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1 | INTRODUCTION

Abstract

Hepatocellular carcinoma (HCC) is one of the most lethal cancers in humans. The
inhibition of peptidyl-prolyl cis/trans isomerase (Pinl) gene expression may have
great potential in the treatment of HCC. N-Acetylgalactosamine (GalNAc) was used
to target the liver. Cholesterol-modified antimicrobial peptide DP7 (DP7-C) acts as
a carrier, the GalNAc-siRNA/DP7-C complex increases the uptake of GalNAc-siRNA
and the escape of endosomes in hepatocytes. In addition, DP7-C nanoparticles and
hydrogel-assisted GalNAc-Pinl siRNA delivery can effectively enhance the stability
and prolong the silencing effects of Pin1 siRNA. In an orthotopic liver cancer model,
the GalNAc-Pinl1 siRNA/DP7-C/hydrogel complex can potentially regulate Pinl ex-
pression in hepatocellular carcinoma cells and effectively inhibit tumor progression.
Our study proves that Pinl siRNA is an efficient method for the treatment of HCC
and provides a sustainable and effective drug delivery system for the suppression of

liver cancer.
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cis/trans isomerase (PPlase) in cells, is strongly overexpressed in sev-

eral tumors, including HCC.® It is well known that miRNAs are gen-

As the most common primary malignant tumor of the liver, hepa-
tocellular carcinoma (HCC) is the second leading cause of cancer-
related death worldwide.»? At present, only surgical resection and
liver transplantation are considered to be effective treatments for
HCC.3 However, because of the high mortality rate, the overall sur-
vival rate of patients with HCC is still very low.* Therefore, more ef-

fective treatments need to be developed. Pin1, a key peptidyl-prolyl

erally downregulated in many malignant tumors.® Exportin5 (XPO5)
is one of the key proteins involved in miRNA maturation processes.
The output of XPO5 is the rate-limiting step in miRNA biogenesis.7
Specifically, Pinl inhibits the expression of miRNA and promotes the
development of hepatocellular carcinoma (HCC).8 In addition, Pinl
knockout can restore XPOS5 function and miRNA biogenesis, there-

fore inhibiting HCC proliferation and migration.’ These findings

Abbreviations: EEA1, early endosome antigen 1; GalNAc, N-acetylgalactosamine; HCC, hepatocellular carcinoma; LAMP1, lysosomal associated membrane protein 1; Pinl, peptidyl-
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verify that Pinl plays a central role in tumorigenesis and tumor de-
velopment by activating and/or amplifying numerous cancer-driving
pathways.’

RNA interference (RNAI) therapy has become a promising can-
didate therapy for many diseases since its discovery in 1998.1012
Small interfering RNA (siRNA) can inhibit gene expression in a highly
specific way. Although siRNA is a powerful gene regulator, its rapid
degradation in biological liquids and its inherent physical and chem-
ical properties (high molecular weight, negative charge, and rigid
structure) lead to poor cell uptake and low siRNA system delivery
efficiency and intracellular transport, and it is difficult for siRNA
to escape from the endoplasmic reticulum and be released into the
cytoplasm. 1314

To solve the problems and challenges above, we have successfully
screened a cationic antibacterial peptide DP7 composed of 12 amino
acids through computer simulation. Then cholesterol-modified anti-
microbial peptide DP7 (DP7-C),'° as a carrier, improved the transfec-
tion efficacy. The early methods of siRNA delivery mainly focused
on lipid nanoparticles (LNPs) and synthetic nanoparticles.'®'” The
function of LNPs is to mask the charge of siRNA, prevent it from
being degraded by RNase, and promote its endosomal escape into
the cytoplasm.

In addition, using the biodegradable hydrogel, which is a three-
dimensional (3D) network composed of cross-linked hydrophilic
polymers, has great potential to support the transmission of bio-
molecules (including siRNA).2° Recently, new injectable thermo-
sensitive PDLLA-PEG-PDLLA (PLEL) copolymers were developed
to achieve slow degradation over the course of 3-4 weeks.?! As a
promising biomaterial, thermosensitive hydrogel has been exten-
sively studied in sustained drug delivery, tissue regeneration, and
post-operative adhesion prevention.22 In this study, PLEL solution is
solution state at room temperature while spontaneously turning into
the solid phase at physiological temperature. Its properties enable
pharmaceutical agents to be easily incorporated into the hydrogel
aqueous solutions through simply mixing. The corresponding formu-
lations were then injected subcutaneously on the backs of mice to
form a standing gel, which acted as a sustained drug delivery depot.
At the same time, this chemical-reaction free, and minimal invasive-
ness method is beneficial for medical application. The PLEL hydrogel
can help to achieve a sustained release effect with a single dose.?®

In conclusion, our study provides a subcutaneous drug delivery
system that can achieve a liver targeting effect for 21 d and effective
cell transfection efficiency of siRNA, which opens up new possibili-
ties for the treatment of liver-related diseases.

2 | MATERIALS AND METHODS
2.1 | Material synthesis and characterization
DP7 was synthesized by the standard Fmoc solid-phase peptide syn-

thesis method on an automatic peptide synthesizer (CSBio 136XT);
DP7-C was obtained using the hydrophobic modification and

purification of DP7 with cholesterol. PDLLA-PEG-PDLLA triblock
copolymer hydrogel was provided by the State Key Laboratory of
Biotherapy, West China Hospital, Sichuan University.?* GalNAc-Pin1
siRNA was synthesized by Bsyntech Co., Ltd., China.

The particle size and zeta potential of the DP7-C diluent were
measured using a Malvern laser particle size analyzer (Nano-ZS 90,
Malvern).

2.2 | Complexation and characterization of GaINAc-
siRNA/DP7-C

Briefly, GaINAc-siRNA and DP7-C were incubated at room tem-
perature for 15 minutes for complexation at different mass ratios.
The mass ratio between DP7-C and GalNAc-siRNA at which there
was no uncomplexed GalNAc-siRNA was determined by gel electro-
phoresis.?* The size and zeta potential of the GalNAc-siRNA/DP7-C
complex were characterized using a Malvern Zetasizer. The size of
the complexes was examined by transmission electron microscopy
(TEM; H-60091V Hitachi).

2.3 | Dynamic rheological study of PDLLA-PEG-
PDLLA solutions

The rheological properties of PDLLA-PEG-PDLLA copolymer so-
lution at defined concentrations were measured using a HAAKE
Rheostress 6000 rheometer (Thermo Scientific). During the tem-
perature scanning experiment, the heating and cooling rates were
set as 1°C/min. The change of storage modulus (G') and loss modulus
(G") was measured.

2.4 | Sustained release study in vitro

To investigate the release of GaINAc-siRNA/DP7-C in the PLEL hy-
drogel system, the release medium was collected and replaced with
new PBS at a predetermined time. The standard curve was calcu-
lated according to the known concentration of FAM-GalNAc-siRNA/
DP7-C and the corresponding fluorescence intensity. The fluores-
cence intensity of FAM-GalNAc-siRNA in the medium was measured
using a fluorescence microplate reader (Synergy H1), so the corre-
sponding drug concentration was calculated.

2.5 | Analysis of the cellular uptake of GaINAc-Pinl
siRNA/DP7-C

Hep3B cells were seeded in 6-well plates at 2 x 10° cells per well
1 d prior to siRNA treatment. Hep3B cells were incubated with
cell culture medium (untreated), free FAM-labeled GalNAc-siRNA
(negative control), and FAM-labeled GalNAc-siRNA/Lipo 2000

(positive control). After 6 hours, the Hep3B cells were monitored
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for GalNAc-siRNA delivery by fluorescence microscopy. In addi-
tion, Hep3B cells were harvested and analyzed on an Accuri C6 flow

cytometer.

2.6 | Cell viability assay

To verify the cytotoxicity of DP7-C in normal hepatocytes, cell vi-
ability was measured with a cell counting kit-8 (CCK-8; Sigma, UK)
assay. Briefly, LO2 cells were seeded in a 96-well culture plate
(8000 cells/well) and then treated with different concentrations of
DP7-C or Lipofectamine 2000 for 24 hours. Next, 10 pL of CCK-8
solution (1 mg/mL) was added into each well. After a 1-h incubation,
the absorbance was measured at 450 nm.

2.7 | Study of the mechanism of GalNAc-siRNA/
DP7-C complex uptake in vitro

To study the pathway by which the GalNAc-siRNA/DP7-C complex
is taken up by Hep3B cells, 3 x 10* Hep3B cells were seeded into 24-
well plates for 24 hours and then treated with 800 pumol/L amiloride,
an inhibitor of the macropinocytosis pathway; 200 pmol/L gen-
istein, an inhibitor of the caveolin-mediated endocytosis pathway;
or 10 pmol/L chlorpromazine, an inhibitor of the clathrin-mediated
endocytosis pathway, for 2 hours. Next, Cy3-GalNAc-siRNA/DP7-C
was added to the cells for 4 hours. The cells were then collected for

flow cytometry analysis.

2.8 | Confocal microscopy analysis

To further explore the process of GalNAc-siRNA/DP7-C complex
transport through early endosomes, late endosomes, and lysosomes,
the time-dependent colocalization of different transport stages with
specific markers, such as early endosome antigen 1 (EEA1) and lyso-
somal associated membrane protein 1 (LAMP1) for late endosomes,
was evaluated. Hep3B cells were incubated with FAM-GalNAc-
siRNA/DP7-C or FAM-GalNAc-siRNA/Lipo 2000 for 4 hours or
22 hours, respectively. Then, the cells were fixed in 4% paraformal-
dehyde for at least 20 minutes at room temperature. After washing
with PBS, the cells were permeabilized with 0.1% Triton for 15 min-
utes at room temperature. Then, the samples were blocked with
0.05% BSA/PBS blocking buffer for 20 minutes. The transfected cells
were then incubated for 2 hours with anti-EEA1 (1:100, Invitrogen)
and anti-LAMP-1-PE (1:100, Invitrogen) antibodies in PBS. Then, the
cells were labeled with monkey anti-rabbit PE-conjugated secondary
antibodies (1:100, for 1 hours, at room temperature). The coverslips
were gently washed with distilled water and mounted onto slides
using Antifade Mounting Medium with DAPI (Solarbio), and the sam-
ples were analyzed by laser confocal microscopy (Olympus).
LysoTracker Red (Beyotime Biotechnology) was used to detect

lysosomes. After transfection 4 hours or 22 hours later, Hep3B cells
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were subjected to LysoTracker Red staining at 37°C for 2 hours.
Then, the cells were fixed with 4% paraformaldehyde, sealed with
Antifade Mounting Medium with DAPI (Solarbio) and imaged using

laser confocal microscopy (Olympus).

2.9 | gPCR and western blot

Hep3B cells were seeded in 6-well plates at 2 x 10° cells/well. DP7-C
and GalNAc-Pinl1 siRNA complex was incubated with the Hep3B
cells at doses of 1 pg GalNAc-Pinl siRNA. Hep3B cells were har-
vested 48 hours later for analysis. Total RNA was extracted with a
kit (ForeGene). gPCR reactions were performed on a Bio-Rad CFX96
system.

The western blot results better showed the silencing efficiency
of the siRNA. The protein samples were probed with anti-GAPDH
(Cell Signaling Technology, CST), anti-Pin1 (CST), anti-Beta Tubulin
(CST), anti-Lamin B (CST), and anti-Exportin 5 (CST) antibodies. The
cells were incubated with primary antibodies at 4°C overnight. Then,
the membranes were incubated with secondary antibodies (CST) for

60 minutes and developed using the ECL detection system (Vazyme).

2.10 | Analysis of sustained silencing mediated by
hydrogel-released siRNA/DP7-C in vitro

Similar to the gene silencing experiments, Hep3B cells were seeded
into 6-well plates at 2 x 10° cells/well 1 d before treatment. For
the GalNAc-Pinl siRNA/DP7-C-treated groups, 4 ug DP7-C com-
plexed with 1 ug GalNAc-Pinl siRNA was used to treat cells. For the
GalNAc-Pinl siRNA/DP7-C/hydrogel-treated groups, GalNAc-Pinl
siRNA (1 ug) was complexed with 4 ug DP7-C and trapped in the
hydrogel (100 pl, 10%). The hydrogels and complexes were placed
in transwell inserts with 800 pl of cell culture medium, the medium
was replaced, and the cells were collected every 3 d. RNA extrac-
tion, cDNA synthesis, and RT-PCR were performed as previously
described. The expression of Pin1 and some other mRNAs was quan-
tified based on the reaction efficiency, normalized to the expression
of B-actin and compared with the expression in the untreated nega-

tive control cells.?®

2.11 | Invivo sustained release of GalNAc-siRNA/
DP7-C/hydrogel

BALB/c nude mice (4-6 weeks old, female) were purchased from
Beijing Vital River Laboratory Animal Co., Ltd. All animal experi-
ments complied with the ARRIVE guidelines. Cy3-labeled GalNAc-
siRNA complexed with DP7-C was loaded onto the hydrogel. Here
300 pL of the drug delivery system, which included 150 pL of 20%
hydrogel, 60 ug of siRNA (2 pg/uL)?® and 240 pg of DP7-C (2 pg/ul),
was subcutaneously injected into the backs of the mice. In other
groups, local injection of Cy3-GalNAc-siRNA, Cy3-GalNAc-siRNA/
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DP7-C and Cy3-GalNAc-siRNA/hydrogel at the same site was
used as a control. Fluorescence intensity was monitored longitu-
dinally using an VIS imaging system (PerkinElmer IVIS Lumina Il1),
and IVIS analysis was performed on days 0, 1, 3, 7, 14, and 21 after

injection.

2.12 | Animal orthotopic liver tumor models

All the mice were administered 1% pentobarbital at a dose of
60 mg/kg by intraperitoneal injection.?” The Hep3B-luciferase cells
(1 x 10° cells in 10 pL serum-free DMEM) were implanted into the
liver using a microinjector. At 2 weeks after tumor cell implanta-
tion, all the mice were randomly assigned to different groups (6 per
group) and administered GalNAc-Pin1 siRNA at a dose of 60 ug per

mouse.?® The day of injection was recorded as day O.

2.13 | Healing efficiency of orthotopic liver tumors
treated with GalNAc-Pin1 siRNA/DP7-C/hydrogel
in vivo

Tumor models were established as described in the previous sec-
tions. GalNAc-Pin1 siRNA complexed with DP7-C (60 ug GalNAc-
Pinl siRNA%) was loaded into 300 uL of hydrogel (10%) and
implanted by subcutaneous injection into the backs of mice, as
previously described. Untreated tumors were used as negative
controls. Additional controls included groups that contained those
treated with DP7-C alone, GaINAc-scramble siRNA/DP7-C, GalNAc-
Pin1 siRNA/DP7-C, GalNAc-scramble siRNA/DP7-C/hydrogel and
GalNAc-Pin1 siRNA/DP7-C/hydrogel.

2.13.1 | Xenogen IVIS imaging

The mice received 200 pL of p-luciferin by intraperitoneal injec-
tion and, 10 minutes later, the mice were anesthetized by isoflurane
(RuiWD). The total counts of the emitted light were measured and
reflected the relative luciferase expression of the cells in the tumor.

The data were analyzed by Living Imaging software.

2.13.2 | Histological analysis

The mice were sacrificed 3 weeks after treatment. Tissues were
fixed in 4% formaldehyde for at least 48 hours. Tissues were
subsequently cut into small pieces, embedded in paraffin, and
cut into 5-um sections. HE and TUNEL staining were used to ob-
serve the pathological changes of the liver tissues in the different
groups.

For frozen sections, parts of liver were embedded in optimal cut-

ting temperature (OCT) medium, and cut into 5-um sections. The

sections were fixed in 4% formaldehyde for 20 minutes and mounted
onto slides using Antifade Mounting Medium with DAPI.

2.14 | Statistical analysis

All the data were statistically analyzed to express the mean
value + standard deviation (SD) of the mean. Statistical significance
was evaluated at a level of P < .05 using T test analysis with *, ** and
*** indicating statistical significance P < .05, P <.001 and P < .0001,

respectively.

3 | RESULTS
3.1 | The characterization of DP7-C and hydrogel

Gel retardation experiments showed that the best mass ratio of
DP7-C and GalNAc-siRNA was 4:1 (Figure 1B). The particle size dis-
tribution of DP7-C was approximately 36.08 + 2.792 nm, the zeta
potential of DP7-C was approximately 37.7 + 6.68 mV, and the poly-
dispersity index was 0.131. After incubating DP7-C with GalNAc-
siRNA, the particle size was larger than that of DP7-C alone, while
the zeta potential was lower than that of DP7-C alone, indicating that
DP7-C can form complexes with GalNAc-siRNA (Figure 1C,D). The
shape of GalNAc-siRNA/DP7-C was spherical, and the size was simi-
lar to its particle size, as shown by TEM, Figure 1E). The particle size
distribution of the complex was detected on the first day, the sev-
enth day, and the twenty-first day. The particle size did not change
significantly (Figure 1F). The temperature of gelation was proved by
testing the rheology of G’ and G”, and the hydrogel changes from lig-
uid to solid state at approximately 36.37°C (Figure 1F). As Figure 1H
shows, the sustained release effect of drugs in hydrogels can be up

to 21 d or longer.

3.2 | The transfection efficiency of DP7-C and its
cytotoxicity in liver cells

The fluorescence microscopy and flow cytometry results showed
that, compared with cells treated with free GalNAc-siRNA and
GalNAc-siRNA/Lipo 2000, the GalNAc-siRNA/DP7-C group exhib-
ited significantly higher median fluorescence intensities (Figure 2A-
D). According to the results of the flow cytometry, DP7-C had higher
transfection efficiency and stronger fluorescence intensity than
Lipo (Figure S1).

Subsequently, we evaluated the cytotoxicity of DP7-C in the
liver cell line LO2. However, the cell survival rate gradually de-
creased after applying the same concentration of Lipofectamine
2000, the survival rate decreased by approximately 70% after ap-
plying 200 pg/mL Lipofectamine 2000, and the survival rate de-
creased by approximately 30% after applying 200 pg/mL DP7-C
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FIGURE 1 The characterization of DP7-C and hydrogel. A, Schematic diagram. B, Gel retardation analysis. C, D, Particle size and zeta
potential distributions of DP7-C and the GalNAc-siRNA/DP7-C complexes. E, The morphology of GaINAc-siRNA/DP7-C complexes was
evaluated by TEM. Scale bar, 50 nm. F, The stability of GAINAc-siRNA/DP7-C. G, Temperature dependence curves of storage modulus (G')
and loss modulus (G") of copolymer aqueous solution (20%). H, Study on drug release properties of hydrogel

(Figure 2E). The results indicated that DP7-C has low toxicity in
normal cells.

3.3 | The intracellular fate of GaINAc-siRNA/DP7-
C-containing compartments

The pathways for extracellular substance uptake are mainly divided
into macropinocytosis, caveolin-mediated, and clathrin-mediated
endocytosis 28(Figure 3A). Our results indicated that the uptake ef-
ficiency was significantly reduced after treatment with chlorproma-
zine, an inhibitor of the clathrin pathway (Figure 3B). However, the
transfection efficiency of Lipo2000 was most significant with the in-
hibitor of clathrin (Figure 3D). After internalization, GaINAc-siRNA/
DP7-C composite nanoparticles were transported in turn through
early endosomes, late endosomes, and lysosomes.?’ At 6 h after
GalNAc-siRNA transfection by DP7-C, FAM-labeled GalNAc-siRNA
(green) colocalized with early endosomes (red) and late endosomes

(red), as well as with lysosomes, which exhibited an obvious yellow

signal (Figure 3C). However, only a few points of colocalization could
be detected 24 hours after transfection. For gene-based drugs,
GalNAc-siRNA released from lysosomes into the cytoplasm can play
an effective role in the silencing of target genes (Figure 3D).

3.4 | Gene silencing of Pin1l in vitro

According to previous reports, the isomerization of Pinl isomerase
results in the retention of XPOS5 in the nucleus and the downregula-
tion of key tumor suppressive miRNAs”3° (Figure 3A). GalNAc-Pin1
siRNA/DP7-C exposure resulted in a 52% reduction in mRNA abun-
dance (Figure 4B) and a certain degree of inhibition of Pin1 at the
protein level (Figure 4C).

The western blotting results showed that Pin1 siRNA could re-
store the nucleus-to-cytoplasm export ability of XPOS5 (Figure 4D).
Considering that XPO5 plays an important role in the cytoplasmic
transport of pre-miRNAs, we investigated whether Pinl siRNA

could affect the biogenesis of mature miRNAs. Based on the
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abundance and important biological activities of miR-122, let-7a,
mir-29b, and miR-146a, the biogenesis of these miRNAs was ex-
amined. miR-122 is the most abundant miRNA in the adult liver
and plays a significant role.’%2 The let-7 family inhibits the pro-
liferation of HCC cells by downregulating c-myc and upregulating
pl6 (INK4a).®33* In addition, miR-29b inhibits the expression of
tumor suppressor genes> and activates the expression of tumor
suppressor genes. gPCR results showed that Pinl siRNA signifi-
cantly increased the expression of these miRNAs in tumor cells
compared with the control treatment (Figure 4E-H). Therefore,
Pinl siRNA has the advantage of inhibiting the growth of HCC
cells by repairing miRNA biogenesis.

3.5 | Sustained gene silencing ability of DP7-C/Pinl
siRNA released from hydrogel in vitro

To show that the DP7-C/hydrogel system is capable of sustained
siRNA-mediated gene silencing, Hep3B cells were treated in vitro
with hydrogel-released DP7-C/Pinl siRNA in Transwell 6-well
plates. gPCR analysis showed that GalNAc-Pin1 siRNA/DP7-C

provided a transient Pin1 knockdown of 26% at day 1 (Figure 5A). By
day 7, Pinl expression was reduced to 15%. For the cells treated with
the GalNAc-Pinl siRNA/DP7-C/hydrogel, at day 3, Pin1 expression
was reduced to 43% in the control Hep3B cells. At day 7, the siRNA/
DP7-C/hydrogel-treated cells maintained a low level of Pinl expres-
sion (2.59%), which was significantly different from the expression in
the negative control cells. Sustained knockdown was consistent with
the time course of siRNA/DP7-C release.

3.6 | Localization and sustained release of GalNAc-
siRNA/DP7-C/hydrogel in vivo

The controlled release behavior was further investigated in vivo.
Injections of GalNAc-siRNA led to rapid clearance from the injec-
tion site before day 3, GalNAc-siRNA/DP7-C persisted at the in-
jection site for more than 3 d, and GalNAc-siRNA released from
the hydrogel without DP7-C showed a shorter persistence time
of 14 d, siRNA/DP7-C released from the hydrogel persisted at the
injection site for 21 d (Figure 5B). We sacrificed the mice on the

twenty-first day and immediately took the viscera of the mice to
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perform IVIS imaging. The results showed that fluorescence could
only be seen in the livers of the GalNAc-siRNA/DP7-C/hydrogel
group (Figure 5C). Subsequently, the liver was immediately frozen

and sectioned. After DAPI staining, under a confocal microscope

GalNAc-siRNA (red) was observed in the sections (Figure 5D). This
finding not only proved the targeting of our GalNAc-siRNA to the
liver but also indicated the effective sustained release of the drug
delivery system.
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FIGURE 4 Effective suppression of Pinl in Hep3B cells by GaINAc-Pin1 siRNA/DP7-C transfection in vitro. A, Schematic diagram. B,
Pin1 mRNA expression in Hep3B cells quantified by qPCR. C, Pin1 protein expression in Hep3B cells quantified by western blot. D, Western
blot assay of XPO5 subcellular distribution in Hep3B cells. Expression of related mature miRNAs, including (E) miR-122, (F) miRNA Let-7a, (G)
miR-146a and (H) miR-29b, was analyzed using qPCR. Data are expressed as the mean + SEM. * P < .05, ** P < .01, *** P < .001

3.7 | GalNAc-Pinl1 siRNA/DP7-C/hydrogel
suppresses tumor growth in mice

In vivo imaging was performed every 3 d to monitor tumor growth
(Figure 6A), before day 9 the group treated with GalINAc-Pin1 siRNA/
DP7-C showed more effective inhibition, which was similar to the in
vitro data. However, throughout the rest of the experiment, the hy-
drogel group displayed the best inhibitory effect (Figure 6B). By
contrast, the GalNAc-Pinl1 siRNA/DP7-C/hydrogel-treated tumors

exhibited approximately 8.2-fold decreased counts compared with the

control-treated tumors (Figure 6C). H&E staining was performed on liver
tissues to observe the pathological changes in the liver after treatment
(Figure 6D). Taken together, these data indicated that the GalNAc-Pin1
siRNA/DP7-C/hydrogel suppressed liver tumor growth in a hypodermic
way and that the hydrogel prolonged the inhibitory effect.

An additional experiment was conducted to evaluate the func-
tion of DP7-C in vivo, as shown in Figure S4A. IVIS imaging was
performed every 3 d to monitor tumor growth (Figure S4B), siRNA/
hydrogel group and siRNA/DP7-C/hydrogel treatment group

showed the same tumor inhibition effect in the first 9 d. By contrast,
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the siRNA/DP7-C/hydrogel group showed a sustained and effective
treatment effect in the whole treatment process. We explored the
effect of hydrogel sustained release in vivo initially (Figure 5B), on
day 14, only a small amount of siRNA was found in the siRNA/hydro-
gel group, which may be the reason for the poor therapeutic effect of
siRNA/hydrogel group in the later stage. From the statistical results
of photon counts (Figure S4C) and H&E staining (Figure S4D) results,
it was obvious that the therapeutic effect of Pinl1 siRNA/DP7-C/hy-
drogel group was significantly better than that of the group without
DP7-C (siRNA/hydrogel), which showed the superiority of DP7-C in

the treatment of liver cancer in situ model mice.

3.8 | Pin1 siRNA promotes miRNA expression to
suppress HCC development

Consistent with the mechanism revealed in vitro, Pin1 mRNA expres-
sion was downregulated in the GalNAc-Pinl siRNA/DP7-C/hydro-
gel group, and tumor suppressor miRNAs were obviously increased
(Figure 7A). We also evaluated the apoptosis of Hep3B carcinoma cells
in an in situ model. The apoptotic cells in the GaINAc-Pinl siRNA/
DP7-C/hydrogel group were significantly increased (Figure 7B,C).

3.9 | Preliminary evaluation of the safety

The weight of the tumor-bearing mice in the control groups signifi-

cantly decreased, while there was no significant weight change in

other control groups (Figure S2). H&E staining showed that there
was no abnormal or necrotic tissue except for some metastases in
the lung (Figure S3). In addition, no adverse reactions, such as vomit-

ing or diarrhea (data not shown).

4 | DISCUSSION

In this study, we developed a gene regulator based on siRNA, namely,
the GalNAc-siRNA/DP7-C/hydrogel system, to effectively inhibit
HCC progression by depleting Pin1l.

The incidence of HCC has risen in recent decades.
Unfortunately, most patients with HCC are diagnosed at an ad-
vanced stage. Therefore, there is a great demand for an effective
treatment. miRNAs are closely related to oncogenes and tumor
suppressor genes, however they are downregulated in many tu-
mors, including HCC. For example, miR-122 deletion increased the

tumor incidence rate,3¢%”

injection of miR-122 mimics resulted in
suppression of xenograft growth,38 and c-myc transcription in the
liver was negatively regulated by miR-122.37 miR-29b reduces the
Warburg effect of ovarian cancer by downregulating Akt expres-
sion “? and induces apoptosis of myeloma cells by targeting MCL-1.
Previous studies have shown that Pinl may activate oncogenes or
growth-promoting factors and promote HCC development by in-
hibiting miRNA expression by limiting XPOS5 transport out of the
nucleus,” which provides another mechanism for Pinl-mediated
signal transmission in cancer. This mechanism indicates that inhib-

iting Pin1 to enhance miRNA biogenesis is a promising strategy for
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HCC treatment.** Pin1 is involved in a variety of cellular processes,
including cell cycle,*? differentiation, senescence, and apoptosis.*®
We provide possible experimental support for the inhibition of the
occurrence and development of cancer by the inhibition of the ef-
fect of Pin1 on miRNA.

siRNA has the advantages of good targeting and minimal side

effects on normal tissues and cells,***>

while the rapid degradation
of siRNA by serum nucleases and low cellular uptake reduce its ef-
fectiveness in vivo.**” Therefore, related research has focused on
the development of vectors to enhance its cellular uptake and endo-
somal escape.*® GalNAc binding to ASGPR occurs at the hepatocyte
surface,*’ and then, the rapid, local aggregation of the ligand bind-
ing to its receptor leads to its greater aggregation in clathrin-coated
pits and its entry by endocytosis.>° Subsequent studies showed that
acidification during endosomal maturation led to dissociation of the
GalNACc ligand from ASGPR, and then GalNAc was degraded in the
lysosome.”* We have developed a novel nanoparticle system for the
systemic delivery of siRNA, namely, DP7-C, an amphiphilic and cat-
ionic lipid, with the assistance of biocompatible and biodegradable
hydrogels. As described in our schematic diagram, on the one hand,
DP7-C can deliver GalNAc-siRNA into cells with high transfection
efficiency. On the other hand, DP7-C promotes the rapid escape
of GalNAc-siRNA, therefore allowing siRNA to play a better role in
gene silencing.

To prolong the efficacy of siRNA, siRNA-complexed nanoparti-
cles (GalNAc-Pin1 siRNA/DP7-C) were entrapped within the PLEL
polymer hydrogel, the release of embedded GalNAc-Pinl siRNA/
DP7-C as the mesh size increases. As these hydrogels hydrolytically
degrade, the secondary retrieval of hydrogel materials is unneces-
sary. For therapeutic schedules that require local, liver-targeted,
and sustained delivery of siRNA, our system can adequately achieve
the continuous delivery of siRNA to the liver. However, this method
did not show significant advantages in the first 9 d after treatment,
which may reduce the efficacy of siRNA in the early stage of the
treatment process. It may be possible to achieve better control by
changing the weight percentage of the hydrogel.

In conclusion, we designed a DP7-C/hydrogel as a siRNA deliv-
ery platform to target tumor suppressor miRNA interactions through
Pin1 depletion to treat liver cancer. The GaINAc-Pin1 siRNA/DP7-C/
hydrogel system supplies Pinl siRNA with not only a protective
structure against poor biological conditions but also an opportunity
for passively targeting tumor tissue. This system can effectively in-
hibit the development of tumors without obvious adverse reactions
or toxicity, and the delivery of Pinl siRNA by DP7-C/hydrogel is a

promising treatment for HCC.
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