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The deacetylase HDACG is a novel
critical component of stress granules
involved in the stress response

SoHee Kwon,! Yu Zhang,> and Patrick Matthias®
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An essential part of the cellular response to environmental stress is a reversible translational suppression,
taking place in dynamic cytoplasmic structures called stress granules (SGs). We discovered that HDAC6, a
cytoplasmic deacetylase that acts on tubulin and HSP90 and also binds ubiquitinated proteins with high
affinity, is a novel critical SG component. We found that HDAC6 interacts with another SG protein, G3BP
(Ras-GTPase-activating protein SH3 domain-binding protein 1), and localizes to SGs under all stress conditions
tested. We show that pharmacological inhibition or genetic ablation of HDACG6 abolishes SG formation.
Intriguingly, we found that the ubiquitin-binding domain of HDACG is essential and that SGs are strongly
positive for ubiquitin. Moreover, disruption of microtubule arrays or impairment of motor proteins also
prevents formation of SGs. These findings identify HDAC6 as a central component of the stress response, and
suggest that it coordinates the formation of SGs by mediating the motor-protein-driven movement of

individual SG components along microtubules.
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Reversible protein acetylation has emerged in recent
years as one of the major forms of protein modifications
whose importance has been particularly well docu-
mented in the case of the N-terminal histone tails, and of
a few transcription factors such as p53 and STATS3 (for
reviews, see Kouzarides 2000; Caron et al. 2003; Glozak
et al. 2005). Acetylation and deacetylation are catalyzed
by histone acetylases (HATs) and histone deacetylases
(HDACs). HDACSG is a unique class II deacetylase (for
reviews, see Verdin et al. 2003; Boyault et al. 2007a; Mat-
thias et al. 2007) that contains two catalytic domains and
also a C-terminal zinc finger domain (ZnF-UBP) binding
with high-affinity free ubiquitin as well as mono- and
polyubiquitinated proteins (Seigneurin-Berny et al. 2001;
Hook et al. 2002; Boyault et al. 2006). HDACS6 is actively
maintained in the cytoplasm (Verdel et al. 2000; Bertos
et al. 2004), where it is found partly associated with the
microtubule network. We and others have shown that
HDACSG6 can deacetylate tubulin as well as the microtu-
bule network in vivo (Hubbert et al. 2002; Matsuyama et
al. 2002; Zhang et al. 2003). HDAC6 associates with the
chaperone-like AAA ATPase p97/VCP, a protein that is
critical for proteasomal degradation of misfolded pro-
teins. Thereby, the ratio of HDAC6 and p97/VCP modu-
Present addresses: 1 The Stowers Institute for Medical Research, 1000 E.
50th St., Kansas City, MO 64110, USA; 2The CBR Institute for Biomedi-
cal Research, Harvard Medical School, Boston, MA 02115, USA.
3Corresponding author.

E-MAIL patrick.matthias@fmi.ch; FAX 41-61-697-39-76.
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.461107.

lates the levels of polyubiquitinated aggregates (Boyault
et al. 2006). HDACG6 also facilitates the clearance of mis-
folded ubiquitinated proteins, promoting their accumu-
lation in an aggresome, and protects cells from apoptosis
following stress induced by misfolded proteins (Kawagu-
chi et al. 2003). At the same time, HDACS6 also controls
the induction of heat-shock proteins in response to the
accumulation of ubiquitinated protein aggregates (Boy-
ault et al. 2007b). Furthermore, HDAC6 can deacetylate
the chaperone Hsp90 and regulate its activity (Bali et al.
2005; Kovacs et al. 2005). Consequently, these different
biochemical functions of HDAC6 impinge on diverse
cellular processes. For example, HDAC6 function was
found to be necessary for the formation of an immune
synapse between antigen-presenting cells and T lympho-
cytes (Serrador et al. 2004) and also for nuclear translo-
cation and transcription activation by the glucocorticoid
receptor (Kovacs et al. 2005; Y. Zhang, S.H. Kwon, T.
Yamaguchi, F. Cubizolles, S. Rousseau, M. Kneissel, C.
Cao, N. Li, H.L. Cheng, K. Chua, et al., unpubl.). Mice
lacking HDACS6 are viable despite having highly elevated
tubulin acetylation in multiple organs; in addition, they
exhibit a moderately impaired immune response and also a
mild phenotype in the bone (Y. Zhang, S.H. Kwon, T.
Yamaguchi, F. Cubizolles, S. Rousseau, M. Kneissel, C.
Cao, N. Li, H.L. Cheng, K. Chua, et al., unpubl.).

One of the most immediate responses to cellular stress
is a reversible block of mRNA translation, triggered by
phosphorylation of the translation initiation factor eIF2a
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under the action of several stress-sensing kinases such as
PKR or PERK (Bertolotti et al. 2000; Williams 2001).
Thereby, translationally stalled mRNAs are sequestered
in dynamic cytoplasmic structures called stress granules
(SGs). These granules represent a complex assembly of
initiation factors, such as eIF3 or eIF4E; proteins involved
in translation control, such as T-cell intracellular antigen
(TIA-1) or Fragile X mental retardation protein (FMR1); pro-
teins implicated in RNA remodeling or degradation, such
as HuR, tristetraproline (TTP), or Staufen; as well as 40S
ribosome subunits (for review, see Anderson and Kedersha
2006). In addition, SGs also contain various polyadenylated
mRNAs whose translation has been arrested. However,
mRNAs encoding stress-induced proteins, such as heat-
shock proteins, are excluded from SGs and are spared from
translational inhibition (Kedersha and Anderson 2002;
Anderson and Kedersha 2006). It is thought that SGs are
sites where triage takes place in order to direct RNAs to
degradation in processing bodies (PBs), or to recycle
mRNAs for translation. In addition, very recent evidence
suggests that parts of the microRNA pathway may also
take place in SGs that contain Argonaute proteins and
microRNAs such as let-7 (Leung et al. 2006).

Here, we report the identification of G3BP-1 (Ras-
GTPase-activating protein SH3 domain-binding protein
1, hereafter G3BP), an SG component, as a novel protein
interacting with HDACS6 in vivo and in vitro. This pro-
tein is conserved between species, and orthologs are
found in Drosophila, humans, and mice. G3BP has been
implicated in modulating Ras activity and the cell cycle,
by binding to the RasGAP protein (Pazman et al. 2000;
Kennedy et al. 2001). The precise function of G3BP is not
understood yet, but it appears to be essential in the
mouse where inactivation of the G3BP gene leads to em-
bryonic lethality and growth retardation (Zekri et al.
2005). G3BP has attracted attention recently as it was
found to increase decay of the c-Myc RNA and to local-
ize to SGs (Tourriere et al. 2001, 2003). We show that
HDACS6 is recruited to SGs and that pharmacological
HDAC inhibition leads to impaired SG assembly. In-
deed, HDACG6-deficient mouse embryo fibroblasts
(MEFs) fail to form SGs, although they exhibit normal
phosphorylation of elF2a in response to stress. Further-
more, inactivating mutations in the catalytic domains or
in the ZnF-UBP domain of HDAC6 impair SG assembly.
Moreover, SG formation is abolished by disruption of mi-
crotubule arrays or by impairment of dynein motor pro-
teins. We also found that HDACS6 is required for the cells
to recover from oxidative stress: In the absence of intact
HDACSG6 function, cells that have been treated with arse-
nite undergo apoptosis. Based on these results, we propose
that HDACS6 is a central component of the stress response,
regulating SG formation and potentially contributing to
the control of RNA metabolism and translation.

Results
HDACSG interacts with G3BP-1 in vivo and in vitro

To identify novel proteins associating with HDAC6, we
established a stable cell line expressing tagged HDAC6
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(S-HDAC6-293) and used it for immunoprecipitations.
Coprecipitating proteins were separated by SDS-PAGE
and analyzed by mass spectrometry. By this approach,
we identified G3BP as a prominent HDAC6-interacting
partner. To verify the interaction between G3BP and
HDACS6, coimmunoprecipitation and pull-down assays
were established. As shown in Figure 1A, when HEK
293T cells were transiently cotransfected with con-
structs encoding epitope-tagged G3BP and HDACG6, the
two proteins were found to efficiently coprecipitate, ir-
respective of the order. Interaction could also be evi-
denced in an in vitro binding assay, using a bacterially
expressed GST-G3BP fusion protein and extracts from
HDAC6-transfected HEK 293T cells or in vitro trans-
lated HDACS6 protein (Fig. 1B; data not shown). Impor-
tantly, interaction between G3BP and HDAC6 could
also be demonstrated with endogenous proteins from
293T cells, as shown in Figure 1C. The interaction is
specific for HDACSG, as other HDACsS, such as HDACI or
HDACH4, fail to coimmunoprecipitate with G3BP (Fig.
1D). Taken together, these results indicate that G3BP is
a bona fide novel specific interaction partner of the
deacetylase HDAC6.
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Figure 1. HDACS6 associates with G3BP. (A) Coimmunopre-
cipitation assay. 293T cells were cotransfected with an empty
expression vector, Flag-tagged HDACG6, or HA-tagged G3BP. In-
teraction was measured by immunoprecipitation with an anti-
HA or anti-Flag antibody, followed by immunoblotting with an
antibody to detect G3BP or HDACS6, as indicated. Ten percent
of total cell lysates used in immunoprecipitation are shown as
input. (B) GST pull-down assay. Equal amounts of extracts from
293T cells transiently transfected with a vector encoding Flag-
HDAC6 were incubated with beads loaded with GST alone or a
GST-G3BP fusion protein. After washing, bound proteins were
run on SDS-PAGE, and retained HDAC6 was detected by West-
ern blotting using an anti-Flag antibody. (C) Coimmunoprecipi-
tation assay with endogenous proteins. 293T cell extracts were
immunoprecipitated with an anti-HDACG6 or anti-G3BP anti-
body, followed by immunoblotting with the indicated antibod-
ies. (D) Extracts from 293T cells transfected with Flag-tagged
HDACSs and GFP-tagged G3BP were immunoprecipitated with
an anti-Flag antibody and immunoblotted for G3BP.
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Phosphorylation of G3BP modulates the interaction
with HDAC6

To define the domain(s) required for interaction between
HDACG6 and G3BP, truncated proteins were expressed by
transfection in 293T cells, and interaction was tested by
coimmunoprecipitation assays. As shown in Figure 2, A
and B, the full-length HDACG6 protein as well as deletion
mutants (Seigneurin-Berny et al. 2001) containing at
least one HDAC domain coimmunoprecipitated effi-
ciently with G3BP. The N-terminal region (first 84
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amino acids) of HDAC6 bound weakly to G3BP, whereas
the C-terminal last 324 amino acids did not bind appre-
ciably (Fig. 2B, lanes 4,6). In addition, we tested HDAC6
proteins with point mutations in the catalytic site of
either or both of the HDAC domains (Grozinger et al.
1999). Both the single and double mutants could be co-
precipitated with G3BP as efficiently as the wild-type
enzyme (Fig. 2D). Thus, the interaction between HDAC6
and G3BP is mediated by either HDAC domain, but does
not depend on an intact catalytic center. Next, a series of
G3BP deletion constructs was tested in a similar man-

Figure 2. HDAC-6 interacts with G3BP via the
HDAC domains, and phosphorylation of G3BP
modulates its interaction with HDAC6. (A) Sche-
matic representation of the N-terminally HA-tagged
HDACSG6 deletion constructs and C-terminally Myc-
tagged G3BP truncated mutants used in this study.
The two G3BP serine residues that can be phos-
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tation are shown as input. (F) Arsenite-induced
G3BP dephosphorylation promotes interaction with

HDACS6. (Lanes 2,4) 293T cells were mock-transfected or transfected with HA-tagged G3BP and were treated with 1 mM arsenite for
1 h prior to lysis; extracts were then used for coimmunoprecipitation with an anti-G3BP antibody and analysis by immunoblotting,
as indicated. (G) Phosphatase inhibition reduces the interaction between G3BP and HDACG6. 293T cells were cotransfected with
HA-tagged G3BP and Flag-tagged HDACG (lanes 2-5) and treated with phosphatase inhibitors (lanes 3,4); alternatively, cell lysates were
incubated in vitro with X phosphatase (lane 5). Subsequent analysis was carried out as in E. (H) 293T cells (lanes 1-3,5) or extracts
thereof (lane 4) were treated as indicated, and extracts were prepared and immunoprecipitated with an anti-G3BP antibody. The
precipitate was then immunoblotted with anti-G3BP antibody and with an anti-phosphoserine antibody. (Ars) Arsenite; (Oka) okadaic

acid; (Van) orthovanadate; (A Ppase) A phosphatase.
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ner. As shown in Figure 2C, the acidic-rich domain of
G3BP (labeled B in the schematic), containing the serum-
dependent phosphorylation site (see below), is required
for binding to HDAC6, whereas the N-terminal NTF2-
like domain (labeled A) and the C-terminal half of the
protein (labeled CD) are dispensable.

G3BP can be phosphorylated at Ser149 and Ser232 (Fig.
2A; Tourriere et al. 2001}, and phosphorylation at Ser149
has been shown to dominantly inhibit SG formation
(Tourriere et al. 2003). Furthermore, arsenite or heat-
shock treatment of cells, as well as H-ras activation, in-
duce dephosphorylation of G3BP at S149, which can
then assemble in SGs (Gallouzi et al. 1998; Tourriere et
al. 2001, 2003). To test whether the phosphorylation of
G3BP at Ser149 influences its interaction with HDACS,
we transiently cotransfected constructs encoding wild-
type or phosphomutant G3BP proteins and Flag-tagged
HDACSs into HEK 293T cells and performed coimmuno-
precipitation assays. Both the wild-type and the S149A
nonphosphorylable G3BP mutant coprecipitated with
HDACG6; however, the phosphorylation-defective mu-
tant coprecipitated more robustly than the wild-type
(Fig. 2E). In contrast, the phosphomimetic G3BP S149E
mutant completely failed to coprecipitate, although it
was expressed at equivalent levels to the other proteins.
In agreement with this finding, dephosphorylation of
G3BP, induced by treatment of cells with arsenite or
incubation of extracts with N phosphatase, led to in-
creased interaction with HDACG (Fig. 2F [lanes 2,4], G
[lane 5]). Moreover, the interaction was weaker when
phosphorylation of G3BP was increased by treatment of
the cells with a phosphatase inhibitor such as okadaic
acid or vanadate (Fig. 2G, lanes 3,4). In agreement with
this, treatment of the cells with phosphatase inhibitors
prior to extract preparation led to increased phosphory-
lation of G3BP (Fig. 2H, lanes 2,3); conversely, G3BP
phosphorylation was reduced upon arsenite treatment of
the cells (Fig. 2H, lane 5) or in vitro treatment of the
extract with N phosphatase (Fig. 2H, lane 4). Together,
these results therefore demonstrate that the phosphory-
lation status of G3BP modulates its interaction with
HDACS.

HDACG6 and G3BP colocalize and are recruited to SGs

The biochemical interaction between HDAC6 and G3BP
and its regulation by phosphorylation prompted us to
test whether these two proteins colocalize in the cell. In
exponentially growing HeLa cells, both proteins are dif-
fusely distributed throughout the cytoplasm, as had been
observed previously (Fig. 3; Gallouzi et al. 1998; Zhang et
al. 2003). It has been recently reported that G3BP is re-
cruited to SGs in cells exposed to stress (Tourriere et al.
2003). To test whether HDACG is also recruited to SGs,
we examined the localization of endogenous HDACG6 or
G3BP, following treatment of the cells with arsenite, a
strong inducer of oxidative stress. As shown in Figure 3,
under these conditions G3BP and HDACG6 were both
found in small cytoplasmic foci, and the merged picture
shows good colocalization of the two proteins. To con-
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firm this result, arsenite-treated cells were also stained
for TIA-1, another marker of SGs. In this case as well,
endogenous HDAC6 was concentrated at discrete cyto-
plasmic foci and colocalized with TIA-1. The perfect co-
localization of HDAC6 with G3BP or TIA-1 therefore
indicates that HDACG6 is a novel component of SGs. Pre-
vious studies have shown that the components of SGs
vary with the stimulus used to elicit their assembly:
Heat-shock-induced SGs contain HSP27, whereas arse-
nite-induced SGs do not (Kedersha et al. 1999), and SGs
containing G3BP or TIA-1 are only partially overlapping
(Tourriere et al. 2003). To address whether the recruit-
ment of HDACG into SGs is restricted to a specific form
of stress, HeLa cells were treated with different SG-in-
ducing stimuli such as arsenite, UV irradiation, CCCP
(mitochondrial stress), or heat shock and were immuno-
stained with antibodies against G3BP or HDACG. As
shown in Figure 3, G3BP localized to SGs under all con-
ditions tested; remarkably, HDACG6 was also found in
SGs irrespective of the induction stimulus. When the
stress stimulus is removed and cells are returned to nor-
mal culture conditions, SGs disassemble rapidly (Ander-
son and Kedersha 2002; Kedersha et al. 2002). We there-
fore examined the kinetics of SGs assembly and disas-
sembly, using G3BP and HDACG6 as markers. We found
that both proteins behaved identically also under these
conditions (Supplementary Fig. S1). These results alto-
gether indicate that HDACG6 and G3BP are recruited to
the same SGs in response to stress, with identical kinet-
ics, and that HDACH is an integral (stable) component of
SGs.

The deacetylase activity of HDACG6 can regulate
SG formation

To identify the functional domain(s) of HDAC6 that di-
rect the protein to SGs, expression vectors encoding
tagged HDACG6 deletion mutants and G3BP were tran-
siently cotransfected into HeLa cells, and the subcellular
localization of these proteins was determined under con-
trol or oxidative stress conditions. The results are sum-
marized and representative photomicrographs are pre-
sented in Supplementary Figure S2. All of the HDAC6
deletion mutants were localized in the cytoplasm, in
agreement with our earlier results. Consistent with the
immunoprecipitation results defining the interaction
with G3BP, the full-length HDAC6 and deletion mu-
tants containing at least one HDAC domain were re-
cruited to SGs; in contrast, mutants containing only the
N- or the C-terminal portion of HDACG failed to localize
to SGs. Thus, either of the two HDAC domains is nec-
essary and sufficient to direct HDACG6 to SGs.

To examine whether the deacetylase activity of
HDACSG is required for SG formation, we first treated
HeLa cells with the HDAC inhibitor, TSA, which inhib-
its all known HDACSs, or with butyrate, which inhibits
HDACs other than HDAC6 (Guardiola and Yao 2002).
As shown in Figure 4, cells treated with TSA and arse-
nite exhibited a hyperacetylated microtubule network
and formed fewer or no HDAC6-positive SGs. In con-
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trast, treatment of the cells with butyrate did not pre-
vent SG formation, suggesting that the deacetylase ac-
tivity of HDAC6 might be important for formation of
these structures.
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HDACSG is critical for stress-induced granules

HDAC6-deficient MEFs exhibit impaired ability
to form SGs

To examine the importance of HDACG in the regulation
of SG assembly, we used wild-type or HDACG6 knockout
(KO) MEFs to test their capacity to form SGs following
stress. Whereas wild-type MEFs readily assembled SGs
in response to arsenite treatment, HDAC6 KO MEFs
failed to exhibit morphologically discrete SGs, as deter-
mined by using antibodies against two independent
markers of SGs, TIA-1 and G3BP (Fig. 5A,B). The same
results were obtained using other stress forms such as
heat shock, UV, or CCCP (Supplementary Fig. S3). We
also quantified the percentage of cells forming SGs and
the kinetics of their assembly. As shown in Figure 5B, in
wild-type MEFs up to ~80% of the cells were positive for
SGs after 1 h of arsenite treatment, as in HeLa cells (data
not shown); in contrast, in HDAC6-deficient cells, no
more than ~20%-25% of the cells were ever positive.
Furthermore, while wild-type cells exhibited SGs al-
ready after 5-10 min of arsenite treatment, and reached a
plateau after 30 min, HDAC6-deficient cells showed a
much-delayed response (Fig. 5C).

One of the earliest steps in the formation of SGs is the
phosphorylation of elF2a by stress-activated kinases,
such as PKR or PERK, which leads to inhibition of trans-
lation initiation (Kedersha et al. 1999, 2002; Williams
2001). We therefore tested whether loss of HDAC6 in-
fluences elF2a phosphorylation in response to stress. As
presented in Figure 5D, both wild-type (lanes 2-4) and
HDAC6 KO MEFs (lanes 6-8) exhibited a similar in-
crease in phospho-elF2a upon arsenite treatment. We
also examined the kinetics of elF2a phosphorylation by
treating cells with arsenite and analyzing extracts at dif-
ferent time points thereafter. As shown in Figure 5E,
cells of both genotypes showed a comparably rapid ap-
pearance of phospho-elF2«a, indicating that impaired
elF2a phosphorylation cannot explain the failure of
HDACG6 knockout cells to efficiently assemble SGs. In
agreement with the above observations, we also found
that global translation was not altered in the absence of
HDACS, as polysomal profiles were identical in wild-
type or HDACG6™¥ MEFs (Supplementary Fig. S4). Thus,
the effect of HDACG6 on SG formation is downstream
from elF2a phosphorylation and protein translation ar-
rest.

Figure 3. HDACG6 localizes to SGs. Exponentially growing
HelLa cells were control-treated or stressed by exposure to 1 mM
arsenite for 1 h, 100 mJ of UV irradiation, 1 uM CCCP for 90
min, or heat (44°C) for 1 h. Subsequently, cells were fixed and
stained for G3BP, HDACG, or TIA-1. Double-immunofluores-
cence experiments were performed using anti-HDACG6 and anti-
G3BP or anti-TIA-1/TIAR antibody and labeled secondary anti-
bodies (Alexa Fluor 488 [green], and Alexa Fluor 594 [red]). Nu-
clei were counterstained using DAPI (blue). Localization of
proteins was monitored by confocal microscopy. Yellow repre-
sents colocalization. Enlargements of boxed regions are shown
in the bottom row. Bar, 10 pm.
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Figure 4. The deacetylase activity of HDACG is critical for assembly of SGs. HDAC inhibition impairs formation of SGs. HeLa cells
were control-treated or treated with 500 nM TSA or 5 mM Butyrate for 4 h prior to treatment with arsenite for 1 h and fixation.
Double-immunostaining experiments were carried out with anti-Ac-a-tubulin and anti-HDAC6 antibodies, and analysis was done by
confocal microscopy. Enlargements of boxed regions are shown in the bottom row. Bar, 10 pm.

Intact HDAC6 function is required for SG formation

To better define the role of HDACG6 in controlling SG
formation, we made use of HDAC6”Y MEFs in which
wild-type or mutant forms of this enzyme have been
re-expressed by retroviral transduction. As seen in Figure
5F, these cells all express wild-type levels of HDAC6 and
behave as expected with respect to tubulin acetylation:
The cells expressing wild-type HDAC6 have a tubulin
acetylation level similar to wild-type MEFs (Fig. 5F, lane
3), while the cells expressing a deacetylase mutant form
of HDACG6 have hyperacetylated tubulin (Fig. 5F, lane 4),
just like HDACG6™* MEFs. In addition, cells expressing
an HDACSG protein that cannot bind ubiquitin owing to
a mutation in the ZnF-UBP domain also have a wild-type
level of tubulin acetylation (Fig. 5F, lane 5). These dif-
ferent cell lines, as well as wild-type control MEFs, were
used to examine SG formation following stress induc-
tion. As shown in Figure 5G, expression of HDAC6 in
HDACG6™ ¥ MEFs largely restored SG formation; in con-
trast, expression of a deacetylase mutant HDAC6 failed
to do so. Moreover, cells expressing the non-ubiquitin-
binding HDAC6 mutant also appeared to lack SGs. To
further solidify these results, we quantified in the differ-
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ent cell lines both the percentage of cells positive for
SGs, as well as the number of large (>1.0 um, see legend)
SGs per cell. From the data presented in Figure 5H, it is
clear that the deacetylase activity as well as the ubiqui-
tin-binding activity of HDACG6 are both necessary for
promoting SG assembly. In fact, the cells expressing the
non-ubiquitin-binding mutant HDAC6 are more se-
verely impaired than the HDACG6Y MEFs, indicating
that the mutant protein may act as a dominant negative.
Because of this observation, we tested whether ubiquitin
is present in SGs. As shown in Supplementary Figure S5,
in untreated HeLa cells, immunostaining for ubiquitin
shows a diffuse pattern in the cytoplasm as well as in the
nucleus. In contrast, arsenite treatment of the cells leads
to the appearance of a punctate staining in the cytoplasm
that perfectly colocalizes with HDACG6 (or other SG
markers) (data not shown). In addition, the same results
have been obtained in MEFs; we therefore conclude that
SGs contain ubiquitinated proteins and that staining for
ubiquitin can be used to monitor the presence of these
structures. Remarkably, we also observed that short-
term (3-h) inhibition of the ubiquitin-proteasome sys-
tem with MG132 leads to the appearance of SGs that are
positive for ubiquitin, HDAC6, and other markers. In
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(Lane 1) Extracts from these cells as well
as from wild-type MEFs (WT) were used to
monitor expression of HDAC6, Ac-a-tu-
bulin, and tubulin. (G) SG formation re-
quires intact HDAC6 function. The five
cell lines described above were arsenite-

treated for 1 h, and SG formation was assessed by immunostaining with an antibody against G3BP or TIA-1/TIAR, as indicated.
Enlargements of boxed regions are shown at the bottom. Bar, 15 pm. (H) Quantification of the percentage of cells positive for SGs and
number of large SGs per cell. (Black labeling) Percentage of cells containing SGs. Error bars represent the SD calculated from 200 cells
in nine random fields. Student’s t-test was used for statistical analysis; (*) P < 0.01 versus wild-type control. (Red labeling) Number of
large (size, >1 pnm) SGs per cell. Twenty cells are presented, and the median is indicated. The occurrence of SGs was determined on

the basis of G3BP (or TIA-1) staining.

contrast, when proteasomal inhibition is maintained for
6 h or more, SGs no longer form even in the presence of
arsenite (Supplementary Fig. S5). This finding is in good
agreement with very recent data (Mazroui et al. 2007)
and indicates that HDAC6 links the formation of SGs
and the ubiquitin—proteasome pathway.

We next tested the impact of arsenite-induced SG for-

mation on cellular survival. For this, MEFs of the differ-
ent genotypes were treated for 30 min with arsenite; the
cells were then washed and allowed to recover in fresh
medium for different lengths of time before apoptosis
was measured. As shown in Supplementary Figure S6,
wild-type cells, as well as HDAC6 knockout cells re-
expressing the wild-type enzyme, fully recovered from
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the arsenite-induced stress and showed no apoptosis up
to 48 h. In stark contrast, the mutant MEFs were all
dramatically impaired in their capacity to recover from
the stress. In this case, at 12 h post-stress, ~10%-15% of
the cells were apoptotic, and at 48 h this percentage in-
creased to ~45%-55%. Thus, intact HDACG6 function is
essential for normal cellular recovery from arsenite-in-
duced oxidative stress.

SG formation depends on the microtubule system
and is mediated by motor protein function

Formation of SGs is very rapid, and within minutes mi-
croscopically visible structures assemble in wild-type
cells (Fig. 5C; Kedersha et al. 2000, 2005). We showed
here that HDACG is a critical factor for SG assembly, yet
it is not known what other mechanisms are involved.
We therefore investigated the importance of the cyto-
skeleton in SG formation by testing the effect of drugs
that alter the microtubules or the actin network. We
found, in agreement with the work of Ivanov et al.
(2003), that treatment of HeLa cells with the microtu-
bule network destabilizing drug nocodazole dramatically
reduced the appearance of SGs following induction by
arsenite (Fig. 6A,B). In this case, <20% of the cells con-
tained SGs (Fig. 6B), which were of very small size. In
line with this, another microtubule-disrupting drug, col-
chicine, also prevented formation of SGs (data not
shown). In contrast, stabilization of the microtubules
network with taxol did not impair the formation of SGs
(data not shown). Thus, microtubules provide a neces-
sary scaffold for the assembly of SG components. More-
over, disruption of the actin network by latrunculin B or
cytochalasin D did not impair formation of SGs even
though it was associated with significant contraction of
the cell body (Supplementary Fig. S7).

HDACG6 was shown previously to interact with micro-
tubules and also with dynein, thereby facilitating the
accumulation of misfolded proteins into an aggresome
(Hubbert et al. 2002; Kawaguchi et al. 2003; Zhang et al.
2003). We thus wondered whether motor proteins could
also be involved in the formation of SGs. To test this
hypothesis, we treated cells with two inhibitors of
dynein ATPase function, EHNA or vanadate, in conjunc-
tion with arsenite. In both cases, the microtubule net-
work remained intact, and the localization of HDAC6
was not impaired; however, cells that were arsenite-
treated in the presence of these inhibitors did not exhibit
SGs (Fig. 6A,B). Thus, dynein motor proteins are re-
quired, in conjunction with HDACSG, to assemble SGs
along the microtubules. In addition, we also tested
whether SG components might interact with microtu-
bules. For this, 293T whole-cell extracts were prepared,
tubulin was immunoprecipitated, and the presence of SG
proteins in the precipitate was detected by immunoblot-
ting. As shown in Figure 6C, while G3BP did not copre-
cipitate appreciably, both TIA-1 and eIF3 did. Interest-
ingly, treatment of the cells with arsenite prior to extract
preparation did not change the level of association.
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HDACG6 does not influence assembly of PBs

It has been shown recently that PBs, where mRNA stor-
age and degradation take place (van Dijk et al. 2002;
Sheth and Parker 2003; Pillai et al. 2005; Teixeira et al.
2005), are dynamically linked to SGs (Kedersha et al.
2005) and often found in close juxtaposition. Because of
this, we examined whether HDACG6 also colocalizes
with decapping enzyme 1 (Dcpla), a marker for PBs. As
shown in Figure 7A, PBs are well visible in control-
treated HeLa cells, as well as in arsenite-treated cells,
where their number and size increase slightly, in agree-
ment with previous results (Kedersha et al. 2005;
Teixeira et al. 2005). Furthermore, many PBs are indeed
found next to SGs, evidenced here by HDACG6 staining,
but the same results are obtained when SGs are detected
by G3BP or TIA-1 staining (data not shown). Remark-
ably, no colocalization of HDACG6 to the PBs was ob-
served. We next examined formation of PBs in wild-type
MEFs or in MEFs lacking HDAC6: Arsenite-treated wild-
type MEFs exhibit numerous PBs, many of which are
next to HDAC6- or G3BP-positive SGs (Fig. 7B). Strik-
ingly, in HDAC6 knockout MEFs, G3BP fails to form
SGs, as shown above, but PBs are present in normal
number and size. Thus, we conclude that HDACG6 is not
required for the formation of PBs and that they can form
independently of SGs.

Discussion

The cellular response to stress entails a very rapid re-
versible suppression of mRNA translation accompanied
by relocalization of mRNPs into discrete cytoplasmic
SGs, where they are remodeled and protected from deg-
radation (for review, see Anderson and Kedersha 2006).
Here we show that the deacetylase HDACG is a critical
factor for SG assembly. Our results demonstrate that
HDACG6 regulates SG formation by integrating different
cellular processes, all of which we show to be important:
protein acetylation, ubiquitination, integrity of the mi-
crotubule network, and function of motor proteins. Fur-
thermore, we show that cells lacking intact HDAC6
function fail to recover properly from arsenite-induced
stress and undergo apoptosis.

G3BP is a novel interacting partner of HDACG6 in vivo

We identified the SG-associated protein G3BP as a novel
interacting partner of HDAC6. We found that the HDAC
domains of HDACS6 are necessary and sufficient for bind-
ing to a central domain of G3BP rich in acidic residues;
this interaction may be direct or indirect. Phosphoryla-
tion of G3BP at Ser149 has been shown to play a key role
in regulating its subcellular localization, endoribonucle-
ase activity, and also its capacity to self-aggregate and
localize to SGs (for review, see Irvine et al. 2004). We
showed that phosphorylation of G3BP at this residue
critically regulates its interaction with HDACS, as only
nonphosphorylated G3BP can associate with HDACS6.
We propose that the interaction with HDACSG is critical
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Figure 6. An intact microtubule network and dynein function are required for SG assembly. (A) Hela cells were treated with 0.1%
DMSO (control) for 4 h, 6.6 pM Nocodazole (Noc) for 2 h, 1 mM EHNA for 1 h, or 0.5 mM vanadate (Van) for 4 h, prior to treatment
for 30 min with arsenite, as indicated. Cells were fixed and immunostained for g-tubulin and HDACG. The insert presents a higher
magnification showing SGs on the microtubule network. (B) Quantification of the percentage of HeLa cells containing SGs under
conditions of microtubule disruption or inhibition of dynein ATPase activity. The occurrence of SGs was estimated based on HDAC6
immunostaining. Error bars represent the SD calculated from 200 cells in nine random fields. Student’s t-test was used for statistical
analysis. (*) P <0.01 versus control. (Noc) Nocodazole; (Col) Colchicine; (EHNA) erythro-9-[3-(2-Hydroxynonyl)|adenine; (Van)
Orthovanadate. Bar, 10 pm. (C) SG components interact with g-tubulin. 293T cells were treated without or with 1 mM arsenite for
1 h. Cell lysates were immunoprecipitated with an anti-B-tubulin antibody, and the precipitated material was immunoblotted with the
indicated antibodies. Ten percent of total cell lysates used in immunoprecipitations are shown as input. (Ars) Arsenite.

for the localization of G3BP in SGs. In the case of TTP,
another SG-associated RNA-destabilizing factor, arse-
nite-induced phosphorylation promotes rapid exit from
SGs and concurrently inhibits its ability to promote
ARE-mediated mRNA decay (Stoecklin et al. 2004).

HDACG6 is a novel critical component of SGs,
but not of PBs

We observed that, under normal conditions, both
HDACG6 and G3BP are predominantly cytoplasmic pro-
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Figure 7. HDACG is not required for PB formation. HeLa cells (A) and MEFs (B) (wild-type or HDACG6 ") were control-treated or
treated with 1 mM arsenite for 1 h. Cells were then fixed, immunostained for HDAC6 or G3BP (red) and DCP1a (green), and analyzed
by confocal microscopy. The squared insert presents a high magnification in the corner of the merged pictures. Bar, 5 um. (C) Model
summarizing the findings. Following cellular stress, elF2a becomes phosphorylated and leads to stalled polysomes. HDAC6 then
nucleates formation of SGs by interacting directly and indirectly with microtubules and motor proteins, G3BP and ubiquitinated
proteins that are components of SGs. SGs and their precursors are depicted by red circles of various sizes, some of which are positive
for ubiquitin (Ub). PBs are represented by green circles. The blue box in HDAC6 depicts the ZnF-UBP domain that binds to ubiquitin.
Some of the SG components may loosely interact with microtubules; see text for details.

teins, in agreement with previous reports. However, we confirmed in several cell lines (data not shown), as well
found that under stress conditions the two proteins co- as under all stress conditions tested. Remarkably, we
localize in SGs. The presence of HDAC6 in SGs was found that HDACSG is critical for SG assembly: Both

3390 GENES & DEVELOPMENT


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press

pharmacological and genetic inactivation of HDAC6 dra-
matically impair the formation of SGs, as can be moni-
tored by different markers. For example, TIA-1 has been
shown to self-aggregate via prion-like domains and to be
important for formation of SGs (Gilks et al. 2004). It is a
mostly nuclear protein under normal conditions, which
moves into cytoplasmic SGs following stress. However,
in cells lacking HDACG6, TIA-1 fails to relocalize and
remains largely nuclear. Unlike G3BP, TIA-1 does not
appear to interact with HDAC6 (data not shown). We
found that the first step of stress-induced translational
arrest, the phosphorylation of elF2q, is not significantly
affected by the absence of HDACS6, neither in its magni-
tude nor in its kinetic of appearance. In agreement with
this, global arrest of translation following stress is nor-
mal in cells lacking HDAC6. These data demonstrate
that HDACG6 controls SG formation downstream from
elF2a phosphorylation. A recent study has shown that
inhibition of ribosome recruitment by eIF4A inhibitors
(hippuristanol and pateamine) induces SG formation in-
dependently of elF2a phosphorylation (Mazroui et al.
2006). We propose that also in this case HDACS6 is re-
quired for SG formation, but this remains to be tested.
Interestingly, our observations also demonstrate that
stress-induced translational repression can take place in
absence of visible SGs, as evidenced in HDAC6-deficient
cells.

Unlike SGs, PBs are not affected by the chemical in-
hibition of HDAC activity (data not shown) or by the
absence of HDACG6. Although the two structures are of-
ten found next to each other, and may be in direct con-
tact—possibly exchanging mRNAs or mRNPs (Kedersha
et al. 2005)—PBs are present in normal numbers and
shape in cells totally lacking HDAC6. This is also in line
with the notion that PBs, where several forms of RNA
degradation such as ARE-mediated or nonsense-medi-
ated mRNA decay take place (Sheth and Parker 2006;
Franks and Lykke-Andersen 2007), are constantly pres-
ent in the cell, while SGs are only present (or visible)
following stress. Furthermore, PBs are found in yeast,
but SGs are not; in this context, it is interesting to note
that there is no direct ortholog of HDACG6 in yeast.

Formation of SGs requires intact HDAC6 function

We showed that intact deacetylase activity of HDACG6 is
necessary for facilitating SG assembly, indicating that
some protein(s) need to be deacetylated in order for the
granules to form efficiently. Whether HSP90, which is
deacetylated by HDACG6, may be implicated in this pro-
cess remains to be tested. In addition, we demonstrated
the importance of the microtubules network for SG for-
mation (see below). It is therefore possible that the level
of microtubules acetylation, directly controlled by
HDACSG, is also important in this process.

Surprisingly, we found that the ZnF-UBP domain of
HDACG6, which binds ubiquitin, is also critical: Cells
expressing only a non-ubiquitin-binding mutant HDAC6
are even more impaired in the formation of SGs than
knockout cells. So far, little is known about the role of

HDACSG is critical for stress-induced granules

ubiquitin or ubiquitinated proteins for SG formation;
however, we discovered that SGs can be very efficiently
detected by staining for ubiquitin. Thus, SGs also con-
tain ubiquitinated proteins whose interaction with
HDACSG6 appears to be necessary for their formation. In-
terestingly, we also found that short-term inhibition of
the ubiquitin-proteasome pathway leads to appearance
of SGs, in good agreement with very recent data
(Mazroui et al. 2007). Furthermore, Roquin, a RING-type
ubiquitin ligase required to repress follicular helper T
cells and autoimmunity, also localizes to SGs (Vinuesa
et al. 2005). We thus propose that HDAC6 may bind to
specific ubiquitinated proteins and recruit them to the
SGs, in a manner somewhat analogous to the recruit-
ment of misfolded ubiquitinated proteins into an aggre-
some (see model in Fig. 7C).

In the case of stress induced by ubiquitinated mis-
folded proteins, it has been shown that HDACG6 exerts a
protective effect for the cell and that the absence of
HDACSG6 function leads to increased apoptosis (Kawagu-
chi et al. 2003). We showed here that cells lacking intact
HDACS6, and consequently impaired in SG formation,
also fail to recover properly from arsenite-induced oxi-
dative stress and undergo apoptosis. This case, as well
the protective effect mediated by HDACG, requires both
the deacetylase activity and the ubiquitin-binding func-
tion of this enzyme. These observations indicate that
HDACG plays a general role in the stress response, pos-
sibly through its capacity to regulate SGs.

HDACSG links the microtubule system and SGs

It is well known that cellular mRNPs can be transported
along microtubules by motor proteins. In Xenopus oo-
cytes, the translocation of the veg-1 RNA to the vegetal
axis requires intact microtubules (Yisraeli et al. 1990),
and in Drosophila oocytes, the plus-end-directed motor
protein kinesin I is required for the posterior localization
of oskar mRNA and Staufen protein (Micklem et al.
2000). Interestingly, dDcp 1 of the oskar mRNP complex
in Drosophila oocytes mislocates in mutants in which
microtubule organization is abnormal (Lin et al. 2006).
Also, the Argonaute 1 homolog from sea urchins, Seawi,
has been identified in a microtubule-associated protein
complex that localizes in cytoplasmic puncta (Rodriguez
et al. 2005). It is not known whether SGs contain pro-
teins associated with microtubules, but we and others
(Ivanov et al. 2003) observed that microtubule integrity
is necessary for SG assembly. Furthermore, by using in-
hibitors of motor proteins, we evidenced here that action
of dynein motor proteins is also critical for SG assembly.
In addition, we found that SG components such as TIA-1
or eIF3 can be partially coimmunoprecipitated with tu-
bulin, indicating that they might loosely associate with
the microtubule network already prior to SG assembly.
Collectively, these data suggest that minus-end-directed
transport on microtubules is a mechanism used by cells
to enhance the efficiency of SGs assembly. Interestingly,
it has been previously reported that HDAC6 colocalizes
with the p1508¢d.containing motor complex and con-
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trols microtubule motor-based cargo transport (Hubbert
et al. 2002). Because it can bind ubiquitin and also the
dynein motor proteins, HDAC6 acts as an adapter, pro-
moting the accumulation of ubiquitinated misfolded
proteins in an aggresome (Kawaguchi et al. 2003). As we
show here, a similar mechanism may underlie the as-
sembly of SGs (see model in Fig. 7C).

Furthermore, very recent quantitative analysis has re-
vealed that in HeLa cells and mouse ES cells, Argonaute
proteins localize into SGs in a microRNA-dependent
manner, suggesting that SGs may be relevant for path-
ways involving microRNA function (Leung et al. 2006).
Together, our data suggest that HDACG is at the center
of an important node integrating several aspects of the
stress response.

Materials and methods

Cell lines and transfections

All cells were obtained from the American Type Culture Col-
lection and maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) with 10% fetal bovine serum and antibiotics under 5%
CO,. Transfections were performed with FuGene6 (Roche) fol-
lowing the manufacturer’s protocol or with the calcium phos-
phate method. Mice with an invalidated HDAC6 gene were
generated (Y. Zhang, S.H. Kwon, T. Yamaguchi, F. Cubizolles, S.
Rousseau, M. Kneissel, C. Cao, N. Li, H.L. Cheng, K. Chua, et
al., unpubl.), and MEFs were isolated from embryonic day 13.5
(E13.5) male embryos. Subsequently, 3T3 cells and rescuants
expressing HDACG6 wild type or mutants were established
following standard protocols, as described (Zhang et al. 2006;
Boyault et al. 2007b). The stable cell line S-HDAC6-293, over-
expressing HDACG6, was made by transfection of HEK 293 cells
with a CMV-Flag-hHDACG6 vector and selection for neomycin
resistance.

Mass spectrometry

Ten 10-cm dishes of stable HEK 293 cell lines expressing Flag-
hHDACSG protein (S-HDACG6-293) were harvested and lysed. To-
tal extracts were analyzed by immunoprecipitation using anti-
Flag M2 agarose (Sigma); bound proteins were eluted from the
beads using 10 mM 3x Flag peptide, separated by SDS-PAGE,
and stained with coomassie blue staining. The HDAC6-inter-
acting proteins were identified by LC-MS/MS spectrometry.

Preparation of cell extracts and Western blotting analysis

Cells were rinsed twice with ice-cold PBS and were then ex-
tracted with ice-cold NP-40 lysis buffer (0.5% NP-40, 50 mM
Tris-HCl at pH 7.4, 120 mM NaCl, 25 mM NaF, 25 mM glycerol
phosphate, 1 mM EDTA, 5 mM EGTA, Complete protease in-
hibitor cocktail tablet [Roche]). Cells were collected and centri-
fuged at 15,000g for 15 min at 4°C. Protein concentration was
measured with a BCA kit (Pierce). Cell lysates containing 50 ng
of total protein were subjected to SDS-PAGE on 8%-12% slab
gels, and proteins were transferred to nitrocellulose membranes.
Membranes were blocked for 1 h in PBS containing 0.1%
Tween-20 and 10% (v/v) horse serum and were incubated over-
night with the primary antibody. The membranes were then
washed with 0.1% Tween-20/PBS and incubated for 1 h with an
anti-rabbit/mouse secondary antibody coupled to HRP; bound
antibodies were detected with the ECL Western blotting analy-
sis system (Amersham Bioscience). Generally, in lanes labeled
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“input,” 1/10 of the material used for the binding reaction was
loaded.

Coimmunoprecipitation and pull-down assays

For coimmunoprecipitation, 500 ng of extracts from either NIH-
3T3 cells or HEK 293T cells were incubated overnight with the
primary antibody at 4°C with gentle agitation. After this, 25 uL
of protein A-Sepharose slurry or protein G-agarose slurry were
added and samples were incubated for 1 h at 4°C with gentle
agitation. Beads were washed three times with NP-40 lysis
buffer and subsequently resuspended and boiled in 20 pL of
loading buffer for SDS-PAGE. For pull-down assays, extracts
from HEK 293 cells stably expressing hFlag-HDACG6 were incu-
bated with equal amounts of GST or GST-G3BP for 3 h at 4°C.
Twenty-five microliters of glutathione-Sepharose slurry were
added and the reactions continued for 1 h with rotation. Pull-
downs were electrophoresed on 8% SDS-PAGE and subjected to
anti-Flag Western blots.

Immunofluorescence microscopy and antibodies

Exponentially growing cells were plated on eight-chamber
Labtek slides and incubated overnight. After drug treatment,
cells were washed in PHEM buffer (60 mM PIPES at pH 6.9, 25
mM HEPES at pH 7.5, 10 mM EGTA at pH 7.5, 4 mM MgCl, at
pH 6.9) and fixed with 4% formaldehyde/PBS for 15 min at room
temperature or with methanol for 10 min at -20°C. Slides were
then rinsed three times with 0.2% Triton X-100/PHEM buffer,
and cells were permeabilized with 1% Triton X-100/PHEM
buffer for 5 min at room temperature. Slides were then incu-
bated in blocking solution (3% BSA/PBS) for 1 h at room tem-
perature for reducing nonspecific binding of the antibody. Incu-
bation with the primary antibodies was carried out for 3 h at
room temperature or overnight at 4°C, and the slides were then
washed three times with 0.2% Triton X-100/PHEM buffer.
Alexa-Fluor anti-mouse and Alexa-Fluor anti-rabbit immuno-
globulin antibodies were used as secondary antibodies. After the
slides were washed three times with 0.2% Triton X-100/PHEM
buffer and once with deionized water, they were observed under
a confocal microscope (Zeiss Axioplan2 LSM 510 Meta). Pic-
tures were deconvolved with the theoretical PSF calculated
within the Huygens software (Scientific Volume Imaging,
http://www.svi.nl). The following antibodies were used: anti-
DCP1a (1:100 [IF], kindly provided by W. Filipowicz), anti-eIF2«
(FL-315; 1:500; Santa Cruz Biotechnology), anti-phos-elF2a
(1:1000; Cell signaling), anti-eIF3v (N-20; 1:1000, 1:100 [IF];
Santa Cruz Biotechnology), anti-Flag M2 (1:2000; Sigma), anti-
G3BP (1:1000, 1:200 [IF]; BD Transduction Laboratories), anti-
HA (1:1000; Santa Cruz Biotechnology), anti-HDACG6 (H-300;
1:1000, 1:100 [IF]; Santa Cruz Biotechnology), anti-c-myc (9E10),
anti-a-tubulin (DM1A; 1:1000; Santa Cruz Biotechnology), anti-
B-tubulin (TUB 2.1; 1:1000, 1:200 [IF]; Santa Cruz Biotechnol-
ogy), anti-y-tubulin (GTU-88; 1:1000, 1:200 [IF]; Santa Cruz
Biotechnology), anti-Ace-tubulin (TU6-1; 1:1000; Santa Cruz
Biotechnology), anti-TIA-1/TIAR (H-120; 1:1000, 1:100 [IF];
Santa Cruz Biotechnology), anti-Ubiquitin (1:100 [IF]; Santa
Cruz Biotechnology), or anti-mHDAC-6 (Verdel et al. 2000;
1:1000, 1:100 [IF]). IF refers to the dilutions used for immuno-
fluorescence; other dilutions are for Western analysis.

Quantification of SG-containing cells and SG size

For quantification, nine fields of each sample were randomly
selected. The occurrence of SGs was estimated as the average
number of SG-containing cells. For quantification of large SGs,
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100 cells of each sample were randomly selected. The number of
large SG was counted using confocal microscopy software (LSM
viewer, Carl Zeiss).
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