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Abstract: Radiotherapy is the main locoregional control modality for many types of unresectable
tumors, including gastric cancer. However, many patients fail radiotherapy due to intrinsic
radioresistance of cancer cells, which has been found to be strongly associated with cancer stem
cell (CSC)-like properties. In this study, we developed a nanoparticle formulation to deliver miR-
200c, which is reported to inhibit CSC-like properties, and then evaluated its potential activity
as a radiosensitizer. miR-200c nanoparticles significantly augmented radiosensitivity in three
gastric cancer cell lines (sensitization enhancement ratio 1.13—1.25), but only slightly in GES-1
cells (1.06). In addition to radioenhancement, miR-200c nanoparticles reduced the expression of
CD44, a putative CSC marker, and the percentage of CD44* BGC823 cells. Meanwhile, other
CSC-like properties, including invasiveness and resistance to apoptosis, could be suppressed
by miR-200c nanoparticles. CSC-associated radioresistance mechanisms, involving reactive
oxygen species levels and DNA repair capacity, were also attenuated. We have demonstrated
that miR-200c nanoparticles are an effective radiosensitizer in gastric cancer cells and induce
little radiosensitization in normal cells, which suggests that they are as a promising candidate
for further preclinical and clinical evaluation.

Keywords: radiosensitizer, miR-200c, gelatinase-stimuli nanoparticles, cancer stem cell-like
properties, gastric cancer

Introduction
Gastric cancer remains a severe public health problem throughout the world, especially
in the People’s Republic of China.! Radiotherapy is the main locoregional control
modality for unresectable gastric cancer, but the intrinsic radioresistance of gastric
cancer cells leads to failure of radiotherapy in many patients.? The response of tumors
to radiotherapy has been found to be highly dependent on inactivation or survival
of cancer stem cells (CSCs) in several types of cancer,’ including gastric cancer.®
Recent studies suggest that CSCs might be more intrinsically radioresistant than their
counterparts without stem-like properties.*’ Radioresistance of CSCs may also be due
to more effective DNA repair capacity*’* and reduced reactive oxygen species levels.?
It was confirmed that inhibiting CSC properties would have the potential to improve
radiotherapy response.”'® CSC-targeted agents, including some herbal extracts,'!
salinomycin,'> and microRNAs (miRNAs), have shown promise as candidates for
enhancement of the effects of radiotherapy.

miRNAs are a class of small noncoding regulatory RNAs that regulate the trans-
lation of specific mRNAs. Several studies have revealed an association between the
miR-200 family and CSCs. miR-200c, a major member of this family, can inhibit
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CSCs by regulating critical CSC-like properties, such as
self-renewal, invasiveness, and differentiation.'>!3

In fact, members of the miR-200 family are well known to
be crucial modulators of epithelial-mesenchymal transition
(EMT) by suppressing expression of ZEB1 and ZEB2, two
transcriptional repressors of E-cadherin.!® Several reports
indicate that emergence of CSCs occurs in part as the result
of EMT.'” The EMT process results in acquisition of mes-
enchymal characteristics, including motility, invasiveness,
chemoresistance, and radioresistance. Intriguingly, these
characteristics triggered by EMT overlap with CSC-like prop-
erties, confirming an association between EMT, CSCs, and
therapeutic failure. Furthermore, there is evidence showing
that EMT may directly induce radioresistance.'®* Generation
of CSCs and the EMT process may be two coalitional and
overlapping factors affecting progression of cancer and
therapeutic failure."

Because of these functions, miR-200c has the potential to
promote radiosensitivity in cancer cells by inhibiting CSC-
like properties and repressing EMT. However, successful
application of miRNAs has been impeded by instability and
inefficient uptake by cells. To solve these problems, nano-
particle delivery systems have been investigated and could
improve the physical stability of miRNA structures, protect
miRNA from nuclease degradation, and aid in effective
cellular uptake.® Moreover, nanoparticles have the ability
to achieve tumor-targeted drug delivery via the enhanced
permeability and retention effect and a targeting strategy.
Nanoparticles could deliver functional miRNAs into living
cancer cells efficiently and selectively.

In a previous study, we developed gelatinase-stimuli
nanoparticles for tumor-targeted drug delivery.?'> These
nanoparticles consisted of gelatinase-cleavage peptide with a
poly(ethylene glycol) (PEG) and poly (e-caprolactone) (PCL)-
based structure. This structure was confirmed to be transformed
by gelatinases, which are secreted exogenously by cells,
facilitating drug release and cellular uptake. We then developed
miR-200c-loaded nanoparticles based on the gelatinase-stimuli
strategy, and evaluated their main characteristics. In the present
study, we investigated whether miR-200c-loaded gelatinase-
stimuli nanoparticles (miR-200c nanoparticles) can serve as
radiosensitizers. miR-200c nanoparticles were engineered, and
we then measured the radioenhancement efficacy of these nano-
particles in gelatinase-overexpressing gastric cancer cells and
gelatinase-deficient gastric epithelial cells using clonogenic and
MTT (3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyltetrazolium
bromide) assays. Expression of the CSC marker CD44 and of
the epithelial marker E-cadherin was detected by real-time poly-

merase chain reaction (PCR) and Western blot in the BGC823
human gastric adenocarcinoma cancer cell line. The percentage
of CD44* BGC823 cells was detected by flow cytometry. CSC-
like properties and CSC-associated radioresistance mechanisms
were also investigated.

Materials and methods

Cell culture and ionizing radiation

Three human gastric adenocarcinoma cell lines (BGC823,
SGC7901, and MKN45) and an immortalized human gastric
mucosa cell line (GES-1) were purchased from the Shanghai
Institute of Cell Biology (Shanghai, People’s Republic of
China) and maintained in Roswell Park Memorial Institute
1640 medium with 10% calf bovine serum, 50 units/mL
penicillin, and 50 units/mL streptomycin in 5% CO, at 37°C.
Radiotherapy was administered in vitro using a 4 MeV elec-
tron beam linear accelerator (Elekta, Stockholm, Sweden).

Preparation of miR-200c nanoparticles

and cellular uptake assay

PEG-Pep-PCL copolymers were synthesized via ring open-
ing copolymerization and amidation. miR-200c-loaded
nanoparticles were then prepared using a double-emulsion
solvent evaporation technique as previously described by
our group.” For the cellular uptake study, Rhodamine-B,
which has high water-solubility, was chosen as a fluorescence
probe to track the location of the nanoparticles. Rhodamine-
B-loaded gelatinase-stimuli nanoparticles were also obtained
by a double-emulsion solvent evaporation technique. Next,
10° BGC823 or GES-1 cells were seeded in 6-well plates
and incubated with Rhodamine-B-loaded gelatinase-stimuli
nanoparticles. The fluorescent signals were then imaged using
a fluorescence microscope (Olympus, Tokyo, Japan).

Cell viability assay

Cell viability after treatment with blank, free miR-200c, or
miR-200c nanoparticles was evaluated by MTT assay, per-
formed as described elsewhere.?® The four abovementioned
cell lines were treated with drugs for 24 hours, followed by
exposure to 6 Gy ionizing radiation. Cell proliferation was
determined by MTT assay 7 days post ionizing radiation.

Clonogenic survival assay

Cells were treated with subtoxic concentrations of miR-200c
nanoparticles (cell proliferation inhibition <15%, 128 wmol/L
for BGC823 and GES-1, 512 umol/L for SGC7901, and
256 umol/L for MKN45, respectively, Figure S1) for 24 hours
and then exposed to increasing doses of ionizing radiation
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(0, 2, 4, 6, and 8 Gy). The clonogenic survival assay and
determination of the sensitizer enhancement ratio (SER) were
performed as described previously (Figure S2).2* BGC823
cells were mock-treated or pretreated with nanoparticles for
24 hours and then exposed to 6 Gy of ionizing radiation.
Twenty-four hours following treatment, several assays were
performed as described in the following sections.

Transwell invasion assay

Cell invasiveness was assessed using the Transwell migration
assay. Six-well Transwell chambers (Corning Inc., New York,
NY, USA) containing 8 wm pores were prepared in advance
by coating with 700 uL Matrigel (BD Bioscience, San Diego,
CA, USA) on ice. The Transwell migration assay was then
performed as described elsewhere.? Briefly, BGC823 cells
that had been exposed to ionizing radiation with or without
pretreatment with blank nanoparticles or miR-200c¢ nanopar-
ticles for 24 hours were collected and suspended in serum-
free Roswell Park Memorial Institute 1640 medium (with a
cell density of 2x10° cells/mL). A 1 mL cell suspension was
added to the upper Transwell chamber and 1 mL of Roswell
Park Memorial Institute 1640 medium with 15% calf bovine
serum was added to the lower chamber. After 24 hours of
incubation, the cells remaining on the upper surface of the
chamber were removed, and the migrated cells adhering to the
lower surface were fixed with paraformaldehyde and stained
with Giemsa stain. The numbers of migrated cells in at least
five random microscopic fields per chamber were counted
under a light microscope at a magnification of 200x.

Real-time PCR assays

Real-time PCR assays to measure mRNA expression lev-
els of miR-200c, E-cadherin, and CD44 were performed
as published elsewhere.”® Total RNA was harvested from
cells using TRIzol® reagent (Life Technologies, Carlsbad,
CA, USA). The isolated RNA was reverse transcribed into
complementary DNA using an ExScript™ RT reagent kit
(Takara Bio Inc, Otsu, Japan) according to the manufacturer’s
instructions. The reaction was allowed to proceed at 25°C for
10 minutes and then at 37°C for one hour. For normalization,
reverse transcription PCR was done on complementary DNA
using eukaryotic 18S rRNA endogenous control primers and
a FAM-MGB probe (Applied Biosystems, Foster City, CA,
USA). A TagMan miRNA reverse transcription kit was used
to generate complementary DNA for PCR reaction in con-
junction with a miR-200c-specific primer and probe (Applied
Biosystems, assay ID 002300). The reverse transcription
primer for miR-200c is a hairpin primer that is specific for

mature miRNA and does not bind to the precursor molecules.
For validation of the microarray data, SYBR Green real-time
reverse transcription PCR was done using primers specific
for E-cadherin and CD44. The specific primer sequences are
shown in Figure S3. Relative mRNA and miRNA levels were
calculated using the comparative Ct method (AACt).

Western blot assay

Proteins in the cell culture supernatant were used directly
for matrix metalloproteinase-2/9 detection, and cell extracts
were prepared in suitable lysis buffer. Each sample was
measured by Western blot assay as indicated. In brief, each
sample prepared with loading buffer was separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
at a constant voltage and electrotransferred onto polyvi-
nylidene difluoride membranes (Millipore, Billerica, MA,
USA). The membranes were then blocked for one hour at
room temperature and incubated with a primary antibody
overnight at 4°C. The membranes were washed with TBS-T
buffer three times and then incubated with a secondary
antibody conjugated with horseradish peroxidase (Cell
Signaling Technology, Beverly, MA, USA) for one hour.
After washing three times, the blots were visualized using
an enhanced chemiluminescence method (Millipore). Rabbit
monoclonal antibodies against matrix metalloproteinase-
2/9, CD44, and E-cadherin were purchased from Abcam
(Cambridge, UK) and rabbit monoclonal antibodies against
caspase-3, caspase-8, caspase-9, and y-H2AX from Cell
Signaling Technology.

Flow cytometry assays

Reactive oxygen species generation, CD44 expression, and
apoptosis were measured by flow cytometry. Intracellular
reactive oxygen species levels were detected using the mem-
brane-permeable fluorescent probe, 2’,7’-dichlorofluorescin
diacetate (Beyotime Institute of Biotechnology, Shang-
hai, People’s Republic of China). For the CD44 detection
assay, cells were incubated with anti-CD44 phycoerythrin
(eBioscience, San Diego, CA, USA). Immunoglobulin
G-phycoerythrin was used as an isotype control. For the
apoptosis assay, cells were costained with Alexa Fluor 488
Annexin V and propidium iodide (Life Technologies) after
72 hours of treatment, and then measured according to the
manufacturer’s instructions.

Statistical analysis
The data are shown as the mean * standard deviation.
Comparisons between groups were evaluated by the
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Student’s #-test. P<<0.05 was accepted as being statistically
significant.

Results
Cellular uptake of gelatinase-stimuli
nanoparticles was dependent

on gelatinase expression

miR-200c nanoparticles were prepared as described, and
were found to have an average size of 170.440.80 nm. Their
surface charge (zeta potential) was —2.4+0.02 mV and their
polydispersity index was about 0.094. It has been reported
that the miR-200c-loaded nanoparticles delivered miR-200c
into BGC823 cells and showed sustained expression for
9 days.”

In previous studies, we found that intracellular and excre-
tory gelatinase (matrix metalloproteinase-2/9) levels are much
higher in BGC823, SGC7901, and MKN45 cells than in GES-1
cells. Matrix metalloproteinase-2/9 could not be detected in the
culture supernatant of GES-1 cells.? Using a cellular uptake
assay, we found that the fluorescence of Rhodamine-B-loaded
gelatinase-stimuli nanoparticles in gelatinase-overexpressing
BGC823 cells was significantly stronger than that in gelatinase-
deficient GES-1 cells (Figure 1A).

After 24 hours of treatment with blank nanoparticles, free
miR-200c, or miR-200¢ nanoparticles, we evaluated miR-
200c expression in BGC823 and GES-1 cells by real-time
PCR (Figure 1B). Free miR-200c had a negligible effect on
intracellular miR-200c expression in both BGC823 cells (1.3-
fold over control) and GES-1cells (1.2-fold over control), in
comparison with the other groups, significant miR-200c over-
expression (40.3-fold over control) was observed in BGC823
cells treated with miR-200c nanoparticles. Meanwhile, only
a 3.7-fold increase in miR-200c expression was observed in
GES-1 cells treated with miR-200c nanoparticles. Overall,
these results show that the nanoparticles delivered miR-200c
into BGC823 cells efficiently, but not into GES-1 cells.

miR-200c nanoparticles enhance
radiosensitivity in gastric cancer cells,

but only slightly in gastric mucosa cells

Cell survival curves obtained from the clonogenic survival
assay are shown in Figure 2A. Survival curves for the four
cell lines treated with blank nanoparticles or free miR-200¢
almost overlapped those for cells treated with ionizing radia-
tion alone. D0 values were calculated by a multitarget single-
hit model. Sensitizer enhancement ratio (SER) was calculated
as DO ratio between combination treatment and IR alone. As

shown in Figure 2B, treatment with blank nanoparticles or
free miR-200c did not induce a significant increase in DO
(P>0.05) in any of the cell lines when compared with cells
treated with ionizing radiation alone.

However, compared with the groups that received ion-
izing radiation alone, D0 of the miR-200c nanoparticles and
ionizing radiation group increased significantly in all three
gastric cancer cell lines (Figure 2B, P<<0.01 in BGC823 and
SGC7901 cells, P<0.05 in MKN45 cells). The SER value
was 1.25 for BGC823, 1.24 for SGC7901, and 1.13 for
MKN45. However, treatment with miR-200¢ nanoparticles
did not cause a statistically significant increase in DO in the
GES-1 cell line (P>0.05), for which the SER value was 1.06.
These results indicate that miR-200c nanoparticles enhance
radiosensitivity significantly in gastric cancer cells, but only
slightly in normal gastric mucosa cells.

The MTT assay also confirmed the selective radio-
enhancement achieved by miR-200c nanoparticles. The
miR-200c nanoparticles sensitized BGC823 cells to 6 Gy
of ionizing radiation and an additional 20.9% (P=0.011)
increased proliferation inhibition compared with cells
exposed to ionizing radiation alone. Similar results were
observed in SGC7901 (20.5%, P<<0.01) and MKN45 cells
(18.6%, P<<0.01), but the increase in GES-1 cells was only
5.4% (P=0.192, Figure 2C).

miR-200c nanoparticles affected
CSC markers and EMT

First, we determined the effects of the combination of miR-
200c nanoparticles and ionizing radiation on CD44 by flow
cytometry. Flow cytometry showed a significant decrease in
CD44" cell numbers when cells were treated with a combina-
tion of miR-200c nanoparticles and ionizing radiation (Figure
3A). Reductions in CD44 mRNA and protein expression levels
were also confirmed in the group treated with a combination of
miR-200c nanoparticles and ionizing radiation (Figure 3B).
We found that E-cadherin mRNA and protein expression
levels were upregulated by miR-200c nanoparticles (Figure
3B). miR-200c is known to be an EMT inhibitor by suppressing
E-cadherin. These results indicate that the basic functions of
miR-200c were maintained in the nanoparticle formulation.

miR-200c nanoparticles

suppressed CSCs-like properties

As shown in Figure 4A, the numbers of cells invading through
the membrane into the lower compartment of the chamber
in the Transwell invasion assay were 112.618.0, 83.7£6.1,
81.718.7,35.746.0 in the control, ionizing radiation, ionizing
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Figure | Cellular uptake of gelatinase-stimuli nanoparticles was dependent on expression of gelatinases.

Notes: (A) In a cellular uptake study, Rhodamine-B was used as a fluorescent marker to assess the efficiency of nanoparticle uptake by gelatinase-overexpressing cells
BGCB823 and gelatinase-deficient GES-| cells. BGC823 and GES-| cells (10° per well) were seeded in 6-well plates and incubated with 500 L of medium containing coumarin-
6-loaded nanoparticles for 6 hours at 37°C. The fluorescent signals from the cells were then imaged using a fluorescence microscope (Olympus, Tokyo, Japan). Microscopic
images of BGC823 and GES-1 cells incubated with Rhodamine-B loaded nanoparticles are shown in bright field (a and b) and in fluorescent field (c and d). The fluorescence
of Rhodamine-B-loaded gelatinase-stimuli nanoparticles in gelatinase-overexpressing BGC823 cells was significantly stronger than that in gelatinase-deficient GES-I cells. (B)
After 24 hours of treatment with blank nanoparticles, free miR-200c, or miR-200c nanoparticles, we evaluated the expression of miR-200c in BGC823 and GES-| cells by
real-time polymerase chain reaction assay. Free miR-200c had almost no effect on expression of intracellular miR-200c in BGC823 cells (1.3-fold over control) and GES-I
cells (1.2-fold over control). In BGC823 cells, compared with the other groups, significant miR-200c overexpression (40.3-fold over control) was observed in the miR-200c
nanoparticle groups. Meanwhile, in GES-1 cells, only a 3.7-fold increase of miR-200c expression was observed in the miR-200c nanoparticle groups.

Abbreviation: NPs, nanoparticles.
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Figure 2 miR-200c nanoparticles achieved selective radiosensitization.

Notes: (A and B) The radiosensitization effects of blank nanoparticles, free miR-200c, and miR-200c nanoparticles were measured using the clonogenic survival assay. Cells
were treated with subtoxic concentrations of miR-200c nanoparticles and equal concentrations of blank nanoparticles and free miR-200c for 24 hours and then exposed to
increasing doses of ionizing radiation (0, 2, 4, 6, and 8 Gy). DO values were calculated by a multitarget single-hit model (S =1—(1-e™"™°)N). The SER was calculated as the DO
ratio between combination treatment and ionizing radiation alone. Cell survival curves obtained from the clonogenic survival assay are shown in (A). Cell survival curves
for blank nanoparticles and free miR-200c in all the four cell lines almost overlapped with those for ionizing radiation alone. As shown in (B), blank nanoparticles and free
miR-200c did not induce significant DO increase (*P>0.05) over ionizing radiation alone groups in all the four cell lines. Compared with the ionizing radiation alone groups,
DO increased significantly in all three gastric cancer cell lines (**P<<0.01 in BGC823 and SGC7901 cells, *P<<0.05 in MKN4S5 cells). The SER value was 1.25 for BGC823, 1.24
for SGC7901, and |.13 for MKNA45, respectively. miR-200c nanoparticles did not cause a statistically significant DO increase in GES-1 (*P>0.05), and the SER value was 1.06.
miR-200c nanoparticles significantly enhanced both ionizing radiation-induced cell clonogenic death and inhibition of cell proliferation (P<<0.05) in gastric cancer cells, but
only slightly (*P>0.05) in GES-1 cells. (C) miR-200c nanoparticles sensitized BGC823 cells to 6 Gy ionizing radiation and an additional 20.9% (P=0.01 I) increased proliferation
inhibition compared with cells exposed to ionizing radiation alone. Similar results were observed in SGC7901 (20.5%, **P<<0.01) and MKN45 cells (18.6%, **P<<0.01).

However, the increase in GES-1 cells was only 5.4% (P=0.192).

Abbreviations: NPs, nanoparticles; IR, ionizing radiation; SER, sensitizer enhancement ratio.

radiation + blank nanoparticle, and ionizing radiation +
miR-200c nanoparticle groups, respectively. Compared with
the control, the other groups showed significant differences
(P<0.01). Furthermore, compared with the other three
groups, pretreatment with miR-200c¢ nanoparticles signifi-
cantly decreased the degree of cell invasiveness (P<<0.01).
We compared the expression of several critical apoptosis-
related proteins after treatment with miR-200c nanoparticles
with that in the control group. We found that the expression
of proapoptotic proteins, such as caspase-3, caspase-8, and
caspase-9, was significantly higher in the group treated with
miR-200c nanoparticles, whereas antiapoptotic protein Bcl-2
expression was significantly downregulated (Figure 4B). We
then measured the percentage of apoptotic cells 72 hours
after the treatments containing ionizing radiation. Compared
with the control, the other groups showed significant differ-
ences (P<<0.01). Compared with the cell groups treated with
ionizing radiation alone or a combination of blank nanopar-

ticles and ionizing radiation, cells pretreated with miR-200c
nanoparticles showed a significant increase in ionizing
radiation-induced apoptosis (2.22-fold, P<<0.01 for the ion-
izing radiation alone group; 2.07-fold, P<<0.01 for the blank
nanoparticles and ionizing radiation group). But compared
with the ionizing radiation alone group, cells pretreated with
blank nanoparticles did not significantly increase the ionizing
radiation induced apoptosis (P>0.05, Figure 4C).

miR-200c nanoparticles attenuated CSC-

associated radioresistance mechanisms

We detected basic and ionizing radiation-induced reactive
oxygen species levels using 2’,7’-dichlorofluorescin diac-
etate. Treatment with miR-200c nanoparticles increased the
prominent mean fluorescent intensity compared with controls
(1.28-fold, P<<0.01, Figure 5A). Compared with untreated
controls, the groups treated with ionizing radiation showed a
significant increase in mean fluorescent intensity (P<<0.01).
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Figure 3 miR-200c nanoparticles affected cancer stem cell properties and the epithelial-mesenchymal transition process.

Notes: (A) Twenty-four hours after treatment, BGC823 cells were incubated with anti-CD44-PE and then analyzed by flow cytometry. The combination of miR-200c nanoparticles
and ionizing radiation caused a reduction in the number of CD44" cells. (B) mRNA and protein levels of CD44 and E-cadherin were also detected by real-time polymerase chain
reaction and Western blot. The combination of miR-200c nanoparticles and ionizing radiation reduced CD44 expression and increased E-cadherin expression.
Abbreviations: NPs, nanoparticles; IR, ionizing radiation; PE, phycoerythrin.

More importantly, the mean fluorescent intensity of cells increased both basic and ionizing radiation-induced reactive
treated with a combination of miR-200c nanoparticles and  oxygen species levels in BGC823 cells.

ionizing radiation increased significantly compared with To investigate the induction and repair of ionizing radiation-
that in cells treated with ionizing radiation alone (1.15-fold,  induced DNA double strand breaks, y-H2AX expression was
P<0.01, Figure 5B), confirming that miR-200c nanoparticles = measured at several time points post-ionizing radiation. For cells
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Notes: (A) The invasiveness of BGC823 cells was measured using the Transwell invasion assay. The cell numbers invading through the membrane into the lower compartment of
the chamber were 112.6+8.0, 83.7+6.1, 81.7+8.7, and 35.7%6.0 in the control, ionizing radiation, ionizing radiation + blank nanoparticle, and ionizing radiation + miR-200c nanoparticle
groups, respectively. Compared with the control group, the other groups showed significant differences (P<<0.01). Further, compared with the other three groups, the miR-200c
nanoparticle + ionizing radiation combination group significantly decreased cell numbers invading through the membrane (**P<<0.01). Compared with the ionizing radiation alone
group, cells pretreated with blank nanoparticles did not significantly decrease the degree of cell invasiveness (*P>0.05). (B) After 24 hours of treatment with miR-200c nanoparticles,
expression of several apoptosis-related proteins in BGC823 cells was detected by Western blot. Compared with the untreated control, caspase-3, caspase-8, and caspase-9 levels
were significantly higher in the miR-200c nanoparticle group, whereas the antiapoptotic Bcl-2 protein level was significantly downregulated. (C) Cell apoptosis was examined by
costaining with annexin V and propidium iodide. Compared with the control group, the other groups showed significant differences (P<<0.01). Compared with the group receiving
ionizing radiation alone, BGC823 cells pretreated with miR-200c nanoparticles showed a significant increase in ionizing radiation induced-apoptosis (2.22-fold, *P<<0.01). Compared

with the ionizing radiation alone group, cells pretreated with blank nanoparticles did not significantly increase the ionizing radiation induced apoptosis (“P>0.05).

Abbreviations: NPs, nanoparticles; IR, ionizing radiation.

treated with ionizing radiation alone, DNA double strand break
repair was mostly complete by 16 hours after ionizing radiation.
In contrast, when cells were treated with a combination of miR-
200c nanoparticles and ionizing radiation, significantly higher
expression of v-H2AX was observed at 16 hours. Even at 24
hours, expression of -H2AX could be detected (Figure 5C).
Therefore, we concluded that miR-200c nanoparticles delay the
repair of radiation-induced DNA double strand breaks.

Discussion

In previous work, we developed miR-200c-loaded nanoparti-
cles based on a gelatinase-stimuli strategy, and evaluated their
main characteristics.?® In this study, we investigated further

whether miR-200c nanoparticles could act as radiosensitizers.
Based on the abovementioned results, we demonstrated that
the two main advantages of miR-200c nanoparticles are their
selective therapeutic effect and significant radioenhancement
via inhibition of CSC-like properties. The former benefited
from the gelatinase-stimuli strategy and the latter could be
attributed to the function of miR-200c.

Free miR-200c barely affected intracellular miR-200c
expression and had no radiosensitization effect in BGC823
cells. In contrast, miR-200c¢ was delivered into BGCS823 cells
effectively by the nanoparticle formulation (with a 40.3-
fold increase in miR-200c expression over control) and the
miR-200c nanoparticles had a significant radioenhancement
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Figure 5 miR-200c nanoparticles impaired cancer stem cell-associated radioresistance mechanisms.

Notes: (A and B) Basic and ionizing radiation-induced reactive oxygen species levels were detected by flow cytometry using 2’,7’-dichlorofluorescin diacetate. Treatment
with miR-200c nanoparticles resulted in an MFl increase over control (1.28-fold, **P<<0.01). Compared with the untreated control, other ionizing radiation-containing groups
showed a significant increase in MFI (P<<0.01). More importantly, compared with the ionizing radiation alone group, the MFl in the miR-200c nanoparticle + ionizing radiation
group increased significantly (1.15-fold, **P<<0.01). Compared with the ionizing radiation alone group, cells pretreated with blank nanoparticles did not significantly increase
MFI (*P>0.05). (C) y-H2AX expression was measured at several time points post-ionizing radiation to determine the induction and repair of ionizing radiation-induced DNA
double strand breaks. DNA double strand break repair was almost complete 16 hours after treatment in cells receiving ionizing radiation alone. In contrast, significantly higher
expression of v-H2AX was observed at |16 hours when treated with miR-200c nanoparticles + ionizing radiation; even at 24 hours, expression of y-H2AX could be detected.
Abbreviations: NPs, nanoparticles; IR, ionizing radiation; MFIl, mean fluorescent intensity; FITC, fluorescein isothiocyanate.

B-actin

effect. These data demonstrate that the gelatinase-stimuli  therapeutic strategy and could even interrupt treatment.

nanoparticle formulation was an effective strategy for nucleic
acid-based drug delivery.

Nonselective radiosensitization may increase ionizing
radiation-induced injury to normal cells. The overlapping
adverse reactions produced by ionizing radiation and a
radiosensitizer will increase the risks associated with this

Selective radioenhancement effect was also achieved by the
gelatinase-stimuli strategy. Gelatinases are generally overex-
pressed in a number of tumors but are almost undetectable
in a nonpathological environment,?” and in previous studies
we found that intracellular and excretory gelatinase levels
were much higher in BGC823, SGC7901, and MKN45

International Journal of Nanomedicine 2014:9

submit your manuscript

2353

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Cui et al

Dove

cells than in GES-1 cells.?® We have already confirmed that
PEG-Pep-PCL conjugates can be cleaved by gelatinases.”!
The resulting non-PEGylated nanoparticles have a higher
affinity for cells than PEGylated nanoparticles, causing
greater intracellular drug accumulation. This improved
cellular uptake of nanoparticles depends on the cellular
gelatinase expression level. In the present cellular uptake
and PCR assays, selective miR-200c nanoparticle uptake
efficiency was seen between cancer cells and normal cells.
The final selective radioenhancement effect is probably
attributable to this selective cellular uptake.

miR-200c was effectively and selectively delivered by
gelatinase-stimuli nanoparticles, and our results show that
the significant radioenhancement achieved was closely
associated with inhibition of CSC-like properties. Firstly,
we detected the impact of miR-200c nanoparticles on gas-
tric cancer stem cell markers, which are presently thought
to include CD44. Takaishi et al® found that CD44 was a
potential marker for gastric CSCs by screening a series of
potential CSC markers in various human gastric cancer cell
lines. CD44" gastric cancer cells showed spheroid colony
formation properties in vitro and tumorigenicity in vivo, but
CD44- gastric cancer cells did not. Further, CD44* gastric
cancer cells showed much greater resistance to chemotherapy
and radiotherapy than CD44~ gastric cancer cells, Also, in
CD44+ gastric cancer cells, high CD44-expressing cells
showed significant superiority in both spheroid colony forma-
tion properties and tumorigenicity than low CD44-expressing
cells. These authors also found some gastric cancer cell lines
(MKN-45 and MKN-74) had a sizeable subpopulation of
CD44* cells (up to 94%). We found that BGC823 cells also
had high CD44 expression (up to 86.8%) and that treatment
with a combination of miR-200c nanoparticles and ionizing
radiation reduced the percentage of CD44" cells and CD44
mRNA and protein expression in BGC823 cells. Therefore,
the radiosensitization effect of miR-200c nanoparticles in
gastric cancer cells was associated with the reduction of the
percentage expressing CD44 and the total expression level.
It has been reported that emergence of CSCs is partly due
to EMT."” Several studies have also reported a relationship
between EMT and radioresistance.'®*® Our results indicate
that the combination of miR-200c nanoparticles and ionizing
radiation increases expression of E-cadherin, an important
epithelial marker, and could reverse the EMT process. Our
experiments further confirmed that two main properties
of CSCs, ie, invasiveness and resistance to apoptosis, and
two main mechanisms involved in CSC radioresistance, ie,
reactive oxygen species generation and DNA double strand

break repair, were impaired by the miR-200c nanoparticles,
suggesting that radiosensitization of miR-200c nanoparticles
is dependent on its ability to inhibit CSCs.

Our present results suggest that miR-200c nanopar-
ticles have some potential advantages that warrant further
investigation. Firstly, CSCs and normal stem cells share
many common characteristics, and CSC-targeted therapies
tend to simultaneously injure normal stem cells. It has been
reported that members of the miR-200 family can also
influence generation of normal stem cells.?? Our miR-200c
nanoparticles could overcome this problem to some extent
by the gelatinase-dependent difference in uptake between
cancer cells and normal cells. Secondly, overexpression of
gelatinase was associated with radioresistance® and CSCs.*!
Cellular uptake of gelatinase-stimuli nanoparticles depends
on cellular expression of gelatinase. Therefore, the gelatinase-
stimuli strategy had the potential to target nanoparticles more
effectively to these radioresistant cell populations. Thirdly,
the adverse effects of radiotherapy, especially ionizing
radiation-induced invasion, are of increasing concern.’>34
Bao et al* and Phillips et al” have reported that ionizing
radiation enriches the CSC-like subpopulation. It was also
reported that ionizing radiation could prompt cancer cells
to undergo EMT.** These reports suggest that, CSCs and
EMT were associated with ionizing radiation induced inva-
sion. Tumor metastasis in spite of successful local control
by ionizing radiation is encountered in many patients. The
combination of anti-invasion drugs and ionizing radiation
may improve the clinical outcomes in such cases. miR-200c-
loaded nanoparticles are agents that can potentially decrease
ionizing radiation-induced invasion by simultaneously sup-
pressing CSCs and EMT. Moreover, gelatinases that degrade
the extracellular matrix are closely related to the invasiveness
of cancer cells.”” The gelatinase-stimuli strategy enables
nanoparticles to be better targeted to cancer cells with high
metastatic potential.

Certain miRNAs have been confirmed to have important
roles in the response to ionizing radiation.** However, the
effect of therapeutic miRNAs and ionizing radiation used in
combination has not been well studied. Ionizing radiation
may further influence the unstable structure and function
of miRNAs. Due to their unique properties, miRNA-loaded
nanoparticles have the potential to overcome this problem.
Meanwhile, by using a targeting strategy, nanoparticles can
further improve the efficacy of tumor-specific drug delivery
beyond enhanced permeability and retention-mediated tumor
homing. Nanomedicine with a targeting strategy will have
the greatest impact when used as a radiosensitizer.?” In this
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study, we detected the radiosensitization effect of miR-200c

in gastric cancer cells. Our results demonstrate that miR-200-

c-loaded nanoparticles enhance the effects of radiotherapy

effect for the following reasons:

e cfficient delivery of miRNA, with enhanced miRNA
stability and cellular uptake

e tumor-targeted delivery of miRNAs as a radiosensitizer,
exploiting the difference between the microenvironments
of tumor cells and normal cells, achieving the maximal
benefits of radiotherapy with regard to injuring cancer
cells while sparing normal cells

e (CSC-related radiosensitization, increasing the radio-
sensitivity of cancer cells by impairing the two main
mechanisms involving in radioresistance of CSCs

e reducing invasiveness, with the potential to decrease
ionizing radiation-induced invasion

e better targeting of nanoparticles to cell subpopulations
with radioresistance and high metastatic potential via the
gelatinase-stimuli strategy.

To our knowledge, this is the first study demonstrating
the radioenhancement potential of miR-200c in gastric can-
cer and the radiosensitization was associated with its CSCs
inhibitory function. In vivo research based on subcutaneous
transplanted tumor models and even models of human gas-
tric carcinoma involving orthotopic transplantation is now
needed. More studies also need to be done in other tumor
types to confirm further the superiority of miR-200c-loaded
nanoparticles with regard to radioenhancement.

Conclusion

Our study demonstrates that miR-200c nanoparticles were
effective radiosensitizers in gelatinase-overexpressing gastric
cancer cells but had little radiosensitization in gelatinase-
deficient normal gastric mucosa cells. The radioenhancement
in gastric cancer cells was associated with suppressing CSC-
like properties and impairing CSCs associated radioresistance
mechanisms. In conclusion, miR-200c nanoparticles were
highly selective and effective radiosensitizers in gastric
cancer by inhibiting CSC-like properties and the EMT pro-
cess, making them a potentially superior platform for further
preclinical and clinical evaluation.
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Supplementary material
The cytotoxicity of miR-200c

nanoparticles
Four kinds of cells were treated with blank nanoparticles
(NPs), free miR-200c or miR-200c NPs for 24 hours, and then
cell viability was measured by the MTT assay to determine
subtoxic concentrations of miR-200c NPs (Figure S1).
Firstly, we found that blank NPs almost did not show
cytotoxicity to all four kinds of cells (cell proliferation inhibi-
tion <5%) in the tested concentration range, indicating the
copolymers were almost nontoxic to tested cells.

Il Blank NPs
[ Free miR-200c
I MiR-200c NPs

Cell proliferation inhibition
(% control)

64 pmol/L 128 mol/L 256 pmol/L 512 pmol/L

miR-200c NPs caused cytotoxicity in all kinds of cells
in a dose-dependent manner. Free miR-200c induced much
lower cytotoxicity than miR-200c NPs at each concentration.
Obtained lower concentrations of miR-200c NPs that induced
slight cytotoxicity (cell proliferation inhibition <15%) were
used as subtoxic concentrations for subsequent planned
experiments. This was a prerequisite for studying radiosen-
sitization and to ensure that the subsequent findings did not
attribute to a direct cytotoxic effect. The used concentrations
were 128 umol/L for both BGC823 and GES-1, 512 umol/L
for SGC7901, and 256 umol/L for MKN45, respectively.
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Figure S1 Inhibition of cell proliferation by miR-200c nanoparticles on four types of cells.
Abbreviation: NPs, nanoparticles.
. . Number of colonies formed
Plating effciency (%) = x 100

Number of cells seeded

Number of colonies formed after treatment

x 100

Surviving fraction (%) =

Number of cells seeded x PE

DO value of drug + IR group

Sensitizer enhancement ratio (%) =
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Figure S2 Calculations of plating efficiency, surviving fraction and the sensitizer enhancement ratio.
Notes: DO values were calculated by a multitarget single-hit model (S=I—(1—e®™°)N). Sensitizer enhancement ratio was calculated as a DO ratio between combination

treatment and IR alone.
Abbreviations: IR, ionizing radiation; PE, plating efficiency.
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E-cadherin (forward 5'-GCTCTTGGCTGTGCAGATTA-3',
reverse 5-ACGGTTATACCCAGCAGTCC-3')
CD44 (forward 5'-CTGGGTCCCTCTTCAACACT-3',
reverse 5'-TGTTCTAGGGACCACGTTGA-3)
B-actin (forward 5'-TTCCTGGGCATGGAGTC-3',
reverse 5-CAGGTCTTTGCGGATGTC-3)

Figure S3 Primer specific sequences for E-cadherin, CD44 and B-actin control in the SYBR® Green real time PCR.
Abbreviation: PCR, polymerase chain reaction.
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