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ABSTRACT: To date, few effective treatments have been licensed
for nonalcoholic fatty liver disease (NAFLD), which a kind of
chronic liver disease. Mammalian sterile 20-like kinase 1 (MST1) is
reported to be involved in the development of NAFLD. Thus, we
evaluated the suitability of a redox-unlockable polymeric nano-
particle Hep@PGEA vector to deliver MST1 or siMST1 (HCP/
MST1 or HCP/siMST1) for NAFLD therapy. The Hep@PGEA
vector can efficiently deliver the condensed functional nucleic acids
MST]1 or siMST1 into NAFLD-affected mouse liver to upregulate
or downregulate MST1 expression. The HCP/MST1 complexes
significantly improved liver insulin resistance sensitivity and
reduced liver damage and lipid accumulation by the AMPK/
SREBP-1c pathway without significant adverse events. Instead,

Hep@PGEAMST1 HFD induced Fluoreseence accumulation
(HCP/MST1) NAFLD mouse in NAFLD mouse liver

HCPJMST1

via AMPK/SREBP-1e signaling axis

HCP/siMST1 delivery exacerbates the NAFLD. The analysis of NAFLD patient samples further clarified the role of MST1 in the
development of hepatic steatosis in patients with NAFLD. The MST 1-based gene intervention is of considerable potential for clinical
NAFLD therapy, and the Hep@PGEA vector provides a promising option for NAFLD gene therapy.

KEYWORDS: nonalcoholic fatty liver disease (NAFLD), gene therapy, redox-unlockable, self-accelerating release,

AMPK/SREBP-1c signaling axis

1. INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a complex liver
disease with abnormal increase of liver lipids and no secondary
reasons, such as drugs, significant alcohol intake, or certain
genetic conditions." As a heterogeneous disorder, patients with
NALFD may progress to nonalcoholic steatohepatitis and
further causes liver cirrhosis and liver cancer.””* The global
incidence rate of NAFLD is also rising steadily with the rapid
increase of obesity, which leads to a significant economic and
healthcare burden.’™” However, the treatments for NAFLD are
still limited, and there is no widely recognized and accepted
drug treatment method.” Thus, the development of effective
targeted therapy is an urgent requirement. Pathogenesis of
NAFLD is the common influence of various factors such as
environment, metabolism, and genetics.g‘10 Several research
studies report that in patients with insulin resistance (IR),
more free fatty acids are released and these promote de novo
lipogenesis (DNL) in the liver, ultimately augmenting the
progression of NAFLD.''™"* We have reported earlier that
high-fat diet (HFD)-induced liver energy signal dysfunction is
a key mechanism in the liver IR and lipid accumulation
associated with NAFLD.'*"> We also found that mammalian
sterile 20-like kinase 1 (MST1), a core member of the Hippo
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signaling pathway, has great significance in the regulation of
lipid metabolism of NAFLD.

Mammalian sterile 20-like kinase 1 (MST1) is a highly
conservative serine/threonine kinase, which produces a vital
regulatory role in many physiological processes such as cell
proliferation and differentiation, cell death and autophagy, and
immune response.'®”"® Studies have demonstrated that MST1
can regulate the lipid disorders of the liver by targeting the
Sirt1 ubiquitination and ROS production.'”™*" In our previous
study, liver-specific MST1 deletion results in liver lipid
accumulation by inhibiting AMP-activated protein kinase
(AMPK) phosphorylation and carnitine palmitoyltransferase-
lalpha (CPT-1a) expression and increasing fatty acid synthase
(FAS)." Previous studies have also indicated that MST1
considerably reduced lipid accumulation in NAFLD mice liver
by reducing DNL and accelerating fatty acid oxidation."” Based
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Scheme 1. Schematic Diagram Illustrates the Redox-Unlockable Hep@PGEA Vector-Mediated MST1 or siMST1 Delivery for

the Gene Intervention of NAFLD

Hep@PGEA

iggered
Release of MST1

B
\s\\REBP:}K p-oxidation |
s :

rooe
s

C

@ — Mitochondrial

lll. — Golgi

() — Lipid droplet Normal liver

3 | A
Hep@PGEA/MST1  Hep@PGEA/sIMST1
/]

i.v. injectiol | i.v. injection
Hephir \ "/ HepNP

)

\d

Hep@PGEA

on the above research studies, we hypothesize that MST1
might be a promising target for NAFLD therapy.

Vectors play an important role in determining the
effectiveness of gene therapy for their involvements in
delivering, protecting, and releasing functional nucleic acids
despite various obstacles, such as the rapid degradation of
naked nucleic acids in serum and the repulsion of the
negatively charged cell membrane to the negative charge of the
nucleic acids.”” As a class of high potential vectors, polycations
have attracted considerable attention. Of particular interest are
ethanolamine (EA)-modified poly(glycidyl methacrylate)
(PGEA) vectors with abundant hydroxyl groups for long
circulation.”® Recently, we developed an unlockable heparin
polysaccharide-based PGEA polycation vector (Hep@PGEA)
that is capable of responding to the reductants in cells (such as
glutathione [GSH]) to accelerate the release of delivered
nucleic acids. The complexes performed well for both
cardiovascular disease and cancer as gene vectors for either
RNA or DNA.*>** Owing to the obvious accumulation of the
Hep@PGEA-based delivery system in the liver area and high
GSH production,” we assumed that the Hep@PGEA vector
may also prove efficient in delivering MST1 for NAFLD
therapy.

The Hep@PGEA vector is composed of a PGEA polycation
shell that has abundant hydroxyl groups and a disulfide cross-
linked heparin core that can accelerate the release of
condensed nucleic acids in PGEA shells after they are
unlocked in response to the reductants in the cells. The
Hep@PGEA vector shows high gene delivery efficiency and
great biocompatibility with different cell lines. It has also been
proven to be an excellent delivery vector for the treatment of

different diseases.”””>* Here, we proved the potential of the
Hep@PGEA vector in delivering MST1 (HCP/MST1) or
siMST1 (HCP/siMST1) for upregulating or downregulating
the MST1 protein levels (Scheme 1). The HCP/siMST1
delivery system was shown to accelerate liver fat production by
activating sterol regulatory element-binding protein-1c
(SREBP-1c), while the overexpression of MST1 mediated by
the HCP/MST1 delivery system successfully inhibited hepatic
steatosis and maintained lipid homeostasis in NAFLD mice by
acting on the AMPK/SREBP-1c signaling axis (Scheme 1).
Analysis of clinical NAFLD samples further confirmed the
potential of MST1 as an intervention for the treatment of
NAFLD. This research supplies an appropriate strategy in the
treatment of NAFLD with a Hep@PGEA-based MST1 gene
intervention system.

2. RESULTS

2.1. Preparation and Characterization of Hep@PGEA
Vector. We first prepared and characterized the Hep@PGEA
vector with a negatively charged heparin core that was cross-
linked by redox-sensitive disulfide bonds. The particle size of
the obtained Hep@PGEA vector was ~180 nm and the surface
determined by the {-potential was ~25 mV (Figure la). The
condensing ability of the Hep@PGEA vector to MST1 plasmid
was subsequently evaluated via an electrophoretic mobility
retardation assay. The Hep@PGEA vector effectively con-
densed the MST1 plasmid at an N/P ratio of 2 (Figure 1b).
The particle sizes and {-potentials of the complexes decreased
with the increase in N/P ratios and then remained nearly
constant (Figure 1a).
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Figure 1. Biophysical properties of the Hep@PGEA vector and gene expression assays in vitro. (a) Particle sizes and {-potentials of the Hep@
PGEA complexes with or without condensing the MST1 plasmid. (b) Electrophoretic mobility retardation assays mediated by Hep@PGEA for
delivering the MST1 plasmid before and after reduction at various N/P ratios. (c—e) Cytotoxicity, luciferase expression, and green fluorescent
protein (GFP) expression in HepG2 and AML-12 cell lines mediated by different vectors. (f) mRNA level of MST1 with various treatments. (g, h)
MST1 protein levels with various treatments (n = 4, *p < 0.0S, #p < 0.01; control vs blank, HCP/MST1 vs HCP/pDNA, HCP/siMST1 vs HCP/
pDNA; pDNA, negative control plasmid; MST1, functional plasmid-encoding MST1 protein; siMST1, functional plasmid-encoding siRNA of
MST1; CD-PGEA, -CD based cationic PGEA polymer; PEI, M,, ~25 kDa).

The negative core of the Hep@PGEA vector was cross-
linked by redox-sensitive disulfides and the vector can be
unlocked by reductants in cells like GSH. The unlocked highly
negative charged free heparin competitively interacted with a
positively charged CD-PGEA shell and accelerated the release
of condensed plasmids in the shell, which finally results in the
redox-responsive release of condensed plasmids. The reductant
(10 mmol/L GSH) was added to evaluate the ability of the
Hep@PGEA vector for the self-accelerating release of the
MST]1 plasmid. Hep@PGEA released the condensed MST1
plasmid while it was exposed to reductant (Figure 1b). The
particle size of the HCP/MST1 complexes (Hep@PGEA/
MST1 complexes, the Hep@PGEA vector condensed with
plasmid-encoding MST1 protein) increased from 180 to 660

34330

nm (N/P = 15) and the {-potential changed from positive to
negative (from 25 to —27 mV, N/P = 1§; Figure la).

2.2. Hep@PGEA Vector is a Successful Gene Vector
for Lliver-Related Cells. The cytotoxicity of the HCP/
pDNA complexes (Hep@PGEA/pDNA complexes, the Hep@
PGEA vector condensed with negative control plasmid) at
various N/P ratios was evaluated via MTT assay in HepG2 and
AML-12 cell lines (Figures 1c and S1). In comparison with the
PEI/pDNA complexes at the same N/P ratios, HCP/pDNA
and CD-PGEA/pDNA showed higher cell viability, especially
when the administrated concentration was high (Figure S1).

Transfection efficiency of Hep@PGEA was assessed by
delivering pDNA (Figure 1d). PEI/pDNA and CD-PGEA/
pDNA complexes mediated transfection efficiencies were also
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Figure 2. HCP/MST1 and HCP/siMST1 regulate lipid accumulation via the AMPK/SREBP-1c signaling axis in AML-12 cells in the presence of
250 uM PA. (a) mRNA expression of lipogenic genes with different treatments. (b, c) Lipogenic protein levels in different groups. (d)
Immunofluorescence analysis for MST1 (red), SREBP-1c (red) and FAS (red). (e, f) Cellular lipid accumulation and qualification determined by
Oil Red O staining. (g) Intracellular triglyceride levels determined by enzymatic analysis (n = 3—4, *p < 0.0S, #p < 0.01; control vs HCP/pDNA,
HCP/MST1 vs HCP/pDNA, HCP/siMST1 vs HCP/pDNA; pDNA, nonfunctional plasmid; MST1, MST1 protein-coding plasmid; siMST],

functional plasmid-encoding siRNA of MST1).

estimated for comparisons. The transfection efliciency
increased with the increase in N/P ratios and later, stayed
constant or decreased while the N/P ratio continued to
increase.

Plasmid-encoding green fluorescent protein (GFP) was
delivered and observed in both cell lines (Figure le). The
percentages of GFP-positive cells in the Hep@PGEA, CD-

34331

PGEA, and PEI groups in the HepG2 cell line were 31 + 1, 13
+ 2, and 23 =+ 2%, respectively, while they were 36 + 2, 25 +
2, and 18 + 1%, respectively, in the AML-12 cell line. More
positive cells were observed in the Hep@PGEA-treated group
than in groups treated with CD-PGEA and PEI, which was per

the luciferase expression results shown in Figure 1d.
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Figure 3. In vivo distribution of HCP/MST1 complexes in NAFLD mice. (a) Diagram of the injection models of HCP/MST1 complexes. (b)
HCP/MST]1 fluorescent enrichment levels at different times. (c, d) HCP/MST1 in mouse liver fluorescent enrichment levels at different times (n =

3, #p < 0.01; MST1, MST1 protein-coding plasmid).

The above experiments have proved that the unlockable
Hep@PGEA vector performed better than CD-PGEA and PEI
by delivering model plasmids. We further confirmed the
efficiency of the Hep@PGEA vector in delivering different
plasmids using cellular uptake assays (Figure S2). No
significant difference in fluorescent signals was observed in
AML-12 cells treated with HCP/pDNA complexes (condens-
ing YOYO-1 labeled negative control plasmid pDNA), HCP/
MST1 complexes (condensing YOYO-1 labeled MST1
plasmid), and HCP/siMST1 complexes (condensing YOYO-
1 labeled siMST1 plasmid). The corresponding flow cytometry
analysis confirmed the endocytosis results. The cellular uptake
results indicated that the Hep@PGEA vector can also
efficiently deliver MST1 and siMST1 plasmids.

To determine whether Hep@PGEA-delivered functional
plasmids can efficiently regulated the expression of targeted
MST1, we added well-mixed HCP/MST1 or HCP/siMST1
complexes (Hep@PGEA/siMST1 complexes, the Hep@PGEA
vector condensed with plasmid-encoding siRNA of MST1) to
the AML-12 cells in the presence or absence of 250 uM
palmitic acid (PA), a commonly recognized NAFLD cell
model.'* As shown in Figure 1f—h, the mRNA and protein
levels of MST1 in AML-12 cells were significantly inhibited by
PA. Interestingly, the Hep@PGEA vector successfully
delivered both MST1 plasmid and siMST1, as indicated by
the significant increase in MST1 mRNA and protein

expression in the HCP/MST1 group and the significant
decrease in the HCP/siMST1 group owing to the intervention
of PA.

2.3. Hep@PGEA-Based Delivery System Regulates
Hepatocyte Lipid Stacking via the AMPK/SREBP-1c
Signaling Axis. To reveal that MST1, an energy sensor, is
required for hepatic lipid homeostasis, we retrieved the human
SREBP-1c or FAS promoter and clarified the components that
targeted the MST1 effect. In HepG2 cells, MST1 significantly
suppressed the transcriptional activation of wild type (WT)
SREBP-1c promoter (—257/+90) (Figure S3a). The dis-
ruption of the SRE base order in the same promoter enhanced
basal gene transcription and prevented the changes induced by
MST1 (Figure S3a). MST1 overexpression also suppressed
FAS promoter (—166/0) transcriptional activity, an effect that
was inhibited by the destruction of the SRE base in the FAS
promoter (Figure S3b). Moreover, hepatic MST1 knockdown
significantly increased the basal activity of SREBP-1c and FAS
promoters (Figure S3c,d). Interestingly, dominant-negative
MST1 (DN-MST1 or MST1 KS9R) disrupts WT MST1’s
ability to increase endogenous SREBP-lc and FAS tran-
scription and expression (Figure S3ef). Furthermore, our
CHIP assay results indicated that the combination of SREBP-1
to the SRE motif in the SREBP-lc and FAS promoters
decreased upon MST1 overexpression but increased upon
MST1 knockdown (Figure S3g,h). The above results show that
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Figure 4. Reversible regulation of NAFLD with HCP/MST1 or HCP/siMST1 complexes. (a) Schematic diagram for injection models of HCP/
MST1 or HCP/siMST1 or HCP/pDNA in NAFLD mice. C57BL/6 mice were fed a high-fat diet for 12 weeks before being injected with HCP/
MST1 or HCP/siMST1 for 3 weeks. The tissues were harvested 6 weeks after NAFLD. (b) Phenotypic pattern of liver tissue captured by a digital
camera. (c, d) Changes in body weight and liver weight/body weight in each group with various treatments. (e) Fasting blood glucose level. (f)
Serum insulin levels. (g) Homeostasis model assessment-insulin resistance (HOMA-IR) level (h) ITT, insulin tolerance test. (i, j) Serum ALT and
AST levels. (k—p) Lipid content in liver and serum (n = 3—6, *p < 0.0, #p < 0.01; control vs sham, HCP/MST1 vs HCP/pDNA, HCP/siMST1
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the SRE base order is responsible for the SREBP-1c and FAS
transcription suppression of MST1.

We hypothesized that MST1 may suppress SREBP-1c
activity through protein interactions and/or phosphorylation.
When five overlapping Myc-tagged SREBP-1c regions
(peptides F1-FS) were immunoprecipitated, HA-tagged
MST1 precipitated with the following two peptides: F1 (1—
231 aa) and F2 (223—44S aa), both of which contain the
SREBP-1c nuclear form domain (Figure S4a). These results
indicate that MST1 is not only combined with the SREBP-1c¢
precursor, but also with the nuclear form of the protein. We
therefore searched for consensus MST1 recognition sites
within the human SREBP-1c sequence. Bioinformatics analysis
intended to identify putative MST1 phosphorylation sites
within the human SREBP-1c aa sequence identified serine 372
(Ser372), located in the N-terminal region of SREBP-1c F2
(Figure S4b). As shown in Figure S4c,d, the WT nuclear forms

34333

of SREBP-1¢, including the phosphorylated S372D mutant,
were directly and potently phosphorylated by MST1 in vitro
and in vivo. The S372A mutation eliminated MST1-induced
SREBP-1c phosphorylation. Importantly, MST1 phosphory-
lated SREBP-1c at Ser372 in both the cytoplasm and the
nucleus, showing that the N-terminal area of MSTI is
necessary for its protein kinase domain function (Figure
S4d). Moreover, Ser372 phosphorylation was ablated by the
MST1 KS9R mutant plasmid in vitro and in vivo (Figure
S4e,f). These results were confirmed by those of our
immunoblotting and fluorescent protein analyses, indicating
that MST1 specifically phosphorylates Ser372 (Figures SS—
S7). These data confirm that MST1, as an upstream kinase, is
of great significance in endogenous SREBP-1c phosphoryla-
tion.

Taken together, the above findings indicate that MST1 is
sufficient to downregulate SREBP-1-dependent fat genetic
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Figure S. Hep@PGEA-based MST1 or siMST1 delivery system regulates NAFLD via the AMPK/SREBP-1c signaling axis. (a) mRNA levels of
lipogenic genes in the liver. (b, c) Western blot (WB) analysis of MST1 and related protein expression levels in the liver. (d) Representative IHC
images of lipogenic key factors in the liver. (e) H&E and Oil Red O staining of mouse liver (n = 3—4, *p < 0.0S, #p < 0.01; HCP/MST1 vs HCP/
pDNA, HCP/siMST1 vs HCP/pDNA; pDNA, nonfunctional plasmid; MST1, MST1 protein-coding plasmid; siMST1, functional plasmid-
encoding siRNA of MST1).

transcription in liver cells to inhibit DNL, which is essential for

NAFLD attenuation. Targeting MST1 may represent a feasible

and effective strategy for combating NAFLD. We have
demonstrated that Hep@PGEA successfully delivered the
MST1 or siMST1 nucleic acid to regulate the MST1 level

(Figure 1f—h). Then we verify the therapeutic capacity of
Hep@PGEA-Based MST1 delivery systems in vitro. HCP/
MST1 complexes inhibited SREBP-1c transcription by
stimulating the phosphorylation of SREBP-lc phosphate,
reducing the expression of FAS. The complexes also affected
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the phosphorylation of AMPK and acetyl-coA carboxylase
(ACC), leading to increased CPT-1a expression and fatty acid
oxidation in hepatocytes (Figure 2a—c). Immunofluorescence
analysis further confirmed the regulating abilities of Hep@
PGEA/MST1 and Hep@PGEA/siMST1 complexes (Figure
2d).

We next examined the lipid content in hepatocytes to
investigate the therapeutic ability of the Hep@PGEA-based
MST1 delivery system. Oil Red O staining results indicated
that HCP/MST1 complexes could significantly reduce lipid
accumulation in AML-12 cells exposed to PA conditions, while
the intracellular triglyceride (TG) level was also reduced
(Figure 2e—g). These results proved that Hep@PGEA can
efficiently deliver MST1 or siMST1 into hepatocytes and
successfully regulate lipid accumulation in steatosis hepato-
cytes, which indicates its considerable potential in restoring
hepatic steatosis for NAFLD therapy.

2.4. Hep@PGEA Successfully Delivered Functional
Nucleic Acids to the NAFLD Mouse Liver. A group of mice
was set up an NAFLD model under the feeding conditions of
high-fat diet (HFD). The HCP/MST1 group was administered
HCP/MST1 complexes, and the control group was adminis-

tered PBS (Figure 3a). The liver enrichment and changes
following the HCP/MST1 complex administration over time
were photographed (Figure 3b,c). The fluorescent signals in
the kidney and other organs in NAFLD mice were weak. The
fluorescence of the NAFLD mouse liver indicated considerable
accumulation of HCP/MST1 complexes, which first increased
and then decreased with time (Figure 3b—d).

2.5. Hep@PGEA Vector-Mediated NAFLD Gene
Therapy In Vivo. The Hep@PGEA vector has been proven
to efficiently deliver both MST1 and siMST1 for the
intervention of NAFLD in vitro, and the abundant
accumulation of the Hep@PGEA-based delivery system in
the liver further confirmed its potential for use in NAFLD
therapy (Figure 4). NAFLD mice were divided into different
groups and treated with PBS as the control group, Hep@
PGEA/pDNA complexes (pDNA, nonfunctional plasmid) as
the HCP/pDNA group, Hep@PGEA/MST1 complexes
(MST1, MST1 protein-coding plasmid) as the HCP/MST1
group, and Hep@PGEA/siMST1 complexes (siMST1, func-
tion plasmid-encoding siRNA of MST) as the HCP/siMST1
group. The mice fed with a normal diet were retained as the
sham group (Figure 4a).
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Figure 7. Hepatic MST1 expression and lipogenic factors in patients with NAFLD. (a) mRNA levels of MST1 and lipogenic genes. (b—d) Protein
levels of MST1 and lipogenic proteins (n = 3, *p < 0.0S, #p < 0.01; normal vs NAFLD).

As shown by the liver morphology studies, compared to
sham mice, the livers of NAFLD mice in the control group
were larger and the surface was covered with fine yellow lipid
particles. The accumulation of lipid droplets on the liver
surface in the HCP/siMST1 group was more serious, while
fewer lipid droplets were observed on the liver surface in the
HCP/MST1 group (Figure 4b). The changes in body weight
and liver weight/body weight of mice were similar between
groups (Figure 4c,d).

Insulin resistance (IR) is the classic hypothesis of NAFLD
pathogenesis, which causes lipid accumulation in liver cells and
leads to increased sensitivity of the liver to internal factors."'
Therefore, inhibiting liver IR is a powerful initiative for treating
NAFLD. The FBG and insulin levels in the control group were
remarkably higher than those in the sham group and were
further increased in the HCP/siMST1 group but significantly
decreased in the HCP/MST1 group (Figure 4ef). The
homeostasis model assessment-insulin resistance (HOMA-
IR) value in the HCP/MST1 group of the NAFLD mice
decreased significantly (Figure 4g). The analysis of the oral
glucose tolerance test (OGTT) (Figure S8) and insulin
tolerance test (ITT) (Figure 4h) implied that the glucose
clearance rate of mice in the control group was highly lower
than that in the sham group.

We also tested the serum alanine transaminase (ALT) and
aspartate transaminase (AST) levels to evaluate liver damage.
As shown in Figure 4ij, ALT and AST levels in the control
group were higher than those in the sham group. The ALT and
AST levels increased significantly in the HCP/siMST1 group
but decreased significantly in the HCP/MST1 group. Lipid
content in the liver and the serum was also evaluated (Figure
4k—p). Compared with the sham group, the mice with

NAFLD in the control group exhibited more hepatic lipid
deposits, which were mainly reflected in high levels of
triglyceride (TG), total cholesterol (TC), and low-density
lipoproteins (LDL). The Hep@PGEA/MST1 delivery system
significantly reduced the TG, TC, and LDL levels in NAFLD
mice. These results not only certificated the Hep@PGEA
vector capable of providing functional nucleic acids for
NAFLD regulation but also proved that Hep@PGEA/MST1
complexes can improve IR to reduce the liver damage caused
by hepatic steatosis, which offers a promising option for
NAFLD treatment.

2.6. Hep@PGEA-Based MST1 or siMST1 Delivery
System Regulates NAFLD via the AMPK/SREBP-1c
Signaling Axis. Based on the findings regarding the
regulatory ability of the Hep@PGEA-based delivery system
in NAFLD therapy, we next analyzed the signaling axis to
confirm its efficiency (Figure 5). Compared with the control
group, the phosphorylation level of SREBP-1c, AMPK, and
ACC was inhibited, and the expression of FAS was increased
considerably when the MST1 expression was downregulated
with Hep@PGEA/siMST1 complexes in the HCP/siMST1
group (Figure Sa—c). MST1 expression was upregulated in the
liver of the NAFLD mice administered with Hep@PGEA/
MST1 complexes, and this benefited the phosphorylation of
SREBP-1c at Ser372 to suppress the SREBP-1c cleavage and
nuclear translocation, promoted the phosphorylation of
AMPK, and reduced the expression of FAS in hepatocytes
(Figure Sa—c). Immunohistochemistry analysis further con-
firmed the changes in the MST1, SREBP-1c, and FAS protein
levels (Figure 5d). H&E and Oil Red O staining results
confirmed that Hep@PGEA/MST1 complex-treated NAFLD
mice (HCP/MST1) exhibited clear hepatic cell cords,
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complete liver lobular structures, less liver injury, and fewer
small bladder lipid droplets (Figure Se). These results indicate
that Hep@PGEA vectors successfully deliver MST1 or siMST1
for NAFLD intervention through the AMPK/SREBP-1c
signaling axis. The HEP@PGEA-based MST1 delivery system
can reduce liver lipid biosynthesis and regulate hepatic lipid
metabolism through promoting SREBP-1c and AMPK
phosphorylation, thereby providing a hopeful choice for
NAFLD treatment.

2.7. Biosafety of the Hep@PGEA-Mediated Gene
Delivery Stragety. One of the key factors that limit the
application of polycation vectors is their toxicity in vivo. We
analyzed the toxicity caused by various treatments to evaluate
the potential of the Hep@PGEA vector in NAFLD therapy.
The body weight of each group was measured for 3 weeks after
injection. The data shown in Figure 6b indicates no significant
weight loss. Organs, including the heart, spleen, lung, kidney,
and pancreas, from different groups, were also sectioned and
stained with H&E. No abnormalities of the histological
structure were observed in the organs (Figure 6a).
Biochemistry tests including liver function (ALT and AST
levels), cardiac toxicity (CK level), and renal function (BUN
and CRE levels) tests were also performed. In HFD-induced
NAFLD mice, ALT and AST levels were elevated, indicating
that HFD accelerates liver IR. Moreover, the administration of
Hep@PGEA/MST1 complexes significantly weakened the
liver IR caused by NAFLD and restored liver function (Figure
4ij). No statistically significant difference in CK, BUN, and
CRE levels was observed in any of the groups (Figure 6b).
These results suggest that systemic administration of Hep@
PGEA/MST1 complexes efficiently inhibits HFD-induced
NAFLD development without causing significant toxicity.

2.8. Analysis of NAFLD Patient Samples. To investigate
the possibility of clinical application of gene therapy targeting
MST]1 for NAFLD patients, we then analyzed liver tissues of
healthy people and NAFLD patients. The hepatic steatosis was
confirmed by H&E staining (Figure S9). The mRNA levels of
MST]1 and lipogenic genes in the patients with NAFLD were
significantly changed compared to those of healthy people
(normal group) (Figure 7a). The expression of MST1 protein
in the cytoplasm and nucleus of NAFLD patients was reduced
(Figure 7b—d). The phosphorylation levels of SREBP-Ic,
AMPK, and ACC were decreased, while the level of FAS was
markedly elevated in patients with NAFLD (Figure 7b—d).
These findings are consistent with those of NAFLD mice
models. Taken together, our results demonstrated that Hep@
PGEA-based delivery of MST1 in vivo is a promising
therapeutic option for patients with NAFLD.

3. DISCUSSION

This study reveals the therapeutic benefits of the Hep@PGEA-
based MST1 (HCP/MST1) gene delivery system on non-
alcoholic fatty liver disease (NAFLD) by the AMPK/SREBP-
lc pathway. We found that the HCP/MST1 complexes
significantly improved liver insulin resistance (IR), repressed
hepatic lipogenesis, and promoted liver fat oxidation, while
Hep@PGEA-based siMST1 (HCP/siMST1) gene delivery
exacerbated the NAFLD process.

The most prominent metabolic characteristic of NAFLD is
the DNL or IR effect.”>™>” Another typical metabolic change
characteristic of fatty hepatocytes is an abnormal increase of
transcription factors, such as SREBP, liver X receptor (LXR)/
retinoid X receptor (RXR), and peroxisome proliferator-

activated receptor y (PPARy)/PPARy coactivator-15 (PGC-
18).7%7*" As fatty acids are essential constituents of biological
membrane lipids, NAFLD progression occurs only when there
is excessive intracellular accumulation. DNL is triggered by
upregulated transcription factor SREBP-1c during NAFLD
progression.zg’32

Studies have reported that MST1 exerts a 9protective effect
on NAFLD through Sirtl ubiquitination.'” Our previous
studies also prove that the excessive expression of MST1 in the
liver caused changes in the AMPK/SREBP-I1c signaling
cascade, which subsequently affects CPT-1a and FAS levels
and reduces the accumulation of liver lipids."> In summary, we
propose that targeting MST1 in the AMPK/SREBP-1c
signaling axis may represent a practicable and effective policy
for combating NAFLD.

Due to various obstacles in vivo, vectors were needed for
delivering and protecting functional nucleic acids prior to
releasing them. Polycation-based vectors have attracted
widespread attention, especially the ethanolamine (EA)-
modified poly(glycidyl methacrylate) (PGEA) vectors with
abundant hydroxyl groups for extended circulation.”” The
recently developed Hep@PGEA vector with self-accelerating
release for condensed nucleic acids in response to reductants in
cells (such as GSH) showed impressive performance in the
treatment of both cardiovascular disease and cancer as a gene
vector for either RNA or DNA.”*** In this study, we focused
on whether Hep@PGEA vectors efficiently delivered the
MST1 or siMST1 functional for NAFLD regulation, and how
HCP/MST1 or HCP/siMST1 complexes regulated liver
function in NAFLD mouse models by modulating the
AMPK/SREBP-1c signaling axis (Scheme 1).

We first proved that the Hep@PGEA vector successfully
delivered and released MST1 and siMST1 for the intervention
of NAFLD via the AMPK/SREBP-1c¢ signaling axis in vitro
(Figures 1 and 2). Then, the HCP/MST1 complexes were
administered to HFD-induced NAFLD mice models as the
representative and corresponding accumulations of HCP/
MST]1 complexes in the liver were recorded. Significant and
sustained signals were observed in the liver (Figure 3). The
significant accumulation confirmed the high enrichment as well
as the long retention time of HCP/MST1 complexes in mouse
liver, which proved the potential of the Hep@PGEA vector in
delivering MST1 for NAFLD therapy. The plentiful hydroxyl
groups in the Hep@PGEA vector can form a hydrating layer
that surrounds the HCP/MST1 complexes, which hinder
protein absorption on the complexes and protect them from
clearance by mononuclear phagocytes. Thus, the HCP/MST1
complexes showed extended circulation and retention times in
vivo,”> which will further benefit Hep@PGEA-based gene
therapy for NAFLD in vivo.

Hep@PGEA/MST1 or Hep@PGEA/siMST1 complexes
were administered to HFD-induced NAFLD mice through
tail venous retransmission for 3 weeks. The organs were
collected and analyzed after various treatments (Figures 4—6).
We found that the accumulation of lipids on the liver is more
serious in the HCP/siMST1 group, while the HCP/MST1
group effectively alleviates the damage (Figure 4). We also
proved that the HCP/MST1 complex treatment suppresses the
transcription of SREBP-1c to suppress the expression of FAS,
stimulates AMPK phosphorylation to increase CPT-la
expression, and finally, reduces the synthesis of liver fat and
accelerates the oxidation of liver fatty acids (Figure 5). These
results can be attributed to the high level of accumulation and
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long retention time of the Hep@PGEA-based delivery system.
High redox components (such as GSH) also contribute to the
release of condensed nucleic acids (Figure 1a,b), which further
improve the efficiency of Hep@PGEA vectors and provide
impressive intervention results without inducing significant
abnormal changes in the organs (Figure 6).

To confirm the clinical relevance of this study, we analyzed a
set of NAFLD patient samples (Figure 7). RT-PCR, WB, and
immunohistochemical analyses confirmed the influence of the
AMPK/SREBP-1c signaling axis on the progression of NAFLD
in humans, which is consistent with our experiment results.
The value of MST1 in the development of liver fat
degeneration in NAFLD patients was also confirmed,
suggesting that the Hep@PGEA-based MST1 gene delivery
might be a potential therapeutic option to reduce liver lipid
accumulation, ameliorate liver injury, and treat clinical
NAFLD.

4. CONCLUSIONS

In this study, we proposed and proved the application of the
Hep@PGEA-based MST1 gene delivery system (HCP/
MST1) for NAFLD gene therapy. The Hep@PGEA vector
can efficiently transport condensed functional nucleic acids
into the NAFLD mouse liver, following which the high redox
levels, such as GSH, in the liver, further accelerate the release
of condensed nucleic acids due to the redox-triggered
unlockable structure of the Hep@PGEA vector. We also
demonstrated that the HCP/MST1 complexes significantly
improved liver IR sensitivity and reduced liver damage and
liver lipid accumulation by adjusting the AMPK/SREBP-1c
signaling pathway, providing a potential strategy for NAFLD
therapy without any significant toxicity. The analysis of
NAFLD patient samples further proved the important value
of MST1 in the progress of liver fat degeneration in NAFLD
patients. The study indicates that MST1-based gene
intervention is of great potential for clinical NAFLD therapy
and that the Hep@PGEA vector provides a promising option
for NAFLD gene therapy, thus reducing the NAFLD burden.

5. EXPERIMENTAL SECTION

5.1. Reagents and Antibodies. Branched polyethylenimine
(PEL, M,y ~25000 Da), tetrabutylammonium chloride (TBA, 98%),
a-lipoic acid (LA, 99%), 4-(dimethylamino)-pyridine (DMAP, 98%),
streptomycin, penicillin, dicyclohexylcarbodiimide (DCC, 98%),
sodium borohydride (NaBH4, 98%), and palmitic acid were obtained
from Sigma-Aldrich Chemical Co. Methylthiazolyldiphenyl-tetrazo-
lium bromide (MTT, 98%) was purchased from Energy & Chemical
Co., Ltd. Renilla luciferase assay kits and dual-luciferase reporter assay
kits were purchased from Promega. The triglyceride and cholesterol
assay kits were gained from Applygen Technologies Inc., Beijing,
China. TRIzol and lipofectamine 3000 transfection reagent were
purchased from Invitrogen.

Anti-SREBP-1c antibody (#14088-1-AP) was purchased from
Proteintech. Anti-MST1 (#3682), anti-AMPK (#5831), anti-phos-
pho-AMPK (#2535), anti-phospho-SREBP-1c (#9874), anti-Acetyl-
CoA carboxylase (ACC) (#3662), and anti-phospho-ACC (#3661)
antibodies were obtained from Cell Signaling Technology. Anti-FAS
antibody (#Ab22759) was purchased from Abcam (Cambridge, UK).

5.2. Construction and Characterization of MST1 Over-
expression and RNA Interference Nucleic Acids. Overexpression
plasmid and RNA interference nucleic acids were constructed to
upregulate or downregulate the level of MST 1. Primers were designed
to amplify mouse full-length MST1 ¢DNA and infixed into the
lentivirus overexpression vector pcDNA3 between the Nhe I and Sal I
sites. Meanwhile, the shRNA sequence was synthesized and infixed

into the pGreenPuro vector to obtain siMST1 (encoding MST1
siRNA) or siCtrl (encoding negative control siRNA). The primers
used in this process are listed in Table S1. Empty or MST1 plasmids,
siCtrl, or siMST1 was transfected into mouse normal liver cells
(AML-12 cells) separately with transfection reagent under the
guidance of the instructions.

5.3. Preparation of Charge-Reversal Heparin-Based Gene
Vector in Response to Reductants. As reported earlier, negatively
charged heparin locked by disulfides as a core in the Hep@PGEA
vector endows the vector with the charge-reversal abilitzr required for
the self-accelerating release of condensed nucleic acids.”* The Hep@
PGEA vector was prepared as has been described previously.”* The
heparin nanoparticles obtained were called HepNPs. Cationic PGEA
was then prepared via a ring-opening reaction of the f-CD-cored
poly(glycidyl methacrylate) with EA (CD-PGEA). The core—shell
nanocomplex Hep@PGEA was prepared at a weight ratio of S (WCD-
PGEA/WHepNP) and used for the following investigations.

5.4. Biophysical Characterization of the Hep@PGEA Vector.
Plasmid-encoding MST1 protein was used for biophysical character-
ization of the Hep@PGEA vector as a representative. To determine
the condense and release ability of the Hep@PGEA vector for MST1,
a {-sizer Nano ZS was used to confirm the particle size and {-potential
of Hep@PGEA/MST1 at different Hep@PGEA to MST1 ratios.”*
The Hep@PGEA to MST1 ratio was expressed as the ratio of
nitrogen (N) in CD-PGEA to phosphorus (P) in MST1 plasmid (or
termed as the N/P ratio).

5.5. Cytotoxicity Assays. Immortalized AML-12 cells were
cultured in a DMEM/F12 medium (Hyclone) containing 10% FBS
(Gibco), 100 U/mL penicillin, and 100 pg/mL streptomycin (PS) in
an incubator at 37 °C and 5% CO, atmosphere. Additionally, HepG2
cells were cultured in DMEM containing FBS and PS under the same
conditions.

The viability of the HepG2 and AML-12 cell lines was evaluated to
assess the potential of Hep@PGEA as a delivery vehicle for NAFLD.
Briefly, the cells were inoculated in 96-well plates and cultivated for 24
h. Two concentrations of the polycation/pDNA complexes at
different N/P ratios were prepared and added to the wells. Different
concentrations of complexes were obtained by adjusting the
administered quantity of pDNA (0.33 ug of pDNA/well for 1X and
1 ug of pDNA/well for 3)().24

5.6. Transfection Assays. For transfection assays, HepG2 or
AML-12 cells were seeded into 24-well plates at a density of 5 X 10*
cells per well and cultured for 24 h. Two concentrations of the
polycation/pDNA complexes at different N/P ratios were added to
the wells and incubated for 18 h, and the concentration was
determined based on the dose of pDNA (1X contained 1 ug of
pDNA/well and 3X contained 3 g of pDNA/well). Corresponding
trar;gfection efficacy was measured using a Renilla luciferase assay
kit.

To confirm the transfection efficiency of the Hep@PGEA vector,
we examined the enhanced green fluorescent protein (EGFP)
expression in the HepG2 or AML-12 cell lines induced by Hep@
PGEA, CD-PGEA, and PEI at the N/P ratios of 15, 15, and 10
(containing 3 pg of pEGFP/well). EGFP signals were observed and
imaged using a fluorescent microscope. The above experiments
demonstrate the advantages of the Hep@PGEA vector in delivering
the genetic material to liver-related cells.

5.7. Functional Nucleic Acids Delivered with the Hep@
PGEA Vector In Vitro. AML-12 cells were then seeded in a six-well
plate and cultured for 24 h at a density of 4 X 10°. They were then
serum-starved for 2 h and treated for 18 h in a serum-free medium of
phosphate-buffered saline (control group), Hep@PGEA/pDNA
complexes (N/P = 15, containing 3 ug of pDNA, HCP/pDNA
group), Hep@PGEA/MST1 complexes (N/P = 15, containing 3 ug
of MST1, HCP/MST]1 group), and Hep@PGEA/siMST1 complexes
(N/P=1S, containing 3 ug of siMST1, HCP/siMST1 group).

The expression of MST1 was evaluated to confirm the efficiency of
Hep@PGEA-delivered MST1 or siMST1 using RT-PCR assay and
‘WB. Moreover, immunofluorescence was used to detect the MST1
and lipogenic markers. Briefly, after the treated cells were fixed with
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4% paraformaldehyde, cell membrane permeability treatment was
carried out successively; 5% bovine serum albumin was blocked; cells
were incubated with anti-MST1, anti-FAS, or anti-SREBP-1c
antibodies overnight and then with goat Anti-Rabbit IgG H&L
(Alexa Fluor 568) for 1 h; nuclear staining was performed; and then,
an electron fluorescence microscope was used to collect and analyze
the images.

Oil Red O staining was performed and intercellular triglyceride
content was detected according to the manufacturer’s instructions to
evaluate the accumulation of liver cell lipids to confirm the efficiency
of the Hep@PGEA vector in delivering MST1 or siMST1 to
upregulate or downregulate the MST1 protein level in NAFLD
therapy.

5.8. Accumulation of Hep@PGEA-Mediated MST1 Gene
Delivery in NAFLD Mice. All animal experiment actions involved in
the study were authorized by the Animal Care and Use Committee of
the Institute of experimental animals, Chinese Academy of Medical
Sciences and Beijing Union Medical College (yzw19006).

NAFLD mice were used to evaluate the accumulation of Hep@
PGEA-mediated MST1 gene delivery in the liver. The HCP/MST1
group mice were administered 150 uL solution of Hep@PGEA/
MST1 complexes (N/P = 15, containing 30 pug of MST1 plasmid) via
tail vein injection, while the control group comprised of mice
administered with an equal volume of PBS. The Hep@PGEA vector
was labeled using a Cy7 fluorescent molecule at a weight ratio of
1000:1 (WHep@PGEA:WCy7) before condensation of MST1
plasmid. The accumulation of Hep@PGEA/MST1 complexes in
mice was detected and photographed with a Trifoil InSyTe FLECT
imager (/8 version, TriFoil Imaging), following previously described.'®

5.9. Hep@PGEA Vector-Mediated NAFLD Gene Therapy In
Vivo. Mice that were fed a normal chow diet were used as sham. The
NAFLD mice were given a high-fat diet (HFD) and were divided into
four groups of 10 mice each. The control group was administered 150
uL of PBS, the HCP/pDNA group was administered 150 uL of
Hep@PGEA/pDNA complexes (N/P = 1S, containing 30 ug of
pDNA), the HCP/MST1 group was administered 150 yL of Hep@
PGEA/MST1 complexes (N/P = 15, containing 30 ug of MST1
plasmid), and the HCP/siMST1 group was administered 150 yL of
Hep@PGEA/siMST1 complexes (N/P = 1S, containing 30 ug of
siMST1 plasmid). All of the administrations were performed via the
tail vein, once a week, for three weeks.

The body weights of the mice were monitored each week, and the
fasting blood glucose (FBG) level and the glucose tolerance and
insulin tolerance levels of the mice were monitored at the end of the
experiment period as described previously..'*'® The biochemical
indexes of mouse plasma were detected by a biochemical analyzer.
The mice were subsequently sacrificed and their organs were
collected. Several sections of the livers were stored at —80 °C for
RT-PCR and WB analysis, while the rest, along with the other organs
were fixed and embedded in paraffin for pathological analysis,
including H&E and immunohistochemical staining. According to the
anatomical images of mouse liver, hematoxylin—eosin (H&E) staining
and oil red O staining, observing the pathological changes and lipid
deposition of mouse liver in each group, were observed.
Immunohistochemical staining was performed as described pre-
viously'® to detect the protein expression levels of MST1, SREBP-1c,
and FAS in mouse liver.

5.10. MST1 Expression in NAFLD Patient Liver Samples.
Human liver specimens were collected from 11 patients at the Ningxia
Medical University Second Affiliated Hospital (Yinchuan, China).
Experiments involving human liver specimens were performed per the
directions of the Ethical Committee on Human Research of Ningxia
Medical University and the other participating hospitals, and the
patients provided written informed consent for the collection and use
of their samples before participating in the study (approval number:
2019-228). The steatosis indices of these liver specimens were
accessed by H&E staining. Based on the size and number of lipid
droplets present in the liver specimens, we divided them into normal
(n = 6) and NAFLD groups (n = 5). RT-PCR, WB, and

immunohistochemistry analyses were performed to detect the
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MST1 expression and relative protein levels involved in the
AMPK/SREBP-1c signaling axis.

5.11. Statistical Analysis. The data were statistically analyzed in
GraphPad Prism 8 software and displayed as mean + SD. T-test was
used for comparison between the two groups, and one-way ANOVA
was used for comparison between multiple groups, with a statistical
difference of p < 0.0S.
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