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As a gene therapy strategy, RNA interference (RNAI) offers tremendous tumor therapy
potential. However, its therapeutic efficacy is restricted by its inferior ability for targeted
delivery and cellular uptake of small interfering RNA (siRNA). This study sought to
develop a dual-ligand nanoparticle (NP) system loaded with siRNA to promote targeted
delivery and therapeutic efficacy. We synthesized a dual receptor-targeted chitosan
nanosystem (GCGA), whose target function was controlled by the ligands of galactose
of lactobionic acid (LA) and glycyrrhetinic acid (GA). By loading siPAK1, an siRNA
targeting P21-activated kinase 1 (PAK1), a molecular-targeted therapeutic dual-ligand
NP (GCGA-siPAK1) was established. We investigated the synergistic effect of these two
targeting units in hepatocellular carcinoma (HCC). In particular, GCGA-siPAK1 enhanced
the NP targeting ability and promoted siPAK1 cell uptake. Subsequently, dramatic
decreases in cell proliferation, invasion, and migration, with an apparent increase in cell
apoptosis, were observed in treated cells. Furthermore, this dual-ligand NP gene delivery
system demonstrated significant anti-tumor effects in tumor-bearing mice. Finally, we
illuminated the molecular mechanism, whereby GCGA-siPAK1 promotes endogenous
cell apoptosis through the PAK1/MEK/ERK pathway. Thus, the dual-target property
effectively promotes the HCC therapeutic effect and provides a promising gene therapy
strategy for clinical applications.

Keywords: small interfering RNA, gene therapy, targeted therapy, chitosan, hepatocellular carcinoma, drug
delivery

INTRODUCTION

Hepatocellular carcinoma (HCC), as one of the most common cancers, is the fourth-leading cause
of tumor-related deaths (Villanueva, 2019). Surgical therapies are the optimal option for patients
with early-stage HCC. However, no ideal treatment exists for advanced-stage patients. Although
Sorafenib (Llovet et al., 2008; Cheng et al., 2009; Zhu et al., 2015) and Lenvatinib (Kudo et al., 2018),
as the only two chemotherapeutical drugs for first-line clinical treatment, apparently prolong the
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than those treated with CS-siPAK1. These results indicate that
GCGA-siPAK1, decorated with two ligands, exhibits the greatest
cell targeting capacity, followed by GACS-siPAK1 and GA-
siPAK1. Moreover, the mice treated with CS-siPAK1 exhibited
weakened fluorescence, even if the NPs were not modified by
any ligand, demonstrating that the EPR effect contributed to
the selective accumulation of the NPs. Together, the ligand-
receptor-mediated endocytosis (active targeting) and EPR effect
(passive targeting) both obviously enhance the transportation
of siRNA. The GCGA-siPAK1 with a dual-ligand exhibits a
superior tumor targeting ability compared to the GACS-siPAK1,
which only contains a single moiety. To understand the relative
uptake of NPs further, the mice were sacrificed, and various
organs and tissues were harvested. As illustrated in Figures 4EG,
the biodistribution of the NPs was consistently low in normal
organ tissues, producing a negligible fluorescence signal in all
groups, save for the liver and kidneys. As the ASGP-R and GA-
R receptors are also expressed in liver cells (He et al., 2010;

Pranatharthiharan et al., 2017), the distribution of NPs in the liver
appears reasonable. Furthermore, Onishi and Machida reported
that water-soluble CS can accumulate in the kidneys for excretion
in urine (Onishi and Machida, 1999). This may explain the slight
fluorescence intensity in the harvested kidneys.

GCGA-siPAK1 Suppresses Tumor Growth

and Metastasis With Maximum Efficiency

After investigating the targeting ability of the NPs, we next
determined their anti-tumor effects. Although the dual-targeted
GCGA-siNC, carrying a nonsense nucleotide sequence, exhibited
the greatest targeting ability and siRNA transportation efficacy, it
did not exhibit a significant decrease in cell viability or colony-
forming efficiency (Figures 5A-C). Moreover, only a slight
decrease in cell proliferation was observed in the CS-siPAK1
group, while a greater decrease was exhibited in the GACS-
siPAK1 group compared to the blank control group, indicating
that the GA-decorated NPs exhibit greater repression of cell

Detection Kit.

FIGURE 5 | GCGA-siPAK1 suppressed cell proliferation and promoted cell apoptosis with maximum efficiency. (A) The cell viability was evaluated using CCK8
assaying after treatment. Data represents the mean + SD; *P < 0.05; N.S., not significant. (B) The colony-forming ability was measured by colony-forming assaying
after treatment. (C) Statistical analysis of colony-forming efficiency according to (B). Data represents the mean + SD; *P < 0.05; N.S., not significant. (D) Cell
apoptosis as examined by the One Step TUNEL Apoptosis Assay Kit. (E) Cell apoptosis as determined by flow cytometry assays using the Annexin V-FITC Apoptosis
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proliferation than the non-ligand NP. More importantly, the
GCGA-siPAK1 with dual-ligands exhibited the greatest decrease
in cell proliferation compared to the others, indicating the
dominance of GCGA-siPAKI1 in inhibiting cell proliferation.
Then, the effects of the NPs on cell apoptosis were
investigated. As illustrated in Figures 5D,E, the percentage of
apoptotic cells was markedly increased after treatment with
GCGA-siPAK1, GACS-siPAK1, and CS-siPAK1 compared to
the blank control, while no difference was observed between the
blank control, naked siPAK1, and GCGA-siNC groups. It is, thus,
apparent that all siPAK1-loaded NPs exhibit the capability of
promoting HCC cell apoptosis in vitro. Furthermore, for the cells

treated with GACS-siPAK1, the percentage of apoptotic cells was
significantly higher than for those treated with CS-siPAKI, yet
significantly lower than the others treated with GCGA-siPAK1.
Hence, GCGA-siPAK1 exhibits the strongest performance in
promoting cell apoptosis.

Cell migration and invasion were examined using wound-
healing assays and Transwell invasion assays individually. As
illustrated in Figure 6, the healing rates and number of invaded
cells in the blank control group were significantly higher
than those of the experimental groups (including GCGA-
siPAK1, GACS-siPAK1, and CS-siPAK1), indicating that all
siPAK1-loaded NPs could suppress HCC cell migration and

Hep3B

HepG2

significant.

(]
[11]
el
o
@
T
B S
£ 2150
2100 g
= c
2 3
° ©100
@ k]
K S
> 501 ®
= >
N < 507
Q
o
@
T
O N W VAR o A A A A
NS L L L Lot
\G‘\ ‘\0\‘& GG GG (3 < v\@(\ (\%“& 00 GGGP‘ (,PS‘ 0%

FIGURE 6 | GCGA-siPAK1 suppression of cell migration and invasion with greatest efficiency. (A) Cell migration ability was evaluated by a wound-healing assay after
treatment. (B) Statistical analysis of the cell migration rate according to (A). Data represents the mean + SD; *P < 0.05; N.S., not significant. (C) The cell invasiveness
was evaluated by Transwell assay after treatment. (D) Statistical analysis of cell invasion rate according to (C). Data represents the mean + SD; *P < 0.05; N.S., not

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

June 2020 | Volume 8 | Article 512


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zheng et al.

Dual-Targeting Nanoparticle-Mediated Gene Therapy Strategy

invasion in vitro. For the cells treated with GACS-siPAK1, the
healing rates and number of invaded cells were both lower than
those treated with CS-siPAK1, however, both were significantly
higher than in others treated with GCGA-siPAK1. These results
indicate that the GCGA-siPAK1 exhibits the greatest inhibitory
efficacy on tumor cell metastasis.

Overall, the GCGA-siNC did not affect the HCC cells in
terms of any biological behaviors, suggesting that the dual-ligand
modified NPs exhibited strong biocompatibility in vitro, and the
siRNA of nonsense sequences would not disturb the cellular
environmental homeostasis. The GCGA-siPAK1 and GACS-
siPAK1 were both superior to the CS-siPAK1 in inhibiting the
tumor cell growth and metastasis. This is consistent with the
results of previous studies (Tian et al., 2010; Craparo et al., 2014),
suggesting that the specific ligand-modified NPs enhance the
association of hepatoma cells by means of the receptor-mediated
mechanism, followed by a stronger tumor repression effect.
More notably, the GCGA-siPAK1 was greater than the GACS-
siPAK1, indicating that the dual-modified NPs were superior to
the single-modified NPs in their affinity of liver cancer and tumor
inhibition ability.

GCGA-siPAK1 Inhibits Expression of PAK1

in HCC Cells

To explore the mechanism responsible for the GCGA-siPAK1-
induced tumor repression, we quantified the expression of PAK1
at the mRNA and protein levels. Considering that the GCGA-
siNC, as with the blank control and naked siPAKI1, did not exhibit
any influence on the cellular biological behaviors, we designated
it as the control group in the following experiments. As illustrated
in Figure 7A, the cells treated with siPAKl-loaded NPs all
exhibited a PAK1-silencing effect with various intensities. These
results suggest that the siPAK1, and not the polymer backbone of
the CS or ligands, is the key feature required for the inhibition
of liver cancer in vitro. Moreover, the cells treated with GCGA-
siPAK1 exhibited the lowest mRNA expression of PAK1 in all
groups, indicating that the GCGA-siPAK1 demonstrated optimal

PAKI1-silencing effects. The western blot analysis provided
similar results, with the PAK1 protein expression lowest in cells
with GCGA-siPAK1, followed by GACS-siPAK1 and CS-siPAK1
(Figure 7B). Combined with the previous results (Figures 4-6),
we demonstrate that the quantity of the siPAK1 transported into
the cells dominates the PAK1-silencing efficiency and plays a
pivotal role in tumor repression.

Molecular Mechanism Responsible for
Pro-apoptotic Properties of GCGA-siPAK1
in HCC Cells

To investigate the molecular mechanism whereby GCGA-
siPAK1 promotes cell apoptosis, we introduced bcl2 family
members, which are widely associated with the regulators of
cell death through the endogenous apoptotic pathways. Bcl2 is
one of most significant regulatory antiapoptotic factors, while
bax is an important proapoptotic factor in the bcl2 family.
Moreover, the bcl2:bax expression ratio is critical for determining
endogenous cell apoptosis (Korsmeyer et al., 1993). As illustrated
in Figures 8A,B, the protein expressions of bcl2 and bax were
determined, and the bcl2:bax ratios were calculated. Compared
to GCGA-siNG, the bcl2:bax ratio in the GCGA-siPAK1, GACS-
siPAK1, and CS-siPAK1 groups all decreased significantly,
indicating that the siPAK1-loaded NPs promote cell apoptosis.
Moreover, the cells treated with GCGA-siPAK1 exhibited the
lowest bcl2:bax ratio. That is, the GCGA-siPAK1 apparently
promotes cell apoptosis with the highest efficiency, which is
consistent with our previous findings (Figures 5D,E).
Extracellular signal-regulated kinases (ERK1/2s) are widely
expressed in differentiated cells and involved in various cellular
functions. Numerous studies have revealed that p-ERK1/2
(T202/Y204), as one of the most important molecules in the
MEK/ERK pathway, can be regulated by PAKI1 to influence
cell migration and proliferation in various cancers (Du et al,
2010; El-Baba et al., 2014). However, whether PAK1 regulates
cell apoptosis via p-ERK1/2 is unclear. Hence, we determined
the protein expression of p-ERK1/2 for investigating its role in
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FIGURE 7 | GCGA-siPAK1 inhibition of PAK1 expression in HCC cells. (A) PAK1 mRNA expression in HCC cell lines after treatment. (B) Protein expression of PAK1
measured by western blot analysis. Data represents the mean + SD; *P < 0.05.
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cell apoptosis. As illustrated in Figure 8C, the expression of p-
ERK1/2 was lowest in cells with GCGA-siPAK1, followed by
GACS-siPAK1 and CS-siPAK1. Thus, we can readily observe
that p-ERK1/2 expression exhibited the same tendency as
the PAK1 protein expression in those groups (Figure7B),
demonstrating a strong correlation with the GCGA-siPAKI-
induced biological behaviors.

To further investigate whether the MEK/ERK pathway plays
an important role in the GCGA-siPAK1-induced cell apoptosis,
the inhibitor and activator of p-ERK1/2 were used. After cells
were treated with the p-ERK1/2 inhibitor, SCH772984, the
expressions of p-ERK1/2 and bcl2 decreased, while that of
bax increased (Figure 8D). Moreover, the bcl2:bax expression
ratio significantly decreased (Figure 8E). These results reveal
that cell apoptosis would be promoted by decreasing the
expression of p-ERK1/2. Alternatively, the expression of p-
ERK1/2 and bcl2 increased while that of bax decreased after

cells were treated with the p-ERK1/2 activator, TPA (Figure 8F).
Furthermore, the bcl2:bax expression ratio was significantly
increased (Figure 8G). These results indicate that HCC cell
apoptosis is effectively repressed by elevating the expression of
p-ERK1/2; while also verify the validity of TPA for the following
experiments. Furthermore, following pretreatment with TPA
for 24h, the cells treated with GCGA-siPAK1 exhibited an
increase in p-ERK1/2 expression (Figure 8H). Similarly, the
bcl2:bax expression ratio was distinctly increased (Figure 8I).
These results demonstrate that the p-ERK1/2 activator reverses
the bcl2:bax expression ratio and inhibits GCGA-siPAK1-
induced cell apoptosis. Overall, GCGA-siPAK1 promotes HCC
cell apoptosis by decreasing the expression of p-ERK1/2. We,
therefore, directly described the cell apoptosis mechanism
whereby GCGA-siPAK1 triggers the endogenous apoptotic
pathways, which is regulated by bcl2 and bax, through the
PAK1/MEK/ERK pathway.
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according to (H). Data represents the mean + SD; *P < 0.05.
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GCGA-siPAK1 Inhibits HCC Cells in vivo

To further examine the therapeutic efficacy of the siPAKI-
loaded NPs against HCC in vivo, tumor mouse models
were injected intravenously with 100 pL NPs solution once
a week (Figure9A). As illustrated in Figure 9B, significant
differences in the tumor shrinkage were observed among all
experimental groups (treatment with GCGA-siPAK1, GACS-
siPAK1, and CS-siPAK1) and the control group (treatment with
GCGA-siNC) on day 16 after intravenous administration. The
tumor shrinkage in the GCGA-siPAK1 group was significantly
greater than that of the other groups. These results were

further verified by quantitative determination of the tumor
volume. Figure 9D illustrates that the siPAKIl-loaded NPs
inhibited the tumor growth, particularly in the GCGA-siPAK1,
with the highest efficiency. Furthermore, the histomorphology
and percentage of apoptotic cells in the tumor tissue were
detected using H&E staining and TUNEL assay, revealing
that GCGA-siPAK1 induced the highest levels of cell death
and apoptosis (Figure 9C). More importantly, the dual-ligand
modified GCGA-siPAK1 apparently prolonged the survival
time of the mice and improved the long-term outcome for
HCC in vivo compared to the other groups (Figure 9E).
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FIGURE 9 | Inhibition of GCGA-siPAK1 for HCC in vivo. (A) Timeline for the assessment of the antitumor activities of the NPs in subcutaneous xenograft model. (B)
Antitumor effect in vivo; photographs of xenografted tumors on day 16 after treatment. (C) H&E staining for pathological changes in tumor sections (top row). TUNEL
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In particular, the tumor-bearing control mice began to die
on the 19th day after treatment, and all mice had died
by the 32nd day, with a median survival time of 26 days.
However, the tumor-bearing mice in the GCGA-siPAK1 group
began to die on the 26th day and all mice had died by
the 66th day, with a median survival time of 44 days,
which was also longer than those in the GACS-siPAK1
group (median survival time of 38 days) and CS-siPAKI
group (median survival time of 30 days). To investigate the
molecular regulation mechanism in vivo, the proteins of the
xenografted tumor were extracted. The expression of PAKI,
p-ERK1/2, and bcl2 in cells treated with the siPAK1-loaded
NPs were all decreased, while the expression of bax protein
was increased (Figure 9F and Supplementary Figure 5). These
results suggest that GCGA-siPAK1 promotes tumor apoptosis
through down-regulation of the bcl2:bax expression ratio via
the PAK1/MEK/ERK pathway in vivo, which is consistent with
in vitro experiments.

Systemic Toxicity Evaluation in vivo

To exploit the potential systemic toxicity of the NPs, a double
dose of treatment was injected into healthy mice via the tail
vein. As illustrated in Figure 10A, regardless of the treatments,
no significant changes in body weight were observed and all rats
demonstrated weight gains at a similar rate. During the entire
experimental period, no mortality, or abnormal performance
was observed in any of the groups, and all rats maintained
normal activity levels and a healthy appearance. Subsequently,
the biochemical parameters, such as hepatic function biomarkers,
namely albumin (ALB) and alanine transaminase (ALT), and
renal-related indicators, namely blood urea nitrogen (BUN)
and serum creatinine (Cr), were evaluated. As illustrated in
Figure 10B, these indicators were all at normal levels with
no significant differences observed in any group, indicating
strong safety profiles for these NPs within the liver and kidney.
Moreover, we conducted a histological analysis for evaluating
the potential tissue toxicity of the NPs. According to the
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H&E staining examination, no unusual pathological changes,
particularly inflammatory cell infiltrates or tissue damage, were
observed in any of the organs following NP administrations
(Figure 10C and Supplementary Figure 4). Overall, the NPs
exhibit excellent biocompatibility in mice, which provides
adequate evidences for clinical applications.

CONCLUSION

In summary, we developed a novel dual-targeted drug delivery
system, namely the GCGA-siPAK1. Owing to the active targeting
capacity of GA and LA, this delivery system remarkably
enhances the cellular uptake and promotes gene delivery to
HCC cells in vitro and in vivo. Furthermore, we found that
it exhibits strong antitumor effects without eliciting systemic
toxic side effects. Finally, we directly elucidated the molecular
mechanism employed by GCGA-siPAK1 in promoting cell
apoptosis. Overall, this novel dual-modified NP can effectively
promote the therapeutic effect of HCC and provides a promising
gene therapy strategy for future clinical oncotherapy.
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