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Spinocerebellar ataxia type 3 (SCA3)/Machado Joseph disease results from expansion of the polyglutamine
domain in ataxin-3 (Atx3). Atx3 is a transcriptional co-repressor, as well as a deubiquitinating enzyme that
appears to function in cellular pathways involved in protein homeostasis. In this study, we show that inter-
actions of Atx3 with valosin-containing protein and hHR23B are dynamic and modulated by proteotoxic stres-
ses. Heat shock, a general proteotoxic stress, also induced wild-type and pathogenic Atx3 to accumulate in
the nucleus. Mapping studies showed that two regions of Atx3, the Josephin domain and the C-terminus,
regulated heat shock-induced nuclear localization. Heat shock-induced nuclear localization of Atx3 was
not affected by a casein kinase-2 inhibitor or by mutating a predicted nuclear localization signal. However,
serine-111 of Atx3 was required for nuclear localization of the Josephin domain and regulated nuclear local-
ization of full-length Atx3. Atx3 null cells were more sensitive to toxic effects of heat shock suggesting that
Atx3 had a protective function in the cellular response to heat shock. Importantly, we found that oxidative
stress also induced nuclear localization of Atx3; both wild-type and pathogenic Atx3 accumulated in the
nucleus of SCA3 patient fibroblasts following oxidative stress. Heat shock and oxidative stress are the
first processes identified that increase nuclear localization of Atx3. Observations in this study provide new
and important insights for understanding SCA3 pathology as the nucleus is likely a key site for early patho-
genesis.

INTRODUCTION

The polyglutamine neurodegenerative disease family consists
of nine members including Huntington’s disease, spinal and
bulbar muscular atrophy, dentatorubral pallidoluysian
atrophy and spinocerebellar ataxias (SCA) types 1, 2, 3, 6, 7
and 17 (1). Expansion of the polyglutamine domain destabi-
lizes the mutant protein, leading to increased misfolding,
altered protein–protein interactions and neuronal toxicity
and death. A hallmark of polyglutamine diseases is the for-
mation of neuronal inclusions, most often in the nucleus;
inclusions consist of misfolded disease protein, ubiquitin, pro-
teasomes, molecular chaperones and an array of other proteins
(2–7). Spinocerebellar ataxia type-3 (SCA3) is caused by the
expansion of the polyglutamine domain in ataxin-3 (Atx3) (8).
Atx3 is widely expressed in cells and tissues and is present in
both the cytoplasm and nucleus (9–12). Studies with cell
models (5,7,13–17) and transgenic mice (18–20) show that
pathogenic Atx3 as well as other polyglutamine disease pro-
teins are more toxic when in the nucleus than in the cytoplasm.

These and other studies are consistent with the nucleus being
an important site of pathology in polyglutamine diseases
including SCA3. Although the nucleus appears to be a
primary site of pathogenesis in SCA3, the cellular processes
that regulate Atx3 nuclear localization are not fully under-
stood. Therefore, it is important to characterize cellular inter-
actions and processes that regulate Atx3 nuclear localization.

Atx3 is a transcriptional co-repressor (21–24) as well as a
deubiquitinating enzyme (DUB) (25,26) that functions in cel-
lular pathways that regulate protein homeostasis (25,27–37).
Atx3 preferentially cleaves K63-linked ubiquitin and mixed
linkage ubiquitin chains (37) and its DUB activity is regulated
by select proteotoxic stresses (38). Ubiquitin interacting
motifs (UIMs) in Atx3 bind ubiquitin (25,28,29,39) and both
its ubiquitin binding and DUB activities are important in
suppressing polyglutamine-mediated neurodegeneration in
Drosophila (31). Recently, our lab and others linked Atx3 to
pathways that regulate protein homeostasis. Atx3 regulates
ER-associated degradation through its interaction with
valosin-containing protein (VCP/p97) (34,35) and its DUB
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activity, and UIMs are required for aggresome formation (30).
Atx3 also interacts with the human homolog of Rad23,
hHR23A/B (27,28). HHR23 appears to function in the ubiqui-
tin proteasome pathway by binding ubiquitinated proteins and
shuttling them to the proteasome for degradation (40–43).
These properties of Atx3 suggest that it functions in cellular
pathways that regulate protein homeostasis.

To investigate potential functions of Atx3 in cellular path-
ways that respond to altered protein homeostasis, we initiated
studies to determine if proteotoxic stressors alter Atx3 inter-
actions with VCP and hHR23B. In the early phase of this
study, we found that heat shock, a general proteotoxic stress,
resulted in nuclear accumulation of Atx3. Given the potential
importance of this observation relative to SCA3 pathogenesis,
we focused experiments on characterizing heat shock-induced
nuclear localization of Atx3. Mapping studies showed that two
regions of Atx3 as well as serine-111 regulate heat shock-
induced nuclear localization of Atx3. However, DUB activity,
UIMs and a predicted NLS were not required for Atx3 heat
shock-induced nuclear localization. Atx3 knockout fibroblasts
were more sensitive to toxic effects of heat shock compared
with wild-type cells, suggesting that Atx3 has a protective
function in the cellular response to heat shock. Importantly,
we determined that oxidative stress, a stress that increases
during aging and is linked to neurodegenerative diseases,
resulted in nuclear accumulation of wild-type and pathogenic
Atx3 in SCA3 patient fibroblasts. This raises the possibility
that recurring oxidative stress during aging may be linked to
SCA3 pathogenesis.

RESULTS

Cellular localization and interactions of Atx3 are altered
following proteotoxic stress

Several studies are consistent with Atx3 functioning in protein
degradation pathways through interactions with effectors such
as VCP and hHR23B (27,28,34,35). To determine if proteo-
toxic stresses regulated interactions of Atx3 with VCP and
hHR23B, cells were treated with MG132 (inhibits protea-
somes), DTT (activates the unfolded protein response), tunica-
mycin (activates the unfolded protein response) or heat shock
(a general proteotoxic stress) and time courses of interactions
were characterized. Most stressors resulted in dynamic
changes in the interactions of Atx3 with VCP and hHR23B
with each interaction and stressor showing a unique pattern
(Supplementary Material, Fig. S1). These data are consistent
with Atx3 functioning in cellular pathways that respond to
altered protein homeostasis by altering its interactions with
key effectors in these pathways. To determine if changes in
cellular localization were associated with altered interactions,
HeLa cells were transfected with GFP, GFP-Atx3, HA-VCP or
HA-hHR23B. HA-VCP and HA-hHR23B did not alter their
distribution following proteotoxic stress (Supplementary
Material, Fig. S2). GFP-Atx3 was present in both the cyto-
plasm and the nucleus in control cells and its localization
was not altered by treatment with MG132, DTT or tunicamy-
cin (Fig. 1A). When cells were heat-shocked, however,
GFP-Atx3 accumulated in the nucleus while the GFP control

remained distributed evenly throughout the cell (Fig. 1A).
Accumulation of GFP-Atx3 in the nucleus was rapid in
HeLa cells with an increase in nuclear Atx3 beginning
within the first 15 min of heat shock (data not shown). Data
were quantified by counting the number of cells displaying
GFP fluorescence that was primarily cytoplasmic, nuclear or
distributed evenly between the cytoplasm and nucleus
(Fig. 1B and C). Compared with control cells heat shock
was the only stressor that resulted in a significant increase in
the number of cells with GFP-Atx3 primarily localized to
the nucleus (20% control versus 56% heat shock, P � 0.01)
(Fig. 1C). Heat shock is the first cellular process identified
that induces nuclear localization of Atx3; because the
nucleus is likely an early site of pathogenesis in SCA3 we
initiated studies to further characterize heat shock-induced
nuclear localization of Atx3.

Heat shock-induced nuclear accumulation of Atx3 was not
restricted to HeLa cells. Atx3 responded to heat shock simi-
larly in other cell types tested including HEK293T, mouse
fibroblasts, primary astrocytes and primary neurons. In
untreated astrocytes and neurons, endogenous Atx3 localized
to both the cytoplasm and nucleus while heat shock at 428C
for 30 min induced endogenous Atx3 to accumulate in the
nucleus (Fig. 1D and E).

To support the fluorescent microscopy data, cell fraction-
ation studies were carried out using mouse fibroblasts. Fibro-
blasts were heat-shocked for 3 h at 428C and collected 0, 2,
4 or 24 h after heat shock and used for cellular fractionation.
Western blots showed that endogenous Atx3 localized to the
nuclear fraction after heat shock and over the following 24 h
returned to the cytoplasmic fraction (Fig. 1F). The distribution
of GAPDH and histone H3 indicated the purity of the cyto-
plasmic and nuclear fractions, respectively. Quantitation of
the data indicated that heat shock induced a 6.5-fold increase
in nuclear Atx3 levels (P � 0.01) immediately following heat
shock (Fig. 1G). Levels remained significantly higher follow-
ing 2 h of recovery and the trend continued out to 4 h of recov-
ery although the difference at this time point was not
significant.

A recent publication indicated that CK2 phosphorylation of
transfected Atx3 regulated its nuclear localization in control
and heat-shocked HEK293 cells (44). To determine whether
CK2 activity regulated heat shock-induced nuclear localiz-
ation of endogenous Atx3, HEK293T cells were pre-treated
with the CK2 inhibitor, DMAT, for 3 h, heat-shocked at
428C for 1 h and cellular fractions prepared (Fig. 2A). Quan-
titation indicated that the CK2 inhibitor DMAT did not
reduce heat shock-induced nuclear accumulation of endogen-
ous Atx3 (Fig. 2B); however, it reduced nuclear Atx3 levels
in cells maintained at 378C by �60% (P , 0.05). To ensure
that DMAT exposed to 428C for 1 h was still active, 20 mM

DMAT in DMEM was heated to 428C for 1 h, returned to
378C, and then tested for its ability to inhibit nuclear localiz-
ation of Atx3 under basal conditions. DMAT heated at 428C
for 1 h still inhibited nuclear localization of Atx3 under
basal conditions (Supplementary Material, Fig. S3). These
data suggest that CK2 does not regulate heat shock-induced
nuclear localization of Atx3 but appears to regulate nuclear
localization of Atx3 under basal conditions.
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Figure 1. Heat shock increases nuclear localization of ataxin-3. (A) HeLa cells were transfected with GFP vector or GFP-Atx3 and 24 h later exposed to either
10 mM MG132 for 8 h, 1 mM DTT for 4 h, 10 mg/ml tunicamycin for 8 h, heat-shocked at 428C for 1 h or maintained as untreated controls. Following treatment,
GFP proteins were visualized in live cells. MG132, tunicamycin or DTT treatment did not alter localization of GFP-Atx3 or GFP. Heat shock did not affect
localization of GFP; however, it increased nuclear localization of GFP-Atx3. Immunofluorescence data were quantified by counting GFP (B) or GFP-Atx3
(C) transfected cells with fluorescence primarily localized to the cytoplasm (C), nucleus (N) or evenly distributed (C/N). Data represent the mean+SD of
the fraction of total cells counted in each group with a particular localization pattern in three independent experiments with treated cells compared with controls
(�P � 0.01). Primary rat astrocytes (D) or primary rat cortical neurons (E) were either heat-shocked at 428C for 30 min or left at 378C. Following heat shock,
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Effect of polyglutamine expansion and mutations affecting
UIMs, DUB activity and a putative NLS on heat
shock-induced nuclear accumulation of Atx3

To determine whether Atx3 DUB activity or functional UIMs
were required for nuclear localization, and whether the patho-
genic protein responded to heat shock in a similar manner to
the wild-type protein, myc-tagged pathogenic Atx3(Q72),
Atx3(Q29)C14A (DUB mutant) and Atx3(Q29)S236/256D
(UIM mutant) were transfected into cells, and myc immunos-
taining and cellular fractionations were performed on control
and heat-shocked cells. Immunostaining of transfected HeLa
cells showed that neither C14A nor S236/256D mutations
blocked heat shock-induced nuclear localization of Atx3
(Fig. 3A). This was confirmed with cellular fractionations of

transfected HEK293T cells (Fig. 3B). Densitometric analysis
of these fractionations confirmed that Atx3 with either C14A
or S236/256D mutations increased in the nucleus of heat-
shocked cells compared with unstressed cells (Fig. 3C), indi-
cating that DUB activity and functional UIMs were not
required for heat shock-induced nuclear localization. Immuno-
fluorescence (Fig. 3D) and cellular fractionation (Fig. 3E) data
also indicated that pathogenic Atx3(Q72) accumulated in the
nucleus similar to wild-type Atx3(Q29). Densitometric analy-
sis of fractionations confirmed that Atx3(Q29) and Atx3(Q72)
showed a similar increase in the nucleus following heat shock
(5- and 4.5-fold increases, respectively) (Fig. 3F). These data
raise the interesting possibility that pathogenic Atx3 may
accumulate in the nucleus, a key site of pathogenesis in
SCA3, as part of a normal cellular response of Atx3 to
increased temperature or other stress.

To determine whether the predicted nuclear localization
signal (NLS) 282RKRR285 in Atx3 (10,45,46) regulated
heat shock-induced nuclear localization, HEK293T cells
were transfected with either myc-tagged wild-type Atx3 or
the NLS mutant 282ANAA285 [Atx3(NLS�)] and 24 h later
cells were heat-shocked and fractionated. Fractionation
(Fig. 4A) and densitometry data (Fig. 4B) indicated that
nuclear levels of Atx3(NLS�) were reduced by �40% (P ,
0.05) under basal conditions, suggesting that this sequence
modulates nuclear localization. Although the NLS regulated
Atx3 nuclear localization in unstressed cells mutating the
NLS did not alter accumulation of Atx3 in the nucleus in
response to heat shock (Fig. 4A and B).

Atx3 contains two regions that regulate heat shock-induced
nuclear localization

Under basal conditions, nuclear localization of Atx3 appears
to be regulated by CK2 as well as a putative NLS adjacent
to the polyglutamine domain. However, inhibiting CK2 or
mutating the NLS sequence did not alter the nuclear accumu-
lation of Atx3 following heat shock. To determine the region
of Atx3 necessary for nuclear localization following heat
shock, cells were transfected with myc-tagged Atx3 trunca-
tions (Fig. 5A) and cellular fractionations of control and heat-
shocked cells were used to monitor the localization of these
proteins (Fig. 5B). Truncations used were: Atx3(1–191)
(N-terminal Josephin domain containing DUB activity),
Atx3(191–362) (2 UIMs þ PolyQ domain þ C-terminus),
Atx3(191–291) (contains two UIMs) and Atx3(291–362)
(PolyQ þ C-terminus) (Fig. 5A). Atx3 truncation constructs
containing the polyQ domain [Atx3(191–362) and
Atx3(291–362)] typically migrate in SDS PAGE gels at mul-
tiple discrete molecular weights possibly representing mono-
mers, dimers and trimers (arrows denote potential dimers

cells were fixed and immunostained with Atx3 polyclonal antibody. In control cells, endogenous Atx3 localized throughout the cell, but after heat shock
endogenous Atx3 redistributed to a primarily nuclear localization. Astrocytes were stained with DAPI to confirm the location of the nucleus. Cells indicated
by white arrows are shown in insets. (F) Mouse fibroblasts were maintained at 378C (C) or heat-shocked at 428C for 3 h and collected over the following
24 h for cellular fractionation. Endogenous Atx3 localized to the nucleus following a 3 h heat shock and over the next 24 h returned to the cytoplasm. Distri-
bution of GAPDH and histone H3 indicates purity of cytoplasmic and nuclear fractions. (G) Heat shock-induced nuclear accumulation of endogenous Atx3 was
quantitated using densitometry. Data represent the mean+SD of three independent experiments with data normalized to nuclear Atx3 levels in control cells.
Nuclear levels of endogenous Atx3 increased 6.5-fold immediately following heat shock (P � 0.01) and remained elevated following 2 h of recovery (P � 0.01).

Figure 2. CK2 phosphorylation of ataxin-3 is not required for heat shock-
induced nuclear localization. (A) HEK293T cells were treated with the CK2
inhibitor DMAT (0.2, 2.0 or 20 mM) or vehicle for 3 h and then heat-shocked
for 1 h at 428C and fractionated. Western blots indicated that following DMAT
treatment, endogenous Atx3 still accumulated in the nucleus in response to
heat shock similar to vehicle-treated cells. GAPDH and histone H3 were frac-
tionation controls. (B) Heat shock-induced nuclear accumulation of endogen-
ous Atx3 following vehicle or DMAT treatment was quantitated using
densitometry. Data represent the mean+SD of four independent experiments
with all data normalized to vehicle control (�P , 0.05). No difference was
detected between the DMAT þ HS-treated groups and vehicle þ HS group.
DMAT treatment decreased the low level of nuclear Atx3 in cells maintained
at 378C by �60% (P , 0.05).
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and trimers). Fractionation data (Fig. 5B) and quantitation of
the western blots (Fig. 5C) indicated that Atx3 contained
two areas that regulated heat shock-induced nuclear localiz-
ation, one was present in the Josephin domain [Atx3(1–
191)] and one in the polyQ þ C-terminus [Atx3(291–362)]
(Fig. 5B and C). In response to heat shock, Atx3(1–191)
and Atx3(291–362) increased in the nucleus by 3- and
2.5-fold (P , 0.05), respectively (Fig. 5C). In contrast,
Atx3(191–291) containing two UIMs did not accumulate in
the nucleus following heat shock (Fig. 5B and C). Attempts
to determine a region within Atx3(1–191) responsible for
nuclear localization were unsuccessful due to the rapid degra-
dation of truncated Josephin subdomains (data not shown).
Interestingly, higher molecular weight multimers of
Atx3(191–362) and Atx3(291–362) accumulated in the
nucleus more than ‘monomeric’ forms (see Discussion).

Effects of Hsf1 on heat shock-induced nuclear localization
of Atx3

Hsf1 is a key regulator of the heat shock response and follow-
ing heat shock rapidly undergoes homotrimerization, hyper-
phosphorylation and nuclear translocation (47–50). To
determine if Hsf1 regulated Atx3 heat shock-induced nuclear
localization, we first looked for an interaction between
endogenous Atx3 and Hsf1 by immunoprecipitating Atx3
from control and heat-shocked mouse fibroblasts. Western
blots indicated that Hsf1 did not co-immunoprecipitate with
Atx3 in control or heat-shocked cells (Supplementary
Material, Fig. S4). To further investigate whether Hsf1 regu-
lated heat shock-induced Atx3 nuclear localization, Hsf1
WT and KO mouse fibroblasts were heat-shocked at 428C
for 1 h or kept at 378C as a control and used for cellular frac-

Figure 3. Effect of UIM and DUB mutations and polyglutamine expansion on heat shock-induced nuclear accumulation of ataxin-3. (A) HeLa cells transfected
with myc-Atx3(Q29)C14A (DUB mutant) or myc-Atx3(Q29)S236/256D (UIM mutant) were either kept at 378C or heat-shocked at 428C for 1 h and immunos-
tained with an myc antibody. (B) HEK293T cells transfected with myc-Atx3(Q29)C14A, or myc-Atx3(Q29)S236/256D, were either kept at 378C or heat-shocked
at 428C for 1 h and nuclear and cytoplasmic fractions prepared. GAPDH and histone H3 were fractionation controls. (C) Heat shock-induced nuclear accumu-
lation of Atx3(Q29)C14A and myc-Atx3(Q29)S236/256D were quantitated using densitometry. Data represent the mean+SD of three independent experiments
with each heat-shock group normalized to their 378C control (�P , 0.05; ��P , 0.01). Western blots and immunofluorescence data indicated that neither DUB
activity nor functional UIMs were required for heat shock-induced nuclear localization of Atx3. (D) Pathogenic myc-Atx3(Q72) and WT myc-Atx3(Q29) were
transfected into HeLa cells and either heat-shocked at 428C for 1 h or kept at 378C and immunostained with an myc antibody. (E) HEK293T cells transfected
with myc-Atx3(Q29) or myc-Atx3(Q72) were heat-shocked at 428C for 1 h or kept at 378C and nuclear and cytoplasmic fractions prepared. In response to heat
shock both wild-type and pathogenic Atx3 increased similarly in the nucleus. (F) Heat shock-induced nuclear accumulation of myc-Atx3(Q29) and
myc-Atx3(Q72) were quantitated using densitometry. Data represent the mean+SD of three independent experiments with data normalized to their 378C
control and displayed as fold increase in response to heat shock.
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tionation. Immunoblots indicated that nuclear Atx3 increased
in both Hsf1 WT and KO mouse fibroblasts in response to
heat shock (Fig. 6A), indicating that Atx3 localized to the
nucleus independent of Hsf1- and Hsf1-dependent processes.

Serine-111 in Atx3 regulates heat shock-induced nuclear
localization

Heat shock-induced nuclear localization of Atx3 was indepen-
dent of Hsf1, but it remained possible that the pathway respon-
sible for activating and inducing Hsf1 nuclear translocation
was also responsible for Atx3 accumulating in the nucleus fol-
lowing heat shock. Phosphorylation of Hsf1 at serine-419 by
Polo-like kinase 1 (Plk1) is important for heat shock-induced
Hsf1 nuclear translocation (51). The preferred sequence for
Plk1 phosphorylation is not tightly conserved, and phosphoryl-
ation sites of known Plk1 substrates often deviate from the
predicted ‘preferred’ sequence (52,53) (Fig. 6B). The amino
acid sequence flanking serine-111 in the Josephin domain of
Atx3 resembled the ‘preferred’ sequence for Plk1 phosphoryl-
ation (Fig. 6B); therefore, we hypothesized that heat
shock-activated Plk1 may phosphorylate Atx3 and induce
nuclear localization. As a first step to test this hypothesis,
S111A mutants were generated in full-length Atx3 and
Atx3(1–191) and transfected into HEK293T cells. Cells
were heat-shocked at 428C or kept as controls at 378C and cel-

lular fractions prepared. The S111A mutation blocked nuclear
accumulation of Atx3(1–191) which was consistent with
serine-111 regulating nuclear localization of the Josephin
domain following heat shock (Fig. 6C). The S111A mutation
decreased nuclear accumulation of full-length Atx3; although,
some Atx3 S111A still accumulated in the nucleus (Fig. 6C).
These data were quantified confirming that the S111A
mutation in Atx3(1–191) blocked heat shock-induced
nuclear accumulation of the Josephin domain and resulted in
a 39% reduction (P , 0.05) in the heat shock-induced
nuclear accumulation of full-length Atx3 (Fig. 6D). These
data were consistent with data in Figure 5B indicating that
there was a second region of Atx3, Atx3(291–362), that regu-
lated nuclear localization in response to heat shock.

Mutating serine-111 to alanine could inhibit nuclear
accumulation by several mechanisms; an obvious mechanism
would be blocking phosphorylation of serine-111. Serine
phosphorylation can often be mimicked by mutating serine
to aspartic acid; therefore, we mutated serine-111 to an aspar-
tic acid in full-length Atx3 (Atx3 S111D) and the Josephin
domain [Atx3(1–191) S111D]. These constructs were trans-
fected into HEK293T cells and 24 h later heat-shocked and
fractionated. Cellular fractionation (Fig. 6E) and densitometry
data (Fig. 6F) indicated that the S111D mutations in
Atx3(Q29) and Atx3(1–191) did not increase nuclear localiz-
ation under basal conditions; however, in contrast to the
alanine mutation constructs, the S111D mutation accumulated
in the nucleus following heat shock. This is consistent with the
S111D mutation mimicking phosphorylation and suggests that
serine-111 phosphorylation is required for nuclear localization
of Atx3 following heat shock but is not sufficient by itself to
induce nuclear localization. Future studies will be needed to
determine how serine-111 regulates nuclear localization and
whether it is phosphorylated by Plk1 (or other kinase) or if
serine-111 regulates nuclear localization independent of phos-
phorylation.

Atx3 knockout fibroblasts are sensitive to heat shock

To determine if Atx3 modulated acute heat toxicity or recov-
ery from heat shock Atx3 WT and KO mouse primary fibro-
blasts were heat-shocked at 458C for 1 or 2 h (preliminary
studies indicated that heat shock at 428C was not toxic to
fibroblasts). The number of viable cells was determined
immediately following heat shock or 24 h later. Immediately
following a 1 h heat shock, there was a similar decrease in sur-
vival in both WT and KO cells with �75% of the cells alive
compared with control cells (Fig. 7A). Twenty-four hours fol-
lowing the 1 h heat shock 68.3% of WT cells were viable
while only 49.6% of KO cells were viable (P , 0.01; WT
versus KO) compared with control cells. A greater number
of Atx3 KO cells died acutely following the 2 h heat shock
with 18.7% of KO cells and 38.4% of WT cells surviving
immediately following heat shock (P , 0.01; WT versus
KO). Twenty-four hours after the 2 h heat shock, 5.2% of
WT cells and 1.2% of KO cells were viable (P , 0.05; WT
versus KO). In contrast to heat shock, Atx3 WT and KO fibro-
blasts were equally sensitive to treatment with MG132 or DTT
(Fig. 7B and C). These data were consistent with Atx3

Figure 4. Effect of NLS mutation on heat shock-induced nuclear accumulation
of ataxin-3. (A) HEK293T cells transfected with myc-Atx3 or the NLS mutant
myc-Atx3(NLS�) were heat-shocked at 428C for 1 h or kept at 378C and
nuclear and cytoplasmic fractions prepared. In response to heat shock Atx3
and Atx3(NLS�) increased similarly in the nucleus. (B) Heat shock-induced
nuclear accumulation of myc-Atx3 and myc-Atx3(NLS�) were quantitated
using densitometry. Data represent the mean+SD of three independent
experiments with data normalized to Atx3 control (�P , 0.05).
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selectively protecting cells from acute heat shock as well as
helping cells recover from heat shock.

To ensure that the basic response to heat shock was intact in
Atx3 KO cells, Atx3 WT and KO cells were heat-shocked and
fractionated. In both Atx3 WT and KO cells, Hsf1 translocated
to the nucleus after heat shock and Hsp70 levels increased
similarly in the cytoplasmic and nuclear compartments of
both WT and KO cells (Fig. 7D). Taken together, this indi-
cated that early Hsf1 functions appeared normal in Atx3 KO
cells following heat shock and suggested that Atx3 may be

functioning independent of Hsf1 during heat shock or in a
subset of Hsf1-dependent processes.

Oxidative stress induces nuclear localization of Atx3

Heat shock caused a striking accumulation of Atx3 in the
nucleus; although, it seems unlikely that nuclear accumulation
of pathogenic Atx3 in SCA3 patients results from recurring
heat or temperature stress in the brain. However, a proteotoxic
stress that is more commonly present in the brain such as oxi-

Figure 5. Mapping regions of ataxin-3 important for heat shock-induced nuclear localization. (A) Schematic of constructs used to map the regions of Atx3
involved in nuclear localization: full-length Atx3(Q29) (WT); Atx3(1–191) (N-terminal Josephin domain containing DUB activity); Atx3(191–362) (2
UIMs þ PolyQ domain þ C-terminus); Atx3(191–291) (2 UIMs) and Atx3(291–362) (PolyQ domain þ C-terminus). (B) HEK293T cells were transfected
with various myc-tagged Atx3 truncations to determine domains of Atx3 important for heat shock-induced nuclear localization. Both the N-terminal Josephin
domain, Atx3(1–191), and the C-terminal half of the protein, Atx3(191–362), accumulated in the nucleus in response to heat shock, indicating that there were at
least two sequences within Atx3 sufficient for nuclear localization. Atx3(291–362) also accumulated in the nucleus after heat shock, but Atx3(191–291) did not,
suggesting that the second sequence important for regulating Atx3 heat shock-induced nuclear localization was located within amino acids 291–362. Atx3 trun-
cations containing the polyQ domain typically migrate in SDS PAGE gels at multiple molecular weights that possibly represent multimers (these are identified
with arrows and the number of potential ‘monomeric units’). (C) Heat shock-induced nuclear accumulation of each Atx3 truncation was quantitated using den-
sitometry. Data represent the mean+SD of three independent experiments with each heat-shock group normalized to their 378C control (�P , 0.05).
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dative stress might be responsible for nuclear accumulation of
pathogenic Atx3. Oxidative stress occurs with increasing fre-
quency in the aging brain and is linked to many neurodegen-
erative diseases, including polyglutamine diseases (54–59).
Therefore, we investigated whether oxidative stress increased
nuclear localization of Atx3. HeLa cells were transfected with
GFP-Atx3(Q29) or GFP vector as a control. Twenty-four
hours later, cells were treated with either 1 mM H2O2 for 5 h
or 10 mM 3-nitropropionic acid (3-NPA) for 12 h and GFP flu-
orescence was visualized. GFP-Atx3(Q29) accumulated in the
nucleus in response to both oxidative stressors while the distri-
bution of GFP was not altered by H2O2 or 3-NPA (Fig. 8A).

Data were quantified by counting the number of GFP or
GFP-Atx3 transfected cells displaying primarily cytoplasmic,
nuclear, or evenly distributed fluorescence. H2O2 and 3-NPA
treatment did not alter the distribution of GFP (Fig. 8B) but
increased the number of cells with a nuclear distribution of
GFP-Atx3 3–4-fold (Fig. 8C; P , 0.01). To support this
observation and determine whether endogenous Atx3
responded similar to transfected Atx3, cellular fractionations
were performed on fibroblasts from an SCA3 patient. Cells
were exposed to 2.5 mM H2O2 for 4 h and allowed to
recover for 0 or 4 h. Both WT and pathogenic Atx3 accumu-
lated in the nucleus following H2O2 treatment (Fig. 8D).

Figure 6. Ataxin-3 nuclear localization is regulated by serine-111 and independent of Hsf1. (A) Hsf1 WT and KO fibroblasts were either kept at 378C or heat-
shocked for 1 h at 428C and cellular fractions prepared. Atx3 primarily localized to the nucleus after heat shock in both the Hsf1 WT and KO cells indicating that
Hsf1 was not necessary for heat shock-induced nuclear localization of Atx3. GAPDH and histone H3 blots were controls for cell fractions. (B) Table showing the
preferred sequence for Plk1 phosphorylation (52,53), several known substrates of Plk1 (Cyclin B1, Cdc25, Myt1, BRCA2 and Hsf1) and a potential phosphoryl-
ation site in Atx3 at serine-111. The sequence surrounding the Plk1 phosphorylation sites in known Plk1 substrates loosely resemble a predicted ‘preferred’
sequence. (C) HEK293T cells transfected with either Atx3, Atx3 S111A, Atx3(1–191) or Atx3(1–191) S111A were heat-shocked at 428C for 1 h or kept at
378C and then used for cellular fractionation. (D) Heat shock-induced nuclear accumulation of Atx3, Atx3 S111A, Atx3(1–191) and Atx3(1–191) S111A
were quantitated using densitometry. Data represent the mean+SD of three independent experiments comparing Atx3 with Atx3 S111A and Atx3(1–191)
with Atx3(1–191) S111A (�P � 0.05). Atx3 S111A and Atx3(1–191) S111A data were normalized to Atx3 and Atx3(1–191) data, respectively. Atx3
S111A showed a modest increase in the nucleus in response to heat shock but did not accumulate in the nucleus as much as wild-type Atx3. Nuclear localization
of Atx3(1–191) increased following heat shock but Atx3(1–191) S111A did not accumulate in the nucleus in response to heat shock. (E) HEK293T cells trans-
fected with either Atx3, Atx3 S111D, Atx3(1–191) or Atx3(1–191) S111D were heat-shocked at 428C for 1 h or kept at 378C and then used for cellular frac-
tionation. Nuclear Atx3 S111D and Atx3(1–191) S111D increased in the nucleus in response to heat shock similar to Atx3 and Atx3(1–191). (F) Heat
shock-induced nuclear accumulation of Atx3, Atx3 S111D, Atx3(1–191) and Atx3(1–191) S111D were quantitated using densitometry. Data represent the
mean+SD of three independent experiments. Atx3 S111D and Atx3(1–191) S111D data were normalized to Atx3 and Atx3(1–191) data, respectively.
Atx3 S111D and Atx3(1–191) S111D increased in the nucleus similar to Atx3 and Atx3(1–191).
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Quantitation of these fractionations indicated that immediately
following 4 h of H2O2 treatment nuclear levels of wild-type
and pathogenic Atx3 were 20–25-fold greater than untreated
control cells (Fig. 8E; P , 0.01), and remained 15–20-fold
higher following 4 h of recovery (Fig. 8E; P , 0.01). SCA3
patient fibroblasts exposed to 10 mM 3-NPA for 24 h and
allowed to recover for 0 or 4 h were fractionated and
showed increased nuclear levels of WT and pathogenic Atx3
(Fig. 8F). Quantitation of these data indicated that following
24 h of 3-NPA treatment nuclear levels of WT and pathogenic
Atx3 were 4–5-fold greater than untreated control cells
(Fig. 8G; P , 0.05), and remained 3–4-fold higher following
4 h of recovery (Fig. 8G; P , 0.05). These data indicated that
oxidative stress induced nuclear accumulation of endogenous
WT and pathogenic Atx3.

DISCUSSION

Cells are exposed constantly to intrinsic and environmental
stresses (60). These stresses often cause accumulation of
damaged and misfolded proteins that alter protein homeosta-
sis. To restore homeostasis stress, response pathways such as
the heat shock response are activated in cells to reduce the
number of aberrant proteins (60–62). In the present study,

we show that two proteotoxic stresses, heat shock and oxi-
dative stress, which increase damaged and misfolded proteins
and activate the heat shock response, also induce nuclear
accumulation of Atx3. Atx3 is a deubiquitinating enzyme
present in the cytoplasm and nucleus that appears to function
in cellular pathways regulating protein homeostasis as well as
transcription (21–37). Nuclear accumulation of Atx3 follow-
ing heat and oxidative stress suggests it has a nuclear function
such as transcriptional regulation. Interestingly, two other cel-
lular stresses that increase misfolded and aberrant proteins,
proteasome inhibition and ER stress, did not induce nuclear
accumulation of Atx3; this may reflect a primarily cytoplasmic
function for Atx3 following these proteotoxic stresses. It
seems likely that most proteotoxic stresses activate a set of
common pathways like the heat shock response as well as acti-
vating select stress pathways that reflect the specific cellular
stress. Data in Supplementary Material, Figure S1 support
this idea and indicate that different proteotoxic stresses differ-
entially alter interactions of Atx3 with protein quality control
effectors, VCP and hHR23B.

Typically, wild-type and pathogenic Atx3 localize diffusely
throughout the cell; however, following heat shock they tran-
siently accumulated in the nucleus. This occurred in all cells
tested ranging from tumor cell lines to primary neurons and

Figure 7. Ataxin-3 knockout fibroblasts are more sensitive to toxic heat shock. Atx3 WT and KO primary mouse fibroblasts were either (A) heat-shocked or
treated with (B) MG132 or (C) DTT. Cell viability at each time point is expressed relative to the number of viable cells in parallel sets of control cultures. Data
represent mean+SD of three independent experiments; statistical comparisons are for WT versus KO cells at the same time point (�P , 0.05; ��P , 0.01). (A)
Atx3 WT and KO primary fibroblasts were heat-shocked at 458C for 1 or 2 h or kept at 378C as a control. Cell viability was measured immediately following heat
shock and again 24 h later and represented as a percentage of control cells. Atx3 WT and KO primary mouse fibroblasts were treated with (B) 10mM MG132 for 8
or 12 h or (C) 2 mM DTT for 6 or 12 h and the number of viable cells were measured and represented as a percentage of control cells. Atx3 WT and KO fibro-
blasts responded similarly to MG132 and DTT treatment. (D) Atx3 WT and KO mouse fibroblasts were either kept at 378C or heat-shocked at 428C for 3 h and
collected over the following 24 h for preparation of nuclear and cytoplasmic fractions. As expected no Atx3 was detected in Atx3 KO cells. In Atx3 WT cells
endogenous Atx3 accumulated in the nucleus following heat shock and then returned to the cytoplasm between 4 and 24 h following heat shock. Both WT and
KO fibroblasts initiated early events in the heat shock response resulting in Hsf1 translocating to the nucleus following heat shock as well as Hsf1 returning to the
cytoplasm following induction of hsp70 expression.
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Figure 8. Wild-type and pathogenic ataxin-3 accumulate in the nucleus following oxidative stress. (A) HeLa cells were transfected with either GFP or GFP-Atx3
and exposed to 1 mM H2O2 for 5 h or 10 mM 3-NPA for 12 h. Following treatment GFP-Atx3 accumulated in the nucleus. Immunofluorescence data were quan-
titated by counting GFP (B) or GFP-Atx3 (C) transfected cells with fluorescence primarily localized to the cytoplasm (C), nucleus (N), or evenly distributed (C/
N). Data represent the mean+SD of the fraction of total cells counted in each group with a particular localization pattern in three independent experiments;
treated cells were compared with control cells (�P , 0.01). (D) SCA3 patient fibroblasts expressing both WT and pathogenic Atx3 were exposed to 2.5 mM H2O2

for 4 h and cellular fractionations were performed following 0 or 4 h of recovery. Endogenous wild-type and pathogenic Atx3 accumulated in the nucleus of
SCA3 patient fibroblasts following treatment with H2O2. (E) H2O2-induced nuclear accumulation of endogenous wild-type and pathogenic Atx3 were quantitated
using densitometry. Data represent the mean+SD of three independent experiments; for statistics H2O2- treated cells were compared with control cells (�P ,

0.01). (F) SCA3 patient fibroblasts were exposed to 10 mM 3-NPA for 24 h and subcellular fractionations prepared following 0 or 4 h of recovery. Endogenous
wild-type and pathogenic Atx3 accumulated in the nucleus of SCA3 patient fibroblasts following treatment with 3-NPA. (G) 3-NPA-induced nuclear accumu-
lation of endogenous wild-type and pathogenic Atx3 was quantitated using densitometry. Data represent the mean+SD of three independent experiments; 3--
NPA-treated cells were compared with control cells (�P , 0.05).
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astrocytes. Nuclear localization of Atx3 had a similar time
course as the major heat shock transcriptional regulator,
Hsf1 (Fig. 7D); although, Hsf1 was not required for Atx3
nuclear localization (Fig. 6A) and Atx3 was not required for
Hsf1 nuclear localization (Fig. 7D). Mapping domains of
Atx3 responsible for nuclear localization indicated that there
were two regions that regulated heat shock-induced nuclear
localization; one region was the Josephin domain and the
other was the C-terminal domain containing the polyglutamine
sequence. Interestingly, high molecular weight multimers of
truncated Atx3 containing the polyglutamine domain,
Atx3(191–362) and Atx3(291–362), accumulated in the
nucleus more than ‘monomeric’ forms. A possible explanation
for this is that monomers of Atx3 subregions should be small
enough to diffuse in and out of the nucleus while dimers and
trimers may be restricted to nucleocytoplasmic shuttling due
to their size and/or conformation. Alternatively, dimeriza-
tion/trimerization could mask a nuclear export signal (NES)
and trap these proteins in the nucleus. A similar mechanism
is responsible for nuclear accumulation of p53 in response to
DNA damage; p53 forms tetramers that mask an NES
thereby trapping p53 in the nucleus (63). Atx3 contains two
NES sequences in the N-terminal Josephin domain (46) but
to date no NES has been identified in the region of Atx3 com-
prising these C-terminal truncations.

Mutating the UIMs and the DUB active site of Atx3 did not
alter nuclear localization indicating that DUB activity and
functional UIMs were not necessary for heat shock-induced
nuclear localization. It was notable that Atx3(191–291) did
not accumulate in the nucleus following heat shock; this
domain contains two UIMs and a site predicted to be an
NLS, 282RKRR285 (10,45,46). Mutating 282RKRR285 to
282ANAA285 in full-length Atx3 did not inhibit Atx3 heat
shock-induced nuclear localization but significantly decreased
nuclear levels of Atx3 under basal conditions (Fig. 4A and B).
These data were consistent with published reports suggesting
that the sequence is a functional NLS (45,46); however, our
data show that this ‘basal’ NLS does not regulate heat shock-
induced nuclear localization. Recently, CK2 phosphorylation
of Atx3 was suggested to regulate nuclear localization of
Atx3 (44). Our data indicated that the CK2 inhibitor,
DMAT, decreased nuclear Atx3 in cells maintained under
basal conditions at 378C but did not alter heat shock-induced
nuclear localization of endogenous Atx3. This suggests that
CK2 regulates the basal level of Atx3 in the nucleus but
does not regulate nuclear localization of Atx3 following heat
shock.

Mutating serine-111 to an alanine in the Josephin domain
blocked heat shock-induced nuclear localization of Atx3(1–
191) and decreased nuclear localization of full-length Atx3
(Fig. 6C and D). Serine-111 was mutated and tested because
it is a potential Plk phosphorylation site and Plk1 phosphoryl-
ation of Hsf1 regulates its nuclear translocation following heat
shock (51). To begin testing whether phosphorylation at
serine-111 might regulate heat shock-induced nuclear localiz-
ation of Atx3, serine-111 was mutated to an aspartic acid to
mimic phosphorylation (Fig. 6E and F). The S111D mutation
did not increase nuclear localization of full-length Atx3 or
Atx3(1–191) under basal conditions; however, in response
to heat shock both proteins accumulated in the nucleus. There-

fore, mutating serine-111 to alanine decreased nuclear localiz-
ation following heat shock while mutating serine-111 to
aspartic acid supported nuclear localization of Atx3. This
suggests that phosphorylation of serine-111 is required but
not sufficient for nuclear localization of Atx3 following heat
shock. Therefore, a possible scenario is that in response to
heat shock Plk phosphorylates Atx3 at serine-111 and in com-
bination with unknown post-translational modifications or
protein interactions regulates nuclear localization of Atx3.
Ultimately, to determine whether Plk phosphorylation of
Atx3 regulates heat shock-induced nuclear localization knock-
downs of Plk1,2, 3 and 4 will need to be tested in cells. Plk1
phosphorylation of Hsf1 at serine-419 is responsible for
nuclear localization of Hsf1 following heat shock in
HEK293 cells (51); however, Plk1 is not present in the brain
(64) and therefore cannot be responsible for Atx3 heat shock-
induced nuclear localization in neurons and astrocytes
(Fig. 1C and D). Neurons contain Plk2 and Plk3 (64) and
these kinases are obvious candidates for phosphorylating
Atx3 and increasing its nuclear localization in neurons.

In response to heat or oxidative stress both wild-type and
pathogenic Atx3 accumulated in the nucleus. Although the
function of nuclear Atx3 following these stresses is
unknown, one possibility is that Atx3 modulates transcription
associated with cellular stress. Several studies support the role
of Atx3 as a co-repressor and transcriptional regulator (21–
23). Preliminary microarray data with Atx3 wild-type and
null cells are consistent with Atx3 modulating expression of
a subset of genes in response to heat shock (unpublished
data). Atx3-dependent changes in gene expression following
heat shock may be responsible for the enhanced survival of
wild-type fibroblasts compared with Atx3 null fibroblasts.
Alternatively, or in addition to transcriptional effects, Atx3
appears to function in cellular stress pathways (25,27–37).
For instance, data in Supplementary Material, Figure S1
show stress-dependent dynamic interactions of wild-type
Atx3 with two important regulators of protein degradation
pathways, VCP and hHR23B. These interactions or similar
ones also may be important in both the acute response to
stress as well as recovery from stress.

Several studies are consistent with the nucleus being a
primary site of pathogenesis in many polyglutamine diseases
(5,7,13–20); therefore, identifying processes that regulate
nuclear localization of polyglutamine disease proteins is
important for understanding pathogenesis and developing
potential therapeutics. In a recent study, Truant and colleagues
(65) showed that ER stress decreased targeting of huntingtin to
the ER and increased levels in the nucleus. ER stress-induced
nuclear localization of pathogenic huntingtin resulted in cellu-
lar toxicity (65). Nuclear localization of polyglutamine
expanded Atx3 also is thought to be critical for SCA3 patho-
genesis (5,7,15,17,20); therefore, an important observation in
the present study is that select cellular stresses cause Atx3 to
accumulate in the nucleus. Importantly, oxidative stress
resulted in nuclear localization of wild-type and pathogenic
Atx3. Oxidative stress and reactive oxygen species (ROS)
increase in the brain during aging and are linked to many neu-
rodegenerative diseases including polyglutamine diseases
(54–59). Over its lifetime a neuron may respond thousands
of times to increasing ROS or other stresses by transiently

Human Molecular Genetics, 2010, Vol. 19, No. 2 245



increasing nuclear localization of Atx3. In the case of patho-
genic Atx3, each transient buildup in the nucleus may cause
incremental damage eventually resulting in dysfunction of
key neural functions and in time, neuronal death. Alterna-
tively, dysfunction/toxicity may be a statistically rare event
where the probability of a lethal/toxic occurrence increases
with the frequency of high nuclear levels of pathogenic Atx3
which may be directly related to its response to oxidative/cel-
lular stress.

In the current study a number of important observations
were made including heat and oxidative stress-dependent
nuclear localization of wild-type and pathogenic Atx3,
serine-111 in the Josephin domain regulating nuclear accumu-
lation of Atx3, and a functional protective role of Atx3 in the
cellular response to heat shock. These observations raise a
large number of questions that need to be addressed including:
does stress-induced nuclear localization of pathogenic Atx3
compromise and/or protect cellular function and viability, do
Plk or other kinases regulate Atx3 nuclear localization follow-
ing stress, which amino acid(s) in the C-terminus of Atx3
regulate nuclear localization and how can this information
be used to identify agents/therapeutics that disrupt pathogenic
properties of Atx3 while maintaining its protective effects.

MATERIALS AND METHODS

Plasmids and antibodies

The following plasmids were previously described (5,30):
myc-Atx3(Q29), myc-Atx3(Q72), myc-Atx3(Q29)C14A,
myc-Atx3(Q29)S236/256D, myc-Atx3(Q29)282RKRR/
ANAA285 and myc-Atx3(1–191). Myc-Atx3(191–362),
myc-Atx3(291–362) and myc-Atx3(191–291) were sub-
cloned into pCDNA3. Myc-Atx3(Q29) was subcloned into
the GFP N1 vector. S111A and S111D mutations in
myc-Atx3(Q29) and myc-Atx3(1–191) were generated using
the QuickChange Site-Directed Mutagenesis kit (Stratagene)
as per the manufacturer’s instructions using the following
primers: S111A forward: 50-C GAT CCT ATA AAT GAA
AGA GCA TTT ATA TGC AAT TAT AAG G-30 and
reverse: 50-C CTT ATA ATT GCA TAT AAA TGC TCT
TTC ATT TAT AGG ATC G-30; S111D forward: 50-C GAT
CC T ATA AAT GAA AGA GAC TTT ATA TGC AAT
TAT AAG G-30 and reverse: 50-C CTT ATA ATT GCA
TAT AAA GTC TCT TTC ATT TAT AGG ATC G-30.
HA-tagged VCP was provided by Akira Kakizuka and Gen
Sobue (Kyoto University and Nagoya University, Japan).
The following antibodies were commercially available or
made in our laboratory: HA monoclonal (Sigma), myc mono-
clonal 9E10 (Developmental Studies Hybridoma Bank at the
University of Iowa), Hsf1 and Hsp70 monoclonals (Assay
Designs), GAPDH monoclonal (Advanced Immunochemical),
histone H3 polyclonal (Upstate), anti-Atx3 monoclonal 1H9
(Chemicon) and anti-Machado Joseph disease (MJD) polyclo-
nal (made in our laboratory).

Cell culture, transfections and immunoprecipitations

HEK293T and HeLa cells were cultured in DMEM containing
10% fetal bovine serum (FBS), 100 unit/ml penicillin and

100 mg/ml streptomycin. Hsf1 WT and KO mouse embryonic
fibroblasts were generously provided by Ivor Benjamin (Uni-
versity of Texas Southwestern) and cultured in DMEM con-
taining 10% FBS, 100 units/ml penicillin, 100 mg/ml
streptomycin, MEM non-essential amino acids (Invitrogen),
1 mM sodium pyruvate, 1 mM glutamine and 0.1 mM 2-
mercaptoethanol. Atx3 WT and KO mouse primary skin fibro-
blasts were harvested from day 0 postnatal Atx3 WT and KO
mice and cultured in DMEM containing 10% FBS, 100 unit/
ml penicillin and 100 mg/ml streptomycin. Primary cultures
of cortical neurons and astrocytes were established from cor-
tices of E16 rat pups. Neurons were grown on poly-lysine
coated glass coverslips in Neurobasal medium containing
B27 supplement, 24 mg/ml penicillin and 24 mg/ml streptomy-
cin. Astrocytes were grown on coverslips in DMEM contain-
ing 10% FBS, 100 mg/ml penicillin and 100 mg/ml
streptomycin. SCA3 patient fibroblasts were obtained from
Coriell (Camden, NJ, USA) and grown on collagen coated
plates in MEM containing 10% FBS, 100 mg/ml penicillin,
100 mg/ml streptomycin, and 1 mM glutamine. HEK293T
cells were transfected using Lipofectamine 2000 (Invitrogen)
and HeLa cells were transfected using Effectene (Qiagen)
according to manufacturer’s protocol. Twenty-four hours
after transfection, cells were used for experiments as
described.

For immunoprecipitations, cleared cell lysates in lysis
buffer [30 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100
and protease inhibitor cocktail (Roche)] were incubated with
anti-MJD rabbit polyclonal antibody and Protein A agarose
(Invitrogen) for 3 h at 48C. Beads were washed three times
in 500 ml of lysis buffer and bound proteins were separated
by SDS–PAGE and analyzed by immunoblotting.

Immunofluorescence

Cells were grown on glass bottom microwell dishes (MatTek)
or glass coverslips and fixed in 4% paraformaldehyde for
15 min and permeabilized with 0.05% Triton X-100. Cells
were blocked with 2% goat serum in PBS and incubated
with one of the following primary antibodies: anti-MJD,
anti-myc or anti-HA for 90 min at room temperature. Cells
were washed with PBS and incubated with goat secondary
antibodies conjugated to Alexa fluor 568 (Molecular Probes)
for 1 h at room temperature. Fluorescence was visualized
using a Nikon TE-2000U microscope.

Cell treatments

For typical heat shock experiments cell cultures were sealed
with parafilm, heat-shocked in a 428C water bath and then
allowed to recover at 378C in the incubator for the indicated
time. Compounds used to induce proteotoxic stress included
10 mM MG132 (American Peptide) to inhibit the proteasome,
1 or 2 mM DTT (Sigma) or 10 mg/ml tunicamycin (Sigma)
to induce the unfolded protein response and 1 or 2.5 mM

H2O2 (Sigma) or 10 mM 3-NPA (Sigma) for oxidative stress.
To inhibit CK2 HEK293T cells were treated with 0.2, 2.0 or
20 mM DMAT (Calbiochem) for 3 h. In all cases, cells were
exposed to stressors in serum-containing medium, except for
neurons that were in complete Neurobasal medium.
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Cell fractionation and densitometry

Cell fractionations were performed using a modified protocol
of the Cell Compartment Fractionation kit (Qiagen). Briefly,
cell pellets were resuspended in cold buffer CE1 and incubated
on ice for 10 min. The lysate was centrifuged at 1000g for
10 min and the supernatant containing cytosolic proteins was
saved. The pellet was resuspended in cold buffer CE2 and
incubated on ice for 30 min and then centrifuged at 1000g
for 10 min to pellet the nuclear fraction. The supernatant con-
taining the membrane fraction was transferred to a new tube
and the nuclear pellet was washed in cold PBS and lysed
with buffer [30 mM Tris, pH 7.4, 150 mM NaCl and 1%
Triton X-100]. Nuclear lysate was incubated on ice for
10 min, sonicated and centrifuged at 21 000g for 10 min and
the resulting supernatant contained the soluble nuclear pro-
teins. Western blots were quantified using Image J software
(NIH) and nuclear Atx3 bands were normalized to the
histone H3 loading control. Quantitation of Atx3 truncations
was performed on monomeric species.

Toxic stress paradigms

Atx3 WT and KO primary mouse fibroblasts were heat-
shocked in a 458C incubator for 1 or 2 h and viable cells
counted immediately following heat shock or 24 h later
using trypan blue staining and a hemocytometer. For measur-
ing cell viability following activation of the unfolded protein
response, Atx3 WT and KO primary fibroblasts were grown
in 96-well plates and treated with 2 mM DTT for 0, 6, or
12 h and cell viability was measured using Calcein AM and
a fluorescent plate reader. Cell viability of Atx3 WT and
KO primary fibroblasts following 10 mM MG132 treatment
was determined following 0, 8, or 12 h of MG132 treatment.
Viable cells were counted by trypan blue exclusion using a
hemocytometer. In all stress paradigms viability was deter-
mined at each time point for a parallel set of control cells.

SUPPLEMENTARY MATERIAL

Supplementary material is available at HMG online.
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