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Background: There is currently no effective treatment for advanced hepatocellular carci-
noma (HCC), and chemotherapy has little effect on long-term survival of HCC patients,
largely due to the cancer stem cell (CSC) chemoresistance of HCC.

Methods: We constructed a small-molecule nanometer-sized prodrug (nanoprodrug) loaded
with salinomycin (SAL) for the treatment of HCC. SAL was encapsulated by the prodrug LA-
SN38 (linoleic acid modified 7-ethyl-10-hydroxycamptothecin) to construct a self-assembled
nanoprodrug further PEGylated with DSPE-PEG,0q0. We characterized this codelivered nano-
prodrug and its antitumor activity both in vitro in human HCC cell lines and in vivo in mice.
Results: Delivery of the SAL- and LA-SN38-based nanoprodrugs effectively promoted
apoptosis of HCC cells, exerted inhibition of HCC tumor-sphere formation as well as
HCC cell motility and invasion, and reduced the proportion of CD133+ HCC-CSC cells.
In nude mice, the nanoprodrug suppressed growth of tumor xenografts derived from human
cell lines and patient.

Conclusion: Our results show that SAL-based nanoprodrugs are a promising platform for
treating patients with HCC and a novel strategy for combination therapy of cancers.
Keywords: small-molecule prodrugs, salinomycin, self-assemble, cancer stem cells,

hepatocellular carcinoma

Introduction
Hepatocellular carcinoma (HCC) is an extremely lethal malignancy with a high rate of
recurrence and limited treatment options. For patients with early HCC, surgical resection
is the most favorable treatment available; however, an effective treatment for advanced
HCC is lacking and chemotherapy has little effect on the long-term survival of HCC
patients, largely due to HCC chemoresistance." Cancer stem cells (CSCs) have been
found to contribute to HCC chemoresistance.” CSCs can initiate new tumors and self-
renew, and evidence suggests that CSCs are critical for tumor regeneration, metastasis,
and recurrence. Hence, CSCs have become key targets for cancer-prevention strategies.
Several studies have shown that CSCs can be eliminated by specific drugs.® For
example, EpCAM+ CSCs resistant to 5-FU become sensitive to chemotherapy when
combined with a Wnt-signaling inhibitor.* In HCC cells with activated CDK 1/PDK 1
and B-Catenin signaling, CD133+ and CD90+ CSC subpopulations are significantly
decreased by the combinatorial of a CDKI inhibitor and the chemotherapeutic
sorafenib.” These studies suggest that targeting CSCs in combination with
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chemotherapy is a promising treatment strategy to over-
come HCC-CSC resistance and viability.

However, in recent years, combination therapy for cancer
treatment has provoked widespread concern because the
administration of drugs in combination is accompanied by
challenges, such as plasma instability, low bioavailability,
and systemic toxicity.®’ Therefore, the codelivery of two or
multiple drugs with nanoparticles has been proposed to
achieve targeted tumor delivery, extend circulation time,
and reduce side effects.

Liposomes have been used clinically as vehicles for drug
release and are therapeutically benign. Thus, a promising
method for overcoming the disadvantages of previous drug
carrier efforts is to use amphiphilic-synthesis to self-assemble
pure prodrugs. Thus, we previously modified SN-38, the
active ingredient of CPT-11—a clinical anticancer drug—
with the polyunsaturated fatty-acid linoleic acid (LA),
a hydrophobic moiety. Then, the modified SN38 were amphi-
philic and could induce self-assembly in aqueous solutions. In
our previous study, the prepared supramolecular nanometer-
sized prodrug (nanoprodrug) showed excellent anti-tumor
effects in vivo and in vitro.® However, whether LA-SN38
can be used as a pharmaceutical carrier loaded with com-
pounds that possess CSC-specific toxicity to achieve combi-
national therapeutic effects remains to be investigated.

Salinomycin (SAL) is an antibacterial therapeutic drug
extracted from Streptomyces albus that has the capacity to
suppress breast cancer CSCs.”'® In recent years, an
increasing number of studies have suggested that SAL
can eliminate CSCs in various cancers including
HCC.'"'? However, the poor aqueous solubility of SAL
as well as its neural and muscular toxicity hinders its
clinical application. There have been efforts to develop
nanodrug delivery systems with reduced side effects by
increasing the water solubility of SAL. Nanoparticles are
one solution for this delivery problem, as nanoparticles
loaded with SAL that exhibits excellent anti-tumor effects
CSCs d.!>1
Nanoparticle codelivery systems have yet to be success-
fully used with SAL to treat HCC-CSCs.

Here, we constructed a SAL-loaded self-assembled
LA-SN38 prodrug nanoparticle PEGylated with DSPE-
PEG,090 and evaluated its inhibitory effects on HCC
cells in vitro and in vivo. We found that the nanoprodrug

against have previously been prepare

codelivered system effectively improved therapeutic effi-
cacy in HCC and suppressed tumor growth in a nude-

mouse-transplanted tumor model.

Materials and Methods

Materials

Salinomycin (SAL) and SN38 (7-ethyl-10-hydroxycam-
ptothecin) were purchased from MedChemExpress (New
Jersey, USA). LA-SN38 was synthesized in our lab.
DSPE-PEGjgg0 (1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy (polyethylene glycol)-2000]) was
purchased from A.V.T. (Shanghai, China).

Patients and Specimens

Fresh tumor tissues were collected from HCC patients.
The specimen used in this study isolated from a patient
with tumor recurrence and not received chemotherapy
before surgery. Signed informed consent was obtained
from each patient before sample acquisition. This study
was approved by the ethics committee of the First
Affiliated Hospital of Zhejiang University.

Cell Cultures

The human HCC cell lines, HCC-LM3, Hep3B, and PLC/
PRF/5, were purchased from the Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences
(Shanghai Institute of Cell Biology). HCC-LM3 cells were
cultured in DMEM (Gibco, USA) supplemented with 10%
FBS (Gibco, USA). Hep3B and PLC/PRF/S lines were
cultured in MEM (Gibco, USA) supplemented with 10%
FBS (Gibco, USA).

Preparation of Nanoparticles

First, SAL, LA-SN38, and DSPE-PEG;(yo (100 mg/mL)
were dissolved in dimethyl sulfoxide (DMSO). For LA-
SN38 nanoparticles, the prodrugs were premixed with
DSPE-PEG,g¢ and rapidly injected into water. The co-
loaded nanoparticles were prepared by mixing SAL, LA-
SN38, and DSPE-PEGj, solutions and then injecting the
solutions into water. The prepared nanoparticles were
designated as follows: (1) LA-SN38 prodrug nanoparticles
PEGylated by DSPE-PEG;(y, (LDN), and (2) SAL and
LA-SN38 coloaded prodrug nanoparticles PEGylated by
DSPE-PEG;¢9o (CDN).

Particle morphology and size were analyzed by
dynamic light scattering (DLS), transmission electron
microscopy (TEM), and a Malvern Nano-ZS 90 laser
particle-size analyzer. TEM samples were prepared with
1% uranyl acetate and were observed using a TECNAL 10
transmission electron microscope (Philips) at an accelera-
tion voltage of 80 kV.
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Stability of Prodrug-Assembled LDN and

CDN

Prepared LDN and CDN were suspended in PBS (containing
10% FBS) at 37°C for 2 days. At predetermined time inter-
vals (2, 4, 8, 24, and 48 h), particle sizes were measured on
a Malvern Nano-ZS 90 laser particle-size analyzer.

In vitro Drug Release of LDN and CDN
The drug release from LDN and CDN was investigated using
a dialysis diffusion method. Briefly, 5 mL of prepared LDN
and CDN (0.5 mg/mL) were placed into the dialysis bag
(molecular weight cutoff: 3000 Da) and suspended in
40 mL PBS (containing 0.1% Tween 80). The sealed tube
was incubated at 37°C with stirring (100 rpm). At predeter-
mined time intervals (0.5, 1, 2, 4, 8, 24, 48, 72, and 96 h), the
release media (1 mL) were collected and fresh media (1 mL)
were supplemented. The content of the released drug was
determined by ultraviolet spectrophotometer.

Determination of the Encapsulation

Efficacy (EE) and Drug Loading (DL)

After careful preparation of LDN and CDN, solution was
centrifuged by centrifugal filter devices (Amicon Ultra,
MWCO 10 kDa, Millipore) to remove the drugs that are not
entrapped inside NPs. The filtrate was collected, and the
amounts of free SN38 were determined at 368 nm using
(UV2700, SHIMADZU,
Japan). The amounts of free SAL were determined as

ultraviolet  spectrophotometer
described previously."> Briefly, the filtrate derivatized with
vanillin (Aladdin, China) in an acidic medium at 72°C for 40
min. The derivatization mixture was determined at 527 nm by
ultraviolet spectrophotometer. The EE of SN38 or SAL was
calculated from the following formula: (We — Wt)/We x 100%.
The DL of SN38 or SAL was calculated from the following
formula: (We — W1)/Wt x 100%. We, W{, and Wt were defined
as the quality of totally added SN38 or SAL, the quality of free
LA-SN38 or SAL, and the quality of NPs, respectively.

In vitro Cellular Uptake

Confocal microscopic studies were performed to observe
the in vitro cellular uptake of LDN and CDN in HCC-LM3
cells. CyS5.5-labeled DSPE-PEG2000 was used to prepare
the NPs. HCC-LM3 cells were initially seeded on 35 mm
glass-bottom cell-culture dish (Thermo Scientific Nunc,
USA) at a density of 2 x 10° cells dish—1 and incubated
for 24 h. Later, NPs were added to the cells, which were
then incubated for 2 hours. After incubation, the cells were

washed with PBS and immediately visualized under con-
focal laser scanning microscopy (Olympus Fluoview FV-
3000, Japan) excitation at 640 nm.

Cytotoxicity and Combined Effect

Evaluation

To measure the cytotoxicity of these nanoparticles and the
anti-tumor synergistic effect of SAL and LA-SN38, HCC
cells were seeded in 96-well plates at a density of 5000 cells/
well. The cells were incubated overnight and treated with two
doses of SAL (0.25 and 0.5 uM) were used in combination
with different concentrations of SN38 (0, 0.1, 0.5, 1, 2, 5 and
10 uM), respectively. These three groups were defined as
LDN, LDN+ SAL 0.25 uM and LDN+ SAL 0.5uM. After
48h incubation, the CCK-8 assay was used to examine cell
viability. All experiments were performed in triplicate.

The coefficient of drug interaction (CDI) was used to
analyze the synergistic effect between LDN and SAL.'®
CDI was calculated as follows: CDI=AB/(AxB). AB
represents the ratio of the CDN group to the control
group in OD490, and A or B means the ratio of LDN/
SAL group to the control group in OD490. CDI<1 indi-
cates synergism, CDI<(0.7 indicates a significant synergis-
tic effect, CDI=1 indicates additivity and CDI>1 indicates
antagonism.

Colony Formation Assay

Cells (1x10°cells/plate) were seeded in 6-well plates and
incubated with free SAL, LDN, or CDN for 2 weeks.
Then, the cells were fixed with 4% paraformaldehyde for
20 min at room temperature, washed twice with PBS and
stained with Wright-Giemsa (NJJCBIO, China).

EdU (5-Ethynyl-2'-Deoxyuridine)
Proliferation Assay

To evaluate cell-proliferation, HCC cells were cultured with
free SAL, LDN, or CDN. Subsequently, the cells were incu-
bated with 50 mM EdU for 6 h according to the manufac-
turer’s protocol. The cell nuclei were stained with DAPI
(Sigma) at a concentration of 1 mg/mL for 20 min. The results
were determined by fluorescence microscopy (Nikon, 80i,
Japan).

Apoptosis Analysis

HCC-LM3 and PLC/PRF/5 cells were treated with DMSO,
free SAL (5 uM), LDN (5 uM), or CDN (5 uM) for 48 h.
The cells were then harvested and washed twice with cold
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PBS. Subsequently, the cells were resuspended in 100 pL
of binding buffer and 5 uL of FITC AnnexinV and 5 uL of
propidium iodide were added. Then, the cells were incu-
bated in the dark for 15 min. The apoptosis rate of the
HCC cells was quantified with a flow cytometer (BD
Biosciences, San Jose, CA, USA).

Transwell Invasion and Wound-Healing
Assays

HCC cell invasion was evaluated using the transwell assay.
Briefly, transwell cell-culture chambers were pre-coated with
50 pL of Matrigel (BD) in the upper chamber. After 30 min
of incubation at 37°C, 5 x 10* cells in 200 uL of DMEM
medium (without FBS) were added to the upper chamber.
Then, 600 pL of DMEM medium supplemented with 10%
FBS was added to the lower chambers. The cells were treated
with DMSO, free SAL, LDN, or CDN and were incubated at
37°C for 24 h. A cotton swab was used to remove the non-
invasive cells. The chambers were fixed in methanol for 10
min and stained with 0.5% crystal violet for 15 min. Six
random microscopic fields (magnification x 100) were
counted per well. All experiments were repeated three times.

Next, 5 x 10> cells were seeded into six-well plates.
After incubation for 24 h, a 200 pL pipette tip was used to
scratch the cells. Subsequently, the cells were treated with
medium containing DMSQO, free SAL, LDN, or CDN. The
cells were photographed at 0 and 48 h in the same position.
Wound closure was calculated as follows: (original wound
area — actual wound area)/area of the original wound x 100.

Stem Cell Sorting and Analysis

HCC cells were stained with anti-CD133-PE (AC133,
Miltenyi Biotec; Auburn, CA, USA). The cell samples
were sorted on a FACS Calibur apparatus, and the percen-
tage of CD133+ cells was analyzed using Cell Quest soft-
ware (BD Biosciences).

Tumor-Spheroid Formation

Spheroid formation was calculated to determine the effect of
SAL-induced stem-cell inhibition on HCC cells. Cells were
treated with DMSO, free SAL, LDN, or CDN and seeded in
six-well ultra-low-attachment plates (Corning) at a density of
500 cells per well. Spheres were incubated in serum-free
DMEM/F12 supplemented with 2% B27 (Invitrogen), 20 ng/
mL human recombinant fibroblast growth factor 2 (FGF-2),
20 ng/mL epidermal growth factor (EGF), 0.4% BSA, and 5

pg/mL insulin (Sigma). Seven days after plating, the spheres
were photographed and counted under a microscope.

Animal Experiments

For the cell-derived tumor-xenograft (CDX) model, 5 x 10°
HCC-LM3 cells were subcutaneously injected into male
Balb/C nude mice. For the patient-derived tumor-xenograft
(PDX) model, fresh patient HCC tissues were grafted into
male NOD/SCID-IL-2R-yc-KO (NSG) mice by subcuta-
neous injections. Once the tumor volume reached
200 mm?, the tumors were cut into pieces and were subse-
quently implanted into Balb/C nude mice for subsequent
established to be
100 mm®, mice were randomized and treated with sterile
saline, free SAL (4 mg/kg), LDN (10 mg/kg), and CDN

(10 mg/kg + 4 mg/kg) for two weeks (every two days by

experiments. Once tumors were

intravenous injection). Tumor volume and body weight were
estimated every three days using electronic Vernier calipers.
The tumor-volume-calculation formula used was as follows:
(length x width?)/2. All animal experiments were approved
by the ethics committee of the First Affiliated Hospital of
Zhejiang University. All experiments met the standards of
the institutional animal Care and Use committee of the
Zhejiang University School of Medicine.

Statistical Analysis

Statistical analyses were performed using SPSS 11.0 soft-
ware. All quantitative data are expressed as the mean +
SD. The statistical significance among the treatment
groups were assessed using two-tailed unpaired Student’s
t-test. P-values <0.05 (¥), <0.01 (**), or <0.001 (***) were
considered to indicate statistical significance.

Results
Preparation and Characterization of

Nanoparticles

As a proof of concept, we prepared nanoformulations by
quickly injecting the compounds into water. DSPE-PEGqo,
a widely used amphiphilic copolymer with the advantages of
reduced clearance by the reticuloendothelial system and
prolonged circulation time in vivo for drug delivery, was
adopted for PEGylation of self-assembled prodrug
nanoparticles.17 Briefly, LA-SN38 and DSPE-PEG;go
were premixed in DMSO at a 1:5 (w/w) ratio and then
rapidly injected into water to obtain LDN. To prepare code-
livered nanoparticles, SAL, LA-SN38, and DSPE-PEG;
were mixed at a 2:5:35 (w/w/w) ratio and then injected into
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water to obtain CDN (Figure 1). DLS was used to measure
the hydrodynamic diameters of LDN and CDN, which were
approximately 70 + 0.6 nm and 61.7 + 1.6 nm (Figure 2A),
respectively. The results indicated that the hydrodynamic
diameter of CDN is smaller than the diameter of LDN. It
is well known that the enhanced permeability and retention
(EPR) effect is the basis for nanoparticle accumulation and
penetration in tumor tissues and that particle size is consid-
ered one of the main factors of the EPR effect.'®"
Increasing evidence suggests that reducing particle size
will improve tumor penetration and distribution.?*
Therefore, compared with the accumulation of LDNs, the
accumulation of CDN may be enhanced in tumor tissues,
potentially enabling therapeutic effects. TEM was used to
observe the morphology of LDN and CDN, and showed that
LDN and CDN were dispersed as individual particles with
well-defined spherical structures (Figure 2B).

The stability of LDN and CDN was studied by measur-
ing the hydrodynamic size of LDN and CDN in the PBS
(containing 10% FBS) at 37°C for 48h. The results showed
that the structural stability of CDN was maintained for 48
h of incubation in serum-conditioned media, while the size
of LDN fluctuated between 50 nm and 100 nm after 24h of
incubation (Figure 2C). The drug release profile is an
important evaluation index of drug delivery system.
Therefore, the SN38 and SAL release profile from LDN
and CDN was evaluated at pH 7.4. About 70% of SN38
loaded in the LDN was released within 4h; however, SN38

\/\/-0

LA- SN38

Salinomycin

and SAL loaded in the CDN were released slowly in 96h
(Figure 2D). As shown in Table 1, the drug EE of LDN or
CDN was both >95%. The SN38 and SAL drug loading of
CDN was about 33.64% and 32.71%, respectively, indicat-
ing a high drug-loading capacity of CDN.

In vitro Cellular Uptake of LDN and
CDN

To calculate the in vitro cellular uptake of LDN and CDN,
Cy5.5-labeled DSPE-PEG2000 was used to prepare the
NPs. The prepared LDN and CDN were added to HCC-
LM3 culture medium and incubated for 2 hours. Confocal
microscopy was used to evaluate the cellular uptake. The
images indicated that LDN and CDN were effectively
internalized in HCC-LM3 cells (Figure 3).

In vitro Cytotoxicity

We next evaluated the anti-tumor effects of these formula-
tions. In vitro cytotoxicity of the HCC cell lines HCC-LM3,
Hep3B, and PLC/PRF/5 was evaluated by the CCK-8 assay
in. The tested cells showed dose-dependent viability inhibi-
tion after treated with LDN, LDN+ SAL 0.25 uM, and LDN+
SAL 0.5uM for 48 h at 37°C (Figure 4A). The ICsq values are
exhibited in Table 2. As expected, compared to monotherapy
with LDN, the combination therapy significantly enhanced
the anti-proliferative effects of cancer cells. These results
suggest that SAL decreases the ICs, values of LA-SN38.

- Y,

DSPE-PEG3g00

self-assembly nanoprodrug

Figure | Schematic illustration of the amphiphilic self-assembly of small-molecule prodrugs as drug-carrier platforms for systemic drug codelivery.
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Table | Encapsulation Efficiency (EE) and Drug Loading (DL) of
LDN and CDN

SN38 EE(%) | SN38 DL(%) | SAL EE(%) | SAL DL(%)

LDN 99.97 + 0.02
CDN 99.98 £ 0.02

49.98 + 0.01 - -
33.64 £ 001 97.24 £ 0.08 3271 £0.03

Abbreviations: LDN, LA-SN38 prodrug nanoparticles PEGylated by DSPE-
PEG2000; CDN, SAL and LA-SN38 coloaded prodrug nanoparticles PEGylated by
DSPE-PEG2000; SAL, salinomycin; SN38, 7-ethyl-10-hydroxycamptothecin.

Furthermore, the coefficient of drug interaction (CDI)
was used to evaluate the drug interaction between LDN
and SAL. The results suggested that the CDI was <1 in all
cell lines, which represents a synergistic effect between
LDN+ SAL. And we found that the degree of synergistic
effect varies in different cells. However, the synergistic
effect increases as the concentration of SAL increases in
all the three cell lines (Figure 4B).

In addition, the antitumor effects of the two drugs were
further investigated using enhanced BrdU (EdU) staining and
Colony formation assay. HCC cells treated with LDN+ SAL
presented with a lower EdU-positive cell ratio than compared
to LDN and free SAL at equivalent drug concentration
(Figure 4C). Meanwhile, LDN, free SAL and CDN all
induced significantly decreased colonies compared with con-
trol (Figure 4D). These results indicate that combining LA-
SN38 and SAL significantly decreases the cell mitosis rate.

Codelivery of Prodrug Nanoparticles

Promotes Apoptosis of HCC Cells in vitro
Many studies have shown that CSCs play a key role in che-
motherapeutic resistance.”>** Therefore, we hypothesized that

Cy5.5

B ...
B ...

Bright Merge

Figure 3 Cellular uptake of LDN and CDN. HCC-LM3 cells were treated with
LDN and CDN and incubated for 2h. The blue fluorescence of Cy5.5 was analyzed
by a confocal microscope. After 2h of incubation, blue fluorescence signal was
observed in HCC-LM3 cells indicating that LDN and CDN had been internalized by
tumor cells. Scale bar: 100 pm.

the CSC-inhibition drug SAL might overcome the resistance of
chemotherapeutic drugs. Here, we tested the apoptosis-
inducing effect of LDN, free SAL, and CDN via Annexin
V-FITC/PI staining to detect apoptosis and cell death by flow
cytometry. As shown in Figure 5, apoptosis of PLC/PRF/5 and
LM3 cells treated with CDN significantly increased; the apop-
totic ratio was 62.05%+4.46 and 62.43+2.52%, respectively.
These results suggest that CDN has a stronger apoptotic-
inducing effect on HCC cells than LDN (26.39+2.92% in
PLC/PRF/5 and 36.31%=+3.75 in LM3 cells) or free SAL
(22.27+£5.11% in PLC/PRF/S cells and 19.19%+6.91 in LM3
cells).

Codelivery of SAL and LA-SN38 Effectively
Inhibits the HCC Cell Migration and

Invasion

Over the past few decades, accumulating evidence has sug-
gested that CSCs comprise a small percentage of total cells in
tumor tissues; however, CSCs are considered the primary
causes of tumor recurrence and metastasis.”> >’ Furthermore,
cancer cells can acquire CSC characteristics by inducing
epithelial-mesenchymal transition (EMT), which is critical
for tumor invasion and metastasis.” Here, the inhibitory effect
of different therapeutic formulations on HCC cell migration
and invasion cells was examined by using the transwell and
wound-healing assays. As shown in Figure 6A, the ability of
invasion was indicated by the number of cells in the upper
chamber that travelled through the membrane to the lower
chamber. The results suggested that cells treated with free
SAL (327.3 + 26.1 in LM3 cells and 337.3 + 40 in PLC/
PREF/S cells) and CDN (208.3 + 15.3 in LM3 cells and 147.7 +
21.2 in PLC/PRF/5 cells) exhibited decreased invasive cap-
abilities compared with those treated with DMSO (810 + 36.1
in LM3 cells and 1046.7 + 65.8 in PLC/PRF/5 cells) and LDN
(612.7 = 16.8 in LM3 cells and 816.7 + 33.9 in PLC/PRF/5
cells) groups (Figure 6A, P <0.01). The wound-healing assay
and scratch areas of HCC cells treated with SAL, LDN, and
CDN were significantly smaller than those of the control
group (Figure 6B, P <0.05). This result was most robust for
the CDN group, where representative HCC cells migrated
more slowly after being treated with CDN. These data show
that CDN effectively inhibit HCC cell invasion and migration.

Codelivered Nanoparticles Effectively
Inhibit HCC Cells

Previous studies have identified CD133 as a cell-surface
marker of CSCs in HCC patients,”” and CDI33
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Table 2 Results of the Cell-Viability Assay (IC50 values, pM)
Following Treatment with LDN and LDN Combination with SAL
in HCC-LM3, Hep3B, and PLC/PRF/5 Cell Lines

PLC/PRF/5 HCC-LM3 Hep 3B
LDN 1.97+0.18 3.43+0.28 2.33+0.26
LDN+SAL 0.25uM 1.10+0.27 2.35%0.71 1.38+0.17
LDN+SAL 0.5uM 0.12+0.13 1.26+0.47 0.42+0.15

Abbreviations: LDN, LA-SN38 prodrug nanoparticles PEGylated by DSPE-
PEG2000; SAL, salinomycin.

overexpression leads to a shorter HCC survival period and
a higher risk of recurrence.’**! In addition, many studies
have shown that CD133+ HCC cells are resistant to con-
ventional chemotherapy and radiation.>*>* In the present

study, we examined the ability of different formulations to

inhibit HCC-CSCs. PLC cells were treated with free SAL,
LDN, or CDN at a concentration of 0.25 pM for 48 h, and
then the CD133+ subpopulation percentage was deter-
mined by FACS. The percentage of CD133+ cells in the
SAL and CDN groups significantly decreased compared to
the control group (5.15%=+0.49 vs 8.71%+0.51 and 3.99%
+1.33 vs 8.71%=0.51, respectively) (Figure 7A, p<0.05)().
We further investigated the inhibitory effect of different
formulations on CSC spheroid formation in HCC cells.
LM3 and PLC cells were incubated with 0.25 pM free
SAL, LDN, or CDN for 10 days, and free SAL and CDN
significantly  decreased spheroid-formation capacity
(Figure 7B). These data suggest that CDN inhibit HCC-
CSCs in vitro.
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Dual-Therapy Treatment Strategies

Efficiently Inhibit in vivo Tumor Growth
To explore the anti-tumor effect of these nano-
formulations in vivo, we generated an LM3-CDX precli-
nical model. Given the in vitro therapeutic results, we use
a 1:1 dose of SAL and LA-SN38 (both 10 mg/kg) for
in vivo treatment. However, tumor-bearing nude mice
died after intravenous injection of SAL, suggesting that
the mice could not tolerate this dosage because of systemic
SAL toxicity. Therefore, we tested several different con-
centrations of SAL in tumor-bearing mice and used 4 mg/
kg for further studies. To investigate the in vivo antitumor
efficacy of these experimental formulations, once the
tumors reached approximately 100 mm®, the xenograft
mice were randomly divided into four groups and were
then treated with NS, free SAL (4 mg/kg), LDN (10 mg/

kg), and CDN every two days. Tumors were fast-growing
in the saline and SAL group, while LDN and CDN treat-
ments significantly inhibited tumor growth. Notably, CDN
showed a greater antitumor effect in the CDX model
(Figure 8A). The most potent CDN antitumor was likely
due to following: (i) the smaller particle size of CDN
increases the penetration of nanoparticles in tumor tissues
via the EPR effect, and (ii) the codelivery of SAL and LA-
SN38 has a significant synergistic anti-tumor effect.
Additionally, we noticed that SAL monotherapy exhibited
no obvious inhibition of tumor growth.

Recently, increasing numbers of researchers have claimed
that CDX models are not ideal for predicting therapeutic
clinical efficacy because the behaviors, genomics, and hetero-
geneity of tumor cells are different from those of primary
tumor tissues.*> However, PDX models may preserve the
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Figure 7 The effect of CSC inhibition on HCC cells. (A) The proportion of the CD 133+ subpopulation of PLC/PRF/5 cells in different treatment groups. The percentage of
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SAL and CDN significantly decreased spheroid-formation capacity of HCC-LM3 and PLC/PRF/5 cells compared to the control group. Data are shown as means * SD,

P < 0.01, ¥*P < 0.001 for SAL or CDN vs control.

heterogeneity and microenvironment of the original patient
tumors, suggesting that drug metabolism results obtained in
these models are more clinically predictive than those
obtained in CDX models.>*>* Consequently, we investi-
gated the anti-tumor effect of these formulations in a PDX
model. Following treatment with NS, free SAL (4 mg/kg),
LDN (10 mg/kg), and CDN (SAL 4 mg/kg + LA-SN38
10 mg/kg), the tumor-bearing mice treated with CDN showed

a significant decrease in tumor volume (Figure 8B). In addi-
tion, SAL monotherapy failed to suppress tumor growth.
Taken together, these results imply that CDN are efficient
anticancer agent for HCC. Furthermore, no obvious body
weight changes were observed in the mice following the
different treatments (Figure 8C). This demonstrates that
the PDX model results may provide valuable information for
the clinical translation of CDN.
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Figure 8 Therapeutic activity of different drug formulations in cell- and patient-derived xenografts. Animals were randomized (five animals per group), and treated with
saline, free SAL (4 mg/kg), LDN (10 mg/kg), and CDN (10 mg/kg + 4 mg/kg) for two weeks. (A) Photographic images of tumors from the xenograft tumor-bearing nude mice
with in response to different treatments. (B) The tumor growth curve in CDX and PDX models. Tumor volume are presented as the mean * SD (n = 5). **p < 0.01 for
CDN (703.37£170.34) vs LDN (1598.92+542.44) and ***P < 0.001 for CDN vs SAL (2083.50+308.15) or Saline (2443.424643.42) in CDX models, *p < 0.05 for CDN
(458.26+207.44) vs LDN (846.39£297.11) and **P < 0.0 for CDN vs SAL (4280.74+1746.87) or Saline (2798.65+886.85) in PDX models. (C) Bodyweight change of the

CDX and PDX tumor-bearing nude mice in each group.

Histological Analysis of the Sections of

Tumor Tissues

PDX and CDX tumors were harvested at the end of the
treatment period and used for further histological analysis.
H&E staining was performed to evaluate tumor histomor-
phology, and we observed necrosis in CDN-treated tumors.
Compared to that in the control group, the protein expression
of the cell proliferation marker Ki67 was markedly
decreased in tumor tissues treated with LDN or CDN, with

CDN exhibiting the strongest inhibition of tumor prolifera-
tion. TUNEL staining was used to detect apoptosis in tumor
tissues, and the CDN group showed greater levels of intra-
tumoral apoptosis than the other groups (Figure 9).

Discussion

The overall five-year survival rate of HCC is less than 10%.
This is mainly due to the high incidence of postoperative
recurrence and chemo-resistance, which is often attributed to
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CSCs. Therefore, it is crucial to develop novel therapeutic
strategies targeting CSCs. In the present study, we developed
a SAL-loaded LA-SN38 nanoprodrug for HCC treatment. Our
results suggest that the SAL-loaded nanoprodrug formulation
has superior therapeutic efficacy against HCC by effectively
restraining CSCs and the malignant phenotypes of tumors.
SAL has been shown to inhibit CSCs in various cancer
types; several studies have indicated that SAL combined
with chemotherapeutic drugs, such as doxorubicin, tamox-
ifen, and cisplatin, enables synergistic anticancer activity in
gastric cancer, breast cancer, and cholangiocarcinoma.3 941
However, SAL possesses poor aqueous solubility and unfa-
vorable properties in terms of toxicity. Thus, to overcome
these disadvantages, nanoparticles have been used to deli-
ver SAL. SAL-loaded DSPE-PEG-methotrexate nanoparti-
cles significantly suppress tumor growth in head and neck
squamous cell carcinoma.*? In addition, codelivery of SAL

and doxorubicin wusing nanoliposomes significantly

decreases the percentage of HCC-CSCs in vivo.*

Conventional drug carriers consist of phospholipid-, cho-
lesterol-, or amphiphilic-polymers. Extensive use of these
excipients may lead to problems of carrier toxicity and meta-
bolism and can increase patient excretory burden;** substantial
effort has been devoted to resolving this these issues. Liang
et al developed a liposome-like nanocapsule by coupling two
hydrophobic CPT molecules and two hydrophilic-floxuridine
molecules. This nanocapsule exhibited the ability to codeliver
two therapeutics without the need for a carrier.*> Wang et al
employed PEGylated Cl6-ceramide (PEG-ceramide) as an
effective and safe therapeutic drug carrier to deliver SAL in
liver cancer, which increased apoptosis-inducing activity.*® In
our previous studies, SN-38 was modified with a lipophilic tail
and, allowing it to self-assemble in aqueous solutions. Here,
we applied LA-SN38 as a drug carrier loaded with SAL to
achieve combinational therapeutic effects.

Previous studies have reported that SAL inhibits pro-
liferation and induce apoptosis of HCC cells.*” Zhou et al
demonstrated that the combination of doxorubicin and
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SAL for targeting HCC decreases doxorubicin resistance
by activating FOXO3a, thereby inhibiting the expression
of B-catenin/TCF target genes.** Here, we found that SAL
enhanced HCC SN38 sensitivity. The adopted drug for-
mulations—including SAL, LDN, and CDN—effectively
inhibited HCC cell proliferation and induced apoptosis.
Combined treatment exhibited stronger effects compared
to that of separate treatments. The inhibitory effect of
CDN was significantly higher than that of the control,
LDN, or SAL alone. Furthermore, we evaluated the effects
of the different drug formulations on cell migration and
invasion. Our results suggest that CDN inhibits HCC cell
migration and invasion. These results may be due to the
reduction in the CSC population induced by SAL.
However, there was no significant difference between
SAL and CDN. We suspected that SN38 plays broad-
spectrum antitumor activity by inhibiting DNA synthesis;
however, CSCs have the ability to induce cell cycle arrest
(quiescent state) that support them to become resistant to
SN38. Therefore, in our codelivery system, SAL plays
a major role in stem cell inhibition, and the two drugs
had little synergistic effect on stem cell inhibition.

The therapeutic efficacy of these drug formulations
was tested in two tumor xenograft-bearing mice models:
CDX and PDX. Our data suggested that CDN markedly
inhibits tumor proliferation compared with PBS, SAL, or
LDN. The significantly enhanced therapeutic efficacy of
CDN may have been due to codelivery multiple therapeu-
tic agents by one nanoparticle that coordinates pharmaco-
kinetics and CSC inhibition by SAL. These results
demonstrate that although low-dose SAL monotherapy is
unable to suppress tumor growth, low-dose SAL delivery
by a prodrug-based nanosystem increases synergistic anti-
tumor effects likely due to the EPR effect and increased
sensitivity to drugs with different therapeutic mechanisms.

Conclusion

In summary, our results show that a codelivery system
using self-assembled small-molecule prodrugs represents
a potentially effective treatment strategy for improving the
survival of HCC patients. The advantage of this codelivery
strategy is its ability to encapsulate two drugs with differ-
ent mechanisms into a single nanoparticle with a simple
process. Furthermore, PEGylation prolongs nanoprodrug
circulation half-life and increases the blood stability of
nanoprodrugs to reduce systemic toxicity. Here, both
in vitro and in vivo results suggest that therapeutic strate-
gies using this codelivery nanoformulation may be

beneficial for HCC treatment in humans. This nanoprodrug
platform enables exploration of new strategies for combi-
nation therapy to overcome monotherapy resistance. We
propose a new type of prodrug-based codelivery system
that exhibits a synergistic anti-tumor effect via elimination
of CSCs.
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