HDACG6 controls major cell response
pathways to cytotoxic accumulation

of protein aggregates
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A cellular defense mechanism counteracts the deleterious effects of misfolded protein accumulation by
eliciting a stress response. The cytoplasmic deacetylase HDAC6 (histone deacetylase 6) was previously shown
to be a key element in this response by coordinating the clearance of protein aggregates through aggresome
formation and their autophagic degradation. Here, for the first time, we demonstrate that HDAC6 is involved
in another crucial cell response to the accumulation of ubiquitinated protein aggregates, and unravel its
molecular basis. Indeed, our data show that HDAC6 senses ubiquitinated cellular aggregates and consequently
induces the expression of major cellular chaperones by triggering the dissociation of a repressive
HDACG6/HSF1 (heat-shock factor 1)/HSP90 (heat-shock protein 90) complex and a subsequent HSF1 activation.
HDACSG6 therefore appears as a master regulator of the cell protective response to cytotoxic protein aggregate

formation.
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HDACG6 (histone deacetylase 6) was first discovered in
the mouse as a specific member of a new family of
HDACs in higher eukaryotes (Verdel and Khochbin
1999) now known as class II (Yang and Gregoire 2005).
Later, studies have shown that HDACG6 is actively main-
tained in the cytoplasm (Verdel et al. 2000; Bertos et al.
2004), is a major cytoplasmic tubulin-deacetylase (Hub-
bert et al. 2002; Matsuyama et al. 2002; Zhang et al.
2003), and efficiently binds mono- and polyubiquitin
(Seigneurin-Berny et al. 2001; Hook et al. 2002; Boyault
et al. 2006).

Furthermore, the identification of an HDAC6-contain-
ing complex showed that it associates with two proteins,
both involved in the control of the ubiquitin/proteasome
system, p97/VCP and UFD3/PLAP (Seigneurin-Berny et
al. 2001). Most interestingly, p97/VCP, a chaperone-like
AAA ATPase, is essential in the degradation of mis-
folded proteins by the proteasome (Romisch 2006;
Rumpf and Jentsch 2006) and is able to dissociate
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HDACG6-ubiquitin complexes and to modulate the
HDAC6-dependent polyubiquitin chain turnover (Boy-
ault et al. 2006). In yeast, Ufd3p, known to interact with
the yeast homolog of p97/VCP, Cdc48p (Ghislain et al.
1996), is a modulator of its ubiquitin-dependent func-
tions (Mullally et al. 2006; Rumpf and Jentsch 2006).

HDACG6 therefore has the potential to link protein
ubiquitination not only to cellular functions depending
on microtubule cytoskeleton, but also to the protea-
some-dependent protein degradation. One of these func-
tions has recently been evidenced. Indeed, through its
simultaneous interaction with ubiquitin and dynein mo-
tors, HDAC6 mediates the clearance of cytotoxic mis-
folded proteins and favors their accumulation into cel-
lular aggresomes (Kawaguchi et al. 2003). Moreover, re-
cently we were able to show that the cellular HDAC6-
p97/VCP ratio controls the fate of cellular misfolded
ubiquitinated proteins (Boyault et al. 2006). Altogether,
these data highlight an essential role for HDAC6 in the
management of ubiquitinated cellular protein aggre-
gates.

HDACG6 has also been shown to deacetylate HSP90
and modulate its chaperone activity (Bali et al. 2005;
Kovacs et al. 2005; Murphy et al. 2005). HSP90, through
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its diverse actions on its client proteins, appears as a
critical modulator of various cell signaling pathways in-
cluding the control of heat-shock cell response (Zhao and
Houry 2005). In fact, HSF1 (heat-shock factor 1), a tran-
scription factor essential in the activation of the heat-
shock protein-encoding genes (HSPs), is maintained in
an inactive form through its association with HSP9O0,
and HSP90-HSF1 dissociation is an obligatory step in the
activation of HSF1. Phosphorylation and trimerization of
HSF1, following its release from HSP90, then lead to its
full activation (Voellmy 2004; Westerheide and Mori-
moto 2005).

Interestingly, proteasome inhibition and the accumu-
lation of highly ubiquitinated proteins were shown to
induce HSF1 activation and the subsequent HSP gene
response (Goldberg 2003). Since HDAC6 had already
been involved in the protective clearance of misfolded
protein aggregates (Kawaguchi et al. 2003; Iwata et al.
2005), we reasoned that it could also signal their pres-
ence within the cell to the HSFI activation machinery,
including HSP90. Accordingly, we hypothesized that
ubiquitin binding by HDAC6 could act as a sensor of
misfolded protein accumulation and elicit HSF1 activa-
tion and heat-shock gene response through a mechanism
involving HSP90.

Using primary cells and established cell lines isolated
from HDACG6-deficient mice (HDACG6”~), or human
cells with reduced HDACG6 expression, we were able to
confirm this hypothesis and unravel its molecular basis,
demonstrating a key role for HDACG6 in controlling HSP
genes activation.

Our data show that ubiquitin binding by HDACG6 is a
critical event in the dissociation of the repressive HSF1-
containing complex. In unstressed cells, this complex
also contains the HDAC6-interacting chaperone p97/
VCP, which appears to play an important role in the
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formation of the basal HSP90-HSF1 complex, as well as
in the complex dissociation after the accumulation of
ubiquitinated misfolded proteins.

Based on these data, we propose that p97/VCP and
HDACG6 are at the heart of a very important and yet
unknown machinery dedicated to respond to the accu-
mulation of cytotoxic protein aggregates. It first senses
abnormal accumulation of polyubiquitinated proteins
and triggers HSF1 activation, and then participates in the
clearance of these aggregates.

Results

HDACO6 and its ubiquitin-binding functions are
important to induce the expression of HSP genes

Fibroblasts were isolated from HDACG6-deficient
(HDACG”'") or parental wild-type mouse embryos and
used to establish 3T3 cell lines. A retroviral gene transfer
system was then used to reintroduce wild-type HDAC6
(WT) or HDACG6 bearing inactivating mutations in its
catalytic domains (HD™) or in its ubiquitin-binding do-
main, ZnF-UBP (Ub™), in one of the established HDAC6-
deficient lines.

Figure 1A shows that, as expected, the cellular amount
of acetylated tubulin was clearly increased in HDAC6-
deficient cells (KO), compared with the parental cells.
The reintroduction of wild-type HDAC6 restored the
basal level of tubulin acetylation (Fig. 1A, WT). The tu-
bulin acetylation levels of the cells expressing the Ub™
HDACG6 mutant were comparable with those of the cells
expressing wild-type HDAC6, while the level of tubulin
acetylation in cells expressing the HD™ HDAC6 mutant
was equivalent to that of the KO cells. These cells there-
fore provide valuable tools to investigate HDAC6 func-
tions related to its catalytic and ubiquitin-binding activi-
ties.

Figure 1. HDACH6 and its ubiquitin-bind-
ing activity are required to activate a heat-
shock cell response to the proteasome in-
hibition. (A) 3T3 cell lines were estab-
lished from mouse embryo fibroblasts
isolated from parental (P) or HDACG6-defi-
cient (KO) mice. One of the HDAC6-defi-
cient clones was then used to establish
new lines re-expressing wild-type HDAC6
(WT) or HDACG6 bearing mutations either
in the two catalytic deacetylase domains
(HD™) or in the ZnF-UBP ubiquitin-bind-
ing domain (Ub™). Equivalent amounts of
extracts from these cells were used to
compare their levels of HDACG6 expres-
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These cell lines were first used to evaluate the role of
HDACS6 in controlling the cell response to the induced
accumulation of ubiquitinated proteins after a protea-
some inhibition by MG132. As shown in Figure 1B, the
presence of HDACG was absolutely required to observe a
significant accumulation of HSP70 and HSP25, 6 h after
the MG132 treatment (cf. KO and parental panels). In-
terestingly, the re-expression of wild-type HDAC6 com-
pletely restored the HSP accumulation in response to
proteasome inhibition (Fig. 1B, WT panel). Strikingly,
this activity of HDAC6 was dependent on its ability to
bind ubiquitin, since the re-expression of the HDAC6
Ub™ mutant did not restore the HSP gene response after
MGI132 treatment. This activity of HDAC6 was, how-
ever, independent of its deacetylase catalytic activity,
since cells expressing this mutant showed an efficient
answer to the treatment (Fig. 1B, HD™ panel).

HDACG6 and its ubiquitin-binding functions mediate
HSF1 activation

It then appeared important to know whether HDAC6
could control the activation of HSF1 after the MG132
treatment.

We first confirmed that HSF1 was, indeed, required to
observe an HSP cell response to the MG132 treatment
and that proteasome inhibition led to HSF1 activation.
Fibroblasts from HSF1~/~ and the corresponding parental
mice (Pirkkala et al. 2000) were treated with MG132, and
the activation of HSF1 and accumulation of HSP70 and
HSP25 were monitored. Figure 2A shows that in the ab-
sence of HSF1, the MG132 treatment was ineffective in
inducing an HSP gene response. In the parental cell line,
the activation of HSF1 was evidenced by a shift in its
migration, visualized on the SDS-PAGE after its phos-
phorylation.

We then evaluated the role of HDAC6 in HSF1 acti-
vation by following HSF1 mobility shift after MG132
treatment in the five cell lines described above. The data
obtained evidenced an absolute requirement of HDAC6
for HSF1 activation (Fig. 2B). No HSF1 migration shift
was observed in HDAC6-deficient cells after MG132
treatment (Fig. 2B, KO panel). This MG132-dependent
HSF1 activation was restored following the re-expression
of wild-type HDACG, but not upon expression of the
non-ubiquitin-binding mutant (Fig. 2B, cf. WT and Ub™
panels). Here again, HSF1 activation was not dependent
on HDACS6 catalytic activity (Fig. 2B, panel HD™).

HSF1 activation and subsequent HSP70 expression fol-
lowing MG132 treatment were also monitored in pri-
mary cells directly isolated from HDAC6-deficient or pa-
rental mice. Figure 2C shows that, as expected, HSF1
activation and HSP70 gene response were not observed
in primary HDACG6-deficient cells, while cells isolated
from wild-type mice efficiently responded to the treat-
ment. These experiments demonstrated that the ob-
served HDAC6-dependent HSF1 activation in response
to the MG132 treatment was not an artifact associated
with the establishment of 3T3 cells.
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Ubiquitin binding by HDAC6 mediates
the dissociation of the repressive
HSP90-HSF1-containing complex

The fact that HDACG6 interacts with and deacetylates
HSP90 (Kovacs et al. 2005) points to HSP90 as the best
candidate for mediating HDAC6-dependent activation of
HSF1 after proteasome inhibition. The five established
cell lines described above were left untreated or were
treated for 6 h with MG132. The results in Figure 3A
(input panels) confirm that HSF1 activation following
MG132 treatment is strictly dependent on the presence
of HDACG6 and requires its ubiquitin-binding activity.

Since the dissociation of the HSP90-HSF1 complex
was previously shown to be required for HSF1 activation
(Zou et al. 1998), we used HSP90 immunoprecipitation
to investigate the association of HSF1 and HDACG6 with
HSP90 before and after 6 h of MG132 treatment. After
this immunoprecipitation, we also analyzed the state of
HSP90 acetylation as well as its association with p97/
VCP; the results obtained regarding these particular
points will, however, be considered below, when the in-
volvement of p97/VCP and HSP90 acetylation in the
HSP90 complex stability is discussed.

Figure 3A shows that the MG132 treatment induces
the dissociation of HSF1 and HDAC6 from HSP90, only
in parental cells (Fig. 3A, IP panel, P) and in KO cells
expressing wild-type or catalytically dead HDACS6 (Fig.
3A, IP panel, WT and HD™). Interestingly, there was no
dissociation of HSF1 and HDAC6 when the complex
contained an HDAC6 mutant unable to bind ubiquitin
(Fig. 3A, IP panel, Ub™). Moreover, these data also show
that, in the total absence of HDACG6, the HSP90O-HSF1
complex remains stable after the MG132 treatment (Fig.
3A, IP panel, KO).

A mechanism for ubiquitin-dependent complex
disassembly and HSF1 activation

The data obtained thus far strongly suggested that ubiq-
uitin binding by HDAC6 could trigger the HSP90 com-
plex disassembly. To test this hypothesis, the following
experiments were performed.

HSP90 was immunoprecipitated from nonstressed 3T3
parental or HDAC6-deficient cells, expressing wild-type
or mutated HDACG6, as described above. The immuno-
precipitated materials were then incubated with purified
pentaubiquitin chains in the presence or absence of ATP,
and the proteins remaining associated with the immu-
nocomplexes were analyzed after removal of the released
proteins. In the presence of ATP, this in vitro assay per-
fectly mimicked the in vivo situation. Indeed, pen-
taubiquitin efficiently dissociated the complex only
when wild-type or catalytically inactive HDAC6 was
present (Fig. 3B, +ATP panel, columns 11, 13, 14). In the
absence of HDACS, or in the presence of the non-ubig-
uitin-binding mutant of HDACS6, pentaubiquitin did not
dissociate the HSP90-HSF1-containing complexes (Fig.
3B, columns 12, 15).

Interestingly, this experiment also showed that the
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Figure 2. The activation of HSFI in response to MG132 de-
pends on the integrity of the HDAC6 ZnF-UBP domain. (A)
Embryonic MEF cells from parental (WT) and HSF1~/~ cells were
treated with MG132 for the indicated periods of time, and ubig-
uitin, HSF1, HSP70, HSP25, and tubulin expression was ana-
lyzed as above. (B) Extracts from the experiment described in
Figure 1B were probed with anti-HSF1 and anti-tubulin antibod-
ies. (C) Primary cells isolated from HDAC6-deficient (KO) and
parental (P) mice were treated with MG132 for 6 h as above (+)
or left untreated (-). HSF1 activation and HSP70 accumulation
were monitored as shown.

ubiquitin-dependent complex disassembly is an active
process, which requires ATP hydrolysis. Indeed, no com-
plex dissociation was observed in the absence of ATP
(Fig. 3B, ~ATP panel).

HDACSG: a stress response coordinator

A role for p97/VCP in the HDAC6-HSP90 complex
formation and dissociation

According to the data obtained so far, we hypothesized
that, after proteasome inhibition and accumulation of
ubiquitinated proteins, ubiquitin binding by HDACG6
could trigger its dissociation from the HSP90-HSF1 com-
plex. However, we also observed that this process re-
quired an active participation of HDACG6 (no complex
disassembly was detected in the absence of HDAC6) as
well as an ATPase activity.

The HDAC6 partner, the AAA ATPase p97/VCP,
which we had previously purified from an endogenous
HDACG6 complex (Seigneurin-Berny et al. 2001), ap-
peared as a good candidate to mediate the HDAC6-de-
pendent HSP90 complex-dissociating activity. Indeed,
we had recently observed that p97/VCP could dissociate
the HDAC6-ubiquitin complex (Boyault et al. 2006).
Moreover, p97/VCP is well known for its “segregase”
activity (Romisch 2006; Rumpf and Jentsch 2006), and,
as shown earlier, ubiquitin binding by HDAC6 induces
an HDAC6-p97/VCP complex dissociation (Seigneurin-
Berny et al. 2001).

Accordingly, the presence of p97/VCP was checked in
the HSP90 immunoprecipitated materials. Interestingly,
we found that not only was p97/VCP present in a com-
plex with HSP90 but also that the complex formation
needed the presence of HDACG6 (Fig. 3A, IP HSP90 pan-
els). Indeed, p97/VCP was not found associated with
HSP90 when the latter was immunoprecipitated from
HDACG6-deficient cells (Fig. 3A, KO, columns 13, 14).

Based on our previous data (Seigneurin-Berny et al.
2001), we proposed that HDACG6 could mediate the re-
cruitment of p97/VCP in the repressive HSP90-HSF1
complex. Ubiquitin binding by HDAC6 could then lead
to the dissociation of the HDAC6-p97/VCP complex and
p97/VCP would use its ATPase activity to dissociate the
HSP90-HSF1 complex.

This hypothesis was investigated thanks to an estab-
lished HDAC6 knocked-down human cell line already
used to evidence some important functions of HDAC6
(Kawaguchi et al. 2003; Kovacs et al. 2005). These cells
were also of great help because they allowed us to over-
come the problem of the very poor transfection effi-
ciency of the established cell lines derived from HDAC6-
deficient 3T3 cells.

In this cell system, the activation of HSF1 and the
subsequent HSP70 accumulation were also dependent
on the presence of HDACG6 (Fig. 4A, cf. HDAC6 knock-
down cells and wild-type cells; also see Supplementary
Fig. 1B).

Therefore, in this independent human cell line, the
confirmation of data previously obtained using mouse
cell systems on the role of HDAC6 in HSF1 activation
and HSP70 accumulation after MG132 treatment al-
lowed us to generalize our conclusions on this particular
function of HDACG.

We then used this same system to investigate the
role of p97/VCP in the HDAC6-dependent HSP response
to MG132 treatment. Cells were transfected with spe-
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Figure 3. A treatment with MG132 leads to an
HDAC6-dependent dissociation of the repressive
HSP90-HSF1 complex. (A) Extracts from the different
cell lines described in Figure 1A treated for 6 h (+) with
MG132 or untreated (-) were immunoprecipitated with
an anti-HSP90 antibody, and the coimmunoprecipita-
tion of HSF1, p97/VCP, and HDAC6 was monitored.
The acetylation of the immunoprecipitated HSP90 was
also detected using an anti-acetylated lysin antibody.
The “input” panel shows the presence of the studied
proteins before immunoprecipitation in the extracts.
(Right panel) The amount of HSF1 coimmunoprecipi- B
tated with HSP90 was estimated by densitometric mea-
surement of HSF1 signals before and after MG132 treat-
ment (shown in the HSFI lane) and is represented as
histograms. The values are expressed as a percent of
HSP90-associated HSF1 before the MG132 treatment in
each cell line. (B) HSP90 immunocomplexes obtained
after the immunoprecipitation of HSP90, as described
in A, were incubated with 10 pg of pentaubiquitin
chain in the presence of 2 mM ATP/2 mM MgCl, or
not. After the elimination of the supernatant, the pro-
teins remaining associated with the HSP90 immuno-
complex were analyzed by Western blot.

cific anti-p97/VCP or control small interfering RNAs
(siRNAs) to monitor HSF1 activation in response to pro-
teasome inhibition. Figure 4B shows that the down-regu-
lation of p97/VCP completely abolished HSF1 activation
in response to MG132 treatment (Fig. 4B, WT HDAC6
panel, lane 4; Supplementary Fig. 1B, lane 4).

The role of p97/VCP in the HSP90 complex regulation
was further investigated by monitoring the association
of HSF1 with HSP90 in unstressed cells treated with con-
trol or anti-p97/VCP siRNAs. Interestingly, p97/VCP
knockdown led to a significant increase in HSF1-HSP90
association, strongly suggesting that p97/VCP controls
the basal level of complex formation.

In MG132-treated cells also, a higher amount of HSF1
remained associated with HSP90, accounting for the less
efficient HSF1 activation (Supplementary Fig. 2).

Most interestingly, the knockdown of p97/VCP in un-
stressed cells also led to a decrease in the recruitment of
HDACG6 by HSP90. This observation strongly suggests
that p97/VCP is also required to form the basal HSP90-
HDACG6 complex in unstressed cells. These data are in
perfect agreement with our previous work (Boyault et al.
2006), showing that p97/VCP was, indeed, required to
“extract” ubiquitin-bound HDACG6 and, in other words,
to “recycle” HDACSG.

We can now propose that p97/VCP is necessary to re-
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cover HDACG from its interaction with other cellular
components, and that, in unstressed cells, it is the
HDAC6-p97/VCP complex that is recruited to the
HSP90 complex to form the “basal complex.”

In the presence of a decreased amount of p97/VCP,
HDACS6 remains in its sites of action and cannot be used
to form the basal HSP90 complex.

Altogether these data allowed to complete our model
and to describe in detail the molecular events leading to
the HSP90-HSF1 complex formation in unstressed cells
and to its ubiquitin-dependent dissociation after the ac-
cumulation of ubiquitinated cellular aggregates.

Is there a role for HDAC6-dependent HSP90
deacetylation in HSF1 activation in response
to MG132 treatment!

We also monitored the state of HSP90 acetylation in the
five established cell lines described above before and af-
ter MG132 treatment. HSP90 acetylation was detected
after its immunoprecipitation (shown in Fig. 3A) by an
anti-acetylated lysine antibody. As expected, HSP90 was
found acetylated in the KO cells as well as in cells ex-
pressing the catalytically dead HDACS6, confirming that
HDACSG6 is a major HSP90 deacetylase (Fig. 3A, IP HSP90
panel, lane AcHSP90, columns 13, 17). Figure 3A also
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Figure 4. p97/VCP mediates the HDAC6-dependent HSFI1 ac-
tivation. (A) Human HEK cells stably expressing an anti-
HDAC6 shRNA (KD) or the control cell lines (WT) (Kawaguchi
et al. 2003; Kovacs et al. 2005) were treated with MG132 (5 uM,
up to 18 h), and extracts were prepared after indicated periods of
time. The corresponding blots were then probed with the anti-
HSF1, anti-HSP70, and anti-tubulin antibodies. (B) HDAC6
knocked-down HEK (KD) and the control (WT) cell lines were
treated with control siRNA or siRNA designed against p97/
VCP, and cells were treated with 5 ptM MG132 during 6 h as
indicated. Extracts were prepared and probed with antibodies
against HSF1, ubiquitin, p97/VCP, and tubulin.

shows that, in parental or in KO cells re-expressing wild-
type HDACG, proteasome inhibition leads to a clear in-
crease in HSP90 acetylation, which very well correlates
with the HDAC6-HSP90 complex dissociation observed
in these cells (columns 12, 16).

In cells expressing the Ub™ HDAC6 mutant, HSP90
remained underacetylated before and after MG132 treat-
ment in perfect agreement with the inability of this
HDACG6 mutant to be released from HSP90 after MG132
treatment (Fig. 3A, columns 19, 20).

However, an intriguing situation was observed in cells
expressing the catalytically dead HDAC6 mutant (HD™).
In these cells, as expected, HSP90 was found acetylated
before MG132 treatment (Fig. 3A, column 17), but curi-
ously, the acetylation signal disappeared 6 h after the
treatment (Fig. 3A, column 18) in the total absence of

HDACSG: a stress response coordinator

active HDACG. This could be due to the intervention of
another HDAC, which could be activated only when the
HD™ HDAC6 mutant is released. This putative HDAC
does not, however, show any tubulin-deacetylase activ-
ity, since, in these cells, tubulin remained highly acety-
lated after the MG132 treatment (Fig. 3A, input panel,
lanes 7,8).

These data show that no clear relationship can be es-
tablished between HSP90 acetylation and HSFI activa-
tion and HSP gene response. This conclusion is also sup-
ported by the fact that a catalytically dead mutant of
HDACG is as active as the wild-type protein in inducing
HSP gene activation in response to a treatment with
MG132 (Figs. 1B, 2B, 3A), as well as in HSP90 complex
disassembly (Fig. 3A).

The impairment of proteasome activity is essential
to trigger the HDAC6-dependent cell response

In all the experiments presented here, MG132 was used
as a means to inhibit the proteasome activity and to
induce the HDACG6-dependent cell response. MG132
may, however, have uncontrolled effects on various cel-
lular functions. In order to convincingly show that the
impairment of proteasome function elicits the HDAC6-
mediated response, we used siRNA against PACI, a fac-
tor recently shown to be critical in the assembly of the
active 20S proteasome (Hirano et al. 2005). Down-regu-
lation of PAC1 in control cells, as expected, leads to a
significant accumulation of ubiquitinated proteins after
32 h of siRNA treatment, indicative of a proteasome im-
pairment in both cell lines (Fig. 5A). In contrast to wild-
type cells, in HDACG6 knockdown cells, despite the ac-
cumulation of ubiquitinated proteins after PAC1 down-
regulation, no HSFI activation or heat-shock gene
response was observed. These data confirmed our con-
clusions on the role of HDACG6 in sensing the protea-
some dysfunction.

Involvement of HDACG6 in protecting cells against
the toxic effects of misfolded protein accumulation

The data presented here point to HDACS6 as an essential
cell survival element after the accumulation of mis-
folded ubiquitinated proteins. In order to confirm this
hypothesis, we monitored cell apoptosis after their treat-
ment with MG132. Figure 6 shows that sublethal doses
of MG132 become significantly toxic in the absence of
HDACG6 or when cells express a mutated version of
HDACS.

Our data also show that cells expressing a catalytically
dead HDACG are also hypersensitive to an MG132 treat-
ment, despite the fact that they are still capable of in-
ducing the HSP gene response. This could be explained
by the involvement of HDACG6 catalytic activity in the
formation of protective aggresomes and their degrada-
tion by autophagy, through a yet-unknown mechanism
(Kawaguchi et al. 2003; Iwata et al. 2005). The most dra-
matic effect, as expected, was observed in cells express-
ing the non-ubiquitin-binding mutant of HDAC6.
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Figure 5. Impairment of the proteasome activity leads to an
HDACS6-dependent activation of HSFl. Human HEK KD
(HDAC6 knockdown) and control cells were treated with an
anti-PAC1 siRNA for the indicated periods of time, and the
accumulation of polyubiquitinated proteins (A) and activation
of HSF1 and HSP70 (B) accumulation were monitored. The level
of general protein ubiquitination and HSP70 did not change
before 30 h of transfection and was comparable with that of
nontransfected cells (“0” in A and not shown).

Discussion

The proteasome/ubiquitin system clears the important
mass of cellular misfolded proteins, which are continu-
ously generated. These nonfunctional proteins can arise
by mutations, excess in subunit synthesis, and various
denaturing stresses (Goldberg 2003). Moreover, an im-
portant portion of newly synthesized proteins consists of
misfolded products, which also contribute to increase
the mass of nonfunctional cellular proteins (Schubert et
al. 2000). These defective proteins have a tendency to
assemble into cytotoxic aggregates (Sherman and Gold-
berg 2001), and different cellular defense mechanisms
operate to counteract their deleterious effects.

First, a cellular clearance mechanism has been pro-
posed to take charge of the aggregates and concentrate
them into a single juxta-nuclear inclusion body named
the “aggresome” (Johnston et al. 1998). This process is
thought to reduce the cytotoxic effects of scattered cel-
lular protein aggregates (Kopito 2000). HDAC6 was re-
cently shown to be a key player in this clearance mecha-
nism by functioning as an adaptor that, through its ubiq-
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uitin-binding activity, links aggregated protein cargos to
the dynein motor, thus mediating their transport to the
aggresome (Kawaguchi et al. 2003).

The appearance of the aggresome or inclusion body in
cells, however, induces dramatic impairments of many
cellular functions including a global inactivation of the
ubiquitin/proteasome system (Bennett et al. 2005),
which collectively paralyze vital cellular activities and
induce cell death. Interestingly, HDAC6 was also shown
to mediate the recruitment of the autophagic machinery
to aggresomes, thereby further decreasing the cytotoxic
effects of these aggregates (Iwata et al. 2005).

Another cellular mechanism helps facing protein ag-
gregate toxicity by activating a heat-shock gene response
circuit, leading to the accumulation of major cellular
chaperones (Kawazoe et al. 1998; Lee and Goldberg 1998;
Mathew et al. 1998, 2001; Kim et al. 1999). These chap-
erones decrease aggregate toxicity and facilitate their re-
sorption (Goldberg 2003). They indeed possess the poten-
tial to prevent aggregate formation either by helping pro-
tein refolding or by assisting their delivery to the
ubiquitin/proteasome degradation system (Hohfeld et al.
2001).

Here we show that HDACG is also a major player in
the latter mechanism, and is involved in signaling the
abnormal accumulation of ubiquitinated proteins to the
stress-response transcriptional machinery. The use of
HDACG6-deficient cells re-expressing wild-type or mu-
tated HDACG6 allowed us to precisely dissect the under-
lying mechanism.

In the absence of cellular aggregates like HSF1, both
HDAC6 and p97/VCP remain in a dormant complex
with HSP90. We show here that p97/VCP is a critical
player in the formation of the basal HSP9O-HDACG6
complex in unstressed cells. Indeed, p97/VCP was hy-
pothesized here to be required to recycle HDACG6 in-
volved in various cellular activities in order to form the
basal HSP90 complex in unstressed cells.
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Figure 6. HDAC6 and its ubiquitin-binding activity protect
cells against the cytotoxic effects of proteasome dysfunction.
The indicated cell lines (as in Fig. 1) were left untreated or were
treated with 2 nM MG132 for 16 h, and the apoptotic cells were
visualized by the detection of the active caspase 3 and FACS
analysis. The proportion of apoptotic cells in each population
was measured and was presented as a ratio of treated over un-
treated cells. The histograms represent three independent ex-
periments, and the variations around the mean values are indi-
cated. The mean values for the percentage of apoptotic cells in
the untreated population are as follows: parental cells, 0.3; wild
type (WTJ, 0.27; HD™, 0.25; KO, 0.28; Ub™ 0.21.



The accumulation of ubiquitinated proteins following
the impairment of the proteasome activity is sensed by
HDACSG6, via its ubiquitin-binding activity. HDACG6-
ubiquitin interaction is the initiator of a chain of events
evidenced here, inducing the dissociation of the
HDAC6-p97/VCP complex. According to our model, the
whole mechanism of this complex dissociation is built
around this ubiquitin-dependent HDAC6-p97/VCP dis-
sociation. Indeed, we had previously shown that ubiqui-
tin binding by HDACG6 led to a HDAC6-p97VCP com-
plex dissociation (Seigneurin-Berny et al. 2001). More re-
cently, we were able to show that free p97/VCP can also
extract ubiquitin-bound HDACG6 and reinduce the com-
plex formation (Boyault et al. 2006). Ubiquitin is there-
fore a strong regulator of HDAC6-p97/VCP interaction.
Hence, our model proposes that, after the ubiquitin-de-
pendent dissociation of HDAC6-p97/VCP, the latter
uses its segregase activity to dissociate the repressive
HSP90 complex, eventually leading to the release of
HSF1. Alternatively, it is also possible that p97/VCP,
directly or indirectly, stimulates HSP90’s own ATPase
activity or positively regulates the activity of its various
cochaperones.

The sensing of ubiquitinated protein aggregates by
HDACG6 therefore elicits three critical components of
the cell response to their accumulation: HSF1, which
will induce the accumulation of major HSPs; HDACS,
which will mediate protein aggregate clearance as re-
ported previously (Kawaguchi et al. 2003; Iwata et al.
2005); and p97/VCP, which is a well-known regulator of
misfolded protein degradation (Woodman 2003; Rumpf
and Jentsch 2006). Indeed, p97/VCP has a major role in
controlling the degradation by the ubiquitin/proteasome
system of a variety of endoplasmic reticulum-associated
degradation (ERAD) substrates (Romisch 2006; Rumpf
and Jentsch 2006). According to our recent data (Boyault
et al. 2006), p97/VCP may also play an important role in
the post-stress recovery stages by extracting the ubiqui-
tin-bound HDAC6. The reformation of p97/VCP-
HDACG6 would then provide a platform for the reasso-
ciation of HSP90 and HSF1 and re-establishment of the
basal nonstressed state.

During these investigations, no evidence was found for
a role of HSP90 acetylation in HSF1-HSP90 complex sta-
bility or in the process of HSF1 activation in response to
the impairment of proteasome activity. In agreement
with previously published data (Kawaguchi et al. 2003;
Iwata et al. 2005), a role of HDACG6 catalytic activity
was, however, found in protecting cells against the toxic
effect of MG132. This probably reflects a need for the
deacetylase activity of HDACS6 after its release from the
HSP90 complex, in the transport and clearance of cellu-
lar aggregates (Kawaguchi et al. 2003; Iwata et al. 2005).
In these experiments, cells expressing the non-ubiquitin-
binding mutant of HDACG6 also showed a higher sensi-
tivity to MGI132 treatment compared with that of
HDACG6 KO cells. This could be due to a dominant-nega-
tive effect of this mutant, which may titer out some
cellular factors important in the cytoprotective cell re-
sponse to MG132 treatment.

HDACSG: a stress response coordinator

It is also important to mention that we did not observe
a clear role for HDACG6 in HSF1 activation in response to
heat shock (Supplementary Fig. 1A). It can therefore be
concluded that the obligatory step of HSF1-HSP90 dis-
sociation, in the stress-dependent HSF1 activation, is
controlled by distinct mechanisms depending on the na-
ture of the stressful stimuli. Accordingly, the siRNA-
mediated knockdown of p97/VCP while completely
abolishing the MG132-dependent activation of HSF1 had
no effect on the heat-shock-dependent activation of the
protein (Supplementary Fig. 1B). In the case of heat
shock, the release of HSF1 may be controlled by stimuli
that occur earlier than, or probably not directly depend-
ing on, the accumulation of misfolded ubiquitinated pro-
teins.

Interestingly, during these investigations, we have
also observed that treating HDACG6-expressing cells
with MG132 for 6 h leads to a twofold accumulation of
HSFl-encoding mRNA (data not shown). This obser-
vation points to a new mechanism, which allows a
supply of fresh HSF1 in addition to the HDAC6-depen-
dent mobilization of the HSP90-stored pool of HSFI1.
The fact that HDACG6 was absolutely required for HSF1
activation after 6 h of MG132 treatment suggests that
most of the HSF1 present in the cells at this time point
comes from the HSP90-associated stock. The neosynthe-
sized pool of HSF1 is likely to be directly activated
and hence does not require a HDAC6-dependent event—
i.e., HSP90 complex dissociation—prior to activation.
It is therefore expected that events leading to an exten-
sive accumulation of newly synthesized HSF1 would in-
duce an HDAC6-independent response of heat-shock
genes.

The mechanism described here places HDACG6 in the
heart of a response system specifically activated after the
impairment of proteasome activity, when misfolded pro-
tein aggregates accumulate. The beauty of the model is
that, in the repressive HSP90 complex, HDACG6 and p97/
VCP first serve as a trigger and a responsive dissociating
spring, respectively, and then, after their release, both
individually behave as actors of the aggregate manage-
ment, while HSF1 follows its activation route to elicit
additional help by inducing a massive synthesis of chap-
erones.

Materials and methods

Cell lines

Mice with an invalidated HDACG6 gene were generated (Zhang
et al. 2003; Y. Zhang and P. Matthias, unpubl.), and mouse
embryo fibroblasts were isolated from embryonic day 13.5
(E13.5) embryos. Sex genotyping was used to select only male
embryos. HDAC6 knockout and wild-type lines were further
identified by PCR genotyping and Western blots. 3T3 cell lines
were established following a standard 3T3 protocol. The cells
were plated at the density of 3 x 10° cells per 5-cm plate and
split every 3 d for ~20 passages.

Wild-type and mutant HDAC6 ¢cDNAs (Verdel et al. 2000;
Seigneurin-Berny et al. 2001) were cloned into a pMSCV.EGFP
vector. The retrovirus was made from Pheonix cells following a
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standard protocol. After the infection, HDAC6-deficient 3T3
cells were kept in culture for 2 wk, and single GFP-positive cells
were sorted into 96-well plates. The positive clones were iden-
tified by Western blot and PCR.

HSF1~/~ and parental cells have been described already (Chris-
tians et al. 1997). HEK cells stably expressing anti-HDAC6 and
control short hairpin RNAs (shRNAs) have been described pre-
viously (Kawaguchi et al. 2003; Kovacs et al. 2005).

Plasmids, siRNAs, and treatments

Mouse HDAC6 ¢cDNAs, wild type or harboring inactivating mu-
tations in both catalytic domains or in the ubiquitin-binding
ZnF-UBP domain, were described and characterized previously
(Verdel et al. 2000; Seigneurin-Berny et al. 2001). These cDNAs
were used to generate all the HDAC6 pMSCV.EGFP vectors
employed to establish the stable cell lines described above.

Anti-PACI and anti-p97/VCP siRNAs were designed as de-
scribed previously (Wojcik et al. 2004; Hirano et al. 2005) and
were purchased from Eurogentec. HEK cells were seeded in six-
well plates at 10° cells per well, 24 h before the siRNA treat-
ment. In each experiment, HAT1 siRNA was used as a control.
siRNA transfections were performed using oligofectamine re-
agent (Invitrogen) according to the manufacturer’s instructions.

Proteasome inhibitor MG132 was purchased from Calbio-
chem (474790). MG132 was used at 5 nM except for FACS
analysis, where cells were treated during 24 h with 2 uM
MG132.

Antibodies, immunoprecipitation, and FACS analysis

The antibodies used are as follows: p97/VCP antibody was a gift
of Dr. N.K. Tonks (Cold Spring Harbor, NY). Anti-HDAC6 was
described previously (Seigneurin-Berny et al. 2001). Anti-ubiq-
uitin, anti-HSF1, and anti-tubulin were purchased from Santa
Cruz Biotechnology (SC-8017), Stressgen (SPA-901), and Sigma
(T5168), respectively. Anti-acetylated aTubulin, anti-HSP70,
anti-HSP25, anti-HSP27, and anti-HSP90 were from Sigma
(T6793), Abcam (3A3 ab5439), and Stressgen (SPA-801, SPA-
803, and SPA-830), respectively. Anti-acetylated lysines were
purchased from Cell Signaling (9441).

Immunoprecipitations were performed on cytosolic extracts.
Cytosolic extracts were prepared as described (Seigneurin-Berny
et al. 2001) using a buffer of the following composition: 50 mM
HEPES (pH 7.4), 60 mM KCl, 15 mM NaCl, 0.65 mM Spermi-
dine, 0.34 M Saccharose, 2 mM EDTA, 0.5 mM EGTA, 0.5 mM
DTT, 0.05% Triton, anti-protease cocktail (Complete Tabs;
Roche), anti-phosphatase cocktail 1 (Sigma P2850, 1/100e), B-
Glycerophosphate (Sigma G6251; 25 mM), NaF (Sigma S$7920; 5
mM), and Trichostatine A (Sigma; 100 ng/mL). On cytosolic
extract, 0.5% CHAPS, 50 mM MgCl,, and 5 mM CaCl, were
added.

For immunoprecipitation of HSP90, 200 ug of a cytosoluble
cell extract were incubated with 2 ng of HSP90 antibody for 12
h, and captured on protein G sepharose 4 fast-flow beads (Am-
ersham Biosciences) for 2 h. After washing, beads were boiled in
loading buffer and analyzed by Western blot. Anti-phosphatase
cocktail 1, B-Glycerophosphate (Sigma G6251; 25 mM), NaF
(Sigma S7920; 5 mM), Trichostatine A (Sigma; 100 ng/mL),
Complete Tabs (Roche), 0.5% CHAPS, 50 mM MgCl,, and 5mM
CaCl, were used during each step of HSP90 immunoprecipita-
tion.

Ubiquitin-dependent immunocomplex dissociation assays
were performed by incubating HSP90 immunocomplexes ob-
tained after HSP90 immunoprecipitation with 10 ng of pen-
taubiquitin (ubiquiting*! from Affinity) in a buffer with 50 mM
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HEPES (pH 7.4), 60 mM KCl, 15 mM NaCl, 0.65 mM Spermi-
dine, 0.34 M Saccharose, 2 mM EDTA, 0.5 mM EGTA, 0.5 mM
DTT, 0.05% Triton, anti-protease coktail (Complete Tabs;
Roche), anti-phosphatase cocktail 1 (Sigma P2850; 1/100¢), B-
Glycerophosphate (Sigma G6251; 25 mM), NaF (Sigma S$7920; 5
mM), and Trichostatine A (Sigma; 100 ng/mL), containing 2
mM ATP and 2 mM MgCl, or not for 2 h at room temperature.
After centrifugation and washing the beads, proteins present in
the immunocomplexes were analyzed by Western blot.

Apoptotic cells were visualized by FACS after the detection of
active caspase 3 using a BD Pharmingen Kkit, according to the
vendor’s instructions.
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