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Histone Deacetylase 6 (HDAC6) Deacetylates Survivin for Its
Nuclear Export in Breast Cancer™
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Background: Survivin is an oncogenic protein that is acetylated by CBP, which restricts its location to the nuclear com-

partment and blocks its anti-apoptotic effect.

Results: HDAC6 deacetylates survivin to promote its nuclear exit in estrogen receptor-positive breast cancer cells.
Conclusion: Cross-talk between estrogen, CBP, and HDAC6 regulate the amount of nuclear acetylated survivin.
Significance: Understanding how estrogen regulates survivin nuclear export may influence breast cancer treatment.

Survivin is an oncogenic protein that is highly expressed in
breast cancer and has a dual function that is dependent on its
subcellular localization. In the cytosol, survivin blocks pro-
grammed cell death by inactivating caspase proteins; however,
in the nucleus it facilitates cell division by regulating chromo-
somal movement and cytokinesis. In prior work, we showed that
survivin is acetylated by CREB-binding protein (CBP), which
restricts its localization to the nuclear compartment and
thereby inhibits its anti-apoptotic function. Here, we identify
histone deacetylase 6 (HDAC6) as responsible for abrogating
CBP-mediated survivin acetylation in the estrogen receptor
(ER)-positive breast cancer cell line, MCF-7. HDAC6 directly
binds survivin, an interaction that is enhanced by CBP. In qui-
escent breast cancer cells in culture and in malignant tissue sec-
tions from ER+ breast tumors, HDACS6 localizes to a perinu-
clear region of the cell, undergoing transport to the nucleus
following CBP activation where it then deacetylates survivin.
Genetically modified mouse embryonic fibroblasts that lack
mhdac6 localize survivin predominantly to the nuclear com-
partment, whereas wild-type mouse embryonic fibroblasts
localize survivin to distinct cytoplasmic structures. Together,
these data imply that HDAC6 deacetylates survivin to regulate
its nuclear export, a feature that may provide a novel target for
patients with ER+ breast cancer.

Histone deacetylase inhibitors have shown promising early
results in the adjuvant treatment of several cancers (1-3).
Although there is empiric support for these agents, their mech-
anism of action in tumor cells is incompletely understood. His-
tone deacetylase inhibitors block tumor survival pathways at
the transcriptional level by inducing expression of tumor sup-
pressor genes such as p53 and p21 as well as by post-transla-
tionally modifying non-histone proteins through acetylation of
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lysine residues (4—6). Global acetylation studies demonstrate
that proteins involved in proliferation, cell growth, cell cycle,
differentiation, and migration are functionally regulated
through acetylation (7). Acetylation/deacetylation alters pro-
tein stability, subcellular localization, and subsequent interac-
tion with other proteins. Together, this process can profoundly
change protein function, potentially reversing oncogenic
potential and increasing tumor susceptibility to treatment.

Our group previously demonstrated that the inhibitor of
apoptosis protein survivin is acetylated in a growth factor-de-
pendent manner by the histone acetyltransferase, CREB-bind-
ing protein (CBP)? in breast cancer cells (8). We showed that
CBP-dependent acetylation at Lys-129 maintains survivin
nuclear localization by promoting its homodimerization and
stability in this compartment. By contrast, mutation at this res-
idue to a non-acetylatable amino acid inhibits survivin
homodimerization, promotes binding to the nuclear export
protein Crml, and results in export to the cytoplasmic com-
partment. Because the anti-apoptotic function of survivin is
dependent on its cytoplasmic abundance (9, 10), inhibiting sur-
vivin nuclear export may be a novel approach to cancer therapy.
In support of this concept, studies have demonstrated that
increases in nuclear survivin promote apoptosis and increase
susceptibility of cancer cells to chemical- and radiation-in-
duced cell death (9, 10). Understanding the mechanism of sur-
vivin deacetylation could provide new therapeutic targets to
inhibit its nuclear export and thereby regulate its anti-apoptotic
function.

Histone deacetylase proteins (HDACs) are classified based
on their yeast homologues and include class I (HDACs 1, 2, 3,
and 8), class Ila (HDACs 4, 5, 7, and 9), class IIb (HDACs 6 and
10), class III HDAC:s (sirtuins (silent mating type information
regulation 2 homolog) 1-7), and class IV (HDAC 11) (1, 2, 11,
12). Except for the class IIl NAD"-dependent HDACs, the
other zinc-dependent HDACs are the current targets of histone
deacetylase inhibitor anti-cancer drugs (13). Class I and II

2 The abbreviations used are: CBP, CREB binding protein; CREB, cAMP-respon-
sive element-binding protein; HDAC, histone deacetylase protein; MEF,
mouse embryonic fibroblast; TSA, trichostatin A; LB, leptomycin B.
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HDACs are expressed at high levels in some primary solid
tumors, including breast cancer, and have been demonstrated
to be directly involved in cancer development in animal models
(13).

Through a series of biochemical assays, we identified
HDACEG as a survivin deacetylase that inhibits CBP-dependent
survivin acetylation. HDAC6 primarily localized to the nuclear-
cytoplasmic junction in quiescent breast tumor cells in culture
and in tumor tissue from breast cancer patients. Once activated
by CBP in an estrogen-dependent manner, HDACG6 enters the
nucleus, promoting survivin deacetylation and nuclear export.
Taken together, our findings reveal a novel mechanism of how
HDACS6 and survivin interact at the nuclear membrane to con-
trol the acetylation state of survivin.

EXPERIMENTAL PROCEDURES

Cells and Culture—HEK293T, HeLa, and MCF-7 cell lines
were cultured as described previously (8). mhdac6-null and
wild-type mouse embryonic fibroblasts (MEFs) were a kind gift
from the laboratory of Dr. Tso-Pang Yao (Duke University
Medical Center, Durham, NC). MEF cells were cultured in
DMEM media supplemented with 10% FBS and 1% penicillin/
streptomycin. For experiments involving estrogen, MCEF-7 cells
were cultured for 48 h in phenol red-free Dulbecco’s modified
Eagle’s medium (DMEM) containing 5% charcoal-stripped FBS
then serum-starved overnight prior to treatment with estradiol
(10 nm) for 6 h. Trichostatin A (TSA) and nicotinamide were
purchased from Sigma.

Plasmids and Transfections— 6 X Myc survivin 129K or 129E
and HA-CBP were generated as described previously (8).
FLAG-HDAC plasmids 1, 2, 3, and 6 were kind gifts from Dr.
Edward Seto (Lee Moffitt Cancer Institute, Tampa, FL). Trun-
cated HDACS6 constructs Hdase I (1-414), Hdase II (415-903),
and ZIF (904 -1215) were generated using PCR amplification
from human full-length HDAC6 cDNA with primers contain-
ing Xbal and BamHI restriction sites (Hdase I) or Xbal and
EcoRI restriction sites (Hdase II and ZIF) and cloned into the
N-terminal p3XFLAG-CMV-9 expression vector (Sigma). The
HDAC6-dead mutant was a kind gift from Dr. Stuart Schreiber
(The Broad Institute and Harvard University, Cambridge, MA).
Plasmids were transfected into HEK293T and HeLa cells using
either Lipofectamine 2000 or Lipofectamine LTX (Invitrogen)
for 48 h. CBP and control siRNA (sc-29244) were purchased
from Santa Cruz Biotechnology. MCF-7 cells were transfected
with control siRNA (300 pmol) or CBP siRNA (300 pmol) using
LipoRNAiMax (Invitrogen).

Immunoprecipitation and Immunoblotting—Treated and
transfected cells were washed twice with cold PBS, lysed on ice
with cell lysis buffer (20 mm Tris-HCI, pH 7.5, 150 mm NaCl, 1
mM Na, EDTA, 1% Triton X-100, 2.5 mm sodium pyrophos-
phate) plus protease inhibitors (1 mm B-glycerophosphate, 1
mM NazVO, 1 ug/mlleupeptin, 1 ug/ml aprotinin, 1 mm DTT,
and 1 mm PMSF), scraped, and collected in microcentrifuge
tubes and incubated on ice for 30 min. For immunoprecipita-
tions, lysates were precleared with protein A/G plus agarose
beads (Santa Cruz Biotechnology). Supernatants were incu-
bated at 4 °C with anti-Myc (Santa Cruz Biotechnology) over-
night and then incubated on a rocking shaker at 4 °C with pro-
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tein A/G plus agarose beads for 4 h. Samples were washed, and
pellets were denatured in SDS loading buffer and boiled prior to
separation by SDS-PAGE. Immunoblotting of immunoprecipi-
tation and total protein samples was performed on PVDF mem-
branes with antibodies for acetylated survivin (Novus Biologi-
cals), full-length survivin, CBP, HDAC6, Myc, actin (Santa Cruz
Biotechnology), FLAG (Cell Signaling), a-tubulin (Sigma), and
HDACI1 (Affinity Bioreagents).

Subcellular Fractionation—For subcellular fractionation,
cells were collected in low salt hypotonic buffer (buffer A; 10
mM Tris, pH 7.5, 10 mm KCl, 0.5 mm EGTA, 1% IGEPAL (Non-
idet P-40)) plus protease inhibitors (1 mm B-glycerophosphate,
1 mm NazVO, 1 ug/ml leupeptin, 1 ug/ml aprotinin, 1 mm
DTT, and 1 mm PMSF) and incubated for 15 min at 4 °C on a
rotating shaker. Lysates were then centrifuged at 14,000 rpm
for 20 min at 4 °C. Supernatants were collected in separate
tubes (cytoplasmic fraction), and pellets were washed with
buffer A and recentrifuged as above. Pellets were washed with
cold PBS and centrifuged. Pellets were resuspended in high salt
hypotonic buffer (buffer B; 20 mm Tris pH 7.9, 25% glycerol, 1.5
mm MgCl,, 400 mm NaCl, and 0.5 mm EGTA) plus protease
inhibitors and then incubated for 30 min in 4 °C on a rotating
shaker. Lysates were then centrifuged, and supernatants were
collected in separate tubes (nuclear fraction). Membranes were
immunoblotted with antibodies to acetylated survivin (Novus
Biologicals), full-length survivin, CBP, HDAC6, Myc, actin
(Santa Cruz Biotechnology), FLAG (Cell Signaling), a-tubulin
(Sigma), and HDACI1 (Affinity Bioreagents).

Immunofluorescence—Cells were fixed in 3.7% formaldehyde
then blocked and permeabilized in 0.1% Triton X-100, 3% BSA
in PBS. Primary antibody was rabbit anti-acetylated survivin
(Novus Biologicals), mouse anti-survivin (D-8), and rabbit anti-
HDACS6 (H-300) (Santa Cruz Biotechnology). Secondary anti-
body was anti-rabbit IgG conjugated to Dylight 488 and
anti-mouse IgG conjugated to Dylight 594 (ThermoFisher Sci-
entific). Slides were mounted with Prolong anti-fade reagent
(Invitrogen). Images were captured using a Nikon C1si Confo-
cal microscope.

RESULTS

Survivin Is Deacetylated at Lys-129 by Member of Class 1/1]
HDACs—In previous work, we demonstrated that the histone
acetyltransferase protein CBP induced survivin acetylation on
multiple lysine residues in the estrogen receptor-positive breast
cancer cell line, MCF-7 (8). Through mutational analyses, we
also showed that loss of CBP-dependent acetylation at Lys-129
facilitates Crm1-mediated nuclear export of deacetylated sur-
vivin, suggesting that survivin acetylation dictates whether it
functions as a nuclear or cytosolic protein. To determine the
histone deacetylase(s) responsible for deacetylating survivin at
this and other residues, we treated MCF-7 cells with either the
class I/1I inhibitor TSA for 6 h or the class III inhibitor nicotin-
amide for 24 h, or with both, harvested for total cellular protein,
and then performed Western blots using an antibody generated
to the specific survivin-acetylated Lys-129 residue or an anti-
body generated to full-length (total) survivin. In TSA-treated
MCE-7 cells, robust levels of acetylated survivin protein were
observed (Fig. 14). By contrast, nicotinamide had no effect on

VOLUME 287 +NUMBER 14+MARCH 30, 2012



A. HDAC | NAM -+ -+ B.
Inhibitor TSA s - % &
D Survivin

DMSO

TSA

TSA (MM) 0 01 1 5

Survivin129Ac E

Survivin129Ac

HDACG6 Restricts Survivin Nuclear Export

C.

TSA (hrs) 0 05 1 2 4 6

Survivin129Ac I —— a I

Survivin I ‘----‘I

Actin I I

DAPI Merged

FIGURE 1. The class I/Il histone deacetylase inhibitors (HDI/) TSA induces survivin acetylation in ER+ breast cancer cells. A, acetylated survivin Lys-129
and total survivin levels in response to nicotinamide (NAM), TSA, or both in MCF-7 cells, as determined by Western blotting using a specific antibody to
acetylated survivin Lys-129 (Survivin129Ac) or total survivin, respectively. B, dose response of TSA-mediated survivin Lys-129 acetylation in MCF-7 cells. C, time
course of survivin Lys-129 acetylation in 1 um TSA-treated MCF-7 cells. D, subcellular localization of acetylated and total survivin in MCF-7 cells treated with TSA
or dimethyl sulfoxide (DMSO; vehicle control) for 6 h and then fixed and co-immunostained with antibodies to acetylated survivin and total survivin (green and
red, respectively) and DAPI. Images were taken with a Nikon confocal microscope. Scale bar, 20 um.

survivin acetylation, and no additional increases in acetylation
were observed after treatment with both TSA and nicotina-
mide, suggesting that although class I/IIl HDACs play a role in
deacetylating survivin, class III proteins do not. Total survivin
was unchanged in either condition when detected with the anti-
body against the full-length protein, as expected given that
acetylated survivin is a small fraction of the total survivin pool.
To determine the dose- and time-dependent effects of TSA on
survivin acetylation, we treated MCF-7 cells with increasing
concentrations of TSA over a series of time points. Our results
demonstrated that 1 um TSA induced maximal survivin Lys-
129 acetylation (Fig. 1B), first detected at 1 h and steadily
increasing by 6 h (Fig. 1C), indicating a time- and concentration
dependence that should be linked to a functional role for sur-
vivin acetylation states. Similar results were also observed in
HelLa cells (supplemental Fig. S1).

To demonstrate the effects of HDAC inhibition on the sub-
cellular distribution of survivin, we co-immunostained MCE-7
cells with an antibody to total survivin and to acetylated sur-
vivin. In the absence of TSA, a small, basal level of acetylated
survivin was detected that localized to the nucleus (Fig. 1D,
upper panel). Following TSA treatment, the levels of acetylated
survivin significantly increased (~10-fold) in the nuclear com-
partment (Fig. 1D, lower panel). Total survivin however, was
detected in both the cytoplasm and the nucleus of untreated
and treated cells. These results were consistent with the West-
ern blot data, suggesting that class I/IIl HDACs are involved in
survivin deacetylation.

HDAC6 Abrogates CBP-dependent Survivin Acetylation—
CBP is a central histone acetyltransferase that acetylates multi-
ple cancer-associated proteins and thereby alters their activity
(11, 14, 15). To demonstrate the CBP-specific effect on survivin
acetylation, we transfected HeLa cells with an expression plas-
mid encoding HA-tagged CBP then immunostained the cells
with the survivin-acetylated antibody. CBP highly induced sur-
vivin acetylation, and the acetylated survivin protein displayed
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a nuclear staining pattern after CBP transfection that was sim-
ilar to that seen following TSA treatment (Fig. 24). To identify
the specific HDAC(s) that deacetylates survivin, we co-trans-
fected HEK293 cells with a Myc-tagged survivin and CBP con-
struct, along with either empty vector, or one of the class I/II
HDACs; HDAC1, HDAC2, HDAC3, or HDAC6 and then per-
formed Western blotting on total cell lysates using the survivin-
acetylated antibody. The results showed that CBP-dependent
survivin acetylation was unaffected by HDAC], -2, and -3, but
was abolished by HDACG6 (Fig. 2B). These results were recapit-
ulated in HeLa cells (Fig. 2C).

HDAC6 Domain 2 Is Required for Survivin Deacetylation—
HDACS6 is a unique member of the HDAC class IIb family,
structurally composed of duplicate catalytic domains and a
third ubiquitin-binding domain (11, 16). To identify the
domain responsible for the survivin deacetylase activity, we
constructed three truncated forms of HDACG6 from the full-
length HDAC6 cDNA, corresponding to each domain; histone
deacetylase domain 1 (amino acids 1-414), histone deacetylase
domain 2 (amino acids 415-903), and ubiquitin binding
domain 3 (amino acids 904 —1215) (Fig. 2D). We co-transfected
HeLa cells with Myc-survivin, HA-CBP; FLAG-HDAC6
domain 1, 2, or 3; full-length HDAC6 or empty vector; with the
latter two as positive and negative deacetylase controls, respec-
tively. We performed Western blotting on total cell lysates
using the survivin-acetylated antibody. Our results demon-
strated that similar to full-length HDAC6, domain 2 alone abol-
ished CBP-mediated survivin acetylation, whereas domains 1
and 3 had little to no effect (Fig. 2E). To further validate that
HDAC6 domain 2 is responsible for survivin deacetylation, we
utilized an HDAC6 construct (HDAC6-dm) containing a dou-
ble point mutation that lacks deacetylase activity (12). Our
results demonstrated that CBP-dependent survivin acetylation
is restored when the HDAC6 deacetylase activity is inactivated
(Fig. 2F). Taken together, the data suggest that domain 2 of
HDACS6 is necessary and sufficient to inhibit CBP-dependent
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FIGURE 2. HDAC6 abrogates CBP-mediated survivin acetylation. A, expression of acetylated survivin in HeLa cells transfected with CBP or empty vector (—).
Cells were fixed and immunostained with an antibody for acetylated survivin (gray) and DAPI. Images were taken with a Nikon confocal microscope. Scale bar,
20 um. B, expression of acetylated survivin in HEK293 cells in response to different HDAC proteins. Cells were transfected with Myc-tagged survivin, HA-tagged
CBP, and FLAG-tagged HDAC 1, 2, 3, or 6. Total cellular lysates were immunoblotted with the indicated antibodies. C, expression of acetylated survivin in HelLa
cellsinresponse to HDAC6. Cells were co-transfected with Myc-tagged survivin, HA-tagged CBP, and FLAG-tagged HDAC6. Total cellular lysates were prepared
and immunoblotted with the indicated antibodies. D, schematic diagram of human HDAC6 protein showing the deacetylase domains 1 and 2 and the zinc
finger domain Il (Hdase |, Hdase II, and ZIF, respectively). His-216 and His-611 are the histidine amino acids mutated to alanine in the HDAC6-dead mutant that
inactivates the deacetylase function of Hdase | and Hdase I, respectively. D1 (amino acids 1-414), D2 (amino acids 415-903), and D3 (amino acids 904-1215)
illustrate the protein segments for the FLAG-tagged HDAC6 truncated constructs cloned from full-length HDAC6 and used in E. E, Hela cells were co-
transfected with Myc-survivin, HA-CBP, and either FLAG-tagged full-length HDACG (fl), FLAG-tagged Hdase | domain 1 (D7), Hdase Il domain 2 (D2), ZIF domain
3 (D3), or with empty vector (EV). Total cellular lysates were immunoblotted with the indicated antibodies. F, diagram showing the site of mutations of the
HDAC6-dead mutant. HelLa cells were co-transfected with Myc-survivin, HA-CBP, FLAG-HDAC6 full-length (fl), FLAG-HDAC6-dead mutant (dm), or empty vector
(EV). Total cellular lysates were immunoblotted with the indicated antibodies.

survivin acetylation. This is consistent with published reports
demonstrating that domain 2 is responsible for the deacetylase
activity of other proteins (17, 18).

HDACG6 Regulates Survivin Deacetylation in Different Subcel-
lular Pools—As HDACS is mainly cytoplasmic but can be stim-
ulated to enter the nucleus via its nuclear localization signal
(19), we sought to determine the subcellular compartment(s)
within which HDAC6 deacetylates survivin. To examine the
endogenous distribution of HDAC6 and acetylated survivin in
MCE-7 cells, we performed subcellular fractionation in the
presence and absence of TSA. Untreated MCF-7 cells demon-
strated a basal level of nuclear acetylated survivin, which signif-
icantly increased following TSA treatment (Fig. 34), consistent
with our previous microscopy results (Fig. 1D). HDAC6 pri-
marily localized to the cytoplasm under both conditions.
HDACS6 protein levels were not altered by TSA, consistent with
TSA-mediated inhibition of HDAC6 enzymatic activity but not
protein steady state.

To determine the compartment(s) where HDAC6 deacety-
lates survivin, we first performed subcellular fractionation. We
co-transfected HEK293 cells with Myc-survivin and FLAG-
HDACS6 constructs in the presence or absence of CBP then
analyzed the nuclear and cytoplasmic fractions by Western
blot. In the absence of CBP-driven acetylation, total survivin
and HDAC6 were localized primarily within the cytoplasm (Fig.
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3B, left panel). Following CBP-driven acetylation, both total
survivin and HDAC6 dramatically increased within the nuclear
compartment (Fig. 3B, right panel), indicating that CBP-depen-
dent acetylation induces nuclear survivin accumulation and
promotes HDAC6 nuclear trafficking, potentially as a control
mechanism to regulate the nuclear levels of acetylated survivin.
Correspondingly, CBP-induced acetylated survivin was
detected in both nuclear and cytoplasmic compartments and
was abolished in both compartments by wild-type HDACS6.
HDACE6 Enters Nucleus to Bind Survivin and Facilitate Sur-
vivin Nuclear Export—To further investigate the subcellular
region(s) where HDAC6 deacetylates survivin under different
conditions, we transfected HeLa cells with and without HDAC6
or CBP and performed immunofluorescence microscopy. In
non-transfected cells, endogenous HDAC6 exhibited a perinu-
clear staining pattern with minimal colocalization with nuclear
survivin (Fig. 3C, top row). This pattern was similarly observed
after HDACS6 transfection, with a substantial increase in stain-
ing noted around the nuclear membrane (Fig. 3C, middle row).
The same perinuclear staining pattern was observed in tissue
sections obtained from ER-positive breast carcinomas immu-
nostained with anti-HDAC®6 (Fig. 3D), supporting the cell cul-
ture results. Following CBP transfection in HeLa cells, HDAC6
localized primarily within the nucleus and colocalized with
nuclear survivin (Fig. 3C, bottom row). These results show that
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FIGURE 3. HDAC6 deacetylates survivin for its nuclear export. A, MCF-7 cells were treated with 1 um TSA or vehicle control for 6 h. Nuclear (N) and
cytoplasmic (C) lysates were prepared by subcellular fractionation then immunoblotted with anti-acetylated survivin, anti-survivin, anti-HDAC6, a-tubulin, and
HDAC1, the latter two of which were cytoplasmic and nuclear fraction controls, respectively. B, HEK293 cells were co-transfected with FLAG-HDAC6, HA-CBP,
and Myc-survivin. Nuclear (N) and cytoplasmic (C) lysates were prepared and immunoblotted (/B) with anti-acetylated survivin, anti-FLAG, anti-Myc, anti-CBP,
and anti-tubulin. C, Hela cells were co-transfected with FLAG-HDAC6, HA-CBP, or empty vector (—) and then fixed and co-immunostained with anti-survivin
(red), anti-HDACG6 (green), and DAPI. Cells were imaged by a Nikon confocal microscope. Scale bars, 20 um. D, 4 um paraffin-fixed estrogen-receptor positive
breast cancer tissue was immunostained with anti-HDACS6, as described previously (23). £, HelLa cells were transfected with FLAG-HDAC6, HA-CBP or empty
vector (EV) then immunoprecipitated (/P) with anti-HDAC6 or immunoglobulin control (Ig) and immunoblotted with anti-survivin and anti-HDAC6. F, MEFs
isolated from mHDAC6 null (—/—) or WT mice were immunostained with anti-survivin (red) and imaged by a Nikon confocal microscope. Scale bar, 20 pwm.

Optical sectioning through the depth of the cell was performed using z-stacking (red, survivin; blue, DAPI).

CBP can induce HDACG6 nuclear import, while maintaining
acetylated survivin sequestered in the nuclear compartment.
Although it has been reported that HDACG6 binds nuclear pro-
teins (20) and that its structure includes an N-terminal nuclear
import signal (19), factors regulating its entry into the nucleus
have not been identified. The demonstration that CBP can
stimulate HDAC6 nuclear entry strongly suggests that HDAC6
itself is modified by histone acetyltransferase proteins.

To establish whether survivin is a direct substrate of HDAC6,
HDAC6 was immunoprecipitated from non-transfected HeLa
cells or after transfection with HDAC6 or CBP. HDAC6-sur-
vivin immunoprecipitants were not well visualized in the non-
transfected cells; however, binding between the two proteins
was observed in HDAC6-transfected cells and was further
increased in CBP-transfected cells (Fig. 3E), consistent with a
direct association between HDAC6 and survivin in the nucleus
(Fig. 30).

To examine the potential in vivo requirements for HDAC6
regulating survivin function, we immunostained HDAC6 null
and wild-type (WT) MEFs (kind gift from the laboratory of Dr.
Tso-Pang Yao, Duke University Medical Center, Durham, NC)
with anti-survivin. The localization pattern of survivin differed
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in these two cell types. Although the WT cells displayed a punc-
tate, cytoplasmic pattern that was excluded from the nucleus
(Z-stack, Fig. 3F), the HDAC6 null cells exhibited a primarily
nuclear pattern (Fig. 3F), suggesting that HDAC6-mediated
survivin deacetylation is required for survivin nuclear export.
Collectively, these results support a role for HDAC6 as a guard-
ian or gatekeeper at the nuclear-cytoplasmic border, inhibiting
acetylated survivin nuclear export under resting conditions.
When stimulated by histone acetyltransferase proteins,
HDACS6 is imported into the nucleus and binds survivin to
deacetylate the protein as a likely control mechanism to regu-
late increasing levels of nuclear acetylated survivin and perhaps
to increase its cytoplasmic concentration for its anti-apoptotic
activity (9).

HDAC6-mediated Survivin Deacetylation Is Independent of
Crm1—HDACS, like survivin, is exported from the nucleus
by Crml (21); therefore, we investigated whether an HDAC6-
Crm1 complex is required for survivin deacetylation. Endoge-
nous HDAC6 immunoprecipitants showed strong binding to
Crm1 under unstimulated conditions (Fig. 44). To determine
whether Crm1 is required for survivin deacetylation, we treated
HeLa cells with the Crm1 inhibitor, leptomycin B (LB), and

JOURNAL OF BIOLOGICAL CHEMISTRY 10889



HDACG6 Restricts Survivin Nuclear Export

- +* + * + * .

A b 19 Hoacs  B.myeumvn S . &

EV + + - + -

18 Leptomycin B - + » +
Survivin129Ac I —_— — l

crmt [S] e

Input Flagl e —— —l
MYC | — — — — ——

C. Leptomycin B
Survivin HDAC6 DAPI Merge
EV
Flag-HDACS6
HA-CBP

FIGURE 4. Survivin deacetylation by HDAC6 is independent of the nuclear export protein Crm1. A, untreated Hela cells were lysed and immunoprecipi-
tated with anti-HDAC6 orimmunoglobulin control (Ig) and immunoblotted with anti-Crm1 and anti-HDAC6. Total Crm1 and total HDAC6 protein are shown as
input. B, HeLa cells were co-transfected with FLAG-HDAC6, HA-CBP, and Myc-survivin then treated with or without LB, as described previously (8). Total cellular
lysates were immunoblotted (/B) with anti-acetylated survivin, anti-Myc, and anti-FLAG. C, HeLa cells were co-transfected with expression plasmids encoding
FLAG-HDAC6, HA-CBP, or an empty vector control (EV) and then treated with LB as described previously (3). Cells were fixed and immunostained with
anti-survivin (red), anti-HDAC6 (green), and DAPI and imaged by a Nikon confocal microscope. Scale bar, 20 wm. IP, immunoprecipitation.

performed Western blot assays for acetylated survivin. HDAC6
inhibited survivin acetylation both in the presence and absence
of LB (Fig. 4B), suggesting that Crm1 is not required for survivin
deacetylation by HDAC6. These findings were corroborated by
immunofluorescence, demonstrating that HDAC6 localizes to
the nucleus and colocalizes with survivin under conditions
where Crm1 is inactivated by LB (Fig. 4C).

Estrogen Induces Survivin and HDAC6 Levels and Their
Nuclear Localization—Estrogen was shown recently to
increase CBP acetyltransferase activity through coactivator-as-
sociated arginine methyltransferase-induced methylation (22).
Given our observations that CBP acetylates nuclear survivin, we
examined whether estrogen affects survivin expression and
localization in MCEF-7 cells. Cells were starved for 48 h, treated
with 10 nm estradiol or vehicle control for 6 h, and then fixed
and co-immunostained with anti-survivin and anti-acetylated
survivin. Estrogen treatment mimicked the effects observed
previously after CBP transfection (shown in Fig. 2B), promoting
an increase in the levels of nuclear acetylated survivin (Fig. 54).
As expected from the observed increase in acetylated survivin,
estrogen also enhanced total survivin nuclear localization (Fig.
5B). Interestingly, under conditions of low serum and no estro-
gen, survivin localized in a punctate, cytoplasmic granular pat-
tern (Fig. 5B), similar to the staining pattern of survivin
observed in the HDAC6 W'T MEFs, suggesting a potential link
between estrogen, survivin, and HDACG6. These effects were
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also observed when cells were treated with the estrogen recep-
tor antagonist, tamoxifen (supplemental Fig. S2). To determine
the effect of estrogen on HDACE6 levels, we performed Western
blots on total cell lysates isolated from the estrogen-treated
MCE-7 cells. Estrogen treatment was associated with higher
levels of HDACG6 as well as acetylated survivin proteins (Fig.
5C), supporting results of clinical studies that show an increase
in HDACS levels in estrogen receptor-positive breast tumors
(23, 24). To examine the effects of estrogen on HDAC6 subcel-
lular localization, we performed immunofluorescence micros-
copy. In the absence of estrogen, HDAC6 localized to perinu-
clear regions of the cell. However, after estrogen treatment its
localization increased within the nucleus, as demonstrated by
z-stack analysis (Fig. 5D). Together, these data show that estro-
gen treatment leads to an increase in both acetylated survivin
and nuclear HDACG6 levels, possibly through increasing CBP
activity.

To determine the requirement for CBP in the nuclear induc-
tion of HDAC6 in response to estrogen, we knocked down CBP
using siRNA in MCEF-7 cells. We then isolated cell nuclei and
examined the levels of HDAC6 under conditions of low serum
and following estrogen treatment. MCE-7 cells transfected with
CBP siRNA resulted in an ~90% decrease in nuclear CBP pro-
tein (Fig. 5E). Interestingly, estrogen led to an increase in
endogenous CBP levels in the nuclei of control siRNA-treated
cells, consistent with a stabilization of CBP protein in this com-
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FIGURE 5. Estrogen induces acetylated survivin and HDAC6 levels and promotes their nuclear localization through CBP. For all the experiments in this
figure, MCF-7 cells were cultured in low serum (LS) for 48 h and then treated with 10 nm estradiol (E) for 6 h. A and B, cells were fixed and immunostained with
an antibody to acetylated survivin (green, A) or total survivin (red, B), stained with DAPI, and then imaged with a Nikon confocal microscope. Scale bar, 20 um.
Optical sectioning through the depth of the cell was performed using z-stacking (red, survivin; blue, DAPI). C, total cellular lysates were immunoblotted with
anti-acetylated survivin, anti-survivin, anti-HDAC6, and anti-actin. D, cells were fixed and immunostained with anti-HDAC6 (green) and DAPI (blue) then imaged
with a Nikon confocal microscope. Scale bar, 20 um. Optical sectioning through the depth of the cell was performed using z-stacking. E, MCF-7 cells were
transfected with CBP or control siRNA, cultured in low serum (LS) with or without estrogen (E), followed by isolation of cell nuclei. Nuclear protein was

immunoblotted with antibodies to CBP, HDAC6, a-tubulin, and HDAC1.

partment mediated by estrogen. However, knockdown of CBP
in the presence of estrogen resulted in a decrease in HDAC6
protein within cell nuclei (75% of control levels). This finding
supports a requirement for CBP in an estrogen-mediated
induction of nuclear HDAC6 in MCEF-7 cells.

DISCUSSION

HDAC proteins have become pervasive cancer treatment
targets due to their involvement in multiple signaling pathways
that provide a survival advantage for tumor cells (5). The class
1Ib deacetylase, HDAC6 increases cancer cell motility and pro-
motes metastatic spread in breast cancer models (24, 25). Inhi-
bition of HDAC6 leads to deregulation of acetylation of multi-
ple proteins, resulting in a disruption of microtubule dynamics
and aggresome formation, promoting cancer cell death (26).
Here, we identified another target for HDACS, the anti-apop-
totic protein survivin. Principally understood as a cytoplasmic
protein (27), we demonstrate a novel nuclear role for HDAC6 in
deacetylating survivin. Following estrogen-dependent CBP
activation, HDAC6 enters the nucleus and interacts with sur-
vivin in a mechanism to regulate its acetylation state and pro-
mote its nuclear exit.

The multiple functions of survivin are dependent on its
highly regulated expression in distinct subcellular pools (28).
We showed previously that survivin nuclear export was
dependent on its acetylation state (8). Here, we identify that
HDAC6-mediated deacetylation promotes its nuclear exit. In

MARCH 30, 2012+VOLUME 287 +NUMBER 14

wild-type MEFs and in serum-starved breast cancer cells, sur-
vivin localizes to cytoplasmic aggregates, whereas in sdac6 null
MEFs and estrogen-treated breast cancer cells, survivin local-
izes diffusely within the nucleus. Although the nature of the
survivin cytoplasmic aggregates is yet unclear, HDAC6-depen-
dent aggresome formation exhibits a similar cytoplasmic stain-
ing pattern, suggesting they may represent a component of
aggresomes or be involved in autophagy (29). Deacetylation of
survivin may potentially promote its interaction with a-tubu-
lin, the binding site for which is located within the domain
containing amino acids 99 —142 (30), which includes the lysine
129 site.

HDACS is an estrogen-regulated protein (24) and has been
investigated as a potential prognostic factor for ER+ breast
cancer. Most ER+ tumors analyzed express HDAC6; however,
there is conflicting data on how increased expression may influ-
ence patient prognosis. Although Yoshida et al. (31) suggest
that high HDACG6 expression correlates with poor prognosis,
Zhang et al. (23) report that it correlates with better prognosis.
Our results suggest that HDAC6 expression levels may not be
as critical as its subcellular localization, providing a potential
explanation for previous clinical discrepancies. A distinct peri-
nuclear staining pattern was observed by immunohistochemis-
try in invasive ductal carcinoma, which correlates with the pat-
tern we observed in untreated breast cancer cells in vitro. By
contrast, treatment of breast cancer cells with estrogen stimu-
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cytoplasm

FIGURE 6. Model of HDAC6-mediated survivin deacetlyation for survivin
nuclear export. ER+ breast cancer cells can be stimulated by estrogen that
activates the histone acetyltransferase protein CBP. CBP induces HDAC6
expression and promotes its nuclear entry where it deacetylates survivin,
independent of Crm1, and stimulates its nuclear export in a mechanism to
control nuclear acetylated survivin levels.

lated its nuclear localization. Together, our results suggest that
estrogen signaling may be a key factor that promotes HDAC6
nuclear localization and may regulate its deacetylation of sur-
vivin as well as other yet unidentified nuclear oncoproteins.

In summary, here we identify HDACS6 as a survivin deacety-
lase at the nuclear-cytosolic junction of ER+ breast cancer
cells. HDACS6 is induced to enter the nucleus by the histone
acetyltransferase protein CBP and is required for survivin
nuclear export, suggesting a control mechanism that promotes
trafficking of deacetylated survivin out of the nucleus, perhaps
to enhance its function within the cytosol (Fig. 6). In a similar
manner, the growth hormone estrogen induces both survivin
and HDACS6 protein levels as well as HDAC6 nuclear entry,
suggesting its importance in regulating survivin function in
ER+ breast tumors. The dynamic regulation of survivin acety-
lation/deacetylation may provide an opportunistic target for
the treatment of these tumors.
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