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Inhibition of human lung cancer cells by anti-p21Ras scFv 
mediated by the activatable cell-penetrating peptide
Yu Dua,b,*, Xinrui Lina,*, Qiang Fengb, Xinyan Panb, Shuling Songb and  
Julun Yangb 

Activatable cell-penetrating peptide (ACPP) is a tumour-
targeting cell-penetrating peptide. Here, we used ACPP 
to carry anti-p21Ras scFv for Ras-driven cancer therapy. 
The ACPP-p21Ras scFv fusion protein was prepared by 
a prokaryotic expression system and Ni-NTA column 
purification. The human tumour cell lines A549, SW480, 
U251 and Huh7 and the normal cell line BEAS 2B were 
used to study the tumor-targeting and membrane-
penetrating ability of ACPP-p21Ras scFv. The antitumour 
activity of ACPP-p21Ras scFv on A549 cells and H1299 
cells in vitro was determined by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide, scratch wound 
healing, plate cloning and apoptosis assays. The 
penetration pathway of ACPP was determined by 
enhanced green fluorescent protein. The ACPP-p21Ras 
scFv fusion protein was successfully obtained at a 
concentration of 1.8 mg/ml. We found that ACPP-p21Ras 
scFv could penetrate tumour cell membranes with high 
expression of matrix metalloproteinase-2 (MMP-2), 
effectively inhibit the migration and proliferation of A549 
cells and H1299 cells, and promote the apoptosis of 
A549 cells and H1299 cells. The membrane penetration 
experiment demonstrated that ACPP could enter 
A549 cells by direct penetration. The ability of ACPP to 

penetrate the membrane was affected by the addition 
of a membrane affinity inhibitor and a change in the 
potential difference across the cell membrane but not 
by the addition of endocytosis inhibitors and a change in 
temperature. The ACPP-p21Ras scFv fusion protein can 
penetrate tumour cells with MMP-2 expression and has 
antitumour activity against A549 cells and H1299 cells 
in vitro. This molecule is expected to become a potential 
antitumour drug for Ras gene-driven lung cancer. Anti-
Cancer Drugs 33: e562–e572 Copyright © 2021 The 
Author(s). Published by Wolters Kluwer Health, Inc.
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Introduction
Lung cancer is one of the most common cancers world-
wide and is the main cause of cancer-related death [1]. In 
recent years, the mortality rate of lung cancer in China has 
been increasing [2]. The conventional therapy for lung 
cancer is surgery combined with radiotherapy and chemo-
therapy. However, many patients are in the middle and 
late stages of the disease when they are diagnosed and 
show local infiltration or distant metastasis [3,4], which 
makes surgery difficult. Unfortunately, nonspecific cell 
uptake [5] leads to serious side effects, which makes the 
curative effects of radiotherapy and chemotherapy unsat-
isfactory. In addition, insufficient accumulation of chem-
otherapeutic drugs [6] and drug resistance [7,8] limit the 
efficacy of chemotherapy. Targeted therapy is a method 

to treat tumours by acting on the corresponding targets at 
the cellular and molecular levels [5], which provides a new 
strategy to solve the above problems. Currently, the Food 
and Drug Administration has approved some molecular 
targeted drugs for the clinical treatment of lung cancer, 
such as gefitinib (an inhibitor of epidermal growth factor 
receptor) and crizotinib (an inhibitor of anaplastic lym-
phoma kinase) [9]. However, the secondary resistance of 
these drugs leads to a low response rate, which is a major 
disadvantage in treatment [10–14]. Therefore, more drugs 
with other molecular targets are urgently needed.

Ras is the most mutated oncogene in human cancer [15]. 
K-ras mutation is found in 20–25% of non-small cell lung 
cancer (NSCLC) cases and is the most common codriver 
gene [16]. Although many reagents targeting Ras, such as 
SCH-54292 (direct inhibition of K-ras), ISIS 2503 (inhi-
bition of RAS protein expression) and farnesyltransferase 
inhibitors (inhibitors of the enzymes involved in the 
post-translational modifications of Ras), have been stud-
ied, they were abandoned due to poor efficacy [17,18]. 
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Hence, the development of promising Ras-targeted drugs 
has received much attention. The anti-p21Ras scFv, which 
reacted with wild-type and mutant Ras proteins [19], was 
prepared in our laboratory. We used adenovirus to carry 
the anti-p21Ras scFv gene to enter tumour cells and to 
express scFv in cells. In both in-vitro and in-vivo experi-
ments, the intracellularly expressed scFv could block the 
Ras-related signalling pathway, effectively inhibit tumour 
cell proliferation and promote apoptosis [20]. However, 
the safety and stability of adenovirus are uncertain in vivo, 
which limits its clinical application [21,22]. Therefore, 
identification of a well tolerated and stable intracellular 
delivery vector has become our next research direction.

Cell-penetrating peptides (CPPs) are peptides with 
effective intracellular delivery performance, low cytotox-
icity and low immunogenicity [23,24]. These molecules 
can carry a variety of proteins into the cell, such as Rp3 
(13.29 kDa) [25] and CARM1 (66.89 kDa) [26]. Although 
this strategy overcomes the defects of adenovirus, the 
lack of cell selectivity of CPPs limits its application as a 
drug delivery tool [27]. Activatable cell-penetrating pep-
tide (ACPP) solves this problem [28]. ACPP is a modified 
CPPs that can target tumour cells and deliver anticancer 
drugs into cells. In this study, we designed and expressed 
the ACPP-p21Ras scFv fusion protein in Escherichia 
coli by genetic engineering and then investigated the 
immune activity, cell-penetrating effect and antitumour 
activity in vitro.

Materials and methods
Cell lines and cell culture
E. coli strain DH5α and E. coli strain BL21 (DE3) were 
purchased from Kunming Shuoqing Biotechnology Co., 
Ltd. (Kunming, China). Human tumour cell lines with 
matrix metalloproteinase-2 (MMP-2) overexpression, 
including the human NSCLC cell line A549 (KRASG12S) 
[29] and H1299 (NRASQ61K) [29], human colorectal can-
cer cell line SW480, human glioma cell line U251, human 
hepatoma cell line Huh7 and human bronchial epithelial 
cell line BEAS 2B with low MMP-2 expression, were pur-
chased from Kunming Cell Bank of Chinese Academy of 
Sciences (Kunming, China). All the above cell lines were 
cultured in Roswell Park Memorial Institute (RPMI) 
1640 medium (HyClone, USA) containing 100 U/ml pen-
icillin, 100  mg/ml streptomycin and 10% foetal bovine 
serum (FBS; Biological Industries, Israel) at 37 °C with 
5% CO

2
.

Construction of recombinant expression plasmids
The ACPP gene sequence was reported by Li et al., 
[28] (Fig.  1a). The anti-p21Ras scFv gene sequence 
was constructed previously in our laboratory [19]. The 
enhanced green fluorescent protein (EGFP) gene 
sequence is listed in National Center for Biotechnology 
Information GenBank (ID: 20473140). The ACPP gene 
sequence was linked to the 5′ end of the target gene to 

synthesise three kinds of inserts, ACPP-p21Ras scFv, 
ACPP-L-p21Ras scFv and ACPP-L-EGFP. Then, the 
insert fragments were cloned between the NcoI and 
HindIII sites of the pET28a (+) vector to construct three 
prokaryotic expression plasmids (Kunming Shuoqing 
Biotechnology Co., Ltd., China). The recombinant plas-
mids were identified by PCR to determine whether the 
inserted fragments were correct.

Expression and purification of fusion proteins
Three recombinant plasmids were transformed into E. 
coli BL21 (DE3). Transformed bacteria were cultured in 
LB liquid medium containing 10 μg/ml kanamycin and 
shaken at 200  rpm at 37 °C. When the optical density 
value reached 0.6, 1  mM isopropyl-β-D-thiogalactoside 
(IPTG) was added and shaken at 22 °C for 5 h to induce 
the expression of the target proteins. The bacteria were 
collected by centrifuging at 4 °C and 5000 g for 15 min 
and then resuspended in 50  mM pH 8.0 Tris HCl and 
sonicated at 4 °C for 130 W for 20 min (JY92-IIN, Scientz, 
China). The supernatant was collected by centrifugation 
at 10000  rpm for 15 min and loaded on a prebalanced 
Ni-NTA column (HisPurTM Ni-NTA purification kit; 
Thermo Scientific, USA) for affinity chromatography to 
obtain target proteins. The bicinchoninic acid method 
was used to determine the protein concentration, and 
SDS-PAGE was used to analyse the molecular weight 
and purity of the proteins.

Membrane penetration experiment of ACPP
Effect of different inhibitors on the penetration of 
ACPP
A total of 5 × 104 A549 cells per well were seeded in a 
12-well plate and cultured at 37 °C for 24 h. When the 
cell confluence reached 80%, the cells were washed 
twice with PBS and incubated with a membrane affin-
ity inhibitor (10  mM heparin) or endocytosis inhibitors 
[29 µM chlorpromazine, 50 µM amiloride (EIPA), and 
5  mM methyl-β-cyclodextrin (MβCD)] in RPMI 1640 
medium containing 10% FBS (300 µl) [30]. After incuba-
tion at 37 °C for 0.5 h, the supernatant was discarded, and 
the cells were subsequently incubated at 37 °C for 1 h in 
1640 medium containing 20 µM CPP-L-EGFP (ACPP-
L-EGFP digested by MMP-2) (300 µl) [31]. The cells 
were washed twice with PBS, and the number of green 
fluorescent cells was determined under a fluorescence 
microscope.

Effect of temperature on the penetration of ACPP
A total of 5 × 104 A549 cells per well were seeded in a 
12-well plate and cultured at 37 °C for 24 h. When the 
cell confluence reached 80%, the cells were cultured at 4 
°C and 37 °C for 0.5 h and washed twice with PBS after 
discarding the medium. The cells were subsequently 
incubated at 4 °C or 37 °C for 1 h in 1640 medium con-
taining 20 µM CPP-L-EGFP (300 µl) [31]. The cells 
were washed twice with PBS, and the number of green 
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fluorescent cells was determined under a fluorescence 
microscope.

Effect of weakening the potential difference across the 
cell membrane on the penetration of ACPP
A549 cells were seeded in a 12-well plate as described 
above. When the cell confluence reached 80%, the cul-
ture medium was discarded, and the cells were washed 
twice with PBS (K+) (Na+ in PBS buffer solution was 
replaced by equimolar amounts of K+, pH 7.4) or PBS. 
The cells were subsequently incubated at 37 °C for 1 h 
in PBS (K+) or PBS solution containing 20 µM ACPP-L-
EGFP (300 µl) [31]. The cells were washed twice with 
PBS, and the number of green fluorescent cells was 
determined under a fluorescence microscope.

ACPP targeting test
A total of 5 × 104 tumour cells (A549, SW480, Huh7 and 
U251) and normal bronchial epithelial cells (BEAS-2B) 

per well were seeded in a 12-well plate and cultured at 
37 °C for 24 h. When the cell confluence reached 80%, 
the culture medium was discarded, and the cells were 
washed twice with PBS. The cells were subsequently 
incubated at 37 °C for 2 h in 1640 medium containing 
100 µM ACPP-L-EGFP (300 µl). The cells were washed 
twice with PBS, and the number of green fluorescent 
cells was determined under a fluorescence microscope.

Detection of ACPP-p21Ras scFv immune activity
The K-p21Ras proteins [19] were subjected to SDS-
PAGE on a 12% gel and transferred to polyvinylidene 
fluoride (PVDF) membranes. The membranes were 
blocked with 5% skim milk powder in tris buffered saline 
with tween 20 (TBST) at room temperature for 1 h with 
shaking (70  rpm). Each membrane was incubated with 
scFv (laboratory preparation), ACPP-p21Ras scFv and 
ACPP-L-p21Ras scFv fusion proteins (dilution 1:100) at 
4 °C for 12 h. Next, PVDF membranes were incubated 

Fig. 1

Construction and expression of the recombinant activatable cell-penetrating peptide (ACPP)-p21Ras scFv fusion protein. (a) Schematic struc-
ture of the ACPP-p21Ras scFv fusion protein. Cell-penetrating peptide (CPP): polycationic peptide with the cell-penetrating property. MMP-2 
substrate: oligopeptide that binds to MMP-2. Polyanionic peptide: anionic peptide that blocks the membrane-penetrating function of CPP. Once 
the MMP-2-sensitive oligopeptide is cleaved, the polyanionic peptide drifts away, and the polycationic CPP is activated to carry p21Ras scFv into 
cells. (b) Schematic diagram of the recombinant plasmids design. A Flag tag was attached to the 3 ‘end of the p21Ras scFv, while the ACPP 
peptide was designed at the 5’ end of the p21Ras scFv. The sequence was inserted between BamH I and Hind III sites of plasmid. a, ACPP-
p21Ras scFv; b, ACPP-L-p21Ras scFv; c, ACPP-L-EGFP. (c) PCR analysis showed that the sizes of ACPP-p21Ras scFv, ACPP-L-p21Ras scFv 
and ACPP-L-EGFP were 1185, 1230 and 1197 bp, respectively, which were consistent with the expected values. (d) The molecular weights of 
ACPP-p21Ras scFv, ACPP-L-p21Ras scFv and ACPP-L-EGFP was identified by SDS-PAGE, that is, 36, 37 and 37 KD, respectively. (e) The 
binding ability of the recombinant antibodies to K-p21Ras was identified by WB. After electrophoresis and membrane transfer, K-p21Ras was 
incubated with ACPP-p21Ras scFv, ACPP-L-p21Ras scFv or p21Ras scFv. All the antibodies could combine with K-p21Ras. EGFP, enhanced 
green fluorescent protein; MMP-2, matrix metalloproteinase-2; WB, western blot.
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with anti-FLAG tag mAb (dilution 1:1000; MAB9744, 
Abnova, USA) at 37 °C for 1 h, washed with TBST 
and incubated with horseradish peroxidase (HRP)-
conjugated goat antimouse/rabbit IgG antibody (dilution 
1:4000; 2050D0708, Zhongshanjinqiao Co., Ltd., China) 
at 37 °C for 1 h. Finally, diaminobenzidine was used to 
develop the colour.

Detection of the ACPP-p21Ras scFv titre
Each well of a 96-well ELISA plate was coated with 5 µg/
ml pH 9.6 K-p21Ras protein in 100 µl of carbonate buffer, 
and the plate was incubated overnight at 4 °C. Following 
three washes with phosphate buffered solution (PBST) 
(pH 7.4), the wells were blocked with 100 µl of 1% BSA in 
PBST at 37 °C for 1 h. Then, 150 µl of the fusion proteins 
of scFv, ACPP-p21Ras scFv and ACPP-L-p21Ras scFv 
at varying concentrations (12, 6, 3, 1.5, 0.75, 0.38, 0.19, 
0.9 μg/ml) were added to separate wells, and the plate 
was incubated at 37 °C for 1 h. After three washes with 
PBST, anti-FLAG tag mAb (dilution 1:1000) and HRP-
conjugated goat antimouse/rabbit IgG antibody (dilution 
1:2000) were used as primary and secondary antibodies, 
respectively. Tetramethylbenzidine was added to sepa-
rate wells, and the plate was incubated for 15 min in the 
dark. Then, the reaction was terminated with 98% H

2
SO

4
. 

The OD450 was determined by an ELISA reader.

Detection of the membrane-penetrating activity of 
ACPP-p21Ras scFv by immunohistochemistry
A549 cells were incubated with 20 µM p21Ras scFv, 
CPP-p21Ras scFv (ACPP-p21Ras scFv digested by 
MMP-2) and CPP-L-p21Ras scFv (ACPP- L-p21Ras 
scFv digested by MMP-2) in 1640 medium (4  ml) at 
37 °C for 1 h. The culture medium was discarded, and 
the cells were treated with trypsin, after which the cells 
were collected by centrifugation (800  rpm, 5 min). The 
cells were fixed in formalin and embedded in paraffin to 
prepare paraffin sections. The sections were routinely 
dewaxed, hydrated, antigen repaired, blocked with H

2
O

2
 

and washed with PBS three times. Then, the sections 
were incubated overnight with anti-FLAG tag mAb 
(dilution 1:100) at 4 °C and HRP-conjugated goat anti-
mouse/rabbit IgG secondary antibody at room tempera-
ture for 30 min, and DAB staining was performed.

Detection of the membrane penetrating activity of 
ACPP-p21ras scFv by immunofluorescence
A549 cell climbing slides were prepared by adding the 
cells to slides and culturing at 37 °C for 10 h. The slides 
were washed twice with PBS. Fifty microlitres of 1640 
medium containing 20 µM p21Ras scFv, CPP-p21Ras 
scFv and CPP-L-p21Ras scFv was dripped onto the 
slides and incubated at 37 °C for 1 h. The slide was fixed 
with 4% paraformaldehyde, treated with Triton 100 for 
permeation, and then incubated with anti-FLAG tag 
mAb (dilution 1:400) at 37 °C for 40 min, followed by 

rhodamine-conjugated goat antirabbit IgG (dilution 1:150; 
Zhongshanjinqiao Co., Ltd., China) at 37 °C for 40 min in 
the dark. Finally, the cells were incubated with 4',6-dia-
midino-2-phenylindole (Promega, USA) for 5 min in the 
dark and then observed under a fluorescence microscope.

Detection of ACPP-p21Ras scFv targeting of tumour 
cells
A549, SW480, Huh7, U251 and BEAS-2B cells were 
incubated with 100 µM ACPP-p21Ras scFv and 100 µM 
ACPP-L-p21Ras scFv fusion proteins at 37 °C for 2 h. The 
cells were washed twice with PBS, treated with trypsin 
and collected by centrifugation at 800 rpm for 5 min. The 
cells were suspended in RIPA cell lysate (R0010, Solarbio, 
China) for 0.5 h on ice. Total cell protein was obtained by 
centrifugation at 12,000 rpm at 4 °C for 5 min. The west-
ern blot (WB) procedures are described above.

Cell proliferation assay
A total of 1 × 104 A549 cells or H1299 cells per well were 
seeded in a 96-well plate and cultured at 37 °C. When 
the cell confluence reached 70%, the cells were washed 
twice with PBS and incubated with 20 µM p21Ras 
scFv, CPP-p21Ras scFv or CPP-L-p21Ras scFv in 1640 
medium (150 µl) at 37 °C. On the 1st, 2nd and 3rd days 
of incubation with the fusion protein, 20 µl of 5  mg/ml 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) was added to each well, and the super-
natant was discarded after 5 h of incubation at 37 °C. 
Then, 150 µl dimethyl sulfoxide was added and shaken 
for 10 min. The absorbance was measured at 490 nm with 
an enzyme-labelled instrument.

Scratch wound healing assay
A549 cells or H1299 cells (5 × 105 cells per well) were 
seeded in a 6-well plate and cultured at 37 °C until the 
cells formed a monolayer and covered the bottom of the 
plate. A scratch was made in the centre of the monolayer 
using a 200 µl pipette tip. The cells were washed twice 
with PBS and incubated with 20 µM p21Ras scFv, CPP-
p21Ras scFv or CPP-L-p21Ras scFv in 1640 medium 
(2 ml) at 37 °C. The images were taken under a micro-
scope at 0, 24 and 48 h. Cell migration was determined 
according to the wound healing area.

Clone formation assay
A colony formation assay was used to detect the effect of 
ACPP-p21Ras scFv on the proliferation of A549 cells and 
H1299 cells. A total of 1 × 102 A549 cells or H1299 cells 
per well were seeded in a 6-well plate and cultured over-
night at 37 °C. The cells were washed twice with PBS and 
incubated with 20 µM p21Ras scFv, CPP-p21Ras scFv or 
CPP-L-p21Ras scFv in 1640 medium (2  ml) at 37 °C. 
The medium was changed every 3 days until visible cell 
colonies formed, and then, the cells were fixed with 4% 
paraformaldehyde for 15 min and stained with Giemsa for 
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30 min. PS software was used to count the clones and cal-
culate the clone formation rate. The calculation formula 
was as follows: clone formation rate (%) = clone number/
inoculation number × 100%.

TUNEL staining for apoptosis detection
The paraffin sections were prepared by paraffin blocking 
of A549 cells or H1299 cells. The slices were dewaxed 
with xylene, hydrated, digested by protease K and washed 
with PBS. Terminal deoxynucleotidyl transferase-me-
diated fluorescein-dUTP nick end labeling (TUNEL) 
reaction solution (TUNEL kit; Roche, Switzerland) was 
added, and the cells were incubated in the dark for 1 h. 
Then, the slices were rinsed three times with PBS and 
incubated 30 min with Converter-POD (TUNEL kit; 
Roche, Switzerland). The nuclei of apoptotic cells were 
stained with DAB. All cells and apoptotic cells were 
observed by microscopy.

Apoptosis measurement by flow cytometry
To confirm the apoptosis-inducing effect of ACPP-
p21Ras scFv, the A549 cells or H1299 cells were treated 
with 20 µM p21Ras scFv, CPP-p21Ras scFv or CPP-L-
p21Ras scFv in 1640 medium (12 ml) at 37 °C for 48 h. 
Next, the cells were collected and washed with PBS, and 
then collected again and resuspended in 195 μl annexin 
V-FITC binding buffer. Finally, the cells were incubated 
with 5 μl annexin V-FITC and 10 μl propidium iodide 
(annexin V-FITC/propidium iodide Apoptosis Detection 
Kit; Beyotime Biotechnology, China) for 20 min in the 
dark and then detected by flow cytometry.

Statistical analysis
The data of each experimental group and control group 
were analysed using SPSS version 24.0. All the data are 
expressed as the mean ± SD. Statistical analysis using 
multiple comparisons was performed with one-way 
ANOVA and least significant difference tests. Statistical 
significance was indicated by a value of P < 0.05.

Ethics committee approval
This article does not contain any studies with human par-
ticipants or animals performed by any of the authors. All 
experimental protocols used cell culture in vitro.

Results
Expression and purification of fusion proteins
Based on the pET28a (+) plasmid, we constructed three 
prokaryotic expression plasmids, pET28a(+)-ACPP-
p21Ras scFv, pET28a(+)-ACPP-L-p21Ras scFv and 
pET28a(+)-ACPP-L-EGFP (Fig.  1b). PCR analysis 
demonstrated that the target gene fragments were suc-
cessfully inserted into the pET28a (+) plasmid vector, 
and the gene sizes of ACPP-p21Ras scFv, ACPP-L-
p21Ras scFv and ACPP-L-EGFP were 1185, 1230 and 
1197 bp, respectively (Fig. 1c). After these plasmids were 
transformed into E. coli BL21, the soluble recombinant 

proteins were expressed in E. coli BL21 by induction 
of IPTG and purified by a Ni-NTA column. Finally, we 
obtained mg level fusion proteins. SDS-PAGE analy-
sis showed that the molecular weights of scFv, ACPP-
p21Ras scFv, ACPP-L-p21Ras scFv and ACPP-L-EGFP 
were 35, 36, 37 and 37 KD, respectively (Fig. 1d). ELISA 
and WB analysis indicated that scFv, ACPP-p21Ras scFv 
and ACPP-L-p21Ras scFv could respond specifically to 
K-p21Ras expressed in prokaryotic cells (Fig.  1e). The 
effective titres of the three antibodies were 1:800. These 
results suggested that the ACPP does not affect the 
immunoreactivity of scFv to p21Ras.

Factors affecting the penetration of the ACPP
We found that when A549 cells were cocultured with CPP-
L-EGFP, green fluorescence was observed in the cells, indi-
cating that ACPP-L-EGFP penetrated the cell membrane 
and entered the cells. When heparin, a membrane affinity 
inhibitor, was added to the culture medium, the percentage 
of cells with green fluorescence decreased to 30.33 ± 5.51%, 
which was significantly different compared to that with 
PBS (94.67 ± 1.53%) (P < 0.05). When EIPA, mβCD or 
chlorpromazine was added, the green fluorescent cells 
comprised 88.33 ± 3.51, 89.00 ± 0.26 and 89.67 ± 3.51%, 
respectively (P > 0.05). The results indicated that the 
membrane affinity inhibitor could significantly inhibit the 
penetration of the ACPP-L-EGFP fusion protein, but the 
inhibitory effect of the endocytosis inhibitor was not obvi-
ous. These results indicated that ACPP enters the cells by 
direct penetration rather than endocytosis (Fig. 2a). When 
A549 cells were cocultured with CPP-L-EGFP at 4 °C 
and 37 °C, the percentages of green fluorescent cells were 
89.67 ± 2.08 and 94.00 ± 3.60% (P > 0.05), demonstrating that 
the transmembrane transport of ACPP does not require 
energy, that is, nonendocytosis (Fig. 2b). When A549 cells 
were cocultured with CPP-L-EGFP in PBS (K+) and PBS 
solution, the green fluorescent cells comprised 21.67 ± 3.51 
and 94.33 ± 3.21% (P < 0.05), respectively, indicating that 
the penetration of the ACPP-L-EGFP fusion protein could 
be significantly inhibited by weakening the potential dif-
ference across the cell membrane. This finding revealed 
that the driving force of ACPP penetrating the membrane 
comes from the potential difference between inside and 
outside the cell (Fig. 2c).

Penetrating ability of ACPP-p21Ras scFv
The ability of ACPP-p21Ras scFv to penetrate A549 cells 
was analysed by immunohistochemistry and immunofluo-
rescence. We found that scFv alone could not enter A549 
cells, whereas scFv carried by ACPP could enter A549 cells 
(Fig. 3a and b). The membrane penetrating efficiencies of 
ACPP-p21Ras scFv and ACPP-L-p21Ras scFv were similar.

The ability of ACPP-p21Ras scFv to target tumour cells 
in vitro
To test the ability of the ACPP to target tumour cells, 
we incubated ACPP-L-EGFP with cell lines with high 
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expression of MMP-2 (A549, SW480, Huh7 and U251) 
and normal bronchial BEAS-2B cells with low expression 
of MMP-2. ACPP-L-EGFP entered tumour cells with 
high expression of MMP-2 but not BEAS-2B cells with 
low expression of MMP-2 (Fig. 2d). In the WB assay, the 
ACPP-p21Ras scFv and ACPP-L-p21Ras scFv fusion 
proteins were detected in A549, SW480, Huh7 and U251 
cells but not in BEAS-2B cells (Fig. 3c). This phenom-
enon occurs because ACPP can carry scFv into tumour 

cells with high expression of MMP-2 but not into normal 
cells with low expression of MMP-2.

Antitumour effect of the ACPP-p21Ras scFv fusion 
protein in vitro
We detected the inhibitory effect of the ACPP-p21Ras 
scFv fusion protein on A549 cells and H1299 cells in vitro 
by the cell scratch test, MTT assay and plate cloning test, 
and the apoptotic effect of the ACPP-p21Ras scFv fusion 

Fig. 2

Mechanism and targeting of activatable cell-penetrating peptide (ACPP) uptake. (a) The uptake of ACPP-L-EGFP was inhibited in A549 cells 
treated with heparin, but not by endocytosis inhibitors [50 µM amiloride (EIPA), 5 mM methyl-β-cyclodextrin (MβCD) and chlorpromazine]. (b) 
The uptake of ACPP-L-EGFP by A549 cells was not inhibited at 4 °C. (c) The uptake of ACPP-L-EGFP in A549 cells was significantly inhibited 
by weaken the potential difference across the cell membrane [PBS (K+)]. (d) The uptake of ACPP-L-EGFP was higher by tumour cells with high 
expression of MMP-2 (A549, SW480, Huh7 and U251) than by normal cells without MMP-2 expression (BEAS-2B). EGFP, enhanced green 
fluorescent protein; MMP-2, matrix metalloproteinase-2.
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protein was detected by TUNEL staining and annexin V 
and propidium iodide staining. The scratch test indicated 
that the area of cell migration in the PBS and scFv groups 
was larger than that in the ACPP-p21Ras scFv and ACPP-
L-p21Ras scFv groups (Fig. 4a), suggesting that A549 
cells and H1299 cells were significantly inhibited in the 
ACPP-p21Ras scFv and ACPP-L-p21Ras scFv groups. 
MTT assays showed that the number of living cells con-
tinued to increase in the PBS and scFv groups from day 2 
after treatment, but the number of living cells decreased 
gradually in the ACPP-p21Ras scFv and ACPP-L-p21Ras 
scFv groups after 24 h. These results showed that ACPP-
p21Ras scFv and ACPP-L-p21Ras scFv can significantly 
inhibit the growth of A549 and H1299 tumour cells and 
the inhibitory effect was similar (Fig. 4b). The plate clone 
experiment showed that ACPP-p21Ras scFv and ACPP-
L-p21Ras scFv significantly inhibited the proliferation 
of A549 cells and H1299 cells, and the inhibitory effects 
were similar (Fig. 4c and d). In addition, the TUNEL and 
annexin V/propidium iodide assay results suggested that 
the apoptosis percentage of A549 cells and H1299 cells 

in the ACPP-p21Ras scFv and ACPP-L-p21Ras scFv 
groups was significantly higher than that of the control 
group (Fig.  5), indicating that ACPP-p21Ras scFv and 
ACPP-L-p21Ras scFv could promote the apoptosis of 
A549 cells and H1299 cells.

Discussion
ACPP is a kind of CPPs that consists of a polycationic 
CPP, an MMP-2-sensitive linker and a polyanionic pep-
tide [28]. In short, in normal tissue without MMP-2 
expression, the cell-penetrating function of the CPP is 
blocked by the polyanionic peptide through intramolecu-
lar electrostatic interactions [32–34]. However, in tumour 
tissue, the linker is recognised and cleaved by MMP-2 
[35–37] to activate CPP. Activated ACPP can penetrate 
the cell membrane to produce a substantial targeted 
delivery capacity. In this study, we successfully devel-
oped an ACPP-p21Ras scFv fusion protein by prokaryotic 
expression. Tumour-targeting and membrane-penetrat-
ing experiments showed that the ACPP-p21Ras scFv 
fusion protein could enter human lung cancer A549 cells 

Fig. 3

The cell-penetrating ability of activatable cell-penetrating peptide (ACPP)-p21Ras scFv was detected. (a) ACPP-p21Ras scFv and ACPP-L-
p21Ras scFv were found in the A549 cells (brown), while p21Ras scFv was not found in the A549 cells. Immunohistochemical staining, ×40. (b) 
ACPP-p21Ras scFv and ACPP-L-p21Ras scFv were observed by immunofluorescence assay in A549 cells, while p21Ras scFv was not observed 
in the cells. Red: Rho-stained of p21Ras scFv, ACPP-p21Ras scFv and ACPP-L-p21Ras scFv, blue: DAPI-stained nuclei (×1000). (c) ACPP-
p21Ras scFv and ACPP-L-p21Ras scFv were detected by WB in A549, SW480, Huh7 and U251 cells, but not in Beas-2B cell. DAPI, 4’,6-dia-
midino-2-phenylindole; WB, western blot.
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Fig. 4

Anti tumour effects of activatable cell-penetrating peptide (ACPP)-p21Ras scFv on A549 cells and H1299 cells in vitro. (a) The scratch experi-
ment revealed that the healing of A549 cells and H1299 cells treated with ACPP-p21Ras scFv and ACPP-L-p21Ras scFv were slower than those 
treated with p21Ras scFv and PBS at 24 and 48 h, indicating that ACPP-p21Ras scFv can inhibit the migration of A549 cells and H1299 cells. 
(b) The MTT assay was used to investigate the killing effect of ACPP-p21Ras scFv to A549 cells and H1299 cells. The OD490 (living cell) of 
A549 cells and H1299 cells treated with ACPP-p21Ras scFv and ACPP-L-p21Ras scFv were lower than those treated with p21Ras scFv and 
PBS (P < 0.05) on 2 d and 3 d (P < 0.05). (c and d) The clone formation test demonstrated that the proliferation ability of A549 cells and H1299 
cells treated with ACPP-p21Ras scFv and ACPP-L-p21Ras scFv were lower than that treated with p21Ras scFv and PBS (P < 0.05). MTT, 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. 
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rather than normal cells. In-vitro experiments showed 
that the ACPP-p21Ras scFv fusion protein can effec-
tively inhibit the migration and proliferation of A549 
and H1299 cells and promote the apoptosis of A549 and 
H1299 cells. These results are similar to our previous 
results using a specific adenovirus carrying the scFv gene 
to inhibit tumours [20]. These results revealed that the 
ACPP-p21Ras scFv fusion protein has the ability to tar-
get tumour cells effectively and enter the cytoplasm of 
tumour cells and may be used as an effective intracellular 
antitumour drug. MMP-2 is an extracellular protease that 
exists in the tumour microenvironment, can degrade the 

extracellular matrix [38] and plays an important role in 
tumour invasion and metastasis [39]. MMP-2 is overex-
pressed in many tumours [40], such as lung cancer [41], 
colorectal carcinoma [42,43], breast carcinoma [40] and 
prostatic neoplasia [41]. Because ACPP can target MMP-
2, the ACPP-p21Ras scFv fusion protein may also be 
used to treat other MMP-2-overexpressing tumours.

It has been reported that CPP-protein covalent conjuga-
tion may lead to adverse changes in target protein structure 
and function [44]. In other words, ACPP and antitumour 
protein fusion may affect the biological activity of antitu-
mour proteins, further affecting the antitumour efficacy of 

Fig. 5

Activatable cell-penetrating peptide (ACPP)-p21Ras scFv induce apoptosis on A549 cells and H1299 cells in vitro. (a) The cells treated with 
ACPP-p21Ras scFv, ACPP-L-p21Ras scFv and p21Ras scFv, then were stained with TUNEL kit and then detected by microscope, and the 
apoptotic cells are indicated with arrows. (b and c) Apoptotic cells are stained with annexin V/propidium iodide, then detected by flow cytometry. 
Annexin V/propidium iodide assay showed that the apoptotic percentage of A549 cells and H1299 cells treated with ACPP-p21Ras scFv and 
ACPP-L-p21Ras scFv were higher than that with p21Ras scFv (P < 0.05). TUNEL, terminal deoxynucleotidyl transferase-mediated fluoresce-
in-dUTP nick end labeling.
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drugs. Nevertheless, Robinson et al., [45] used different 
linkers to prove the role of linkers in protein stability and 
folding, indicating that a linker can maintain the structure 
and function of each fusion partner in the fusion protein 
[46]. To determine whether the binding of the ACPP will 
affect the function of the p21Ras scFv protein, we also 
designed the ACPP-L-p21Ras scFv fusion protein. These 
results showed that p21Ras scFv, ACPP-p21Ras scFv 
and ACPP-L-p21Ras scFv could specifically bind to the 
K-p21Ras protein with the same reaction intensity. It was 
proven that the ACPP did not affect the immunoreactiv-
ity of the p21Ras scFv protein.

In general, the transmembrane pathways of CPPs 
include direct penetration and endocytosis [23,24]; they 
depend on the type of target cells [47], the cargo carried 
and the physicochemical properties of the penetrating 
peptide sequence [48]. Although Bouquier et al., [49] 
proved that ACPP-TAMRA enters hippocampal neurons 
through endocytosis, the ACPP used in our experiment 
[28] is different from ACPP-TAMRA [49] in the peptide 
sequence composition of the linker, so the membrane 
penetration mechanism of the ACPP used in our experi-
ment is not clear. Therefore, we studied the mechanism 
by which ACPP enters A549 cells by EGFP tracing. The 
results showed that the number of cells with green flu-
orescence decreased significantly under the action of 
membrane affinity inhibitors, whereas the number of 
cells with green fluorescence changed little under the 
action of endocytosis inhibitors. When cells were cul-
tured at different temperatures, the number of cells 
with green fluorescence changed little, but the number 
of cells with green fluorescence decreased significantly 
when the potential difference across the cell membrane 
was reduced. These phenomena revealed that ACPP 
entered A549 cells through direct penetration.

Conclusion
In this study, we successfully expressed the ACPP-p21Ras 
scFv fusion protein, which has the ability to penetrate 
the MMP-2-overexpressing A549 cell membrane and has 
antitumour activity against A549 cells and H1299 cells in 
vitro. Therefore, the ACPP-p21Ras scFv fusion protein 
may be a potential drug against Ras-mutated lung can-
cer and other MMP-2-overexpressing tumours. However, 
the antitumour effect of the fusion protein needs to be 
further verified by in-vivo experiments because only an 
in-vitro antitumour study of the fusion protein has been 
performed.
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