
SAHA shows preferential cytotoxicity in mutant p53
cancer cells by destabilizing mutant p53 through
inhibition of the HDAC6-Hsp90 chaperone axis

D Li1, ND Marchenko*,1 and UM Moll*,1

Mutant p53 (mutp53) cancers are surprisingly dependent on their hyperstable mutp53 protein for survival, identifying mutp53 as
a potentially significant clinical target. However, exploration of effective small molecule therapies targeting mutp53 has barely
begun. Mutp53 hyperstabilization, a hallmark of p53 mutation, is cancer cell-specific and due to massive upregulation of the
HSP90 chaperone machinery during malignant transformation. We recently showed that stable complex formation between
HSP90 and its mutp53 client inhibits E3 ligases MDM2 and CHIP, causing mutp53 stabilization. Histone deacetylase (HDAC)
inhibitors (HDACi) are a new class of promising anti-cancer drugs, hyperacetylating histone and non-histone targets. Currently,
suberoylanilide hydroxamic acid (SAHA) is the only FDA-approved HDACi. We show that SAHA exhibits preferential cytotoxicity
for mutant, rather than wild-type and null p53 human cancer cells. Loss/gain-of-function experiments revealed that although able
to exert multiple cellular effects, SAHA’s cytotoxicity is caused to a significant degree by its ability to strongly destabilize mutp53
at the level of protein degradation. The underlying mechanism is SAHA’s inhibition of HDAC6, an essential positive regulator of
HSP90. This releases mutp53 and enables its MDM2- and CHIP-mediated degradation. SAHA also strongly chemosensitizes
mutp53 cancer cells for chemotherapy due to its ability to degrade mutp53. This identifies a novel action of SAHA with the
prospect of SAHA becoming a centerpiece in mutp53-specific anticancer strategies.
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For wild-type p53 (wtp53) harboring cancers, several small
molecule-based anticancer therapies such as Nutlin and RITA
aiming at non-genotoxic activation of wtp53 by release from its
negative regulation by MDM2 are currently intensely investi-
gated. However, over 50% of human tumors harbor mutant
p53 (mutp53). Ninety percent are missense point mutations in
the p53 DNA-binding domain. Mutp53 knock-in mice (KI),
modeling the human tumor-derived point mutations, estab-
lished that mutp53 alleles can drive tumor formation, invasion
and metastasis via dominant negative inhibition of wtp53 and
via a true gain-of-function (GOF), so-called ‘neomorphic’
oncogenic activities, compared with p53 null alleles.1,2 In
addition to their role in tumor formation and progression,
mutp53 proteins, whose hallmark is aberrant constitutive
hyperstabilization in tumor cells (but not in normal cells),1,2 are
clinically significant because their expression renders tumor
cells resistant to chemotherapeutic drugs.3–5 Importantly,
mutp53 KI mice also clearly established that p53 mutation
alone does not confer hyperstability of mutp53 protein, but
reflects a tumor-specific activation of p53-stabilizing path-
ways.6 We recently showed that stable complex formation
between HSP90, which is highly and ubiquitously upregulated
specifically in cancer cells, and mutp53 inhibits the respon-
sible E3 ligases MDM2 and CHIP, and constitutes the major
underlying mechanism for mutp53 stabilization.7 Importantly,

experimental interference with mutp53 function in tumor cells
either by expression of a dominant negative minipeptide or by
RNAi-mediated knockdown of elevated levels of mutp53
protein, severely attenuated tumor growth in vitro and in
xenografts, effectively decreased invasion and metastasis8,9

and restored chemotherapy-induced apoptosis.5,10

Histone deacetylase inhibitors (HDACi) are one of the most
promising classes of new anticancer drugs and currently
under intense investigation. HDACi were initially thought to
simply ‘normalize’ the widespread transcriptional silencing
mediated by the aberrant cancer cell epigenome. However,
with increasing understanding of the acetylome and its
regulation, a growing number of non-histone targets of
HDACs and thus novel targets of HDACi are being identified.
Non-histone targets of HDACs are transcription factors (e.g.,
p53, E2F1, STAT1, NF-kB). In wtp53 tumor cells, HDACi
induce p53 hyperacetylation that stabilizes and transcription-
ally activates p53 for pro-apoptotic targets. Other important
non-histone targets of HDACs are the specific cytoplasmic
proteins a-tubulin, HSP90 and Ku70. The a-tubulin and
HSP90 are specific targets of HDAC6 only.11 HDAC6 is an
obligate positive regulator of the multi-component HSP90
chaperone machinery that is required for proper folding of
many oncoproteins including mutp53. Acetylation of its core
component, Hsp90 protein, by HDAC6 knockdown or HDACi
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inactivates its chaperone activity and lead to degradation
of its clients HER2, ErbB1, ErbB2, Akt, c-Raf, BCR–ABL and
FLT3.12–15

HDACi show pleiotropic anti-cancer effects. These com-
prise tumor-cell intrinsic effects of inducing (typically p53
independently) apoptosis, cell cycle arrest and differentiation,
and extrinsic effects of inhibiting invasion, tumor vasculature
and enhancing the host immune response. Encouragingly,
HDACi show a big therapeutic window in cytotoxicity, with
transformed cells at least 10� more sensitive than normal
cells. For example, HDACi selectively induce apoptosis in
acute promyelocytic leukemic cells but not in normal bone
marrow or preleukemic cells that already express the PML-
RARa fusion oncoprotein.11 Thus, HDACi exhibit an excellent
toxicity profile. Currently there are over 70 mostly early phase
clinical trials ongoing for 11 different HDACi compounds,

either alone or in combination with other drugs, covering a
broad range of liquid and solid tumors. Suberoylanilide
hydroxamic acid (SAHA) (Vorinostat) is the first and currently
only FDA-approved HDACi drug (since 2006 for cutaneous T-
cell lymphoma). SAHA inhibits class I, II and IV HDACs,
including the cytoplasmic HDAC6, a member of class IIb, and
therefore can have multiple cellular effects. In cancer cells,
SAHA activates apoptosis by Bid cleavage, upregulation of
BH3-only proteins like Bim and Bmf, accumulation of ROS,
suppression of Bcl2 and ROS scavengers and TNFa family
activation.16

For mutp53 harboring tumors, we hypothesized that
destabilizing mutp53 may provide a novel therapeutic strategy
of clinical significance. However, pharmacologically effective
mutp53-targeting small molecule approaches have not
been properly explored. Here we show that SAHA shows
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Figure 1 SAHA downregulates mutp53 but not wtp53. This effect occurs at the level of protein degradation but not at the level of transcription. (a) SAHA (5 mM) strongly
downregulates mutant p53, MDM2 and MDMX protein levels. In contrast, SAHA does not alter levels of wild-type p53 protein. A panel of human tumor cell lines harboring
mutant or wild-type p53 were analyzed by immunoblot as indicated. Actin, loading control. (b) SAHA-mediated downregulation of mutant p53 is dose-dependent and correlates
with induction of PARP cleavage. (c) Proteosome inhibitor MG132 (5mM) rescues SAHA-mediated downregulation of mutp53, MDM2 and MDMX. Cells were simultaneously
treated with SAHA (5 mM) and MG132 (5 mM) for 16 h. HAUSP was used as a loading control. (d) SAHA (5 mM) dramatically decreases the half-life of mutant p53, MDM2 and
MDMX, all bona fide physiologic substrates of MDM2. CHX chase for the indicated times. Actin, loading control. Bottom, proteasome inhibitor MG132 (5 mM) rescues SAHA-
induced destabilization of mutp53, MDM2 and MDMX after CHX treatment. (e) The SAHA-mediated downregulation of mutant p53 does not occur at the level of transcription.
Mutp53 cells were treated with SAHA (5mM) and/or a-amanitin (10 mg/ml) for 16 h, a potent and specific transcriptional inhibitor of RNA polymerase II
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preferential cytotoxicity in mutp53 cancer cells by destabiliz-
ing mutp53 through inhibition of the HDAC6-Hsp90 chaper-
one axis. In sum, this data provides encouraging evidence for
the feasibility of mutp53-targeted anticancer therapy using a
well-tolerated small molecule inhibitor that is already in late
clinical trials.

Results

SAHA downregulates mutp53 but not wtp53. This effect
occurs at the level of protein degradation but not at the level of
transcription. To analyze whether SAHA has an effect on p53
expression, a panel of human tumor cell lines harboring either
mutant or wild-type p53 were analyzed by immunoblots. As
shown in Figure 1a, SAHA strongly downregulates the various
aberrantly accumulated mutp53 proteins in all cases, but does
not alter levels of wtp53 protein. Also, SAHA treatment
decreases the levels of MDM2 and MDMX, all bona fide
physiologic substrates of MDM2 in mutant, but not wtp53 cells
(Figure 1a). Moreover, SAHA-mediated downregulation of
mutp53 by low micromolar concentrations is dose-dependent
and correlates with induction of PARP cleavage in cancer cells
(Figure 1b). Furthermore, consistent with mutant-specific
downregulation, SAHA induces ubiquitination of mutant but
not wtp53 (Supplementary Figure 1). Importantly, proteasome
inhibition by MG132 completely rescues SAHA-mediated
downregulation of mutp53, MDM2 and MDMX, indicating that
SAHA regulates their stability on the post-transcriptional level
(Figure 1c). To further explore the mechanism of SAHA-
induced destabilization of mutp53, we next performed
cycloheximide (CHX) chase experiments. As shown in
Figure 1d, SAHA dramatically decreases the half-life not only
of mutp53 protein, but also of MDMX and of MDM2 itself.
Moreover, proteasome inhibiton completely rescues SAHA-
induced destabilization of mutp53, MDM2 and MDMX after
CHX treatment (Figure 1d). Conversely, mutp53 cells were
treated with SAHA plus a-amanitin, a potent transcriptional
inhibitor that blocks RNA polymerase II. However,
transcriptional inhibition does not interfere with SAHA-
mediated downregulation of mutp53 in all tumor lines tested
(Figure 1e). Taken together, our results indicate that SAHA’s
effect is specific for mutp53, and is largely posttranslational at
the level of protein degradation.

SAHA-induced degradation of mutp53 is mediated by
reactivation of MDM2 and CHIP E3 ligases. Next we
sought to identify the specific E3 ubiqutin ligase(s) that are
responsible for SAHA’s effect on mutp53. We focused on
MDM2 and CHIP, as CHIP was identified as a mutp53 E3
ligase17,18 and the functional inactivation of these two ligases
is the cause for aberrant stabilization of mutp53 in cancer
cells.7 Stable overexpression of MDM2 enhances SAHA-
induced degradation of mutp53 (and of MDMX) compared
with vector controls (Figure 2a). Moreover, the specific
MDM2 inhibitor Nutlin partially prevents SAHA-induced
destabilization of mutp53 (Figure 2b). Furthermore, direct
siRNA-mediated knockdown of MDM2 and CHIP partially
rescues SAHA-induced destabilization of mutp53 (Figures 2c
and 5e). Taken together, these data imply that

mechanistically SAHA causes mutp53 degradation by
inducing functional reactivation of MDM2 and CHIP.

HDAC6 inhibition destabilizes mutp53 by inactivating
HSP90. SAHA destabilizes mutp53 by inactivating
HDAC6. Mutp53 KI mouse models definitively clarified that
p53 missense mutations alone do not confer aberrant p53
protein stability, as normal tissues of these mice exhibit low,
wild-type like p53 levels.1,2 Thus, they showed that
hyperstability is not due to loss of transcriptional activation
of the p53 target gene MDM2, the long favored proposed
mechanism for hyperstability. Instead mutp53 stabilization
reflects a tumor-specific activation of a p53-stabilizing
pathway. The identity of this pathway seems to be linked to
the HSP90 chaperone machinery, which is highly and
ubiquitously upregulated specifically in cancer cells. Mutp53
proteins are damaged in their conformation-sensitive
core domain. In fact, in tumor cells mutp53 forms stable
complexes with Hsp90. These large stable heterocomplexes
were previously proposed to inhibit proteasome-mediated
degradation of mutp53.19

HSP90 chaperone activity is regulated by acetylation/
deacetylation of Hsp90. HSP90 acetylation at K294 inacti-
vates its chaperone activity by inhibiting its cyclical binding to
client proteins and cochaperones. HDAC6 is the positive
regulator of the HSP90 chaperone activity by mediating K294
deacetylation.20,21 Indeed, HDAC6 pharmacological inhibition
or HDAC6 siRNA-mediated knockdown leads to degradation
of mutp53. As shown in Figure 3a, HDAC6 inhibition by
Sulfaraphane (SFN)22 destabilizes mutp53 (and Mdmx).
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Figure 2 SAHA-induced degradation of mutp53 is mediated by reactivation of
MDM2 and CHIP E3 ligases. (a) Overexpression of MDM2 enhances SAHA-
induced degradation of mutp53 and MDMX. The cell system used here is described
by Li et al.7 wherein we show that in human cancer cells endogenous mutant p53 –
despite its ability to interact with MDM2 – suffers from a profound lack of
ubiquitination as the root cause of its degradation defect. Multiple lines of evidence
indicate the functional impairment of MDM2 in mutp53 cancer cells by the HSP90
chaperone. We found that in contrast to transiently overexpressed MDM2,
physiologically tolerated, stably overexpressed MDM2 is silent and fails to affect
ubiquitination and mutp53 levels, indicating the presence of selective pressure
against active MDM2 in mutp53 cancer cells. Immunoblot of parental MDA231 and
cells stably overexpressing MDM2. Actin as loading control. (b) Nutlin partially
prevents SAHA-induced destabilization of mutp53, indicating MDM2 reactivation
upon SAHA (5mM). GAPDH, loading control. (c) siRNA-mediated knockdown of
MDM2 and CHIP partially rescues SAHA-induced (5 mM) destabilization of mutp53

SAHA targets HDAC6-Hsp90 and destabilizes mutp53
D Li et al

1906

Cell Death and Differentiation



Conversely, Nutlin (Figure 3b) and MDM2 siRNA (Figure 3c)
partially prevent SFN-induced degradation of mutp53, again
implicating MDM2 in SFN-mediated degradation. More
importantly, HDAC6 inhibition by siRNA specifically destabi-
lizes mutp53 (but not wtp53, that is in HCT116 cells)
(Figure 3d) and this siHDAC6 effect is again rescued by
Nutlin or siRNA against MDM2 and CHIP (Figure 3e).
Conversely, HDAC6 overexpression stabilizes mutp53
(Figure 3f, middle lane). Importantly, this stabilization is
largely rescued by concomitant treatment with SAHA
(Figure 3f, third lane). Furthermore, SAHA targets all HDAC
isoforms including HDAC6.16 Importantly, SAHA releases
mutp53 by inhibiting the complex between Hsp90 and its p53
client (Figure 3g). To further support the fact that SAHA
specifically works through Hsp90, we examined the effect of
Hsp90 silencing. Indeed, although downregulation of Hsp90
by siRNA destabilizes mutp53 (Figure 3h, compare lanes 1
and 2), SAHA does not induce further destabilization in
HSP90-ablated cells (Figure 3h, compare lanes 3 with 4).
Thus, our aggregate results of Figures 1–3 concerning the
mechanism of SAHA-induced degradation of mutp53 strongly

suggest the following chain of events: in the context of
mutp53, to a large (albeit not exclusive) extent SAHA works by
inhibiting HDAC6 deacetylation. This leads to inactivation of
Hsp90 and release of mutp53 that in turn leads to reactivation
of MDM2 and CHIP E3 ligases and p53 degradation.

SAHA shows preferential cytotoxicity for mutp53 tumor
cells. Our results so far suggest that mutp53-harboring
tumor cells might be especially sensitive to SAHA’s anti-
tumor effects. To test this notion, we employed multiple
death assays to examine side-by-side randomly selected
panels of human tumor cell lines representing different p53
mutational status. One study had previously reported that
mutp53 was associated with increased cytotoxicity to the
HDAC inhibitors FR901228 (aka FK-228 or depsipeptide)
and trichostatin A (TSA).23 However, both drugs are of
different chemical classes than SAHA and were reported to
somehow ‘pharmacologically rescue’ mutp53 by inducing a
wild-type p53-like transcriptional response, indicated by p21
and MDM2 target gene induction. Because mutp53 is highly
expressed, a sudden restoration of wild-type p53 functions
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was proposed to be the basis of cytotoxicity for these two
HDACi.23 However, in contrast to FR901228 and TSA, SAHA
does not restore wild-type p53-like functions in mutp53. In
SAHA-treated MDA231 cells, MDM2 fails to be induced by
SAHA. p21, although mildly increased, is induced in a p53-
independent manner, as indicated by the highest p21
induction in p53 null cells (HCT116�/�), and comparable
(to mutp53 cells) p21 induction in wtp53 cells (RKO)
(Figure 4a). SAHA is well known to induce p21
(CDKN1A).11,24,25 Furthermore, in contrast to wtp53 cells
we did not observe upregulation of Puma, Noxa and Bax in
mutp53 cells following SAHA treatment (Figure 4a and
Supplementary Figure 3).

Concerning anti-tumor effects, SAHA indeed shows pre-
ferential cytotoxicity in mutp53 cancer cells. SAHA induced
strong cell killing in human tumor cells harboring mutp53, as
measured by trypan blue exclusion assays (Figure 4b), cell

viability assays (Figure 4c) and subG1 fractions in FACS
analysis (Figure 4d). In contrast, wtp53 or p53 null human
tumor cells show only minimal cytotoxic responses to SAHA
(Figures 4b–d). This result was further supported by determi-
nation of IC50s (inhibitory concentrations at which 50% killing
is achieved), which was profoundly lower in mutp53 cancer
cells (Table 1 and Supplementary Figure 2). Moreover, as
SAHA is an effective HDAC6 inhibitor, which is a positive
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Table 1 IC50 of SAHA

Cell line IC50 (lM) p53 status

RKO 393.0 wt
HCT+/+ 128.0 wt
T47D 1.732 mut
MDA231 1.105 mut
ES2 1.980 mut
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regulator of the HSP90 chaperone complex, we predicted that
in the context of mutp53, SAHA might synergize with a direct
Hsp90 inhibitor. Highly specific Hsp90 inhibitors such as the
geldanamycin and its clinically active derivative, the prototype
17AAG, competitively bind to the N-terminal ATP-binding
pocket and stop the chaperone cycle, leading to client protein
degradation.26,27 Indeed, 17AAG alone shows similar pre-
ferential efficacy in mutp53 tumor cells as SAHA alone.
Moreover, co-treatment of SAHA plus 17AAG causes a
synergistic loss of cell viability in some mutp53 cancer cells
(MDA231), but much less so or not at all in wtp53 cancer cells.
This is very obvious in MDA231 and T47D cells that were
killed with 100% efficiency by the drug combination
(Figure 4e, right). This synergistic efficacy correlates with
the degree of mutp53 destabilization and PARP cleavage in
mutant but not wild-type cells (Figure 4e, left). Of note, SAHA
alone induces mutp53 destabilization at least as efficiently as
17AAG alone. Thus, molecularly the synergism of SAHAþ
17AAG is explained by complementary drug targets against
distinct components of the HSP90 chaperone machinery,
leading to direct and indirect (HDAC6) inhibition of the
complex’s ability to hyperstabilize mutp53.

Causality – SAHA’s preferential cytotoxic effect on mutp53-
harboring cancer cells is to a significant degree due to its
ability to degrade mutp53. Our data so far shows that SAHA
preferentially kills mutp53 tumor cells and that its cytotoxicity
completely correlates with SAHA’s ability to degrade hyperstable
mutp53 protein, even under conditions of strong transcriptional
inhibition. Therefore we asked whether the anti-tumor effect of
SAHA is dependent on HSP90-mediated mutp53 degradation
and if so, to what degree. To test for dependence, we used
complementary gain- and loss-of-function approaches of mutp53
cancer cells and interrogated them in an array of functional
assays that included cell death, clonogenicity, invasion and
chemosensitization.

As shown in Figure 5, SAHA loses more than 50% of its
killing efficacy in mutp53-harboring cancer cells when its
target (mutp53) is knocked down by Tet-inducible shp53
RNAi, as shown in SW480 and MDA231 cells (Figures 5a
and b). In both cases, SAHA did retain a small remnant
efficacy despite p53 downregulation, which might be due to
incomplete p53 elimination, and/or to a p53-independent
component of the anti-tumoral SAHA effect. These results
were confirmed by long-term clonogenicity assays
(Figure 5c). Furthermore, SAHA-induces an invasion block
in MDA231 cells that correlates with its degradation of mutp53
(�Tet, Figure 5b, left and right panels). Conversely, the
SAHA-induced invasion block is virtually eliminated when
mutp53 is downregulated (þTet, Figure 5b, left and right
panels). This argues that the invasion block in p53-proficient
control MDA231 cells is at least in part due to SAHA-induced
HSP90-mediated mutp53 degradation.

In further support of a causal link for SAHA targeting
mutp53, SAHA loses killing efficacy when its ability to degrade
mutp53 is overwhelmed by excess amounts of ectopically
expressed mutp53 (‘overstuffed’). Excess ectopic R280K
mutp53 that has exhausted SAHA’s ability to degrade it at the
concentration used also squelches SAHA’s ability to induce
cell death in T47D and SW480 cells by more than 50%

(Figure 5d and data not shown). As expected and already
seen with the knockdown systems (Figures 5a–c), SAHA
retains some remnant efficacy, suggesting a partial p53-
independent component of SAHA action. Most importantly,
however, in both experimental conditions cells become
partially resistant to SAHA because SAHA is no longer able
to downregulate mutp53 levels.

As predicted and already seen above, knockdown of
MDM2 by siRNA partially rescues SAHA-induced destabiliza-
tion of mutp53 (Figures 2c, 5e) and inhibits the cytotoxic
effect of SAHA, indicated by reduced PARP cleavage
(Figure 5e).

One possible mechanism of SAHA-induced apoptosis in
mutp53 cells might be TAp63 activation. Although such an
effect was shown to be wtp53-dependent,28 at least in
principle SAHA might also activate TAp63 in our mutant p53
system in a transcription-dependent and independent way:
first, massive transcriptional induction of TAp63 mRNA (over
3000 fold), leading to p63 protein induction from undetectable
to highly detectable levels, was reported for HDAC inhibitors
TSA28,29 and SAHA29 in wtp53-harboring cancer cells.
However, we do not see TAp63 mRNA and protein induction
in mutp53 cells (Supplementary Figure 3 and Figure 5g). On the
other hand, destabilization of mutp53 by SAHA might release
TAp63 from a proposed mutp53-TAp63-Smad inhibitory com-
plex and empower its apoptotic function.8 This follow-up
question is currently under active investigation in our lab.

SAHA strongly chemosensitizes mutp53 cancer cells
and this is due to its ability to degrade mutp53. RNAi-
mediated mutp53 knockdown in human cancer cells was
previously shown to cause chemosensitization towards an
array of conventional genotoxic drugs,5,10,30 hinting that such
cancer cells are addicted to the continuous expression of
mutp53. Thus, we tested whether pharmacological
degradation of mutp53 via HSP90 targeting by SAHA can
also mediate chemosensitization in response to conventional
genotoxic drugs such as topoisomerase inhibitor
camptothecin. As shown in Figure 5f, this is indeed the
case. Although low doses of camptothecin (100 nM) and
SAHA (625 nM) alone induces only modest cell killing of 10
and 25%, respectively, in MDA231 cells, SAHA markedly
synergizes with camptothecin to cause 100% killing. A similar
situation is seen with T47D cells. Of note, this
chemosensitization is due to SAHA’s ability to degrade
mutp53, as excess ectopic mutp53, which overwhelms
SAHA, completely squelches this effect (Figure 5f).

Discussion

There is growing evidence that the highly accumulated
mutp53 protein, a hallmark of almost 50% of human tumors,
is a clinically relevant target for intervention. It is the
hyperstability of mutp53 that is the basis for its GOF and
dominant-negativity (over wtp53 in case of heterozygosity)
that promotes malignancy and chemoresistance.31 Aberrant
accumulation of mutp53 does not occur in normal cells1,2 but
is tumor-specific due to massive upregulation of the
multi-component HSP90 chaperone machinery that almost
ubiquitously accompanies malignant transformation.7,26,32,33
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RNAi-mediated knockdown of mutp53 was shown to de-
crease tumor cell proliferation in vitro and in xenografts, inhibit
invasion and metastasis, and sensitize tumor cells towards
genotoxic therapy.5,6,8,9 However, exploration of pharmaco-
logically effective small molecule therapy that targets mutp53
degradation has barely begun. Our results here provide
significant support for the hypothesis that destabilization of
mutp53 is indeed an effective strategy for treating this large
group of human cancers and that this can be achieved by
pharmacological means that are clinically already well
developed. Thus, these data carry some tangible translational
importance.

We show here that HDAC6, a cytoplasmic non-histone
HDAC that deacetylates Hsp90 and functions as an obligate
positive regulator of the HSP90 chaperone machinery,20,21 is
critically important in enabling aberrant stability of mutp53.

Inhibition of HDAC6, known to maintain Hsp90 chaperone
activity towards other cancer-related client proteins such as
androgen receptor, estrogen receptor and ErbB2,34 destabi-
lizes mutp53 by inactivating Hsp90 (Figure 3). Furthermore,
SAHA treatment leads to strong acetylation of HSP90,
interfering with its chaperone activity.35 Importantly, we could
demonstrate for the first time that the HDAC inhibitor SAHA is
able to effectively and specifically downregulate mutp53 by
promoting its degradation, while having no effect on wtp53
(Figure 1). Mechanistically, SAHA acts by inhibiting HDAC6,
thereby disturbing the physical interaction between Hsp90
and mutp53 that is the basis of mutp53 hyperstability. This in
turn enables the reactivation of the endogenous ubiquitin
ligases MDM2 and CHIP to mediate mutp53 degradation, thus
depriving these tumors of a crucial survival factor (Figure 2,
see model in Figure 6). As a result, we find that SAHA shows
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Figure 6 Proposed model of SAHA-mediated destabilization of mutant p53 by inhibiting the HDAC6-Hsp90 chaperone axis. Based on results from us and others, we
propose the following model. Normal tissues that harbor missense mutp53 are able to efficiently control their mutp53 levels despite the fact that their MDM2 levels are only
supported by constitutive P1 promoter-derived transcription. In contrast, tumor-specific stabilization of mutp53 proteins, which contributes to driving the tumor phenotype,
depends on a second alteration these cells undergo upon malignant transformation. This is their addiction to support from the activated heat shock machinery for survival. In
contrast to wtp53, the aberrant conformation of mutp53 proteins requires permanent heat shock support, thus mutp53 is stably engaged in complexes with the highly activated
HSP90 chaperone to prevent aggregation. Intimately linked to this conformational stabilization, however, is the fact that this interaction also acts as a large protective ‘cage’
against degradation, thereby enabling mutp53’s GOF. The E3 ligases MDM2 and CHIP, which in principle are capable of degrading mutp53, might also be trapped in this
complex in an inactive state. As mutp53 is fully competent to bind to MDM2, HSP90 likely binds to pre-existing mutp53-MDM2 complexes. Alternatively, chaperone-bound
mutp53 could recruit MDM2. HDAC6 is a cytoplasmic non-histone HDAC that deacetylates Hsp90 and an obligate positive regulator of the HSP90 chaperone activity.21,22

Inhibiting HDAC6 by SAHA and related drugs leads to hyperacetylation and inhibition of Hsp90. This destroys the complex, releases mutp53 and enables MDM2/CHIP-
mediated degradation

Figure 5 Causality – SAHA’s preferential cytotoxic effect on mutp53-harboring cancer cells is to a significant degree due to its ability to degrade mutp53. (a–c) Pseudo-null
lines were generated to eliminate mutp53 as a target of SAHA. Cells were pretreated with tetracycline to achieve ‘isogenicity’. Cells with high (control) and very low levels of
mutp53 were then treated with SAHA. In both MDA231 and SW480, SAHA partially loses cytotoxicity when mutp53 is very low. (a and b) In mutp53-harboring cancer cells SAHA
loses over 50% killing efficacy when mutp53 is knocked down. Left, immunoblots of (a) SW480 and (b) MDA231 cells stably harboring Tet-inducible shp53. Middle, trypan blue
exclusion assays. Percent increase in cell death of SAHA-treated cells relative to their respective untreated controls without SAHA. (b, right) Knockdown of mutp53 by SAHA or/
and Tet- inducible shRNA inhibits invasion. (b, left) Inhibition of invasion directly correlates with the extent of mutp53 destabilization. Aliquots were used for the Matrigel Boyden
chambers and corresponding immunoblot. (c) Clonogenicity assay of MDA231 cells harboring Tet-inducible shp53 in response to SAHA. Right, quantitation. For experiments in
a–c, cells were pretreated with tetracycline for 48 h and then seeded for subsequent SAHA treatment (5mM) for an additional 24 h. (d) Likewise, SAHA loses killing efficacy when
its ability to degrade mutp53 is overwhelmed by excess ectopic mutant p53. Left, immunoblots of empty vector or mutp53 R280K overexpressing T47D. Right, increase in cell
death of SAHA-treated cells relative to their respective untreated controls without SAHA. Trypan blue exclusion assay. (e) siRNA-mediated knockdown of MDM2 partially
rescues SAHA-induced destabilization of mutp53 and inhibits the cytotoxic effect of SAHA, indicated by reduced PARP cleavage. Cells were transfected with siMDM2 or
scrambled siRNA, followed by SAHA treatment (5mM) for 16 h. Immunoblot, actin as loading control. (f) SAHA strongly chemosensitizes mutp53 cancer cells and this is due to its
ability to degrade mutp53. Left, viability of MDA231, T47D vector and T47D cells overexpressing mutp53 R280K (see Figure 5d) after low-dose camptothecin (100 nM) and
SAHA (625 nM) treatment alone and in combination. CTB assays. Right, corresponding immunoblots of the T47D set. (g) SAHA fails to induce TAp63 protein in mutant p53
cancer cells. Despite multiple forced attempts (overloading, overexposure), we were unable to detect SAHA-induced TAp63 protein levels in any of the cell lines. Immunoblot
with a pan-p63 antibody (H137) of total cell lysates (20 mg per lane) from mutp53 cancer cells grown in the absence or presence of SAHA (5mM) for 24 h. As control, 2 mg of total
cell lysate from H1299 cells transfected with a TAp63a plasmid was loaded
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preferential cytotoxicity for mutp53 tumor cells, whereas
wtp53 and p53 null tumor cells are much less sensitive
(Figure 4).

Our result is important on several accounts. First, it was
previously thought that SAHA-induced tumor cell death was
independent of their p53 status. This conclusion, however,
needs to be updated as it was largely based on equal efficacy
between p53-null and wtp53 tumor cells.16,36,37 Our study,
which is the first systematic side-by-side comparison that
includes a random selection of established human mutp53
tumor cells, clearly shows a significantly increased respon-
siveness in mutp53 tumors. Moreover, SAHA is a pleiotropic
drug that traditionally is thought to act primarily at the
epigenetic transcriptional level.11,16 However, our gain-and
loss-of function studies demonstrate that in the case of
mutp53 tumor cells, SAHA’s effect is mainly posttranslational.
Its cytotoxicity is to a substantial – albeit not exclusive –
degree directly and causally linked to its ability to destabilize
mutp53 at the protein level.

SAHA induces mutp53 destabilization at least as efficiently
as 17AAG, the prototype of direct Hsp90 inhibitors that until
now were the only other class of mutp53 destabilizing agents.7

Moreover, a synergistic effect of both drugs is seen in some
mutant lines that correlates with further decrease of mutp53
levels (Figure 4e). We propose that inhibiting HDAC6 by
SAHA, that in turn causes hyperacetylation of HSP90, further
lowers the threshold of inhibiting HSP90 by 17AAG, resulting
in enhanced ubiquitination of HSP90 client proteins including
mutp53. Cancer cells that overexpress mutp53 are generally
highly resistant to conventional chemotherapeutic drugs. Of
note, using gain/loss-of-function manipulation, we demon-
strate that SAHA, by virtue of depleting mutp53, is able to
dramatically chemosensitize mutp53 cells to genotoxic stress
agents such as camptothecin (Figure 5).

Encouragingly, SAHA is being used in the clinic since
several years and found to be well tolerated. Overall our data
identifies a novel mutp53-directed action of SAHA and carries
the important translational prospect of SAHA becoming a
centerpiece in mutp53-specific anticancer strategies. They
provide the rationale to next test SAHA and other promising
HDACi under development in preclinical in vivo models,
currently under way in our laboratory.

Materials and Methods
Human cancer cells. Breast cancer MDA231 (p53R280K), MDA468
(p53R273K), T47D (p53L194F) and SKBR3 (p53R175H), colon cancer SW480
(p53 R273H and P309S), prostate cancer DU145 (p53P223L and V274F),
pancreatic cancer PANC1 and ovarian cancer EB2 cell lines harbor mutp53.
Conversely, MCF7 (breast), RKO, HCT 116 and DLD1 (colon), U2OS and SJSA
(osteosarcoma) contain functional wtp53. SAOS2 and HCT116�/� cells are p53
null. Stable mutant Tet-On SW480 (p53 R273H/P309S) inducibly express shp53
under the control of a tetracycline-regulated promoter when tetracyclin is added into
the culture medium (1.0 mg/ml).28 T47D and SW480 cells stably overexpressing
excess ectopic p53R280K were generated by transfection and selection. All cells
were cultured in 10% FCS/DMEM. Where indicated, cells were treated with CHX
(50mg/ml, Sigma, St. Louis, MO, USA), MG132 (5mM) or a-amanitin (10 mg/ml,
Sigma) added to the medium. Treatment with SAHA was for 24 h at the indicated
concentrations. SFN (20 mM, Sigma) was used for 24 h, 17AAG (5mM,
17-allylamino-17-demethoxygeldanamycin, LC Laboratories, Woburn, MA, USA)
was used for 24 h, 5 mM Camptothecin for 3 h and Nutlin (20 mM, Sigma) for 24 h.
Cell death was determined by trypan blue exclusion, subG1 fractions in propidium
iodide-stained flow cytometry, CellTiter-Blue cell viability assays (Promega,

Fitchburg, WI, USA; 96-well format with 10 000 cells/well seeded 24 h before)
and standard clonogenicity assays. Invasion was determined by standard Matrigel
Boyden chambers. All cell viability assays were done using CellTiter-Blue Cell
Viability Assay (Promega, 96-well format with 5000 cells/well seeded 24 h before).
Cells were treated for 48 h in various concentrations of drug used. Florescence was
detected by SPECTRAmax M2 (Molecular Devices, Sunnyvale, CA, USA). IC50
was calculated using GraphPad Prism 5, 2 sites-Fit logIC50 program (GraphPad
Prism, La Jolla, CA, USA).

Plasmids. pCMV-MDM2 and pcDNA3.3-mutp53 plasmids carrying a Neomycin
resistance gene were transfected with Lipofectamine (Invitrogen, Carlsbad, CA,
USA). Stably transfected clones were selected in 700 mg/ml G418 (Gibco,
Carlsbad, CA, USA).

RNA interference. Pools of four different siRNA duplexes specific for human
HDAC6 (Dharmacon, Lafayette, CO, USA), MDM2 (Ambion, Austin, TX, USA) and
CHIP (Dharmacon) or scrambled control duplexes were transfected with
Lipofectamine 2000. Cells were harvested 48 h later for analysis. For Hsp90
silencing, MDA231 cells were transfected with 10 pmol of Silencer Select siRNAs
(Ambion).

Immunoblots and immunoprecipitations. For immunoblots, equal total
protein of crude cell lysates (2.5–5 mg) were loaded. Antibodies were FL393 and
DO1 for p53, SMP14 for MDM2 (Santa Cruz, Santa Cruz, CA, USA), MDMX (Bethyl
Lab, Montgomery, TX, USA), CHIP (Calbiochem, Darmstadt, Germany), HDAC6
(Santa Cruz) HAUSP (Calbiochem), cleaved PARP (Cell Signaling, Beverly, MA,
USA), Hsp90, E-cadherin, pan-p63 H137 (all Santa Cruz), actin and rabbit IgG
(Sigma). For detecting endogenous complexes, crude lysates were
immunoprecipitated with 1mg antibody for 2 h. Beads were washed three times
with SNNTE plus 2� RIPA (50 mM Tris, 150 mM NaCl, 1% Triton X-100, 0.1%
SDS, 1% Na deoxycholate, pH 7.4) before immunoblotting.
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