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Introduction

Cancer is currently the key reason for an increased death 
rate worldwide. Therefore, many therapeutic agents have 
been developed with the aim to cure cancer-related diseases, 
albeit with limitations such as toxicity, cell penetration, phar-
macokinetics, and stability of biologically active molecules. 
Most drug development research has focused on efficient 
drug delivery systems. Drug delivery systems have become 
important for cellular uptake of therapeutic targets and 
depend on a biologically active molecule’s size, charge, or 
synthesis. Approaches for enhancing drug delivery for rapid 
uptake by cells have been studied during the last decade for 
application and testing in clinical trials. Cell-penetrating 
peptides have been mostly known for cellular uptake and can 
be internalized in most cell types (Richard et al. 2003). They 
allow cellular delivery and are generally applied as conju-
gated forms, such as hard cellular penetrable biomolecules, 
antigenic peptides, nucleic acids, antisense oligonucleo-
tides, proteins, nanoparticles, and liposomes (Schwarze et al. 
2000; Shibagaki and Udey 2002; Pooga et al. 1998; Fawell 
et al. 1994; Nagahara et al. 1998; Lewin et al. 2000; Torchi-
lin et  al. 2001). The cationic transactivator of transcription 
(TAT) peptide is a cell-penetrating peptide consisting of 
arginine-rich peptides. It has been shown to successfully 
deliver a large variety of cargoes such as proteins, peptides, 
and nucleic acids into primary cells, as well as into most tis-
sues in preclinical models, and is currently being applied in 
human trials (Gump and Dowdy 2007). Moreover, most of 
the TAT-conjugated molecules have been accompanied by 
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the expected biological activity (Vives 2003). Despite a high 
number of applications using TAT-mediated peptides, the 
precise mechanism of its entry into cells is still unclear. The 
cationic charges of TAT peptides certainly play a key role in 
the uptake process and allow for their functional internali-
zation into cells or tissues (Vives et al. 1997; Wender et al. 
2000; Ferrari et al. 2003). According to some publications, 
TAT peptide-conjugated particles are efficiently translocated 
into the cell nucleus (de la Fuente and Berry 2005; Joseph-
son et al. 1999). Therefore, the TAT peptide has been widely 
used to improve cellular delivery with bioactive molecules 
that are poorly taken up into cells.

The polo-like kinase (Plk) family, which includes four 
human serine/threonine protein kinases (Plk1, Plk2, Plk3, 
and Plk4), was shown to be an important family of proteins 
in cell cycle regulation, cell division, and even proliferation 
(Liu et  al. 2011; Barr et  al. 2004; Dai 2005). For instance, 
Plk1 is known to play key roles in the regulation of mitotic 
progression, spindle formation, chromosome segregation, and 
cytokinesis (Lansing et  al. 2007; Barr et  al. 2004). In addi-
tion, Plk1 has been shown to be highly expressed and to play 
the main role in proliferating cells, especially in a variety of 
tumor cells (Strebhardt and Ullrich 2006). Therefore, many 
studies developed anticancer therapeutic agents by inhibit-
ing the Plk1 kinase domain (Gumireddy et al. 2005; Lenart 
et al. 2007; Strebhardt 2010). Plk1 consists of two domains, 
the N-terminal kinase domain and the C-terminal polo-box 
domain (PBD), which is known as a phosphopeptide-binding 
domain. PBD inhibitors have been developed using small 
molecules or peptides (Reindl et  al. 2008; Watanabe et  al. 
2009; Li et al. 2009). PBD binds Plk1 target proteins and its 
specific synthetic phosphopeptide sequence, PMQSpTPL, 

which has been shown to have a high affinity for Plk1 (Elia 
et al. 2003a). Recently, artificial phosphopeptides, which spe-
cifically interact with the PBD, have been optimized to target 
PBD (Cheng et al. 2003; Elia et al. 2003b; Yun et al. 2009). 
One of these phosphopeptides, Pro-Leu-His-Ser-p-Thr (PLH-
SpT), which is the minimal sequence for PBD binding, was 
shown to be inhibited by Plk1 PBD binding to induce apop-
totic cell death (Yun et al. 2009). However, the minimal phos-
phopeptide has a limitation of poor cell membrane penetra-
tion, and owing to this disadvantage, it could not be used for 
human clinical studies. Therefore, this phosphopeptide needs 
to be modified to enable penetration into cancer cells and be 
used as a successful therapeutic agent.

In this study, we deliberated that drug delivery systems 
might benefit from this phosphopeptide. Thus, we hypoth-
esized that the attachment of the TAT peptide might result 
in high levels of cell internalization and a high affinity to 
PBD-binding sites in cancer cells (Fig.  1). We designed 
and synthesized Plk1 inhibitor TAT-PLHSpT for improving 
internalization into cancer cells and characterized its inhi-
bition of cancer cell proliferation. Our results suggest that 
TAT-PLHSpT might be a good candidate for specific PBD 
binding of Plk1 as a therapeutic agent in humans.

Experimental section

Chemicals

All chemicals were used without further purification. Diiso-
propylethylamine (DIEA), fluorescein 5(6)-isothiocyanate 
(FITC), triisopropylsilane (TIPS), and trifluoroacetic acid 

Fig. 1   Illustration of TAT-
PLHSpT cellular uptake
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(TFA) were purchased from Sigma Aldrich Chemical Co. 
(St. Louis, MO, USA). 9-Fluorenylmethyloxycarbonyl 
(Fmoc)-protected amino acid derivatives, Rink amide  
AM resin, O-benzotriazole-N,N,N,Nʹ-tetramethyl-uronium-
hexafluoro-phosphate (HBTU), and hydroxybenzotriazole 
(HOBt) were purchased from BeadTech Inc. (Seoul, Korea). 
HPLC was performed on a Young Lin HPLC system (C18, 
GRACE, Albany, OR, USA), along with the following gra-
dient eluents: H2O/0.05  % TFA and acetonitrile/0.05  % 
TFA; 10–90  % acetonitrile for 30  min at a flow rate of 
2 mL/min. UV detection was carried out under a wavelength 
of 230 nm. Mass spectra were obtained by matrix-assisted 
laser desorption/ionization time-of-flight (MALDI-TOF) 
mass spectrometry (KBSI, Ochang Center, Korea).

Peptide synthesis

All peptides used in this study were chemically synthesized 
by solid-phase peptide synthesis. As shown in Fig. 2, Rink 
amide AM resin (100–200 mesh, 0.70 mmol/g) was swollen 
in dimethylformamide (DMF) for 50 min and treated twice 
with a 20 % (v/v) piperidine in DMF for 10 min. The resin 
was then washed five times with DMF and coupled with 
a DMF solution of Fmoc-protected amino acid (5 equiv.), 
HBTU (5 equiv.), HOBt (5 equiv.), and DIEA (10 equiv.) 
for 50 min. The resin was further washed five times with 
DMF. This procedure was repeated until the desired peptide 
sequence was obtained. The peptide was cleaved from the 
resin by treatment with TFA:TIPS:H2O (90:5:5 v/v/v) for 
2 h, and precipitated with cold diethyl ether. The resulting 
white powders were purified by preparative reverse phase 
high performance liquid chromatography (RP-HPLC) over 
a C18 column, with a liner gradient over 30 min of acetoni-
trile/0.05 % TFA from 10 to 90 %, at a flow rate of 2 mL/
min. The final product was kept at −20 °C until further use.

In vitro assay: cellular uptake of TAT‑PLHSpT

Overexpression of Plk1 has been observed in various 
human tumors (Li et  al. 2009; Strebhardt and Ullrich 
2006). Therefore, in this study, the following human can-
cer cell lines were used: HeLa (human epithelial carci-
noma cell line), KB (human epidermoid carcinoma), and 
HT-29 (human colon adenocarcinoma), all of which were 
purchased from American type culture collection (ATCC, 
Manassas, VA, USA). HeLa and KB cells were grown in 
Dulbecco’s modified eagle medium (DMEM; Gibco BRL, 
Grand Island, NY, USA), and HT-29 cells were grown in 
Roswell Park Memorial Institute (RPMI)-1640 medium 
(Gibco) supplemented with 10 % (v/v) fetal bovine serum 
(FBS; Gibco, Carlsbad, CA, USA), 100 U/mL of penicil-
lin, and 100 μg/mL of streptomycin (Gibco) in 5 % CO2 
humidified air at 37 °C.

The uptake test of TAT-PLHSpT by cancer cell lines 
was performed by standard techniques using FITC-con-
jugated methods. Plated at 2 × 104 cells/well (HeLa, KB, 
and HT-29 cells), these cancer cell lines were cultured in 
24-well polystyrene plates with plastic coverslips (Nunc™ 
Thermanox™ Coverslips, Thermo Fisher Scientific Inc., 
Waltham, MA, USA) for 24 h. Then, cultured media were 
changed to FBS-free DMEM media, including 5  µM of 
FITC-conjugated TAT-PLHSpT, and incubated for 3  h. 
Coverslips were rinsed three times with PBS, following 
which they were mounted with mount solution (Vector 
Shield, Vector Labs, Burlingame, CA, USA) using 1.5 μg/
mL of 4ʹ,6-diamidino-2-phenylindole (DAPI). The results 
were imaged by fluorescence microscopy (Olympus IX81, 
Olympus Inc., Japan). Images were processed using image 
analysis program software (MetaMorph Molecular Devices 
Inc., Sunnyvale, CA, USA).

Cell viability study

The XTT assay was used to assess the toxicity of the 
peptides. HeLa, U87MG, and HT-29 cells were seeded 
in 96-well microplates at 1  ×  103 cells/well, in culture 
media containing 10 % FBS, and cultured for 24 h. Subse-
quently, the medium was replaced by DMEM containing 
1 % FBS and different concentrations (0.1, 0.2, 0.5, 1, 2, 
5, 10, and 50 μM) of peptides (TAT, PLHSpT, and TAT-
PLHSpT) and incubated for 24 h at 37 °C. Survival abil-
ity of cancer cell lines was observed using the cell prolif-
eration kit II (XTT) (Roche Applied Science, Penzberg, 
Germany). This experiment was repeated three times in 
duplicate.

Fig. 2   Schematic of TAT peptide and phosphopeptide derivative via 
solid-phase synthesis
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Plk1 kinase inhibition study

In order to analyze the Plk1 kinase inhibition effect by 
fusion peptide in vitro, we followed the CycLex® Polo-
like kinase Assay/Inhibitor Screening Kit (MBL Inc., 
Tokyo, Japan) manual. Cancer cells (2 × 105 cells/well) 
were seeded in 6-well plates and cultured for 24 h. Then, 
the cells were incubated in media with peptides (5  µM 
of TAT, PLHSpT, and TAT-PLHSpT) for 24 h and 48 h. 
Next, the absorbance of Plk1 kinase activity in each well 
was measured with a spectrophotometric plate reader at 
450 nm.

Cell cycle analysis

The effect of cell division inhibition in HeLa, KB, and 
HT-29 cells by TAT-PLHSpT was studied by double stain-
ing with antibodies. Cancer cells (2 × 104 cells/well) were 
cultured in 24-well polystyrene plates with plastic cover-
slips for 24 h and incubated in media with 10 µM of TAT, 
PLHSpT, and TAT-PLHSpT, for 24 h. The coverslips were 
then washed with PBS three times and fixed with 4 % para-
formaldehyde. After treatment with a 1:100 dilution of Plk1 
antibody (Abcam, Cambridge, MA, USA), coverslips were 
incubated for 1  h at room temperature. Then, coverslips 
were washed with PBS and incubated in PBS with 1:200 
dilution of FITC-conjugated secondary antibody (Santa 

Cruz Biotechnology, Inc., CA, USA; 1:200 dilutions) for 
3  h at room temperature. For DAPI double staining of 
chromosomes, VECTASHIELD Mounting Medium with 
DAPI (Vector Labs; 1:100 dilutions) was used. All images 
were procured on a fluorescence microscope (magnifica-
tion ×600; Olympus IX81). All studies were performed in 
triplicate.

Acridine orange staining

Cells (2 ×  104 cells/well) were cultured in 24-well poly-
styrene plates containing plastic coverslips. Each well 
was treated with 10  μM of peptides (TAT, PLHSpT, and 
TAT-PLHSpT) and incubated for 24  h. Then, the cover-
slips were fixed with 4 % PFA for 30 min, after which they 
were stained with 100 µg/mL of acridine orange/ethidium 
bromide solution (AO/EtBr; Sigma Aldrich) for 15 min at 
room temperature. The coverslips were washed five times 
with PBS. The results were imaged on a fluorescence 
microscope (magnification ×200; Olympus IX81) using 
a blue filter. Images were processed using Image analysis 
program software (MetaMorph Molecular Devices Inc.).

Western blot analysis

The apoptotic effect caused by peptides was repeated using 
apoptosis-related antibodies [caspase-3, poly (ADP-ribose) 

Fig. 3   Cellular uptake of TAT-PLHSpT by HeLa, HT29, and KB cancer cell lines. The cells were incubated with FITC-conjugated TAT-PLHSpT 
(green), and the cancer cell nuclei were stained with DAPI (blue). Cell imaging was performed using a fluorescence microscope (color figure online)
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polymerase (PARP), and cleaved PARP]. Total protein was 
extracted using PRO-PREP protein extraction solution 
(iNtRON Biotech. Inc., Daejeon, Korea) from the cells that 
were incubated for 24 and 48 h with 10 μM of peptides. 
In turn, total protein concentration was measured with the 
BCA protein assay kit (Merck Millipore, Darmstadt, Ger-
many). Protein concentration of 20 μg/lane was used. The 
protein extracts were boiled for 5  min, loaded, separated 
by SDS–PAGE, and transferred to PVDF membranes. The 
membranes were then probed with appropriate antibod-
ies (anti-PARP, and anti-caspase-3, Invitrogen; anti-beta 
actin, BD Bioscience). The signal was developed using 
an enhanced chemiluminescence detection system (Amer-
sham-Pharmacia Biotech, Piscataway, NJ, USA).

Results and discussion

We developed a new specific Plk1 PBD inhibitor, which 
is cell permeable and can be used for cancer drug devel-
opment. In general, while using biologically active mol-
ecules for high-efficiency intracellular drug delivery, most 

current techniques utilize one of two approaches: inter-
nalizing molecules by endocytosis or receptor-mediated 
endocytosis/phagocytosis. In our previous studies, we 
showed an efficient drug delivery system by receptor-
mediated endocytosis with receptor-inhibiting peptide-
conjugated PLHSpT, which is RGDyK-S–S-CPLHSpT 

Fig. 4   Cell viability with TAT-PLHSpT treatment of HeLa, HT29, and KB cells. Cell proliferation rate (XTT assay) after 24 h of stimulation 
with TAT-PLHSpT of various concentrations (0, 0.1, 0.2, 0.5, 1, 2, 5, 10, and 50 μM)

Fig. 5   Plk1 kinase activity with TAT-PLHSpT (5 µM) in the HeLa, 
HT29, and KB cells after 24 and 48 h incubations
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(Kim et  al. 2012). The conjugated peptide’s cellular 
uptake was enhanced, and it showed anticancer activi-
ties not only in vitro (cancer cell lines) but also in vivo 
(tumor-bearing xenograft mice). Despite a high number 
of applications for the TAT peptide, the mechanism of 
internalization of TAT and its conjugated molecules is yet 
to be understood. In present studies, we used cell-pene-
trating peptides for cellular uptake along with a poorly 
internalized peptide. A TAT peptide with a sequence of 
YARVRRRGPRR was prepared by the solid-phase syn-
thesis method on Rink amide resin (Fig. 2). The specific 
peptide with high affinity to PBD-binding sites, PLHSpT, 
could easily and sequentially conjugate to TAT-PLHSpT, 
the ideal cell-penetrable peptide. Solid-phase synthesis 
has advantages for peptide synthesis. In particular, it is 
needed in mild condition peptide synthesis. It allows in 
situ synthesis without any inconvenient intermediate puri-
fication procedure, and it can easily condense each amino 
acid to a desired peptide sequence.

We also synthesized a new inhibitor, TAT-PLHSpT, puri-
fied it by HPLC, and then identified it by MALDI-TOF 
spectrometry. PLHSpT, TAT, and PLHSpT-TAT, were puri-
fied by HPLC (Rt  =  7.12, 6.56, and 10.63  min, respec-
tively) and identified by MALDI-TOF (m/z  =  633.29, 
1442.0, and 2057.2, respectively).

For the evaluation of the peptide’s penetration into can-
cer cells, we performed cellular uptake and cell prolifera-
tion studies by TAT-PLHSpT treatment. The cellular uptake 
ability of PLHSpT into cancer cells (HeLa, HT-29, and 
KB) was significantly increased by TAT conjugation. High 
cellular uptake of the peptide was evident by fluorescence 
microscopy in the three types of cancer cells. Moreover, the 
in vitro assay revealed that the cellular uptake of TAT-PLH-
SpT was mainly in the nuclear region of all three cancer 
cell lines studied (Fig. 3).

To test the inhibition effect of tumor cell growth by 
the peptides (TAT, PLHSpT, and TAT-PLHSpT), we per-
formed a 24-h stimulation with DMEM containing 1  % 

Fig. 6   Cell cycle analysis of TAT-PLHSpT (10 µM) in HeLa, HT29, and KB cells after 24 h. Centrosomal and spindle abnormalities were found 
in cancer cells with the peptide (magnification ×600)
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Fig. 7   Detection of apoptosis. HeLa, HT29, and U87MG cells were stained with acridine orange, and all images were obtained with a fluores-
cence microscope (magnification ×200)

Fig. 8   Apoptosis effect of TAT-PLHSpT. a Western blot analysis 
of apoptotic cancer cells after incubation with TAT-PLHSpT for 24 
and 48 h. b and c apoptosis was assessed by caspase-3 activation and 

PARP cleavage after incubation with TAT-PLHSpT for 24 and 48 h 
(*P < 0.05 and **P < 0.01)



2602 S. M. Kim et al.

1 3

FBS with various concentrations (0.1, 0.2, 0.5, 1, 2, 5, 
10 and 50 μM) of peptides (Fig.  4). We found that the 
survival rate of cancer cells was significantly decreased 
in all cancer cell lines (HeLa, HT-29, and KB) in a dose-
dependent manner with TAT-PLHSpT. The reduction of 
survival rate of cancer cells was prominent after treat-
ment with concentrations of more than 1  μM of TAT-
PLHSpT, although the effect of growth inhibition by TAT 
and PLHSpT was not apparent. In addition, during the 
survival inhibition effect test, we identified that the inhib-
itory concentration 50  % was attained after treatment 
with approximately 7.5 μM concentration. As a positive 
control, TAT-PLHSpT was compared with the PEGylated 
PLHSpT derivative (9) from a previous study (Liu et al. 
2011). In that report, the PEGylated PLHSpT derivative 
was prepared by incorporation of polyethylene glycol 
into a PLHSpT for enhancing its membrane transport. 
Direction incubation of 9 with cultured HeLa cells was 
performed, and 9 was shown to effectively inhibit cell 
proliferation in a dose-dependent manner, with an IC50 of 
380  μM. This was attributed to be low cell permeabil-
ity of the compound. TAT-PLHSpT also showed a similar 
pattern in the cell morphology compared to 9. However, 
direct incubation of TAT-PLHSpT with cultured HeLa 
cells had an IC50 value of 7.5 μM, indicating that TAT-
PLHSpT possessed enhanced cell penetration ability. 
We postulated that TAT could be guided to an intercel-
lular level, at which point we would expect that it acts 
as a possible inhibitor of Plk1 PBD. The ability of TAT-
PLHSpT to inhibit proliferation in a variety of cancer 
cells grown in culture was evaluated. Anticancer effects 
of TAT conjugation in the cancer cells were enhanced in 
a dose-dependent manner compared to controls of only 
TAT and PLHSpT.

To evaluate the detailed mechanism of TAT-PLHSpT in 
cancer cells, the assays were developed to measure the Plk1 
kinase activity in the cell in response to the peptide treat-
ment. Our guess was that the uptake of PLHSpT into the 
nucleus may induce the inhibition of Plk1 kinase activity, 
playing an important role in mitosis. Thus, we tested the 
Plk1 kinase activity in cancer cell lines HeLa, HT-29, and 
KB after stimulation with TAT, PLHSpT, and TAT-PLH-
SpT. The PLK-1 kinase activity was statistically reduced 
after stimulation for 24 and 48 h with TAT-PLHSpT, when 
compared to TAT- and PLHSpT-treated groups (Fig. 5). In 
HeLa and HT-29 cells, the inhibition rate of Plk1 kinase 
activity was reduced to a greater extent in samples stimu-
lated for 48 h than 24 h. The rate of Plk1 kinase activity 
after stimulation with TAT-PLHSpT showed that HeLa 
showed about 60  % at 24  h and 41.5  % at 48  h; HT-29, 
55.3 % at 24 h and 40.2 % at 48 h; and KB, 44.5 % at 24 h 
and 50.5  % at 48  h. TAT-PLHSpT treatment group was 
only shown to inhibit the Plk1 kinase activity in cancer 

cells, which means that TAT-PLHSpT exhibits specific and 
selective interaction with Plk1.

We also performed immunofluorescence staining to 
demonstrate that PLHSpT induced the inhibition of cell 
differentiation. The images collected showed that the cell 
division step was delayed by the activation of TAT-PLH-
SpT such that the nuclei of tumor cells displayed multipo-
lar spindles and misaligned chromosomes (Fig. 6). On the 
other hand, the inhibition effect of cell mitosis by PLHSpT 
was not induced in tumor cells, just as the inhibition effect 
was not clear in the control sample.

For further explanation of the reasons behind the induc-
tion of cancer cell death with TAT-PLHSpT treatment, we 
performed cell cycle analysis and measured apoptosis by 
immunofluorescence, since Plk1 expression and activity are 
highly linked to mitosis. We confirmed the apoptotic effect 
of TAT-PLHSpT on HT-29 and KB tumor cells by AO/EtBr 
staining (Fig.  7), and on HeLa cells with a western blot 
assay using PARP and caspase-3 (Fig.  8). AO/EtBr stain-
ing revealed that TAT-PLHSpT induced cell apoptosis in 
HT-29 and KB cells compared to TAT- and PLHSpT-treated 
groups, where the induction of cancer cell apoptosis was 
not clear (Fig.  7). Furthermore, the expression of apopto-
sis-related factors (caspase-3 and PARP cleaved form) was 
significantly increased in the TAT-PLHSpT treated group. 
The expression of caspase-3 and PARP cleaved form was 
the highest in the control incubated with TAT-PLHSpT for 
48  h (Fig.  8). In the cell cycle study, TAT-PLHSpT was 
observed to cause mitotic arrest and chromosome congres-
sion defects. The post-TAT-PLHSpT treatment morphologi-
cal images also showed significant changes (data not shown 
here). Moreover, the peptide induced cell death by apopto-
sis in both HT-29 and KB cells.

Conclusions

We synthesized a new specific targeting peptide of Plk-1 
PBD, namely, TAT-PLHSpT, which can easily penetrate 
into the cell using cell-permeable peptide conjugation. 
The peptide not only inhibited cancer cell proliferation by 
blocking mitosis, but also induced cancer cell death. This 
study demonstrated that TAT-PLHSpT is a potential anti-
cancer agent. Further studies are warranted to investigate 
the antitumor effect of the TAT-PLHSpT in vivo using 
tumor-bearing animal models.
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