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Post-translational modification by SUMO (small ubiquitin-like modifier) was proposed to modulate the patho-
genesis of several neurodegenerative diseases. Spinocerebellar ataxia type 7 (SCA7) is a neurodegenerative
disorder, whose pathology is caused by an expansion of a polyglutamine stretch in the protein ataxin-7
(ATXN7). Here, we identified ATXN7 as new target for SUMOylation in vitro and in vivo. The major SUMO
acceptor site was mapped to lysine 257, which is part of an evolutionarily conserved consensus
SUMOylation motif. SUMOylation did not influence the subcellular localization of ATXN7 nor its interaction
with components of the TFTC/STAGA complex. Expansion of the polyglutamine stretch did not impair the
SUMOylation of ATXN7. Furthermore, SUMO1 and SUMO2 colocalized with ATXN7 in a subset of neuronal
intranuclear inclusions in the brain of SCA7 patients and SCA7 knock-in mice. In a COS-7 cellular model
of SCA7, in addition to diffuse nucleoplasmic staining we identified two populations of nuclear inclusions:
homogenous or non-homogenous. Non-homogenous inclusions showed significantly reduced colocalization
with SUMO1 and SUMO2, but were highly enriched in Hsp70, 19S proteasome and ubiquitin. Interestingly,
they were characterized by increased staining with the apoptotic marker caspase-3 and by disruption of
PML nuclear bodies. Importantly, preventing the SUMOylation of expanded ATXN7 by mutating the SUMO
site increased both the amount of SDS-insoluble aggregates and of caspase-3 positive non-homogenous
inclusions, which act toxic to the cells. Our results demonstrate an influence of SUMOylation on the multistep
aggregation process of ATXN7 and implicate a role for ATXN7 SUMOylation in SCA7 pathogenesis.

INTRODUCTION

Spinocerebellar ataxia type 7 (SCA7) is a progressive autoso-
mal dominant neurodegenerative disorder characterized by

cerebellar ataxia and visual impairment (1), caused by neur-
onal loss in the cerebellum and associated structures and
degeneration of cone and rod photoreceptors (2). SCA7
belongs to a family of nine neurodegenerative diseases
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including Huntington’s disease, spinobulbar muscular atrophy,
dentatorubral pallidoluysian atrophy and spinocerebellar ataxia
types 1, 2, 3, 6 and 17, in which a CAG triplet expansion in the
DNA results in polyglutamine (polyQ) expansion in the gene
product (3). In SCA7, expansion of the polyQ tract from 37 to
460 residues in the ataxin-7 protein (ATXN7) is responsible
for the pathology (1). ATXN7 is a component of the TFTC
(TBP-free TAF-containing complex) and STAGA (SPT3/
TAF9/GCN5 acetyl transferase) chromatin remodeling com-
plexes, implicated in several steps of transcriptional regulation,
such as histone acetylation, deubiquitination and deubiquitina-
tion and recruitment of the preinitiation complex to promoters
(4,5). During pathogenesis, the mutant polyQ expanded
protein tends to form nuclear neuronal inclusions. In addition
to mutant ATXN7, these inclusions contain other proteins,
such as transcription factors, chaperones (6,7), proteasome sub-
units (6,8) and promyelocytic leukemia (PML) protein (6,9).
Interestingly, inclusions also contain ubiquitin, a small protein
implicated in post-translational modification (8).

Recently, post-translational modifications have been shown
to play a major role during the pathogenesis of polyQ diseases
(10). There is increasing evidence implicating modification by
the ubiquitin-like protein SUMO (small ubiquitin-like modi-
fier) in numerous neurological diseases including polyQ dis-
orders (10–12). The covalent attachment of SUMO to a
lysine residue in the target protein is catalyzed by an enzy-
matic cascade, consisting of the E1 activating enzyme, the
E2 conjugating enzyme (Ubc9) and an E3 ligase. Vertebrates
express at least three paralogs of SUMO; however, SUMO2
and 3, which are nearly identical, differ substantially from
SUMO1 (13,14). SUMOylation is thought to modify inter-
actions in multi-protein complexes (15). Besides its role as a
covalent modifier, SUMO can bind non-covalently to
SUMO-interacting motifs, which have been identified in
many proteins (16).

Several proteins causing polyQ diseases, such as huntingtin,
ataxin-1 or androgen receptor, are reported to be post-
translationally modified by SUMO (17–19). Therefore, we
examined whether SUMOylation also plays a role in SCA7.
We show here that ATXN7 is a new target for SUMOylation
in vitro and in vivo. SUMOylation of lysine 257 in polyQ
expanded ATXN7 modulates the aggregation properties and
toxicity of the mutant protein, suggesting that this modifi-
cation plays a role in the pathogenesis of SCA7.

RESULTS

ATXN7 is modified by SUMO at lysine 257 in vitro
and in vivo

To determine whether ATXN7 interacts with components of
the SUMOylation machinery, we performed a pulldown exper-
iment using GST-fusions of SUMO1, SUMO2, the E2 enzyme
Ubc9 and the E3 ligase PIAS1 together with full length
ATXN7-10Q or an N-terminal fragment consisting of amino
acids 1–230 produced by in vitro transcription/translation
using reticulocyte lysate. Figure 1A shows that ATXN7, as
well as its N-terminal fragment were able to interact with
SUMO1, SUMO2, Ubc9 and PIAS1. No interaction was
observed with GST alone.

To look for a potential SUMOylation of ATXN7, we per-
formed an in vitro SUMOylation assay using radioactive
35S-labeled ATXN7 from in vitro transcription/translation as
substrate. After incubation with purified recombinant E1 and
E2 enzymes, as well as SUMO and ATP, SUMOylated
forms of ATXN7 could be detected by autoradiography
(Fig. 1B). In the presence of SUMO1, one band with the
typical 20 kDa size shift appeared. In the presence of
SUMO2 at least three modified forms were detected. Since
SUMO2 is known to form chains, whereas SUMO1 does
not, these results suggest that ATXN7 can be SUMOylated
on a single lysine residue, either by one SUMO1 molecule
or a SUMO2 chain.

To confirm ATXN7 SUMOylation in a human cell line,
HeLa cells were transiently transfected with ATXN7 alone
or in combination with His-tagged SUMO1. When we
co-expressed His-SUMO1, a band of higher molecular
weight was observed, which was specifically enriched by a
denaturing nickel pulldown, confirming the modification of
ATXN7 by SUMO1 at a single site in vivo (Fig. 1C).

Since the SUMO E3 ligase PIAS1 bound ATXN7 (Fig. 1A),
we investigated whether PIAS proteins could be involved in
ATXN7 SUMOylation. All PIAS family members slightly
increased the SUMOylation of ATXN7 after cotransfection
together with SUMO1 in HeLa cells. Nevertheless, only
PIASxb and surprisingly the catalytic fragment of the unre-
lated ligase RanBP2 showed a tremendous enhancement of
ATXN7 SUMOylation in the in vitro assay using recombinant
enzymes (see Supplementary Material, Fig. S1), leaving the
definite identification of the relevant E3 ligase for further
studies.

For analyzing the functional consequences of SUMOyla-
tion, we wanted to identify the target lysine in ATXN7 and
looked in the sequence for the well-described consensus
SUMOylation site C-K-X-E, with C a hydrophobic and X
any amino acid. One motif around lysine 257 (VKVE) per-
fectly matched this site. To determine whether this residue is
SUMOylated, we expressed an N-terminal fragment of
ATXN7 (amino acids 90–406) as GST fusion in the E. coli
SUMOylation system previously described (20). In contrast
to the original system, we used a SUMO1-T95R variant,
which facilitates detection by mass spectrometry, because
only the GG dipeptide from SUMO with a mass of 114 Da
remains attached to the target peptide after tryptic digestion.
The protein was purified using glutathione beads, electrophor-
esed on an SDS gel and stained by Coomassie Blue. The band
corresponding to single SUMOylated ATXN7 was excised
from the gel, digested by trypsin and the peptides were ana-
lyzed by mass spectrometry. A peptide exactly matching the
mass of 251IMTPSVKVEK260 bound to GG was detected in
the mixture, confirming that lysine 257 was a potential
SUMOylation site. Therefore we tested ATXN7 with lysine
257 mutated to arginine in our in vitro SUMOylation assay.
A lysine 858 to arginine variant was used as a control.
Whereas the K858R variant was SUMOylated as efficiently
as the wild-type, the K257R mutation almost completely abol-
ished the SUMOylation of ATXN7 with either SUMO1 or
SUMO2 (Fig. 1D). Similar results were obtained for the
SUMOylation of ATXN7 by SUMO1 in HeLa cells
(Fig. 1E). The K257R mutation clearly reduced the amount
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of SUMOylated ATXN7, whereas the K858R mutation had no
effect. This clearly confirms lysine 257 as the major SUMOy-
lation site in ATXN7.

SUMOylation of ATXN7 does not affect its subcellular
localization

SUMOylation has been reported to regulate the subcellular
localization of several proteins. Therefore, we compared the
localization of the wild-type ATXN7-10Q and the SUMOyla-
tion deficient variant ATXN7-10Q-K257R in transiently trans-
fected COS-7 cells (Fig. 2A). As previously described,
ATXN7-10Q is mainly localized in the nucleus, but is
excluded from the DAPI-negative territories corresponding
to the nucleolus (Fig. 2Aa, white arrow). The subcellular
localization of ATXN7-10Q-K257R was similar to that of
wild-type ATXN7-10Q (Fig. 2Ab).

Recently, PML clastosomes in the nucleus have been
described to recruit and degrade overexpressed wild-type
and polyQ expanded ATXN7 (21). To investigate whether
SUMOylation of ATXN7 is involved in this process, we
co-expressed wild-type or SUMOylation deficient
ATXN7-10Q in COS-7 cells together with isoform IV of the
PML protein, which is essential for clastosome formation
and function (21). ATXN7-10Q-K257R was recruited by and
colocalized with PML IV like wild-type ATXN7-10Q
(Fig. 2B). Even if only a small percentage of wild-type
ATXN7-10Q is indeed modified by SUMO in cells (see
Fig. 1C or E), the fact that the SUMOylation deficient
variant K257R was recruited by PML IV demonstrates that
SUMOylation of ATXN7 is not a prerequisite for recruitment
into clastosomes. Thus, SUMO modification of ATXN7
neither regulates the subcellular localization nor the recruit-
ment to PML clastosomes.

Figure 1. Ataxin-7 is SUMOylated at lysine 257 in vitro and in vivo. (A) Radioactive labeled full length ATXN7-10Q or the N-terminal fragment 1–230 pro-
duced by in vitro transcription/translation were incubated with purified recombinant SUMO components fused to GST to test for interaction. After GST pulldown
the presence of ATXN7 was detected by SDS–PAGE and autoradiography (upper panel). The amount of protein used in the GST pulldown was visualized by
loading 25% of the reaction on a Coomassie stained SDS gel (lower panel). (B) Radioactive labeled ATXN7-10Q produced by in vitro transcription/translation
was subjected to an in vitro SUMOylation assay in the presence of E1 and E2 enzyme, ATP and either SUMO1 or SUMO2. Reactions were visualized by SDS–
PAGE and autoradiography. (C) HeLa cells were transfected with ATXN7-10Q alone or in combination with His-tagged SUMO1. Twenty-five percent of the
total cell lysate was precipitated with TCA and loaded onto an SDS gel as input control. The remaining lysate was subjected to a nickel pulldown under denatur-
ing conditions. His-SUMO1 modified proteins were separated by SDS–PAGE and detected by western blot using anti-ATXN7 antibodies. (D) The ATXN7
variants K257R and K858R were tested for modification in the in vitro SUMOylation assay using radioactive labeled ATXN7 from in vitro transcription/trans-
lation. Reaction products were separated by SDS–PAGE and detected by autoradiography. (E) The ATXN7 variants K257R and K858R were transfected into
HeLa cells in combination with or without SUMO1. Cell lysates were directly separated by SDS–PAGE and revealed by western blot using anti-ATXN7 anti-
body. The expression of SUMO1 was detected by anti-SUMO immunoblot.
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SUMOylation of ATXN7 is not required for its interaction
with members of the TFTC/STAGA complex

In TFTC/STAGA chromatin remodeling complexes, ATXN7
interacts with the GCN5 histone acetyltransferase (4) and,
together with ATXN7L3 and the USP22 histone deubiquiti-
nase, is part of a deubiquitination module of the complex
(5). To determine whether SUMOylation is implicated in
the interaction of ATXN7 with TFTC/STAGA complex
members, COS-7 cells were cotransfected with the wild-type
or SUMOylation-deficient variant of ATXN7-10Q and FLAG-
tagged GCN5, ATXN7L3 or USP22. The partners of ATXN7
were immunoprecipitated using an anti-FLAG antibody
(Fig. 2C, upper panels) and tested for their interaction with
ATXN7 by western blot with an anti-ATXN7 antibody
(Fig. 2C, bottom panels). We observed a strong interaction
between ATXN7-10Q and GCN5, ATXN7L3 and USP22.
However, the levels of co-immunoprecipitated ATXN7-
K257R were equivalent to those of wild-type ATXN7-10Q.
In conclusion, the interaction of ATXN7 with these

TFTC/STAGA components was, therefore, not affected by
SUMOylation, at least under overexpression conditions.

SUMO1 and SUMO2 colocalize with polyQ expanded
ATXN7 in intranuclear neuronal inclusions

To look for a potential role of SUMOylation in SCA7, we
examined the localization of SUMO1 and SUMO2 in the
brains of two SCA7 patients (Fig. 3A). Samples of temporal
cortex from patient 1, and frontal cortex from patient 2 were
chosen because of the relatively high frequency of neuronal
inclusions in these areas. We performed single immunolabel-
ing using the anti-ATXN7 (mouse monoclonal 1C1 and
rabbit polyclonal 1261), anti-SUMO1 (mouse monoclonal
GMP-1 and 3G12, an antibody that we developed, see Sup-
plementary Material, Fig. S2), and anti-SUMO2 (rabbit poly-
clonal AP1282a) antibodies by conventional DAB staining
methods. Numerous ATXN7 positive nuclear inclusions
were observed in neuronal cells of the cortex, as previously

Figure 2. SUMOylation does not influence the subcellular localization of ATXN7 nor its interaction with TFTC/STAGA partners. (A and B) COS-7 cells were
transiently transfected with wild-type HA-ATXN7-10Q or the SUMOylation deficient variant K257R either alone (A) or in combination with PML IV (B). Sub-
cellular localization was analyzed by immunofluorescence after 40 h expression. ATXN7-10Q is localized in the nucleus and excluded from the DAPI-negative
territories corresponding to the nucleolus (A, a, white arrow). The subcellular localization of ATXN7-10Q-K257R was similar to that of its wild-type counterpart
(A, b). PML isoform IV overexpression leads to the relocalization of ATXN7-10Q inside the PML IV enlarged nuclear bodies, where the two proteins colocalize
(B, a). The recruitment within the PML IV nuclear bodies was unaffected by the mutation that renders ATXN7 SUMO deficient (B, b). Anti-PML and anti-HA
antibodies were used. (C) For co-immunoprecipitation studies, COS-7 cells were transfected with wild-type HA-ATXN7-10Q or the SUMOylation deficient
variant K257R in combination with FLAG-tagged GCN5, ATXN7L3 or USP22. After 45 h, the cells were lysed and interactions of ATXN7 with its TFTC
partners were tested by co-immunoprecipitation. Partners were immunoprecipitated using an anti-FLAG antibody (top panel). Anti-myc immunoprecipitations
were performed as negative controls (top panel). The amount of co-immunoprecipitated ATXN7 was visualized by western blotting against the HA tagged
ATXN7 (bottom panel). Similar quantities of ATXN7 were observed to co-precipitate, independently of their SUMOylation status, with FLAG tagged
GCN5, ATXN7L3 or USP22. The lower band in the bottom panel corresponds to the heavy chains of immunoglobulins (Ig).
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reported (6,8). In addition to known physiological SUMO1
immunoreactivity at the nuclear membrane (22,23), some
SUMO1 positive inclusions were found in nuclei. We tested
the two independent SUMO1 antibodies, and found that
SUMO1 positive inclusions appeared with a low frequency
in both of the patients (,1%). Then, we examined the sections
double immunolabeled with the anti-ATXN7 (1261) antibody
and the SUMO1 (3G12) antibody, and confirmed colocaliza-
tion of ATXN7 and SUMO1 in nuclear inclusions (Fig. 3A,
upper panel). Similarly, the sections immunolabeled by the
anti-ATXN7 (1C1) and SUMO2 (AP1282a) antibodies
revealed that a small number of the ATXN7 positive
inclusions contained SUMO2 epitope (Fig. 3A, lower panel).

Colocalization between SUMO1 and ATXN7 was also seen
in the brains of heterozygous SCA7 knock-in mice that
express ATXN7 with 266/5 glutamines at endogenous levels
and in the proper spatio-temporal pattern of the SCA7 gene

(24). The mice, which progressively develop symptoms from
6 weeks of age and die around 15–16 weeks, were analyzed
at 16 weeks. SUMO1 colocalized with �1% of the intranuc-
lear inclusions of mutant ATXN7 in several brain regions (hip-
pocampus, brainstem and cerebellum). Figure 3B shows a
representative confocal image where ATXN7 and SUMO1
partially colocalize in Purkinje cells (see white arrows).

Two different forms of inclusions, which differ in their
SUMO content, can be distinguished in a cellular SCA7
model

As a cellular model for SCA7, we overexpressed polyQ
expanded ATXN7-72Q in COS-7 cells and analyzed the local-
ization patterns of both ATXN7 and SUMO (Fig. 4A). After 2
days of expression, 40% of the cells present a diffuse nuclear
staining for expanded ATXN7, which excludes the nucleolus.

Figure 3. SUMO1 and SUMO2 colocalize with ATXN7 aggregates in brain of SCA7 patients and mice. (A) Neurons of the cerebral cortex from SCA7 patients
were investigated by double immunostaining, using ATXN7 and SUMO1 or SUMO2 antibodies. SUMO1 preferentially distributed at nuclear membrane and
colocalized with ATXN7 in nuclear inclusions. Colocalization of SUMO2 and ATXN7 in nuclear inclusions was also confirmed in the SCA7 patient. Upper
panel: double immunolabeling with anti-ATXN7 (1261) and anti-SUMO1 (3G12) antibodies, temporal cortex, patient 1. Lower panel: double immunolabeling
with anti-ATXN7 (1C1) and anti-SUMO2 (AP1282a) antibodies, frontal cortex, patient 2. (B) Purkinje cells from the cerebellum of a 16-week-old knock-in
Sca7266Q/5Q mouse were investigated by immunohistofluorescence using anti-ATXN7 and anti-SUMO1 antibodies. Partial colocalization of SUMO1 with aggre-
gates of polyQ-ATXN7 was observed (white arrows). The same observation was made in different brain regions.
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In these cells, SUMO1 staining was seen at the nuclear mem-
brane and in small dot-like structures, likewise the SUMO2
staining in dot-like structures (Fig. 4Aa and b). These dots
most probably correspond to the PML nuclear bodies, as
PML is well known to be SUMOylated. In addition to cells
with diffuse nuclear ATXN7 staining, we could distinguish
two differently shaped forms of nuclear inclusions using con-
focal microscopy. Fifty percent of the expanded ATXN7

expressing cells formed homogenous inclusions, which are
mostly round and compact structures that highly colocalize
with SUMO1 (86%) and SUMO2 (87%) (Fig. 4Ac and d).
Moreover, 10% of the cells presented large non-homogenous
inclusions characterized by a rough ‘star-like’ edge with
radiating fibers or structures that stick out of the inclusions
(Fig. 4Ae and f, see magnification). Interestingly, less of
these non-homogenous structures colocalized with SUMO1

Figure 4. Divers patterns of colocalization between expanded polyQ ATXN7, SUMO1 and SUMO2 in COS-7 cells. (A) COS-7 cells were transfected with
expanded ATXN7-72Q and immunofluorescence analysis was performed after 48 h. Antibodies used were anti-HA to detect HA-ATXN7 and polyclonal anti-
SUMO1 and SUMO2 antibodies. The distribution of expanded polyQ ATXN7 is always nuclear, but three different populations of cells can be distinguished by
confocal microscopy: diffuse distribution (40% of the cells, a and b), homogenous inclusions, that are compact, often round (50% of the cells, c and d) and
non-homogenous inclusions, with rough edges and structures that stick out of the aggregate (10% of the cells, e and f, see magnification). The SUMOylation
pattern varies accordingly: homogenous inclusions colocalize very well with both SUMO1 (86%) (c) and SUMO2 (87%) (d), whereas the non-homogenous
inclusions show reduced colocalization with SUMO1 (49%) (e) and SUMO2 (43%) (f). (B) Quantification of the percentage of SUMO1 and SUMO2 colocaliza-
tion with the two types of nuclear inclusions. Three hundred cells containing either homogenous or non-homogenous inclusions were scored for their content in
SUMO1 and SUMO2 (n ¼ 4). Results are presented as means+SEM. Statistical analysis was performed using the Student’s t-test. Asterisks indicate statisti-
cally significant difference (P , 0.05).
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and SUMO2 (49 and 43%, respectively) compared with the
homogenous inclusions. Figure 4B illustrates the quantifi-
cation of four independent immunofluorescence experiments,
in which 300 cells have been counted, and demonstrates the
difference of SUMO composition of these two forms of
inclusions.

Interestingly, in this cellular model, neither the E2 SUMO-
conjugating enzyme Ubc9 nor the different PIAS E3 ligases
colocalized with inclusions (data not shown), supposing that
they are not trapped in these structures. Assuming that the
observed colocalization is at least partially due to covalent
attachment of SUMO to ATXN7, these results suggest that
the SUMOylation status of the polyQ expanded ATXN7
potentially influences its aggregation properties and that the
non-SUMOylated expanded ATXN7 is more prone to form
large non-homogenous structures.

Non-homogenous inclusions are enriched in components of
the ubiquitin-proteasome system and activated caspase-3
and are associated with the disruption of PML bodies

To better characterize the two kinds of inclusions, we quanti-
fied their colocalization with components of the protein
folding and degradation machinery. As already described
(6–8), homogenous inclusions contained the chaperone
Hsp70, the 19S proteasome regulatory subunit as well as ubi-
quitin that co-localized to 27, 36 and 42% of the inclusions,
respectively (Fig. 5A). The colocalization was roughly
doubled in cells containing non-homogenous inclusions to
79% for Hsp70, 80% for 19S proteasome and 92% for ubiqui-
tin (Fig. 5A and Ba–c).

To compare the cellular toxicity of the inclusions, we used
labeling with an antibody against activated caspase-3, which is
a common apoptotic marker. Whereas only 4% of the cells
with homogenous inclusions were stained, this number dra-
matically increased to 55% for cells containing non-
homogenous inclusions (Fig. 5A and Bd).

To better understand the differences in toxicity of the two
kinds of inclusions, we investigated the link to PML nuclear
body (NB) structure and clastosome formation, as we pre-
viously showed their importance in the degradation of
mutant ATXN7 (21). PML staining in untransfected cells is
distributed in small dots typical of PML nuclear bodies in
90% of the cells (Fig. 6Aa). We looked at the distribution of
PML for each of the three ATXN7 patterns observed after
expressing ATXN7-72Q (Fig. 6A and B). Three hundred
cells from each pattern were classified according to the
observed PML distribution. In both, homogenous and non-
homogenous inclusions, the regular small PML bodies were
observed in 29 and 26% of the cells, respectively (Fig. 6B).
Interestingly, enlarged PML bodies, reminiscent of clasto-

somes, were detected in �28% of the cells with a diffuse
nucleoplasmic ATXN7 pattern and in 64% of the cells con-
taining homogenous inclusions (Fig. 6Ab and c and B). In
the homogenous inclusion pattern, not every inclusion was
next to a clastosome, but usually we detected one or two clas-
tosomes, colocalized or juxtaposed to an inclusion (Fig. 6Ac).
Interestingly, at the position of the clastosome, no or very little
ATXN7 staining could be detected, suggesting that ATXN7
had been degraded. Importantly, in the non-homogenous
ATXN7 inclusions, very few cells with clastosomes were
seen. Instead, PML protein was found, in 65% of the cells,
either diffuse in the nucleus or faintly colocalized with
inclusions with the rough ‘star-like’ radiating structures of
ATXN7 (Fig. 6Ad and B).

Taken together these results suggest that cells formed clas-
tosomes as a trial to degrade the mutant ATXN7 accumulated
in the nucleus. The disruption of PML clastosome is an indi-
cation that these cells may have lost the ability to degrade
mutant ATXN7, are overloaded and apoptotic, as attested by
their high content of activated caspase-3.

SUMOylation decreases the aggregation propensity and
cellular toxicity of expanded polyQ ATXN7

To investigate the influence of the SUMO modification on the
ATXN7 aggregation behavior, we first determined whether a
polyQ expansion affects the SUMOylation of ATXN7. We
expressed ATXN7-10Q and ATXN7-72Q or their correspond-
ing K257R variants together with SUMO1 in HeLa cells and
observed no differences in the SUMOylation pattern
(Fig. 7A), demonstrating that the polyQ expansion does not
interfere with SUMOylation at lysine 257.

Since SUMOylation was shown to positively or negatively
modulate the formation of inclusions in other polyQ disorders
(19,25,26), we directly compared the aggregation properties of
the polyQ expanded ATXN7 to a SUMOylation deficient
variant in COS-7 cells. A quantification of four independent
immunofluorescence studies demonstrated that the SUMOyla-
tion deficient ATXN7-72Q-K257R forms twice as much non-
homogenous inclusions as the wild-type protein (21 and 10%,
respectively) (Fig. 7B). Furthermore, we performed biochemi-
cal studies evaluating the amounts of the soluble monomer of
polyQ expanded ATXN7 or SDS-insoluble aggregates in cell
lysates by western blot or filter retardation assay, respectively
(Fig. 7C). As expected, ATXN7-72Q was SUMOylated in the
lysates used (Fig. 7C, upper panel, arrowhead), whereas the
K257R variant was not (Fig. 7C, upper panel). The filter retar-
dation assay revealed that ATXN7-72Q-K257R forms more
SDS-insoluble aggregates than the wild-type protein
(Fig. 7C, bottom panel). The quantification of four indepen-
dent filter retardation assay experiments (Fig. 7D) gave rela-

Figure 5. The non-homogenous inclusions of polyQ expanded ATXN7 are enriched in components of the ubiquitin–proteasome system and are toxic for cells.
(A) Quantification of the colocalization of homogenous and non-homogenous ATXN7-72Q inclusions with the chaperone Hsp70, the 19S proteasome regulatory
subunit, ubiquitin and activated caspase-3. COS-7 cells were transfected with expanded ATXN7-72Q and analyzed by immunofluorescence after 48 h. Three
hundred cells from each inclusion pattern were counted and scored for colocalization with ubiquitin–proteasome system components and activated casapase-3
(n ¼ 4). Results are presented as mean percentages+SEM. Statistical analysis was performed using the Student’s t-test. Asterisks indicate statistically signifi-
cant difference (P , 0.05). The colocalization in non-homogenous inclusions was tremendously increased for Hsp70 (79 versus 27%), 19S proteasome (80
versus 36%), ubiquitin (92 versus 42%) and activated caspase-3 (50 versus 4%) compared with homogenous inclusions. (B) Immunofluorescence study illus-
trating the strong colocalization of the non-homogenous inclusions of ATXN7-72Q with Hsp70 (a), 19S proteasome (b), ubiquitin (c) and activated
caspase-3 (d).
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Figure 6. The non-homogenous inclusions of polyQ expanded ATXN7 disrupt the PML nuclear bodies. (A) COS-7 cells were transfected with expanded
ATXN7-72Q. After 48 h, the distribution of the PML protein was visualized by immunofluorescence. In untransfected cells, the typical dot-like pattern of
PML protein corresponding to PML nuclear bodies (NB) was observed (a). In cells expressing ATXN7-72Q, the various patterns of ATXN7 were associated
to distinct distributions of PML protein. Thirty percent of cells with a diffuse staining for ATXN7-72Q present a large round and sometimes ring-like PML
structure reminiscent of clastosomes (b), which is more often observed in cells with homogenous inclusions (64%) (c). In cells containing non-homogenous
inclusions, the PML clastosome structure is disrupted (65%) and PML protein is found diffuse in the nucleus or faintly colocalizes with inclusions (d). (B)
Quantification of the different PML staining patterns within untransfected or ATXN7-72Q expressing cells. Three hundred cells representing either a diffuse
staining, homogenous inclusions or non-homogenous inclusions were scored for the different PML staining pattern (n ¼ 4). Results are presented as
means+SEM. Statistical analysis was performed using the Student’s t-test. Asterisk, hash, and dagger indicate statistically significant difference (P , 0.05).
The majority of untransfected cells present a typical PML nuclear bodies structure (91%), whereas only 2% have a clastosome-like staining for PML
protein. Twenty-eight percent of the cells with a diffuse ATXN7-72Q staining present a clastosome-like PML pattern. This value reaches 64% in cells with
homogenous inclusions. Only 8% of the cells with non-homogenous inclusions present a clastosome-like staining for PML and 65% present a diffuse
nuclear PML staining and disrupted PML nuclear bodies.

Human Molecular Genetics, 2010, Vol. 19, No. 1 189

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/19/1/181/600092 by guest on 20 August 2022



tive densities of 111 000 and 49 000 INT/mm2 for the
SUMOylation deficient variant and its wild-type counterpart,
respectively. Our results point to a direct effect of SUMOyla-
tion on the propensity of expanded polyQ ATXN7 to aggre-
gate. To link these results to the pathogenesis, we finally
analyzed the influence of SUMO modification on the cellular
toxicity induced by polyQ expanded ATXN7. COS-7 cells
expressing either the expanded ATXN7-72Q or its SUMOyla-
tion deficient variant were immunolabeled for ATXN7 and
activated caspase-3, in order to identify cells in an apoptotic
phase. The quantification of four independent immunofluores-
cence studies indeed demonstrated that ATXN7-72Q-K257R
is approximately twice as toxic for cells as the wild-type
(12% of activated caspase-3 positive cells compared with
6%) (Fig. 7E). In summary, preventing SUMOylation of
expanded ATXN7 in COS-7 cells leads to higher amounts of
non-homogenous aggregates, which correlates with a greater

amount of SDS-insoluble aggregates and a higher frequency
of activated caspase-3 expression.

DISCUSSION

ATXN7, a new SUMO target

In this study, we described ATXN7 as a new target for post-
translational modification by SUMO, defining lysine 257 as
the major acceptor site. The potential importance of SUMO
modification at lysine 257 is highlighted by the complete con-
servation of the SUMO acceptor site throughout the species
from human to zebrafish (see Supplementary Material,
Fig. S3). Furthermore, the ATXN7 yeast homologue sgf73
has been identified in two independent screens for new
SUMO targets (27,28) suggesting that the yet unknown phys-
iological function of ATXN7 SUMOylation is even conserved

Figure 7. SUMOylation decreases the aggregation propensity and cellular toxicity of expanded polyQ ATXN7. (A) HA-ATXN7-10Q or HA-ATXN7-72Q, either
wild-type or K257R variant, were transfected into HeLa cells in combination with or without SUMO1 to elucidate the consequences of the polyQ expansion on
ATXN7 SUMOylation ability. Cell lysates were directly separated by SDS–PAGE and revealed by western blot using anti-HA antibody. The expression of
SUMO1 was detected by anti-SUMO1 immunoblot. The polyQ expanded ATXN7 is SUMOylated as efficiently as the wild-type protein. (B) ATXN7-72Q,
either wild-type or its SUMOylation deficient K257R variant, was transfected into COS-7 cells and the three distribution patterns of ATXN7 shown in
Figure 4 were quantified on 300 cells using immunofluorescence after 2 days expression (n ¼ 4). Results are presented as mean percentages+SEM. Statistical
analysis was performed using the Student’s t-test. Asterisks indicate statistically significant difference (P , 0.05). The SUMOylation-deficient polyQ expanded
ATXN7-K257R forms more non-homogenous inclusions compared with the wild-type protein (21 and 10%, respectively). (C) The lysates of COS-7 cells with
polyQ expanded ATXN7-72Q or its SUMOylation deficient variant (ATXN7-72Q- K257R) were analyzed by western blot after 3 days expression for the level of
the soluble monomer (upper panel) and by filter assay for the amount of SDS-insoluble aggregates (lower panel). Tubulin was used as control for equal loading of
the western blot (g-tub). Twenty or 40 mg of total cellular protein were used for the filter assay and anti-ATXN7 (monoclonal 1C1) or an antibody recognizing
expanded polyQ stretch (1C2) was used to reveal the membrane. Duplicate results from two independent transfections are presented for western blot and filter
assay. As expected, ATXN7-72Q was SUMOylated (upper panel, arrowhead), whereas the K257R variant was not. The filter retardation assay demonstrated that
the SUMOylation deficient ATXN7-72Q-K257R forms more SDS-insoluble aggregates than the wild-type protein. (D) Quantification of the filter assays (FA)
from four independent experiments. Relative densities of each signal were determined and results are presented as mean intensities per mm2+SEM for
ATXN7-72Q and its K257 variant. Aggregation is 2.3� more pronounced in the SUMO deficient K257R than in the WT 72Q. Statistical analysis was performed
using the Student’s t-test. Asterisk indicates statistically significant difference (P , 0.05). (E) Quantification of the percentage of activated caspase-3 positive
cells expressing ATXN7-72Q or its K257R variant. After 2 days expression, COS-7 cells were stained for ATXN7 and activated caspase-3. Three hundred cells
expressing ATXN7 or its K257R variant were counted (n ¼ 4). Results are presented as mean percentages+SEM. Statistical analysis was performed using the
Student’s t-test. Asterisks indicate statistically significant difference (P , 0.05). The SUMOylation deficient polyQ ATXN7 is twice more toxic for cells as the
wild-type protein (12 and 6% of colocalization with activated caspase-3, respectively).
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in yeast. Regarding the role of ATXN7 SUMOylation, it is
quite striking that after mutating the acceptor lysine, the
SUMOylation is nearly completely abolished even under over-
expression conditions for SUMO. For many proteins, the
SUMOylation machinery evades the mutation of the major
acceptor site by attacking adjacent lysine residues (29).
The clear restriction to lysine 257 in ATXN7 points to a
well-defined role for the modification. As several SUMO E3
ligases enhanced the SUMOylation of ATXN7 in vivo or
in vitro, the identification of the physiologically relevant
ligase will be a challenge for future investigations.

Within the TFTC/STAGA chromatin remodeling complex
ATXN7 directly interacts with the histone acetyltransferase
GCN5 (4) and belongs to a deubiquitination module with
ATXN7L3 and USP22 (5). Interestingly, three members of
the TFTC/STAGA complex, GCN5, Ada3 and Spt7, are
SUMOylated in yeast and SUMOylation of GCN5 reduced
the TFTC/STAGA dependent transcription (30). Because
SUMOylation is known to modify protein–protein inter-
actions, we compared ATXN7 and its SUMOylation deficient
variant for their ability to bind GCN5, ATXN7L3 or USP22.
We found a strong, but SUMOylation-independent interaction
with all three TFTC/STAGA components, suggesting that
SUMOylation of ATXN7 is not involved in regulating the
interaction to these proteins.

Besides the modulation of protein interactions, modification
by SUMO is described as targeting signal to subcellular struc-
tures in or outside the nucleus (22,31–33). However, when we
compared ATXN7 and its SUMOylation deficient variant, we
could not detect any difference in the subcellular localization
of ATXN7 or its recruitment by PML clastosomes, keeping in
mind that due to the small amount of SUMOylated ATXN7
present in cells very temporary or local changes can easily
be overlooked under overexpression conditions.

Implication of ATXN7 SUMOylation in the SCA7
pathogenesis

Polyglutamine disorders are characterized pathologically by
the accumulation of protein aggregates within neurons. This
multistep process implicates several intermediates, which
differ in structure, solubility and toxicity (34–36). Whether
the microscopically visible inclusions play a causal role in
disease pathogenesis or protect neurons from the affects of
toxic proteins remains unclear (37,38). Therefore, as a
central pathological event in polyQ disorders, aggregation
needs to be better understood, particularly from a therapeutic
point of view.

Several recent reports describe an implication of the SUMO
pathway in the pathogenesis of chronic neurodegenerative dis-
eases (10–12,39). Many of the key proteins in these disorders
are SUMO targets, among them the three polyQ containing
proteins ataxin-1 (18), huntingtin (19) and androgen receptor
(17). The colocalization of the neuronal intranuclear
inclusions with SUMO in several polyQ disorders raised the
question for a role of the SUMO pathway in the pathogenesis
(26,40). However, a direct implication of SUMOylation of the
disease causing protein has been demonstrated for ataxin-1,
huntingtin and androgen receptor (18,19,25), while indirect
consequences through global impairment of the SUMO

pathway were also suggested in DRPLA and SBMA (26,41).
Thus, how SUMOylation could influence the pathogenesis of
polyQ disorders is not completely understood and needs
further investigations.

Here we show that, as described for several other neurode-
generative disorders, SUMO1 and SUMO2 partially colocalize
with ATXN7 inclusions in the brain of SCA7 patients and
SCA7 mice, suggesting an implication in physiopathology.
In our cellular model, we could distinguish between two
different forms of ATXN7 inclusions. Of these two, the
large non-homogenous inclusions, those showed significant
less colocalization with SUMO, are often stained for Hsp70,
19S proteasome, ubiquitin and activated caspase-3 and thus
seem to be more toxic for cells. Accordingly, when the
SUMOylation deficient ATXN7-72Q-K257R is expressed,
we observed an increased percentage of cells with non-
homogenous inclusions. This correlated with a larger quantity
of SDS-insoluble aggregates as well as with the doubling in
the number of apoptotic cells. Altogether these results
suggest that the SUMO deficient polyglutamine expanded
ATXN7 could be more prone to aggregate and form the
toxic non-homogenous inclusions.

In the brain of patients with SCA7 and other polyQ dis-
orders, in neurons, the PML protein forms large round or ring-
like PML nuclear bodies that colocalize with or juxtapose to
inclusions (6,9). We demonstrated previously, in a cellular
model of SCA7, that these particular PML nuclear bodies
called clastosomes, played a role in the degradation of
expanded polyQ ATXN7 (21). Here we observed that the for-
mation of the non-homogenous inclusions correlates with the
disruption of the PML clastosomes. In these conditions, we
could imagine that the PML clastosomes failed to degrade
the strongly aggregated mutant ATXN7, became overloaded,
which finally lead to their disruption. It is still unclear, if the
cells at one point switch to a new phenotype with non-
homogenous inclusions, characterized by an enrichment in
Hsp70 and ubiquitin components and loss of SUMO colocali-
zation as well as clastosomes, or if the two kinds of inclusions
are indicative of two different aggregation pathways. Our
observations are supported by studies in SCA7 patient’s
brain, where large PML nuclear bodies preferentially coloca-
lize with small inclusions but disappear in neurons with
large aggregates (6,9). Altogether, our results demonstrate
that, by modulating the aggregation process of expanded
polyQ ATXN7, SUMOylation of lysine 257 plays a key role
in pathogenesis.

These data add to similar observations in other polyQ dis-
orders, in which the SUMO modification of the disease
causing proteins influences their aggregation and toxicity.
Thus, in Huntington disease, the SUMOylation of a patho-
genic huntingtin fragment in cultured cells reduces the
number of visible microscopic inclusions and a heterozygous
mutation in the SUMO homolog smt3 in Huntington disease
drosophila reduces neurodegeneration (19). SUMOylation of
the polyQ expanded androgen receptor decreases the amount
of both the SDS-insoluble aggregates but also the soluble oli-
gomers (25). A very recent study proposed that SUMOyla-
tion may explain the intriguing and not yet understood cell
death selectivity observed in polyQ disorders. Briefly, the
authors described that Rhes, a striatal specific protein,
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increases SUMOylation and toxicity of pathogenic hunting-
tin (42). In contrast to ataxin-1 (18), polyQ expansion of
ATXN7 did not influence its SUMOylation, meaning that
the pathological mechanism of SCA7 does not involve a
direct loss of SUMOylation after polyQ expansion of
ATXN7.

How the SUMO modification of expanded polyQ ATXN7
influences its aggregation needs to be clarified in the future.
SUMOylation could change interactions of ATXN7 with cha-
perones, which are always present in aggregates of several
neurodegenerative diseases, including SCA7 (43) and which
could be required for proper refolding or degradation.
However, our observations that Hsp70 colocalized preferen-
tially with the non-homogenous inclusions do not support
this hypothesis. Alternatively, the attachment of SUMO
could influence the three dimensional structure of ATXN7,
resulting in modified solubility or self-assembly properties.
Support for this hypothesis can be found in studies with
SBMA: modification of the protein with a SUMO variant
unable to interact with binding partners still reduced the aggre-
gation of polyQ expanded androgen receptor (25).

Our observation that SUMOylation plays an important role
in SCA7 by modifying the aggregation of the polyQ expanded
ATXN7 suggests that cellular mechanisms modulating the
SUMOylation pathway could be involved in SCA7 pathogen-
esis. Examples would be cell type-specific expression patterns
of SUMO enzymes, other post-translational modifications,
which interfere with SUMOylation (44) or oxidative stress,
which has already been linked to neurodegenerative diseases
(45) and also described to reversibly inhibit the SUMOylation
pathway (46).

Our study demonstrates that SUMOylation, the first
described post-translational modification of ATXN7, influ-
ences aggregation of polyQ expanded ATXN7, which is a
key event during pathogenesis. Furthermore, our findings
add the SUMOylation cascade, including modifying and
demodifying enzymes, to the list of potential therapeutic
targets to counteract disease progression.

MATERIALS AND METHODS

SCA7 patients: case histories and neuropathological
findings

The detailed clinical histories and neuropathological findings
in the SCA7 patients have been reported previously (6,8).
Briefly, patient 1 was a 10-year-old boy who died 5 years
after disease onset. At the age of 5 years, he had learning pro-
blems and progressive visual loss, and gradually developed
cerebellar ataxia, clumsiness of the upper limb, dysarthria,
and pigmentary degeneration. SCA7 was diagnosed by the
presence of an 85 CAG repeat expansion in the SCA7 gene.
He died of pneumopathy after several days in a coma. Neuro-
pathological examination showed severe neuronal loss associ-
ated with gliosis in the inferior olive and cerebellar Purkinje
cell layer. Neuronal inclusions were frequently found in
inferior olive, lateral geniculate body, substantia nigra, and
cerebral cortex. Patient 2 was a 36-year-old woman, whose
initial symptoms, loss of visual acuity and gait disturbance,
was noticed at age 22–23. She developed cerebellar dysar-

thria, truncal and limb ataxia, and dystonia in the upper extre-
mities. The symptoms progressed gradually; at the age of 35
years, she was blind and wheelchair-bound. Molecular analy-
sis showed that the patient carried a 49 CAG repeat expansion
in the SCA7 gene. She died at the age of 36 years of an inter-
current disease. Neuropathologically, moderate to severe neur-
onal loss and gliosis were seen in the dentate nucleus, the
inferior olive and Purkinje cell layer. Neuronal inclusions
were frequently found in pontine nuclei, substantia nigra, red
nucleus and cerebral cortex.

Plasmids and site-directed mutagenesis

The normal SCA7 construct, ATXN7-10Q, contains the full-
length wild-type ATXN7 cDNA amplified by PCR from a pre-
viously described construct (7), inserted into EcoRI/XhoI site
in the pCS2-HA vector. The pathological SCA7 construct
ATXN7-72Q was made replacing the 10 repeat CAG sequence
in ATXN7-10Q-pCS2 with a 72 CAG repeat sequence ampli-
fied by PCR from a previously described construct (7). The
construct coding for PML IV in the pcDNA3 vector has
already been described (21). FLAG-SUMO2-pSG5 and
T7-PIASy-pSG5 were kind gifts from J. Seeler (Institut
Pasteur, Paris). SUMO1 was cloned in frame with an N-
terminal FLAG tag into vector pSG5. PIAS1, 3, xa and xb
were cloned in frame with N-terminal T7 tag into pSG5.
The plasmids expressing Ubc9 and His-tagged SUMO1 and
two have already been described (47). Construction coding
for GCN5 in fusion with an N-terminus FLAG tag has been
already described (4). ATXN7L3 and USP22 were cloned in
fusion with an N-terminus FLAG tag in the pcDNA3 vector
(5). The constructs ATXN7-10Q-K257R-pCS2 and
ATXN7-10Q-K858R-pCS2 were obtained by site-directed
mutagenesis with the QuickChange II Kit (Stratagene).
ATXN7-72Q-K257R-pCS2 was obtained by fragment
exchange from the ATXN7-10Q-K257R-pCS2 construct. All
primer sequences used are available on request.

Cell culture, transfections

COS-7 and HeLa cells were maintained in DMEM (Invitro-
gen) supplemented with 10% fetal bovine serum and penicil-
lin–streptomycin (100 UI/ml; 100 mg/ml). Cell lines were
transfected with Lipofectamine-PLUS reagents (Invitrogen)
as prescribed. HeLa cells were harvested directly in SDS
sample buffer, after 36–48 h, for analysis by western blot.
COS-7 cells were harvested, after 40–48 h, in the buffer men-
tioned below or analyzed by immunofluorescence 40–45 h
post-transfection.

Western blot and filter retardation assay

Cells were rinsed twice with PBS and lysed 20 min on ice with
buffer containing 50 mM Tris pH 8.0, 300 mM NaCl, 1% NP40,
1 mM EDTA, 20 mM NEM (Sigma) and 250 UI/ml benzonase
(Merck) supplemented with a cocktail of protease inhibitors
(Complete and Pefabloc, Roche). Protein concentrations of
the total extracts were determined by Bio-Rad assay.
Samples were prepared for western blot and for filter assay
as previously described (48,49). For the filter assay, the
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whole cell lysates were used and filtered through an acetate
cellulose membrane (Schleicher and Schuell). Samples were
analyzed by western blot on 4–12% polyacrylamide gels
(Invitrogen).

Immunofluorescence, immunohistochemistry

COS-7 cells plated on glass coverslips coated with poly-lysine
(Sigma) were fixed for 20 min with 4% paraformaldehyde.
Permeabilization and incubations with antibodies were as pre-
viously described (48). Cells were mounted with
Fluoromount-G and samples were observed with a Leica
SP1 confocal microscope equipped with a 63�/1.32 numerical
aperture (NA) objective. Leica confocal software was used to
acquire images.

Mice were anaesthetized with pentobarbital (Sigma) and
perfused transcardially with 4% paraformaldehyde in 0.1 M

PBS, pH 7.4. Brains were removed and post-fixed for one
night in the same solution. Brains were dehydrated, embedded
in paraffin (Shandon Excelsior tissue processor from Thermo
Scientific) and cut on a microtome into 5 mm-thick sections
collected on slides. For immunohistochemistry, sections
were deparaffinized in xylene and hydrated in a descending
series of ethanol concentrations. Antigens were retrieved by
boiling the sections in 0.01 M citrate buffer, pH 6.0, five
times for 3 min in a microwave at 350 W. Sections were per-
meabilized and non-specific epitopes were blocked by incu-
bation for 1 h in PBS containing: 3% BSA, 3% NGS, 0.1%
Triton X-100. Sections were hybridized for 48 h at 48C with
a mix of the primary antibodies and the signal revealed
by incubation with secondary antibodies for 2 h at room
temperature.

Sections (6 mm) of formalin-fixed, paraffin-embedded cer-
ebral cortex of the two patients (temporal cortex from
Patient 1, and frontal cortex from Patient 2) were used for
immunohistochemical staining. After pre-treatment, the sec-
tions were incubated with one of the primary antibodies and
stained by 2,3-diaminobenzidine (DAB) hydrochloride as the
chromogen (23). Double immunolabeling on the brain sections
was performed with fluorescence labeled antibodies described
in what follows.

Antibodies

For western blot (WB), filter assay (FA), immunofluorescence
(IF) and immunohistochemistry (IHC) analysis, we used the
following antibodies and concentrations: 1C1 mouse anti-
ATXN7 (50) at 1:5000 (FA); mouse anti-HA (Babco) at
1:10000 (WB) and 1:4000 (IF); rabbit anti-ATXN7 (Affinity
BioReagents) at 1:1000 (WB and IHC in knock-in mice);
rabbit anti-ATXN7 (1261) (50) at 1:200 (IHC in human
brain); rabbit anti-PML (H-238, Santa Cruz) at 1:500 (IF);
1C2 anti-polyQ monoclonal antibody at 1:2000 (FA); mouse
anti-FLAG M2 (Sigma) at 1:5000 (WB); rabbit anti-SUMO1
(Abgent, AP1221a) at 1:100 (IF); rabbit anti-SUMO2
(Abgent, AP1282a) at 1:100 (IF), mouse anti-SUMO1
(GMP-1) (Zymed) at 1:1000 (IHC in knock-in mice) and at
1:800 (IHC in human brain); rabbit anti-cleaved caspase-3
(Asp175) (Cellsignal, 9661) at 1:400 (IF); mouse anti-Hsp70
(Stressgen) at 1:2000 (IF); mouse anti-19S5a proteasome

subunit (Rpn10) (Biomol) at 1:4000 (IF); mouse anti-
ubiquitinylated proteins (clone FK2) (Biomol) at 1:4000
(IF); mouse anti-gamma-tubulin (Sigma) at 1:5000 (WB). A
newly developed mouse anti-SUMO1 antibody (3G12),
raised against recombinant human SUMO1 (amino acids
1–97) fused to GST was used for IHC in human brain. The
clone 3G12 was selected by the sensitive and specific immu-
noreactivity on formalin fixed paraffin embedded brain
tissues. Screening was performed using paraffin embedded
brain tissues of neuronal intranuclear inclusion disease,
known to have SUMO1 positive neuronal inclusions (23).
Immunoabsorption control study was done and the immunor-
eactivity was clearly absorbed after preabsorption with the
immunized recombinant SUMO1. For immunofluorescence,
secondary antibodies were: Alexa 488-conjugated donkey
anti-mouse or donkey anti-rabbit IgG (Invitrogen) used at
1:1000 and CY3-conjugated donkey anti-mouse or donkey
anti-rabbit IgG (Jackson Immunoresearch) used at 1:1000.
The mouse anti-SUMO1 antibody (3G12) was directly conju-
gated with Alexa555, using Alexa Fluor Succinimidyl Esters
(Molecular probes), and used for double immunolabeling.
For western blot and filter assay, secondary antibodies were
peroxidase-conjugated donkey anti-mouse or donkey anti-
rabbit IgG (Jackson Immunoresearch) used at 1:50 000.

Co-immunoprecipitation

Each partner of the TFTC complex GCN5, ATXN7L3 or
USP22 was transfected in COS-7 cells (90 mm culture
dishes) in combination with wild-type ATXN7-10Q or
variant ATXN7-10Q-K257R. Cells were harvested 42–45 h
post-transfection and lyzed on ice in the following buffer:
25 mM Tris pH 8.0, 150 mM KCl, 5 mM MgCl2, 1 mM

EDTA, 0.1% NP40, 20 mM NEM, 250 UI/ml benzonase and
5% glycerol, supplemented with a cocktail of protease inhibi-
tors (Complete, Pefablock). Total extracts were centrifuged at
13 000 rpm for 10 min at 48C. For immunoprecipitation,
supernatants were incubated with protein G Dynabeads (Invi-
trogen) coupled with anti-FLAG M2 (Sigma) or anti-myc
(Santa cruz) antibodies for 2 h at 48C on a rotating wheel.
The beads were then washed three times with lysis buffer,
and the bound proteins were directly denatured by heating
for 5 min at 958C in 30 ml Laemmli buffer. Samples were
analyzed by western blot on 4–12% polyacrylamide gels
(Invitrogen).

In vitro SUMOylation assay, nickel- and GST pulldown

The in vitro SUMOylation assay was performed on
35S-labeled in vitro translated ATXN7 as described previously
(51) using recombinant E1 (180 nM), Ubc9 (620 nM) and
His-SUMO (7 mM). In vitro transcription/translation was per-
formed using the TNT-coupled reticulocyte lysate system
(Promega). Nickel pulldown from lysed cells transfected
with ATXN7-10Q-pCS2 and His-SUMO1-pSG5 was per-
formed as described (47,52). GST pulldown was done as
in (51).
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Quantification and statistical analysis

For all quantifications, results are presented as means+SEM.
For immunofluorescence experiments, 300 cells were counted
in four independent manipulations. For the filter retardation
assay, we quantified the non-saturated signals of four indepen-
dent manipulations using Quantity One 4.4 software (Biorad).
For statistical analysis, we performed t-test with SigmaStat 3.5
software (Systat software) and a P-value of ,0.05 was con-
sidered statistically significant.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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