
There is a set of human diseases caused by neuronal

death or malfunctioning. These diseases are called neu�

rodegenerative and typically lead to brain dysfunction.

Intracellular protein aggregates are hallmarks of such neu�

rodegenerative pathologies as Alzheimer’s, Parkinson’s,

and Huntington’s diseases [1]. The cellular response to the

formation of protein aggregates is rather complex: it

includes activation of protein degradation and re�folding

systems and changes in the transcription level of a signifi�

cant number of genes. So, which parts of the response are

protective and which ones are self�destructive for the

cells? Here we argue that the data obtained by using a yeast

model of Huntington’s disease (HD) add to our under�

standing of this problem.

HD is one of nine diseases caused by the elongation

of polyglutamine (polyQ) stretch and accompanied by

accumulation of amyloid bodies in neurons. HD is caused

by elongation of the glutamine�rich fragment in a protein

called huntingtin [2]. The protein is one of the largest

known (348 kDa), but it does not contain any conserva�

tive domains except for its polyQ domain [3]. Apart from

that, huntingtin contains HEAT repeat [4] and several

caspase�cleavable sites [5]. The protein is ubiquitous, and

the highest levels of expression are detected in brain [6,

7]. Huntingtin is found associated with a number of intra�

cellular structures: the endoplasmic reticulum, mito�

chondria, and microtubules [8, 9]. It has been shown that

huntingtin can interact with more than 50 proteins:

kinases, phosphatases, proteases, and transcription fac�

tors amongst others [10, 11]. There are data showing that

huntingtin regulates transcription by transporting the

transcription factors between the cytoplasm and the

nucleus [3], plays a role in vesicular traffic [12], and also

protects cells against apoptosis [13, 14].

The first exon of huntingtin contains a highly poly�

morphic region of CAG repeats, which code for gluta�

mine. Normally there are 10�34 repeats and more than 40

almost always leads to the disease [15, 16].
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Abstract—A number of neurodegenerative diseases are accompanied by the appearance of intracellular protein aggregates.

Huntington’s disease (HD) is caused by a mutation in a gene encoding huntingtin. The mutation causes the expansion of

the polyglutamine (polyQ) domain and consequently polyQ�containing aggregates accumulate and neurons in the striatum

die. The role of the aggregates is still not clear: they may be the cause of cytotoxicity or a manifestation of the cellular

attempt to remove the misfolded proteins. There is accumulating evidence that the main cause of HD is the interaction of

the mutated huntingtin with other polyQ�containing proteins and molecular chaperones and most studies based on a yeast

model of HD support this point of view. Data obtained using yeasts suggest pathological consequences of polyQ–proteaso�

mal interaction: proteasomal overload by polyQs may interfere with functions of the cell cycle�regulating proteins.
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The expanded polyQ fragment is a critical factor

driving the formation of intracellular aggregates and neu�

ronal degeneration. Interestingly, unlike the normal one,

the mutant huntingtin is often found in the nucleus [8, 9].

PolyQ aggregation and toxicity are currently studied

in many cell cultures and model organisms. The yeast

Saccharomyces cerevisiae has proven to be a useful exper�

imental model of the disease [17] since the discovery that

the mechanisms of aggregate formation in higher organ�

isms and in yeast appeared similar (reviewed in [18]).

Moreover, the cytological effects of the expanded polyQ

expression in yeast and cultured mammalian cells have a

lot in common. The first yeast�based model of HD was

described in 2002: it was shown that the expression of the

expanded polyQ fragment of human huntingtin slows

yeast cell growth, affects the cell cycle, and leads to the

formation of cytoplasmic and nuclear aggregates [19].

Why is the expanded polyQ expression toxic for

cells? There are two possible answers to this question.

First, it may be that the already formed polyQ aggregates

are harmful for cells. Indeed, it does not seem surprising

that large amounts of misfolded proteins could negatively

affect the cell physiology. Alternatively, the aggregate

accumulation could be a consequence of the pathogenet�

ic process or reflect a cellular attempt to remove the

mutant protein from the metabolism.

On one hand, different models of the disease show

that the degree of pathogenesis depends directly on the

amount of aggregated protein. Because of that, the reduc�

tion of the aggregate level is the main strategy in search

for drugs against HD. In particular, with help of the yeast

model a number of chemical substances were identified

which reduced the amounts of the aggregates and stimu�

lated the survival of the polyQ�expressing yeast cells [20].

On the other hand, the same group has shown that the

activation of protein aggregation reduces the toxicities of

the expanded polyQ and α�synuclein (Parkinson’s dis�

ease protein) [21].

Probably the best way to test whether the formed

polyQ aggregates are main contributors to the neurode�

generation is to perform the experiments on neuronal

cells. Such a study has been done. Expanded polyQ

expression was induced in cultured neuronal cells, and

the individual cell fates were monitored under the micro�

scope. Stochastically, each cell in the culture expressed

different levels of polyQ and had different degrees of its

aggregation. It appeared that the cell survival correlates

negatively with the total amount of polyQ and positively

with the proportion of polyQ in aggregated form [22].

Therefore, polyQ aggregation seems to reduce the toxici�

ty. How can this contradiction be reconciled? Apparently,

only relatively large aggregates were detected by the

microscope. At the same time, there is evidence that the

small aggregates are the most pathogenic ones [23]. Thus,

the next question arises: what is the mechanism of small

aggregates�induced toxicity? An obvious possibility is that

such aggregates may sequester and inactivate other pro�

teins.

It is known that normally huntingtin localizes to the

cytoplasm. It was shown that the polyQ expansion leads to

partial cleavage of the mutant huntingtin, accumulation

of the polyQ�containing aggregates in the nuclei, and loss

of function of transcription factor TBP [24, 25]. The loss

of function happens because the polyQ aggregates bind

and sequester TBP via interaction with Q�rich domain of

the transcription factor. It was shown that the co�aggrega�

tion is inhibited by chaperons Hsp40 and Hsp70 [26].

Importantly, similar to TBP, many transcription factors

contain Q�rich domains. Therefore, transcription factor

inactivation seems to be one of the most probable reasons

of the expanded polyQ�induced toxicity.

Our data obtained using the yeast model also point at

nuclear protein inactivation as a cause of the toxicity.

Nuclear localization of the expanded polyQ (103Q) frag�

ment expressed in yeast depends on yeast metacaspase

Yca1. Disruption of YCA1 prevents nuclear accumulation

of the aggregates [27] and also improves the growth rate of

103Q�expressing cells (Bocharova et al., manuscript in

preparation).

Apparently, transcription factors are not the only

proteins whose co�aggregation with huntingtin is expect�

ed to contribute to the pathogenesis induced by polyQ

expansion. Many of the endocytotic proteins contain

polyQ stretches. The yeast model was used to demon�

strate the interaction of 103Q with a number of endo�

some�associated proteins and that the toxicity depends

on co�aggregation [19, 20]. Disruptions of endocytosis

during HD has also been shown using other experimental

models [28, 29].

Obviously, polyQ�induced inactivation of cellular

proteins is not the only reason for toxic effects of the

expanded polyQs. For instance, polyQ expansion sensi�

tizes cells to proteasomal stress factors [30�32]. This is not

surprising because the removal of misfolded proteins is

the key proteasomal function.

Here it is important to mention that expression of

103Q in yeast noticeably affects the cell cycle [19, 27].

The main system controlling the cell cycle is anaphase�

promoting complex (APC). APC ubiquitinates cyclins

leading to their proteasomal degradation [33, 34]. This

allows us to suggest that 103Q when expressed in yeast

overloads the proteasome, which slows cyclin proteolysis,

thus delaying the division step of the cell cycle. This is in

accordance with our data showing that 103Q expression

in yeast raises the proportion of cells with duplicated

DNA and also partially rescues cells from hyper�activa�

tion of APC [27]. Moreover, recently we found that the

deletion of ASE1 lowers the 103Q toxicity (Bocharova et

al., manuscript in preparation). Ase1 is a structural mitot�

ic spindle component and APC substrate. Possibly the

deletion of ASE1 in 103Q�expressing cells alleviates APC

overload, thus enhancing degradation of cyclins.
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The figure illustrates this hypothesis. We speculate

that the existing 103Q�containing aggregates are relative�

ly harmless, but the cellular attempt to degrade the aggre�

gates is the main cause of the pathological consequences.

In line with this, it has been shown that inactivation

of Hsp104 chaperone reduces the 103Q�induced toxicity

in yeast [19, 36]. It appears that in the absence of Hsp104,

cells lose [PIN+] thus inhibiting 103Q aggregation [36].

Together with the reasoning presented above, it seems

possible that the positive effect of HSP104 deletion could

be not only due to [PIN+] conversion. One could specu�

late that the absence of Hsp104 in 103Q�expressing cells

alleviates the proteasomal overload and in this way nor�

malizes the degradation of APC substrates. Indeed, it has

been shown that Hsp104 initiates ubiquitination of mis�

folded cytosolic proteins, which is a necessary step for the

proteasomal degradation [37].

Does APC substrate accumulation have any relation

to neurodegenerative diseases? It is known that during

Alzheimer’s disease neurons frequently attempt abortive

mitosis – initiation of DNA duplication followed by cell

death. Recently it has been shown that this is caused by

cyclin B, accumulation of which is due to APC malfunc�

tioning. It has been suggested that protein aggregates dur�

ing Alzheimer’s disease act as indirect inhibitors of APC

[38].

Does cell cycle disruption contribute to the patho�

physiology of HD? On one hand, we are not aware of

abortive mitosis happening in HD neurons. On the other

hand, cyclins are not the only substrates of APC. It has

been shown that the degradation of neuronal differentia�

tion factors Id2 [39] and SnoN [40] is catalyzed by

APC/C(CDH1). It can be speculated that in neurons the

polyQ expansion might lead to pathological accumula�

tion of Id2 and/or SnoN. If this speculation proves to be

correct, then CDH1, SnoN, and Id2 will become poten�

tial targets for treatments of expanded polyQ�dependent

diseases. In particular, our hypothesis predicts that hyper�

expression of CDH1 might reduce the toxicity of the

expanded polyQs. Currently we are testing this on 103Q�

expressing yeast cells.
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