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Sorafenib is one of the few effective first-line drugs approved for the treatment of advanced
hepatocellular carcinoma (HCC). However, the development of drug resistance is common
among individuals with HCC. Recent evidence indicated that the anticancer activity of
sorafenib mainly relies on the induction of ferroptosis. Furthermore, in our study, genes that
suppress ferroptosis, especially GPX4 and DHODH, were enriched in sorafenib-resistant cells
and primary tissues and were associated with poor prognosis of HCC patients who received
sorafenib treatment. Therefore, a new ferroptosis inducer comprising a multiplex small
interfering RNA (multi-siRNA) capable of simultaneously silencing GPX4 and DHODH was
created. Then, exosomes with high multi-siRNA loading and HCC-specific targeting were
established by fusing the SP94 peptide and the N-terminal RNA recognition motif (RRM) of
U1-A with the exosomal membrane protein Lamp2b. The results from the in vitro and in vivo
experiments indicate that this tumor-targeting nano-delivery system (ExoSPo4-amp2o-RRM_
multi-siRNA) could enhance sorafenib-induced ferroptosis and overcome sorafenib
resistance. Taken together, HCC-targeted exosomes (ExoSP94Lamp2b-RRM) o4
specifically deliver multi-siRNA to HCC tissues, enhance sorafenib-induced ferroptosis by
silencing GPX4 and DHODH expression and consequently increase HCC sensitivity to
sorafenib, which opens a new avenue for clinically overcoming sorafenib resistance from
the perspective of ferroptosis.

Keywords: hepatocellular carcinoma, resistance, sorafenib, engineered exosome, ferroptosis

INTRODUCTION

Hepatocellular carcinoma (HCC) was ranked as the sixth most commonly diagnosed cancer and the
fourth leading cause of cancer-related death worldwide in 2018 (1, 2). In the early stages of HCC,
curative treatment can be achieved with tumor ablation, resection, or liver transplantation (3).
However, the majority of HCC patients are already in the middle or late stages at the time of
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Designer Exosomes Overcome Sorafenib Resistance

diagnosis, missing the optimal window for curative treatment.
Sorafenib is the first systemic therapy shown to improve survival
in HCC and has been approved by the U.S. Food and Drug
Administration (FDA) for treatment of unresectable HCC (4).
Despite their initial response, sorafenib-treated tumors rarely
regress completely, and most patients develop disease
progression. Therefore, to improve the survival and quality of
life of patients with HCC, combination therapies should be
considered as a potentially superior treatment option.

Ferroptosis is a recently discovered form of programmed cell
death characterized by iron-dependent accumulation of lipid
peroxides to lethal amounts (5). A growing amount of evidence
indicates that ferroptosis can be induced by inhibiting cystine/
glutamate transporter (system x.-) activity, downregulating
GPX4 or DHODH expression, and accumulating reactive
oxygen species (ROS) (6). Recent reports have shown that
sorafenib can induce ferroptosis by inhibiting system x.- (7).
Moreover, numerous studies suggest that the anticancer activity
of sorafenib mainly relies on inducing ferroptosis (5, 8-11).
Therefore, targeting constituents of ferroptosis might be a
promising strategy to increase sorafenib efficacy and overcome
sorafenib resistance.

Herein, we first found that ferroptosis suppressor genes,
especially GPX4 and DHODH, are enriched in sorafenib-
resistant cells and primary tissues from patients and are
associated with poor prognosis of HCC patients who receive
sorafenib treatment. Then, we created a novel ferroptosis inducer
comprising a multiplex small interfering RNA (multi-siRNA)
suitable for simultaneously silencing GPX4 and DHODH. Then,
exosomes (ExoSPo41amp2b-RRMy (i, high tumor targeting ability
and high multi-siRNA loading efficacy were constructed to
deliver the multi-siRNA cargo. Using in vitro and in vivo
models, we demonstrated that this tumor-targeting nanodrug
(ExoSPo41amp2b-RRM 1111 siRNA) could enhance sorafenib-
induced ferroptosis and overcome sorafenib resistance,
suggesting that it is a promising therapeutic strategy for
treating sorafenib-resistant HCC.

MATERIALS AND METHODS
Antibodies and Inhibitors

The antibodies used targeted the following proteins (dilutions
used are included):

GAPDH (CW0101: immunoblotting, 1:1000) from
CWBIOTECH; F-actin (40734ES75: immunofluorescence, 1:100)
from YEASEN; UlA (10212: immunoblotting, 1:500) from
Proteintech; CD63 (67605-1-Ig: immunoblotting, 1:5000)
from Proteintech; CD9 (60232-1-Ig: immunoblotting, 1:5000)
from Proteintech; TSG101 (14497-1-AP: immunoblotting,
1:1000) from Proteintech; GPX4 (67763-1-Ig: immunoblotting,
1:5000; IHC, 1:1000) from Proteintech; and DHODH (14877-1-
AP: immunoblotting, 1:2000; IHC, 1:100) from Proteintech.

The inhibitors used are as follows:

Sorafenib (HY-10201: 10 uM for the in vitro assay and 30 mg/
kg for the in vivo assay) and Ferrostatin-1 (HY-100579: 60 nM

for the in vitro assay), and ferrostatin-1 (HY-100579: 5 mg/kg,
intraperitoneal injection for the in vivo assay) were obtained
from MedChem Express.

Cell Lines and Culture

The HepG-2 and HEK-293T cell lines were obtained from the Type
Culture Collection of the Chinese Academy of Sciences (Shanghai,
China). These cell lines were authenticated by the analysis of short
tandem repeat (STR) profiles, and all of them matched those of the
standard cell lines in the DSMZ data bank. These cells tested
negative for cross-contamination of other human cells and
mycoplasma contamination. The sorafenib-resistant HepG-2 cell
line (HepG-2R) was generated by continuous treatment of HepG2
cells with sorafenib up to 10uM and maintained as previously
described (12). HepG-2, HepG-2R and HEK-293T cells were
cultured in DMEM containing 10% fetal bovine serum and 1%
penicillin-streptomycin.

Plasmid Construction

Briefly, the sequences for SP94 peptide (SFSIIHTPILPL), the
CDS sequences of Lamp2b and the CDS sequences of the N-
terminal RNA recognition motif (RRM) of Ul-A were orderly
arranged from N-terminal to C-terminal. Then the sequence
encoding the above fusion protein was digested with BamHI-
Xhol and cloned into pcDNA3.1(+) vector. The clones were
confirmed by DNA sequencing and stored for the
following experiments.

Exosome Purification

For exosome isolation from HEK-293T cells, cells were
transfected with control or SP94-Lamp2b-RRM expressing
plasmids with Lipofectamine3000. 12 h later, cells were further
cultured in DMEM with 10% exosome-depleted FBS
(ultracentrifugation at 120,000 xg for 16 h) for 24-36 h. Then,
the culture medium was precleared by centrifugation at 500xg
for 15 min and then at 10000xg for 20 min. Exosomes were
isolated by ultracentrifugation at 110000xg for 70 min at 4°C and
washed in PBS using the same centrifugation conditions. The
concentration of exosomes was determined by measuring total
exosomal protein using a Pierce BCA Protein Assay Kit (Thermo
Scientific, USA) according to the manufacturer’s instructions.
NanoSight and transmission electron microscopy were used to
determine the size distribution, concentration and morphology
of the exosomes. For siRNA loading experiments, 100 nM
corresponding siRNAs were transfected with Lipofectamine
3000. Twenty-four hours later, the cells were further cultured
in DMEM with 10% exosome-depleted FBS for another 24 h,
followed by exosome isolation.

Transmission Electron Microscope Assay
Cells were collected and fixed with 2.5% glutaraldehyde.
Subsequently, cells were postfixed in 2% tetroxide and dehydrated
through a series of gradient ethanol solutions. Samples were
embedded in epoxy resin, cut into thin slices, and placed onto a
nickel grid. Images were acquired using a Tecnai G2 Spirit
transmission electron microscope (Thermo Fisher).
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Intracellular ROS Measurements

A lipid ROS assay was performed as described previously. Briefly,
cells were incubated with PBS containing 10 uM DCFDA dye in a
cell culture incubator for 30 min. Cells were then collected and
washed twice with PBS followed by resuspension in 200 ul of
PBS. ROS levels were analyzed using a Beckman CytoFLEX
system through the FITC channel.

Detection of Malondialdehyde (MDA)
Analysis of lipid peroxidation was assessed by quantifying the
MDA concentration in cell lysates using a Lipid Peroxidation
MDA Assay Kit (50131, Beyotime) in accordance with the
manufacturer’s instructions.

Animal Study
Six-week-old, male, athymic BALB/c nude mice were used. All
animal experiments were carried out under protocols approved
by the Animal Care and Use Committee of Fourth Military
Medical University.

For in vivo tracking of exosomes, purified exosomes with the
indicated modifications were labeled with the fluorescent dye
DiR at a final concentration of 8 uM (Invitrogen). Labeled
exosomes were collected by ultracentrifugation after washing
with saline and stored in saline before use. Mice were injected
with labeled exosomes (100 ig at the protein level in 100 pL) via
tail vein injection. Mice were subjected to fluorescent living
imaging 6 h after injection with an in vivo imaging system
(IVIS lumina II).

For orthotopic implantation, six-week-old male nude mice
were anesthetized with 3% (w/v) pentobarbital sodium by
intraperitoneal injection. Then, 2x10° sorafenib-resistant
HepG-2 cells stably expressing luciferase were surgically
implanted into the left liver lobes of mice. Tumor growth was
monitored by bioluminescence with an in vivo imaging system
(IVIS lumina II). Two weeks after inoculation, mice were
randomized to each group and began to receive different
treatments. In the sorafenib treatment group, sorafenib (30
mg/kg) was given every 3 days. In the sorafenib and exosome
combination treatment group, sorafenib was administered at the
same dose, and 100 g of the indicated exosomes (at the protein
level) was injected via the tail vein 24 h after every sorafenib
administration. At the end of the experiment, mice were
sacrificed. Tumor bearing liver tissues and the main organs
were collected for the following experiments.

Immunohistochemistry

This experiment was performed as previously described (13).
Briefly, sections (4 pm thick) of paraffin-embedded samples were
deparaffinized and rehydrated in a graded series of ethanol. After
inactivation of endogenous peroxidase activity with 3% H,O, in
methanol for 10 min, the sections were washed three times in
PBS and blocked with goat serum for 20 min. Then, they were
incubated with primary antibodies in a humid container at 4°C
overnight. After the addition of the PowerVision' " complex,
tissue sections were incubated at 37°C for 20 min followed by

treatment with DAB. PBS in place of primary antibody was used
as a negative control.

Statistical Analysis

The data are presented as the mean + s.e.m. from at least three
independent experiments. Statistical analysis was performed
using GraphPad Prism software. A random number table was
used to randomize the mice into control and treatment groups.
The numbers of mice were determined on the basis of our
pretests and previous experience with similar experiments. A
value of P<0.05 was considered statistically significant. The
statistical tests were two-sided.

RESULTS

Suppressed Ferroptotic Activity During
Sorafenib Treatment Is Associated With
Compromised Therapeutic Efficiency

To confirm whether sorafenib could induce ferroptosis in HCC
cells, we performed a CCK-8 assay. Our data showed that
sorafenib-mediated cell death in the human HCC cell line
HepG-2 was blocked by ferrostatin-1 (a ferroptosis inhibitor)
(Figure 1A, Figure S1A). The accumulation of reactive oxygen
species (ROS) and lipid peroxidation are key events in ferroptosis
(14); thus, we analyzed the levels of ROS and the end products of
lipid peroxidation (i.e., MDA) in HepG-2 cells. The results
indicated that sorafenib increased the levels of ROS and MDA
in HepG-2 cells (Figures 1B, C). Apart from ferroptosis-
suppressing agents, numerous genes have been identified as
key ferroptosis suppressors. For example, glutathione
peroxidase 4 (GPX4) resides in the center of a network that
functions to prevent the accumulation of lipid hydroperoxides,
thereby strongly suppressing ferroptosis (15). Interestingly, we
constructed a ferroptosis suppressor gene signature and
discovered that ferroptosis suppressor genes were enriched in
sorafenib-resistant cells and primary tissues from HCC patients
(Figure 1D, Figure S1B). Moreover, the results indicated that
the high expression level of the ferroptosis suppressor gene
signature was associated with poor prognosis of HCC patients
who received sorafenib treatment (Figure 1E, Figure S1C).
Therefore, the results suggest that suppressed ferroptotic
activity is associated with sorafenib resistance.

Gene-Silencing Activities of the Multi-
siRNA Against GPX4 and DHODH

The above data suggest that silencing key ferroptosis suppressor
genes increases the therapeutic effect of sorafenib. Among the
ferroptosis suppressor genes, GPX4 and DHODH can directly
remove the dangerous products of iron-dependent lipid
peroxidation and consequently protect the cell membrane from
damage; when GPX4 and DHODH expression and/or function
are dysregulated, ferroptosis ensues (16, 17). Moreover, we found
that the expression of GPX4 and DHODH was upregulated in
sorafenib-resistant patients (Figures 2A, B) and associated with
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FIGURE 1 | Reduced ferroptotic activity during sorafenib treatment is associated with compromised therapeutic efficiency. (A) Viability of HepG-2 cells as measured
by the CCK-8 assay. Ferrostatin-1 is a ferroptosis inhibitor. Sorafenib (10 uM). (B) HepG-2 cells were treated with 10 uM sorafenib, and ROS production was
assessed by DCFH-DA staining followed by flow cytometry. (C) MDA levels in HepG-2 cells treated with vehicle or 10 uM sorafenib for 24 h. (D) GSVA was
conducted to calculate the score for enrichment of ferroptosis suppressor genes. HCC tissues from sorafenib responders or sorafenib nonresponders were obtained
from the Gene Expression Omnibus (GSE1109211). (E) Kaplan-Meier analysis of overall survival based on the expression signature of ferroptosis suppressor genes.
(A, C) The data are shown as the means + S.E.M. (A) ANOVA with Dunnett’s t-test. (C, D) Unpaired t-test. (E) Log-rank test. *p < 0.05, *p < 0.01.

poor prognosis of HCC patients who received sorafenib
treatment (Figures 2C, D). Meanwhile, GPX4 and DHODH
expression was upregulated in sorafenib-resistant HCC cell line
(HepG-2R) (Figure 2E). In light of these findings, we sought to
interfere with the expression and function of these two genes at
the same time. First, siRNAs targeting the human GPX4 gene and
human DHODH gene were designed and screened to determine
their effectiveness. As shown in Figures 2F, G and Figures S2A,
B, si-GPX4#1 and si-DHODH#1 were the most effective siRNAs
in knocking down their respective proteins. Then, we designed a
multi-siRNA containing the sequences corresponding to si-
GPX4#1 and si-DHODH#1; the sequence “AUUGCAC” was
used as a linker to connect si-GPX4#1 to si-DHODH#1. The
results showed that this multi-siRNA could simultaneously
suppress GPX4 and DHODH expression (Figure 2H).

Preparation and Characterization of SP94-
Lamp2b-RRM Fusion

Protein-Engineered Exosomes

Exosomes have been considered a good siRNA delivery vehicle
to reduce drug resistance (18). However, low cargo
encapsulation efficiency and the lack of cell-type specific
targeting remain major hurdles for their potential clinical
application. Recently, some RNA-binding proteins have been
shown to significantly promote exosomal miRNA cargo loading
via interaction with common short sequence motifs present in
miRNAs (19). Therefore, we hypothesized that fusion of
specific RNA-binding proteins with the exosomal membrane
proteins can increase the loading efficiency of the desired
RNAs. We fused the N-terminal RNA recognition motif
(RRM) of Ul-A with the C-terminus of Lamp2b (exosomal
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surface protein) (Figures 3A, B). Ul-A can bind the highly
conserved sequence “AUUGCAC” in RNA via its N-terminal
RRM (20). SP94 (protein sequence, SESITHTPILPL), is a novel
peptide that has been reported to specifically bind to HCC cells
(21). Therefore, we fused SP94 with the N-terminus of Lamp2b
to enhance the tumor-targeting ability of the engineered
exosomes (Figures 3A, B). The recombinant vector produced
abundant expression of the fusion protein in transfected cells
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FIGURE 2 | Gene-silencing activities of multi-siRNA against GPX4 and DHODH genes. (A) GPX4 expression in HCC tissues from sorafenib responders (n=21) or
sorafenib nonresponders (n=43) (gse109211). (B) That of DHODH in the HCC tissues of sorafenib responders (n=21) or sorafenib nonresponders (n=43)
(gse109211). (C) Kaplan—Meier overall survival analysis of the GPX4 gene in HCC patients who received sorafenib treatment. (D) Kaplan-Meier overall survival
analysis of the DHODH gene in HCC patients who received sorafenib treatment. (E) Western blotting for assessment of the protein levels of DHODH and GPX4 in
sorafenib-sensitive HepG-2 or sorafenib-resistant HepG-2 (HepG-2R) cells. (F) Western blotting was conducted to detect GPX4 expression in HepG-2R cells
transfected with scramble or GPX4 siRNAs. (G) Western blotting was conducted to detect DHODH expression in HepG-2R cells transfected with scramble or
DHODH siRNAs. (H) HepG-2R cells were transfected with scramble siRNA or multi-siRNA#1 containing the si-GPX4#1 and si-DHODH#1 target sequences, and
Western blotting was conducted to detect GPX4 and DHODH expression. (A, B) Unpaired t-test. (C, D) Log-rank test. *p <0.05, **p <0.001.

(Figure 3C). As the engineered SP94-Lamp2b-RRM fusion
protein could express on exosomes (Figure 3D), we analyzed
the binding ability of these exosomes to HCC cells. The results
showed that exosomes derived from HEK-293T cells
transfected with SP94-Lamp2b-RRM could bind strongly to
HCC cells (Figure 3E), indicating that the SP94-Lamp2b-RRM
fusion protein was incorporated into exosomes. In addition,
specific exosome markers (CD63, TSG101 and CD9) were
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FIGURE 3 | Preparation and characterization of SP94-Lamp2b-RRM fusion protein-engineered exosomes. (A) Schematic representation of the hepatoma-cell-
targeting peptide SP94 and the RRM of U1-A fused to the N-terminus and C-terminus of Lamp2b. (B) Schematic representation of the structure of the SP94-
Lamp2b-RRM fusion protein and the engineered exosomes. (C) Western blot analysis of U1-A expression in HEK-293T cells transfected with empty vector or SP94-
Lamp2b-RRM plasmids. (D) U1-A expression in exosomes derived from HEK-293T cells transfected with empty vector or SP94-Lamp2b-RRM plasmids. (E) Equal
amount of DiO-labeled exosomes were incubated with 1*10° immobilized HepG-2 cells for 1h. After washing, unbound exosomes were removed. HepG-2 cells were
used for flow cytometry after trypsinization. The binding of different exosomes to HepG-2 cells was then quantitated by flow cytometry (FITC channel). (F) Western
blot analysis of the exosome markers CD63, CD9 and TSG101, and the exclusive exosome marker GM130 on exosomes derived from HEK-293T cells transfected
with different plasmids. (G) Nanoparticle tracking analysis shows the size distribution of exosomes derived from HEK-293T cells transfected with different plasmids.
(H) Representative TEM images of exosomes derived from control or SP94-Lamp2b-RRM plasmid-transfected HEK-293T cells (scale bar, 100 nm).

detected in the purified samples, while the Golgi marker
GM130 was barely detectable (Figure 3F). Nanoparticle
tracking analysis (NTA) revealed that the exosomes were
similar in number and had a similar size distribution between

the groups (Figure 3G). Transmission electron microscopy
(TEM) confirmed that the purified exosomes exhibited a
typical round-shaped vesicular morphology and were within
the appropriate size range (Figure 3H).
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Efficient Therapeutic Cargo Encapsulation

Into SP94-Lamp2b-RRM Fusion-Protein-

Engineered Exosomes

Next, we explored whether the engineered SP94-Lamp2b-RRM
fusion protein could promote RNA loading during exosome
biogenesis. First, HEK-293T cells overexpressing the SP94-
Lamp2b-RRM fusion protein were transfected with 100 nM
corresponding FITC-tagged multi-siRNA (Figure 4A). Then,

an equal number of exosomes from each group was evaluated
by flow cytometry. The results showed that a higher amount of
multi-siRNA containing the RRM recognition motif
“AUUGCAC” could be sorted into exosomes compared to that
of multi-siRNA#2 without the RRM binding sequence
(Figure 4B). HEK-293T cells were then cocultured with
HepG-2 cells (Figure 4C). Images from the confocal
microscope showed a higher level of multi-siRNA containing
the RRM “AUUGCAC” in HepG-2 cells (Figure 4D). Consistent
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with FITC-tagged multi-siRNAs were cocultured with HepG-2 cells for 24 h. (C) Schematic illustration of HepG-2 and HEK-293T cell coculturing. (D) Representative
confocal images of FITC (green) and F-actin (red) staining in HepG-2 cells. The nuclei were counterstained with DAPI (blue) (scale bar, 10 um). (E) HepG-2 cells were

and DHODH expression in HepG-2 cells. Scramble: 1*10° HEK-293T cells were treated with the same amount of scramble siRNA; multi-siRNA#2: 1106 HEK-293T
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FIGURE 4 | Efficient therapeutic cargo encapsulation into engineered exosomes expressing SP94-Lamp2b-RRM fusion protein. (A) Schematic diagram of the
process of multi-siRNA encapsulation into exosomes via the SP94-Lamp2b-RRM fusion protein in HEK-293T cells. The SP94-Lamp2b-RRM fusion protein recruits
multi-siRNA containing the sequence “AUUGCAC” to exosomes via RNA-RRM recognition. (B) HEK-293T cells transiently transfected with FITC-tagged multi-
siRNA#1 or FITC-tagged multi-siRNA#2. Then, exosomes were collected for the flow cytometry assay (multi-siRNA#1, contains si-GPX4#1, si-DHODH#1 and the
RRM binding sequence; multi-siRNA#2, contains si-GPX4#1 and si-DHODH#1 without the RRM binding sequence). (C, D) HEK-293T cells transiently transfected
treated with functionalized exosomes derived from HEK-293 T cells and containing SP94-Lamp2b-RRM, and Western blot assays were conducted to detect GPX4
cells were treated with the same amount of multi-siRNA#2; multi-siRNA#1: 1*10° HEK-293T cells were treated with the same amount of multi-siRNA#1. After 24 h,
the exosomes were collected and added to HepG-2 cells.
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with this finding, exosomes derived from HEK-293T cells
transfected with the multi-siRNA containing the “AUUGCAC”
sequence could significantly suppress the expression of GPX4
and DHODH in HCC cells (Figure 4E). These results suggest
that the SP94-Lamp2b-RRM fusion protein promotes the
exosomal loading of the “AUUGCAC” sequence linked to the
multi-siRNA via RNA-protein interactions.

SP94-Lamp2b-RRM-Functionalized
Exosomes Could Overcome Sorafenib
Resistance by Enhancing Sorafenib-
Induced Ferroptosis in HCC Cells

To investigate whether Exo®??*1amP2>REM ¢y bind to HCC
cells, blank exosomes or Exo"?*1amP2o-RRM wvere Jabeled with
DiO and added to sorafenib-resistant HepG-2 cell cultures.
Confocal assay showed that green fluorescence appeared within
15 min and intensified over time (up to 60 min) in the SP94-
Lamp2b-RRM-functionalized exosomes treated group. By
contrast, relatively low level of green fluorescence was observed
in control exosomes treated cells up to 60 min, confirming the
targeting ability of SP94-Lamp2b-RRM-functionalized exosomes
to HCC cells (Figures 5A, B). Then, we treated sorafenib-
resistant HepG-2 cells with exosomes (ExoSPo*lamp2b-RRM_
multi-siRNA#1). The results showed that Exo°’241amp2b-RRM_
multi-siRNA#1 could significantly enhance the eftect of sorafenib
(Figure 5C). Then, we further measured ROS and lipid
peroxidation levels, which are the primary drivers of
ferroptosis. The results showed that treatment with Exo®"**
Lamp2b-RRM_py]ti-siRNA#1 significantly increased ROS and
MDA levels in sorafenib-resistant cells (Figures 5D, E). In
addition to biochemical analyses, TEM was used to observe
morphological changes. Exo®"?*mP2-REM i siRNA#1-
treated cells displayed diminished or vanished mitochondrial
cristae and condensed mitochondrial membrane densities
compared to ExoSPo4Lamp2b-RRM ¢oramble-treated cells
(Figure 5F). Moreover, we also found that ExoSPo4-1amp2b-RRM_
multi-siRNA#1 could enhance sorafenib-induced ferroptotic cell
death (Figure 5G). Taken together, these results suggested that
ExoSP41amp2b-RRM_ oy ]t iRNA#1 could enhance sorafenib-
induced ferroptosis in HCC cells by silencing the expression of
GPX4 and DHODH.

SP94-Lamp2b-RRM-Functionalized
Exosomes Could Efficiently Target
Hepatocellular Carcinoma In Vivo

To confirm whether SP94-Lamp2b-RRM-functionalized
exosomes could target HCC in vivo, we tracked the
distribution of DiR-labeled exosomes. First, we established an
orthotopic liver injection model and observed that SP94-
Lamp2b-RRM-functionalized exosomes were mainly
distributed to the liver (Figures 6A-C). Meanwhile, SP94-
Lamp2b-RRM-functionalized exosomes could target HCC
(Figures 6A-C). Next, sorafenib-resistant HepG-2 cells were
subcutaneously inoculated into the left backs of mice. In the
subcutaneous HCC model, we found that SP94-Lamp2b-RRM-
functionalized exosomes were mainly distributed in the liver and

subcutaneous tumor tissues (Figure 6D, Figure S3A). The
results from the different HCC models suggest that the SP94
targeting peptide dramatically enhances the ability of exosomes
to bind HCC cells and tissues.

Therapeutic Effects of Cotreatment With
SP94-Lamp2b-RRM-Functionalized
Exosomes and Sorafenib in an HCC
Mouse Model

Next, we explored the therapeutic effect of SP94-Lamp2b-RRM-
functionalized exosomes combined with sorafenib in vivo. While
the tumors of mice treated with sorafenib and Exo®"** ! mp2b-RRM
containing scramble multi-siRNA grew rapidly, those of mice
treated with sorafenib and Exo®***#mP2>REM (o taining multi-
siRNA#1 were significantly reduced after 21 days of treatment
(Figures 7A-C). However, the effect of sorafenib and
Exo P94 1amp2b-RRM ¢ ntaining multi-siRNA#1 on inhibiting
tumor growth was diminished when cells were treated with the
ferroptosis inhibitor ferrostatin-1 (Figures 7A-C). Similarly, mice
from the sorafenib and Exo’"?*1*mP2>REM (ontaining multi-
siRNA#1 cotreatment group had a longer life expectancy than
did mice from the sorafenib and Exo®™>*1mP2>-REM containing
scramble multi-siRNA treatment group (Figure 7D). To examine
the knockdown efficiency in each group, GPX4 and DHODH
expression in primary tumor lesions was investigated by
immunohistochemistry. The results showed that multi-siRNA#1
could significantly suppress GPX4 and DHODH expression in
vivo (Figure 7E). Taken together, these results suggested that
Exo’Po4-Lamp2o-RRM_py i siRNA#1 could overcome sorafenib
resistance in vivo by silencing the ferroptosis suppressor genes
GPX4 and DHODH.

Systemic Toxicity Evaluation

To evaluate the systemic toxicity of Exo
exosomes containing scramble or multi-siRNA#1 were injected
into nude mice via tail vein. There was no significant difference
in the body weights of mice in the two groups (Figure S4A). In
addition, compared to the control group, the ExoS"**-amp2b-RRM
group showed relatively normal tissue structure and morphology
(Figure 8). These results indicate that there was no obvious
adverse effect after treatment with Exo®"?4-Lamp2b-RRM

SP94-Lamp2b-RRM
b

DISCUSSION

Our study demonstrated that sorafenib could induce ferroptosis
in HCC cells, which is in line with the literature stating that the
anticancer activity of sorafenib mainly relies on the induction of
ferroptosis. What’s more, we found that the expression of
ferroptosis suppressor genes, especially GPX4 and DHODH,
was enriched in sorafenib-resistant HCC cells and patient
samples, which suggests that suppressed ferroptotic activity is
associated with compromised therapeutic efficiency of sorafenib.
Thus, precise elimination of ferroptosis suppressor genes might
be a new promising strategy to enhance sorafenib efficacy and
improve patient prognosis.
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FIGURE 5 | SP94-Lamp2b-RRM-functionalized exosomes could overcome sorafenib resistance by enhancing sorafenib-induced ferroptosis in HCC cells. (A-B) Dio
labeled engineered exosomes or control exosomes were incubated with HCC cells for 15, 30 or 60 min at 37°C. Then unbound exosomes were removed by PBS
washing. Exosome endocytosis was analyzed by confocal microscopy. The nuclei and F-actin were counterstained with DAPI (blue) and TRITC phalloidin (red),
respectively, (scale bar, 50 pm). (C) Sorafenib-resistant HepG-2 cells treated with sorafenib and SP94-Lamp2b-RRM-functionalized exosomes containing scramble or
multi-siRNA#1. Viability of sorafenib-resistant HepG-2 cells as measured by the CCK-8 assay. (D) Sorafenib-resistant HepG-2 cells were treated with sorafenib in
combination with SP94-Lamp2b-RRM-functionalized exosomes containing scramble or multi-siRNA#1, and the ROS production was assessed by DCFH-DA staining
followed by flow cytometry. (E) MDA levels of sorafenib-resistant HepG-2 cells treated with sorafenib and SP94-Lamp2b-RRM-functionalized exosomes containing
scramble or multi-siRNA#1. (F) TEM images of mitochondria in sorafenib-resistant HepG-2 cells cotreated with sorafenib and SP94-Lamp2b-RRM-functionalized
exosomes containing scramble or multi-siRNA#1. (G) Sorafenib-resistant HepG-2 cells were treated with sorafenib and SP94-Lamp2b-RRM-functionalized exosomes
containing scramble or multi-siRNA#1. Cell death was determined by Pl staining coupled with flow cytometry. (C, E, G) The data are shown as the means + S.E.M. (C)

Ferroptosis is a form of regulated cell death that is induced by
excessive lipid peroxide accumulation in cellular membranes (22—
24). Cells have developed at least two major defensive arms to
detoxify lipid peroxides: GPX4 and DHODH. Consequently,

disabling one arm forces cells to be more dependent on the other.
For example, inhibition of either DHODH or GPX4 alone did not
induce ferroptosis in HT-1080 cells, which is likely due to the
relatively high endogenous expression of GPX4 and DHODH (25);
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interestingly, a GPX4 inhibitor combined with a DHODH inhibitor
could synergistically suppress HT-1080 tumor growth. Similarly, in
our study, the sorafenib-resistant cells and tissue samples exhibited
high levels of GPX4 and DHODH expression. Therefore, disabling
both arms might better enhance sorafenib-induced ferroptosis.
Here, we created a multi-siRNA that can simultaneously knock
down GPX4 and DHODH in vitro and in vivo. To our knowledge,
this is the first ferroptosis inducer that can directly target two genes.
Additionally, this novel construct provides a new approach for the
clinical treatment of sorafenib-resistant cancer.

Because of their intrinsic nature, exosomes are biocompatible
with the host immune system and have an innate ability to protect
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FIGURE 6 | SP94-Lamp2b-RRM-functionalized exosomes could efficiently target HCC in vivo. (A-C) Sorafenib-resistant HepG-2 cells were orthotopically inoculated
into the left liver lobes of nude mice. SP94-Lamp2b-RRM-functionalized exosomes (100 pg) were injected into nude mice via tail vein. (A) Mice were evaluated with a
fluorescent live imaging system 6 h after injection. (B) Representative ex vivo fluorescence images of DiR-labeled exosomes in the main organs and HCC tissues. (C)
Relative fluorescence intensity of DiR-labeled exosomes in different organs and liver cancer tissues. (D) Sorafenib-resistant HepG-2 cells were subcutaneously
inoculated on the left backs of mice. SP94-Lamp2b-RRM-functionalized exosomes were loaded with DiR, and 100 pg of exosomes was injected into mice via tail
vein. Different organs and tumors were harvested to conduct fluorescence imaging. (C) The data are shown as the means + S.E. M; n=5.

and transport small RNAs and other critical molecules across
biological barriers in vivo; they have been increasingly recognized
as promising vehicles to deliver siRNA in vivo (26, 27). At present,
the most common way to load nucleic acids into exosomes is via
electroporation or direct encapsulation in donor cells (28);
however, these methods have relatively low loading efficiencies.
Meanwhile, in vitro loading of naked siRNAs into exosomes by
electroporation could cause extensive siRNA aggregation and
significantly reduce the level of bioactive siRNAs (29). Thus,
there is an urgent need to develop a strategy for efficient loading
of nucleic acids, especially siRNA. Recently, research conducted by
our laboratory and others have observed that some RNA-binding
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proteins can efficiently sort miRNAs and other RNAs into
exosomes via protein-RNA interactions (30, 31). In light of
these data, we hypothesized that fusion of an exosomal
membrane protein with a specific RNA-binding protein would
increase the loading efficiency of the siRNA of interest; therefore,
we fused the RNA recognition motif of Ul-A with the C-terminus
of Lamp2b, which interacts with the sequence “AUUGCAC” in
the target RNA with a relatively high affinity. Then, a multi-siRNA

was engineered to harbor the consensus “AUUGCAC” sequence.
The preliminary data here indicate that the fusion protein helps
sort multiple siRNAs containing the “AUUGCAC” sequence into
exosomes during exosome biogenesis, especially when the RNA of
interest is exogenously overexpressed. It is worth noting that due
to the limitation of the present siRNA detection technology, the
biological loading rate of multi-siRNA cannot be accurately
detected in live cells and exosomes. Here, in the preparation of
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functionalized exosomes, saturated amount of multi-siRNAs were
transfected into cells to ensure that engineered exosomes were
loaded with sufficient multi-siRNAs. Further experiments also
confirmed that a large amount of multi-siRNAs could be
effectively encapsulated into engineered exosomes and delivered
to HCC cells, thus inducing down-regulation of GPX4 and
DHODH. Our study established a novel strategy to efficiently
load therapeutic multi-siRNA cargos into exosomes.

Currently, the poor solubility and potential off-target toxicity
to normal cells and tissues preclude the systematic use of
traditional ferroptosis inducers in vivo (32-34). Nanoscale
exosomes are considered a good choice as a drug vehicle
because exosomes could be engineered toward better targeting
specificity via exosome surface protein modifications (35-39).
For example, exosomes expressing the oy integrin-specific iRGD
peptide fused to LAMP-2b efficiently delivered doxorubicin to
integrin-positive breast cancer cells in vitro and in vivo (40).
Here, an HCC-specific targeting peptide, SP94, was fused to the
extracellular domain of LAMP-2B at the N-terminus (21). Our
data show that functionalized exosomes (ExoS'o41amp2b-RRM_
multi-siRNA) can selectively deliver therapeutic cargos to
human HCC cells with no obvious adverse effects. This is the
first report of tumor-targeted exosome delivery of ferroptosis
inducers, which might open a new avenue for the systematic use
of ferroptosis inducers to treat cancer.

In summary, this study firstly identified that ferroptosis
suppressor genes GPX4 and DHODH were enriched in
sorafenib-resistant HCC and associated with compromised
therapeutic efficiency of sorafenib. In addition, we described
the use of multi-siRNA to enhance sorafenib-induced ferroptosis

by simultaneously knocking down GPX4 and DHODH.
More importantly, we designed HCC-targeted engineered
exosomes (ExoSPo4tamp2b-RRM) v deliver multi-siRNA, thus
overcoming acquired resistance to sorafenib from the
perspective of ferroptosis.
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