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Introduction: Cancer gene therapy requires both effective tumor suppressor genes and safe
vectors that express target genes efficiently. Inhibitor of growth 4 (ING4) inhibits tumor
growth via multiple pathways. Interleukin-24 (IL-24) also has tumor-suppressive activity
against a broad spectrum of human cancers. Adenovirus (Ad) vectors exhibit high infection
efficiency, but potential toxicity related to high doses of adenovirus has led to careful
reconsideration of their use in human clinical trials. Antheraea pernyi silk fibroin (ASF) is
a cytocompatible and biodegradable natural polymer, and it possesses Arg—Gly—Asp
sequences exhibiting a high binding affinity and selectivity for o,f; and a,fs integrin
receptors, which are overexpressed in tumor vessels and most tumor cells.

Methods: In this study, an Arg-Gly-Asp peptide-modified Ad vector coexpressing ING4 and
IL-24 was constructed by homologous recombination of the dual gene coexpression transfer
plasmid and RGD-modified pAdEasy-1 adenoviral backbone plasmid. The cationic ASF
(CASF) was prepared by modifying ASF with low-molecular-weight PEI. The negatively
charged Ad vector was modified with CASF to form a CASF/Ad complex.

Results: Human hepatoma carcinoma SMMC-7721 cells and normal hepatic L-02 cells were
infected with the CASF/Ad complex, which showed significantly higher infection efficiency
than the naked Ad. The CASF/Ad complex could effectively mediate the expression of the
target gene ING4 in SMMC-7721 cells and the secretion of the target gene IL-24 from
SMMC-7721 cells, thus inducing apoptosis of hepatoma carcinoma SMMC-7721 cells. The
viability of SMMC-7721 and L-02 cells infected with the CASF/Ad complex was further
assessed, and it was found that the growth of SMMC-7721 cells was significantly inhibited
but that the growth and proliferation of L-02 cells were not affected.

Conclusion: The CASF/Ad complex constructed in this study, showing improved infection
efficiency and enhanced suppressive effects on human hepatoma carcinoma SMMC-7721
cells, has the potential to reduce the dose of adenovirus and still maintain high infection
efficiency and tumor inhibition.
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Introduction

Human hepatoma carcinoma is one of the most common causes of cancer-related
mortality worldwide.! The preferred surgical resection still has a poor prognosis
because of the clinicopathological invasion and metastasis characteristics of hepa-

toma carcinoma.” Conventional chemotherapy and radiotherapy are associated with
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poor survival rates due to the development of cellular resis-
tance to cancer drugs and the lack of tumor cell
targetability.®* Cancer gene therapy represents a new and
promising therapeutic modality for various types of cancer.
Inhibitor of growth 4 (ING4), an intracellular tumor growth
inhibitor, may significantly suppress tumor growth via the
induction of cell cycle alterations, apoptosis and the inhibi-
tion of tumor angiogenesis.”® Interleukin-24 (IL-24), also
known as melanoma differentiation-associated gene-7, is
a secreted cytokine and membrane receptor-mediated
tumor growth suppressor.” IL-24 can suppress growth and
induce apoptosis in a wide range of human cancers without
apparent cytotoxicity to normal cells.® Tumor cells often
contain multiple genetic abnormalities, which limits the
efficacy of a single gene-mediated cancer therapy and pre-
sents an obstacle to cancer gene therapy because of the
difficulty in finding a pivotal gene closely associated with
tumor occurrence and progression. It has been proven in our
previous work that adenovirus-mediated ING4 and IL-24
coexpression initiates synergistic tumor growth inhibition
and apoptosis very possibly via their coordinate and func-
tional links to p53 which can induce a permanent inhibition
of cell growth through blocking cell cycle and activating
apoptosis.'®!! Furthermore, the synergistic antitumor activ-
ity elicited by Ad-ING4-IL-24 was closely associated with
the cooperative activation of extrinsic and intrinsic apopto-
tic pathways and reduced proangiogenic factor production
of VEGF and IL-8 that are important proangiogenic factors
involved in tumor angiogenesis, leading to synergistic inhi-
bition of tumor angiogenesis.'*!?

An important goal of cancer gene therapy is to develop
vectors that can efficiently achieve gene expression and reduce
side effects from vectors.'* Recombinant adenovirus (Ad) has
the advantages of high transgene expression efficiency, non-
integration into the host genome, the ability to infect both
dividing and nondividing cells and the feasibility of making
high-titer stocks.'>'® Owing to its overwhelming accumula-
tion in the liver after systemic administration, high doses of Ad
will inevitably result in severe hepatoxicity.'” Ad surface
modification using a nonviral system to generate hybrid vec-
tors is thus required to reduce the dose and enhance the safety
of Ad. Lipid and polymer components of nonviral systems
have been employed as an alternative approach to generate
improved and more effective Ad vectors. For example, the
modification of Ad with polyethylene glycol has been inves-
tigated to improve Ad retention time and prevent trapping in
the liver'®'” but results in a loss of infection efficiency because
polyethylene glycol blocks specific Ad fiber-cellular receptor

interactions.”’ Cationic lipids and polymers, including poly-
L-lysine and high-molecular-weight polyethylenimine (PEI),
have been tested in Ad-mediated gene delivery systems to
enhance the infection efficiency and gene expression in var-
ious cancer cell types.?"** However, high-molecular-weight
PEI induces severe cytotoxicity, significantly limiting its
usefulness.” Antheraea pernyi silk fibroin (ASF) has excellent

2425 and it also contains

26,27

biocompatibility and is biodegradable,
abundant Arg-Gly-Asp (RGD) tripeptide sequences.
These sequences are known as receptors of cell integrins,
whose levels are significantly upregulated during tumor
angiogenesis.”>*’ Furthermore, ASF side chains contain -
COOH, -OH and other chemically active groups, which
allow for the binding of molecules with -NH, and -NH
groups.*® This binding was found to be advantageous for the
cationic modification of ASF to package plasmid DNA and
improve transfection efficiency. Meanwhile, ASF showed sig-
nificantly lower cytotoxicity than high-molecular-weight PEI
in previous studies.”'

We hypothesized that the positively charged cationic ASF
(CASF) modified with low-molecular-weight PEI (1.8 kDa)
governed the electrostatic interaction with the negatively
charged surface of Ad-mediated ING4 and IL-24 dual gene
vector, and the infection efficiency of CASF-coated Ad vec-
tor would be greater than the naked Ad. The expression and
secretion of the tumor suppressor genes ING4 and 1L-24 in
CASF/Ad complex were further assessed. The apoptosis of
human hepatoma carcinoma SMMC-7721 cells induced by
the CASF/Ad complex as well as its cytotoxicity in human
normal hepatic L-02 cells were evaluated.

Materials and Methods

Materials

Antheraea pernyi raw silk fibers were purchased
from Liaoning Province (China). PEI (MW 1.8 kDa),
2-(N-morpholino)-ethanesulfonic acid, 1-ethyl-3-(3-dimethy-
laminopropyl) carbodiimide hydrochloride and trypsin were
purchased from Sigma-Aldrich (USA). The ultrafiltration cen-
trifuge tube (MWCO 10,000) and 0.22 pm filter were pur-
chased from Millipore (USA). The ethidium bromide (EB),
nitrocellulose membrane, bovine serum albumin, horseradish
peroxidase-conjugated secondary goat anti-rabbit IgG anti-
body and Cell Counting Kit-8 (CCK-8) were all purchased
from Beyotime (China). The phosphate-buffered saline (PBS)
and Dulbecco’s modified Eagle medium (DMEM) were both
purchased from Gibco (USA). The lysis buffer was purchased
from CWBIO (China). The primary rabbit anti-human ING4
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antibody was purchased from Abcam (UK). The IL-24
enzyme-linked immunosorbent assay (ELISA) kit was pur-
chased from Westang Bio-Tech (China). The Annexin V/PE
and 7-ADD were purchased from BD Biosciences (China).
The primers specific to ING4 (ING4-F, 5'-tag aga tct gcc acc
atg gct geg ggg atg tat ttg-3' and ING4-R, 5'-acc gte gac cct att
tet tet tee gtt ctt g-3'), IL-24 (IL-24-F, 5'-gca ctc gag acc atg aat
ttt caa cag agg ctg ca-3' and [L-24-R, 5'-gct tct aga tca gag ctt
gta gaa ttt ctg-3") and polyA-+promoter (polyA-F, 5'-acc gtc gac
aaa cct gce cca aac aaa tat g-3' and promoter-R, 5'-gac geg gee
gct cte cte tgt gat atc ctt tc-3") were synthesized by Shanghai
Sangon Biotech co., LTD (China) (Supporting materials). The
human embryonic kidney QBI-293A cells were provided by
the Department of Oncology, First Affiliated Hospital of
Soochow University (China). The human hepatoma carcinoma
SMMC-7721 cells and human hepatic L-02 cells were both
purchased from the American Type Culture Collection (ATCC,
USA). The experiments were formally reviewed and approved

by the ethics committee of Soochow University. Reviewed by
the ethics committee, the experimental design and implemen-
tation have fully considered the principle of security; the
experimental content did not exist potential damage and risk
and followed the principles outlined in the Declaration of
Helsinki.

Preparation of CASF

The ASF solution was prepared as previously described.”'
One hundred grams of Antheraea pernyi raw silk fibers were
degummed 3 times in 5 L of sodium carbonate (2.5 g/L) and
then rinsed thoroughly with deionized water. After drying in
an oven at 60 °C, the extracted ASF fibers were dissolved in
melted calcium nitrate 4-hydrate at a 1:10 (w/v) bath ratio at
105 °C for 5 h. The ASF solution was obtained after 4 days of
dialysis in deionized water at 4 °C.

Next, 30 mL of the ASF solution at a concentration
of 1 mg/mL was stirred in an ice bath. PEI was dis-
solved in tri-distilled water at a concentration of 4 mg/
mL and then added to the ASF solution at PEI/ASF
weight ratios of 0%, 0.1%, 0.5%, 1%, 2%, 4%, 6%
and 8%. After the pH was adjusted to 7.8~8.0 with
0.1 M 2-(N-morpholino)-ethanesulfonic acid solution,
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride accounting for 20% of the ASF quantity was
added, and the reactants were slowly stirred overnight in
an ice bath. The mixed solution was dialyzed against
deionized water at 4 °C for 3 days and then centrifuged
three times in an ultrafiltration centrifuge tube for
30 mins to obtain the CASF solution.

Identification of CASF
The zeta potential of the CASF at different PEI/ASF
weight ratios was measured by nanoparticle size and zeta
potential analyzer (Zetasizer Nano ZS90; Malvern, UK) at
25 °C. Each sample was measured for three times.
Freeze-dried ASF, CASF (modified with 4 wt% PEI
against ASF) and liquid PEI (5 mg of each sample) were
dissolved in D,O at room temperature, and the solutions
were transferred into a nuclear magnetic tube that used
a superconducting nuclear magnetic resonance (NMR)
spectrometer (AVANCE III HD 400 MHz; Bruker, USA)
to assess the "H-NMR spectra.

Construction of the Recombinant Ad Vector
The recombinant Ad vector coexpressing ING4 and 1L-24
tumor suppressor genes was constructed as described in
our previous study.'® Briefly, the ING4 and IL-24 cDNA
fragments were amplified by polymerase chain reaction
(PCR) using pAdTrack-CMV-ING4 or pAdTrack-CMV-
IL-24 plasmids as templates and primers specific for
ING4 or IL-24. The ING4 and IL-24 fragments were
then subcloned into the pAdTrack-CMV-polyA-+promoter
transfer plasmid encoding green fluorescent protein (GFP)
gene at Bgl 11, Sal I and Xhol I, Xbal I sites, respectively.
ING4 transcription was under the control of the cytome-
galovirus (CMV) promoter, and IL-24 transcription was
under the control of the SV40 polyA+hEF1a-elF4g pro-
moter (polyA+promoter).

The recombinant Ad vector RGD.Ad-ING4-IL-24 was
subsequently generated by homologous recombination of
the dual gene coexpression transfer plasmid and RGD-
modified pAdEasy-1 adenoviral backbone plasmid (con-
taining most of the genome of human adenovirus type 5)
in BJ5183 bacteria and then packaged and amplified in
QBI-293A human embryonic kidney cells. The titer of the
purified Ad was determined using the gene transfer unit
method by calculating the number of GFP reporter gene-
expressing QBI-293A cells within 24 h of adenoviral
infection by fluorescence microscopy (Olympus, Japan).

Agarose Gel Electrophoresis

The ING4, IL-24 and polyA+promoter cDNA fragments
were amplified by PCR using primers specific to ING4,
IL-24 and polyA+promoter. The PCR products were loaded
onto a 1.0 wt% agarose gel containing EB (0.5 pg/mL) and
run in Tris-acetate buffer at 120 V for 40 mins. The electro-
pherogram was obtained by irradiation under ultraviolet light.
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Construction and Characteristics of the

CASF/Ad Complex

Firstly, 500 pL of the RGD.Ad-ING4-IL-24 with a titer of
2x10” pfu/mL and 500 uL of CASF at different concentra-
tions of 10, 50, 100 and 150 pg/mL were mixed, respec-
tively. Then, the mixtures were swirled for 30 s and
incubated for 30 mins at room temperature to form the
CASF/Ad complexes. The CASF/Ad complexes were then
filtered through a 0.22 pm filter to remove the remaining
CASF and Ad.

The CASF/Ad complexes were vacuum-dried and sput-
ter-coated with gold, and the surface morphology was
observed with scanning electron microscopy (S-4800;
Hitachi, Japan).

The average diameters of the naked Ad and the CASF/
Ad complexes were analyzed using SEM images with Nano
Measurer analysis software (Department of Chemistry,
Fudan University, China. Copyright: (C) 2008 Jie Xu).
The average equivalent circular diameter was determined
by a total of 100 particles.

The zeta potentials of the naked Ad and the CASF/Ad
complexes were measured by nanoparticle size and zeta
potential analyzer at 25 °C. Each sample was measured for
three times.

The nano stability of the CASF/Ad complex was further
detected. The changes of the average particle diameter and
zeta potential at 0 h, 4 h, 8 h, 12 h, 24 h, 48 h and 72 h after
the preparation of the CASF/Ad complex (at CASF concen-
tration of 50 pg/mL) were measured, respectively.

ING4 Gene Expression and IL-24 gene

Secretion

QBI-293A cells treated with Ad and PBS or human hepatoma
carcinoma SMMC-7721 cells treated with CASF/Ad, Ad and
DMEM for 48 h were collected, washed with cold PBS and
lysed in lysis buffer (1x107 cells/mL lysis buffer). Total cell
lysates were resolved by 12% sulfate-polyacrylamide gel elec-
trophoresis and subsequently transferred to a nitrocellulose
membrane. The membrane was blocked with 5% (w/v) bovine
serum albumin for 1 h at 37 °C, incubated with a primary rabbit
anti-human ING4 antibody in the blocking solution for 1 h and
then incubated with a horseradish peroxidase-conjugated sec-
ondary goat anti-rabbit IgG antibody for an additional hour.
Subsequently, the membrane was washed 3 times in TBST,
immersed in a chemiluminescence solution and incubated for
3 mins at room temperature. The protein bands were visualized
after exposure of the membranes to X-ray film.

QBI-293A cells were treated with Ad and PBS for 24
h and 48 h, or human hepatoma carcinoma SMMC-7721
cells were treated with CASF/Ad, Ad and DMEM for 24
h and 48 h. The cell culture supernatant from each group
was harvested. The IL-24 concentration in each group was
measured using an ELISA Kkit.

GFP Expression
The ratio of infectious Ad to target cells is called the
multiplicity of infection (MOI) in the present study. To
assess the optimal MOI for maximal transgene expression,
SMMC-7721 and L-02 cells were infected with the RGD.
Ad-ING4-IL-24 at MOIs of 0, 5, 10, 20, 50, 100, 150 and
200, and the GFP expression was examined by laser scan-
ning confocal microscopy (FV1000; Olympus, Japan).
SMMC-7721 and L-02 cells were infected with the
naked Ad and the CASF/Ad complex for 24 h, and the
GFP expression was examined by laser scanning confocal
microscopy.

Infection Efficiency and Cell Apoptosis
The expression level of GFP was determined by flow cyto-
metry analysis. Human hepatoma carcinoma SMMC-7721
cells and human normal hepatic L-02 cells treated with Ad
and CASF/Ad complex for 24 h were digested with trypsin,
and then the medium containing serum was added to termi-
nate digestion. The cells were washed with PBS and sus-
pended in PBS for the detection of GFP expression by
a flow cytometer (FC500; Beckman-Coulter, USA). The
number of cells detected per sample was 10,000.

Human hepatoma carcinoma SMMC-7721 cells were
treated with CASF/Ad, Ad and DMEM for 48 h, digested
with trypsin and then washed twice with PBS. After cen-
trifugation, the cells were suspended in 200 uL of PBS,
and the binding buffer was added, maintaining a final cell
concentration of 1x10° cells/mL. Then, 100 pL of the cell
suspension was transferred to a 1.5 mL centrifuge tube,
and 5 pL of Annexin V/PE and 10 pL of 7-ADD were
added, after which the mixture was incubated in the dark
for 15 mins at room temperature. The samples with an
extra 400 pL of binding buffer added were assessed by
a flow cytometer, and the number of cells detected per
sample was 10,000.

Viability of SMMC-7721 and L-02 Cells

Human hepatoma carcinoma SMMC-7721 cells and human
normal hepatic L-02 cells were seeded in 96-well culture
plates at a density of 1x10* cells per well in 100 uL of
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growth medium and attached for 24 h. Subsequently, the
cells were treated with CASF/Ad, Ad and DMEM for 4 h,
the supernatant in each well was removed, and 100 pL of
growth medium was added to each well. After culturing for
1, 3, 5 and 7 days, the medium in each well was removed,
and 90 pL. of DMEM and CCK-8 was added. After incuba-
tion for 2 h, the optical density (OD) was measured at 450
nm on a microplate reader (Synergy HT; BioTek, USA), and
the cell viability was calculated using the following
equation.

The OD of experimental group
- The OD of DMEM and CCK- 8
The OD of blank control group
- TheOD of DMEM and CCK-8

Cell viability (%) =

Statistical Analysis

All data were presented as the means + standard deviation.
The significance of the difference between groups was eval-
uated by one-way and two-way repeated measures ANOVA
and multiple comparisons with SPSS 10.0 software. A value
of p < 0.05 was considered statistically significant.

Results
Construction and ldentification of RGD

Ad-ING4-IL-24

The recombinant Ad vector coexpressing ING4 and 1L-24
tumor suppressor genes was constructed using our pre-
viously described method,'® and the vector was identified
by PCR and agarose gel electrophoresis. Figure 1(A)
shows the gel electrophoresis analysis of six extracted
clones after homologous recombination of the transfer
plasmid and RGD-modified pAdEasy-1 adenoviral back-
bone plasmid in BJ5183 bacteria. The molecular weights
of the 6 selected clones were all larger than that of the
transfer plasmid, and were close to that of pAdEasy-1
adenoviral backbone plasmid, indicating that the 6 clones
were all positive clones. The ING4, IL-24 and polyA
+promoter cDNA fragments of the extracted plasmid
were amplified by PCR. Figure 1(B) shows the corre-
sponding gel electrophoretogram, revealing that both the
tumor suppressor genes ING4 (750 bp) and IL-24 (621 bp)
and the promoter gene polyA+promoter (888 bp) were
successfully amplified. In conclusion, a homologous
recombinant vector RGD.Ad-ING4-IL-24 was success-
fully constructed.

The Ad vector-mediated expression of the exogenous
target genes ING4 and IL-24 was detected by Western

blotting and ELISA. QBI-293A human embryonic kidney
cells were treated with the RGD.Ad-ING4-1L-24 for 24
h. Medium containing PBS without adenovirus was used
as a control. The Western blotting results in Figure 1(C)
showed that the QBI-293A cells infected with the Ad
vector produced a 29 kDa anti-ING4 antibody-specific
band, while no specific band was observed at the corre-
sponding site for the uninfected cells. Therefore, the exo-
genous target gene ING4 was successfully expressed from
the recombinant Ad vector in QBI-293A cells. QBI-293A
cells were treated with the RGD.Ad-ING4-1L-24 for 1 and
2 days to detect the level of secreted IL-24 in the super-
natant, and the ELISA results are shown in Figure 1(D).
After culture for 1 day, the concentration of IL-24 in the
supernatant of QBI-293A cells infected with the Ad vector
was 78.1 pg/mL, while the IL-24 concentration in the
supernatant of the control cells was 60.1 pg/mL. Two
days later, the concentration of IL-24 in the supernatant
of the Ad and PBS groups increased to 118.3 and 72.6 pg/
mL, respectively. The concentration of IL-24 in the super-
natant of the Ad group was significantly higher than that of
the PBS group (p<0.05), that the
recombinant Ad vector efficiently mediated the secretion

demonstrating
of exogenously expressed 1L-24 from QBI-293A cells.

Synthesis and Characteristics of CASF
The -COOH groups in the side chains of the aspartic acid
and glutamic acid residues easily lost H; thus, the ASF
was negatively charged in neutral solution.*? As shown in
Figure 2(A), the carbon-nitrogen double bond (-N=C-) on
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride coupled with the carboxyl groups from the aspar-
tic and glutamic acids in ASF to form an unstable
intermediate urea derivative (O-acylisourea). The chemical
formula of PEI was -(CH,CH,N(CH,CH,NH,)),-(CH,
CH,NH),,-, with an abundance of -NH, groups in the
side chains. The O-acylisourea readily reacted with the
primary amine groups in PEI, forming an amide linkage
between ASF and PEI, and the CASF was synthesized.
Figure 2(B) shows that the zeta potential of ASF was
approximately —9.2 mV, which reversed to a positive value
after modification using only 0.5 wt% PEI against ASF.
The zeta potential continued to increase as the added PEI
increased from 1 wt% to 4 wt%, and the zeta potential
reached a peak value of +11.4 mV when the mass ratio of
PEI/ASF was 4 wt%. Subsequently, as the mass ratio of
PEI/ASF increased to 6 wt% and 8 wt%, the zeta potential
of CASF decreased slightly, possibly due to the desorption
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Figure | Identification of the RGD.Ad-ING4-IL-24 vector. (A) Gel electrophoresis of homologous recombinant adenovirus clones: Line |, pAdTrack-CMV-ING4-polyA
+promoter-IL-24 plasmid; Line 2, pAdEasy-| adenoviral backbone plasmid; Line 3~8, the 6 selected clones. (B) Gel electrophoresis of genes ING4, IL-24 and poly+promoter
amplified by PCR: Line |, ING4 cDNA fragments amplified by PCR; Line 2, negative control group compared to ING4 cDNA fragments amplified by PCR; Line 3, polyA
+promoter cDNA fragments amplified by PCR; Line 4, negative control group compared to polyA+promoter cDNA fragments amplified by PCR; Line 5, IL-24 cDNA
fragments amplified by PCR; Line 6, negative control group compared to IL-24 cDNA fragments amplified by PCR; M, DL2000 marker. (C) The ING4 expression in QBI-
293A cells analyzed by Western blotting. (D) The IL-24 secretion from QBI-293A cells detected by ELISA. Statistically significant in comparison with PBS, *p<0.05.

Abbreviations: RGD, Arg-Gly-Asp; Ad, adenovirus; ING4, inhibitor of growth 4; IL-24, interleukin-24; CMV, cytomegalovirus; PCR, polymerase chain reaction; ELISA,

enzyme-linked immunosorbent assay.

of the partially physically adsorbed PEI. We selected
a PEI/ASF ratio of 4 wt% as the optimal cationization
ratio for subsequent experiments, which maximized the
CASF zeta potential and avoided the introduction of dis-
sociative PEL

The '"H-NMR spectra of PEI, ASF and CASF are
presented in Figure 2(C). The chemical structure of PEI
was -(CH,CH,N(CH,CH,NH,)),-(CH,CH,NH),,-;  thus,
the corresponding proton chemical shifts appeared at &
2.47-2.63 ppm (1, 2, 3 and 4).**> The chemical shift of 5
(8, ~1.32 ppm) corresponded to -CH,-, 6 (3, ~3.06 ppm) to
-C(=0)-N-CH,-, 8 (8, ~3.84 ppm) to -NH- in cystine, and
9 (3, ~4.11 ppm) to -NH-C(=0O)-, all of which appeared on
the ASF and CASF spectra.***> In the "H-NMR spectrum

of CASF, a new methylene proton shift corresponding to
the amide bond in the -CONHCH,CH,NH- structure
appeared at 7 (5, ~3.22 ppm),*® revealing that a new
amide bond was formed by the chemical reaction between
the -COOH in ASF and the -NH, in PEI. The results of the
zeta potential and 'H-NMR spectra jointly proved the
successful modification of ASF with PEI, which changed
the surface charge of ASF from negative to positive.

Cells Infected with Different Titers of Ad
Human hepatoma carcinoma SMMC-7721 cells and hepatic
L-02 cells were infected with the RGD.Ad-ING4-1L-24 with
a titer of 2x107 pfu/mL at MOIs of 0, 5, 10, 20, 50, 100, 150
and 200. Figure 3 shows the laser confocal fluorescence
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Figure 2 Synthesis and characteristics of CASF. (A) Schematic diagram of CASF synthesis. (B) Zeta potential of CASF at PEI/ASF weight ratios of 0%, 0.1%, 0.5%, 1%, 2%,

4%, 6% and 8%. (C) 'H-NMR spectra of PEl, ASF and CASF in D,O.

Abbreviations: CASF, cationic Antheraea pernyi silk fibroin; PEI, polyethylenimine; ASF, Antheraea pernyi silk fibroin; NMR, nuclear magnetic resonance.

images of SMMC-7721 and L-02 cells infected with Ad at
different MOIs. As shown in Figure 3(A and C), when the
MOI was 0, there was no GFP expression of both SMMC-
7721 and L-02 cells; when the MOI increased from 5 to 50,
the GFP intensity of both SMMC-7721 and L-02 cells
increased gradually. As the MOI increased from 50 to 200,
the GFP intensity continued to increase, while its amplitude
decreased and tended to be stable, indicating that the higher
the Ad titer used for infection was, the higher the fluores-
cence expression intensity of SMMC-7721 and L-02 cells
would be. As shown in Figure 3(B), when the MOI increased
from 0 to 50, the SMMC-7721 cells adhered tightly to the
culture plate with pseudopodia stretching; as the MOI
increased to 100, 150 and 200, the cells became round, and
a small number of cells began to float. These results implied
that the higher the Ad dose was used, the more obvious the
inhibitory effect on hepatoma carcinoma SMMC-7721 cells
became. As shown in Figure 3(D), as the MOI increased

from 0 to 200, the L-02 cells cultured with Ad adhered tightly
to the culture plate at all times, and the cell morphology was
not significantly affected. To avoid the potential cytotoxicity
caused by high MOI, the MOI of 50 was selected for sub-
sequent experiments.

Stability and Characteristics of the CASF/
Ad Complex

The RGD.Ad-ING4-IL-24 was added to CASF solution at
CASF concentrations of 10, 50, 100 and 150 pg/mL, and
then the mixtures were swirled and incubated for the
formation of CASF/Ad complexes. The schematic diagram
of the construction of the CASF/Ad complex and the
stability of this CASF/Ad system is shown in Figure 4.
Figure 4(A) shows that negatively charged Ad was pack-
aged by positively charged CASF with abundant amino
groups in the side chains via electrostatic interaction to
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Figure 3 The laser confocal fluorescence images of SMMC-7721 and L-02 cells infected with Ad at MOls of 0, 5, 10, 20, 50, 100, 150 and 200, respectively. (A) Fluorescence
field and (B) bright-field images of SMMC-7721 cells; (C) fluorescence field and (D) bright-field images of L-02 cells. Scale bar: 100 pm.

Abbreviations: Ad, adenovirus; MOI, multiplicity of infection.

form CASF/Ad complex. In order to detect the stability of
the CASF/Ad complex, the changes of the average particle
diameter and zeta potential at 0 h, 4 h, 8 h, 12 h, 24 h, 48
h and 72 h after the preparation of the CASF/Ad complex
were measured, respectively. Figure 4(B and C) showed
that with the extension of time, the CASF/Ad complex
remained round or nearly circular in shape, and the particle
diameter increased slightly, but the change was not sig-
nificant. Figure 4(D) reveals that in the whole process, the
zeta potential of the CASF/Ad complex remained stable
and decreased slightly but not significantly. These indi-
cated that the shape, particle diameter and zeta potential of
the CASF/Ad complex system remained basically stable
within 72 h after completion of its preparation.

The scanning electron microscopy images, particle dia-
meter and zeta potential of the CASF/Ad complex formed
by coating Ad with CASF at concentrations of 10, 50, 100 and
150 pg/mL are shown in Figure 5. Figure 5(A) shows that both
the naked Ad particles and the CASF/Ad complex were
sphere-shaped, and the particle diameter of the CASF/Ad
complex was larger than that of the naked Ad particle.
Figure 5(B and C) showed that the average diameter of Ad
was approximately 81.03 nm, and its zeta potential was —9.53
mV. As the concentration of CASF used to coat Ad increased
from 10 to 150 pg/mL, the diameter of the CASF/Ad complex

accordingly increased from ~128.85 to ~176.75 nm, while the
zeta potential increased from ~-8.63 to ~-1.70 mV. The change
in zeta potential showed that the negative charge on the surface
of the Ad vector was reduced after the CASF coating.

Cells Infected with CASF/Ad Complex

Human hepatoma carcinoma SMMC-7721 cells and human
normal hepatic L-02 cells were infected with the naked Ad
and the CASF/Ad complex, and the blank control group was
the cells cultured in DMEM containing serum. The confocal
laser scanning microscopy images of SMMC-7721 and
L-02 cells are shown in Figure 6. Figure 6(A and B) show
the fluorescence field and bright field images of SMMC-
7721 cells, respectively. Figure 6(A) shows that there was
no GFP expression in the blank group. As the concentration
of CASF used to coat Ad increased from 10 to 50 pg/mL,
the green fluorescence intensity of SMMC-7721 cells
infected with the CASF/Ad complex obviously increased;
when the CASF concentration further increased to 100 and
150 pg/mL, the fluorescence intensity decreased slightly.
The GFP intensity of SMMC-7721 cells infected with the
CASF/Ad complex was stronger than that of cells infected
with the naked Ad. As shown in Figure 6(B), as the con-
centration of CASF used to coat Ad was 10 pg/mL, the cell
morphology of the CASF/Ad group showed no significant
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Figure 4 Preparation schematic diagram and stability of the CASF/Ad complex. (A) Schematic diagram of the preparation of CASF/Ad complex. (B) Scanning electron
microscopy images, (C) particle diameter and (D) zeta potential of the CASF/Ad complex formed by coating Ad with CASF at a concentration of 50 pg/mLat O h, 4 h, 8 h,

12 h, 24 h, 48 h and 72 h after the preparation. Scale bar: 2.00 pm.
Abbreviations: CASF, cationic Antheraea pernyi silk fibroin; Ad, adenovirus.

difference compared to the blank control group and the Ad
group. As the CASF concentration increased to 50, 100 and
150 pg/mL, cells became rounded in shape and gathered
into clusters, indicating that cell growth was inhibited and
that some cells were dead. Figure 6(C and D) show the
fluorescence field and bright field images of L-02 cells,
respectively. Figure 6(C) shows that there was no GFP
expression in the blank group. When the concentration of
CASF used to coat Ad was 10 pg/mL, the green fluores-
cence intensity of L-02 cells infected with the CASF/Ad
complex was similar to that of cells infected with the

naked Ad. As the CASF concentration increased to
50 pg/mL, the GFP intensity obviously increased; however,
as the concentration of the added CASF further increased to
100 and 150 pg/mL, the GFP intensity tended to decrease.
As shown in Figure 6(D), L-02 cells were tightly adhered to
the culture plate in both the blank group and the Ad group.
When the concentration of CASF used to coat Ad increased
from 10 to 150 pg/mL, the cells remained tightly adherent
and fully extended into spindle or polygonal shapes. The
cells were fully connected to each other, and there were few
round dead cells.
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After the SMMC-7721 and L-02 cells were infected
with the naked Ad and the CASF/Ad complex, the GFP-
positive cells were analyzed by flow cytometry to obtain the
infection efficiency. Figure 7 shows the flow cytometry
images and infection efficiency of SMMC-7721 and L-02
cells. Figure 7(A) shows that the infection efficiency of
SMMC-7721 cells infected with the naked Ad was
60.64%. When the concentration of CASF used to coat Ad
increased from 10 to 100 pg/mL, the infection efficiency of
SMMC-7721 cells infected with the CASF/Ad complex
increased from 83.78% to 92.53%, and when the CASF
concentration reached 150 pg/mL, the infection efficiency
decreased slightly to 88.06%. Figure 7(B) shows that the
infection efficiency of L-02 cells infected with the naked Ad
was 65.19%. When the concentration of CASF used to
coat Ad increased from 10 to 50 pg/mL, the infection
efficiency of L-02 cells infected with the CASF/Ad com-
plex increased from 81.28% to 92.68%, and when the CASF
concentration reached 100 and 150 pg/mL, the infection
efficiency decreased slightly to 88.76% and 87.73%,
respectively. This trend was essentially consistent with the
GFP expression pattern observed by laser scanning confo-
cal microscopy. Figure 7(C and D) revealed that the

infection efficiency of both SMMC-7721 and L-02 cells
infected with the CASF/Ad complex was significantly
higher than that of cells infected with the naked Ad
(p<0.01).

Target Gene Expression from CASF/Ad

Complex and Apoptosis of Infected
SMMC-7721 Cells

A Western blotting assay was used to assess the expression of
the target gene ING4 from the CASF/Ad complex in SMMC-
7721 cells, and an ELISA kit was used to detect the secretion
level of the target gene IL-24 from the CASF/Ad complex in
the cell culture supernatant of SMMC-7721 cells. The results
are shown in Figure 8(A and B). As shown in Figure 8(A),
SMMC-7721 cells infected with both the CASF/Ad complex
and the naked Ad produced 29 kDa anti-ING4 antibody-
specific bands, indicating that the RGD.Ad-ING4-1L-24 vec-
tor could mediate exogenous ING4 gene expression in
SMMC-7721 cells, and the coated CASF did not signifi-
cantly inhibit exogenous ING4 gene expression. The super-
natants of SMMC-7721 cells in the blank control group, Ad
group and CASF/Ad complex group were collected, and the
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Figure 6 The laser confocal fluorescence images of SMMC-7721 and L-02 cells cultured with DMEM, Ad and CASF/Ad complex for 24 h. (A) Fluorescence field and (B)
bright-field images of SMMC-7721 cells; (C) fluorescence field and (D) bright-field images of L-02 cells. Scale bar: 100 pm. CASF 10 to CASF 150 represented cells were
infected with the CASF/Ad complexes formed by coating Ad with CASF at concentrations of 10, 50, 100 and 150 pg/mL, respectively.

Abbreviations: DMEM, Dulbecco’s modified Eagle medium; CASF, cationic Antheraea pernyi silk fibroin; Ad, adenovirus.

IL-24 concentration was detected. Figure 8(B) shows that
after 1 day of culture, the concentration of secreted IL-24 in
the blank control group, Ad group and CASF/Ad group was
55.4, 74.3 and 80.7 pg/mL, respectively, indicating that the
secreted 1L-24 concentration of both the Ad and CASF/Ad
groups was significantly higher than that of the blank control
group (p<0.05). After 2 days of culture, the expression and
secretion of IL-24 from SMMC-7721 cells of the CASF/Ad
group increased rapidly, and its concentration reached 110.8
pg/mL, which was significantly higher than that of the Ad
group and the blank control group (p<0.01), indicating that
CASF did not affect the secretion of the exogenously
expressed gene IL-24. Furthermore, the level of secreted
IL-24 from SMMC-7721 cells infected with the CASF/Ad
complex was clearly higher than that from cells infected with
the naked Ad at the same dose.

The apoptosis rate of SMMC-7721 cells infected with
the CASF/Ad complex was analyzed by flow cytometry,
and the results are shown in Figure §(C and D). Figure 8(C)

shows that the apoptosis rates of SMMC-7721 cells cul-
tured with DMEM, Ad and CASF/Ad were 4.65%, 10.86%
and 19.20%, respectively. Figure 8(D) shows that the apop-
tosis rate of SMMC-7721 cells in the CASF/Ad group was
significantly higher than that of cells in the Ad and DMEM
groups (p<0.01).

Proliferation of SMMC-7721 and L-02

Cells

To assess the inhibitory effect of the CASF/Ad complex on
hepatoma carcinoma SMMC-7721 cells and its toxicity to
hepatic L-02 cells, a CCK-8 assay was used to evaluate
cell proliferation. SMMC-7721 and L-02 cells were cul-
tured with DMEM, Ad and CASF/Ad for 1, 3, 5 and 7
days, and the OD of each well was measured to calculate
cell viability. The results of cell proliferation are presented
in Figure 9. Figure 9(A) shows that the SMMC-7721 cell
viability of the DMEM group was essentially maintained
at 100% throughout the culture time course. However, the

International Journal of Nanomedicine 2019:14

submit your manuscript

9755

Dove


http://www.dovepress.com
http://www.dovepress.com

Qu et al

Dove

Ad CASF 10

CASF 50

CASF 150

CASF 100

Infection efficiency (%)

87.73%

100 vede

Infection efficiency (%)

Figure 7 The infection efficiency of cells infected with Ad and CASF/Ad complex for 24 h. The flow cytometry images of (A) SMMC-7721 and (B) L-02 cells, and the
corresponding histogram of infection efficiency of (C) SMMC-7721 and (D) L-02 cells. CASF 10 to CASF 150 represented cells were infected with the CASF/Ad complexes
formed by coating Ad with CASF at concentrations of 10, 50, 100 and 150 pg/mL, respectively. Statistically significant in comparison with naked Ad, **p<0.01.

Abbreviations: CASF, cationic Antheraea pernyi silk fibroin; Ad, adenovirus.

cell viability of the Ad group and CASF/Ad group was
significantly lower than that of the blank control group
(p<0.05). Furthermore, the viability of SMMC-7721 cells
infected with the CASF/Ad complex and cultured for 1, 3,
5, and 7 days was 67%, 73%, 75% and 80%, respectively,
which was significantly lower than the viability of cells
infected with the naked Ad (p<0.05). Figure 9(B) shows
that the viability of L-02 cells infected with the CASF/Ad
complex and cultured for 1, 3, 5, and 7 days was 88%,
90%, 93% and 90%, respectively, indicating no obvious
difference in the viability of cells infected with Ad and
cultured with DMEM at the same time points. These
results suggested that the ING4 and IL-24 genes expressed
from the naked Ad or CASF/Ad complex effectively
induced apoptosis of human hepatoma carcinoma
SMMC-7721 cells but exhibited no significant inhibitory
effect on L-02 normal hepatocytes. In addition, the

CASF/Ad complex showed no obvious cytotoxicity in
hepatic L-02 cells.

Discussion

Cancer gene therapy has attracted increasing attention in the
past few years. ING4 was identified as a potent tumor
suppressor gene and has been proven to be involved in
carcinogenesis as well as tumor cell proliferation, migration
and invasion.>’ Ectopic expression of IL-24 induces growth
arrest and apoptosis in malignant human cells but causes
minimal lethality toward normal cells.”® Efficient gene
therapy requires the protection of genetic material from
degradation and the efficient release from the delivery vec-
tor in the tissue and cells of interest.'” Adenovirus is an
excellent candidate for gene delivery because its viral gen-
ome is protected by the capsid and is delivered efficiently

into coxsackie-adenovirus receptor-positive cells to achieve
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high levels of gene expression.*” In the present study, an
RGD-modified Ad vector harboring ING4 and IL-24 tumor
suppressor genes was constructed and the expression of the
exogenous ING4 and IL-24 genes was further detected. The
results suggested that the recombinant Ad vector efficiently
mediated ING4 target gene expression in QBI-293A cells
and IL-24 gene secretion from QBI-293A cells.

Despite the numerous advantages of Ad vector for can-
cer gene therapy, the use of high doses of adenovirus inevi-
tably leads to Ad accumulation in the liver and concomitant
hepatotoxicity.'> Modification of Ad to improve its infec-
tion efficiency could reduce the dose of Ad used. In this
study, ASF was modified with low-molecular-weight PEI
containing a large number of amino groups. The zeta poten-
tial of CASF reversed to +11.4 mV when the mass ratio of
PEI/ASF reached 4 wt%, and the 'H-NMR spectra showed
that PEI was successfully bound to ASF macromolecules.
Subsequently, CASF was mixed with the RGD.Ad-ING4-
IL-24 to prepare the CASF/Ad complex. The RGD.Ad-
ING4-IL-24 vector was negatively charged in a neutral
environment; as the concentration of the coated CASF
increased, the zeta potential of the CASF/Ad complex also
increased but remained negatively charged. Cell plasma
membranes and Ad are both negatively charged; positively
charged polymers are ionically attracted to Ad, and the
greatly reduced charge on the Ad surface facilitates viral
entry into host cells via electrostatic interactions.*’
Therefore, Ad encapsulation with cationic ASF might be
an effective strategy to improve its infection efficiency on
cells. The diameter of the naked Ad was approximately
81.03 nm, while the diameter of the CASF/Ad complex
concurrently increased with the coating of CASF at an
increasing concentration. The major mechanisms of the
uptake of nanosized particles by cells are phagocytosis,
diffusion, and fluid-phase endocytosis.*'*** Previous studies
have shown that vectors with diameters <200 nm could be
effectively accumulated in tumor tissues by enhancing per-
meability and retention.**** The diameters of the CASF/Ad
complexes formed by coating Ad with CASF at concentra-
tions of 10, 50, 100 and 150 pg/mL were 128.85 nm, 147.68
nm, 169.78 nm and 176.75 nm, all of which were below 200
nm; thus, these CASF/Ad complexes were suitable for use
as gene vectors to infect cancer cells.

Human hepatoma carcinoma SMMC-7721 cells and nor-
mal hepatic L-02 cells were infected with the CASF/Ad
complex to study the infection efficiency of the ING4 and
IL-24 dual gene coexpression vector. The GFP expression
intensity of both SMMC-7721 and L-02 cells infected with

the CASF/Ad complex was obviously stronger than that of
cells infected with the naked Ad, and as the concentration of
CASF used in coating Ad increased, the GFP fluorescence
intensity in the infected cells also increased. This was
because the combination of CASF with the Ad vector
reduced the negative charge on the surface of the Ad vector;
consequently, the repulsion between the Ad and the cell
surface weakened which increased the access of the CASF/
Ad complex to the cell membrane and enhanced its entry into
the cells. Comparison of SMMC-7721 with L-02 cells
showed that the GFP expression intensity of L-02 cells was
obviously stronger than that of SMMC-7721 cells, primarily
because the infected SMMC-7721 cell growth was inhibited
according to the round shape of the cells and their floating in
the medium while the infected L-02 cells were barely
affected in terms of the pseudopodia stretching and enhanced
adherence to the culture plate. The results of the flow cyto-
metry assay showed that the infection efficiency of the
CASF/Ad complex in both hepatoma carcinoma SMMC-
7721 cells and hepatocytes was significantly higher than
that of the naked Ad, which was consistent with the GFP
expression intensity result, further demonstrating that coating
the Ad vector with CASF obviously improved its infection
efficiency. Ad vectors efficiently transfer genes into cells via
the coxsackie-adenovirus receptor and integrins (o, 83 and a,,
B5),* and the RGD tripeptide sequence can aid the efficient
transport of Ad into cells following its interaction with
integrins.*®*” Therefore, compared with the naked Ad, the
constructed CASF/Ad complex rich in RGD peptides
showed significantly enhanced infection efficiency in the
present study.

The CASF/Ad complex could effectively mediate exo-
genous ING4 gene expression in SMMC-7721 cells and
IL-24 gene secretion from SMMC-7721 cells, and the
coexpressed ING4 and IL-24 genes acted synergistically
on hepatoma carcinoma SMMC-7721 cells, both intracel-
lularly and extracellularly, inducing the apoptosis of tumor
cells. The apoptosis rate of SMMC-7721 cells (~19.20%)
induced by the CASF/Ad complex was significantly higher
than that of cells induced by the naked Ad (~10.86%) and
was also slightly higher than the reported apoptosis rate of
SMMC-7721 cells induced by adenoviral-mediated p53
gene (~17.8%).* The CASF modification and packaging
for the RGD.Ad-ING4-IL-24 vector effectively shielded
the negative charge on its surface and improved the infec-
tion efficiency, leading to the increased expression of the
target genes ING4 and IL-24. The RGD peptide, rich in
the CASF/Ad complex, has also been shown to induce
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apoptosis in tumor cells by blocking the adhesion of tumor
cells to the extracellular matrix.*’ The combined effects
brought about the enhancement of hepatoma cell apoptosis
induced by the CASF/Ad complex.

The nonspecificity of the ING4 and IL-24 dual gene
coexpression vector for tumor cells caused high infection
efficiency in both hepatoma carcinoma SMMC-7721 cells
and normal hepatocytes L-02. The proliferation of hepatoma
carcinoma SMMC-7721 cells and normal hepatocytes L-02
infected with the CASF/Ad complex was investigated. The
viability of SMMC-7721 cells in the Ad-infected group was
evidently lower than that of cells in the DMEM group after
cultivation for 1, 3, 5 and 7 days. Furthermore, the viability
of SMMC-7721 cells infected with the CASF/Ad complex
and cultured for 1, 3, 5 and 7 days was significantly lower
than that of cells infected with the naked Ad and cells
cultured in DMEM. These results indicated that the ING4
and IL-24 genes expressed in Ad and CASF/Ad effectively
inhibited the growth of hepatoma carcinoma SMMC-7721
cells. The CASF/Ad complex had higher infection efficiency
than the naked Ad in SMMC-7721 cells, causing increased
expression of ING4 and secretion of IL-24; thus, the CASF/
Ad complex had enhanced growth inhibition in hepatoma
carcinoma SMMC-7721 cells. The viability of L-02 cells
infected with the CASF/Ad complex was not obviously
different from that of cells infected with the naked Ad and
cells cultured in DMEM, suggesting that the exogenous
expression of ING4 and IL-24 caused no obvious toxic
effects in normal hepatocytes. Coating Ad with CASF
helps to increase the efficiency of vectors for gene therapy
and enable the dose of adenovirus to be reduced and the
efficiency to be maintained, possibly reducing the potential
side effects of high doses of adenovirus.

Conclusions

An RGD-modified Ad vector coexpressing ING4 and 1L-24
genes was constructed, and ASF modified with low-
molecular-weight PEI was used to coat the vector by electro-
static interactions to form the CASF/Ad complex. Compared
to the naked Ad with a particle diameter of approximately
81.03 nm and a zeta potential of —9.53 mV, the diameter of
the CASF/Ad complex increased from 128.85 to 176.75 nm,
and the zeta potential increased from —8.63 to —1.70 mV. It
was found that the infection efficiency of both hepatoma
carcinoma SMMC-7721 cells and hepatic L-02 cells infected
with the CASF/Ad complex was significantly enhanced com-
pared to that of cells infected with the naked Ad. The target
gene ING4 in the CASF/Ad complex was efficiently

expressed in SMMC-7721 cells, and the target gene 1L-24
was effectively secreted from SMMC-7721 cells, inducing
the apoptosis of hepatoma SMMC-7721 cells but showing no
obvious toxicity in normal hepatic L-02 cells. The CASF/Ad
complex used for gene vector might reduce the dose of
adenovirus but still have high infection efficiency and can
effectively promote tumor cell apoptosis, thus is possible to
reduce potential side effects of high doses of adenovirus.
This work provides a new gene therapy system for human
hepatoma and might have potential use for the clinical treat-
ment of human liver cancer.
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