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Background: MicroRNAs (miRNAs) are widely believed to be promising targets for oral

squamous cell carcinoma (OSCC) gene therapy. miR-214 has been identified as a promoter

of OSCC aggression and metastasis.

Methods: Graphene oxide-polyethylenimine (GO-PEI) complexes were prepared and loaded

with a miRNA inhibitor at different N/P ratios. The transfection efficiency of GO-PEI-inhibitor

was tested in Cal27 and SCC9 cells. Moreover, the tumor inhibition ability of GO-PEI-inhibitor

was measured in an OSCC xenograft mouse model by intratumoral injection.

Results: Here, we show that a GO-PEI complex efficiently delivers a miR-214 inhibitor into

OSCC cells and controls the intracellular release of the miR-214 inhibitor. These results

indicate that the GO-PEI-miR-214 inhibitor complex efficiently inhibited cellular miR-214,

resulting in a decrease in OSCC cell invasion and migration and an increase in cell apoptosis

by targeting PTEN and p53. In the xenograft mouse model, the GO-PEI-miR-214 inhibitor

complex significantly prevented tumor volume growth.

Conclusion: This study indicates that functionalized GO-PEI with low toxicity has promis-

ing potential for miRNA delivery for the treatment of OSCC.
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Introduction
Oral squamous cell carcinoma (OSCC) is one of the six most common malignant

cancers.1,2 Although surgery, radiotherapy and chemotherapy techniques are con-

tinuously developing, the prognosis of OSCC is still rather poor.3,4 Recurrence and

metastasis are commonly encountered. One important reason is that the anticancer

drugs have low efficiency and are highly toxic to normal tissues. Recently,

microRNAs (miRNAs) have been known as one of the most promising candidates

for gene therapy,5,6 and gene drug delivery systems with nanodrug carriers have

received widespread attention.

miRNAs are small noncoding RNAs that consist of 19–23 nucleotides and have

important functions in various biological and pathological processes.7,8 The dysregu-

lated expression of miRNAs has links with different kinds of tumors.9–11 Among

a variety of miRNAs, miR-214 has been shown to promote tumor progression by

regulating multiple signal pathways in OSCC.12–14 It has been reported that miR-214

knockdown inhibits tongue squamous cell carcinoma proliferation and promotes cell

apoptosis.15 Therefore, miRNA-214 could serve as a potential therapeutic target in
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OSCC. Recently, antimiRs or antagomiRs were used to

inhibit the function of miRNAs.16,17 AntagomiRs containing

2ʹ-O-methyl-modified ribose sugars (2ʹ-OMe) were the first

miRNA inhibitors used in vivo.18 Although antagomiRs are

more stable in vivo than anti-miRNA oligonucleotides

(AMOs), the exact high dose needed to be used in tissues

hindered their application.19 Great efforts have been made to

deliver synthetic oligonucleotides effectively into cells or

in vivo, and these efforts include the application of liposome

formulations and nanocarriers.20 However, the results are far

from satisfactory. Therefore, good vectors that can protect

and deliver miRNAs effectively into cells are required for

miRNA therapy.

Graphene oxide (GO) has become prominent in drug or

gene delivery due to its excellent physicochemical proper-

ties, two-dimensional structure, high surface-to-volume

ratio, strong absorption ability, etc.21,22 GO efficiently loads

aromatic chemotherapeutic drugs via π-π interactions.23 It

could potentially be used in gene vector systems for its out-

standing properties.24 However, nucleic acids and GO both

carry a negative charge, and the charge would cause electro-

static repulsion between them.25 To circumvent this issue, we

designed a functionalized GO with positively charged poly-

etherimide (PEI). PEI has been known as one of the most

powerful cationic gene delivery vectors because of its strong

proton sponge effect.26,27 Abundant PEI can bind to GO and

combine negative miRNA inhibitors to GO. In this study,

PEI-functionalized GO was used for the delivery of a miR-

214 inhibitor into OSCC cells and xenograft tumors for

antitumor therapy by inhibiting tumor growth and progres-

sion by suppressing miR-214 and activating the PTEN/PI3K/

AKTsignaling pathway. A schematic description ofmiR-214

inhibitor delivery byGO-PEI complexes for OSCC treatment

is shown in Figure 1.

Experiments and Methods
Preparation of GO-PEI
GO (Aladdin, Shanghai, China) was subjected to ultrasoni-

cation for 8 h at 800 Wand centrifuged at 5000×g for 20 min

to remove large GO sheets. The supernatant was filtered three

times with 0.45 mm syringe filters, and the nano-GO col-

lected in the filtrate was subjected to further modification.

GO was linked to PEI (Sigma-Aldrich, Missouri, USA)

through the formation of amide bonds using methods

reported in the literature.28 Briefly, we slowly added

a solution of PEI (25-kDa, 1 mg/mL) to the GO solution

(1 mg/mL). The GO-PEI complexes were obtained by

mixing the PEI solution with the GO solution at a GO:PEI

weight ratio of 1:3. The mixture was ultrasonicated for 15

min and stirred overnight. To remove unbound PEI, the

reaction complexes were washed with ddH2O and centri-

fuged extensively (2000 ×g, 30 min, 4 °C). The size distribu-

tions of GO and GO-PEI were tested using a dynamic light

scattering (DLS) spectrophotometer (Otsuka Electronics,

Japan). The UV-vis absorption spectrum (190–800 nm) was

obtained for GO and GO-PEI samples (10 μg/mL) using an

ultraviolet-visible spectrophotometer (Shimadzu, Japan).

The surface charge of GO and GO-PEI samples was mea-

sured by a Zetasizer (Malvern Nano ZS, Malvern, UK), and

the sample could be either suspended in deionized water or in

cell culture medium. The internal structures of GO and GO-

PEI samples were observed by transmission electron micro-

scopy (TEM, ht7700, Hitachi, Japan).

Cell Viability Assay
Human oral cancer Cal27, SCC9 and SCC25 cell lines

(Geneseed, Guangzhou, China) were used in this study. The

CCK-8 assay was utilized to measure the cytotoxicity of GO

and the GO-PEI complexes. Briefly, the Cal27, SCC9 and

SCC25 cells were cultured with GO-PEI at various concentra-

tions for 48 h. Then, 10μLofCCK-8 test solutionwas added to

each well and incubated for 2 h at 37 °C. The absorbance of

each well was tested at 450 nm by a microplate reader

(Molecular Devices, CA, USA). The ratio of cell viability

was as follows: (%) = (OD treatment group/OD control

group)×100%. This experiment was performed in triplicate.

Analysis of the Cellular Uptake of GO-PEI
The cellular uptake of GO-PEI was measured by GO-PEI

labeled with FITC dye.29 GO-PEI and FITC-BSA solution

(Bioss, Inc., Beijing, China) (1 mg/mL) was mixed with

a mass ratio of 1:2 at 37 °C for 2 h and then centrifuged at

10,000 ×g, and the supernatant was discarded. For the cel-

lular uptake test, Cal27 and SCC25 cells were incubated with

GO-PEI-FITC (10 μg/mL) without serum for 24 h. GO-PEI-

FITC-treated Cal27 and SCC25 cells were fixed with 4%

paraformaldehyde in PBS for 15 min at 4 °C. The cells were

stained with DAPI (Sigma-Aldrich, Missouri, USA)

(1:2000) for 15 min and observed under a laser scanning

confocal microscope (Carl Zeiss, Inc, Jena Germany).

miRNA Delivery Analysis
The miR-214 inhibitor was purchased from Ribobio

(Ribobio, Guangzhou, China), and the accession number

was MIMAT0000661 (the sequence: ACAGCAGGCACA
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GACAGGCAGU). GO-PEI complexes were mixed

with a cy3-labeled miRNA inhibitor solution at N/P ratios

of 30 for 1 h. The mixture was incubated on ice for 1 h,

heated at 65 °C for 10 min and centrifuged at 10,000 ×g;

then, the supernatant was removed. Cal27 and SCC9 cells

were seeded in 24-well plates and cultured overnight before

transfection. GO-PEI-inhibitor complexes were added to

Cal27 and SSC9 cell culture medium for 1, 4, 8, 16, 24, 36,

48 and 72 h. Cy3-miRNA delivery was analyzed using

fluorescence microscopy (Olympus, Japan).

Migration and Invasion Assays
Cancer cell migration and invasion were usually evaluated

using transwell assays. To measure the cell invasion abil-

ity, the upper chamber was precoated with 2% Matrigel

(100 μL, BD Biosciences), and 5×104 cells were seeded in

the upper chamber of transwell with 200 μL serum-free

medium (5 μg/mL lipo-inhibitor or GO-PEI-inhibitor).

Then, 600 μL medium with 10% FBS was added to the

lower chamber. After 24 h incubation, the noninvasive

cells in the upper chamber were gently removed. The

cells that transferred through the filter membrane were

fixed and stained with a 0.1% crystal violet solution. The

cell numbers on the filter were calculated in 4 random

fields of view under a microscope. For the migration

assay, the cells were seeded in 24-well plates and cultured

to achieve 100% confluence. A 200 μL pipette tip was

used to make a wound through the cell monolayer. The

media was aspirated, and the cells were washed twice

carefully. Pictures were taken of the wounds under an

inverted microscope at several time points.

Immunofluorescence Staining and

Western Blotting Analyses
Cal27 cells were seeded onto coverslips in 24-well plates

(5×104 cells/well) and cotreated with GO-PEI-inhibitor for

Figure 1 Schematic illustration shows the synthesis of GO-PEI-inhibitor complexes and miR-214 inhibitor delivery. GO was conjugated with PEI to form positively charged

GO-PEI complexes. For miR-214 inhibitor delivery, negatively charged miR-214 inhibitor was loaded onto the GO-PEI complexes by electrostatic interactions. The miR-214

inhibitor was delivered into cells and inhibited the expression and function of miR-214, subsequently regulating the expression of downstream genes. GO-PEI-inhibitor was

applied to mice tumors through intratumoral injection.
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24 h. After being washed with PBS, the cells were fixed,

permeabilized as described,30 blocked in 3% horse serum,

washed with PBS 3 times and incubated with the primary

antibody (1:250 dilution) overnight at 4 °C. The primary

antibody was specific for p-PTEN and p-p53 (Abcam,

MA, USA). After being washed with PBS, the cells were

incubated with the secondary antibody (1:300, Jackson

ImmunoResearch, PA, USA) for 1 h at room temperature

in the dark. After washing, the cells were counterstained

with DAPI and visualized with a fluorescence microscope.

The fluorescence microscopic images were captured and

analyzed using ImageJ. For the Western blot assay, cells

were lysed and the protein was extracted after treatment.

The protein concentration was analyzed by a BCA Protein

Assay Kit (Beyotime, Shanghai, China). The same amount

of protein (30 μg) was loaded onto a 12% SDS-PAGE gel

(Beyotime), separated by electrophoresis and then trans-

ferred onto PVDF membranes. The membranes were

blocked with BSA and incubated with monoclonal anti-

bodies against p-PTEN, PTEN (Abcam, MA, USA),

p-PI3K, PI3K, p-Akt, Akt (CST, MA, USA), p-p53, or

p53 (Abcam, MA, USA); the membranes were then incu-

bated with HRP-conjugated secondary antibodies (CST).

GAPDH was used as an internal control. The membranes

were then reacted with an ECL Western blot substrate kit

(Beyotime), and the band density was quantified using

ImageJ (Protein Simple, CA, USA).

qRT-PCR Analysis
Total RNA and miRNAwere isolated using RNeasy Mini and

miRNeasy Mini kits (Qiagen, Valencia, CA, USA). The

mRNA levels for genes were measured using SYBR Green

qRT-PCRmix (Promega, Inc., USA) using the 7500 Fast Real-

Time PCR System (Applied Biosystems, MA, USA). The

expression of miR-214 was determined using the Bulge-

LoopTM miRNA qRT-PCR Kit (Ribobio, Guangzhou,

China). The primers used for qRT-PCR are as follows: snail,

5ʹ-CGGAAGCCTAACTACAGCGA-3ʹ, 3ʹ-ACAGAGTCCC

AGATGAGCATT-5ʹ; E-cadherin, 5ʹ-AGTCAGTTCAGACT

CCAGCC-3ʹ, 3ʹ-TGTAGCTCTCGGCGTCAAA-5ʹ; GAPD

H, 5ʹ-GTCAAGGCTGAGAACGGGAAG-3ʹ, 3ʹ-GAGGGG

GCAGAGATGATGACC-5ʹ.

In vivo Antitumor Efficacy
Female BALB/c nude mice were used to build the OSCC

xenograft mouse model. The nude mice were provided by

the Southern Medical University Animal Center at the

age of 6 weeks (20–22 g). Animal experiments were

performed with the approval of Laboratory Animal

Ethics Committee at Jinan University and followed the

guidelines of the National Act on the Use of

Experimental Animals (China). Mice were housed five

per cage on a 12 hr light/dark cycle in a temperature and

humidity-controlled room. All mice had free access to

deionized water and sterilized food. SCC9 cells (3×106

cells in 100 μL PBS) were carefully injected subcuta-

neously into the right flank of the mice. Once the volume

of the tumor reached approximately 100 mm3 on the

10th day (defined as day 0), the mice were randomized

into groups and received treatments of PBS (30 μL, n=8),
miR-214 inhibitor (5 mg/kg, n=8), GO-PEI (5 mg/kg,

n=8), or GO-PEI-inhibitor (5 mg/kg, n=8) via intratumoral

administration. The treatments were given to mice on days

0, 4, 8, and 12. The body weights and tumor sizes of the

mice were monitored. The tumor volume was calculated

with the following formula: tumor volume = length ×

(width)2/2. Each mouse was independently measured,

and the fold-changes in tumor volume were calculated

relative to the tumor volume on day 0.

Histology and Immunohistochemistry
All mice were sacrificed on day 20, and tumors and

organs were collected for H&E staining and immunohis-

tochemical staining. Cryostat sections were prepared,

fixed in methanol and blocked with BSA for 30 min,

and then incubated with the primary antibody (1:200

dilution) overnight at 4 °C. The primary antibodies

were specific for PTEN, Ki67 (CST) and p53 (Abcam).

The sections were washed 3 times in PBS and incubated

with the secondary antibody for 2 h at room temperature.

The samples were measured using light microscopy

(Olympus, IX71, Japan).

Statistical Analysis
The data are presented as the mean ± SD (standard devia-

tion). Statistical comparisons between different groups or

two groups were evaluated by one-way ANOVA test or

t-test comparison. Statistical significance was determined

with a P-value <0.05.

Results
Characterization of GO-PEI

Nanocomplexes
GO can load aromatic drugs efficiently via π-π interactions;31

however, GO carries a net negative charge, causing
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electrostatic repulsion between nucleic acids.32 Thus, to

deliver the miRNA inhibitor into cells, we synthesized GO-

PEI at a GO:PEI weight ratio of 1:5. Synthesized GO-PEI

was stable in both PBS and cell medium without obvious

agglomeration. GO and GO-PEI were confirmed via TEM,

and the GO-PEI complex demonstrated an overlapping sur-

face (Figure 2A). The size distributions of GO and GO-PEI

measured by DLS showed mean diameters of 136.5 ± 35.7

nm and 187.3 ± 61.7 nm, respectively (Figure 2B). The data

suggested that the differences in the sizes between GO and

GO-PEI were minor. The particle size did not change when

stored at 4 °C for over 10 months (data not shown). The

surface charges of GO and GO-PEI were determined using

electrophoretic light scattering spectrophotometry. The zeta

potentials of GO, GO-PEI and GO-PEI-inhibitor were dif-

ferent in water and PBS. GO in distilled deionized water

(ddH2O) and PBS possessed a negative charge. GO-PEI and

GO-PEI-inhibitor were positively charged in both ddH2

O and PBS; however, the positive charges of GO-PEI-

inhibitor were lower than those of GO-PEI. It was suggested

that the GO-PEI complex could bind to negatively charged

miRNA inhibitors and be used to deliver miRNA inhibitors

into cells (Figure 2C). The UV-vis spectrum showed an

absorption peak at 280 nm for miRNA inhibitor and GO-

PEI-inhibitor, which meant that the miRNA inhibitor loaded

on GO-PEI (Figure 2D).

Cell Uptake of GO-PEI Analysis
The biocompatibility of GO-PEI attaches great importance

to drug carrier applications. We investigated the cytotoxi-

city of GO-PEI in Cal27, SCC9 and scc25 cells using the

CCK-8 kit. The GO-PEI complexes did not show apparent

cytotoxicity even at a dose of 40 μg/mL. More than 80%

of cells exposed to GO-PEI (20 μg/mL) remained viable

(Figure 3A). The GO-PEI complexes showed less toxicity

than linear PEI alone in cells as previously reported.33 In

line with these results, we chose a dose of 10 μg/mL for

GO-PEI in the following experiments to investigate its

delivery efficiency in cells. To shed light on the uptake

of GO-PEI by cells, TEM images were used to confirm the

intracellular delivery of the GO-PEI complexes. As shown

in Figure 3B, GO-PEI complexes were located mainly in

Figure 2 Characterization of GO-PEI complexes. (A) SEM images of GO and GO-PEI complexes. Scale bars: 100 nm. (B) Measurement of the size distribution of GO and

GO-PEI by DLS. (C) Measurement of the zeta potential of GO and the GO-PEI complexes in water and PBS solution. (D) UV-vis spectra normalized by their extinction

coefficients at 260 nm. The purple line is for the GO-PEI-miR-214 inhibitor complex, the green line is for free miR-214 inhibitor sense strand, and the red line for GO-PEI.
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the cell cytoplasm, and only a few were located within the

nucleus of SCC9 cells. Furthermore, cellular uptake stu-

dies were also conducted in Cal27 and scc25 cells. Cells

were incubated with the FITC-labeled GO-PEI complexes

and then visualized by laser scanning confocal microscopy

(CLSM). The cellular nuclei of cells were stained with

DAPI, and the membranes were stained with α-tubulin.

GO-PEI particles were located mainly in the cell

cytoplasm and some adhered to the plasma membrane

following 8 h incubation, and an increased number of GO-

PEI complexes were visualized in cells over time

(Figure 3C).

Figure 3 Cell uptake of GO-PEI. (A) Relative cell viabilities of Cal27, SCC9 and scc25 cells treated with different concentrations of GO-PEI for 24 h. (B) TEM images of

nontreated cells (named control) and GO-PEI-treated cells (5 μg/mL). Scale bars: 1 μm. (C) Fluorescent images of FITC-labeled GO-PEI (green) within Cal27 and scc25 cells

are shown. The cell cytoskeleton was stained with α-tubulin (red), and the nuclei were stained with DAPI (blue). The right panel shows enlarged images of white squares in

the image of cells incubated with GO-PEI. Scale bars: 2 μm.
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Efficient Delivery of the miRNA Inhibitor

by GO-PEI into Cells
To show that GO-PEI was suitable for miRNA inhibitor

loading, a miRNA inhibitor was labeled with cy3 to track

the GO-PEI-based gene delivery and assess the transfec-

tion efficiency. Cal27 and SCC9 cells were incubated with

different nitrogen/phosphate (N/P) ratios of GO-PEI-

miRNA inhibitor, and the highest fluorescence was

detected at an N/P ratio of 30. Fluorescence was not

observed when GO-PEI was used alone or when the

miRNA inhibitor was used alone (Figure 4A). Moreover,

the GO-PEI-inhibitor complexes (the N/P ratio was 30)

showed a slow release in cells where the fluorescence was

strongest at 24 h postincubation. As time increased, the

fluorescence weakened but was maintained for more than

72 h (Figure 4B). For all of the above, the miRNA inhi-

bitors were completely loaded within GO-PEI complexes

with N/P ratios greater than 30. The cy3-labeled inhibitor

was mixed with GO-PEI or lipofectamine for 30 min, and

then the respective complexes were delivered into Cal27

and SCC9 cells. GO-PEI-inhibitor revealed significantly

higher transfection efficiencies (approximately 50%) com-

pared to lipofectamine (approximately 30%) and naked

inhibitor (5%) (Figure 4C). These results suggested that

the miR-214 inhibitor alone could not penetrate the cell

membrane since the negative charge and rapid degradation

in the culture medium. The fluorescence of cells treated

with lipo-inhibitor was weaker than that of cells treated

with GO-PEI-inhibitor complexes, suggesting that GO-PEI

complexes had the advantage in gene delivery.

Figure 4 Efficient delivery of miRNA inhibitor by GO-PEI into cells. (A) The relative fluorescence of GO-PEI and the miR-214 inhibitor at various N/P ratios (0, 10, 20, 30

and 50). *P < 0.05. (B) The relative fluorescence of GO-PEI and miR-214 inhibitor at N/P ratios of 30 at different time points (1, 4, 8, 16, 24, 36, 48 and 72 h). *P < 0.05. (C)

Fluorescent images of cy3-labeled miR-214 (red) delivered by GO-PEI within Cal27 and SCC9 cells are shown. The nuclei were stained with DAPI (blue). Scale bars: 50 μm.
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GO-PEI-Inhibitor Inhibits Cell Migration

and Metastasis in Cal27 Cells
Given the critical roles of miR-214 in OSCC,13,14,34 we

investigated the biological function of the miR-214 inhibi-

tor in Cal27 cells delivered via GO-PEI complexes.

Transwell assays and wound healing assays were performed

to investigate the effect of GO-PEI-inhibitor cell metastasis

and migration. Cal27 cells were incubated with a naked

inhibitor (50 nM), lipo-inhibitor (50 nM) or GO-PEI-

inhibitor (the concentration of the inhibitor was 50 nM).

As shown in Figure 5A and B, Cal27 cells incubated with

GO-PEI-inhibitor had a markedly reduced number of invad-

ing cells (197.8 ± 26.89) compared with the number of

invading cells from cells incubated with either the naked

inhibitor (518.3 ± 16.65) or the lipo-inhibitor (505.9 ±

19.57) for 48 h. In wound healing assays, the cells were

allowed to migrate in a cell-free gap created by pipette tips

in the culture plate. Cells incubated with GO-PEI-inhibitor

were less present in the gap, and cell migration was inhib-

ited; in addition, the ratios of the initial wound area from

cells treated with GO-PEI-inhibitor were much larger than

the ratios from cells treated with the naked inhibitor or lipo-

inhibitor (Figure 5C and D). In addition, the qRT-PCR

results showed that compared to the control cells and cells

treated with lipo-inhibitor, cells treated with GO-PEI-

inhibitor had a decreased expression of snail and an

increased expression of E-cadherin (Figure 5E). Snail is

proven to be a master gene for epithelial-mesenchymal

transition (EMT).35,36 These results suggest that the trans-

fection level of GO-PEI-inhibitor was sufficient to inhibit

the role of miR-214 in regulating osteosarcoma cellular

motility, metastasis and migration.

Figure 5 GO-PEI-inhibitor inhibits cell migration and metastasis in Cal27 cells. (A) Cal27 cell invasion was measured using Matrigel-coated chamber filters for 24 h. (B)
Statistical analysis of the invading cell ratio is presented for each group. *P<0.05. **P<0.01. (C) The wounds of confluent Cal27 cells were created using 100 μL yellow tips

and were incubated with lipo-inhibitor or GO-PEI-inhibitor (5 μg/mL). Images of the wounds at 0, 24 and 48 h are shown, and a cell-free gap is bordered by the pair of black

lines. (D) Statistical analysis of cell migration was performed by calculating the ratio of the final cell-free gap to the initial wound area. *P<0.05. (E) The expression levels of

snail1 and E-cadherin after treatment with lipo-inhibitor or GO-PEI-inhibitor were evaluated by qRT-PCR. *P<0.05.
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Efficient Cell Signaling in OSCC Cells

Induced by GO-PEI-Inhibitor Complexes
In malignancy, miR-214 targets PTEN or p53, resulting in

the inhibition of cell apoptosis.37–40 To obtain further

insight into the mechanisms of GO-PEI-inhibitor in

OSCC cell proliferation and progression, we examined

the effect of GO-PEI-inhibitor on PTEN and p53-related

signaling pathways. Cal27 cells were treated with GO-PEI

-inhibitor (50 nM), lipo-inhibitor (50 nM) or PBS for 24

h. Immunostaining of PTEN and p53 was visualized in

GO-PEI-inhibitor-treated cells and contrasted with cells

treated with PBS or lipo-inhibitor. PTEN protein immu-

nostaining was mainly found on the cell membrane and in

the cytoplasm of Cal27 cells, whereas p53 was localized in

mitochondrial and nuclear membranes. The expression

levels of PTEN and p53 were significantly increased in

cells treated with GO-PEI-inhibitor compared to those in

cells treated with PBS and lipo-inhibitor (Figure 6A).

PTEN and p53 are tumor suppressors in most human

cancers,41 and PTEN interacts with p53 in a complex

network;42 PTEN has been shown to regulate p53

stability,43 while p53 can enhance PTEN transcription.44

Western blot analysis identified the activation of PTEN

and p53 with GO-PEI-inhibitor treatment. Compared to

the control and lipo-inhibitor treatments, treatment with

GO-PEI-inhibitor significantly enhanced the protein levels

of phospho-PTEN and phospho-p53 (Figure 6B).

Numerous studies have demonstrated that PTEN is the

central negative regulator of PI3K/AKT-mediated signal-

ing, preventing tumor development and progression.45 P53

also creates a critical connection to downstream effectors

of growth inhibition or cell death. PTEN/PI3K/Akt pro-

motes p53 translation and protein stability.42 To further

confirm the signaling pathways induced by GO-PEI-

inhibitor in cells, the protein levels of phospho-PI3K and

phospho-Akt were also assessed. We found that GO-PEI-

inhibitor significantly decreased the expression of p-PI3K

and p-Akt, whereas the total levels of PI3K and Akt

remained unchanged (Figure 6B and C).

Coincident with the above results, we found that the

level of miR-214 in cells treated with GO-PEI-inhibitor

was remarkably reduced compared to the level in cells

treated with PBS and lipo-inhibitor (Figure 6D). These

results suggest that GO-PEI-inhibitor successfully sup-

pressed the expression level of miR-214; this suppression

consequently affected the targeted molecules of PTEN and

p53 and blocked the signaling pathway of PI3K/Akt.

GO-PEI-InhibitorDisplayedHighAnticancer

Efficiency in the OSCC Xenograft Mouse

Model by Intratumoral Injection
To examine the therapeutic efficacy of GO-PEI-inhibitor,

an OSCC xenograft mouse model was generated by sub-

cutaneous transplantation of SCC9 cells into immunodefi-

cient mice as previously reported.46 Once the volume of

tumor reached approximately 100 mm3, the mice were

randomized into 4 groups and received intratumoral injec-

tion of either GO-PEI-inhibitor (3 mg/kg), GO-PEI (3 mg/

kg), the inhibitor (30 μg) or 10% PBS 4 times. The body

weight and tumor size of the mice were monitored every 3

days. Representative tumor images after different treat-

ments for 20 days are shown in Figure 7A. The volume

of the tumors during treatment is shown in Figure 7B.

On day 21, tumors from mice treated with PBS, GO-PEI

and naked inhibitor had grown significantly; however, the

average tumor volumes of the mice in the GO-PEI-

inhibitor-treated groups were approximately 46.2% smal-

ler than those of the mice in the PBS-treated groups. The

tumor sizes had no obvious difference between the PBS-

or naked inhibitor-treated groups, which suggests that the

inhibitor alone has no therapeutic effect on OSCC xeno-

graft tumors. The rapid degradation of the naked inhibitor

in vivo limits its role as a tumor therapeutic.47 During the

entire experiment, the body weight of these groups showed

no significant differences (Figure 7C), and the animal

behavioral abnormalities were not observed in either the

control or treated groups. We deduced that in contrast to

the naked inhibitor, the GO-PEI complex’s slow release of

the miR-214 inhibitor enhanced the anticancer efficacy

and long-term effects. Therefore, GO-PEI can serve as

a drug delivery vehicle that can enhance the efficacy of

the loaded agent.

Pathological examinations were performed at the end of

the experiment. H&E staining of xenograft tumors showed

that the tumors in PBS- and naked inhibitor-treated mice

were composed of masses of malignant cells; however,

those of GO-PEI- or GO-PEI-inhibitor-treated mice con-

tained necrotic cell masses with nuclear chromatin condensa-

tion and fragmentation, as well as cell shrinkage. Moreover,

compared with PBS- and naked inhibitor-treated tumors,

a large number of lymphocytes infiltrated the surrounding

GO-PEI-inhibitor aggregation, and the infiltrated lympho-

cytes might have a positive relationship with tumor shrinkage

(Figure 7D). Furthermore, IHC staining showed that the

positive expression of p-PTEN and p-p53 was significantly
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higher in GO-PEI-inhibitor-transfected OSCC tissues than in

PBS- and naked inhibitor-treated tissues (Figure 7E). These

in vivo results were consistent with the in vitro data, suggest-

ing that miR-214 delivered byGO-PEI could suppress OSCC

tumorigenesis via the regulation of the PTEN and p53 pro-

teins. In addition, the H&E staining of the organs (lungs,

liver, spleen and kidneys) showed that there were no visible

differences observed in organs in all the treated groups,

Figure 6 Efficient cell signaling in OSCC cells induced by GO-PEI-inhibitor complexes. (A) Representative immunofluorescence images of p-PTEN and p-p53 after

incubation with lipo-inhibitor or GO-PEI-inhibitor. Scale bars: 20 μm. (B and C) The expression levels of p-PTEN, PTEN, p-p53, p53, p-PI3K, PI3K, p-Akt and Akt after

incubation with lipo-inhibitor or GO-PEI-inhibitor were evaluated by Western blotting. *P<0.05. (D) miR-214 expression in cells after treatment with lipo-inhibitor or GO-

PEI-inhibitor was measured. *P<0.05.
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Figure 7 GO-PEI-inhibitor displayed high anticancer efficiency in the OSCC xenograft mouse model by intratumoral injection. (A) Representative images of tumor tissue

treated with PBS, the miR-214 inhibitor, GO-PEI or GO-PEI-inhibitor complexes (30 μL). (B) Relative changes in tumor volume at different time points. The values are

presented, n=5. *P<0.05. (C) Relative changes in body weight over time and the values are presented, n=5. (D) Representative images of H&E staining of tumor tissues, the

black arrow points to the blood vessel, the white arrow points to the accumulated GO-PEI and the red arrow points to the dead cells. Scale bars: 50 μm. (E)
Immunohistochemical staining of p-PTEN, p-p53 and Ki67 in different treatment groups is shown. Scale bars: 50 μm.
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which means that GO-PEI-inhibitor complexes were non-

toxic to organs (Figure 8).

Discussion
Gene therapy, such as siRNA, miRNA and miRNA inhibitors,

has been shown to exhibit low toxicity and high gene knock-

down efficiency in the treatment of cancers.48 Previous reports

suggested synergetic miRNA as an effective treatment of

cancers without toxicity to normal cells.11,49,50 However, the

instability of nucleic acid in vivo impedes further applications

of gene therapy.47 In the last decade, many efforts have been

directed toward the development of nanomaterials, and GO

has been extensively used in drug delivery.51,52 The large

surface area of GO is an incomparable advantage for drug or

gene delivery.24,53 Moreover, there were no specific anti-

OSCC nucleic acids that utilized GO as a gene delivery

nanocarrier utilized in vitro and in vivo.54,55 In reality, the

size of GO affected its function in gene delivery. If the size of

GO is too large, it will easily be deposited in the blood stream;

if GO is too small, it will be easily phagocytized and cleared.

Thus, we made the size of GO-PEI complexes in the range of

150–400 nm to ensure miR-214 inhibitor loading and to avoid

phagocytosis by phagocytic cells.

Many efforts have been undertaken that testify to the fact

that miR-214 is a novel biomarker and potential therapeutic

target for various diseases in vitro and in vivo.12,34,56 It has

been shown that miR-214 is upregulated in OSCCs and con-

tributes to cisplatin chemoresistance.12,15 This study is the first

report using functionalized GO with PEI to deliver a miR-214

inhibitor for OSCC therapy in vitro and in vivo. The GO-PEI

complexes can effectively deliver nucleic acids due to their

“proton sponge effect”.54,57,58 However, the high molecular

weight of PEI has been related to high cytotoxicity.59,60 Thus,

GO has mainly been employed to mitigate these adverse

effects of PEI.61,62 GO-PEI complexes showed a lower cyto-

toxicity and higher transfection efficiency than lipofectamine

and effectively protected miRNA inhibitors from DNase/

RNase-mediated degradation.

Figure 8 Histological analysis of organs after GO-PEI-inhibitor treatment. H&E staining assay of lung, liver, spleen and kidney tissues after an intratumoral injection of saline,

the miR-214 inhibitor, GO-PEI or GO-PEI-inhibitor complexes (30 μL) for 20 days. Experiments were repeated 3 times. Scale bar: 100 μm.
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According to the transwell and wound healing results,

the GO-PEI-inhibitor complexes play essential roles in

regulating OSCC cell migration and invasion, leading to

the decreased expression of snail and the increased expres-

sion of E-cadherin in cells. These results are consistent

with previous reports.63–65 Furthermore, we found that the

inhibition of miR-214 in cells by GO-PEI-inhibitor

induced the upregulation of the PTEN and p53 proteins,

consequently inhibiting the activation of the PI3K and Akt

proteins. Accumulating evidence suggests that the p53

protein cooperates with PTEN and mediates the down-

stream signaling pathways, which might be an essential

blockage in tumors.42,66–68 miR-214 induces tumor cell

survival and proliferation and drug resistance by targeting

the 3ʹ-untranslated region (UTR) of PTEN, activating the

Akt pathway.40,69,70 miR-214 also targets p53, leading to

an increased cell population and cancer cell invasion

ability.34,37,38 However, GO-PEI-inhibitor effectively

inhibited the level of miR-214 and prevented tumor cell

migration and invasion.

Our in vivo antitumor study showed that the tumor

volume growth was reduced up to 46% by the synergistic

GO-PEI-inhibitor complexes. The body weight of the

tumor-bearing mice was not influenced by GO-PEI-

inhibitor. In agreement with the in vitro results, GO-PEI-

inhibitor considerably induced PTEN and p53 protein

expression in OSCC xenograft tumors. Moreover, intratu-

moral injection had no side effects on internal organ tis-

sues or associated mortality.

Conclusions
In this work, the extent of suppression of invasion and

migration due to the GO-PEI-inhibitor was comparable to

that of the lipofectamine-inhibitor complexes. GO-PEI

could serve as an effective nucleic acid carrier. This tech-

nology could deliver other therapeutic nucleic acids or

nucleic acid inhibitors for the treatment of other tumors

or diseases. In summary, this study revealed a novel and

promising application of GO-PEI complexes for delivering

synthetic nucleic acids in cancer therapy.
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