in which
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the rapid production of the proteasome is not needed because
of its long half-life (76). Therefore, even the PACl-indepen-
dent, inefficient biogenesis of the 20S proteasome would suffice
for maintaining the amount of the 26S proteasome that
matches the protein turnover in quiescent cells. In contrast,
developing brains as well as embryos are rapidly proliferating
and demand the efficient production of the proteasome. Thus,
PACl1-dependent, efficient assembly of the 20S proteasome is
a prerequisite for maintaining 26S proteasome activity at a
level sufficient for active protein turnover in proliferating cells.
This observation may be indicative of a cancer therapy tar-
geting proteasome assembly. The proteasome has become an
attractive target for cancer therapy in recent years, since a
proteasome inhibitor called bortezomib was found to be effec-
tive against refractory multiple myeloma (2). However, the
inhibition of proteasome activity often leads to severe adverse
effects in healthy organs. Considering that cancer cells are
continuously producing proteasomes for their survival, the in-
hibition of proteasome assembly would be a much safer and yet
effective anticancer therapy, because the quiescent cells that
constitute most of our body should be much less sensitive to
such an inhibitor. Our results clarified that chaperone-depen-
dent proteasome biogenesis is essential for rapidly proliferat-
ing cells, while quiescent cells like hepatocytes can tolerate the
loss of the pathway for at least up to 18 months. This should
provide important information for developing inhibitors of
proteasome assembly chaperones, including PACI.
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