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Abstract Thymosin alpha 1 (Ta1) is commonly used for

treating several diseases; however its usage has been lim-

ited because of poor penetration of the target tissue, such as

tumor cells. In the present study, Ta1-iRGD, a peptide by

conjugating Ta1 with the iRGD fragment, was evaluated

its performance in MCF-7 and MDA-MB-231 human

breast cancer cells. Compared with the wild-type peptide,

Ta1-iRGD was more selective in binding tumor cells in the

cell attachment assay. Furthermore, the MTT assay con-

firmed that Ta1-iRGD proved more effective in signifi-

cantly inhibiting the growth of MCF-7 cells in contrast to

the general inhibition displayed by Ta1. Further, conju-
gation of Ta1 with iRGD preserved the immunomodula-

tory activity of the drug by increasing the proliferation of

mouse spleen lymphocytes. Further, compared with Ta1
treatment, Ta1-iRGD treatment of MCF-7 cells considerably

increased the number of cells undergoing apoptosis,

resulting in a dose-dependent inhibition of cancer cell

growth, which was associated with a much better effect on

up-regulation of the expression of BCL2-associated X

protein (Bax), caspase 9, etc. More importantly, treatment

with Ta1-iRGD was more efficacious than treatment with

Ta1 in vivo. This study highlights the importance of iRGD

on enhancement of cell penetration and tumor accumula-

tion. In summary, our findings demonstrate that the novel

modified Ta1 developed in this study has the potential to

be used for treating breast cancer.
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Introduction

Thymosin alpha 1 (Ta1) is a 28-amino acid immunomod-

ulating peptide derived from prothymosin alpha in the

thymus [1]. Ta1 has been broadly used in the treatment of

various diseases, including immune deficiencies [2],

infectious diseases [3–5] and cancers [6, 7]. However, use

of Ta1 as an anticancer drug in clinical trials has been

limited because of its poor tumor penetration; therefore,

Ta1 was previously used only as a complementary agent

with cytokines and chemotherapeutic agents [8–11].

The iRGD fragment [12, 13] has a unique advantage that

it penetrates tumor cells because of its highly selective

affinity to neurophilin-1 and av integrins [12, 14, 15] that

are highly expressed in many tumor cell types but not in

normal tissues. Therefore, the iRGD fragment has been

utilised as a powerful cyclic tumor-homing and tumor-

penetrating peptide. The iRGD fragment specifically binds to

av integrins at first, following which it is proteolytically

cleaved to CRGDK/R, thus activating a neuropilin-1 (NRP-1)-
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dependent C-end Rule (CendR) sequence (R/KXXR/K)

internalisation pathway to achieve cell internalisation and

tumor penetration [16, 17].

Based on the previous study, Ta1-iRGD, a peptide in

which the iRGD fragment (CRGDKGPDC) was introduced

into the C-terminus of Ta1 by conjugating them with a

linker (GGGG) [18], was further studied its activity in

inhibiting the growth of the human breast cancer cell line

MCF-7. Moreover, we further explore the tumor targeting

effect of Ta1-iRGD by in vitro MCF-7 model and in vivo

MCF-7 breast tumor-bearing nude mice model, which

might illustrate the real biologic mechanism of iRGD on

enhancement of targeted anticancer effects of Ta1-iRGD
both in vivo and in vitro.

Materials and methods

Materials

MCF-7 and MDA-MB-231 human breast cancer cell line

was purchased from American Type Cell Culture (ATCC,

Shanghai, China). Concanavalin A (ConA) was purchased

from Sigma-Aldrich (USA). Paclitaxel (Taxol) was pro-

vided by Jiangsu Yew Pharmaceutical Co., Ltd. (Wuxi,

Jiangsu Province of China). Ta1-iRGD, Ta1 and their

FITC-labelling peptides were synthesized by ChinaPep-

tides Company Limited (Shanghai, China). ICR mice (SPF)

were purchased from the Comparative Medicine Center of

Yangzhou University, China. Balb/c nude mice were pur-

chased from the Changzhou Cavens laboratory animal Co.

Ltd. (Changzhou, China). Anti-Caspase-9 antibody

(ab32539) were purchased from Abcam. All experimental

procedures using animals used in the our study were per-

formed in strict accordance with the interdisciplinary

principles and guidelines for the use of animals in research

and was approved by Jiangsu Provincial Experimental

Animal Management Committee under Contract 2012(su)-

0035.

Methods

Cell proliferation assay

MCF-7 or MDA-MB-231 cells were maintained in RPMI

1640 supplemented with 10 % (v/v) foetal bovine serum

(FBS), 100 U/mL penicillin and 100 lg/mL streptomycin.

MCF-7 or MDA-MB-231 cells were seeded in 96-well

plates at a density of 5000 cells/well for 6 h and then

incubated with serial dilutions of Ta1 or Ta1-iRGD at

37 �C at a final volume of 200 lL for 36 h. Paclitaxel

(0.0125 lmol/mL) and RPMI 1640 were used as the

positive and negative controls, respectively. Cell prolifer-

ation was then measured using the MTT assay as described

previously [19]. In brief, MTT solution (20 lL, 5 g/L) was

added to each well and incubated at 37 �C for 4 h. Sub-

sequently, the medium was removed and 150 lL DMSO

was added to each well to dissolve the resulting formazan

precipitate. Absorbance was determined at 570 nm using a

microplate reader. After the first round of treatment,

another round of treatment with Ta1 or Ta1-iRGD at lower

concentrations was conducted. The relative inhibition of

cell proliferation (%) was calculated by the equation

(AN - AT)/AN 9 100 %, where AT refers to absorbance

of the treatment group and AN refers to absorbance of the

negative control group. Cell viability was calculated as

CV = (absorbance of the treatment group/absorbance of

the negative control group) 9 100 %.

Cell attachment assay

The cell attachment assay was performed as described

previously [20]. In brief, several diluted concentrations of

Ta1 or Ta1-iRGD were coated onto a 96-well ELISA plate

(Costar, USA) at 4 �C overnight. Wells coated with

phosphate-buffered saline (PBS) were used as the negative

control. Each well in the plate was blocked using 2 %

bovine serum albumin in RPMI 1640 at 37 �C for 2 h. The

plate was then washed 3 times with isotonic buffered saline

prior to seeding 100 lL of MCF-7 cells (3 9104 cells/

well) and then incubated for 1 h at 37 �C. Subsequently,
the plate was washed 3 times with isotonic buffered saline

to wash away non-adherent cells. The adherent cells in

each well were fixed in PBS containing 3 %

paraformaldehyde and 2 % saccharine, stained with 0.5 %

crystal violet staining buffer, examined by phase-contrast

microscopy and documented by taking pictures. Subse-

quently, the crystal violet in the adherent cells was

extracted with 10 % acetic acid (100 lL per well) and the

plates were read using a microplate reader at 595 nm. The

relative cell adhesion (%) was calculated using the formula

(AT - AC)/AC 9 100 % (where AT refers to absorbance

of the treatment group and AC refers to absorbance of the

negative control group).

Spleen lymphocyte proliferation assay

Suspensions of single spleen cells were prepared from ICR

mice as described previously [21]. Subsequently, the cells

were resuspended in RPMI 1640 containing 10 % FBS at a

final concentration of 2 9 106 cells/mL. Different con-

centrations of Ta1 or Ta1-iRGD were added and co-in-

cubated with ConA (5 lg/mL) at 37 �C for 36 h. ConA

(5 lg/mL) and RPMI 1640 were used as the negative and

normal controls, respectively. Further, the effect on

1308 Apoptosis (2015) 20:1307–1320

123



proliferation was determined using the MTT assay as

described above.

Apoptotic assay

The apoptotic assay was performed as described previously

[22, 23]. In brief, a suspension of MCF-7 cell was prepared

using 0.25 % trypsin, and the cells were seeded in a 6-well

plate at an initial density of 4 9 104 cells/well and incu-

bated in a humidified atmosphere of 5 % CO2 and air at

37 �C for 6 h. Ta1 or Ta1-iRGD at a concentration of

0.02 lmol/mL were then added to the wells and incubated

for 36 h. RPMI 1640 was used as the negative control.

Following drug treatment, the cells were trypsinised

(0.25 % trypsin) and washed twice with cold PBS. For each

sample, 105 cells were counted and resuspended in a

binding buffer, followed by incubation with 5 lL of

Annexin V-FITC and 5 lL of propidium iodide for 15 min,

according to the manufacturer’s protocol manual (Annexin

V-FITC and PI Apoptosis Kit, Biouniquer, Nanjing,

China). Apoptotic cells were determined using a FACScan

flow cytometer (BD Biosciences).

Semi-quantitative reverse transcription-polymerase

chain reaction (RT-PCR) and Western blot analysis

Semi-quantitative RT-PCR was performed as described

previously [24]. In brief, following 36 h of treatment, total

cellular RNA was obtained by TransZol (Beijing TransGen

Biotech Co., Ltd., China) and 1 lg of RNA was reverse

transcribed to cDNA using TransScript First-Strand cDNA

Synthesis SuperMix kit according to the manufacturer’s

instructions (Beijing TransGen Biotech Co., Ltd., China).

These cDNAs were then amplified using PCR; the products

were separated by 2.0 % agarose gel electrophoresis,

stained with ethidium bromide and visualised under ultra-

violet light using a gel imaging system. The RT-PCR

exponential phase was set from 25 to 35 cycles to allow

sufficient semi-quantitative comparisons among cDNAs

developed from different treatments. Each PCR regime

involved an initial 5-min denaturation step at 94 �C, fol-
lowed by 34 amplification cycles at 94 �C for 30 s,

51–57 �C for 30 s [55 �C for BCL2-associated X protein

(Bax) and glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), 51.5 �C for caspase 9 and 57 �C for caspase 3]

and final extension at 72 �C for 5 min. The following pri-

mers were used: Bax forward primer: 50-TCCCCCCGA
GAGGTCTTTTTC-30 and Bax reverse primer: 50-
TCCCGGAGGAAGTCCAATGTC-30; caspase 9, apopto-

sis-related cysteine peptidase (CASP9) forward primer: 50-
ATCAACAATGTGAACTTCTGC-30 and CASP9 reverse

primer: 50-GATGTTCACAATCTTCTCGAC-30; caspase

3, apoptosis-related cysteine peptidase (CASP3) forward

primer: 50-GAACTGGACTGTGGCATTGAG-30 and

CASP3 reverse primer: 50-CACAAAGCGACTGGAT
GAACC-30 and GAPDH forward primer: 50-GGGAGC
CAAAAGGGTCATCAT-30 and GAPDH reverse primer:

50-CAGGGGTGCTAAGCAGTTGGT-30. The predicted

lengths of the RT-PCR products were 179 bp (Bax), 303 bp

(CASP9), 163 bp (CASP3) and 139 bp (GAPDH). The

intensities of the cDNA bands for each treatment were

normalised to the GAPDH band intensities. Western blot

analysis was also performed according to standard proce-

dures based on the result of RT-PCR.In brief, cells were

lysed and the protein was subjected to SDS-PAGE and

further transfer to PVDF Western blotting membranes and

finally identified by primary antibodies and species-specific

horseradish peroxidise(HRP) conjugated secondary anti-

body. Chemiluminescent detection was achieved with

Thermo Scientific ECL reagent.

Location of polypeptides in cells

The breast cancer cell line MCF-7 was cocultured with

200 lL FITC-labelled Ta1-iRGD and Ta1 at 0.1 mg/ml

for 2 h, respectively. After being washed with PBS, the

cells were incubated with Dil for 20 min at room temper-

ature to stain the cell membrane. After being washed

again,the cells were then incubated with Hoechst33342 for

10 min at room temperature to stain the cell nuclei and

finally observed at inverted fluorescence Microscope (Axio

Vert.A1, Carl Zeiss, Germany).

Human breast tumor model and therapy

MCF-7 breast tumors were created by implanting subcuta-

neously (s.c.) 1 9 107 cells into female nude mice at the age

of 4–6 weeks. When the average tumor volume reached

100 mm3, the mice were randomly divided into four groups

with eight mice per group. For in vivo tumor treatment

studies, group1 were subcutaneously injected with Ta1-
iRGD at a dose of 0.08 lmol/kg once daily for 11 days at a

site distant from the tumor, and group 2 received Ta1 at the
same dose of 0.08 lmol/kg once daily. Group 3 was sub-

cutaneously injectedwith 0.1 mLPBS once daily and set as a

negative control. Group 4 was treated with 10 mg/kg

Paclitaxel at a dose of 10 mg/kg once every 3 days and set as

a positive control. The tumor volume was monitored every

other day and determined using the following formula: tumor

volume = (A2 9 B)/2, where A is the smallest and B is the

largest tumor diameters.

Histochemistry and immunohistochemistry

Hematoxylin and eosin (H&E) staining was use to detect

necrosis in tumor tissues as previously described [25].
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Briefly, staining for H&E was performed through standard

histological procedures. Immunohistochemical staining of

CD31 was used to evaluate vascular structures in the tumor

tissues. Briefly, the tumors sections, 4 lm thick, were put

on a coated glass slide and fixed. Sections were incubated

for 18 min with H2O2 (3 %) for blocking endogenous

peroxidase activity. Subsequently, the sections were incu-

bated with the primary antibodies and the secondary anti-

body. The primary antibodies were rat anti-mouse CD31

monoclonal antibody. The secondary antibody was HRP-

tagged rabbit anti-rat IgG. Finally, tissue sections were

treated with 3,3-diaminobenzidine (DAB) and counter-

stained with hematoxylin and examined by a microscope.

Tumor targeting

To elucidate the tumor targeting of Ta1-iRGD in nude mice

bearing tumor, MCF-7 tumor-bearing mice were injected

via the tail vein with FITC-labelled polypeptides

(0.8 mmol/L, 200 lL volumes) as previously described

[26]. 2 h after the injection, the tumors, hearts, livers,

spleens, lungs, and kidneys were took from nude mice for

further green fluorescence detection under an in vivo

Imaging System Fx Pro (Carestream, American).

Three-dimensional (3D) modeling

According to previous studies [13, 16, 17], the iRGD motif

is capable of tumor-homing by initially binding to aV
integrins that are specifically expressed on many tumors.

The iRGD motif is subsequently cleaved by a protease to

expose an internal R/KXXR/K motif, which belongs to a

class of CendR peptides. The CendR peptides demonstrate

proven capabilities of binding NRP-1, leading to cellular

internalisation and penetration. Based on this theory, the

Ta1-iRGD should be cleaved to Ta1-CRGDK, which is

composed of Ta1, a linker (GGGG) and CRGDK that

belongs to a class of CendR peptides. We have previously

used computational approaches to model the interaction

between Ta1-iRGD and integrin avb3 [18]. In the present

study, we applied the same computational modelling

approach to explore whether NRP-1 can bind Ta1-
CRGDK. The structure of Ta1-CRGDK was first built by

homology modelling (DS software, Accelrys Inc., USA),

using the structure of Ta1 (PDB:2L9I) as the homologous

template [27]. Then, the initial model was minimised using

2000 steepest descent steps and 2000 conjugate gradient

steps under the CHARMmH force field. The final Ta1-
CRGDK model, as a ligand, was docked with NRP-1

(PDB:3I97) [28] using the ZDOCK program [29], and the

result was analysed using Molecular Operating Environ-

ment software.

Results

Ta1-iRGD increased the inhibition of MCF-7

and MDA-MB-231 cell proliferation in vitro

We performed the MTT assay to determine whether Ta1-
iRGD was more effective in inhibiting the growth of MCF-

7 cells than Ta1. After the first round of treatment, when

MCF-7 cells were treated with various concentrations of

Ta1 or Ta1-iRGD (from 0.03125 to 0.5000 lmol/mL) for

36 h, Ta1-iRGD exhibited significantly higher antiprolif-

erative activity than Ta1 at all concentrations (p\ 0.01)

(Fig. 1a). For example, Ta1-iRGD produced a 51.5 %

inhibition in the proliferation of MCF-7 cells at a con-

centration of 0.03125 lmol/mL, whereas Ta1 resulted in

only 23.8 % inhibition at the same concentration

(p\ 0.01).

A subsequent round of drug treatment was conducted to

further examine the activity of Ta1-iRGD or Ta1 at lower

concentrations, and the inhibition rate of MCF-7 cells was

examined (Fig. 1b). We observed that Ta1-iRGD exhibited

significant antiproliferative activity even at very low con-

centrations when compared with Ta1. For example,

0.02 lmol/mL of Ta1-iRGD significantly inhibited cell

proliferation (the rate of inhibition was 49.6 %), whereas

the same concentration of Ta1 showed only slight antitu-

mor effects, with only 2.8 % inhibition of cell proliferation

(p\ 0.01). In another experiment, 0.004 lmol/mL of Ta1-
iRGD inhibited cell proliferation by 37.8 %, whereas Ta1
demonstrated only 0.64 % inhibition at the same concen-

tration (p\ 0.001). These results showed that Ta1-iRGD
was more effective in inhibiting the growth of MCF-7 cells

than Ta1. Similar results were obtained in MDA-MB-231

breast cancer cells (Fig. 1c). ER (?) MCF-7 and ER (-)

MDA-MB-231 breast cancer cells are all highly express

NRP1 [30, 31]. As observed in Fig. 1c, Ta1-iRGD was

more effective than Ta1 in inhibiting MDA-MB-231 breast

cancer cells growth. For example, 0.03125 lmol/mL of

Ta1-iRGD significantly inhibited cell proliferation (the

rate of inhibition was 44.6 %), whereas the same concen-

tration of Ta1 showed only slight antitumor effects, with

only 9.0 % inhibition of cell proliferation (p\ 0.05).

These results further confirmed that the addition of the

iRGD fragment considerably increased the antiproliferative

activity of Ta1 against breast cancer cells.

Ta1-iRGD increased MCF-7 cell attachment in vitro

After comparing the activity of Ta1-iRGD and Ta1 by the

cell attachment assay in vitro, several diluted concentra-

tions of Ta1 or Ta1-iRGD were added to ELISA plates.

The results are shown in Fig. 2a, b. Compared with Ta1,
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Ta1-iRGD significantly enhanced the attachment of MCF-

7 cells in a concentration-dependent manner, particularly at

a concentration above 0.04 lmol/mL (p\ 0.01). Thus,

these results implied a role for Ta1-iRGD in supporting

MCF-7 cell attachment, primarily because of the iRGD

sequence itself.

Ta1-iRGD and Ta1 produced a similar effect

on the proliferation of spleen lymphocytes in vitro

The proliferation of spleen lymphocytes obtained from ICR

mice was examined in vitro following treatment with dif-

ferent concentrations of Ta1 or Ta1-iRGD using ConA as a

co-stimulant. Ta1-iRGD promoted the proliferation of

mouse spleen lymphocytes in a manner similar to Ta1
(Fig. 3). No significant difference was observed in the

dose-dependent proliferation of spleen lymphocytes stim-

ulated by Ta1-iRGD and Ta1 (p[ 0.05). Therefore, the

results of these proliferation assays further suggested that

the addition of iRGD to the C-terminus of Ta1 did not

influence its spleen lymphocyte proliferation activity.

Ta1-iRGD displayed increased apoptotic function

relative to Ta1 in MCF-7 cells

MCF-7 cells treated with Ta1 or Ta1-iRGD for 36 h

showed characteristics typically associated with apoptotic

changes, including marked morphological changes along

Fig. 1 Inhibition of MCF-7 and MDA-MB-231 cell proliferation by

Ta1 or Ta1-iRGD. The cell suspension was incubated with Ta1 or

Ta1-iRGD for 36 h and cell growth was analysed by the MTT assay.

a Concentrations range from 0.03125 to 0.5000 lmol/mL(MCF-7).

b Concentrations range from 0.000032 to 0.5000 lmol/mL(MCF-7).

Paclitaxel (0.0125 lmol/mL) was used as the positive control and

RPMI 1640 as the negative control. c concentrations range from

0.03125 to 0.5000 lmol/mL(MDA-MB-231). All data were

expressed as the mean ± SD, n = 4. Statistical analyses were

performed with Student’s t test, n.s. not significant; *p\ 0.05;

**p\ 0.01; ***p\ 0.001

Apoptosis (2015) 20:1307–1320 1311

123



with cell contraction (Fig. 4a). The apoptosis rate follow-

ing Ta1 or Ta1-iRGD treatment was further verified by

Annexin V-FITC/PI double staining and detected by flow

cytometry. The loss of phospholipid asymmetry in the cell

membrane is one of the morphological changes associated

with apoptosis. During the early stage of apoptosis, phos-

phatidylserine, which exists only in the inner layer of the

plasma membrane of live cells, translocates to the outer

layer of the plasma membrane. The exposed phos-

phatidylserine on the surface of the plasma membrane can

bind to Annexin V-FITC, and the apoptotic cells can be

detected by flow cytometry following Annexin V-FITC/PI

double staining. The apoptotic cells were gated into the

lower right (LR) and upper right (UR) quadrants by flow

cytometry; the Annexin V-positive/PI-negative cells (LR)

were defined as early apoptotic, and Annexin V-positive/

PI-positive cells (UR) were considered as late apoptotic.

The quadrants of Annexin V-negative/PI-negative cells

(lower left. LL,) and Annexin V-negative/PI-positive cells

(upper left, UL) were considered as live cells and necrotic

cells, respectively. The total percentages in the LR and UR

quadrants were computed as the extent of apoptosis in our

data analysis.

Following Ta1 or Ta1-iRGD (0.02 lmol/mL) treatment

for 36 h, as described in Fig. 4b, Ta1-iRGD was signifi-

cantly more effective in inducing apoptosis in MCF-7 cells

than Ta1 (p\ 0.05). The total apoptotic population

induced by Ta1-iRGD increased up to 15.22 % (7.62 %

Fig. 2 Enhanced cell attachment following the conjugation of iRGD to

the C-terminus of Ta1. a Cells bound to the wells were fixed, stained

with 0.5 % crystal violet staining buffer and photographed. b Crystal

violet was extracted and the remaining adherent human breast cancer

cells were documented by a microplate spectrophotometer at a

wavelength of 595 nm. All data are expressed as the mean ± SD,

n = 3. Statistical analyses were performed with Student’s t test, n.s. not

significant; *p\ 0.05; **p\ 0.01; ***p\ 0.001

1312 Apoptosis (2015) 20:1307–1320

123



early apoptotic plus 7.60 % late apoptotic, Fig. 4c),

whereas that induced by Ta1 reached up to 6.31 % (3.42 %

early apoptotic plus 2.89 % late apoptotic, Fig. 4c). In

conclusion, this apoptotic assay further confirmed that the

addition of iRGD to the C-terminus of Ta1 increased its

apoptotic function relative to Ta1 in MCF-7 cells.

Ta1-iRGD increased the expression of genes

associated with apoptosis in MCF-7 cells compared

with Ta1

Several previous studies have implicated Bax as an

essential gateway in drug-induced apoptotic signalling

pathways. Bax releases cytochrome C from mitochondria

and activates subsequent downstream effecter caspases,

eventually leading to progressive caspase-independent

mitochondrial dysfunction and cell death [32, 33]. CASP9

[34, 35] and CASP3 [36] also play distinct roles during the

apoptotic process.

We performed semi-quantitative RT-PCR to further

emphasise the possibility and level of expression of Bax,

CASP9 andCASP3 in MCF-7 cells under different treatment

conditions. Total cellular RNA was extracted and cDNA

synthesised using standard methods. Densitometric analysis

showed that Bax mRNA expression in MCF-7 cells was

significantly higher followingTa1-iRGD treatment (mRNA:

0.143 ± 0.013) than after Ta1 treatment (mRNA:

0.013 ± 0.007) (Fig. 5a). In addition, both CASP9 mRNA

expression (0.117 ± 0.013 vs. 0.003 ± 0.005) and CASP3

mRNA expression (0.687 ± 0.114 vs. 0.282 ± 0.013) were

significantly higher after Ta1-iRGD treatment than after Ta1
treatment. The result clearly demonstrated that early Bax

activation plays a critical role in Ta1-iRGD or Ta1-induced
apoptosis signalling. Specifically, Ta1-iRGD can induce a

higher expression ofBax than Ta1, consequently resulting in
a higher expression of CASP9 and CASP3. These data may

illustrate why Ta1-iRGD displayed a better effect on

inducing breast cancer cell apoptosis than Ta1.
Consistent with these results, Ta1-iRGD treatment

resulted in better effect on triggering activation of Caspase

9 than Ta1-iRGD treatment (Fig. 5b) in Western blot

analysis. In addition,densitometric analysis showed that

Caspase 9 (0.842 ± 0.052 vs. 0.478 ± 0.100) were sig-

nificantly higher after Ta1-iRGD treatment than after Ta1
treatment.

Ta1-iRGD penetrate into cells

The distribution of Ta1-iRGD or Ta1 in cells was traced by
FITC-labelling. When the treated cells were observed

inverted fluorescence microscope after 2 h of incubation,

Ta1 was located on cell membrane (Fig. 6a), whereas Ta1-
iRGD entered into cytoplasm and even nuclei (Fig. 6b). It

indicated that conjugation of iRGDwith the Ta1 C-terminus

is able to penetrate cell membrane with some extends.

Ta1-iRGD exhibits a better tumor growth inhibitory

effect than Ta1 on human breast tumor xenografts

To assess the antitumor effect of Ta1-iRGD, the mice

bearing MCF-7 breast tumor Xenografts were treated with

the direct s.c. administration of Ta1-iRGD, Ta1. As shown
in Fig. 7, the tumor growth inhibition seen with Ta1-iRGD
was better (day 11) than that was seen with Ta1. More

importantly, Ta1-iRGD treatment resulted in significant

inhibition of tumor growth at a dose (p\ 0.001, day 11) at

which Ta1 showed no significant effect. The tumor growth

inhibition seen with Ta1-iRGD was nearly similar with

that of paclitaxel. Therapeutic effects on tumor growth

were calculated as (1 - T/C) 9 100 %, where A is mean

treated tumor volume and C is mean control tumor volume.

In comparison, Ta1-iRGD inhibited tumor growth by

(45.94 %) at day 11 (Fig. 7b), while Ta1 inhibited tumor

growth only by 24.22 %. Therefore, Ta1-iRGD was more

effective than Ta1 in inhibiting MCF-7 breast tumor

growth in vivo,indicating the efficacy of iRGD-mediated

drug delivery.

Ta1-iRGD decreased vascular structures

in the tumor tissues

Necrosis in tumor tissues was detected by H&E staining.

As shown in Fig. 8a, comparing with the Ta1 treatment

Fig. 3 Ta1-iRGD and Ta1 displayed similar spleen lymphocyte

proliferation activities. Spleen lymphocytes were treated with Ta1-
iRGD and Ta1. RPMI 1640 was used as the normal control, and

ConA (5 lg/mL) was used as the negative control. ConA (5 lg/mL)

was also used as a co-stimulant with different concentrations of Ta1-
iRGD or Ta1. All data are expressed as the mean ± SD, n = 4.

Statistical analyses were performed with Student’s t test, n.s. not

significant; *p\ 0.05; **p\ 0.01; ***p\ 0.001
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group, Ta1-iRGD treatment causes more severe tissue

necrosis. Though necrosis interspersed with viable tumor

cells was detected in the negative control and Ta1 treat-

ment groups, Ta1-iRGD resulted in a large region of

continuous necrosis in tumors. Vascular structures in the

tumor tissues were examined using immunohistochemical

staining of CD31. As shown in Fig. 8b, a decrease in the

CD31 level was detected after Ta1-iRGD treatment, indi-

cating that Ta1-iRGD exerted better effects than Ta1 on

decreasing the generation of vascular structures in the

tumor tissues in vivo. The further quantitative analysis

showed that the administration of Ta1-iRGD decreased

CD31-positive areas within the tumor by 33 % and Ta1

only by 7 %. Consistent with these results, the adding of

iRGD to doxorubicin, a well-known anticancer drug, can

significantly down-regulated the vascular density and

diameter compared with control group [37].These results

also partly explained the reason that Ta1-iRGD showed

better effect on tumor inhibition than Ta1.

Ta1-iRGD show tumor-specific targeting in vivo

The specificity of the Ta1-iRGD or Ta1 in vivo was

evaluated in the MCF-7 tumor-bearing models in nude

mice. In brief, Ta1-iRGD or Ta1 was injected into mice

via the tail vein. 2 h later, the mice were sacrificed and the

tumors and other key organs were observed with in vivo

imaging system. As showed in Fig. 9, only liver and kidney

from both Ta1-iRGD and Ta1 groups displayed weak

fluorescence signal, indicating the metabolism or secretion

of peptides by these organs. More green fluorescence signal

was observed in tumors of Ta1-iRGD groups than that of

Ta1 groups. The further quantitative analysis showed that

the administration of Ta1-iRGD resulted in a fivefold

Fig. 4 Ta1-iRGD induced a more powerful effect on apoptosis than

Ta1 in MCF-7 cells. a Morphological changes in MCF-7 cells treated

with 0.02 lmol/mL Ta1-iRGD or Ta1. b Assessment of apoptosis

induced by Ta1-iRGD or Ta1 at the concentration of 0.02 lmol/mL

via Annexin V-FITC/PI staining. c The percentage of cells

undergoing early and late apoptosis following Ta1-iRGD treatment

and Ta1 treatment was compared. All data are expressed as the

mean ± SD, n = 4. Statistical analyses were performed with Stu-

dent’s t test, n.s. not significant; *p\ 0.05; **p\ 0.01;

***p\ 0.001
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increase within the tumor in the mice. It indicated that Ta1-
iRGD are capable of specifically tumor-specific targeting

in vivo, further confirming that iRGD is capable of deliv-

ering drug to tumors.

3D modeling

We used computational modelling to illustrate the potential

reason for the improved activity of Ta1 following conju-

gation with iRGD. Examination of the 3D structure of both

Ta1 and Ta1-CRGDK (Fig. 10a, b) demonstrated a struc-

tural resemblance between the two peptides. These models

implicated that addition of iRGD or the pentapeptide

CRGDK may not significantly influence the structure. The

models may also be used to theoretically explain why Ta1
and Ta1-iRGD displayed similar spleen lymphocyte pro-

liferation capability.

Previous studies have shown that iRGD is specifically

recognised by av integrins [12, 13, 16]; in addition, the

pentapeptide CRGDK (a CendR peptide), which is cleaved

and generated from iRGD, can readily internalise and

Fig. 5 RT-PCR analysis of gene expression and Western blot

analysis after treatment with Ta1-iRGD or Ta1. a Amplified gene

products were separated on 2.0 % agarose, using GAPDH as the

internal control. The intensities of the cDNA bands for each treatment

were normalised to GAPDH band intensities. b Western blot analysis

Fig. 6 Ta1-iRGD penetrate cells Distribution of Ta1-iRGD or Ta1 in

cells. a Ta1. b Ta1-iRGD The fluorescein isothiocyanate-labeled

peptides were showed as green and Hoechst33342 was used to strain

the cell and showed as blue. Dil was used to stain the cell membrane

and showed as red. The cyan colour represents the colocalization of

peptides and nuclei. The cells were observed using inverted

fluorescence microscope and their images were captured at 9400

magnification (Color figure online)

Fig. 7 The adding of iRGD enhances antitumor efficacy of Ta1.

a Isolated tumors in different treatment group’s b mice bearing breast

cancer MCF-7 tumors were treated every day with PBS or Ta1-iRGD

or Ta1. The 10 mg/kg of paclitaxel was used as positive control and

s.c. administrated every 3 days. Tumor growth was evaluated every

other day. Statistical significance was determined using t test; n.s. not

significant;*p\ 0.05; **p\ 0.01; ***p\ 0.001

Apoptosis (2015) 20:1307–1320 1315

123



penetrate the tumor. Several reports had proved that the

CendR peptide can bind the B1 domain of NRP-1 and

induce cellular internalisation and penetration [12, 16, 17,

38]. Thus, we further investigated the interaction between

Ta1-CRGDK and the B1 domain of NRP-1 using a com-

putational modelling approach. The 3D structure of the B1

domain of NRP-1 (PDB:3I97) was used as the receptor

model in our Dock research.

As shown in Fig. 10c, the CRGDK part of Ta1-CRGDK
could bindNRP-1 in our dockmodel by amechanism similar

to a small ligand binding toNRP-1 (PDB:3I97) andVEGF-A

binding to NRP-1 (PDB:4DEQ). As shown in Fig. 10d, the

interaction between the CRGDK part of Ta1-CRGDK and

the B1 domain of NRP-1 primarily involves Tyr25, Ser26,

Asn41, Asp48, Ser74 and Tyr81. The Lys side chain in Ta1-
CRGDK was identified to form 2 hydrogen bonds with

Asp48 and Tyr25 in our model, similar to the guani-

dinopentanoic acid group of the small ligand binding to

NRP-1 (PDB:3I97), or the C-terminal Arg of VEGF-A

binding to NRP-1 (PDB:4DEQ). Therefore, our model

indicated that the C-terminal Lys of Ta1-CRGDK, which
anchors in the binding pocket, plays a crucial role in binding

to NRP-1 via CendR. Although computational simulation

may have its own limitations in manifesting real protein–

ligand interaction in detail, it is an important tool for illus-

trating the phenomenon observed from experiments and is

useful for investigating the potential mechanism underlying

the improved activity of Ta1-iRGD.

Fig. 8 Histochemistry and

immunohistochemistry a HE

staining of tumor tissues.

Regions containing a large

number of normal tumor cells

are dyed dark blue and necrotic

areas are dyed pink. The arrows

show necrotic areas in tumor

tissues. Images were captured at

9100 and 9200 magnification.

b Immunohistochemistry to

CD31 in tumor tissues.

Immunohistochemistry staining

of CD31was showed as dark red

in tumors tissues. The arrows

show blood vessels in CD31

staining in tumor tissues.

Images were captured at 9100

and 9200 magnification (Color

figure online)
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Therefore, our model helped propose the mechanism of

action underlying Ta1-CRGDK binding to NRP-1. These

computational models could emphasise that adding iRGD

to Ta1 may have enabled the novel function of binding to

NRP-1, thus leading to cellular internalisation and penetration.

Discussion

Ta1 has confirmed its role in the stimulation of innate and

adaptive immune responses under different conditions of

immune suppression [5, 39–41]. Moreover, several studies

have reported that Ta1 is capable of down-regulating the

growth of cancer cells, such as murine B16 melanoma [42],

lung cancer [43–45] and breast cancer [45]. However, the

effect of Ta1 is pleiotropic, and it is usually used in

combination with cytokines and chemotherapeutic agents

in the treatment of cancers. Increasing the tumor-homing

effect of Ta1 without altering its immune effect at the same

time would generate an ideal agent for broadening the

efficacy of Ta1 in cancer therapy.

In the present study, we observed that compared with

Ta1, Ta1-iRGD had a significantly higher antiproliferative

activity in MCF-7 breast cancer cells. Ta1-iRGD exhibited

the out-standing effect in significantly inhibiting the

growth of MCF-7 cells. Furthermore, the immune activities

of Ta1-iRGD were also evaluated by mouse spleen lym-

phocyte proliferation test by co-simulating with ConA, and

Ta1-iRGD showed a similar immunoregulatory effect in

this assay. Ta1-iRGD had an improved capacity over Ta1
in adhering to tumor cells when evaluated by a cell

attachment assay, which could partially explain the

improved antiproliferative activity of Ta1-iRGD. The

result of FITC-label peptides experiment in vitro also

indicated that Ta1-iRGD are capable of penetrating into

cells, which also could help to explain the enhancement of

antitumor activity of Ta1-iRGD.
Previous studies have shown that the iRGD motif pos-

sesses tumor-homing activity by binding with av integrins

that are up-regulated in certain tumor cells [14, 46]. The

iRGD motif in turn is cleaved by a protease to generate a

CendR peptide (K/RXXK/R), which can promote binding

and internalisation into tumor cells [12, 16]. Based on these

studies, Ta1-iRGD should be cleaved into Ta1-CRGDK,
which also contains a CendR peptide. To illustrate whether

Ta1-CRGDK can bind NRP-1 [31], we employed com-

putational simulation methods to successfully build a

binding model of Ta1-CRGDK and NRP-1. Because the

binding of a CendR peptide to NRP-1 has been proven to

play a crucial rule in cellular internalisation and penetra-

tion [16, 47], the specific interactions found in the Ta1-
CRGDK-NRP-1 complex from our virtual models sug-

gested that Ta1-iRGD was far superior to Ta1 in inhibiting

the growth of tumor cells.

We also observed morphological alterations in MCF-7

cells following a 36 h treatment during the MTT assay,

Fig. 9 Distribution of Ta1-iRGD or Ta1 in organs and tumor after tail-

vein injection. a The tumors and organs from mice models before

detection with in vivo imaging system. b The green fluorescence signal
of the tumors and organs frommice models were detected under in vivo

imaging system 2 h after tail-vein injection. Only liver and kidney from

both Ta1-iRGD and Ta1 groups displayed weak fluorescence signal.

More green fluorescence signal was observed in tumors of Ta1-iRGD

groups than that of Ta1 groups (Color figure online)
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such as cell shrinkage, which is one of the characteristics of

apoptosis. The result of apoptosis analysis showed that

Ta1-iRGD induced a better effect on simulating cell

apoptosis than Ta1 in MCF-7 cells. Although other

research groups have previously assessed the role of Ta1 in
inducing apoptosis in human leukaemia cells [48], this is

the first study, to our knowledge, to compare the effect of

Ta1-iRGD and Ta1 on the induction of apoptosis in MCF-

7 cells. Induction of apoptosis is one of the most important

attributes of tumor suppression [49–51]. Thus, we explored

the potential effect of Ta1-iRGD or Ta1 in apoptosis sig-

nalling in MCF-7 cells. Bax is usually believed to be an

extremely important factor that can trigger apoptosis; thus

a direct induction of Bax is considered an attractive strat-

egy for treating cancer [32]. Therefore, to investigate why

Ta1-iRGD was more effective in inducing cell apoptosis

than Ta1 in MCF-7 cells, we studied the changes in

expression of apoptosis-associated genes by semi-quanti-

tative RT-PCR. We observed that the expression of Bax,

CASP9 and CASP3 were all significantly higher in Ta1-
iRGD-treated MCF-7 cells than in Ta1-treated cells. This

suggests that both Ta1 and Ta1-iRGD are involved in the

mitochondria-mediated apoptosis pathway, although Ta1-
iRGD is more effective in inducing apoptosis of MCF-7

cells.

Subsequent injections of Ta1-iRGD inhibited MCF-7

breast tumor progression more efficiently than the native

Ta1 in vivo. To find out whether the induction of tumor-

specific responses would contribute to the antitumor effects

observed, we also analyzed the expression of CD31 in

tumor tissues by immunohistochemistry and the tumor-

homing effect by FITC-labelling assay. Significantly less

Fig. 10 Modeling of the structures of Ta1-CRGDK and NRP-1

complexed with Ta1-CRGDK. a Ta1. Ta1 is shown in green. b Ta1-
CRGDK. The Ta1 part of Ta1-iRGD is shown in green, the CRGDK

part is shown as a line in green and the linker between them is shown

in yellow. c Schematic illustration of the model of the NRP-1-Ta1-
CRGDK complex. NRP-1 is shown in purple and Ta1-CRGDK in

green (the linker is shown in yellow). d Focused view of the binding

site. Specific interactions between the CRGDK part of Ta1-CRGDK
and NRP-1 are drawn. Hydrogen bonds are shown as green

discontinuous lines. The NRP-1-Ta1-CRGDK structure reveals that

the CRGDK part of Ta1-CRGDK can bind NRP-1 in a manner

similar to the interaction between NRP-1 and a small ligand that

contains a guanidinopentanoic acid group (PDB:3I97) (Color figure

online)
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levels of CD31 were observed when tumor-bearing mice

were treated with Ta1-iRGD compared with Ta1. Fur-

thermore, Ta1-iRGD also showed tumor-specific targeting

in vivo, but Ta1 showed not any the same feature. These

findings highlight the importance of iRGD on enhancement

of tumor accumulation, suggesting that the adding of iRGD

could remarkably improve the efficacy of Ta1 on tumor

therapy.

Conclusion

Collectively, our results demonstrated that addition of iRGD

to Ta1 significantly enhanced the basal ability of Ta1 to

inhibit proliferation of MCF-7 cells in vitro and antitumor

effect in vivo. Our findings further indicated that the addition

of the iRGD fragment increased the antiproliferative activity

of Ta1 against breast cancer cells by improving the ability of

Ta1 to attach and penetrate tumor cells, in addition to an

improved effect in Bax-induced mitochondria-mediated

apoptosis in MCF-7 cells. The antiproliferative activity of

Ta1-iRGD reinforces its potential use as a promising and

novel modified inhibitor of breast cancer.
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