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An important subgroup of human neurodegenerative dis-
eases is associated with abnormal expansions of gluta-
mine repeats found in several otherwise unrelated pro-
teins (Zoghbi and Orr 2000). Interest in these polygluta-
mine diseases is fueled both by their clinical significance
and by the belief that lessons gleaned from these rela-
tively rare conditions will apply to other more prevalent
human neurodegenerative disorders and perhaps more
generally to other diseases of aging. The basis for this
belief is the observation that polyglutamine diseases and
common neurodegenerative disorders, such as Alzheim-
er’s disease and Parkinson’s disease, share as a common
feature the accumulation of abnormal protein aggregates
in and around affected neurons (Kaytor and Warren
1999). In the polyglutamine diseases there is a good cor-
relation between the length of the glutamine repeat, the
tendency of the affected protein to assume abnormal ag-
gregation-prone states of folding, and the occurrence of
neurodegeneration (Gusella and MacDonald 2000; Orr
2001). Furthermore, there is reason to believe that de-
spite the dissimilarities in structure and function of the
proteins that “host” the glutamine repeat, once the poly-
glutamine expansion has reached a critical length, it im-
poses a common abnormal folding state on the affected
protein (Perutz 1996). Together with the dominant in-
heritance pattern of the associated diseases, these obser-
vations suggest that the abnormal polyglutamine repeat
converts host proteins into toxic entities, or proteotox-
ins (Hightower 1991). Attempts to understand the patho-
physiology of polyglutamine diseases have therefore fo-
cused on the physical state of the abnormal protein, the
cellular compartment in which it is found, and the im-
pact of the abnormal protein on cell physiology. A paper
in this issue of Genes & Development reports on a
pathogenic polyglutamine protein that accumulates as a
nuclear aggregate yet triggers the unfolded protein re-
sponse—a cellular response to unfolded and misfolded
proteins in the endoplasmic reticulum (Nishitoh et al.
2002). We will discuss some of the implications of this
finding whereby the impact of a polyglutamine-contain-

ing proteotoxin can be transmitted from one cellular
compartment to another.

Components of polyglutamine proteotoxicity

The pathogenicity of polyglutamine proteins is believed
to have two components: a common component that is
manifest by all such proteotoxins and a specific compo-
nent that is dependent on the functions of each host
protein. Evidence for the existence of a common compo-
nent to polyglutamine proteotoxicity is provided by the
observation that fragments of polyglutamine-expanded
proteins in which much of the host protein’s sequence
had been removed are still able to recapitulate important
aspects of human neurodegenerative disorders when ex-
pressed from transgenes at high levels in susceptible
neurons (Ikeda et al. 1996; Mangiarini et al. 1996). In
some cases these trimmed-down polyglutamine proteins
were even more potent than the naturally-occurring hu-
man disease-causing proteins, leading some to suggest
that the toxic principle elaborated in the human disease
may be a processed form of the abnormal gene’s primary
translation product (DiFiglia et al. 1997).

Different processes are perturbed in polyglutamine-ex-
pressing cells, but distinguishing primary biochemical
events common to all polyglutamine proteotoxins from
distant downstream consequences of proteotoxicity re-
mains a major challenge. One of the more coherent hy-
potheses pertains to the ability of polyglutamine pro-
teins to perturb signaling by transcriptional regulators
that have glutamine-rich tracts themselves. According
to this theory, interactions between the glutamine
stretches in the wild-type transcription factors and the
polyglutamine proteotoxin sequester the former in inac-
tive complexes (Shimohata et al. 2000). This mechanism
may account for some of the toxicity associated with
nuclear polyglutamine proteins (Paulson et al. 1997), but
it is less successful in explaining the pathogenesis of
disease caused by cytoplasmic polyglutamine proteins
(Huynh et al. 2000).

One of the features common to polyglutamine proteo-
toxins is their tendency to aggregate. This is reflected in
their behavior both in vitro and in living cells. Aggrega-
tion is believed to be due to the propensity of polygluta-
mine tracts to form pleated sheets of beta-strands held
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together by hydrogen bonds between their amides. This
abnormal and highly stable structure may perturb the
tertiary structure of the adjacent peptide chain (in cis) or
invade other proteins (in trans), exposing side chains that
are normally buried in the hydrophobic core of the pro-
tein (Perutz 1996). The resulting misfolded proteins may
constitute a platform for combinatorial display of novel
surface determinants that are not found in proteins that
have folded properly. These novel misfolded conforma-
tions (that may also exist in other misfolding diseases)
have never been subject to evolutionary selection.
Therefore, the possibility for promiscuous interaction
with cellular determinants and the resulting perturba-
tion of cell physiology has never been selected against.
Similar novel surface determinants likely emerge tran-
siently in the course of normal protein folding, a context
in which they are recognized by chaperones and pre-
vented from undergoing illegitimate interactions with
other cellular constituents (Bucciantini et al. 2002).
Polyglutamine proteotoxins, too, are associated with cel-
lular chaperones, and overexpression of chaperones can
suppress the toxicity associated with polyglutamine pro-
teins (Cummings et al. 1998; Chan et al. 2000; Kazemi-
Esfarjani and Benzer 2000; Cummings et al. 2001). To-
gether these findings suggest that cells treat polygluta-
mine proteins as unfolded proteins.

Eventually, proteins that fail to fold properly are tar-
geted for degradation. Often an early step in this process
is ubiquitination, a covalent modification that marks the
protein for destruction and directs it to the proteasome,
a machine for proteolytic degradation (Hershko and
Ciechanover 1998). An alternative fate for some ubiqui-
tinated and nonubiquitinated proteins is delivery to the
aggresome, a cellular repository of abnormal proteins
that have evaded degradation by one means or another
(Kopito 2000). The polyglutamine protein aggregates
found in degenerating neurons stain positive for ubiqui-
tin and for components of the proteasomal machinery
(Paulson et al. 1997; Cummings et al. 1998), suggesting
that cells treat these proteins as abnormal entities ear-
marked for destruction or, failing that, for sequestration
out of harm’s way. Indeed, genetic manipulations that
impede either proteasomal degradation of polyglutamine
proteins or their incorporation into visible aggregates en-
hance their toxicity (Saudou et al. 1998; Cummings et al.
1999).

Polyglutamine proteins are not only substrates for the
ubiquitin-proteasome system, they may also serve as
competitive inhibitors of this important pathway of in-
tracellular protein degradation. When expressed at high
levels in HEK293 cells, a polyglutamine fragment of the
Huntingtin protein interfered with proteasome-medi-
ated degradation of a short-lived marker protein (Bence
et al. 2001). Inhibition of the ubiquitin-proteasome sys-
tem is not unique to polyglutamine proteins, as overex-
pression of a malfolding-prone mutant cystic fibrosis
membrane conductance regulator (CFTR�F508) that is it-
self normally degraded by the ubiquitin-proteasome sys-
tem, also inhibited this pathway and stabilized the short-
lived marker protein (Bence et al. 2001). The ubiquitin-

proteasome system degrades not only misfolded proteins
but also many properly folded ones. The cell relies on the
ubiquitin-proteasome system to eliminate key signaling
molecules in a regulated fashion. For example, the tran-
sition between different phases of the cell cycle is ef-
fected by timely degradation of cyclins. Consequently,
the inhibition of the ubiquitin-proteasome system by
polyglutamine proteins affects not only the handling of
these and other misfolded proteins, but also indirectly
affects other important cellular processes (Bence et al.
2001).

The unfolded protein response

The endoplasmic reticulum (ER) is a major site of post-
translational protein processing. This is particularly true
of neurons that must maintain long plasma membrane-
enclosed processes and an elaborate secretory apparatus.
Equilibrium between the flux of client proteins entering
the ER and the capacity of the organelle to handle its
load is maintained by several signaling pathways, that
together constitute a so-called unfolded protein response
(UPR). The UPR is initiated in response to an imbalance
between folding capacity and client protein load, a state
of affairs heuristically referred to as ER stress. ER stress
occurs in a variety of pathological states but it also ac-
companies physiological fluctuations in client protein
load (Lee 1992; Kaufman 1999). The UPR has several
known functional components. An early reduction in
protein synthesis is mediated by the eukaryotic transla-
tion initiation factor-2 kinase, PERK (Harding et al.
1999). This serves to rapidly reduce the load of client
proteins entering the organelle. Failure to effect this re-
sponse markedly reduces the resistance of cells even to
physiological levels of ER stress (Harding et al. 2000,
2001; Scheuner et al. 2001).

The translational response to ER stress comes at the
expense of completing the organelle’s mission, which is
to process secreted and membrane-bound client proteins.
Therefore, cells have elaborated a second phase of the
UPR that increases the ER’s capacity to process client
proteins. This later phase consists of transcriptional ac-
tivation of genes whose products play a role in all aspects
of posttranslational protein processing in the secretory
pathway (for review, see Patil and Walter 2001). The
mRNAs induced by the UPR encode, among others, ER
chaperones, disulfide exchange factors, oxidoreductases,
proteins involved in vesicular transport from the ER,
and, notably, many components of the ER-associated
protein degradation (ERAD) machinery. The latter con-
sists of a cellular apparatus that recognizes unfolded and
misfolded proteins in the lumen of the ER and on its
membranes, delivers them through the translocon pore
in a process referred to as retrotranslocation, and ensures
their ultimate destruction on the cytoplasmic side by the
proteasome (for reviews, see Sommer and Wolf 1997;
Plemper and Wolf 1999). Genetic studies in yeast have
revealed the functional importance of up-regulating the
ERAD apparatus to the resistance of cells to ER stress,
indicating that it is tightly integrated into the UPR
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(Casagrande et al. 2000; Ng et al. 2000; Travers et al.
2000).

Two of the three known upstream activators of the
mammalian UPR share a common mechanism of acti-
vation. PERK and IRE1 are type-1 transmembrane ER-
resident proteins with a functionally interchangeable lu-
menal domain that responds to ER stress signals and a
cytoplasmic effector protein kinase domain that initiates
downstream signaling. Activation of PERK and IRE1 cor-
relates with their oligomerization in the plane of the ER
membrane, an event that precedes trans-autophosphory-
lation and activation of downstream signaling (Bertolotti
et al. 2000; Liu et al. 2000; Okamura et al. 2000). The
lumenal domains of PERK and IRE1 are recognized by
the lumenal chaperone BiP, and BiP binding inhibits the
oligomerization event that initiates signaling in the UPR
(Bertolotti et al. 2000; Okamura et al. 2000; Liu et al.
2002). These observations are consistent with a model
whereby cells seek to defend a certain level of dispens-
able BiP in their ER. During ER stress, client proteins
titrate BiP away from the lumenal domains of PERK and
IRE1, thereby activating the UPR. As translation levels
fall, and later as ER chaperone levels increase and ERAD
components are up-regulated, the level of unfolded and
misfolded client proteins diminishes and dispensable BiP
is once again available to inhibit PERK and IRE1. This
model for the UPR setpoint implies that even a small
surplus of unfolded ER client proteins beyond the buff-
ering capacity of the ER chaperones is disadvantageous.
Perhaps in the ER, too, combinatorial display of hydro-
phobic side chains exposed on normal folding interme-
diates and on misfolded proteins must be masked by
chaperones to avoid creation of novel proteotoxins.

Polyglutamine proteins, ER stress, and programmed
cell death

In this issue of Genes & Development, Nishitoh and
colleagues report that the expression of a pathogenic
polyglutamine-containing fragment from the SCA3 pro-
tein implicated in Machado-Joseph Disease (SCA3-Q79)
in rat pheochromocytoma PC12 cells leads to marked
activation of IRE1 and PERK. PERK and IRE1 are specifi-
cally activated by ER lumenal signal(s) and not by stress
signals emanating from other cellular compartments (Ti-
rasophon et al. 1998; Harding et al. 1999; Bertolotti et al.
2000), suggesting that their activation is specific for ER
stress. A possible solution to the mystery of how SCA3-
Q79 (which is not translocated to the ER lumen) induces
ER stress was provided by the observation that SCA3-
Q79 inhibits proteasome function and that treatment of
PC12 cells with a proteasome inhibitor likewise acti-
vates PERK and IRE1. These findings are consistent with
a chain of events whereby SCA3-Q79 engages and inhib-
its the ubiquitin-proteasome system (as predicted by
Bence et al. 2001). Because the ubiquitin-proteasome sys-
tem is also involved in degradation of misfolded ER pro-
teins, the secondary ER-associated protein degradation
defect induced by SCA3-Q79 initiates ER stress that is

reflected in IRE1 and PERK activation (Nishitoh et al.
2002).

SCA3-Q79 is highly toxic; when it is expressed from a
transgene in either cultured cells or in vivo in neurons,
the protein causes cell death and neurological dysfunc-
tion (Ikeda et al. 1996; Paulson et al. 1997). To address
the potential role of ER stress in mediating these effects
of SCA3-Q79, Nishitoh and colleagues examined down-
stream signaling in the UPR. They discovered links be-
tween ER stress caused by SCA3-Q79 and activation of
JUN N-terminal kinases (JNKs), stress-induced protein
kinases implicated in programmed cell death (for review,
see Davis 1999). To evaluate the significance of these
findings we need to briefly review the connection be-
tween ER stress and programmed cell death.

Exposure of cells to toxins that perturb protein folding
in the ER eventually leads to cell death. This is hardly
surprising, if one considers the many cellular processes
that depend on the integrity of the ER’s protein process-
ing machinery (consider, for example, that most cell sur-
face receptors implicated in receiving survival signals are
folded and processed in the ER). However, recently ac-
crued evidence points to the existence of specific death-
promoting pathways that are activated during ER stress.
The first of these to be identified is downstream from the
transcription factor CHOP (or GADD153), a small bZIP
protein that is activated transcriptionally and posttran-
scriptionally by ER stress. CHOP−/− cells and animals
are partially resistant to ER stress (Zinszner et al. 1998;
McCullough et al. 2001; Oyadomari et al. 2002) and ec-
topic expression of CHOP promotes cell death (Friedman
1996; McCullough et al. 2001). Interestingly, CHOP in-
duction by ER stress requires signaling downstream of
PERK, in a cascade that involves phosphorylation of eu-
karyotic translation initiation factor-2 and translational
induction of ATF4, a transcription factor upstream of
CHOP (Harding et al. 2000; Scheuner et al. 2001). There-
fore, certain aspects of PERK signaling promote survival
in ER stress while others promote cell death. It is plau-
sible that PERK contributes to cell survival at moderate
levels of ER stress and to cell death at higher levels.

Another death-promoting pathway that is activated
during ER stress is mediated by an ER-localized caspase,
Caspase-12. Caspase-12 is activated specifically by ER
stress and contributes to programmed cell death during
ER stress, as CASP12−/− cells are resistant to ER stress
but not to other death-promoting perturbations (Nak-
agawa et al. 2000). The pathways linking ER stress to
caspase-12 activation have yet to be worked out in detail,
but elevated cytoplasmic calcium levels (which may ac-
company cellular conditions that cause ER stress) play a
role in proteolytic processing of caspase-12 by calpain
(Nakagawa and Yuan 2000). More directly related to ER
stress is the observation that IRE1 recruits and clusters
caspase-12 at the ER membrane in stressed cells, leading
to its activation (Yoneda et al. 2001). This last mecha-
nism is relevant to findings reported on by Nishitoh and
colleagues in this issue because it reveals an unexpected
aspect of mammalian IRE1 activity—a diversity of
downstream effectors.
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IRE1 was first identified in yeast, where it is required
for all gene activation in the UPR (Casagrande et al.
2000; Travers et al. 2000). Signaling downstream from
IRE1 entails the endonucleolytic processing of the
HAC1 mRNA. In ER-stressed yeast, Ire1p undergoes
trans-autophosphorylation, which activates its effector
function—the precise cleavage of the HAC1 mRNA. The
unprocessed form of HAC1 mRNA, present in un-
stressed cells, is poorly translated, whereas the processed
mRNA is efficiently translated into a transcription fac-
tor, Hac1p, that binds and activates target genes of the
yeast UPR (Mori 2000; Patil and Walter 2001). Mamma-
lian cells also have IRE1 proteins and recently a HAC1-
like mRNA (transcribed from the XBP-1 gene) was found
to signal downstream from IRE1 in the mammalian UPR
(Shen et al. 2001; Yoshida et al. 2001; Calfon et al. 2002).
The role of the mammalian IRE1 and XBP-1 signaling
pathway has not been fully elucidated, however there is
reason to believe that it may be implicated in promoting
increased ER client protein processing capacity.

In addition to signaling as a site-specific endoribo-
nuclease in the evolutionarily-conserved signaling path-
way described above, mammalian IRE1 proteins have
also acquired the ability to engage in parallel signaling.
Activated and phosphorylated mammalian IRE1 proteins
bind to the cytoplasmic adaptor protein TRAF2 and re-
cruit it to ER membranes, resulting in JNK activation.
This pathway is likely to be relevant to JNK activation
by ER stress, as IRE1 knockout cells are impaired in JNK
activation specifically by ER stress and dominant-nega-
tive TRAF2 interferes in signaling from IRE1 to JNK
(Urano et al. 2000b). The functional significance of this
signaling pathway has not been established, though it
was deemed possible that JNK activation mediates some
of the death-promoting effects of IRE1, as noted in earlier
studies (Wang et al. 1998).

Nishitoh and colleagues extend these observations in
important ways. First, they found that the upstream ki-
nase ASK1, a MAPKKK previously implicated in cell
death under a variety of conditions (for review, see Mat-
suzawa and Ichijo 2001), is required for linking the IRE1–
TRAF2 complex to JNK activation, as ASK1−/− mouse
fibroblasts fail to activate JNKs in response to IRE1 ac-
tivation. This finding was expected, as the same group
has squarely placed ASK1 downstream from TRAF2 in
other signaling cascades that activate JNK (Nishitoh et
al. 1998). The ASK1 mutation also interfered with JNK
activation by proteasomal inhibitors or by other agents
that promote ER stress or by SCA3-Q79 expression.
Most importantly, the ASK1−/− fibroblasts and primary
neurons were resistant to cell death induced by protea-
somal inhibitors or other agents that cause ER stress and
to the death-promoting effects of SCA3-Q79. These com-
pelling experiments support a model whereby the signal-
ing pathway linking ER stress, IRE1, TRAF2, ASK1 and
JNK has an important role in promoting cell death by
polyglutamine-containing proteotoxins.

Several caveats apply to interpreting these interesting
results. First, it is not proven that ASK1’s role in pro-
moting cell death in the SCA3-Q79-expressing cells is

initiated by ER stress. Though the study conclusively
shows that ASK1 is required for JNK activation and cell
death by ER stress, it remains possible that another
stress pathway that is also activated by polyglutamine-
containing proteotoxins mediates ASK1-dependent cell
death. In principle one could address this issue by exam-
ining the impact of IRE1 deletion on neuronal death
caused by polyglutamine-containing proteotoxins. How-
ever, there are conceptual and technical difficulties in
addressing this question experimentally. There are two
IRE1 genes in mammals and the isoform expressed in
neurons, IRE1�, is essential for embryonic development
(Urano et al. 2000a; Lee et al. 2002). Therefore, procuring
cultured neurons that are null for IRE1� may not be
trivial. Secondly, given what we know about the UPR it
seems likely that the IRE1 pathway (like the PERK sig-
naling pathway) may exert opposing influences on cell
survival during ER stress. Signaling through XBP-1
would increase ER capacity and protect cells from ER
stress whereas signaling through TRAF2 would promote
cell death by activating JNK. The experiment is therefore
unlikely to be conclusive.

It is also important to recognize that these studies at-
tempt to recapitulate a pathophysiological process that
is played out over many years in neurons of affected hu-
mans in several days in a tissue culture plate. To achieve
this, the polyglutamine proteotoxin is expressed at high
levels. This is an important concern, as the phenomena
uncovered by Nishitoh and colleagues are best explained
by inhibition of the ubiquitin-proteasome system, which
might be highly dependent on the level at which the
proteotoxin is expressed. It is therefore possible that in-
hibition of the ubiquitin-proteasome system is impor-
tant in the experimental system used by Nishitoh and
colleagues, but has little impact in clinical polygluta-
mine disease. This potential problem may have been
compounded by reliance on cell death as a phenotypic
readout. While neuronal cell death clearly occurs in
polyglutamine diseases, it is often preceded by organ dys-
function. This is true both in clinical disease and in
some of the experimental mouse models (for review, see
Orr 2001). Therefore, it is possible that the IRE1 to JNK
signaling cascade is implicated in neuronal death caused
by polyglutamine containing proteotoxins without play-
ing a major role in the pathophysiology of the human
polyglutamine diseases.

There are several ways to begin to address the last
concern. One might try to construct transgenic models
for polyglutamine disease, such as the SCA3-Q79 trans-
gene (described by Ikeda et al. 1996), in the ASK1−/−

mice. More generally, as both CASP12−/− and CHOP−/−

mice are ostensibly normal, it is possible to examine the
impact of mutations in these effectors of ER stress-me-
diated cell death on the phenotype of established trans-
genic models of polyglutamine disease. If ER stress-me-
diated cell death were important to the development of
disease in these mouse models, one would expect an at-
tenuated phenotype in the CASP12−/− and CHOP−/− mu-
tant mice.

An additional question raised by these studies is the
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nature of the link between polyglutamine proteotoxins,
the defects in the ubiquitin-proteasome system and ER-
associated protein degradation, and the development of
ER stress. A target for inhibition by polyglutamine pro-
teins that might be implicated in this process is a com-
plex containing the AAA ATPase, VCP/p97/CDC48,
which promotes ER-associated protein degradation (Ye
et al. 2001; Jarosch et al. 2002). A recent study found that
the VCP/p97/CDC48-containing complex interacts
physically with polyglutamine proteotoxins and that ex-
pression of dominant negative forms of VCP/p97/
CDC48 led to cell death with features resembling those
induced by polyglutamine proteotoxins (Hirabayashi et
al. 2001). Interpreting these results is complicated by ob-
servations made by the same group whereby loss of ter94
(Drosophila VCP/p97/CDC48) suppresses polygluta-
mine proteotoxicity in the Drosophila eye (Higashiyama
et al. 2002). The latter suggest that rather than being
inhibited by polyglutamine proteotoxicity, the VCP/
p97/CDC48-containing complex is its effector. It would
be interesting nonetheless to examine the impact of mu-
tations in the IRE1, TRAF2, ASK1, and JNK pathway on
the phenotypes associated with perturbed VCP/p97/
CDC48 function.

In summary, the study by Nishitoh and colleagues in
this issue and the earlier study by Bence and colleagues
(Bence et al. 2001) call attention to the potential for mis-
folded proteins to inhibit intracellular protein degrada-
tion and perhaps to saturate chaperone reserve in the ER.
These studies nicely show how this mechanism might
account for the transmission of proteotoxicity’s impact
across cellular compartments, recruiting pathogenic cas-
cades at a distance from the primary inciting proteo-
toxin. Many neurodegenerative diseases share as a com-
mon feature the production and accumulation of abnor-
mal misfolded proteins, therefore the phenomena
revealed in the studies described above may have general
relevance to neurodegeneration.
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