
Abstract. Background: Survivin is an attractive target for
anti-cancer drug development; however targeting it by small
molecules or antibodies is difficult, as survivin is neither a
kinase nor a cell surface protein. Protein transduction domain
(PTD)-mediated macromolecular therapeutics provides an
alternative avenue for targeting survivin. Materials and
Methods: A plasmid expressing a dominant-negative survivin-
T34A fused with the immunodeficiency virus protein
transduction domain TAT was constructed. The fusion protein
was expressed and purified from E. coli. The inhibition of
proliferation and induction of apoptosis was tested in human
lung carcinoma cell line A549 by directly adding survivin-
T34A to the cell culture medium. Results: Recombinant
survivin-T34A was efficiently expressed and purified by affinity
chromatography. It induced cell apoptosis as demonstrated by
induction of caspase 3 activation and higher percentage of
Annexin V staining, and inhibited cell proliferation as
determined by cell number counting. Conclusion: This
functional recombinant protein is promising for development
of macromolecular therapeutics targeting survivin. 

The bottleneck of cancer therapy was thought to be the
inability to find the chemicals that can kill cancer cells but

spare normal cells (1). Exploring the cancer kinome for anti-
cancer drug development is achievable, however the 95%
attrition rate for small molecule and antibody-based
oncology drugs in the clinical setting is unacceptably high.
Targeting of protein-protein interactions, phosphatases and
other important factors such as p53, Ras and Myc, is still
being developed but is very promising (2). Cancer gene
therapy is theoretically attractive but studies of gene transfer
in human subjects have shown that an effective gene therapy
of cancer remains elusive (3). 

Protein transduction domain (PTD)-based macromolecular
therapeutics provides an alternative avenue for anticancer
drug development (4). Human immunodeficiency virus
(HIV) TAT (5) is one of the best-studied PTDs. PTD
vectored peptides, such as TAT-Smac (6), r8-BadBH3 and
r8-BidBH3 (7), have been successfully exploited as
laboratory tools and for pre-clinical drug development. 

Survivin is a member of the inhibitor of apoptosis (IAP)
family which antagonizes apoptosis by suppressing the
processing and catalytic activity of caspases (8). Survivin
is overexpressed in most types of human cancer, but is
either undetectable or found at very low levels in normal
adult cells (9). Genome-wide transcription profiling has
shown that survivin is one of the most tumor-specific
genes thus far identifiable (10). Therefore, survivin has
been proposed as a promising target for anticancer drug
development (11). Indeed, suppressing survivin by
oligonucleotides such as RNAi (12), antisense (13),
ribozyme (14) or triplex forming oligonucleotides (15), or
interfering with its function by a dominant-negative mutant
of survivin (16) result in apoptosis in a wide range of
cancer cells.

In this study, the 11 amino acid PTD of TAT was fused
to the dominant-negative survivin-T34A to form TAT-
survivin-T34A. This fusion protein was expressed in
Escherichia coli and purified by Ni-NTA affinity
chromatography. Cell culture data demonstrate that this
recombinant TAT-survivin-T34A inhibits growth and
induces apoptosis in A549 cells.
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Materials and Methods

Cell culture. Human lung carcinoma cell line A549 was from DSMZ
(German Institute for Micro-organism and Cell Culture). Cells were
grown in DMEM supplemented with 10%  fetal calf serum, 100
μg/mL G418 and 100 μg/mL streptomycin, and cultured at 37˚C
with 85%  humidity and 5%  CO2.

Plasmids and bacterial strains. Plasmids containing the complete
ORF of wild-type survivin and a phosphorylation-deficient Thr34
to Ala mutant survivin-T34A were provided by Dario C. Altieri
(Yale University School of Medicine, USA). Vector pTAT-HA was
provided by Steven F. Dowdy (Howard Hughes Medical Institute,
UCSD School of Medicine, USA). E. coli DH5α and BL21 (DE3)
pLys were from Novagen, Germany. 

Construction of plasmids pTAT-HA-survivin and pTAT-HA-survivin-
T34A. The complete ORFs of survivin and survivin-T34A were
amplified by PCR with the forward primer 5’ CTAGCT
CGAGATGGGTGCCCCGACGTTG 3’ and reverse primer 5’
GATCGAATTCGGCCTCAATCCATGGCAGCC 3’ from plasmids
containing survivin and survivin-T34A. The purified PCR products
were cleaved by Xho I and EcoR I, and then cloned into the vector
pTAT-HA cut with the same enzymes to get plasmids pTAT-HA-
survivin and pTAT-HA-survivin-T34A. The cloned DNA fragments
were confirmed by sequencing. A diagram of the structure of pTAT-
HA-survivin-T34A is shown in Figure 1. 

Plamid transformation and confirmation of gene expression. Plasmids
pTAT-survivin and pTAT-survivin-T34A were transformed into BL21
(DE3) pLys. Five clones from the plate of each plasmid were picked
and inoculated into 2 mL LB supplemented with 100 μg/mL ampicillin
and 0.5 mM IPTG. The cultures were incubated at 37˚C overnight.
The bacterial mass was pelleted, washed with PBS and resuspended
in 100 μL 2 × SDS sample buffer. The protein sample was heated at
95˚C for 5 min and analyzed by 15%  SDS-PAGE, and stained with
Coomassie blue. Glycerol stocks of 2-3 BL21 (DE3) pLys isolates
with highest expression were prepared in 15%  glycerol and stored at
–80˚C. A single isolate was streaked on an LB plate for large-scale
expression and purification.

Affinity chromatography. A single clone (plasmids in BL21 (DE3)
pLys S) from an LB plate was inoculated into 100 mL LB with 
100 μg/mL ampicillin and incubated at 37˚C overnight. The overnight
culture was inoculated into 1 liter LB with ampicillin and 0.5 mM
IPTG and incubated at 37˚C for 7 h. The cell pellet was collected,
washed once with 20 mL 1×PBS in a 50 mL tube and resuspended
in 20 mL buffer Z [8 M urea, 100 mM NaCl, 20 mM Hepes, pH 8.0
(or 20 mM Tris-Cl, pH 8.0)]. The bacterial suspension was sonicated
on ice for 10×30 seconds (to optimize) and clarified by centrifugation
out 16,000 xg at 4˚C for 10 min. The supernatant was saved and
equilibrated in 20 mM imidazole. Ni-NTA agarose (1.5 mL Ni-NTA
agarose plus 1.5 mL storage buffer) (Qiagen, Germany) was mixed
well, packed into a column, washed 2 times with double-distilled
water and 3 times with buffer Z supplemented with 20 mM imidazole.
The 20 mL protein sample was loaded onto the column, washed 3-6
times with buffer Z plus 20 mM imidazole (optional: washed for an
additional 3 times with buffer Z plus 40 mM imidazole). The TAT-
fusion proteins were eluted by stepwise addition of 5×1 mL buffer Z

containing 250 mM imidazole. The proteins in the start (St) flow
through (FT) and each column fraction were analyzed by SDS-PAGE.
Fractions with the desired amount were pooled. 

Ion exchange. Source Q and S resin (1 mL) (GE Healthcare Europe
GmbH, Germany) were mixed in a 15 mL Falcon tube and washed
2 times with 10 mL buffer A (50 mM NaCl, 20 mM Tris-HCl
pH8.0). The above Ni-NTA eluate was then added directly onto the
washed Source Q and S resin, mixed well, placed on a rotator at
room temperature (RT) for 30 min followed by centrifugation at
2,000-4,000 xg for 5 min. The resin was then washed for an
additional 3 times with 10 mL of buffer A. Buffer B (2.5 mL)
(2MNaCl, 20 mM Tris-HCl pH 8.0) was then added, mixed well
and placed on a rotator at RT for 10 min. The elution steps were
repeated 2 more times then analyzed by SDS-PAGE. Eluates with
acceptable amount of protein were pooled.

Desalting. A disposable PD-10 column filled with Sephadex-25 (GE
Healthcare Europe GmbH) was held on a rack and washed with 25 mL
of DMEM without serum. Sample (2.5 mL) purified by 
Ni-NTA and ion-exchange was added onto the column. When the fusion
protein entered the gel bed, 3.5 mL of DMEM was added to top out the
column. One mL of each fraction was collected immediately after
addition of DMEM to the column. Proteins began eluting in fraction 1.
Fractions were pooled and diluted with 15%  glycerol. Finally, the
protein was flash-frozen with liquid nitrogen and stored at –80˚C. 

SDS-PAGE and Western-blot. For caspase 3 analysis, total proteins
(25 μg per lane) were resolved in 10%  SDS-PAGE and transferred
onto a nylon membrane. An anti-activated caspase 3 antibody (Cell
Signaling) was used to check the activation of caspase 3 during
apoptosis and an anti-actin monoclonal antibody (Sigma) was used
to control for total protein loading. 

Apoptosis staining and cell proliferation assay. At different time
points following treatment, cells were trypsinized, washed with PBS
and resuspended in 200 μL 1 × binding buffer according to the
manufacturer’s instructions (Clontech). Five μL of EGFP-
conjugated Annexin V were added to each sample and incubated at
RT for 10 min in the dark. The cells were then washed with PBS,
resuspended in 500 μL 1 × binding buffer and subjected to flow-
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Figure 1. A, Schematic representation of the construction of pTAT-HA-
Survivin-T34A. B, Flowchart of the experiments.



cytometry analysis (FACS). For the proliferation assay, at different
time points following treatment, cell number was determined with a
hemocytometer after detaching the cells in a solution of 1 mg/mL
trypsin and 1 mM EDTA. 

Results 

Construction of plasmids pTAT-HA-survivin-T34A and pTAT-
HA-survivin. The vector pTAT-HA is driven by a T7 promoter,
which can be induced by IPTG. Nine bp following the ATG start
codon is an 18 bp fragment encoding 6 histidines. This is
followed by a sequence encoding 11 amino acids of the protein
transduction domain of TAT (transactivator of transcription). An
HA encoding sequence was placed after the TAT. The DNA
sequence of interest can be cloned into the MCS (multiple
cloning site). PCR was used to amplify the complete ORF of
either wildtype survivin or survivin-T34A from plasmids. The
purified PCR products were cloned into the Xho I and EcoR
sites of pTAT-HA to get plasmid pTAT-HA-survivin and pTAT-
HA-survivin-T34A. The cloned DNA fragments were confirmed
by DNA sequencing. The structure of pTAT-HA-survivin-T34A
is shown in Figure 1A. Plasmids were transformed into E. coli
BL21 (DE3) pLys S) for expression of the fusion proteins.
Figure 1B shows the experimental flowchart. 

Expression and purification of TAT-survivin-T34A and
TAT-survivin proteins. The expression of proteins was
induced with 0.5 M IPTG and incubated at 37˚C for 7 h

with high speed shaking (225 rpm). The culture was
sonicated and the 6xHis tagged fusion proteins were
purified by Ni-NTA affinity chromatography. The
expression level of TAT-survivin-T34A (Figure 2A) was
lower than that of TAT-survivin (Figure 2B), but both
proteins migrated to the predicted molecular weight of 25
kDa. From one liter of culture, 20 mg of purified TAT-
Surivin-T34A or 49 mg of TAT-survivin were typically
retrieved. The high concentration of imidazole was
removed by ion exchange. The proteins were then eluted
into 50 mM NaCl, 20 mM Tris-HCl pH8.0. Finally, the
proteins were in DMEM without serum by desalting with
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Figure 2. Analysis of expressed and purified TAT-HA-Survivin-T34A (A)
and TAT-HA-Survivin (B) by 15%  SDS-PAGE. ST, total proteins of
induced cells; FL, flowthrough of total proteins; lanes 1-5 indicate the
elution fractions of purified proteins by Ni-NTA affinity chromatography;
M, protein standards with molecular weights shown on the right lane. 

Figure 3. TAT-Survivin-T34A induced apoptosis and inhibited
proliferation of A549 cells. A, The induction of apoptosis by TAT-Survivin-
T34A was demonstrated by its ability to induce the cleavage and hence
activation of caspase 3. In these Western blots, a cleaved caspase 3-
specific antibody was used to detect the activation of caspase 3. Actin
staining served as a control for total protein loading. B, Staining A549
cells with EGFP-conjugated Annexin followed by FACS to test TAT-
Survivin-T34A induced apoptosis. Grey bars, 24 h of treatment; dark bars,
48 h of treatment. C, TAT-Survivin-T34A inhibited cell proliferation. Cell
number was determined with a hemocytometer 48 h following treatment,
after detaching the cells by trypsinization. All experiments were repeated
three times and data are presented as mean±SD.



disposable PD-10 column filled with Sephadex-25. After
determination of protein concentration, the proteins were
flash-frozen and stored at –80˚C.

TAT-survivin-T34A induces apoptosis and inhibits
proliferation of A549 cells. Previous studies demonstrated
that a survivin-T34A mutant interfered with the functions
of overexpressed wild-type survivin and hence induced cell
apoptosis (16-19). The functions of the purified TAT-
survivin-T34A were tested in human lung carcinoma A549
cells. A549 cells were allowed to grow to 30-50%
confluence in 6-well plates and treated with wild-type TAT-
survivin and mutant TAT-survivin-T34A at the indicated
concentrations as shown in Figure 3A. Twenty-four and 48
hours after treatment, total proteins were extracted from
each well. Since caspase 3 is one of the major effector
caspases in cell apoptosis pathways and its cleavage and
activation is a marker of apoptosis, the anti-cleaved caspase
3-specific antibody was used to check the effects of TAT-
survivin-T34A on cell apoptosis. As shown in Figure 3A,
at 24 h, 0.2 μM TAT-survivin-T34A induced caspase 3
cleavage with no enhanced activation of caspase 3 under
higher concentration of TAT-survivin-T34A. At 48 h,
activation of caspase 3 was induced by 0.1 μM of TAT-
survivin-T34A. Similarly, there was no apparent increase
in the cleavage of caspase 3 under higher concentration of
TAT-survivin-T34A at 48 h. At both time points, wild-type
TAT-survivin did not display effects on the activation of
caspase 3 at concentrations of either 0.1 μM or 0.5 μM.
Thus, 0.2 μM and 0.5 μM of both proteins were applied in
the following experiments. These Western blots
demonstrated that recombinant TAT-survivin-T34A is a
functional dominant-negative mutant of survivin. 

To further test this conclusion, apoptotic cells were stained
with EGFP-conjugated Annexin V and were analyzed by
flow cytometry. TAT-survivin-T34A 0.2 or 0.5 μM, was
directly added to the medium of 30-50%  confluent A549
cells in 6-well plates. Twenty-four and 48 h later, cells were
stained and subjected to flow cytometry. Compared to TAT-
survivin, TAT-survivin-T34A treated cells showed an
increased induction of apoptosis (Figure 3B), which was
consistent with enhanced activation of caspase 3 by TAT-
survivin-T34A (Figure 3A). Surprisingly, wild-type TAT-
survivin also induced a certain level of apoptosis (8-15% )
compared with untreated controls (3-5% ), as TAT-survivin
theoretically should inhibit apoptosis. Whether this is due to
the non-specific cytotoxicity of TAT fused protein is to be
determined. Moreover, there was no increase or even some
decrease in apoptosis of cells treated for 48 h compared to
those at 24 h. This may be due to the degradation or escape
of TAT-survivin-T34A from endosomes. 

The effects of TAT-survivin-T34A on cell proliferation were
further tested. A549 cells were treated as in Figure 3B, cell

number was determined with a hemocytometer after 48 h. In
contrast to untreated controls, TAT-survivin-T34A inhibited
cell proliferation, while TAT-survivin displayed no apparent
effect on cell proliferation. 

Discussion

With the commercially available protein purification
techniques, a functional cell-permeable dominant-negative
survivin-T34A was expressed and purified, and demonstrated
pro-apoptotic and anti-proliferative activities in A549 cells,
suggesting that targeting survivin by cell permeable peptides
is a promising strategy for anticancer drug development. 

Cell apoptosis plays a pivotal role in the maintenance of
homeostasis of multicellular organisms. Deregulated cell
apoptosis results in clinically important malignancies such as
cancer and autoimmune diseases (20). One hallmark of cancer
is the evasion of apoptosis (21). Among the regulators of
apoptotic pathways, members of the IAP family antagonize
apoptosis by suppressing the processing and catalytic activity
of capases (8). Survivin is a structurally and functionally
unique protein of this family (11). Suppression of survivin by
oligonucleotides or interference with survivin function by
dominant-negative mutant of survivin (13-19) results in
polyploidy, aneuploidy and apoptosis, which support the
proposal that targeting survivin is a promising strategy for
anticancer drug development (11, 22). For instance, the Altieri
group has targeted survivin pathway with replication deficient
adenovirus encoding a survivin Thr34-Ala mutant, which
abolishes a phosphorylation site for p34cdc2-cyclin B1. They
showed that the survivin mutant virus caused initiation of the
mitochondrial apoptotic pathway in various tumor cell types
and suppressed tumor growth in three different xenograft
breast cancer models in vivo (23).

Today, cancer is still being predominately treated by
traditional surgery, radiotherapy and chemotherapy, the first
generation of cancer drugs based on the theory that cancer
cells proliferate and metabolize faster than normal cells (24).
With the elucidation of the molecular circuitry of cancer
cells and the advance of biotechnology, targeted molecular
therapy is the current wave of anticancer drug development
(25). This is exemplified by the success of imatinib to target
Bcr-Abl (26) and Herceptin™ to target Her2 (27). A favorite
druggable target for small molecular inhibitors is believed to
be a kinase with a defined catalytic cleft. Current cancer drug
development is focusing on targeting the cancer kinome.
However, with the advance and wide use of structural
biology to provide the exact domains of protein interactions,
even to a peptide of several amino acids, targeting of protein-
protein interactions is very promising (2). 

The research in protein transduction domains (PTD) of
naturally occurring or synthetic peptides has advanced very fast
and provides an alternative avenue for anticancer drug
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development (4). With the progress of macromolecular
therapeutics, several protein transduction domains have been
identified. Among them, the human immunodeficiency virus
(HIV) TAT protein (5), the Drosophila antennapedia
penetratin (28) and human herpes simplex virus (HSV)
tegument VP22 (29) have been well studied. The short 11
amino acid peptide of human immunodeficiency virus PTD of
TAT or full-length TAT protein have been efficiently used to
deliver peptides, proteins and nucleic acids into many kinds of
mammalian cells and helped to address a number of biological
questions, such as cell cycle progression, apoptosis and cellular
architecture, suggesting TAT is a promising vehicle for post
genome macromolecular cancer therapy (5, 30). 

With protein transduction domains and advanced
techniques for recombinant protein purification, the
development of a cancer specific macromolecular therapy to
interfere with survivin was attempted by expressing and
purifying a cell permeable dominant-negative survivin
mutant protein. In order to increase targeting efficiency, an
11 amino acid of human immunodeficiency virus (HIV) TAT
protein was fused to the dominant-negative survivin mutant
protein. This fusion gene was cloned into the pTAT vector,
expressed in E. coli and purified by Ni-NTA affinity
chromatography. This fusion protein was added directly to
cell culture medium at different concentrations to test its
anti-proliferation and anti-apoptosis effects on cancer cell
lines. Data showed that this TAT-survivin-T34A protein
inhibited cell growth and induced cell apoptosis, suggesting
that it is promising for further development of this protein as
a cancer specific protein therapy.
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