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Table 1. Density of neurons in motor nerve nudei and spinal cord

Nudeus Control {n = 3) neurons/mm ° AR2 {(n = 4) neurons/mm *
il 11,253 = 1783 10,441 = 632
IV 15,783 * 1694 16032 + 658
¥i 10,117 = 9% 10,699 + 195
¥m 8809 = 417 8623 + 246
Vm (> 25 pum) 3603 =213 2767 + 175
Yil 1041 = 14 1016 = %6
Vil (>20 pum) 91.1x327 67.7 = 13.1*
X 11442 1932 11,652 = 2387
X 11,800 = 541 9834 * 1530
Xi(>>20 pm) 8327 £ 929 6778 £ 116.2**
(S AH (=20 pm) 37,147 = 326 37,941 £ 331
C5AH (>20 pum) 55+09 137 = 0.70%
L5 AH (>20 pum) 93 =037 15.9 + 0.31%
DH 476312 + 12,613 498,816 + 21,446
VR 840.0 = 26.5° 6263 + 314"

Humbers are the neuronal density per cubic millimeter (mean - SEM) in each nudeus from mice at 12 months of
age. For Vm, Vii, and XA, neurons with large diameter (=20 or 25 jum) were also counted. AR2, ADARZ=™=/
VACKT-Cre. Fast mice; #, nucleus of oculomotor nerve; IV, nucleus of trochlear nerve; VI, nudleus of abducens nerve;
Vm, motor nudeus of trigeminal nerve; ¥il, nucleus of facial nerve; X, dorsal nucleus of the vagus nerve; Xil, nucleus
of hypoglossal nerve; (5 AK, anterior horn of the fifth cervical cord; LS AH, anterior horn of the fifth lumbar cord; DH,
z0na gelatinosa of the spinal cord; VR, ventral roots {L5). "p << 0.005; **p << 0.001 (ANOVA).
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o

Figare 5. Crudial role of GluR2 Q/R site editing in death of ADAR2-deficient motor neurons. 4, ARY/GIuR-8** mice (AR2res)
displayed full rotarod score and normal grip strength at 6 monthis of age compared with controf mice (Ctl). The number of total
AHCs, of which a considerable proportion was deficdent in ADAR2, did not decreasein AR2res mice. B, A 6 months of age, although
only afew AHG lacking ADAR2 immunoreactivity (arrowheads) were observed in AR2 mice, a considerable number of AHCs lacking
ADAR? immunoreactivity was present in AR2res mice. The density of AHCs in AR2res mice was similar to that in the control mice in
which all the AHCs were immunoreactive to ADARZ in their auclei. Sections were counterstained with hematoxylin. Scale bar, 100
um. € Scheme illustrating that lack of ADARZ induces slow death of motor neurons in AR2 mice but notin AR2res mice that express
(/R site-edited GluR2 in the absence of ADARZ activity. The exonic Q codon at the Q/R site of GluR2 was substituted by an R codon

in the endogenous GluR2 alleles of GluR-8%" mice.
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AR2/GluR-BRF mice (ARZrescue, or AR2res, mice) were pheno-
typically normal and had full metor function until 6 months of
age (Fig. 5A). The AHCGs, induding the ~30% AHCs lacking
ADAR2 from Cre-mediated recombination, were viable in
AR2res mice at 6 months of age, and the total number of AHCs
was the same as in age-matched control mice (Fig. 5A,B). Con-
sistent with a lack of AHCloss, there was no detectable increase in
GFAP or MAC2 immunoreactivity in the anterior horns (supple-
mental Fig. S2C, available at www.jneurosci.org as supplemental
material). These results demonstrate that it is specifically the fail-
ure of GluR2 Q/R site editing by which ADAR2 deficiency in-
duces the slow death of motor neurons {Fig. 5C).

Discussion

We generated the AR2 mouse (Hideyama et al, 2008), a conditional
ADAR?2 knock-out line, which carries gene-targeted floxed ADAR2
alleles that become functionally ablated by Cre recombinase ex-
pressed from a transgene (VAChT—Cre.Fast) in ~50% of motor
neurons (Misawa et al,, 2003). These displayed progressive mo-
tor dysfunctions. The ADAR2-lacking motor neurons expressed
only Q/R site-unedited GluR2. Virtually all of the ADAR2-
lacking AHCs underwent degeneration, whereas the surviving
ADAR2-expressing AHCs remained in-
tact by 12 months of age. The death of
ADAR2-lacking AHCs was completely
prevented by a point mutation in the en-
dogenous GluR2 alleles of AR2 mice, thus
generating Q/R site-edited GIuR2 in the
absence of ADAR2 (Kask et al., 1998).
These findings highlight the crucial role of
RNA editing at the GluR2 Q/R site for sur-
vival of motor neurons and demonstrate
that expression of Q/R site-unedited GluR2
is a cause of slow death of motor neurons.
Therefore, it is necessary to investigate the
relevance of inefficient GluR2 Q/R site-
RNA editing found in the patient’s motor
neurons to the pathogenesis of sporadic ALS
(Kawahara et al., 2004; Kwak and Kawa-
hara, 2005).

Concomitant with the loss of ADAR2-
lacking AHCGs, proximal and distal axons
of AHCs underwent degeneration with re-
sultant neurogenic changes in neuromus-
cular units. These pathological changes in
AHCs and neuromuscular units caused
motor dysfunctions in AR2 mice. The pre-
vention of slow neuronal cell death ob-
served in AR2 mice by GluR-B® alleles
expressing Q/R site-edited GluR2 in the
absence of ADAR2 (Kask et al., 1998)
means that, although ADAR2 edits numer-
ous A-to- positions in many RNAs ex-
pressed in the mammalian brain (Levanon
et al., 2004; Li et al., 2009), failure of A-to-1
conversions at sites other than the GluR2
Q/Rsite did not play a role in neuronal cell
death (Fig. 5C).

When the GluR2 Q/R site is unedited,
the Ca*" permeability of the AMPA re-
ceptor is greatly increased, and tratficking
of the receptor to synaptic membranes is
facilitated (Sommer et al., 1991; Burna-
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shev et al., 1992; Greger et al., 2002). This enhances neuronal
excitability by increasing the density of Ca” " -permeable func-
tional AMPA channels, which is typically observed as fatal epi-
lepsy in mice carrying (/R site-uneditable GluR-B (GluR2)
alleles (Brusa et al., 1995; Feldmeyer etal., 1999) and in systemic
ADAR2-null mice (Higuchi et al., 2000). The results obtained
from AR2 mice indicate that motor neurons expressing only Q/R
site-unedited GluR2 undergo slow death when the mice live suf-
ficiently long.

Some ADAR2-lacking AHCs die shortly atter recombination,
whereas others survive for more than 1 year. These observations
indicate that, although all the ADAR2-lacking AHCs undergo
neuronal death, the ability to compensate for the increased Ca*"
overload through the functionally altered AMPA receptor difters
among AHCs. Itis likely that the increased Ca® " overload might
have already led to dystunction of the ADAR2-lacking AHCs
before their death, causing a decline of motor functions at earlier
stages. Vulnerability of motor neurons to Ca’'-permeable
AMPA receptor-mediated toxicity was demonstrated in GluR-
B(N) transgenic mice, which additionally to wild-type GluR2
express an engineered GluR2 subunit that features asparagine
(N) in place of glutamine (Q) at the Q/R site (Kuner et al., 2005).
ADAR?2 activity is downregulated in the rat after transient fore-
brain ischemia, resulting in the selective death of hippocampal
CA1 pyramidal cells (Peng et al., 2006).

An intriguing observation in AR2 mice was the selective vul-
nerability among motor neurons in different cranial nerve nuclei.
Neurons in facial and hypoglossal nerve nuclei decreased in num-
ber, whereas those in the oculomotor nerve nuclei did not, al-
though the extent of GluR2 Q/R site editing was significantly
reduced inall these nuclei. These results indicate that motor neu-
rons in the oculomotor nerve nuclei can survive despite the in-
complete nature of GluR2 Q/R site editing. Notably, motor
neurons in the nuclei of oculomotor nerves are also much less
vulnerable in ALS patients; this has been attributed to differential
expression levels of Ca**-binding proteins, particularly parval-
bumin, among motor neurons in different cranial nerve nuclei.
Expression of parvalbumin is high in oculomotor neurons and
low in the facial and spinal motor neurons (Ince et al., 1993).
Indeed, overexpression of parvalbumin attenuated kainate-
induced Ca*" tansients and protected spinal motor neurons
from resultant neurotoxicity in parvalbumin transgenic mice
(Van Den Bosch et al., 2002). Tt is likely that neurons with an
efficient Ca” " -buffering system, such as oculomotor neurons,
are resistant to Ca” " overload resulting from Ca*'-permeable
AMPA receptors.

The present results indicate that the failure of A-to-I conver-

sion at the Q/R site of GluR2 pre-mRNA in motor neurons of

sporadic ALS patients (Takumaetal., 1999; Kawahara et al., 20045
Kwak and Kawahara, 2005) is likely attributable to reduced
ADAR2 activity. Indeed, the expression level of ADAR2 mRNA
was decreased in the spinal cord of patients with sporadic ALS
(Kawahara and Kwak, 2005). Molecular abnormalities found in
postmortem tissues of patients with neurodegencrative diseases
have shown signs of mechanisms underlying the disease and may
represent both the neuronal death process and death-protective
reactions arising from the protracted nature of the death process.
It is therefore necessary to determine whether these molecular
abnormalities are the cause or the result of neuronal cell death by
developing an appropriate animal model. Although excitotoxic-
ity has long been implicated in the pathogenesis of neurological
diseases including ALS (Vosler et al., 2008; Bezprozvanny, 2009),
surprisingly little direct evidence indicating excitotoxic neuronal
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cell death has been demonstrated in patient-derived materials.
Here we demonstrate that the molecular abnormality found in
motor neurons ol patients with sporadic ALS is a direct cause of
neuronal death in mice via a mechanism upregulating Ca” " -
permeable AMPA receptors. In addition, the AR2 mice possess
certain characteristics found in ALS, including slow progressive
death of motor neurons, neuromuscular unit-dependent motor
dysfunction and differential low vulnerability of motor neurons
of extraocular musdes. Therefore, this mouse model mimicking
patient-derived molecular abnormalities may be usetul for re-
search on sporadic ALS.
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SUMMARY

The dynamic and reversible process of ubiguitin
medification controls various cellular activities. Ubig-
uitin exists as monomers, unanchored chains, or
protein-conjugated forms, but the regulation of these
interconversions remains largely unknown. Here, we
identified a protein designated Rful {regulator of
free ubiquitin chains 1), which regulates intraceliular
concentrations of monomeric ubiquitins and free
ubiquitin chains in Saccharomyces cerevisiae. Rful
functions as an inhibitor of Doa4, a deubiguitinating
enzyme. Rapid loss of free ubiquitin chains upon
heat shock, a condition in which more proteins
require ubiquitin conjugation, was mediated in part
by Doa4 and Rfui. Thus, regulation of ubiquitin
homeostasis is controlled by a balance between
a deubigquitinating enzyme and its inhibitor. We
propose that free ubiquitin chains function as a ubig-
uitin reservoir that aliows maintenance of monomeric
ubiquitins at adequate levels under normal condi-
tions and rapid supply for substrate conjugation
under stress conditions.

INTRODUCTION

Ubiquitination is a reversible posttranslational modification of
cellular proteins that plays important roles in the regulation of
several cellular processes, such as protein quality control,
protein frafficking, cell-cycle regulation, DNA repair, apoptosis,
and signal transduction (Hershko and Ciechanover, 1998;
Mukhopadhyay and Riezman, 2007). Ubiquitin {Ub) is a highly
conserved 76 amino acid protein that covalently attaches to
the lysine residue(s) of target proteins via its carboxy-terminal
glycine residue. Since Ub itseif contains seven lysines, it can
attach to several other Ubs, allowing the formation of polyubiqui-
tin chains. Thus, Ub exists intraceliularly as either a monomer,
a substrate-conjugated polyubiquitin or monoubiquitin, or unan-
chored Ub chains.

One of the well-characterized functions of Ub is serving as
a tag for selective proteolysis by the 26S proteasome, which is
a large multisubunit protease complex (Hershko and Ciechan-

over, 1998; Pickart and Eddins, 2004). In the ubiquitin-protea-
some system (UPS), ubiquitination of a substrate is catalyzed
by a Ub-activating enzyme (E1), a Ub-conjugating enzyme (E2),
and a Ub-ligase (E3). Multiple Ubs are covalently added to
a substrate successively by these enzymes, thus producing
a substrate conjugated with polyubiquitin. The 268 proteasome
recognizes the polyubiquitinated substrate and degrades the
substrate after the polyubiquitin chain is cleaved off by deubiqui-
tinating enzymes (DUBs) {Amerik and Hochstrasser, 2004; Ventii
and Wilkinson, 2008). The released polyubiquitins or free Ub
chains are further disassembled to monomeric Ubs by DUBs,
and the resulting Ubs are reutilized.

Ubiquitination also plays a role in vacuolar sorting of both
endocytic and biosynthetic membrane proteins (Mukhopadhyay
and Riezman, 2007; Schnell and Hicke, 2003). At the endosome,
Ub serves as a signal to sort cargo proteins into the multivesic-
ular body (MVB), which is a critical step to their transport to
lysosomes. Ub is removed from the cargo before entry into the
internal vesicles of the MVB. In yeast, Doad, a DUB, is respon-
sible for deubiquitination of cargo proteins at the endosome
(Katzmann et al., 2001; Nikko and Andre, 2007). Doa4 is recruited
to the endosome and its activity is stimulated by Bro1, a class
E Vps protein (Richter et al., 2007).

There seems to be a need for maintaining adequate intracel-
lular levels of Ub, particularly the level of monomeric Ub, and
indeed more Ubs are required under stress conditions (Finley
et al., 1987). Yeast cells with insufficient amounts of monomeric
Ub caused by mutation of DUB genes, such as DOA4 or UBPS,
are sensitive to an amino acid analog, and the expression of
excess Ub compensates for this defect (Chernova et al., 2003,
Papa and Hochstrasser, 1993; Swaminathan et al., 1999). Simi-
larly, yeast cells become stress sensitive when UB/4, a heat
shock gene encoding polyubiquitin, is deleted (Finley et al.,
1987). In mice, a mutation in Uch-L7 leads to gracile axonal
dystrophy (gad) (Osaka et al., 2003). Moreover, the deletion of
polyubiquitin gene Ubc and that of Ubb result in embryonic
lethality and hypothalamic neurodegeneration, respectively
(Ryu et al., 2007, 2008). However, an excess amount of Ub is
also not beneficial to cells. In yeast, overexpression of Ub makes
cells sensitive to stressful insults such as treatment with
cadmium, arsenite, and parcromycin {Chen and Piper, 1995).
To circumvent these situations, cells appear to possess several
systems to regulate the level of monomeric Ub. One such regu-
latory system appears to operate at the level of transcription of
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Ub-encoding genes. In yeast, among the four Ub-encoding
genes UBI1-4, transcription of the UB/4, a polyubiquitin gene,
is heat inducible (Finley et al., 1987). Another mechanism
responsible for maintaining stable levels of intracellular Ub is
an increase in Ubp6-associated proteasome in response to Ub
deficiency, which efficiently retrieves Ub from Ub-conjugated
substrate (Hanna et al., 2007).

Various eukaryotic organisms including mouse, rat, fly, nema-
toda, plants, and yeasts have significant intraceliular levels of
unanchored Ub chains, indicating the ubiquitous presence of
such chains (van Nocker and Vierstra, 1993). However, the phys-
iological significance of these chains remains largely elusive. The
chains could be generated through release from polyubiquiti-
nated substrates or by Ub-ligating enzymes from monomeric
Ub. Several DUB mutants in yeast, including doa4, ubp6,
ubp8, ubp10, and ubp14, show changes in monomeric Ub level
and/or unanchored Ub chains or small Ub species (Amerik et al.,
2000a). It was proposed that one function of unanchored Ub
chains is competitive inhibition of polyubiquitin-substrate
binding to the 26S proteasome (Amerik et al., 1997), but the
exact roles of free Ub chains are poorly understood to date.

In the present study, we report the isolation of Rful. Rful was
found to regulate the cellular levels of monomeric Ub and free Ub
chains and to inhibit Doad. In addition, we found that heat shock
rapidly and significantly decreased free Ub chains, and this
effect was in part dependent on a balance between Doad4 and
Rful. Based on our results, we propose that unanchored Ub
chains serve as a Ub reservoir preventing the supply of excess
amounts of monomeric Ubs under normal states but can supply
monomeric Ubs rapidly when Ub is urgently required.

RESULTS

Isolation of Rfu1

To identify new cofactors of Cdc48, a protein involved in various
cellular processes such as UPS-mediated protein degradation,
membrane fusions, cell-cycle progression, and apoptosis
{Woodman, 2003), we screened for multicopy suppressors of
the cdc48-3 temperature-sensitive mutant. In addition to
CDC48-containing plasmids, we obtained several plasmids
with an overlapping region (Figure 1A). Introduction of these
plasmids suppressed the temperature-sensitive growth of
cdc48-3 at 34.5°C but not at 37°C, suggesting that their sup-
pressing activities are partial. Deletion analysis identified the
suppression activity in a fragment containing the entire
YLR0O73c open reading frame (ORF) and its flanking regions
(Figures 1A and 1B). We provisionally named this gene RFU?
(regulator of free ubiquitin chains 1, for the reason described
below). RFU1 encodes a protein of 200 amino acids and its func-
tion is unknown. Rfu1 displays marginal homology to two very
different mammalian DUBs: AMSH and UBPY (alias UBP8)
(Figure S1 available online) (McCullough et al.,, 2004; Naviglio
et al., 1998; Row et al., 2007). The homologous regions are
largely outside of the catalytic domain of these DUBs. Disruption
of AFU1 did not alter yeast cell growth at normal growth temper-
atures or at 37°C (Figures 1C and 1D}, indicating that RFUT is
a nonessential gene.

550 Cell 137, 549-559, May 1, 2009 ©2009 Elsevier Inc.

Genetic Interactions of RFUT with cdc48-3

and Proteasome Genes

To examine whether Rful and Cdc48 are involved in related
functions, the cdc48-34rful double mutant was created.
Indeed, we found that the cdc48-34rfu1 mutant was more sensi-
tive 1o elevated temperatures than the cdc48-3 mutant (Figures
1C and 1D). In the next step, we examined the physical interac-
tion between Cdc48 and Rfu1 by immunoprecipitation of 3xHA-
tagged Rful, but we could not detect any apparent interaction
(data not shown). These results suggest that RFUT is genetically
related to CDC48 but does not interact physically with Cdc48.
Since one function of Cdc48 is to promote the degradation of
proteins in the UPS (Ghislain et al., 1996), we examined whether
UPS phenotypes would be enhanced by combining the 4rfut
mutation with a defect in the UPS machinery. We checked the
temperature sensitivities of double mutants invalving Arfu? and
two different proteasome mutants, 4N rpn2 and rpif/cim5-1.
Rpn2 and Rpt1 are a non-ATPase subunit and an ATPase
subunit of the 26S proteasome, respectively (Ghislain et al.,
1993; Isono et al., 2007). Both 4rfulaN rpn2 and 4rfuirptt
mutants exhibited profound growth defects at elevated temper-
atures compared to AN rpn2 and rpt! mutants, respectively
{Figure 1E). The results led us to speculate that although Rful
may not be a Cdc48 cofactor, it appears to play an important
role in the UPS in general. We therefore further investigated the
function of Rfut.

RFU1 Disruption and Overexpression Change Ub Profile
In spite of the genetic interactions of RFUT with various UPS
genes, the degradation machinery in the UPS did not appear
to be defective in the 4rfu? mutant. We examined the B-galacto-
sidase activity of an exogenously expressed UFD (Ub fusion
degradation) substrate, Ub-Pro-B gal (Figure S2) {Johnson
et al., 1995). As expected, cdc48-3 cells showed a significant
increase of B-gal activity. In contrast, the Arfuf mutant did not
show a noticeable increase compared with the wild-type, indi-
cating that Rfu? is not involved in UPS-mediated protein degra-
dation. In addition, we confirmed that RFU? deletion did not
affect the mRNA levels of UBJ71-4 genes (Figure S3).

Since Rful has a weak homology to two mammalian DUBs,
and mutations of several yeast DUBs show characteristic
changes in the bulk profile of cellular Ubs (Amerik et al., 2000a)},
we examined the Ub profiles of the Arfu? mutant by using anti-Ub
biot analysis. In our assay system, wild-type cells in early growth
phase had a bulk Ub profile with monomeric Ub, unanchored Ub
chains, as well as slowly migrated high-molecular-weight (HMW)
forms, which presumably correspond to various Ub-conjugated
proteins (Figure 2A). Surprisingly, the amount of free Ub chains
was clearly decreased in 4rfut cells, while the level of monomeric
Ub was increased compared with the wild-type. In cde48-3 cells,
HMW ubiquitinated proteins were increased and free Ub chains
were decreased compared with wild-type cells. The cdc48-
3Arful cells showed further increase of HMW ubiquitinated
protein levels relative to those of cdc48-3 cells and marked
reduction of free Ub chains (Figure 2A). Furthermore, celis
carrying ArfulAN rpn2 or Arfulrpt! mutations showed higher
levels of HMW ubiquitinated proteins compared with cells
harboring a single mutation of AN rpn2 or rpt1, respectively
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Figure 1. Isolation of RFUT

(A) DNA regions involved in suppressing the temperature-sensitive growth of cdc48-3 and plasmids tested for their suppressor activity. Plasmid #28DS lacks
the first 112 nucleotides of the RFUT gene.

(B) Effect of RFU1 expression on the growth of cdc48-3. Wild-type cells with a vector, cdc48-3 cells with a vector, and cdc48-3 cells expressing the plasmid
(CDC48 or #4Kpn or #28DS) were streaked on SC-Trp plates and incubated at 25°C, 34.5°C, or 37°C for 3 days.

(C) Synthetic enhancements of growth sensitivity of 4rfu1 with cdc48-3. Cells grown in early log phase were spotted on YPAD medium and grown at the indicated
temperatures for 3 days.

(D) Colony-forming ability of wild-type, 4rfu1, cdc48-3, and Arfulcdc48-3 cells at the indicated temperatures. Data are average of two experiments.

(E) Synthetic enhancements of growth sensitivity of Arfu? with AN rpn2 or rpt1/cim5-1 mutation. Experiments were conducted as in (C).
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Figure 2. Changes in Accumulation of
Different Ub Forms in 4rfuf and Other
Mutants and Stress Sensitivity by Overex-
pression of Rfut

(A) Disappearance of free Ub chains and high level
of monomeric Ub in ArfuT mutants. Top, anti-Ub
immunoblot analysis. The position of size standard
in kDa is indicated on the left. Monomeric Ub and
Ub chain positions are marked. Bottom, anti-phos-

20 = s Ub3 o - s U3 phoglycerate kinase (PGK) immunoblot, a control
15« e e ub2 - uo3 o s b2 for protein loading.
e Ub2 ) (B) Accumulation of high-molecular-weight (HMW)
st o iy Ub Uy ubiquitinated proteins in AN mn24rful cells.
g PGK Anti-Ub and anti-PGK immunoblot analyses were
@ s s . PGK WPGK we e @ HA performed using wild-type, 4rful, 4N rpn2, and
AN rpn24rfut cells.
NS N PR - - - -
4(\ é\\) CPSJ v{\‘) é\ v{\° &o v{@ _+ _+ _+ 3xHA-Rfut (C) Effects of 3xHA-Rful overexpression on Ub
(,b Q)fb* v\k @f \‘S‘ {\\)\ @'rb profiles. Immunoblot analyses using anti-Ub,
6(?‘ Q‘Q > G& anti-PGK, and anti-HA antibodies of wild-type,
< v drful, or cdc48-3 cells containing a vector or
a plasmid that expresses 3xHA-Rful under the
D E GPD promoter.
vector o (D) Sensitive phenotypes of 3xHA-Rful-overex-
E:; 100 pressing cells to sustained heat treatment.
3XHA'RfU1 % Wild-type cells containing a vector or a plasmid
g © overexpressing 3xXHA-Rful were grown in early
@ log phase at 25°C in SC-Ura culture. Cells were
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(Figures 2B and S4). Therefore, disruption of RFU7, which causes
increased production of monomeric Ub, appears to enhance
substrate ubiquitination, resulting in marked accumulation of
HMW ubiquitinated proteins when combined with a mutated
component of the UPS, although yet unidentified events could
also enhance ubiquitination in the double mutant.

Next, we examined whether overexpression of Rful has the
opposite effect of that observed in 4drfu? cells on the Ub profile.
Indeed, overexpression of 3xHA-tagged Rful in wild-type cells
resulted in reduction of monomeric Ub and increase of free Ub
chains (Figure 2C). In addition, overexpression of 3xHA-Rful
in 4rfut cells restored free Ub chain formation.

The growth of yeast cells lacking the polyubiquitin gene (UB/4)
is similar to that of wild-type cells over the normal range of
growth temperatures (Finley et al., 1987). However, they are
hypersensitive to certain stresses probably because 4ubi4 cells
cannot maintain the required levels of Ub during stress. If Rfu1
inhibits the supply of monomeric Ubs, overexpression of Rful
should have similar effects to those observed in dubi4 cells. To
test this, wild-type cells overexpressing 3xHA-Rfu1 or harboring
an empty vector were spotted on a plate, incubated at 39.5°C for
17 hr, and then placed at 25°C. Cells overexpressing 3 x HA-Rfu1
were more sensitive to the sustained heat treatment than control
cells (Figures 2D and 2E). Moreover, cells overexpressing 3xHA-

552 Cell 137, 549-559, May 1, 2009 ©2009 Elsevier Inc.

vector

(E) Quantitative analysis of (D). Data are average of
two experiments.

(F) Sensitive phenotype of 3xHA-Rful-overex-
pressing cells to AZC (azetidine-2-carboxylic
acid). Cells were spotted on SC-Ura plates with
the indicated concentrations of AZC and incubated
at 25°C for 3 days.

3xHA-Rfut

Rfu1l were more sensitive to azetidine-2-carboxylic acid (AZC),
a toxic analog of proline, than control cells (Figure 2F). Based
on these results, we speculated that Rful regulates Ub homeo-
stasis by inhibiting the production of monomeric Ub and by
promoting the formation of free Ub chains.

During the course of these experiments, we noticed that 3x HA-
Rfu1 overexpression also caused less accumulation of HMW ubig-
uitinated proteins in cdc48-3 than vector expression (Figure 2C).
Together with the findings of profound growth defect and high
levels of HMW ubiquitinated proteins in the double mutants, an
excess amount of ubiquitinated proteins may have toxic effects,
and this may explain the isolation of RFU7 in our screening.
Consistent with this notion, overexpression of Ub caused growth
retardation in cdc48-3 and in cdc48-34rfu cells (Figure S5).

Interaction of Rfu1 with Doa4

What is the molecular mechanism of Rfu1-mediated modulation
of the levels of monomeric Ub and of free Ub chains? First, we
tested the possibility that Rfu1 directly binds to free Ub chains.
Recombinant proteins including MBP, MBP-Rfu1, MBP-Rpn10,
and MBP-UQ1(UBA), a MBP fusion with the UBA domain of
human ubiquilin 1, were prepared (Figure S6), and they were
incubated with K48-linked or K63-linked Ub chains (Figure S7).
An MBP pull-down assay showed MBP-Rpni0 binding to
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Figure 3. Rfu1 Interactions with Doad

(A) Overexpression of 3xHA-Rful inhibits the
growth of dubp14 cells but not of Adoa4 cells.
(B) Resemblance of Adoa44rful and Addoa4
mutants with regard to the level of monomeric Ub
and Ub chains. Top, anti-Ub; bottom, anti-PGK
immunoblot.

(C) Detection of ubiquitinated GFP-carboxypepti-
dase S (CPS) by overexpression of 3xHA-Rful in
control cells. Immunoprecipitation was performed
using anti-GFP from control cells or Adoa4 cells
expressing GFP-CPS with or without 3xHA-
Rful. Immunocomplex was analyzed using anti-
GFP and anti-Ub. Strains: Y703 and Y704 with
plasmids pKU90 and E405 or vector.

(D) Association of Rfu1-3xFlag with Doa4-3xHA
and Bro1-13xmyc in vivo. Immunoprecipitation
was performed using anti-Flag and the resulting
immunocomplexes were analyzed by immunoblot
using anti-Flag, anti-HA, and anti-myc. Lane 1:
cells expressing nontagged Rful, Doa4-3xHA,
and Bro1-13xmyc (Y845); lane 2: cells expressing
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K48-linked Ub chains and MBP-UQ1(UBA) binding to K63-linked
Ub chains as positive controls. However, MBP-Rful bound to
neither K48-linked nor K63-linked Ub chains (Figure S7).

In the next step, we speculated that Rful could be related to
DUBs based on the partial sequence similarity of Rfu1 and the
two different DUBs. We then postulated that Rful negatively
regulates DUBs that catalyze the reaction of free Ub chains to
monomeric Ub. A genome-wide analysis of GFP-fusion proteins
of yeast has shown localization of Rfu1-GFP in the endosome
(Huh et al., 2003). Among 19 DUBs in yeast including 16 UBP,
1 UCH, and 2 OTU, only Doa4, the yeast counterpart of human
UBPY, is localized in the endosomes, in addition to the cytoplasm
(Amerik et al., 2000b; Huh et al., 2003). Moreover, the 4doa4
mutant showed reduced levels of monomeric Ub and accumula-
tion of small Ub species, (Dupre and Haguenauer-Tsapis, 2001;
Nikko and Andre, 2007; Papa and Hochstrasser, 1993), which
seems to be the opposite pattern of the Ub profile in 4rfut cells.
Interestingly, we found that the Ub profile of wild-type cells
overexpressing an epitope-tagged Doad is similar to that of

-2

@Q{

(Y860); lane 3: Adoad cells expressing Rful-
3xFlag and Bro1-13xmyc (Y862). Asterisk indi-
cates nonspecific band for HA.

(E) In vitro binding between recombinant MBP or
MBP-Rfu1 and FVH-Doa4 or FVH-Yuh1. MBP or
MBP-Rful was mixed with FVH-Doa4 or FVH-
Yuht, and the proteins were isolated with amylose
resin. Samples were analyzed by immunoblot
using anti-Flag and anti-MBP.

IP
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FVH-Doa4
Arfut cells: high levels of monomeric Ub

and massive reduction of free Ub chains
(Figure S8). Based on these findings, we
decided to test the possibility that Rful is
an inhibitor of Doa4.

We tried to obtain genetic evidence for
the negative effect of Rful on Doa4.
Ubp14 is another DUB, which also plays
a role in the control of free Ub chains, and the dubp144doa4
double mutant was reported to show a synthetic growth defect
(Amerik et al., 1997). We overexpressed 3xHA-Rful in 4ubp14
and 4doa4 cells. If Rful inhibits Doa4, Rful overexpression
would cause a growth defect in 4ubp14 cells, like that observed
in dubp14 Adoa4. Indeed, overexpression of 3X HA-Rful caused
agrowth defectin dubp14 cells but notin 4doa4 cells (Figure 3A).

We also speculated that the altered Ub profile observed in
Arfu1l mutant was due to elimination of Rfu1-mediated inhibition
of Doad4. In this case, the Ub profile of 4rfu14doa4 cells should
look like that of 4doa4 cells. Therefore, we compared the Ub
profiles of Arful4doad4 and Adoa4 cells. As expected, in
Arfu14doa4 cells, the characteristic Ub pattern of Arfu? was no
longer observed; instead, its Ub pattern was quite similar to
that of 4doa4 cells (Figure 3B). In contrast, the Ub profile of
Arfuldubp14 showed a combined pattern of the two single
mutants (Figure S9). These results indicate that Doa4 and Rful
control free Ub chains in the same pathway, whereas Ubp14
and Rful regulate free Ub chains independently.

FVH-Yuh1

i MBP-Rful
MBP

e

Cell 137, 549-559, May 1, 2009 ©2009 Elsevier Inc. 553

29 -



Es
kDa ~ -
250 e mme e e UD2
i MWWWUIJ
100 mwuwwwwaGK
o Temp (°C) 2539 2539 2539 2539
CuSOs = + -+
Ub Ub(G76A)
Ub3 e
U2 e c
U i . . s % Ub3
¢ Ub2
e e Hsp104 ' v Ub
- - PGK PGK
0 15 30 60 Temp (°C) 25 39 25 39
Time at 39°C (min) WT Adoa4
D E
§§§ 19 120
b ~10
°\o o 3xHA-Rfu1
g —&— vector
g8 N
Ub3 i 5 60
Ub2 e - E
2 40 1
(V] —— % 20 xﬁ\f
PGK = e e s st s s s 0 - J
0 30 50 70

0 30 50 70 0 30 50 70 (min) Time at 39°C (min)

3xHA-Rful

vector

Figure 4. Free Ub Chains and Heat Shock Response

(A) Heat shock causes marked reduction in free Ub chains. Cells in early
log phase at 25°C were heat shocked at 39°C at the indicated times. Top,
anti-Ub; middle, anti-Hsp104; bottom, anti-PGK immunoblot.

(B) Resistance of Ub(G76A) chains to heat shock. Wild-type cells expressing
CUP1-regulated monomeric Ub or Ub(G76A) were treated or not treated
with 1 mM CuSQO, for 4 hr and heat shocked at 39°C for 1 hr.

(C) Partial resistance of free Ub chains in Adoa4 cells to heat shock. Anti-Ub
and anti-PGK immunobiot analyses were conducted for Adoa4 and wild-type
cells. Cells were heat shocked at 39°C for 1 hr.

(D) Partial prevention of decrease of free Ub chains by overexpression of
3xHA-Rful. Cells harboring a vector or expressing 3xHA-Rful were heat
shocked at 39°C for 30, 50, and 70 min. Top, anti-Ub; bottom, anti-PGK.

(E) Relative Ub2 level observed in (D). Ub2 level in cells expressing 3 x HA-Rfu1
is normalized to 100%. Data are mean + SEM values of three independent
experiments.

We then tested the involvement of Rful in Doa4-mediated
processes in vivo. Doa4 functions in a variety of cellular
processes including the removal of polyubiquitin chain from
Ub-conjugated proteins, which are targeted to proteasomes for
degradation (Papa et al., 1999). Doa4 also controls DNA replica-
tion and protects cells against DNA damage (Fiorani et al., 2004;
Singer et al., 1996). Moreover, 4doa4 mutant cells contain lower
levels of monomeric Ub than the wild-type and exhibit acceler-
ated degradation of monomeric Ub (Swaminathan et al., 1999).
However, the major function of Doa4 is deubiquitination of
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ubiquitinated cargos sorted into luminal vesicles of late-endoso-
mal multivesicular bodies (MVBs) (Amerik and Hochstrasser,
2004). In 4doa4 cells, cargo proteins such as carboxypeptidase
S (CPS) accumulate in ubiquitinated forms (Dupre and Haguena-
uer-Tsapis, 2001; Katzmann et al., 2001). If Rfu1 inhibits the Doa4
activity, Rful overexpression should result in phenocopying
Adoa4 mutant on such proteins. Control and 4doa4 cells were
transformed with two plasmids: a plasmid expressing GFP-
CPS and another overexpressing 3xHA-Rfu1 or an empty vector.
GFP-CPS was immunoprecipitated with anti-GFP antibody, and
GFP-CPS and ubiquitinated GFP-CPS were detected by immu-
noblotting using anti-GFP and anti-Ub (Figure 3C). We used
vacuolar proteases-deficient 4pep4dprb1 cells to facilitate the
detection of the ubiquitinated form of GFP-CPS (Amerik et al.,
2008). Consistent with previous results (Katzmann et al., 2001;
Amerik et al., 2006), the ubiquitinated form of GFP-CPS was
observed in 4doa4 cells. In addition, the ubiquitinated form of
GFP-CPS was clearly observed in cells overexpressing 3xHA-
Rful but not in cells harboring the empty vector. These results
added further support for the role of Rfu1 as an inhibitor of Doa4.

Next, we investigated whether Rful physically interacts with
Doa4 by immunoprecipitating the Rful-3xFlag protein from
yeast cell lysates (Figure 3D). For this purpose, we created
cells in which endogenous RFUT and DOA4 were replaced
with RFUT-3xFLAG and DOA4-3xHA, respectively. In addition,
we replaced BROT with BRO1-13xMYC. Bro1 is an endosome
recruiting factor for Doa4: in the absence of Bro1, Doa4 localiza-
tion to endosomes is abolished (Luhtala and Odorizzi, 2004).
Bro1 also stimulates the Dub activity of Doa4 by direct binding
(Richter et al., 2007). As shown in Figure 3D, Rfu1-3xFlag coim-
munoprecipitated Doa4-3xHA as well as Bro1-13xmyc (lane 2).
However, Rfu1-3xFlag did not bind with Doa4-3xHA in Abro1
cell (data not shown), perhaps due to a lower level of Rfu1-3x
Flag in Abro1 cells (data not shown), although other explanations
are possible. Surprisingly, Bro1-13xmyc was coimmunoprecipi-
tated with Rfu1-3xFlag in the 4doa4 mutant, suggesting that
Rful binds Bro1 directly (Figure 3D, lane 3). These results indi-
cate that Rful forms a complex with Doa4 and Bro1.

We also investigated whether Rful binds to Doa4 directly
in vitro. N-terminal Flag-tagged and C-terminal V5- and His-
tagged full-length Doa4 (FVH-Doa4) and Yuh1 (FVH-Yuh1) were
expressed and purified from yeast (Figure S6). Yuh1 is another
yeast DUB. FVH-Doa4 and FVH-Yuh1 were mixed with recombi-
nant MBP or MBP-Rful to investigate whether these tagged
proteins bind to MBP or MBP-Rful. MBP-Rful, but not MBP,
specifically bound to FVH-Doa4 but not FVH-Yuh1 (Figure 3E),
indicating that Rfu1 physically interacts with Doa4.

Stress Response, Free Ub Chains, Doa4, and Rfut

The Ub profile varies with the growth phase of yeasts. Free Ub
chains are abundantly observed in log phase but not in stationary
phase (Amerik et al., 1997 and data not shown). We speculated
that the formation of free Ub chains depends on cellular condi-
tions. To test this, we examined the effects of environmental
stresses such as heat shock on the Ub profile. Wild-type cells
were grown at 25°C to an early log phase and then heated at
39°C (Figure 4A). The heat treatment increased HMW ubiquiti-
nated proteins, consistent with the previous findings in
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tial amounts of free Ub chains remained
in 4doa4 cells even after 1 hr of heat

mammalian cultured cells (Carlson et al., 1987). The heat treat-
ment also resulted in marked increase in Hsp104 protein, one
of the major heat-inducible proteins. Surprisingly, heat treatment
resulted in disappearance of free Ub chains; their level
decreased after 15 min of such treatment.

We speculated that one reason for the marked decrease in
free Ub chains upon heat treatment was the disassembling of
free Ub chains by certain DUBs to produce more monomeric
Ub, which can be used for ubiquitination reactions. Accordingly,
we examined the involvement of DUB activity in stress-induced
disappearance of free Ub chains. Ub(G76A), in which the last
amino acid of glycine in Ub is replaced with alanine, is reported
to form a Ub chain, but it is resistant to the action of deubiquiti-
nating enzymes (Hodgins et al., 1992). Plasmids expressing
G76A monomeric Ub or wild-type monomeric Ub under the
regulation of Cup1 promoter were introduced into wild-type cells
(Figure 4B). In the absence of copper, when essentially only
endogenous Ub-encoding genes were expressed, heat treat-
ment markedly decreased the level of free Ub chains. Copper-
induced exogenous wild-type Ub expression increased free Ub
chains but decreased the chains upon heat shock. On the other
hand, in cells expressing Ub(G76A), heat shock did not reduce
the amount of small Ub oligomer-like species. Although we
cannot exclude the possibility that the observed resuits are
due to reasons other than that UbG76A is a poor substrate for
DUBs, the above findings emphasize the potential involvement
of DUB(s) in the disappearance of free Ub chains.
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shock (Figure 4C), suggesting the involve-
ment of Doa4 in this process. Next,
we examined the effect of 3xHA-Rful
overexpression. If Rful inhibits Doa4,
overexpression of 3xHA-Rfu1 should phenocopy 4doa4 mutant
with respect to heat shock-induced disappearance of free Ub
chains. Wild-type cells overexpressing 3xHA-Rful were heat
shocked, and the change in free Ub chains was examined. We
found that overexpression of 3xHA-Rful under the regulation
of the glyceraldehyde-3-phosphate dehydrogenase (GPD)
promoter significantly inhibited the disappearance of free Ub
chains (Figures 4D and 4E). These results indicate that disap-
pearance of free Ub chains is at least partly mediated by
a balance of the actions of Doa4 and Rfu1.

Since the mRNA levels of RFUT and DOA4 decrease and
increase upon heat shock, respectively (Gasch et al., 2000), we
decided to examine the effects of heat shock on the levels of
their proteins. We found that the changes in Rfu1-3xFlag and
Doad4-3xHA levels paralleled the reported changes in their
mRNA levels upon heat treatment (Figures 5A and 5B). The
amount of Rfu1-3xFlag decreased by 40%-50% after 60 min
of heat shock. In contrast, heat shock increased the Doa4-
3xHA level, though the increase was modest compared with
the marked increase in the heat shock protein Hsp104. The level
of Bro1-13xmyc remained unchanged upon heat shock. These
results were consistent with the notion that heat shock produces
more Doa4 that is uninhibited by Rfuland can thus contribute to
disassembling free Ub chains.

We also tested whether decrease of Rfu1-3xFlag was also
mediated at the protein level and thus examined the stability of
Rfu-3xFlag. In cells treated with cycloheximide followed
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immediately by heat shock, Rfu1-3xFlag was rather stable at
25°C but became unstable upon heat shock (Figures 5C and
5D). This result indicated that the expression of Rfu1 is regulated
both at mRNA and protein levels upon thermal stress.

Rfut Is an Inhibitor of Doa4 In Vitro

The above results suggested that Doa4 can disassemble free Ub
chains to monomeric Ub, and that Rfu1 inhibits this activity.
Next, we examined whether Doad can disassemble free Ub
chains in vitro. We used K48-linked and K63-linked Ub chains
as substrates because the linkage of Ub dimer purified from
Arabiodopsis is Lys48-linked, and the linkage of free Ub chains
purified from yeast expressing His-tagged Ub is mainly Lys48-
linked, though also to some extent Lys63-linked (van Nocker
and Vierstra, 1993; Xu and Peng, 2008). When FVH-Doa4 was
incubated with K48-linked or K63-linked Ub chains, DUB activity
was observed for K48-linked and, more effectively, for
K63-linked Ub chains (Figures 6A and 6B, lane 2). These DUB
activities were abolished with the catalytic mutant of Doa4
(Cys571Ser) (lane 3) (Papa and Hochstrasser, 1993). In the
next experiment, we premixed MBP-Rfu1l or MBP with FVH-
Doa4 and added K48- or K63-linked Ub chains to see whether
MBP-Rfu1 has any inhibitory effect. The addition of MBP-Rfu1
markedly inhibited DUB activity for both K48- and K63-linked
Ub chains in a dose-dependent manner (lanes 5 and 6). The
inhibitory effect was not observed with MBP (lane 4). To test
whether the inhibitory effect was specific to Doa4 (Figure S10),
we purified a tagged Ubp14 (FVH-Ubp14) and its catalytic
mutant FVH-Ubp14(Cys332Ser). FVH-Ubp14 showed very
strong DUB activity toward Ub chains. The use of MBP-Rful
showed no inhibitory effect, indicating that the inhibitory effect
of Rfu1 is specific to Doa4.

Since Rful binds Bro1 in vivo (Figure 3D), it is possible that
Rfui-Bro1 complexes may be a contaminant in these experi-
ments that inhibit FVH-Doa4. To exclude this possibility, we puri-
fied FVH-Doad from 4bro14doad44pep4 cells and retested
in vitro assays with the FVH-Doa4. The FVH-Doa4 from dbro?
Adoaddpep4 cells bound to MBP-Rful and inhibited Doa4
DUB activity (Figure S11). These results indicate that Rful
directly inhibits the DUB activity of Doa4 in vitro.
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maintained at an adequate level at all

times in response to different cellular

conditions. Cells are equipped with
defined systems to regulate monomeric Ub level (Finley et al.,
1987; Hanna et al., 2007). Our analyses and results revealed
amechanism that regulates and maintains Ub levels; the balance
of activities of DUB and its regulators determines the level of
monomeric Ub. We propose that unanchored Ub chains function
as a reservoir for monomeric Ub, as illustrated in Figure 7.

Rfu1 as an Inhibitor of Doa4

Based on the genetic and biochemical evidence provided in this
study, we conclude that Rfu1 functions as an inhibitor of Doa4.
Although several activators/inhibitors of DUBs have been re-
ported (Ventii and Wilkinson, 2008), Rful appears to provide
the first example of inhibition of DUB both in vivo and in vitro.
Since Doa4 functions in various important events, it is likely
important to regulate Doa4 activity appropriately. Indeed, since
Bro1 is an activator of Doa4 (Luhtala and Odorizzi, 2004; Richter
etal., 2007), Doa4 is regulated by both an activator and an inhib-
itor. The exact molecular mechanism of Rful-induced Doa4
inhibition remains to be clarified, and this will elucidate how
Rfu1 and Bro1 coordinate to regulate Doa4 activity. Bro1 recruits
Doa4 through the interaction of the N-terminal noncatalytic
region of Doa4, and Bro1 stimulates the deubiguitination activity
of Doa4 through the interaction of the C-terminal catalytic region
(Richter et al., 2007). For Doa4 to exhibit its function, it is impor-
tant that it localizes in the endosome, a process dependent on
Bro1 (Amerik et al., 2006; Richter et al., 2007). Based on the
finding that Bro1 binds to Rfu1 in the absence of Doa4, we spec-
ulate that Bro1 also recruits Rful to the endosome. Indeed, the
localization of Rfui-GFP in the endosome was largely lost in
the 4bro1 mutant (Y.K. and K.T., unpublished data). Preliminary
experiments provided evidence against any role for Rful in
recruiting Doa4 to the endosomes; Doa4-GFP localization
remained unchanged following the introduction of Arfu? muta-
tionin the 4vps4 mutant (Y.K. and K.T., unpublished data). These
results, together with the present observation of direct inhibition
of Doad by Rfut in vitro (Figure 6), indicate that Rfu1 could act on
Doa4 to inhibit its activity after Bro1 recruits Doa4 to the endo-
some. Indeed, Bro1 is about 25-fold more abundant than Doa4
and Rful (Ghaemmaghami et al., 2003) and hence potentially
has many roles in the cell. It should be noted that we cannot
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exclude other functions for Rful such as inhibition of Bro1
activity.

Rful does not have any orthologs in higher eukaryotes.
However, it has low sequence similarity to two different mamma-
lian DUBs: AMSH and UBPY. The homologous regions lie mainly
outside of the catalytic domains. Given that the homologous
sequence is involved in the inhibition activity, the corresponding
regions of AMSH and UBPY may also inhibit other DUBs or their
own DUB activity.

Free Ub Chains, Doa4, Rfu1, and Heat Shock

More Ubs are required upon stress, probably due to the massive
need of ubiquitination to degrade denatured proteins by the 26S
proteasome (Finley et al., 1987). We showed that heat shock
markedly decreased the levels of free Ub chains. We believe
that production of monomeric Ub is regulated through deubiqui-
tination activities and that heat stress increases monomeric
Ub production by disassembling free Ub chains. Doa4 and
Rful are involved, even only in part, in this regulation, based
on the following observations. First, Ub chains derived from
Ub(G76A) remained after heat shock, suggesting the involve-
ment of deubiquitination in the decrease of free Ub chains
(Figure 4B). Second, overproduction of Doa4 into wild-type cells
increased monomeric Ubs and decreased unanchored Ub
chains (Figure S8), suggesting that Doa4 disassembles free Ub
chains in vivo. Third, Doa4 indeed disassembled free Ub chains
in vitro (Figure 6). Fourth, in Adoa4 mutant and wild-type cells
overexpressing 3xHA-Rful, free Ub chains partly remained
upon heat shock (Figures 4C—4E). Fifth, heat shock decreased
Rful and increased Doa4 protein levels (Figure 5A). However,
in addition to Doa4, another DUB(s) may contribute to the disap-
pearance of free Ub chains upon heat shock since the effects of
Adoa4 mutation and Rful overexpression were far from
complete. DUBs whose mutants show altered Ub profile may
be good candidates. The next challenge is to identify other
heat-stress-responsive proteins that contribute to the decrease
in free Ub chains.

\
<— Doa4|— Rful

Figure 7. A Model of Reguiation of Ub
Homeostasis by Free Ub Chains
The monomeric ubiquitin (Ub) pool is maintained
through synthesis from Ub-encoding genes,
UBI1-4, by release from protein-conjugated Ub
chains, and by release from free Ub chains.
DUB(s), such as Doa4, supply monomeric Ub by
cleaving free Ub chains. Under normal conditions,
Rfu1 inhibits the activity of Doa4, resulting in the
maintenance of the monomeric Ub pool, and
consequently enhances the formation of free Ub
chains. Upon heat shock, Rful levels decrease
and more Doa4 is produced (Figures 5A and 5B);
Y T therefore, monomeric Ub would be produced
N from free Ub chains by Doa4. In addition, tran-
scription of UBI4-encoding polyubiquitin is
Heat shock increased. Since the activity of Doa4 is enhanced
/- by Bro1, Doa4 would be controlled by a balance
L/ between its activator (e.g., Bro1) and inhibitor
(e.g., Riut). Note that Bro1 is physically associated
with Rfu1 (for details, see text).

Bro1

It could be argued that the disappearance of Ub chains upon
heat shock is caused by the direct use of Ub chains to
a substrate. Recent studies have shown that E2-charged polyu-
biquitin chains can be directly transferred to a substrate (Li et al.,
2007; Ravid and Hochstrasser, 2007). However, this mechanism
does not appear to be applied at heat shock because we
confirmed that free Ub chains are not E2 charged: yeast lysate
treated with dithiothreitol (DTT), a reducing reagent, and DTT-
untreated lysate, which should retain the thioester-linkage with
E2, showed a similar Ub profile (data not shown).

Increase of Doa4-3xHA and decrease of Rful-3xFlag
proteins were observed upon heat shock. Heat shock also
changes the mRNA levels of DOA4 and RFUT (Gasch et al.,
2000). Several genes involved in ribosome transport and
assembly show mRNA expression patterns similar to that of
RFUT upon heat stress (Gasch et al., 2000). Synthesis of many
ribosomal proteins is sensitive to high temperature, thus explain-
ing the drop in protein synthesis upon heat shock (Woolford and
Warner, 1991). The regulation of Rfu1 expression may be under
a similar control. In addition to the regulation of mRNA, we found
that heat shock specifically degraded Rful-3xFlag protein.
Thus, the expression of Rfut is regulated by both mRNA and
protein levels. We are currently investigating the system involved
in Rfu1 protein degradation.

Unanchored Ub Chains as a Reservoir

for Monomeric Ub?

If we apply the scenario of disassembling of free Ub chains by
DUBs, one can assume that free Ub chains function not only
as inhibitors of the 26S proteasome as proposed previously
(Amerik et al., 1997) but also as a reservoir for Ubs, which can
rapidly provide the cell with monomeric Ubs when more Ub is
needed, such as under various stress conditions or stimuli
(e.g., heat, chemical treatments, electronic pulses, etc.) (Fig-
ure 7). Alternatively, keeping Ubs in the form of free Ub chains
may be an efficient way to reduce excess monomeric Ubs,
thus preventing unnecessary ubiquitination of cellular proteins.

Cell 137, 549-559, May 1, 2009 ©2009 Elsevier Inc. 557
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Consistent with this hypothesis, the double mutants of 4rfu?
and a component of the UPS (cdc48-3, 4N rpn2, rpt1/cim5-1)
contained much more HMW ubiquitinated proteins and were
more sensitive to higher temperatures than the single mutant
(Figures 1C-1E, 2B, and S4). As more monomeric Ubs are
provided by disruption of RFUT, overload of the ubiquitination
process would occur in the 4rful mutant and may result in
further accumulation of HMW ubiguitinated proteins in the
double mutants. Consistently, Ub overproduction was toxic to
cdc48-3 and cdc48-34rfut cells (Figure S5). Conversely, over-
expression of RFUT suppressed the temperature-sensitive
growth phenotype of cdc48-3, in which Rful was originally
isolated in the screening, as well as decreased accumulation
of HMW ubiquitinated proteins in cdc48-3 (Figures 1B and 2C).
Thus, consistent with a previous report (London et al., 2004),
these ubiquitinated proteins probably cause damage to cells,
leading to sensitivity to elevated temperatures. The concept of
a free Ub chain acting as a Ub reservoir is reminiscent of
glycogen as a storage form of glucose (Stryer, 1981). Excess
glucose is stored in the form of glycogen, a chained form of
glucose, to maintain glucose concentration in blood at adequate
levels. When more glucose is required, glycogen is rapidly
hydrolyzed to produce glucose.

As a candidate checkpoint factor for Ub homeostasis, further
exploration of the molecular function of Rful will certainly
provide a better understanding of Ub homeostasis and of the
stress response. Moreover, since free Ub chains exist in various
organisms (van Nocker and Vierstra, 1993), it is conceivable that
regulation of Ub homeostasis by free Ub chains is a universal
mechanism.

EXPERIMENTAL PROCEDURES

immunobiotting

Preparation of whole-cell extracts and immunoblot analysis were performed
essentially as described previously (Kimura et al., 2001), except cells were
harvested in the early log phase. To determine the effect of 3x HA-Rfu1 over-
expression on Ub profile and stress tolerance, fresh colonies after plasmid
transformation were directly suspended in medium and cultured. To analyze
the overall Ub profile, total cell proteins were separated by 4%-20% or
10%-20% gradient gels (Bio-Rad, Hercules, CA, USA) using glycine- or tri-
cine-based buffer, followed by transfer to Immobilon-P membranes (Millipore,
Bedford, MA, USA). Blots were incubated with mouse anti-Ub monoclonal
antibody, MAB1510 (Chemicon International, Inc., Temecula, CA, USA),
anti-HA antibody (HA.11, COVANCE, Princeton, NJ, USA), or anti-yeast PGK
antibody (Molecular Probes, Eugene, OR, USA), followed by horseradish
peroxidase (HRP)-conjugated anti-mouse IgG (#NA931V Amersham Biosci-
ences, Arlington Heights, IL, USA), and detected using ECL-plus reagents
(Amersham Biosciences). Rabbit anti-Hsp104 antibody was purchased from
Stressgen (Ann Arbor, M, USA).

Immunoprecipitation

Forimmunoprecipitation of Rfu1-3x Flag, cells were grown to early logarithmic
phase and harvested by centrifugation. Cells were lysed in buffer A (10 mM Tris
HCI, pH 7.5, 50 mM potassium acetate, 2 mM EDTA, 10% glycerol, 5 pg/ml
pepstatin A, and protease inhibitor cocktail [Roche]) with multi-beads shocker
(Yasui Kikai), and Triton X-100 was added at a final concentration of 0.5%.
Lysates were centrifuged and the supernatant was incubated with anti-Flag
M2 agarose (Sigma) for 2 hr in cold room. After washing with buffer A plus
0.5% Triton X-100, the immunocomplex was eluted by 1x sample buffer
and analyzed by western blotting. The blots were incubated with anti-HA,
anti-myc (9E10, Santa Cruz Biotechnology), or anti-Flag antibody (Sigma).
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For immunoprecipitation of GFP-CPS, cells were lysed in buffer A with
a multi-beads shocker. After centrifugation, the supernatants were incubated
with anti-GFP antibody (Roche) and Protein G sepharose. The immunocom-
plex was washed with buffer A plus 1% Triton X-100 and 200 mM NaCl, eluted
with 1x sample buffer, and analyzed by western blotting.

in Vitro Binding of MBP-Rfu1 with FVH-Doa4

Maltose-binding protein (MBP) or MBP-Rful (each 5 pg) was mixed with
FVH-Doa4 or FVH-Yuh1 (each 4 pg) in buffer B (50 mM Tris-HCI, pH 7.5,
100 mM NaCl, 10% glycerol, and 0.5% Triton X-100) for 1 hr at 25°C followed
by the addition of amylose resin. After 30 min, the resin was washed with buffer
B and eluted with buffer B containing 10 mM maltose. The eluted samples
were analyzed by western blotting.

In Vitro Doa4 Deubiquitinating Assay

The DUB activity of FVH-Doa4 and its mutant was tested with K48-linked
and K63-linked polyubiquitin (Biomol International, 1 ug each per reaction) in
100 mM Tris-HCI, pH 7.5, 100 mM KCI, 100 mM MgCl,, 100 mM DTT, and
1.9% glycerol. To determine the effect of MBP-Rful or MBP, the proteins
were mixed with FVH-Doa4 for 15 min prior to the addition of polyubiquitin.
Reactions were incubated for 2 or 3 hr at 25°C, mixed with a sample buffer,
and heated at 37°C for 30 min. They were analyzed by immunoblotting using
anti-Ub antibody (P4D1).

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, 11
figures, 2 tables, and Supplemental References and can be found with this
article online at http://www.cell.com/supplemental/S0092-8674(09)00204-9.
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The selective autophagy substrate p62 activates the
stress responsive transcription factor Nrf2 through

inactivation of Keapl
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Impaired selective turnover of p62 by autophagy causes severe
liver injury accompanied by the formation of p62-positive
inclusions and upregulation of detoxifying enzymes. These
phenotypes correspond closely to the pathological conditions
seen in human liver diseases, including alcoholic hepatitis and
hepatocellular carcinoma. However, the molecular mechanisms
and pathophysiological processes in these events are still
unknown. Here we report the identification of a novel regulatory
mechanism by p62 of the transcription factor Nrf2, whose
target genes include antioxidant proteins and detoxification
enzymes. p62 interacts with the Nrf2-binding site on Keapl, a
component of Cullin-3-type ubiquitin ligase for Nrf2. Thus, an
overproduction of p62 or a deficiency in autophagy competes
with the interaction between Nrf2 and Keap1, resulting in
stabilization of Nrf2 and transcriptional activation of Nrf2
target genes. Our findings indicate that the pathological process
associated with p62 accumulation results in hyperactivation of
Nrf2 and delineates unexpected roles of selective autophagy in
controlling the transcription of cellular defence enzyme genes.

Macroautophagy (hereafter referred to as autophagy) is a highly conserved
bulk protein degradation pathway responsible for the turnover oflong-lived
proteins, the disposal of excess or damaged organelles, and the clearance of
aggregation-prone proteins. Isolation membranes engulf the cytoplasmic
constituents, and the resulting autophagosomes fuse with lysosomes, result-
ing in complete degradation of the sequestered cytoplasmic components by
lysosomal hydrolases'. Thus, inactivation of autophagy leads to cytoplasmic
protein inclusions, which are composed of degenerated proteins, and the

excess accumulation of deformed organelles, leading to liver injury?, dia-
betes**, heart disease’ and neurodegeneration®”.

Although autophagy has generally been considered non-selective,
growing lines of evidence indicate the selectivity of autophagy in sorting
vacuolar enzymes such as aminopeptidase I and a-mannosidase* and
in the removal of aggregation-prone proteins’, unwanted organelles'*,
and microbes'%. Such selectivity by autophagy enables various methods
of cellular regulation, as is well known for the ubiquitin proteasome path-
way. The protein p62, which binds ubiquitin and LC3 (refs 13-15) and
is a selective substrate for autophagy, regulates the formation of protein
aggregates. Genetic ablation of p62 suppressed the appearance of ubiqui-
tin-positive protein aggregates in autophagy-deficient mice' and flies”,
indicating that p62 is important in the formation of inclusion bodies.
Moreover, loss of p62 markedly attenuated liver injury accompanied by
the robust induction of antioxidant proteins resulting from autophagy
deficiency™. This implies that impaired turnover of p62 is a major cause
of the pathogenic changes seen in the livers of autophagy-deficient mice.
Importantly, excess accumulation of p62 and inclusion bodies contain-
ing both ubiquitylated proteins and p62 have been identified in several
human disorders, especially in neurodegenerative diseases™, liver inju-
ries” and hepatocellular carcinoma®. However, the molecular functions
of p62 in autophagy-deficient conditions and its pathophysiological roles
in human disorders are still unknown.

The Nrf2-Keapl system is currently recognized as one of the main cel-
lular defence mechanisms against oxidative and electrophilic stresses?' .
Under quiescent conditions, the transcription factor Nrf2 (nuclear fac-
tor erythroid 2-related factor 2) is constitutively degraded through
the ubiquitin-proteasome pathway because its binding partner Keapl
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Figure 1 Interaction between Keapl and p62. (a) Diagrams of the
deletion-mutation constructs of Keap1 (left) and the corresponding
immunoprecipitation assays (right). Each Flag-tagged mouse Keapl and
mutant was expressed in HEK293T cells. At 22 h after transfection,
iysates were prepared and immunoprecipitated with anti-Flag antibody.
The resulting immunoprecipitates were subjected to SDS-PAGE and
analysed by immunoblotting with anti-Flag, anti-p62, anti-Nrf2 and
anti-actin antibodies. Data are representative of three individual )
experiments. (b) Diagrams of the deletion-mutation constructs of p62
(left) and the corresponding input (upper right) and pull-down assay
(lower right). The MBP-tagged mouse p62 deletion mutants conjugated
to amylose (AM) resins were incubated with purified GST-tagged
mouse Keapl-DC. The pulled-down complexes with the MBP-p62
mutants were subjected to SDS-PAGE and reveaied by staining with
Coomassie brilliant blue. The bands corresponding to MBP-p62 and
its mutants are indicated by black dots. Red arrowheads indicate the
band corresponding to GST-Keap1-DC. For details of construct 14

see Supplementary Information, Fig. S3. (c) Alignment of the Keap1-
interacting regions (KiR; red line) and the LC3-recognition sequences

(kelch-like ECH-associated protein 1) is an adaptor of the ubiquitin
ligase complex**". Exposure to electrophiles, reactive oxygen species
and nitric oxide instigates the modification of the cysteine residues of
Keap1, leading to its inactivation™*'. As a result, Nrf2 becomes stabilized
and translocates to the nucleus to induce the transcription of numer-
ous cytoprotective genes through its heterodimerization with small Maf
proteins® ¥ (see Supplementary Information, Fig. §10). In this study
we found that p62 acts to stabilize Nrf2 in autophagy-deficient mouse

(LRS; green line) of p62 homoiogues in various species. Black and

grey boxes indicate identical amino acid residues with complete and
partial conservation, respectively. (d) Immunoprecipitation assays. Flag-
tagged p62, KIR-deleted p62 (p62 AKIR) and a p62 mutant defective
in oligomerization (p62 K7AD69A) were expressed in primary mouse
hepatocytes by the adenovirus system (left) or in HEK293T cells by
transfection (right). Celi lysates were immunoprecipitated with anti-
Flag antibody. The resulting immunoprecipitates were subjected to
SDS-PAGE and analysed by immunoblotting with anti-p62 and anti-
Keapl antibodies. The bands corresponding to Flag-p62, endogenous
p62, Keapl and actin are indicated. The data shown are representative
of three separate experiments. (e) Interaction of endogenous p62 with
Keapl. Lysates prepared from the human hepatocellular carcinoma cell
line Huh-1 were immunoprecipitated with anti-p62 antibody or anti-Flag
antibody (negative control) followed by immunoblotting with antibodies
against p62 and Keapl. The bands corresponding to endogenous p62,
Keapl and IgG heavy chain (IgG H.C.) are indicated. The data shown are
representative of three separate experiments. Uncropped images of blots
are shown in Supplementary Information, Fig. S11.

livers and subsequently induces the expression of various cytoprotective
enzymes. This sustained activation of Nrf2 seems to be a major cause of
toxicity in autophagy-impaired livers.

RESULTS

Identification of Keap1l as a p62-interacting protein

Previous genetic studies on the autophagy-essential protein Atg7 in the
mouse showed that loss of autophagy caused a marked accumulation
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Figure 2 Crystai structure of Keap1-DC in complex with p62-KIR. (a, b)
Bottom view (a) and side view (b) of the complex structure. The ribbon
modeli represents Keapl-DC and the stick model shows p62-KIR. Each
B-propeiler biade is numbered from 1 to 6. (¢) The simulated-annealing
F - F_omit map is contoured at 3 0. p62-KIR (pink) was omitted from
the calculation. The electron density of the peptide-bound region V348

of p62 along with robust induction of antioxidant proteins, includ-
ing NAD(P)H dehydrogenase quinone 1 (Ngol} and glutathione
S-transferase (GST)™. A battery of such detoxifying and antioxidant
genes is regulated by the transcription factor Nrf2. which is activated by
oxidative and electrophilic stresses” - (see Supplementary Information,
Fig. S10). A prominent accumulation of Nrf2 in the nucleus was

NATURE CELL BIOLOGY VOLUME 12} NUMHBFE 4 ) MARCH 2010

to L355 of p62-KIR was unambiguously visible. (d) Intermolecular
hydrogen bonds of Keapl-DC in complex with p62-KIR (left; PDB ID
3ADE) and in complex with the Nrf2-ETGE region (right; PDB 1D 1x2r).
(e) intra-peptide hydrogen bonds of p62-KIR in the Keap1-DC compiex.
Hydrogen bonds (green broken lines) and their distances (A) are
displayed ind and e.

observed in livers deficient in Atg7, but this was ameliorated by the addi-
tional loss of p62 (ref. 16). We therefore postulated that in autophagy-
deficient livers, oxidative stresses occur in a p62-dependent manner.
However, treatment of Atg7-deficient hepatocytes with the antioxidant
reagent N-acetylcysteine did not affect the nuclear accumulation of Nrf2
or the high-level expression of antioxidant enzymes (Supplementary
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Figure 3 Competitive inhibition of the Nrf2—Keap1 pathway by p62. (a) A
representative ITC profile of the titration of Keap1-DC with p62M7 (residues
168-391). The upper panel shows the raw ITC thermograms and the lower
panel shows the fitted binding isotherms. (b) Immunoprecipitation assays.
Fiag-tagged Keap1l was co-expressed with increasing concentrations of
green fluorescent protein (GFP)-p62 (lanes 3-6) in HEK293T cells. Cell
lysates were immunoprecipitated with anti-Flag antibody. The resulting
immunoprecipitates were subjected to SDS-PAGE and analysed by
immunoblotting with anti-Flag, anti-p62 and anti-Nrf2 antibodies. The
bands corresponding to Flag—Keap1, endogenous p62, Nrf2 and actin are
indicated. Data are representative of three independent experiments. (c) The
competitive p62 activity against Keapl was measured by luciferase assay. The
expression plasmids for Nrf2, Keapl and p62 wild-type (w.t.) or its mutants
were transfected into Hepal cells along with pNgo1-ARE reporter plasmid
and pRL-TK as an internal control. At 36 h after transfection, the luciferase
activity was measured in accordance with the instructions provided by the

manufacturer. Assays were performed twice in triplicate. Data are means and
s.d. for six determinations. (d) Immunoblot analysis. Flag-tagged p62 and its
mutants defective in interacting with Keapl were overproduced in wild-type
and p62 ' primary mouse hepatocytes by the adenovirus system. At 48 h

after infection, total cell lysates and nuclear fractions were prepared and
subjected to immunoblot analysis with the antibodies specified. The bands
corresponding to Flag-p62, endogenous p62, Keapl, Nrf2, Nqol, actin and
Lamin B are shown. Data are representative of three independent experiments.
Uncropped images of blots are shown in Supplementary Information, Fig. S11.
(e) Quantification of mRNA ievels of the detoxification enzymes Nqol, Gstm1l
and Cyp2a5 in hepatocytes overexpressing Flag-p62 and its mutants. Total
RNAs were prepared from non-infected or infected hepatocytes and reverse
transcribed into their respective cDNAs, which were used as templates in real-
time PCR analysis. Values were normalized to the amount of each mRNA in
the non-infected hepatocytes. The experiments were performed three times.
Data are means + s.d. for three experiments.
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Figure 4 Formation of p62-positive and Keap1-positive inclusions in
autophagy-deficient hepatocytes. (a) insolubilization of Keapl in Atg7-
deficient hepatocytes. Liver homogenates from Afg7"":Mx1 mice on various
days after injection of poly(l)epoly(C) were separated into detergent-soluble
and detergent-insoluble fractions with 0.5% Triton X-100. Each fraction

was subjected to SDS-PAGE and analysed by immunoblotting with the
indicated antibodies. The data displayed are representative of three separate
experiments. (b) Immunoblot analysis of Atg7-deficient (Atg7"":Mx1; Atg7*
shown here as F/F) and Atg7 p62-deficient (Atg7"":Mx1:p62 ") livers. Liver
homogenates from mice of the stated genotypes at 12 days after injection

of poly(I)epoly(C) were separated into detergent-soluble and detergent-
insoluble fractions. Each fraction was subjected to SDS-PAGE and analysed
by immunoblotting with the indicated antibodies. Atg7* mice? in which Atg7

Information, Fig. S1), suggesting the existence of p62-dependent regu-
lation of Nrf2.

To explore cellular regulation by p62, we used a proteomic approach™ to
screen for proteins that interact with p62, by using HEK293T cells express-
ing tagged p62 protein. Keapl was identified as a p62-interacting protein
(data not shown). In an independent experiment with RL34 cells expressing
tagged Keap! protein, weisolated p62 as a Keapl-associating protein (data
not shown). Keap] is a substrate adaptor protein for Cullin-3-type ubiquitin
E3 ligase. Keap1 possesses four domains: the Broad complex, Tramtrack,
and Bric-a-Brac (BTB, amino-acid residues 61-179); the intervening region
(IVR, residues 180-314); the double glycine repeat or kelch repeat (DGR,
residues 315-598); and the carboxy-terminal region (CTR, residues 599-
624)*-" (Fig. la). The DGR and CTR domains are collectively called the
DC domain. The BTB domain serves to dimerize Keap1, enabling ubiquitin
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is efficiently expressed at a level similar to that in the wild-type mice were
used as control. Data shown are representative of three separate experiments.
Uncropped images of blots are shown in Supplementary information,

Fig. S11. (c) Quantitative real-time PCR analyses of Nqol and Gstm1 in
mouse livers. Total RNAs were prepared from livers of the indicated genotypes
at 12 days after injection of poly(l)epoly(C). Values were normalized to the
amount of mRNA in Atg7"" liver. Data are means + s.d. for three experiments.
(d) Immunofluorescence analysis of the cellular localization of p62 and
Keapl. Liver sections from mice of the indicated genotypes at 28 days after
injection of poly(l)epoly(C) were immunostained with anti-Keap1 (top) and
anti-p62 (middle) antibodies. Bottom: merged images of Keapl (green) and
p62 (red). Each inset in the Atg/-deficient liver panels is a magnified image
of the boxed region. Scale bars, 20 ym.

conjugation onto specific lysine residues located within the Neh2 domain
of Nrf2 (refs 35, 36). The IVR domain interacts with Cullin 3 to promote
Nrf2 ubiquitylation®, whereas the DC domain physically interacts with the
Neh2 domain of Nrf2 (refs 36 37). To specify the regions of Keap] essential
for its interaction with p62, we performed an immunoprecipitation assay.
Whereas Keapl C-terminal deletion mutants (ADGR and ACTR) did
not interact with either endogenous p62 or Nrf2, Keapl amino-terminal
deletion mutants (ANTR, ABTB and AIVR) interacted with both endog-
enous p62 and Nrf2, although with weaker affinities than wild-type Keap!
(Fig. 1a). The Keap1-DC domain, but not the DGR domain, bound to both
p62 and Nrf2 (Fig. 1a). The CTR domain contributes to the structural fold
of Keap1-DC, which is required for interaction with Nrf2 (ref. 38). These
results therefore suggest that the six-bladed B-propeller structure of Keap1
is essential for its molecular recognition of p62, as is the case for Nrf2.
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Figure 5 Amelioration of liver dysfunction in autophagy-deficient mice by the
additional loss of Nrf2. (a) Immunoblotting of Atg7-deficient (Atg77%:Mx1;
Atg77 shown here as F/F) and Atg7 Nrf2-deficient (Atg77F:Mx1:Nrf2 ")
livers. Liver homogenates from mice of the assigned genotypes at 28 days
after injection of poly(!)epoly(C) were separated into detergent-soluble and
detergent-insoluble fractions. Total, soluble and insoluble fractions were
subjected to SDS-PAGE and analysed by immunoblotting with the indicated
antibodies (top section). Total lysates were subjected to SDS-PAGE and
analysed by immunoblotting with antibodies against Ngol, Gstm1 and actin
(bottom left section). Nuclear fractions were prepared from the livers of the
indicated genotypes at 28 days after injection of poly(1)epoly(C), subjected
to SDS-PAGE and analysed by immunoblotting with antibodies against Nrf2
and Lamin B (as control) (bottom right section). Data were obtained from
three independent experiments. Uncropped images of blots are shown in
Supplementary Information, Fig. S11. (b) Immunofluorescence analysis

of the cellular localization of p62 and Keap1. Liver sections from mice of
the indicated genotypes at 28 days after injection of poly(l)epoly(C) were
immunostained with anti-Keap1 (left) and anti-p62 (middle) antibodies.

Right: merged images of Keap1 (green) and p62 (red). Each inset in the
Atg7-deficient and Atg7 Nrf2-deficient liver panels is a magnified image of
the boxed region. Scale bars, 20 um. (c) Quantitative real-time PCR analyses
of Ngol, Gstm1 and Cy2a5 in mouse livers. Total RNAs were prepared from
livers of the indicated genotypes at 28 days after injection of poly(l)epoly(C).
Values were normalized to the amount of mRNA in the Afg7"” liver. Data

are means + s.d. for three experiments. (d) Liver weight. The weights of the
mouse livers of the different genotypes shown at 28 days after injection of
poly(l}epoly(C) were measured. Data are means + s.d. for five mice from each
group. Three asterisks, P < 0.001 (Student’s t-test). (e) Histological analysis
of the mouse liver of the indicated genotypes. At 28 days after injection of
poly(l)epoly(C), the livers were processed for haematoxylin/eosin staining.
Higher-magnification views are shown in the bottom panels. CV, central

vein; P, portal vein. Scale bars, 100 um. (f) Liver function tests of the mice
used in d. The serum levels of aspartate aminotransferase (AST), alanine
aminotransferase (ALT) and alkaline phosphatase (ALP) were measured.
(1U/L, international unit per liter). Data are means + s.d. for seven mice from
each group. Asterisk, P < 0.05; three asterisks, P < 0.001.
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