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Abstract

Purpose DNA fragmenting factor (DFF40), an

endonuclease inducing irreversible apoptosis protein,

is down-regulated in many types of tumor cells. iRGD

is a tumor-penetrating peptide with high affinity to

cancer cells overexpressing aVb3 receptor. The aim of

this study was to produce the recombinant DFF40-

iRGD protein as a new molecule to selectively induce

cytotoxicity in cancer cells and evaluate its biological

effects.

Methods The three-dimensional structure of DFF40-

iRGD was predicted using Modeller software and its

interaction with aVb3 receptor was evaluated by

HADDOCK web-server. Recombinant DFF40 and

DFF40-iRGD proteins were produced using intein

fusion system in Escherichia coli BL21 (DE3). To

improve the soluble expression, the inducer concen-

tration, temperature and incubation time were opti-

mized. After purification of DFF40 and DFF40-iRGD

using chitin column, the cytotoxic and apoptotic

effects of the proteins against MDA-MB-231 (aVb3
positive) and MCF-7 (aVb3 negative) cell lines were
evaluated using cell viability assay and flow cytomet-

ric analysis.

Results The results of molecular docking indicated

the proper interaction of DFF40-iRGD with the

integrin receptor comparable to iRGD. The optimum

conditions of soluble expression of proteins were the

induction by 0.5 mM and 0.1 mM of IPTG for DFF40

and DFF40-iRGD, respectively, at 7 �C for 24 h.

After 48 h of incubation, DFF40-iRGD exhibited

significantly higher cytotoxic effect against MDA-

MB-231 cells than MCF-7 cells as IC50 values of

19.25 and 41 nM were found for MDA-MB-231 and

MCF-7 cells, respectively. However, DFF40 cytotox-

icity was not significantly different in two cell lines.

Furthermore, Flow cytometry results showed that the

fusion protein can induce remarkably apoptotic cell

death in cancer cells.

Conclusion In this study, DFF40-iRGD protein was

produced in soluble form and its inhibitory effects on

cancer cell survival and induction of apoptosis were

established; therefore, it has the potential to be used as

a drug candidate for targeted treatment of breast

cancer, especially Triple Negative Breast Cancer

Cells.

Keywords DNA fragmentation factor �
Internalizing RGD � Breast cancer � Apoptosis

R. Amrollahi-nia � V. Akbari � F. Shafiee (&)

Department of Pharmaceutical Biotechnology, School of

Pharmacy and Pharmaceutical Sciences, Isfahan

University of Medical Sciences, Hezar Jarib Ave, Isfahan,

Iran

e-mail: f_shafiee@pharm.mui.ac.ir

123

Biotechnol Lett (2021) 43:1967–1976

https://doi.org/10.1007/s10529-021-03178-y(0123456789().,-volV)( 0123456789().,-volV)

http://orcid.org/0000-0001-6484-1931
http://crossmark.crossref.org/dialog/?doi=10.1007/s10529-021-03178-y&amp;domain=pdf
https://doi.org/10.1007/s10529-021-03178-y


Introduction

Breast cancer is the most prevalent malignances

among women around the world. Every year, about

1.7 million of new breast cancer cases are diagnosed

(Rojas and Stuckey 2016; Winters et al. 2017).

Chemotherapeutic agents, as the most common treat-

ment approach for breast cancer, cause severe adverse

effects mainly due to its cytotoxic effect on healthy

cells, as well as cancer cells (Tao et al. 2015). One of

the novel biological agents currently evaluated for

cancer treatment is apoptosis-inducing molecules.

DNA Fragmentation Factor (DFF), a heterodimer

protein including two subunits DFF40 and DFF45, is

one of the most interesting ones. DFF40, a magne-

sium-dependent factor with 40 kDa molecular weight

and 338 amino acid residues, creates double strand

breaks at the 30-OH ends of DNA (Jijie and Dong

1999). It was shown that the expression level of

DFF40 and its DNA fragmentation activity decreased

in glioblastoma which highlights its role in poor

prognosis and resistance to treatment for this type of

cancer (Sánchez-Osuna et al. 2012).

Till now, two chimeric proteins containing DFF40

were produced by recombinant DNA technology and

their ability to induce apoptosis in cancer cells was

evaluated. First, DFF40 was fused to GnRH to target

the colonic adenocarcinoma cells (Ben-Yehudah et al.

2003). The results of this study showed that this

protein acts as an apoptosis trigger and decreases the

S-phase population. Also, in vivo experiments showed

a reduction in tumor weight of colon adenocarcinoma

for xenograft mice received this recombinant protein

(Ben-Yehudah et al. 2003). In another study, DFF40

was fused to GM-CSF as the targeting moiety and

expressed in E. coli to target acute myeloid leukemia.

Cytotoxic experiments indicated that this fusion

protein can induce apoptosis in a selective and

concentration-dependent manner (Mathew et al.

2013).

So, DFF40 is a highly toxic protein which affects

cancer cells and increases their death rates. However,

to exert specific effect on cancer cells, a targeting

moiety is required to recognize over-expressed surface

receptors of tumor cells. Among these receptors

integrins, especially aVb3 and aVb5, are highly

interesting molecules due to their critical roles in cell

adhesion process and signaling pathways, ultimately

results in cells reproduction and survival (Cruet-

Hennequart et al. 2003). Therefore, it seems that these

receptors are potential targets for targeted cancer

diagnosis and treatment.

RGD (Arg-Gly-Asp) which is recognized by inte-

grin receptors, is a tri-peptide motif with great affinity

for integrin receptors (Liu et al. 2019). Until now,

several fusion proteins containing RDG have been

developed. For instance, (RGD)3/tTF was constructed

as a fusion protein for the treatment of blood vessels

tumor via selective thrombosis and showed proper

binding capacity to aVb3 receptors (Jiang-Hua et al.

2007). In another study, researchers assessed antitu-

mor effects of IFN-a2a-RGD fusion protein expressed

in E. coli. They demonstrated that this new recombi-

nant protein had firmly attached to the aVb3 receptors
and revealed beneficial effects as a targeting agent for

cancer cells (Wen et al. 2017). However, this motif

only can transfer anticancer and diagnostic agents to

the cell surfaces without ability to enter the cancer

cells (Danhier et al. 2012). In another word, RGD

motif acts as a concentrator for chemotherapeutic

agents on cancer cell’s surfaces as well as in tumor

tissues.

For the first time, Sugahara et al, (2009) introduced

a type of RGD, named internalizing RGD (iRGD),

which can enter the cancer cells. This peptide

(CRGDK/RGPD/EC) contains RGD motif with the

attachment ability to aVb3 integrins. After the accu-

mulation, the peptide is enzymatically cleaved by cell

surface associated protease and makes CendR (C-end

Rule) motif. The truncated motif (CRGDK/R) has a

C-terminal exposure and can penetrate cells by

attaching to neuropilin-1 (NRP-1) with a high cell-

surface density on cancer cells (Sugahara et al. 2010).

So, the current study was aimed to express and purify a

novel fusion protein named as DFF40-iRGD in E. coli

for the targeted therapy of tumors with high level

expression of aVb3 receptors.

Materials & methods

Prediction the three-dimensional structure

of DFF40-iRGD

In order to design and produce the proper chimeric

protein, the 3D structure of DFF40-iRGD was pre-

dicted by Modeller 9.24 with 2.60 Å crystal structure

of wild-type Caspase-activated DNase (PDB id:
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1V0D) for DFF40 and solution structure of an RGD

peptide isomer-A (PDB id: 1FUV) for iRGD, as the

best templates. Then, the interaction assessment with

integrin receptor was performed using HADDOCK

web-server after predicting the 3D structure of b3
receptor sub-unit with 3.10 Å crystal structure of the

extracellular segment of integrin aVb3 (PDB id:

1JV2) as the most suitable template. Visualization of

each PDB was performed by PyMol software in each

stage.

Cloning and soluble expression of DFF40-iRGD

The coding sequence of DFF40 (Accession:

O76075.1) and DFF40 fused to iRGD motif sequence

(CRGDKGPDC), prepared from the previous study

(Sugahara et al. 2009) was optimized based on E. coli

codon usage and after chemical synthesis was com-

mercially sub-cloned into pTWIN-1 vector (New

England BioLabs, Massachusetts, USA) by BioMatik

Company (Canada). E. coli BL21 (DE3) competent

cells were transformed with pTWIN1-DFF40 and

pTWIN1-DFF40-iRGD via heating shock procedure.

A single positive colony was cultured in Luria–Bertani

(LB) broth medium containing 100 lg/ml ampicillin

and after reaching the logarithmic phase, the expres-

sion of protein was induced by the addition of

isopropyl-b-D-thiogalactosid (IPTG). Soluble protein

expression was optimized by Response Surface

Methodology (RSM) using Design-Expert software

(version 8.0.7.1, StatEase Inc., Minneapolis, USA)

based on three independent variables including

inducer concentration, post-induction time and incu-

bation temperature. In each step, 12% SDS-PAGEwas

used to measure the expression level of recombinant

proteins in comparison to a known concentration of

Human serum albumin (Octapharma, Sweden), quan-

tified by GelAnalyzer software.

Purification of the recombinant proteins

IMPACTTM purification system (New England Bio-

Labs, Massachusetts, USA) was used for the recom-

binant protein purification. Based on N-terminus

cloning, self-cleavage activity of intein 1 was induced

by changing pH level from 8.5 to 6.5. After preparing

the most amounts of soluble protein by inducing the

protein expression in 0.5 and 0.1 mM of IPTG for

DFF40 and DFF40-iRGD, respectively at 7 �C, the

intein cleavage induction was performed as following:

First, cellular pellet was re-suspended in B1 buffer

(Tris–HCl 20 mM, NaCl 500 mM and EDTA 1 mM,

pH 8.5) and lysed with ultra-sonication on ice

followed by 15 min of centrifugation at 70009g and

10 �C. Then, the supernatant including soluble protein
was transferred to the chitin resin column. In the last

stage, B2 buffer (Tris–HCl 20 mM, NaCl 500 mM

and EDTA 1 mM, Triton x-100 0.3%, Tween 20 0.2%,

pH 6.5) was used to induce intein 1 self-cleavage

activity after the incubation at room temperature for

24 h and the column contents were collected and

evaluated by SDS-PAGE.

Sample preparation for in vitro assay

In order to replace B2 buffer with PBS, 16-h dialysis

was performed at 4 �C with cellulose dialyze mem-

brane. Every 1 h for three times, PBS buffer was

replaced by a new one. Finally, Bradford’s method

with Human serum albumin as a standard was used to

determine the protein concentration and sterilization

was performed using 0.22 lm membrane filters.

Biological assays

MTT assay

In vitro cytotoxic effects evaluation of recombinant

proteins on MDA-MB-231 (as aVb3 receptor positive
cells) and MCF-7 (as cells without overexpressing of

aVb3 receptors) was performed by MTT {[3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide]} assay. The cells were cultured in Roswell Park

Memorial Institute medium (RPMI) 1640 enriched by

10% (v/v) fetal bovine serum (FBS) and antibiotics

(100 IU/ml penicillin and 100 lg/ml streptomycin) at

37 �C in a 5% CO2 incubator. To evaluate the

cytotoxicity of DFF40-iRGD and DFF40, 180 ll of
RPMI 1640 medium containing 3 9 104 cells/ml of

each cells was added to the wells of a 96-well

microplate and incubated for 24 h at 37 �C. The next
day, different concentrations (0.25, 0.5, 1, 2 and 4 lg/
ml) of DFF40-iRGD or DFF40 was added to wells and

incubated at 37 �C for 24, 48 or 72 h. Then, 20 ll of
MTT solution (5 mg/ml) was added to each wells and

incubated for 3 other hours. Finally, well contents

were replaced by 150 ll of dimethyl sulfoxide

(DMSO) to dissolve formazan crystals and the
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absorbance was measured at 570 nm by a microplate

reader (Bio-Rad, USA).

Flow cytometry

For the apoptosis assessment of DFF40-iRGD, about

5 9 105 cells of MDA-MB-231 were seeded in 6-well

microplate and incubated at 37 �C over-nightly. Then,

cells were incubated with 0.25 and 0.5 lg/ml of fusion

protein at 37 �C for 24 h and flow cytometry analysis

was conducted to evaluate the apoptotic cell death.

Briefly, all contents of each well were pulled out, the

cells were washed and collected. Then, cells were

incubated with annexin-V- FLUS for 30 min under

dark conditions according to the Kit manufacturer

manual (eBioscienceTM, US). Again, the cells were

centrifuged at 3009g followed by washing with

Binding buffer (1 9) and then they were re-suspended

in 200 ll of Binding buffer (1 9). Finally, propidium

iodide was added to the flow cytometery tubes and

analyzed on a BD FACS Calibur (BD, USA).

Statistical analysis

Each experiment was performed in triplicate to ensure

accuracy and reproducibility of data. SPSS Ver. 25

software was used for the comparison of Mean ± SD

parameter between treated groups. Analysis of vari-

ance (ANOVA) followed by Post-Hoc statistical tests

was used to identify differences between groups. The

significance was contemplated as P\ 0.05. Finally,

the cell survival percent against concentration was

drawn by GraphPad Prism 7.0 software to determine

the IC50 of each recombinant protein.

Results

Homology modeling and docking

Among 1000 predicted models for iRGD by Modeller

9.24, the best one with minimum DOPE (Discrete

Optimized Protein Energy) score of - 233.67093 and

molpdf of 42.24848 and maximum GA-341 of

0.66843 was selected for molecular docking with b3
subunit of receptor. For b3 receptor, on the other hand,
these parameters were reported as- 44,668.96094 for

DOPE score, 5939.67969 for molpdf, and 0.29372 for

GA-341. Interaction of DFF40-iRGDwith b3 receptor

analyzed by HADDOCK confirmed that the presence

of DFF-40 next to the iRGD, does not reduce its

interaction with integrin receptor. Docking results

given in Table 1 demonstrate stronger interaction for

DFF40-iRGD than native iRGD.

Expression and purification of DFF40 and DFF40-

iRGD

SDS-PAGE analysis confirmed the expression of

DFF40 and DFF40-iRGD fused to intein 1 with

66 kDa and 67 kDa bands, respectively (Fig. 1). The

optimum condition for soluble expression of DFF40

was determined as 0.5 mM of IPTG, at 7 �C for 24 h.

The best condition for soluble expression of DFF40-

iRGD was found to be 0.1 mM of inducer, incubation

at 7 �C and for 24 h. After the induction of cleavage of

intein 1 from the recombinant proteins, a band

approximately at 39 and 40 kDa (corresponding to

DFF40 and DFF40-iRGD, respectively), was observed

(Fig. 2) proving the successful purification by

IMPACT system. Finally, according to the Bradford

method the yield of purified soluble proteins was

calculated as 477.5 and 256.76 lg per litter of

bacterial culture for DFF40 and DFF40-iRGD,

respectively.

MTT assay

As shown in Fig. 3a, both proteins exhibited cytotoxic

effects on both MCF-7 andMDA-MB-231 cell lines in

concentration and time-dependent manners.

A significant difference between the cytotoxicity of

DFF40 and DFF40-iRGD proteins in the similar

concentrations was observed for MDA-MB-231 cell

line which has high expression levels of aVb3 recep-
tors. The highest difference between two cell lines

treated with the fusion protein in the cytotoxicity was

observed at a concentration of 0.25 lg/ml for all times

(P value\ 0.001). Over the time, the cytotoxic effects

of both recombinant proteins increased. However,

after 72 h, difference between the cytotoxic effects of

the two recombinant proteins was less than those

obtained after 48 and 24 h regardless the cell type.

For the MDA-MB-231 cells, the results of statis-

tical analysis showed that there was more significant

difference between the cytotoxicity of two recombi-

nant proteins. In other word, in the shorter incubation
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times, the significant difference was more obvious;

DFF40-iRGD with more cytotoxic effects.

Results of MTT assay for MCF-7 cell line showed

that the cytotoxic effects of two recombinant proteins

were enhanced by increasing the concentration.

After 24 h, there was no significant difference in

cytotoxicity between the two recombinant proteins

except the highest concentration (4 lg/ml). After 48 h

of treatment, a significant difference was observed

between the cell survival of two recombinant proteins

at concentrations of 2 and 4 lg/ml. Finally, in 72th

treatments, statistical evaluation of the results showed

that there was a significant difference between the

cytotoxic effects of these two proteins at concentra-

tions of 1 lg/ml and above (Fig. 3b). On the other

hand, along the time and with increasing the concen-

tration of the recombinant protein, the cytotoxicity

Table 1 HADDOCK

results of molecular

docking

aIntermolecular energy:

sum of the van der waals

and electrostatic energies
bVan der Waals energy
cElectrostatic energy
dDesolvation energy
eRestrain violation energy
fTotal BSA: Buried surface

energy

Parameters Beta3/DFF40-iRGD complex Beta3/iRGD complex

HADDOCK score - 160.6 ± 7.1 - 140.6 ± 9.7

Cluster size 228 38

RMSD 0.8 ± 0.5 0.5 ± 0.3

Einter
a - 362 - 436.1

Evdw
b - 61.1 ± 4.4 - 33 ± 2.2

Eelec
c - 300.9 ± 60.5 - 403.1 ± 21.7

Edesolv
d - 66.2 ± 9.4 48.5 ± 7.3

Erv
e 268.7 ± 39.03 215.4 ± 46.42

BSAf 1978.1 ± 64.6 1324.7 ± 52.6

Z-Score - 1.4 - 1.1

Fig. 1 12% SDS-PAGE a analysis of DFF-40 expression. Lane
1: PageRulerTM unstained protein ladder 26614, Lane 2: un-

induced E. coli BL21 (DE3) containing pTWIN1-DFF40, Lane

3: insoluble expression of induced E. coli BL21 (DE3)

containing pTWIN1-DFF40, Lane 4: soluble expression of

induced E. coli BL21 (DE3) containing pTWIN1-DFF40, Lane

5: total expression of induced E. coli BL21 (DE3) containing

pTWIN1-DFF40, Lane 6: total expression of induced E. coli
BL21 (DE3) containing pTWIN1-DFF40 at 37 �C. b Analysis

of DFF40-iRGD expression. Lane 1: total expression of induced
E. coli BL21 (DE3) containing pTWIN1-DFF40-iRGD at

37 �C, Lane 2: PageRulerTM unstained protein ladder 26,614,

Lane 3: total expression of induced E. coli BL21 (DE3)

containing pTWIN1-DFF40-iRGD at 15 �C, Lane 4: soluble

expression of induced E. coli BL21 (DE3) containing pTWIN1-

DFF40-iRGD, Lane 5: insoluble expression of induced E. coli
BL21 (DE3) containing pTWIN1-DFF40-iRGD, Lane 6: un-

induced E. coli BL21 (DE3) containing pTWIN1-DFF40-iRGD
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difference between two proteins was statistically

increased.

Finally, by drawing the cell survival percentage

curves in terms of concentration for the two cell lines

MDA-MB-231 and MCF-7, the IC50 concentrations

of the two proteins were obtained, which are reported

in Table 2. As expected, the IC50 for each protein

decreases over time, and the difference between the

two proteins in a cell line decreases at similar times.

Fig. 2 Protein purification with IMPACT system. a DFF40

purification. Lane 1: third elution of the purified DFF-40, Lane

2: second elution of the purified DFF-40, Lane 3: first elution of

the purified DFF-40, Lane 4: PageRulerTM unstained protein

ladder 26614. b DFF40-iRGD purification. Lane 1: PageR-

ulerTM unstained protein ladder 26614, Lane 2: first elution of

the purified DFF40-iRGD, Lane 2: second elution of the purified

DFF40-iRGD, Lane 3: third elution of the purified DFF40-iRGD

Fig. 3 Cytotoxicity assays of DFF40 and DFF40-iRGD against

different cell lines and various times. a cytotoxic evaluation of

two recombinant proteins against MDA-MB-231. b cytotoxic

evaluation of two recombinant proteins against MCF-7. Error

bars represent SD. Stars were used to show the difference

between two recombinant proteins effects in the same

concentrations
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Evaluation of apoptosis induction for DFF40-

iRGD on MDA-MB-231 cells

Evaluation the apoptosis of MDA-MB-231 cells

treated with concentrations of 0.25 and 0.5 lg/ml of

DFF40-iRGD for 24 h, indicates an increase in cell

apoptosis by increasing the protein concentration. The

results of flow cytometry analysis are shown in Fig. 4.

In the control group, 95% of the cells survived and

only 4.7% of them showed apoptosis; While in the

group treated with a final concentration of 0.25 lg/ml

of the chimeric protein, 31% of the cells survived and

64% were in the early and late apoptosis stages;

However, in the treatment of cells with DFF40-iRGD

with a final concentration of 0.5 lg/ml, 24% of cells

survived and 76% developed apoptosis (Fig. 4).

Discussion

Especially, the migrations of tumor cells and their

aggressive phenotypes is associated with avb3 related
signaling (Hamidi et al. 2016). Furthermore, enhanced

avb3 expression have been showed to promote the

growth of breast cancer cells and metastasis to bone

(Takayama et al. 2005). So, these receptors over-

expressed on the several cancer cells not normal body

cells, and involved in invading the tumor cells, are

attractive approach to targeted delivery of therapeutic

agents to cancer cells. In the design of fusion protein,

because the iRGD moiety must have a free CendR

terminus, we had to put it at the C-terminal of DFF40

protein sequence. On the other hand, because of the

greater effect of b3 in the binding of RGD peptide than

the other sub-unit (Garrigues et al. 2008), b3 was used
for molecular docking. The results of protein docking

with the receptor in HADDOCK indicated that binding

Table 2 IC50 values of

proteins in different cell

lines and at different times

Protein/time Cell line

Incubation time (h) MDA-MB-231 (nM) MCF-

7 (nM)

DFF40 24 77 62.56

48 50.25 65.64

72 26.92 37.44

DFF40-iRGD 24 41.75 50

48 19.25 41

72 15.25 23

Fig. 4 Confirming the apoptosis induction by flowcytometry.

a Un-treated control cells after 24 h of incubation. b Cells

treated with 0.25 lg/ml of DFF40-iRGD. c Cells treated with

0.5 lg/ml of DFF40-iRGD Lower Left: live cells (annexin V-/

PI-); Lower Right: early apoptotic cells (annexin V?/PI-);

Upper Left: dead cells (annexin V-/PI?); Upper Right: late

apoptotic cells (annexin V?/PI?)
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of the DFF40 protein to the iRGD peptide not only

prevents exposure and binds to the aVb3 integrin

receptor, but also results in a more stable structure.

In the expression stage, it is an established remark

that post-induction temperature and inducer concen-

tration are the most important factors influencing the

expression level of proteins. In general, lowering the

post-induction temperature can reduce inclusion body

formation by reducing the expression of the proteins

(Vasina and Baneyx 1997). In a study by San-Miguel

et al. E. coli BL21 (DE3) was used for the expression

of Progesterone 5b-reductase, showed that only pro-

teins expressed at 15 �C and below are in active form

(San-Miguel et al. 2013). So, lowering the temperature

as well as inducer concentration led to reduce the

speed of protein expression and finally, increased the

soluble protein level (de Groot and Ventura 2006).

The results of Design-Expert software showed a

significant effect of temperature on the soluble

expression of both proteins; this factor has the greatest

effect on the soluble expression of DFF40 and DFF40-

iRGD; a few increasing in temperature, led to a

significant decrease in the expression in protein

soluble form. In addition, the results indicated that

the incubation period had the least effect compared to

other independent variables according to the Design-

Expert software results.

In general, the addition of inducer in low amounts

(IPTG used in our study) results in insufficient

induction and consequently low expression of the

recombinant protein; while adding extra amounts of

these expensive inducers, in addition to wasting costs,

can lead to toxic effects on cell growth (Ramirez et al.

1994).

The results of this study showed that increasing the

concentration of IPTG in the induction of DFF40

protein increases the expression of soluble and insol-

uble proteins; while the highest expression of DFF40-

iRGD protein in soluble form was observed in the

lowest inducer concentration (0.1 mM) and increasing

IPTG concentration led to the increased insoluble

expression and consequently increased inactive pro-

tein content.

The purification technique using the intein system

has been used to produce various recombinant

proteins. For example, human GM-CSF was produced

and purified by its fusing with the intein in the

pTYB11 vector (Babu et al. 2008). In a study

conducted by Wang, Parathyroid hormone was also

cloned into the pTXB1 vector and purified using the

IMPACT system by adding DTT (Wang et al. 2007).

In two these studies, reducing agents, especially

dithiotritol, have been used to induce the self-cleavage

properties of intein. The addition of this chemical, in

addition to increasing the cost of large-scale purifica-

tion, allows the three-dimensional structure of disul-

fide-containing proteins to be modified by reducing

these bonds, while the use of intein-1 in pTWIN1

vector and induction its self-cleavage property by pH

change, is more logical and convenient.

For the first fusion protein containing DDF40, GM-

CSF-DFF40, cytotoxicity was confirmed at 200 nM of

this protein against THP-1 cells, indicating a high

potency of this protein in inducing cell apoptosis.

Also, the rate of apoptosis of cells treated with 200 nM

of GM-CSF-DFF40 by Annexin V-FITC staining kit

showed 30–35% of apoptosis in this cell line (Mosrati

et al. 1993). However, in our study, the calculated

IC50 of DFF40-iRGD was determined as 15 nM after

72 h of treatment can be attributed to the more

efficient internalizing efficacy of this fusion protein

than GM-CSF-DFF40. Furthermore, the rate of apop-

tosis due to treatment of MDA-MB-231 cells with a

concentration of 0.5 lg/ml (near to the concentration

of IC50) of DFF40-iRGD was equal to 76%, which

well confirms the apoptosis inducing effects of this

protein on integrin receptor positive tumor cells. These

apoptosis inducing effects of DFF40 was also con-

firmed in our pervious study on B16 cell transfected

with a recombinant pCDNA vector containing the

DFF40 gene under the control of Survivin promoter

(Minaiyan et al. 2021).

For GnRH-DFF40 fusion protein, on the other

hand, apoptosis induction was established by the DNA

fragmentation assay and increasing in the caspase 3

and 9 activity, especially after 24 h of the treatment of

colo 205 colon carcinoma cell line (Ben-Yehudah

et al. 2003). These results indicated that treatment for

24 h can successfully induce apoptosis in the tumor

cells.

For iRGD peptide, used in the present as the

targeting moiety, there are several similar designed

molecules. In the study of Zhang et al. (2016), the

concomitant use of the iRGD peptide with cetuximab

(Erbitux�) was proposed as a new strategy for the

treatment of Non-Small-Cell Lung Cancer (NSCLC).

In this study, A549 cells were used with the high

expression levels of aVb3, aVb5 and NRP-1 receptors.
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The results of this study showed a significant increase

in the apoptotic index of cells treated with co-

administration of Erbitux� and iRGD peptide due to

more cell penetration. Also, this simultaneous use in

xenograft mice reduced the weight and size of the

induced tumor. A 2019 study by Yang et al. (2019) for

IL-24-iRGD fusion protein on the same cell line

showed similar results in the treatment of NSCLC lung

cancer. In the mentioned study, IL24-iRGD induced

apoptosis after 48 h of exposure to the A549 cells.

While in the same concentrations, the apoptotic effect

of native IL-24 was negligible. Again, these data

confirmed that more cytotoxic effects of DFF40-iRGD

in comparison to the native DFF-40, refer to the

presence of iRGD in its structure led to more

penetration ability to aVb3 positive cells (MDA-

MB-231). Furthermore, it may be possible to observe

more apoptotic effects by increasing the treatment

time.

For the MCF-7 cells, we used as a negative control

cell line and assumed with low level of aVb3 integrin
receptor, we observed some significant cytotoxicity

especially with increasing the time of incubation. This

toxicity may be related to the non-receptor mediated

endocytosis for native form of DFF40, as shown for

the treated MDA-MB-231 cells, as well as interaction

of iRGD with other related integrin receptor sub-types

presented on the surface of this cell line (Yan et al.

2016).

Conclusion

In this study, we reported successful expression and

purification of the DFF40-iRGD fusion protein using

intein fusion system in E. coli. Biological evaluation

on two breast cancer cell lines using MTT assay and

flow cytometry analysis suggested selective cytotox-

icity of this fusion protein mainly through apoptotic

cell death induction. Thus, the DFF40-iRGD protein

can be considered as a new candidate in the treatment

of various cancers, especially breast cancer. However,

further in vitro and in vivo evaluations are still

required to confirm the efficacy and safety of this

novel fusion protein.
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