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A common feature of CAG-expansion neurodegen-
erative diseases is the presence of intranuclear aggre-
gates in neuronal cells. We have used a synthetic fu-
sion protein containing at the NH, terminus the
influenza hemoagglutinin epitope (HA), a polyglu-
tamine stretch (polyQ) of various size (17, 36, 43 CAG)
and a COOH tail encoding the green fluorescent pro-
tein (GFP). The fusion proteins were expressed in
COS-7 and neuroblastoma SK-N-BE cells. We found
that the formation of aggregates largely depends on
the length of polyglutamine tracts and on the levels of
expression of the fusion protein. Moreover, transglu-
taminase overexpression caused an increase of insol-
uble aggregates only in cells expressing the mutant
expanded protein. Conversely, treatment of cells with
cystamine, a transglutaminase inhibitor, reduced the
percentage of aggregates. We found also that the inhi-
bition of the proteasome ubiquitin-dependent degra-
dation increased the formation of intranuclear aggre-
gates. These data suggest that length of polyglutamine
tract, its expression, unbalance between cellular trans-
glutaminase activity, and the ubiquitin-degradation
pathway are key factors in the formation of intranu-

clear aggregates. © 1999 Academic Press
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The expansion of CAG repeats is the common genetic
defect underlying eight inherited neurodegenerative
disorders: Huntington's disease (HD) (1), dentato-
rubropallidoluysian atrophy (DPRLA) (2, 3), spinal and
bulbar muscular atrophy (SBMA) (4, 5) and five spino-
cerebellar ataxias (SCA1, SCA2, SCA3, SCA6, SCA7)
(6—11). It has been proposed that the genetic defect
acts by dominant gain of function (12).

Although these diseases share genetic and molecular
aspects, each disorder shows the death of specific pop-
ulations of neurons, as indicated by in vitro and in vivo
studies (1-12). The selective death of neurons might be
caused by the inactivation of a specific neuronal fac-
tor(s) by the mutant protein or by increased sensitivity
to apoptotic stimuli amplified by the mutant protein in
specific neuronal populations.

A common feature of these neurodegenerative disor-
ders is the presence of intracellular aggregates in neu-
ronal cells (13, 14). In fact, intranuclear deposits were
revealed in neuronal cells of mice transgenic for exon 1
of HD (15), for ataxin 1 (16) and in brain of HD (17),
SCA1 (18), SCA3 (19) and SCA7 (20) patients. In ad-
dition intranuclear inclusions were detected in DPRLA
transfected COS-7 cells (21).

It is still unclear the significance of the aggregate
formation in the neurodegenerative process. The ag-
gregates, according to a current hypothesis, are toxic
for the cell survival, and commit the cell to death (22,
23). In contrast cell death without aggregate formation
has been found, indicating that intranuclear inclusions
might represent a survival strategy to a toxic insult
caused by the mutant protein (24, 25).

Recent data have also suggested a role for transglu-
taminase (TGase), the enzyme which utilizes as sub-
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FIG. 1. Structure and expression of fusion proteins containing CAG repeats. (A) Structure of the fusion proteins containing at the NH,
terminus the HA epitope (black box); the CAG repeats of 17, 36 and 43 units; at the COOH terminus the S65T green fluorescent protein. The
details of the construction are described in Materials and Methods. The relative amino acid positions are indicated. (B) Immunoblot analysis
of expressed fusion proteins in COS-7 cells (50 g of total cell extracts) with anti-HA antibody, as described in the Materials and Methods.
Lane 1: HA-GFP. Lane 2: HA-17Q-GFP. Lane 3: HA-36Q-GFP. Lane 4: HA-43Q-GFP.

strate proteins with expanded polyglutamine stretches
(26-29).

In the present report we have explored the effects of
glutamine repeat length on the formation of intranu-
clear aggregates in cultured cells overexpressing trans-
glutaminase. We have found that the formation of ag-
gregates is largely dependent both upon the levels of
expression of the target protein and the length of poly-
glutamine. We show that the formation of aggregates is
increased by transglutaminase overexpression and it is
suppress by TGase inhibitors. Also, we present data
indicating that inhibition of the proteasome increases
the rate of aggregate formation.

MATERIALS AND METHODS

Plasmid construction. The HD fragments with expanded (CAG),
were generated by PCR (chain polymerase reaction) on genomic
DNA, isolated from patient peripheral blood lymphocytes (30) using
the sense primer 5" TGAGAATTCCGCCTTCGAGTCCCTCAAGTCC-
TTC3' and the antisense primer 5’CTGGAATTCCGGCTGAGGAA-
GCTGAGGAG3', both containing EcoR | site. PCR products were gel
purified (QIAGEN), EcoR I digested and subcloned into pECE vector
(31, 32), containing an hemoagglutinin influenza human virus
epitope, containing the first methionine of the fusion protein and
EcoR I cut at COOH terminus. The resultant vector, containing the
HA- (CAG), fragment, was digested with Hind Il1/Xba | enzymes.

We have amplified S65T GFP cDNA from pEGFP vector (Clontech)
using the sense primer 5'CGATAAGCTTACCATGGTGAGCAAG-
GGC3’, containing Hind 111 site and the antisense primer 5'CTA-
GTCTAGACGCTTTACTTGTACAGCT3', with Xba I site. The PCR
product was gel purified, Hindl I1/Xba | digested and subcloned into
pECE-HA- (CAG), plasmid with Hind Il1/Xba | cohesive ends. The
resultant fusion fragments HA- (CAG),-GFP were removed from
pECE vector using a Not | site and an Apa | site and ligated into a

pRc/CMV vector (Invitrogen) with cohesive ends and carrying gene-
ticin resistance. The nucleotide sequencing of all constructs was
checked by Sanger dideoxynucleotide-mediated chain-termination
method (30). All fusion proteins were in vitro translated with TNT
T7/T3 coupled reticulocyte lysate system (Promega).

Cell culture and transfection. COS-7 cells, obtained from ATCC,
were maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco BRL) supplemented with gentamicin (Gibco BRL) and 10%
foetal calf serum (Gibco BRL). SK-N-BE neuroblastoma cells, from
ATCC, were maintained in RPMI-1640 (Gibco BRL) supplemented
with gentamicin (Gibco BRL) and 16% foetal calf serum (Gibco BRL).
Cells were transfected with 5 ug DNA using the calcium phosphate
precipitation method (30). Purified DNA was prepared using QIA-
GEN tips columns (Qiagen, Chatsworth, CA). Precipitates were
added to cells and incubated at 37°C in a 5% CO, incubator for 16
hours. Then fresh medium was added to the monolayer. Cells were
incubated in 250 uM and 500 uM cystamine (Sigma) (33, 34) for 96
hours. Lactacystin (Calbiochem) (35) treatment was performed at 10
uM final concentration for 48 hours. To isolate neuroblastoma cells
stable transfectans it has utilized geneticin 800 ug/ml (Gibco BRL).
Transfected cells were washed twice in phosphate-buffered saline
(PBS). Cells were examined under phase and fluorescence micros-
copy (Axiovert 100S Zeiss) with 495-nm filter. The percentage of
aggregates were determined by counting cells with visible aggre-
gates, divided by the total number of green fluorescent cells (500
transfected cells) 48 hours, 72 hours and 96 hours after transfection,
in three independent experiments.

Incubation of HA-poly-glutamine protein with transglutaminase.
Transfected cells were washed once in phosphate-buffered saline
(PBS), scraped in 40 mM Tris-HCI, pH 7.5, 1 mM ethylenediami-
netetraacetate (EDTA) and 150 mM NaCl and centrifuged. The cell
pellet was suspended in 50 mM Tris-HCI, pH 7.5, and sonicated for
20 s. 700 pg of proteins were incubated in the presence of 10 mU of
purified guinea pig liver transglutaminase (Sigma) in 210 nl of buffer
containing 10 mM CacCl,, according to Kahlem et al. (1998) (28).
Samples of 30 ul were taken at 0, 1 hour and 3 hours time and EDTA
was added to 70 mM to stop the reaction. Same experiments were
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FIG. 2. Fluorescence analysis of the HA-polyglutamine-GFP fusion products in transfected COS-7 cells. Cells were transfected with 5 ug
of an expression vector encoding the HA- (CAG),-GFP fusion products described in the text. 96 hours after transfection the cells were
analyzed. Panels A, B, C and D show the cells expressing the control, 17-, 36-, 43-Q-GFP fusion proteins, respectively. The purple-violet
signals indicate areas with high levels of fluorescence relative to an arbitrary threshold.

performed in the presence of 70 mM EDTA and 10 mM cystamine.
The protein concentrations were determined (BIO-RAD protein as-
say) (36). The reaction products were subjected to immunoblot anal-
ysis, with anti-HA monoclonal antibody.

Immunoblot analysis. 40-80 ug of total proteins in 0.5 M Tris-
HCI, pH 6.8, 2% SDS, 0.05% BBF, 100 mM DTT and 20% glycerol were
boiled for 5 min and than separated on 12.5% SDS-PAGE. Proteins
were transferred to PVDF membranes (Schleicher & Schuell) at 250
mA for 80 min. The blots were blocked in 10% non-fat dry milk, 10 mM
Tris-HCI, pH 8.8, 50 mM NaCl and 0.1% Tween 20 (TBS-T) overnight at
4°C. (a) Immunoblot with anti-HA monoclonal antibody (12CA5 Boehr-
inger Mannheim): blots were incubated with 1:1000 dilution of anti-HA
antibody 2 hours at room temperature in TBS-T, 5% milk. Blots were
washed for 2 X 15 min and 2 X 5 min with TBS-T, 5% milk. They were
incubated with 1:3000 dilution of Goat anti-mouse F(ab’) 2-HRP con-
jugated (Amersham) for 1 hour at room temperature. After washing

(2 X 15 min, 2 X 5 min with TBS-T, 5% milk and 2 X 15 min with
TBS-T), blots were developed using the enhancer chemiluminescence
reagent (ECL Kkit, Amersham). (b) Immunoblot with anti-guinea
pig liver (GPL) transglutaminase polyclonal antibody provided by L.
Lorand. Blot was incubated with 1:1000 dilution of anti-GPL transglu-
taminase antibody 1 hour at room temperature in TBS-T, 5% milk. Blot
was washed for 2 X 15 min and 2 X 5 min with TBS-T, 5% milk. It was
incubated with 1:3000 dilution of anti-rabbit F(ab’) 2-HRP conjugated
(Amersham) for 2 hours at room temperature. After washing (2 X 15
min, 2 X 5 min with TBS-T, 5% milk and 2 X 15 min with TBS-T), blot
was developed using the enhancer chemiluminescence reagent (ECL
kit, Amersham).

Transglutaminase assay procedure. TGase activity was analyzed
on protein extracts as previously described (Lorand et al., 1972) (37).
The activity was measured as picomoles of labeled putrescine
(Amersham) incorporated/min/protein.
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RESULTS

To generate a reliable model for the analysis of the
biological consequences of the expression of proteins
carrying CAG repeats under controlled conditions, we
have constructed a fusion protein containing at the
NH, terminus the influenza hemoagglutinin epitope
(HA), a polyglutamine stretch (polyQ) of various size
(17, 36, 43 CAG) and a COOH tail encoding the green
fluorescent protein (GFP) (Fig. 1A). This protein reca-
pitulates the features of the HD alleles and can be
easily monitored and assayed by fluorescence (GFP)
and immunohystochemistry (HA). The synthetic genes
were subcloned in a mammalian expression vector con-
taining the CMV promoter and expressed in COS-7
cells. The fusion proteins of the expected molecular
weight, depending on the presence of 17, 36 and 43
CAG repeats, were efficiently expressed in COS-7 cells
(Fig. 1B).

Length and Expression Levels of the Polyglutamine
Tracts Influence the Frequency of Formation
of Intracellular Aggregates

Cells expressing HA-polyglutamine-GFP fusion pro-
teins were examined by fluorescence microscopy 48
hours, 72 hours and 96 hours after transfection. Figure
2 shows that both the HA-GFP (A) and the HA-17Q-
GFP (B) transfected cells presented a diffuse green
fluorescence uniformly distributed throughout the cy-
toplasm and the nucleus. In contrast 48 hours after
transfection both the HA-36Q-GFP (C) and the HA-
43Q-GFP (D) fusion proteins formed large aggregate
bodies, which were localized in the nucleus. The frac-
tion of cells containing intranuclear aggregates dra-
matically increased 72 hours and 96 hours after trans-
fection. The intranuclear aggregates were present only
in cells expressing the 43-polyQ-fusion protein and at
lesser extent in the cells containing the 36-polyQ pro-
tein. Figure 3 shows that there was a linear relation
between the time after the transfection and the frac-
tion of cells containing intranuclear aggregates. The
maximal expression of transfected plasmid occurred
between 48 and 72 hours after transfection, indicating
that the formation of the aggregates was critically de-
pendent upon the levels of protein expressed. Intracel-
lular and intranuclear aggregates were never detected
with the HA-GFP and the HA-17Q-GFP expression
vectors, independently on the level of expression (Fig. 3
and data not shown). The protein containing 36-polyQ
formed aggregates at high DNA concentration and less
efficiently than the 43-polyQ protein (Fig. 3). Note that
the level of expression of the fusion proteins analyzed
here by immunoblot with anti-HA antibodies was com-
parable (Fig. 1B). Also, we did not detect cleavage
products containing HA epitope in the various trans-
fections (data not shown).
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FIG. 3. Time-course of aggregate formation in transiently trans-
fected COS-7 cells. The aggregates were determined by counting 500
cells per sample in triplicate as described in Materials and Methods.
The aggregates correspond to the nuclei. HA-GFP (- - -), HA-17Q-
GFP (0), HA-36Q-GFP (A), HA-43Q-GFP (X).

We next determined whether the presence of intra-
cellular aggregates in HA-43Q-GFP expressing cells
resulted in death of these cells. Staining of cells at 48,
72 and 96 hours after the transfection with propidium
iodide or annexin indicated that the cells containing
the fluorescent aggregates were alive and did not
present anticipatory signs of apoptosis. Rare apoptotic
cells were detected in transfected cells, but no direct
correlation between intracellular aggregates and apop-
tosis was found (data not shown).

To determine the long-term effects caused by the
expression of the constructs illustrated above, we have
generated stable transfectants in SK-N-BE neuroblas-
toma cells. Only cells expressing the 43-polyQ protein
showed the presence of intranuclear aggregates (Fig.
4). Moreover, 43-polyQ expressing cells after 10-15 cy-
cles did not grow and died. Only cells expressing very
low levels of fusion protein survived. These cells did not
show aggregates (data not shown). These data suggest
that the aggregates formed by the HA-43Q-GFP fusion
protein affect the long-term survival of the cells.

Expression of Transglutaminase Increases
the Frequency of Intracellular Aggregates

We have transiently expressed in COS-7 cells the
human transglutaminase (tTGase) cDNA driven by
SV40 promoter. Determination of TGase activity in
transfected and control cells indicated that expression
of the exogenous gene substantially stimulated the
activity of the enzyme (Fig. 5A). The increased activity
was dependent on the levels of the protein as shown by
the immunoblot illustrated in Fig. 5B. Co-expression of
tTGase with the fusion proteins carrying the polyQ
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FIG. 4. Stable expression of CAG repeats fusion products in SK-N-BE neuroblastoma cells. Cells were transfected with 10 pg of an
expression vector encoding the HA-polyQ-GFP fusion products described in Fig. 1 and the neomycin resistance gene. Stable transfectants
were selected and pools of ca. 50 clones per construct were further analyzed. Expression analysis of the fusion protein did not show
substantial differences among the pools of clones. Fluorescence analysis of the cell lines expressing the control, the 17-, 36- and 43Q-GFP
fusion proteins (panel A, B, C, D, respectively) revealed the presence of intranuclear aggregates exclusively in cells expressing the
43CAG-GFP fusion proteins (25% = 0.5% in 1000 cells analyzed). The growth of the HA-43Q-GFP expressing cells was severally reduced

(data not shown).

resulted in a substantial increase of the intranuclear
bodies in cells expressing 36- and 43-polyQ (Fig. 5C).
The aggregates were never found in cells expressing
the 17-polyQ protein, HA-GFP and tTGase (data not
shown).

To demonstrate the specificity of transglutaminase
effect on the formation of intracellular aggregates, we
have incubated HA-43Q-GFP transfected cells in the
presence of cystamine, an inhibitor of transglutami-
nase. The cystamine treatment reduced tTGase activ-
ity (data not shown) and the formation of intracellular
aggregates both in tTGase transfected and control
cells. Note that 500 uM cystamine treatment decreased

the frequency of intracellular aggregates from 54
to 19,5% in cells overexpressing transglutaminase
(Fig. 5D).

We have also incubated extracts from cells express-
ing the HA-43Q-GFP fusion proteins with purified
guinea pig liver transglutaminase and analyzed by
immunoblot with anti-HA antibodies. In vitro tran-
glutaminase substantially increased the multimeric
bands containing the HA epitope. The HA-43Q-GFP
protein was a very efficient substrate, since the mono-
meric band completely disappeared (Fig. 6, lanes 1, 2,
3). Under the same conditions the enzyme (data not
shown) did not efficiently utilize the HA-36Q-GFP fu-
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FIG. 5. Transglutaminase expression stimulates the formation of intranuclear aggregates. (A) Transglutaminase activity in control (®)
and cells transfected with the human tranglutaminase cDNA ([J), as described in Materials and Methods. The activity is represented as
picomoles of “C-putrescine incorporated/min/mg protein. (B) Levels of transglutaminase by immunoblot analysis in 50 ug of total cells
extracts from control and transfected cells. (C) Frequency of aggregates in cells expressing the 36- and 43-polyQ fusion proteins and
exogenous transglutaminase. (D) The transglutaminase inhibitor, cystamine, decreased the frequency of aggregate formation in 43-polyQ
fusion protein expressing cells. Transfected cells were treated with the indicated concentrations of cystamine for 96 hours. Cells transfected

with exogenous transglutaminase are indicated.

sion protein. These effects were specifically dependent
on transglutaminase, since they were inhibited by
EDTA (data not shown) and by cystamine (Fig. 6, lanes
4,5, 6).

Inhibition of Ubiqutin-Mediated Degradation
Increases the Frequency of Intracellular Aggregates

We next tested whether the inhibition of ubiquitin
degradation pathway influences the frequency of for-
mation of intranuclear aggregates. We have incubated
HA-polyQ-GFP transfected cells with lactacystin, a

powerful inhibitor of the proteasome. Immunoblot
analysis with HA antibody indicated that the multi-
meric bands containing the HA-43Q-GFP fusion pro-
tein substantially increased following 48 hours treat-
ment with the drug (Fig. 7A). Figure 7B shows that 48
hours treatment with the drug markedly increased the
frequency of intranuclear aggregates.

DISCUSSION

The expansion of CAG repeats encoding polyglu-
tamine stretches causes several neurodegenerative
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FIG. 6. The HA-43Q-GFP fusion protein is a very efficient sub-
strate of transglutaminase in vitro. Extracts (40 ug) of cells express-
ing the HA-43Q-GFP fusion protein were treated with 10 mU of
guinea pig liver TGase for 0, 1 and 3 hours at 37°C without (lanes 1,
2 and 3) and with cystamine (lanes 4, 5 and 6). After the reaction, the
proteins were blotted and probed with anti-HA antibodies. ECL (30
s exposure) of the filter is shown. Protein aggregates were also
detected in the stacking gel (data not shown).

disorders probably through a common mechanism. The
type and the timing of neuronal loss are highly specific
and partly dependent on the size of the expanded CAG
repeat. Under some circumstances, the expanded pro-
tein forms aggregates, which might act as seed induc-
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ing cell death. Intracellular aggregates are the distinc-
tive feature of the pathological allele in cells expressing
the expanded protein. Although there are cases of neu-
ronal death without the presence of aggregates, the
pattern and the frequency of the aggregate represents
the best-characterized experimental phenotype ex-
pressed by the mutated gene (22-25). The mecha-
nism(s) causing protein aggregation is unknown, but
one possibility is that the normal protein conformation
is destabilized by the presence of the expanded poly-
glutamine tract, which leads to abnormal protein-
protein interactions, formation of nuclear aggregates
and interference with essential nuclear functions.

The fusion proteins that we have analyzed recapitu-
late the features of the normal, pre and pathological
HD alleles. Thus, the HA-43Q-GFP fusion protein
forms intranuclear aggregates more efficiently than
the HA-36Q-GFP fusion protein. The HA-GFP and HA-
17Q-GFP protein never formed inclusion bodies. Our
data indicate that the factors influencing the formation
of the aggregates are:

1. CAG length and expression. We have shown that
the formation of the aggregates largely depends on the
levels of expression of the protein. The aggregates are
formed in COS-7 cells 48-72 hours after transfection, a
period corresponding to the maximal expression of the
protein. We have also performed DNA dose-response
curves of all the fusion proteins analyzed here, and
only 43-polyglutamine repeats containing protein and
at lesser extent 36-polyglutamine protein formed ag-
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FIG. 7. Lactacystin stimulates the formation of aggregates in HA-43Q-GFP expressing cells. (A) Immunoblot analysis of protein extracts
(40 pg) from HA- (Q),-GFP transfected cells treated with lactacystin (10 M) for 48 hours. Lanes 2, 4, 6 and 8 indicate control, 17-, 36- and
43-polyQ fusion proteins extracts without lactacystin. Lanes 1, 3, 5 and 7 indicate the same samples derived from cells treated with
lactacystin. The multimeric bands, containing the HA-43Q-GFP fusion protein (indicated by the major band of ca. 83kDa molecular weight),
increased following 48 hours incubation with the lactacystin. (B) Histogram shows the frequency of aggregate formation in HA-43Q-GFP

expressing cells after 48 hours of lactacystin treatment.
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gregates. The failure of 17-polyglutamine protein to
form aggregate was not dependent on the levels of
expression, since immunoblot analysis showed compa-
rable levels of the polyQ containing proteins. Also, the
efficiency of aggregate formation did not appear to be
dependent on the method of transfection used (tran-
sient versus stable).

2. Transglutaminase activity. The data presented
above indicate that there is a critical threshold of the
number of CAG repeat triggering the formation of in-
tracellular aggregates. Polyglutamine is an excellent
substrate of transglutaminase (38). There are data
suggesting that transglutaminase might be involved
(39). Figure 6 shows that the 43-polyQ containing pro-
tein was an excellent substrate for tTGase, since the
band corresponding to the monomeric protein com-
pletely disappeared when exogenous TGase was added
to the reaction. Under the same conditions the enzyme
did not efficiently use the 36-polyQ containing protein.
These data might explain the difference in the fre-
quency of aggregate formation between the 36- and the
43-polyQ expressing cells in vivo. The frequency of
formation of aggregates was stimulated by tTGase
overexpression both in HA-36Q-GFP and HA-43Q-GFP
transfected cells. Moreover treatment with cystamine,
the specific inhibitor of tTGase, reduced tTGase activ-
ity of COS-7 cells and the percentage of aggre-
gates both in HA-36Q-GFP and in HA-43Q-GFP trans-
fected cells.

These results demonstrate a direct involvement of
transglutaminase in aggregate formation. This could oc-
cur in neuronal cells of patients: larger polyQ stretches
could favour cross-linking to susceptible lysine-contain-
ing proteins by transglutaminase reaction.

3. Turnover of aggregates. It has been shown that
intracellular aggregates can be resolved by Hsp104 (40)
and that polyglutamine residues co-localize in the protea-
some with ubiquitin (40, 41). Moreover, a mutant version
of hCdc34, a dominant inhibitor of ubiquitin-conjugating
enzyme causes a decrease of the formation of aggregates
(25). Our evidence indicates that inhibition of the protea-
some ubiquitin-dependent degradation (35) increased the
formation of aggregates in 43-polyQ protein expressing
cells. Longer periods of incubation or higher doses of
lactacystin did not induce formation of aggregates in 17-
polyQ protein expressing cells. Taken together, these
data suggest that ubiquitination is necessary for the for-
mation of the aggregates and that proteasome activation
is needed for their degradation.

It is possible that aggregates are not terminal met-
abolic products but are formed, dissolved or degraded
in the normal cycle of the cells by Hsp104-like proteins
or ubiquitin-dependent degradation. Unbalance be-
tween formation and degradation might result in the
steady accumulation of intracellular aggregates.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

We suggest that intracellular aggregates represent
an intermediate and reversible step in the pathogene-
sis of CAG disease. Probably, the structure of the pro-
tein, transglutaminase activity, the concentration of
chaperones might influence the net accumulation of
the aggregates. Cells with high aggregate content ac-
cumulate them into the nuclei, are more sensitive to
apoptotic stimuli and over time are more likely to die.
The presence of aggregates probably reflects the ability
of the cell to cope with an abnormal condition (unbal-
anced degradation or increased tTGase activity) trig-
gered by the Q-expanded protein.

We do not exclude that a faster pathway can be
activated bypassing the formation of visible aggregates
and leading to cell death.

Our data indicate that an avenue for therapeutic
intervention in neurodegenerative disorders will rely
on the identification of genes and drugs that can stim-
ulate the degradation pathway, or control neuronal
TGase activity or reduce the expression of the
Q-expanded protein.
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