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The multiple functions of the oncofetal protein survivin are
dependent on its selective expression patterns within immuno-
chemically distinct subcellular pools. The mechanism by which
survivin localizes to these compartments, however, is only partly
understood. Here we show that nuclear accumulation of sur-
vivin is promoted by CREB-binding protein (CBP)-dependent
acetylation on lysine 129 (129K, Lys-129). We demonstrate
a mechanism by which survivin acetylation at this position
results in its homodimerization, while deacetylation promotes
the formation of survivin monomers that heterodimerize with
CRM1 and facilitate its nuclear export. Using proteomic analy-
sis, we identified the oncogenic transcription factor STAT3 as a
binding partner of nuclear survivin. We show that acetylated
survivin binds to the N-terminal transcriptional activation
domain of the STAT3 dimer and represses STAT3 transactiva-
tion of target gene promoters. Using multiplex PCR and DNA
sequencing, we identified a single-nucleotide polymorphism
(A3 G) at Lys-129 that exists as a homozygous mutation in a
neuroblastoma cell line and corresponds with a defect in sur-
vivin nuclear localization. Our results demonstrate that the
dynamic equilibrium between survivin acetylation and deacety-
lation at amino acid 129 determines its interaction with CRM1,
its subsequent subcellular localization, and its ability to inhibit
STAT3 transactivation, providing a potential route for thera-
peutic intervention in STAT3-dependent tumors.

Originally cloned as a member of the inhibitor of apoptosis
(IAP)3 family (1) then shown to also associate with chromo-
somal passenger proteins (2), survivin plays a pivotal role in
normal embryogenesis (2) and in the maintenance of both nor-
mal progenitor (3, 4) and cancer cells (5). These dual functions
dependonprotein existencewithin immunochemically distinct
pools located within the mitochondria, cytoplasm, and nucleus
(5, 6). In the mitochondria and cytoplasm (7), survivin inhibits
caspase-dependent cell death (8). In the nucleus, survivin asso-

ciates with the mitotic apparatus to regulate chromosomal
migration and cytokinesis (9). In clinical studies, nuclear or
cytoplasmic expression of survivin in tumor cells differentially
correlates with patient outcome (10), indicating that regulation
of nuclear-cytoplasmic shuttling may be an important factor in
disease and/or in response to therapy. The export of survivin
from the nucleus is dependent on its binding to the CRM1
export receptor that binds nuclear export signal (NES)-con-
taining proteins (11). Structural analyses showed the CRM1
NES to be located within the survivin homodimerization
domain, which is only accessible to CRM1 when survivin is in
its monomeric state (12). To further elucidate its movement
between these compartments, we determined the biochemical
requirements of survivin for binding to CRM1 as a monomer.
An abundance of lysines at theC-terminal end of the survivin

protein that create a basic pocket for potential protein-protein
interactions (13, 14) suggested to us that survivin may undergo
reversible post-translational modification at these residues to
regulate its movement within the cell and contribute to its
diverse functional repertoire. Given its basic overall structural
similarity to another oncogenic protein, signal transducer and
activator of transcription 3 (STAT3) (15), and the knownmech-
anism of lysine acetylation to facilitate STAT3 nuclear-cyto-
plasmic shuttling (16), we hypothesized that acetylation of one
or more of the survivin lysine residues might similarly aid in its
nuclear transport. Here, we report that survivin is acetylated on
multiple lysine residues by the histone acetyltransferase (HAT)
CREB-binding protein (CBP) and that a single lysine residue
(Lys-129) directs its localization to the nucleus by enhancing
survivin homodimerization and thereby inhibiting CRM1-me-
diated nuclear export. Liquid chromatography-tandem mass
spectrometry identified STAT3 as a binding partner of nuclear
survivin and transcriptional assays showed that the STAT3/
survivin complex inhibits STAT3 transactivation. Nuclear sur-
vivin negatively regulates STAT3 transcriptional activity in
cancer cells and may represent a novel route for targeting
STAT3-activated tumors.

EXPERIMENTAL PROCEDURES

Cells and Culture—HEK293T, HeLa and MCF7 cells were
purchased from the American Type Culture Collection
(ATCC). Coriell lymphoblasts were obtained from the Coriell
Insitute forMedical Research. TheNB7, NB8 andNB10 neuro-
blastoma cell lines were a kind gift from St. Jude Children’s
Research Hospital. All cell lines were grown in complete Dul-
becco’s Modified Eagle Medium (DMEM) (Invitrogen) supple-
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mented with 10% fetal bovine serum, penicillin and streptomy-
cin in a 37 °C incubatormaintained at 5%CO2.Human IL-6 and
TSA were purchased from Sigma. For the IL-6 experiments,
cells were starved for 24 h then treated with IL-6 at 100 ng/ml
for 1 h. For the TSA experiments, cells were starved overnight,
then treated with TSA at 5 �M for 6 h.
Plasmids and Transfections—6� MYC-survivin (17) was a

gift from the laboratory of H. Cheung. HA-P300, HA-CBP,
IRF-1, 6� MYC-Stat3, Flag-Stat3, Flag-Stat3 1–320, Flag-Stat3
1–465, Flag-Stat3 1–585, Flag-Stat3 1–688, Flag-Stat3 130–
770, Flag-Stat3 320–770, Flag-Stat3 465–770, MYC-Stat3
685K,MYC-Stat3 705Y (16), Flag-survivin, eGFP-survivin con-
structs were generated as described previously (18). HEK293T
cells were transfected with Lipofectamine 2000, according to
the manufacturer’s protocol (Invitrogen).
Site-directed Mutagenesis—Site-directed mutagenesis was

performed with the Stratagene Quickchange II kit (Agilent
Technologies) following the manufacturer’s instructions.
Mass Spectrometry—To identify acetylated survivin resi-

dues, we cotransfected cDNAs encoding MYC-survivin and
HA-CBP into HEK293T cells. Immunoprecipitated survivin
protein from the transfectants was resolved by 12% SDS-PAGE
and visualized byCoomassie Blue stain. The gel slice containing
acetylated survivin was subjected to mass spectrometry
analysis.
Survivin Interactomes—To identify survivin interactomes,

tumor cell lysates were immunoprecipitated with a survivin or
IgG-control antibody. Proteins were resolved by 12% SDS-
PAGE and bands visualized by silver stain. Bands of interest
were isolated and protein complexes analyzed by tandemmass
spectrometry (MS/MS) using in-gel tryptic digestions of immu-
nopurifications of the specific bait as compared with vector
controls (19, 20). Tryptic peptides were resolved by RP liquid
chromatography and nanoelectrospray MS/MS was per-
formed on an ion trap mass spectrometer (LCQ DecaXP,
ThermoElectron Corporation). The MS/MS-acquired data
were searched against amino acid sequences in the Interna-
tional Protein Index human protein data base using
SEQUEST sequence matching algorithm.
Immunoprecipitation and Immunoblotting—Lysates were

preclearedwith the appropriate control IgG and proteinG-aga-
rose (EMD Chemicals) prior to incubation with primary anti-
bodies and protein G Plus-agarose. Immunocomplexes were
resolved by SDS-PAGE. For immunoblotting, samples were
transferred to PVDF membranes that were then probed with
the indicated antibodies. For the oligonucleotide agarose bind-
ing assay, whole cell lysates were incubated with agarose (Santa
Cruz Biotechnology) and complexes analyzed by immunoblot-
ting. For siRNA knockdown, cells were transiently transfected
with siRNA specific for CBP or control siRNA (Santa Cruz Bio-
technology) using Lipofectamine.Whole cell extracts were pre-
pared at 48 h after transfection for immunoprecipitation and
Western blot analysis. Immunoprecipitations were performed
withmousemonoclonal anti-MYC (Santa Cruz Biotechnology)
and anti-FLAG M2 antibody (Agilent Technologies). PVDF
membranes were probed with rabbit anti-STAT3, mouse anti-
survivin, mouse anti-MYC (Santa Cruz Biotechnology), anti-
FLAG M2 antibody (Agilent Technologies), rabbit anti-GFP

(Molecular Probes), and rabbit anti-acetylated lysine (Cell Sig-
naling Technologies).
Gene Analysis—For PCR (qRT-PCR), HEK293T cells were

transfected with cDNAs encoding STAT3 and CBP, with or
without survivin 129K. Coriell lymphoblasts were starved over-
night then treated with IL-6 for 6 h. Total RNA was extracted
using the RNeasy Mini Kit (Qiagen Inc) 48 h after transfection.
Two micrograms of total RNA was reverse transcribed into
cDNA using the Omniscript RT kit (Qiagen). Gene expression
was analyzed by RT-PCR with Power SYBR green Master Mix
(Applied Biosystems) chemistry using the ABI HT7900 Se-
quence Detection System. Relative quantification was per-
formed using the ��Ct method.
Tetra-primer PCR—Genotyping of the single nucleotide

polymorphism at amino acid 129 of the canonical survivin gene
product was carried out by tetra-primer ARMS PCR, per-
formed as previously described (21). Briefly, the Takara Taq
polymerase kit (Takara Bio) was used as indicated by the man-
ufacturer’s instructions with a total MgCl2 concentration of 3.5
mM. 0.1 �M of each outer primer and 1 �M of each inner primer
(Table 1) were used with 3 ng/�l of genomic DNA prepared
with the Qiagen Puregene Core Kit A (Qiagen). Touchdown
PCR was performed for 30 s starting at an annealing tempera-
ture of 73 °C, decreasing by 1 degree for 10 cycles, followed by
25 cycles at 63 °C. 20 �l of each product was run on a 10%
nondenaturing polyacrylamide gel.
Reporter Assays—HEK293T cells were transfected with a

luciferase reporter construct containing 2� STAT3-binding
SIE fragments derived from the promoter region of the mouse
IRF1 gene, together with the indicated cDNAs, using Lipo-
fectamine 2000. After 48 h, equal volumes of PBS and Dual-
GloTM Luciferase Reagent (Promega) were added and absor-
bance of firefly luminescence measured. Then, Dual-GloTM
Stop&Glo Reagentwas added, and absorbance ofRenilla lumi-
nescence measured. The experiments were performed in trip-
licate, for a minimum of three independent times. Two-tailed
Student’s t tests were performed to assess significance.
Immunofluorescence Microscopy—HeLa cells were grown to

�50%confluence in an 8 chambered glass slide. Cellswere fixed
in 3.7% formaldehyde, 0.2% Triton X-100/PBS for 15 min at
room temperature. Blockingwas done in 1%BSA, 5%NGS/PBS
for 1 h. Primary antibodies were rabbit-survivin (Santa Cruz
Biotechnology), anti-STAT3 (Abnova), anti-Flag M2 (Agilent
Technologies), and mouse monoclonal c-MYC (Santa Cruz
Biotechnology). Secondary antibodies were anti-rabbit IgG
conjugated to Dylight 488 (ThermoFisher Scientific) and goat-
anti-mouse IgG conjugated to FITC (Santa Cruz Biotechnol-
ogy). Slides were mounted with Prolong anti-fade reagent with
DAPI (Invitrogen). Images were captured with a Nikon C1si
confocal microscope.
FRET—HeLa cells seeded on a chambered slide were co-

transfected with cDNAs encoding either MYC-survivin129E
and Flag-survivin129E or MYC-survivin129K and Flag-
survivin129K Cells were fixed and immunostained with rabbit
anti-MYC andmouse anti-Flag as primary antibodies, and anti-
mouse Dylight 594 and anti-rabbit Dylight 649 (Thermo Scien-
tific) as secondary antibodies. Acceptor photobleaching was
performedwith aNikonC1si confocalmicroscope. Green color
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was assigned to the 594 donor fluorescence, and red to the 649
acceptor. The donor fluorescence before and after photo-
bleaching of the acceptor was measured, and percent efficiency
of FRET was measured as E � 1 � (fluorescence before/fluo-
rescence after).

RESULTS

Survivin Is Acetylated on Multiple Lysine Residues by CBP—
To determine whether survivin is endogenously acetylated, we
treated MCF-7 or HeLa cells with the histone deacetylase
(HDAC) inhibitor trichostatin A (TSA). Treatment with TSA
led to an increase in survivin expression, similar to that
observed after IL-6 treatment (Fig. 1A), suggesting that acety-
lation plays a role in survivin expression. The HAT proteins
p300 and CBP acetylate numerous cancer-associated proteins,
including p53, BRCA1, STAT3, and E2F/RB, to direct their
function (22, 23). To determine whether CBP is responsible for
survivin acetylation, we knocked down CBP with siRNA in
MCF7 or HeLa cells. Down-regulation of CBP led to an inhibi-
tion of survivin acetylation (Fig. 1B), confirming CBP as an
endogenous survivin acetyl-transferase. Consistently, ectopi-
cally expressed survivin in HEK293T cells was acetylated, as
shown by cotransfection with CBP or p300 (Fig. 1C).
To map the acetylated sites of survivin, CBP acetylated sur-

vivin proteins were immunopurified fromHEK293T cell trans-
fectants and submitted for mass spectrometric analysis. The
acetylated survivin proteins were assigned discrete mass values
by matching the measured masses with calculated mass values,
as demonstrated for the lysine residue acetylated at amino acid
129 (Fig. 1D). The analysis revealed a total of 10 acetylated
lysine residues, with the C-terminal region being the most
heavily acetylated (Fig. 1E). Structural components within the
C-terminal domain of the protein relevant to survivin function
include a dimer interface (residues 89–102) required for sur-
vivin homodimerization (13), a nuclear export signal (residues

89–98) shown to bind the nuclear export protein CRM1 (11),
and a microtubule interaction site (residues 99–142) (5). Thus,
survivin is heavily acetylated in regions that are structurally
accessible to protein dimerization and contain key domains
required for survivin function.
dbSNPReveals a Polymorphism at the Site Encoding Lysine at

Amino Acid 129—The unique distribution of the acetylated
lysines within the survivin protein suggested to us that any
one of these amino acid sites might be a prime target for
mutational events leading to alterations in survivin activity
within tumor cells. To identify genetic polymorphisms
within survivin coding regions that could result in structural
changes in the protein, we consulted the NCBI Single Nucle-
otide Polymorphism database (dbSNP). This search revealed
rs2071214, an A3G polymorphism that alters a lysine (Lys-
129) to glutamate (Glu-129). Among different ethnic popu-
lations represented in the genome databases (Perlegen Sci-
ences and Genetic Association Information Network), from
4% to 42% of individuals were identified as heterozygous for
glutamate (K/E) at this locus, while 2–17%were homozygous
(E/E) (Fig. 2A). To identify tumor cell types that might
express these variant proteins, we screened DNA sequences
at this site using Tetra-Primer ARMS PCR followed by DNA
sequencing and identified a neuroblastoma cell line (NB10)
that was homozygous for the sequence encoding the derived
allele (G/G), while other such cell lines (NB7 and NB8) were
homozygous for the sequence encoding the ancestral allele
(A/A) (Fig. 2B). Using indirect immunofluorescence staining
of the endogenous proteins, we then analyzed the subcellular
distribution of the proteins encoded by these alleles in the
different neuroblastoma cell lines. While the protein
encoded by the A/A alleles localized primarily within the
nucleus in asynchronous proliferating cells, the protein
encoded by G/G was �50% decreased in the nuclear com-

FIGURE 1. The HAT protein CBP acetylates survivin. A, survivin expression in response to TSA in HeLa cells compared with serum alone (FBS), serum-free
media (�), or following IL-6 treatment. B, survivin expression and acetylation in HeLa cells with or without CBP depletion, using a survivin or a pan-acetylation
(Ac) antibody on survivin immunoprecipitants. IP, immunoprecipitation; IB, immunoblot. C, lysates from HEK293T cells transfected with cDNAs encoding a
MYC-tagged survivin, p300 or CBP. Anti-MYC immunoprecipitants were analyzed with a pan-acetylation (Ac) antibody. EV, empty vector. D, 129-acetylated
peptide of the survivin protein as identified by mass spectrometry. E, summary of the survivin-acetylated residues (asterisks) as identified by mass spectrometry.
The solid underline denotes the location of the homodimer interface; the dashed line indicates the location of the nuclear export sequence.
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partment (not shown), suggesting that a variant at this locus
might regulate survivin nuclear transport.
Lys-129 Acetylation Regulates Survivin Nuclear Localization—

To further explore the function(s) of acetylation at Lys-129,
we used site-directed mutagenesis to create a series of MYC-
taggedmutant constructs that either could not be acetylated or
that biochemically mimic acetylation (24, 25) at this locus. To
this end, we mutated the Lys-129 residue to the neutral amino
acid arginine (R); to the negatively charged amino acid gluta-
mate (E); and to glutamine (Q) or alanine (A) (both mimic

acetylation). We then transfected HeLa cells with the MYC-
tagged survivin constructs encoding each of these mutant pro-
teins and compared their subcellular localization to that of the
129K protein. Indirect immunofluorescence staining revealed
that the 129K protein localized primarily within the nucleus
(Fig. 3A). However, the 129 mutants had an altered subcellular
localization, depending on whether they could be acetylated.
Specifically, the Arg-129 and Glu-129 (129E) (unacetylatable)
mutants localized primarily within the cytoplasm, while the
Gln-129 (129Q) and Ala-129 (129A) (mimic acetylation)

FIGURE 2. A homozygous mutation in a neuroblastoma cell line is located at a survivin SNP site encoding lysine at position 129. A, population
distributions of the ancestral (A) and derived (G) alleles encoding amino acid 129, as determined from dbSNP. Blue, homozygous AA; red, heterozygous AG;
green, homozygous GG. B, tetra-primer PCR and DNA sequence analysis showing homozygosity of the A3 G polymorphism in the NB10 neuroblastoma cell
line but not in the NB8 cell line. OP, outer primer.

FIGURE 3. Survivin acetylation at lysine 129 directs its nuclear localization. A, HeLa cells were transfected with cDNAs encoding MYC-tagged survivin129K,
-129Q, -129A, or -129E then fixed and immunostained with an antibody to MYC and stained with DAPI. Images were taken with a Nikon confocal microscope.
Scale bars, 20 �m. B, left panel, Western blot of lysates from HeLa cells treated with TSA and immunoblotted with a novel antibody to acetylated survivin 129K
or anti-full-length survivin. right panel, Western blot of lysates from HeLa cells cotransfected with cDNAs encoding MYC-tagged survivin129K or survivin129E
proteins and CBP and immunoblotted with a novel antibody to acetylated survivin129K , anti-MYC, or actin. C, immunofluorescence of fixed HeLa cells
immunostained with the acetylated survivin129K antibody and the full-length survivin antibody. Images were taken with a Nikon Confocal microscope. Scale
bars, 20 �m.
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mutants localized primarily within the nucleus (Fig. 3A and
data not shown). These data strongly suggest that acetylation at
amino acid site 129 can direct survivin nuclear localization.
To generate an antibody that specifically detects acetylation

at Lys-129, we immunized rabbits with a peptide acetylated at
both Lys-129 and Lys-130, then immunodepleted the antisera
with two peptides (C-FEETAKKVRRAIEQ-amide and C-FEE-
TAE[K-acetyl]VRRAIEQ-amide) to eliminate binding to acety-
lated 130K. Expression of the endogenous acetylated 129K pro-
tein, as detected by this novel antibody, wasmarkedly enhanced
following treatment of HeLa cells with TSA (Fig. 3B). In addi-
tion, when HeLa cells were transfected with cDNAs encoding
MYC-survivin129K or MYC-survivin129E proteins, the acety-
lated antibody specifically detected the 129K protein that was
acetylated by CBP and not the 129E protein (Fig. 3B). Indirect
immunofluorescence of HeLa cells immunostained with the
acetylated antibody also showed preferential staining within
cell nuclei (Fig. 3C), confirming the role for Lys-129 acetylation
in nuclear localization.
Deacetylated Survivin Preferentially Binds to CRM1 for

Nuclear Export—Because an active nuclear import mechanism
for survivin has not been demonstrated, active export by CRM1
is the only known means for regulating its nuclear concentra-
tion (11). To determine whether this export mechanism might
be responsible for the absence of the acetylation-defective sur-
vivin 129 mutants from the nucleus, we treated HeLa cells

expressing either the wild-type or
acetylation-defective proteins with
the CRM1 inhibitor leptomycin B
(LMB) and visualized the cells by
indirect immunofluorescence. The
results in Fig. 4A demonstrate local-
ization of the 129E protein to the
nucleus following LMB, supporting
a mechanism by which this variant
protein undergoes active nuclear
export by binding to CRM1. To
determine whether the variant
protein preferentially exists as a
monomer and therefore explain its
preferential binding to CRM1, we
cotransfected HeLa cells with
cDNAs encoding MYC-and Flag-
tagged constructs of survivin129E
and survivin129K and performed
immunoprecipitation analyses
using anti-MYC and anti-Flag anti-
bodies. Fig. 4B shows that
survivin129K forms more stable
homodimers than survivin129E. To
confirm this finding, we performed
acceptor photobleaching fluores-
cence resonance energy transfer
(FRET) on HeLa cells cotransfected
with either MYC- and Flag-tagged
survivin129E or MYC and Flag-
tagged survivin129K. The results
from this analysis show that the

129E protein has less FRET activity than the 129K protein (Fig.
4C), validating the observation that 129E is more likely to exist
as a monomer. To demonstrate which survivin form binds to
CRM1, we used Coriell lymphoblast cell lines that are homozy-
gous for either A/A or G/G at the 129 locus, encoding
survivin129K and -129E, respectively. Lysates prepared from
these cells were immunoprecipitated with an antibody to
CRM1 then immunoblotted with anti-survivin. Results show
that CRM1binds stronger to the 129E form, comparedwith the
129K form (Fig. 4D).
Nuclear Survivin Binds STAT3—As the only known nuclear

role of survivin is as a chromosomal passenger protein during
mitosis, we sought to determine potential additional functions
for this protein within the nucleus. Thus, we performed elec-
trospray liquid chromatography-tandem mass spectrometry,
using protein from a tumor cell line immunoprecipitated with
an antibody to survivin. Proteomic analysis of the individual
silver-stained bands revealed STAT3 as a survivin-interacting
protein.
To confirm the nuclear survivin/STAT3 complex formation,

we treated HeLa orMCF7 cells with IL-6 (26). Upon treatment,
STAT3 translocated from the cytoplasm into the nucleus,
where it strongly colocalized with survivin (Fig. 5A). As ex-
pected, we recovered survivin in STAT3 immunoprecipitates,
obtainedwith endogenous pull-down assays and an antibody to
STAT3, followed by Western blotting with anti-survivin (Fig.

FIGURE 4. Acetylated survivin forms homodimers while deacetylated survivin forms monomers and
binds to CRM1. A, HeLa cells expressing MYC-tagged survivin129K or -129E were treated with or without the
CRM1 inhibitor, leptomycin (LMB). Cells were fixed and immunostained with a MYC antibody and stained with
DAPI. Images were taken using a Nikon Confocal microscope. Scale bars, 20 �m. B, lysates from HEK293T cells
transfected with cDNAs encoding MYC- or Flag-tagged survivin 129K or 129E were immunoprecipitated with
Flag antibody then immunoblotted with MYC or Flag antibody. C, acceptor photobleaching FRET analysis
performed on HeLa cells cotransfected with cDNAs encoding MYC-survivin129E and Flag-survivin129E or
MYC-survivin129K and Flag-survivin129K. D, lysates from Coriell lymphoblast cell lines homozygous for the A/A
(129K) or G/G (129E) alleles at the 129 position were immunoprecipitated with CRM1 antibody then immuno-
blotted with survivin antibody. LC IgG, light chain immunoglobulin.
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5B). Interestingly, the survivin/STAT3 interaction was reduced
in the presence of IL-6, suggesting that STAT3 forms a consti-
tutive complex with survivin and that IL-6 may release STAT3
from the survivin binding complex. To identify the structural
requirements for this interaction, we cotransfected HEK293T
cells with STAT3 variants and survivin. Binding of survivin was
strongest with the STAT3-(586–770) fragment (Fig. 5C), con-
taining the STAT3 transactivation domain (TAD) (16), sug-
gesting that survivin binds to STAT3 within the TAD.
To evaluate potential differences in STAT3 binding to the

variant survivin proteins, we again used Coriell lymphoblasts
endogenously expressing either survivin129K or survivin129E
and performed immunoprecipitation analyses using anti-survivin
andanti-STAT3antibodies. Fig. 5D shows thatSTAT3canbind to
both forms of survivin, with an increase in binding observed with
the 129K protein. In the MYC-transfected HeLa cells, the
survivin129K/STAT3 complex was mainly found in the nucleus
while the survivin129E/STAT3 complex was restricted to the
cytoplasm (Fig. 5E), suggesting that survivin129K may be a com-
ponent of the STAT3 enhanceosome (27).

Nuclear Survivin Inhibits STAT3
Transactivation—To delineate the
potential role of survivin129K in
gene regulation by STAT3, we
examined the survivin/STAT3
complex for DNA binding activity
by using the STAT3 consensus
binding element (SIE) as the probe.
Survivin129K was consistently re-
covered from the STAT3/DNA
complex (Fig. 6A), confirming that
it is indeed part of the STAT3
enhanceosome. Moreover, the
DNA binding activity of STAT3 in
the presence of survivin129K paral-
leled that seen with CBP alone, sug-
gesting that survivin can facilitate
STAT3 DNA binding in the
absence of cytokine- (or CBP)
mediated STAT3 activation. By
forming a complex with STAT3,
survivin did not disturb STAT3-
DNA binding activity, rather
STAT3/survivin forms a complex
with DNA, suggesting an immedi-
ate involvement of survivin in
STAT3 enhanceosome activity in
promoter regulation.
To determine if the STAT3/sur-

vivin complex alters transcription
from the SIE, we cotransfected
HEK293T cells with cDNAs encod-
ing either survivin 129K or 1 of
10 survivin acetylation mutants
together with STAT3, CBP, and a
luciferase reporter construct driven
by the SIE. Survivin129K repressed
transcription from the STAT3 SIE,

as demonstrated by a 5-fold decrease in reporter activity in the
presence of this protein (Fig. 6B). Strikingly, when survivin
acetylation at Lys-129 was inhibited by mutation to either glu-
tamate or arginine, or when any of the other 9 acetylation
sites were mutated, the SIE reporter activity was comparable
to that seen with STAT3/CBP alone, suggesting that deacety-
lated survivin loses its ability to inhibit STAT3 transcriptional
activity and that survivin acetylation atmultiple sitesmay coor-
dinately modulate STAT3 oncogenic activity.
To identify STAT3 gene targets repressed by survivin129K, we

cotransfected cDNAs encoding survivin129K, STAT3, and CBP
into HEK293T cells and performed quantitative RT-PCR on the
mRNAgenerated fromthe transfectants, usingprimers toBCLXL,
MYC, CyclinD1, MUC1, MMP9, VEGF, p53, and MCL1 genes
commonly targeted by STAT3. Survivin129K repressed expres-
sion ofBCLXL andMCL1 but did not affect the remaining targets
(Fig. 6C), suggesting its involvement as a tumor suppressor acting
specifically in mitochondria-mediated survival pathways regu-
lated by STAT3. In support of this data, IL-6-treated Coriell lym-
phoblasts encoding 129K also repressed expression ofBCLXL and

FIGURE 5. Nuclear survivin129K binds to the transactivation domain of STAT3. A, HeLa cells treated with or
without IL-6, were fixed and immunostained with an antibody to survivin or STAT3, and stained with DAPI.
Images were taken with a Nikon Confocal microscope. Bars, 20 �m. B, lysates from HeLa or MCF7 cells treated
with or without IL-6 were immunoprecipitated with an antibody to STAT3 then immunoblotted with an anti-
body to survivin or STAT3. IP, immunoprecipitation; IB, immunoblot. C, HEK293T cells were cotransfected with
cDNAs encoding MYC-tagged deletion mutants of STAT3 together with GFP-tagged survivin. Lysates were
immunoprecipitated with a MYC antibody then immunoblotted with a GFP antibody. D, lysates from Coriell
lymphoblast cell lines homozygous for the A/A (129K) or G/G (129E) alleles at the 129 position were immuno-
precipitated with survivin or an IgG control then immunoblotted with anti-STAT3 or anti-survivin. E, HeLa cells
expressing MYC-survivin 129K or 129E were fixed and immunostained with anti-MYC and anti-STAT3. Images
were taken with a Nikon Confocal microscope. Scale bars, 20 �m.
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CyclinD1, relative to that observed inCoriell lymphoblasts encod-
ing 129E (not shown).
Neither STAT3 Acetylation nor Its Phosphorylation Is Required

for DNA Binding of the STAT3/Survivin Complex—Cytokine-ac-
tivated STAT3 is phosphorylated at Tyr-705 and acetylated at
Lys-685, within the C-terminal SH2-transcriptional activation
domain (27), the same domain that binds survivin. Both modi-
fications are required for STAT3 dimerization (16, 28). To
determine if either of thesemodifications is required for forma-
tion of the STAT3/survivin complex, we transfected HEK293T
cells with phosphorylation (Y705F) and acetylation (K685R)
defective mutants (16), and compared the binding of these
mutant complexes to the SIEwith that of thewild-type STAT3/

survivin129K complex. In this analysis, both the phosphoryla-
tion and acetylation mutants were recovered from STAT3/
survivin/SIE complexes (Fig. 6D), suggesting that neither mod-
ification is necessary for the formation of this complex. Inter-
estingly, the STAT3 K685R/survivin complex bound with even
greater affinity to the SIE than did the wild-type STAT3
homodimer complex, suggesting that STAT3 acetylation at
Lys-685 modulates STAT3/survivin stability.
Survivin Does Not Inhibit STAT3 Dimerization or Its Acety-

lation—To determine the structural requirements for dimer-
ization of STAT3 within the STAT3/survivin complex, we
cotransfected HEK293T cells with cDNAs encoding a MYC-
tagged STAT3, a Flag-tagged STAT3, and a MYC-tagged sur-

FIGURE 6. Acetylated survivin 129K inhibits STAT3 enhanceosome activity. A, HEK293T cells were cotransfected with cDNAs encoding MYC-STAT3 and the
three survivin variants, in the presence or absence of CBP, as indicated. STAT3/Survivin complexes were affinity-purified using agarose beads conjugated with
the SIE oligonucleotide and blotted with anti-MYC. B, HEK293T cells were cotransfected with survivin acetylation mutants, STAT3, CBP, and a STAT3-dependent
luciferase activity reporter. The data are means � S.E. for triplicate experiments (*, p � 0.005, two-tailed t test). EV, empty vector. C, HEK293T cells were
cotransfected with cDNAs encoding STAT3 and CBP, with or without survivin, as indicated. RNA was purified, reverse transcribed into cDNA, and Q-RTPCR
performed with primers to human BCLXL and MCL. ��Cts were calculated. The data are means � S.E. for triplicate experiments (*, p � 0.005 in each
comparison). D, HEK293T cells were transfected with EV or with cDNAs encoding MYC-STAT3, with or without the addition of IL-6 or CBP. For comparison, cells
were cotransfected with cDNAs encoding MYC-survivin and either wild-type MYC-STAT3 or the phosphorylation-defective (Y705F), or acetylation-defective
(K685R) MYC-STAT3 mutants. Lysates were affinity purified using agarose beads conjugated with SIE oligonucleotides then immunoblotted with anti-MYC,
anti-STAT3-pY705, or a pan-acetylation (Ac) antibody. EV, empty vector; IB, immunoblot.
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vivin 129K construct. Flag-STAT3 was present together with
MYC-STAT3 in the STAT3/survivin complex (Fig. 7A), indi-
cating that STAT3 binds to DNA as a dimer and that survivin
does not inhibit the dimerization process. To determine if sur-
vivin affects the STAT3/CBP interaction, we co-transfected
HEK293T cells with cDNAs encoding Flag-STAT3, CBP, and
MYC-survivin. No differences in STAT3 acetylation were
observed either in the presence or absence of survivin (Fig. 7B),
suggesting that survivin does not inhibit CBP-mediated STAT3
acetylation. Taken together, our results support a model in
which survivin, acetylated at Lys-129 by CBP, binds to STAT3
within the nucleus at target gene promoters containing the SIE
element, where it represses STAT3 transcriptional activity.

DISCUSSION

The diverse functions of the survivin protein are determined
by its interactions with key partner proteins, located within
distinct intracellular compartments (5, 6). Survivin bears a
nuclear export signal within its homodimerization domain at
amino acids 89–98 (11), allowing it to bind to the export carrier
protein CRM1 and shuttle between the nuclear and cytoplas-
mic compartments (11, 12). Previous studies showed that
survivin associates with CRM1 as a monomer (12), with
mutation of the survivin homodimerization interface result-
ing in enhanced CRM1 binding and nuclear export (12). Our
findings reveal that post-translational modification by CBP-
mediated acetylation at survivin Lys-129 facilitates survivin
homodimerization, thus inhibiting its interaction with
CRM1. By contrast, deacetylation at this locus enhances sur-
vivin/CRM1 heterodimerization, apparently due to the loss of
survivin homodimerization.
The polymorphism at the 129K locus shifts the nuclear-to-

cytoplasmic survivin protein ratio toward an increase in the
cytoplasmic component, thus increasing the amount of sur-
vivin available to block caspase activation and inhibit apoptosis.
If the 129E protein is expressed as themajor form of survivin in
some tumor cells, as suggested in a neuroblastoma cell line
here, its expression would likely confer resistance to cell death
and correlate clinically with a poor response to therapy. This
shift in nuclear-to-cytoplasmic ratio due to a change in acety-
lation state offers one possible explanation for the immunohis-

tochemical findings observed in
previous clinical studies that sug-
gest that nuclear expression of sur-
vivin confers a good prognosis,
while cytoplasmic expression corre-
lates with a poor prognosis (10).
To date, survivin function within

the nucleus has been exclusively
defined by its expression during
mitosis, where it binds a chromo-
somal passenger complex of proteins
and aids in chromosomal movement
and cytokinesis (9). However, immu-
nofluorescence and immunohisto-
chemical studies in tumor cells pro-
vide evidence that the protein is also
expressed during interphase (5, 6)

and suggest that it may have other functions within this com-
partment. Our results identify a new function for nuclear
survivin, as a cofactor for the STAT3 transcription factor,
regulating its activity along selective target gene promoters.
Indeed, nuclear survivin represses STAT3-mediated tran-
scription of at least two STAT3 signature genes in tumor
cells (29) that play an important role in resistance to apopto-
sis in many tumor types. As the survivin gene itself is a target
of STAT3 activation (30), the negative effect of survivin on
STAT3 transcriptional activity suggests a negative feedback
control loop for survivin expression, which is likely an
important control mechanism that exists to regulate its
activity during normal homeostasis.
Constitutive activation of STAT3 is observed in 40–60% of

all human tumors, including breast, ovarian, lung, prostate,
lymphomas, among others (31). The current known mecha-
nisms of STAT3 inhibition include dephosphorylation, inhibi-
tion of JAK activation by SOCS proteins (32), and abrogation of
DNA binding by the protein inhibitor of STAT activation
(PIAS) (33). Unlike PIAS, which dissociates STAT3 from DNA
(33), survivin can terminate STAT3 transcriptional activity by
forming a complexwith STAT3-boundDNA in the presence or
absence of CBP, presumably by altering the transcriptional
active conformation of STAT3 along its promoter. This mech-
anismmay present a novelmeans to therapeutic intervention in
STAT3-driven tumors.
In summary, our findings show that the dynamic equilib-

rium between survivin acetylation and deacetylation deter-
mines whether the protein forms homodimers or whether it
heterodimerizes with CRM1. Subsequently, its subcellular
localization is determined and as a consequence, whether it
inhibits transactivation of the STAT3 oncoprotein. Modifi-
cation by acetylation may allow survivin to act as double-
edged sword where it either enhances tumor cell growth and
survival by inactivating caspases in the cytoplasm or inhibits
this growth by terminating STAT3 activity in oncogenic
transcription in the nucleus. These results may have impli-
cations for the development of novel therapeutic strategies
of STAT3-activated tumors and may also implicate this
acetylation site as a novel susceptibility locus in some
tumors.

FIGURE 7. Survivin does not inhibit STAT3 homodimerization or acetylation. A, lysates from HEK293T cells
transfected with cDNAs encoding Flag- and MYC-STAT3, with or without MYC-survivin were immunoprecipi-
tated with anti-Flag then immunoblotted with anti-MYC or anti-Flag. B, lysates from HEK293T cells transfected
with cDNAs encoding Flag-STAT3, HA-CBP, and MYC-survivin were immunoprecipitated with anti-Flag then
immunoblotted with a pan-acetylation (Ac) antibody.
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