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Abstract

Norcantharidin (NCTD), a demethylated form of cantharidin, has been used as a routine anti-
cancer drug in China. In this study, the effect and mechanism of NCTD on anti-hepatocellular
carcinoma (HCC) was examined. In vivo antitumor activity was investigated in hepatoma-bearing
mice by intraperitoneal injection of different concentration of NCTD. The levels of MicroRNAs
(miRNAs) and mRNA were detected by real-time PCR. The concentrations of IL-10 and IL-12 in
BMDMs, Raw 264.7 cells or tumor-associated macrophages (TAMs) were measured with ELISA
kit. The effects of TAMs on H22 cell survival and invasion were assayed via the CCK-8 and tumor
invasion assay, respectively. Anti-miR-214 or pre-miR-214 was used to down-regulate or
up-regulated miR-214 expression. The results showed that NCTD drastically impaired tumor
growth in hepatoma-bearing mice, correlating with increased anti-tumor activity of TAM:s.
Moreover, NCTD stimulation led to an alteration of HCC microenvironment, reflected by a
decrease in a shift from M2 to M| polarization and the populations of CD4+/CD25+Foxp3 T cells.
The activation of STAT3 was inhibited in TAMs from hepatoma-bearing mice injected with NCTD.
Addition of NCTD to treat RAW264.7 or TAMs enhanced M| polarization through increase of
miR-214 expression. NCTD significantly inhibited 3-catenin expression, which could be reversed
by miR-214 inhibitor. Conditioned media from TAMs in hepatoma-bearing mice treated with
NCTD or TAMs transfected with pre-miR-214 inhibited survival and invasion of H22 cells. This
finding reveals a novel role for NCTD on inhibition of HCC through miR-214 modulating mac-
rophage polarization.

Key words: Norcantharidin, hepatocellular carcinoma, microenvironment, macrophage polariza-
tion, miR-214.

Introduction

Hepatocellular carcinoma (HCC) is one of the
most common malignant tumors worldwide, partic-

are mainly polarized towards M2 phenotype and fa-
vors tumor formation and progression [4]. As a result,

ularly high in China [1]. One of characteristics of HCC
is an inflammation-related cancer and represents in-
teraction of tumor cells with tumor microenvironment
[2]. Several studies indicate that tumor-associated
macrophages (TAMs) play a key role in tumor pro-
gression of HCC [3]. It has been confirmed that TAMs

targeting TAMs is a useful and effective tool for HCC
therapies. Accordingly, inhibition of TAMs recruit-
ment, interference with their survival, or modulation
TAMs into a M1 anti-tumoral phenotype have been
proposed to treat cancer.

MicroRNAs (miRNAs) are 19-24 nucleotides
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long non-coding RNAs involved in modulating gene
expression [5]. miRNAs play a pivotal role in a wide
range of physiological processes, such as develop-
ment, metabolism and differentiation [6]. Under
pathological conditions, deregulation or dysfunction
of miRNAs is directly implicated in the process of
tumorigenesis, including HCC [7]. Some miRNAs
such as miR-122, miR-26, miR-125b, miR-99a and
miR-199a-3p acted as tumor suppressors [8]. On the
other hand, miR-21, miR-155 and miR-221 exerted an
oncogenic activity to stimulate growth and prevent
apoptosis of HCC cells [9]. In recent years, the role of
miR-214 in progression of HCC has received great
attention. miR-214 was significantly down-regulated
in HCC tissues and overexpression of miR-214 could
inhibit HCC cell growth and invasion [10-11]. More-
over, miR-214 downregulation was associated with

the low clinical progression and poor prognosis of
HCC [12].

Cantharidin, the active constituent of blister
beetles (one type of Chinese traditional medicine), has
anti-tumor activity against multiple cancer cells [13].
However, severe toxicity of cantharidin becomes the
greatest barrier to its clinical application. Norcan-
tharidin (NCTD) is a demethylated form of can-
tharidin with less cytotoxicity and has been used as a
routine anticancer drug in China [14]. NCTD could
inhibit proliferation and metastasis of several kinds of
cancers including lung cancer, colorectal cancer, liver
cancer and so on [15-17]. However, the molecular
mechanism of NCTD on anti-tumor is not clear.
Therefore, in the present study, we have investigated
the effect of NCTD on anti-hepatocellular carcinoma
in vitro and in vivo, and explore the underlying
mechanisms associated with this activity.

Method and Material
Ethics Statement

Animals were treated humanely, using ap-
proved procedures in accordance with the guidelines
of the Institutional Animal Care and Use Committee
at Nanjing Medical University. The study was ap-
proved by the Experimental Animal Ethics Commit-
tee at the Nanjing Medical University.

Chemicals and reagents

RPMI 1640 and DMEM were obtained from
GIBCO (Invitrogen Company). Fetal bovine serum
(FBS) was from Hyclone (Logan, UT, USA). Recom-
binant mouse M-CSF was purchased from R & D
Systems (Minneapolis, MN, USA). Lipofectamine
2000 transfection reagent was obtained from Invitro-
gen Life Technologies (Grand Island, NY, USA).
NCTD was purchased from Sigma Aldrich (St Louis,

MO, USA). Anti-mouse CD4-fluorescein isothiocya-
nate (FITC), anti-mouse CD25-phycorescein (PE), and
anti-mouse Foxp3-Cy3 were obtained from eBiosci-
ence (San Diego, CA, USA). Antibodies against
B-catenin and P-actin were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). The De-
tergent Compatible (DC) Protein Assay kit was pur-
chased from Bio-Rad Laboratories (Hercules, CA,
USA). The miRNeasy Mini kit, the miScript Reverse
Transcription kit and the miScript SYBR Green PCR
kit were purchased from Qiagen (Hilden, Germany).

Cell culture

The mouse hepatoma H22 cell line (syngenic to
the Kunming strain of mice), human hepatoma cell
line HepG2, normal hepatic cell line L02 and mouse
macrophage cell line Raw 264.7 cells were obtained
from Chinese Academy of Sciences (Shanghai, China).
H22 cells were cultured in complete RPMI 1640, and
then 1 x 107 cells (300 pL) were injected into the ab-
dominal cavity of mouse. Seven days later, the intra-
peritoneal tumor cells were collected from the mouse
with ascites tumor. HepG2 and Raw 264.7 cells were
cultured in DMEM with 10% FBS and maintained at
37°C in a humidified incubator containing 5% CO..
Cultured cells were treated with cantharidin (dis-
solved in DMSO) in complete medium. To obtain re-
liable results, the final concentration of DMSOQO in the
culture medium was kept less than 0.1%.

Murine bone marrow-derived macrophages
(BMDMs) were generated by flushing bone marrow
cells from femurs and tibias of 6-8-week old BALB/c
mice. These cells were cultured in DMEM supple-
mented with 10% FBS and 100 ng/ml recombinant
mouse M-CSF for 7 days. Adherent macrophages
were washed 3 times with warm Hanks' buffered salt
solution (HBSS, Sigma). Then, cells were harvested
and seeded at 2x10° cells per well in the 24 well plates
in the above culture medium without M-CSF and
treated with different concentration of cantharidin.

Hepatoma-bearing mice

Kunming and BALB/c male mice were pur-
chased from Shanghai Laboratory Animal Centre
(Chinese Academy of Sciences, Shanghai, China). The
hepatocellular carcinoma model of mice was per-
formed according to a previously reported method
[18]. Briefly, H22 cells were harvested from in vivo
passage as mentioned above in the cell culture. Then,
0.2 mL (about 0.5X107 cells) of cell suspension was
injected into the abdominal cavity of Kunming mouse
(n=80). Seven days later, mice were randomly and
equally divided into 8 groups. Group 1 mice were
administered with saline buffer. Groups 2, 3 and 4
mice were treated with 1 mg/kg NCTD, 5 mg/kg
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NCTD and 10 mg/kg NCTD, respectively. Group 5
were treated with negative control oligonucleotide.
Group 6 mice were administered with miR-214 inhib-
itor. Group 7 mice were received with NCTD + nega-
tive control treated. Group 8 mice were received with
NCTD + miR-214 inhibitor, in which miR-214 inhibi-
tor was pretreated for 2 hours and then injected with
NCTD. Cholesterol-conjugated miR-214 inhibitor and
negative control for in vivo RNA delivery were from
RiboBio (Guangzhou, China). NCTD in 1.0 ml of sa-
line buffer was treated by intraperitoneal injection
every 2 days for 2 weeks. Negative control and
miR-214 inhibitor (10 nmol) in 0.1 ml of saline buffer
was administered intratumorally every 2 days for 2
weeks. Tumor growth was assessed 2 times per week
with caliper measurement.

Preparation and culture of mouse TAMs

TAMs were isolated from the tumors according
to other’s report [19]. Briefly, small pieces of solid
tumors tissue was digested with0.125% (wt/vol)
Trypsin (Sigma) for 40 minutes at 37°C, followed by
washing twice in incomplete RPMI 1640 medium.
Cells were seeded in dishes of RPMI 1640 medium
with 10% FBS and, after 12 h of incubation,
non-adherent cells were vigorously washed off. The
adherent cells were greater than 95% macrophages.

Isolation of tumor-infiltrating lymphocytes
(TILs)

TILs were isolated from the tumors according to
other’s report [20]. Briefly, small pieces of solid tu-
mors tissue was digested with an enzyme cocktail
containing 5% fetal bovine serum in RPMI 1640, 0.5
mg/ml collagenase A (Roche), 0.2 mg/ml hyaluroni-
dase, type V (Sigma) and 0.02 mg/ml DNase I (Sigma)
per 0.25 g of tumor tissue. The cell suspensions were
filtered through a cell strainer (70 pm, Becton Dick-
inson, CA, USA), and then, they were washed with
5% FBS in RPMI 1640. After lysed red blood cells, the
cell clumps were removed by discontinuous gradient
centrifugation using a Lympholyte-M gradient.

Flow cytometric analysis

TILswere harvested from the tumors and the
percentages of CD4+CD25+Foxp3+ T cells were cal-
culated. For intracellular staining, monoclonal anti-
body to surface molecules, including Anti-CD4-FITC,
anti-CD25-PE, and anti-Foxp3-Cy3 were used to stain
surface markers. The percentage of
CD4+CD25+Foxp3+ T cells was computed using
Cell-Quest software (Becton Dickinson). Once the
cells were washed a further two times, the number of
Foxp3-positive cells on the gating of CD4+cells was
evaluated by cytometer, and the frequency of Foxp3+
Treg cells was expressed as a percentage of the total

CD4+cells.

Oligonucleotides and Cell Transfection

BMDMs, H22 cells, HepG2 cells, Raw 264.7 cells
and TAMs were seeded in 6-well or 24-well plates and
transfected using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instructions. For the knockdown of miR-214, an-
ti-miR-214 (Ambion) or a negative-control an-
ti-miRNA (anti-NC) was used at the concentration of
100 nM. For the overexpression of miRNA-214,
pre-miR-214 (Ambion) or a control pre-miRNA
(pre-NC) was also used at the concentration of 100
nM. The cells were harvested 24 h after the transfec-
tion.

Quantitative real-time PCR (Q-PCR) analysis

Approximately 5x10°¢ cells were treated without
(Control) or with NCTD for 24 h. Mature miRNAs
were isolated and purified using Trizol reagent (Invi-
trogen, USA), according to manufacturer’s protocol.
The levels of miRNAs (miR-155, miR-147, miR-214,
and miR-455) were quantified by using a TagMan
PCR kit. Real-time PCR was performed with Light-
Cycler 480, and with U6 small nuclear RNA as an in-
ternal normalized reference.

The mRNA expression of Nos2 and MR was
performed using SYBR GREEN PCR Master Mix
(Applied Biosystems). The specific primers were as
follows: Nos2, 5-CTCTGAGGGCTGACACAAGG-3’
(forward) and 5'-CTCCAAGCCAAAGTCCITAGAG-
3’ (reverse); Argl, 5'-~AGGAGCTGTCATTAGGGACA
TC-3' (forward) and 5'-AGAAGGGAGTTTCAAACC
TGGT-3'(reverse); GAPDH, 5'-TGAAGCAGGCATCT
GAGGG-3 (forward) and 5-CGAAGGTGGAAGAG
TGGGAG-3’ (reverse). All data were analyzed using
GAPDH gene expression as an internal standard.

ELISA analysis

Analysis of IL-10 and IL-12 was performed using
an ELISA kit according to manufacturer’s protocol.
Briefly, BMDMs, Raw 264.7 cells or TAMs were col-
lected and lysed for the measurement of cytokines
concentration. Production of IL-10 and IL-12 was
normalized to protein concentrations using the DC
protein assay kit (Bio-Rad).

Measurement of cell survival

H22 cells and TAMs were co-cultured at 1:1 in
96-well plates at a density of 1x10* per well for 24h.
The cell survival was assayed via the CCK-8 method
(Yes Service Biotech Inc. Shanghai China).

Tumor invasion assay

Tumor invasion assay was done using modified
Boyden chambers (8-pm pore size, BD Biosciences,
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USA), in which the various cellular components were
grown without direct cell-to-cell contact. Briefly, the
membrane was coated with Matrigel (BD) diluted 1/5
in serum-free DMEM media on ice. H22 cells (1x10°
cells) were seeded in the upper well of the chamber,
and the lower well was filled with TAM cells. After
co-culture for 18 h, the transwells were removed from
the 24-well plates, and the non-invaded cells were
scraped off the top of the Transwell filters with a
cotton swab. The filter was fixed formaldehyde (4%)
and stained with 0.1% crystal violet in 2% methanol.
Invasiveness was determined by counting cells in five
microscopic fields per well, and the extent of invasion
was expressed as an average number of cells per mi-
croscopic field.

MTT assay

Cell viability was determined using MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assays. The cells were seeded in 96-well
dishes at 1x10* to 2x104 cells per well and pretreated
with or without ART for 24 h. Each well was supple-
mented with 10 pl MTT (Sigma Aldrich) and incu-
bated for 4 h at 37°C. The medium was subsequently
removed, and 150 pl DMSO (Sigma Aldrich) were
added to solubilize the MTT formazan. The optical
density was observed at 490 nm.

Statistical analysis

Statistical analysis was performed with statistical
analysis software SPSS 13.0 software. Statistical anal-
yses were performed using either an analysis of var-
iance (ANOVA) or Student’s t-test. Data were ex-
pressed as mean + standard deviation. P < 0.05 was
considered to be significant.

Results

NCTD inhibited tumor growth in hepatoma-
bearing mice

To address the effect of NCTD therapy for
hepatocellular carcinoma, the murine hepatic carci-
noma model was established. Alterations in tumor
growth were monitored 2 times per week. NCTD
treatment significantly inhibited tumor growth in
dose-dependent manner (Figure 1A). For instance,
when hepatoma-bearing mice were treated with
NCTD 5 mg/kg for 2 weeks, the tumor size was de-
creased to 38.2%. And the tumor size was decreased
to 18.3% after treatment with 10 mg/kg NCTD. On
Day 24 after the H22 cells were injected, the mice were
sacrificed and the tumor weights were measured. We

observed that treatment with NCTD resulted in re-

ductions of average tumor weight in a
dose-dependent manner.
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Figure |. Antitumor efficacy of NCTD in vivo. The hepatoma-bearing
mice were treated with 0 mg/kg (group 1), | mg/kg (group 2), 5 mg/kg
(group 3) and 10 mg/kg (group 4) NCTD by intraperitoneal injection. (A)
Tumor sizes on each mouse were monitored 2 times per week and (B)
tumor weights were measured. *P < 0.05, indicate significant differences
from group 1.

TAMs from NCTD-treated HCC tissue
exerted anti-tumor activity

It has been known that TAMs are critical regu-
lators of the tumor microenvironment and directly
affect tumor cells growth, survival, invasion, and
metastasis [21]. To determine whether TAMs from
NCTD-treated HCC tissue had anti-tumor activity,
we incubated TAMs isolated from NCTD-treated
HCC tissue with H22 cells. H22 cells were co-cultured
1:1 with TAMs and determined tumor cell survival
and tumor cell invasion. Compared with TAMs from
saline buffer-treated HCC tissue, TAMs from
NCTD-treated HCC tissue significantly decreased
H22 cells survival and inhibited H22 cells invasion
(Figure 2).
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Figure 2. Antitumor effects of TAMs from NCTD-treated hepatocellular carcinoma tissue. (A) H22 cell survival after 24 h co-culture with TAMs isolated
from hepatoma-bearing mice treated with 0 mg/kg, | mg/kg, 5 mg/kg and 10 mg/kg NCTD by intraperitoneal injection (B) H22 cell were co-cultured with
TAMs in a modified chamber without direct cell-to-cell contact for 18 h. The invasion of H22 cells was assessed by counting the cells in the basolateral side
of the transwell filters under a light microscope. *P < 0.05, indicate significant differences from TAMs isolated from hepatoma-bearing mice treated with 0

mg/kg NCTD.

Administration of NCTD associated a shift
from M2 to M1 polarization in HCC
environment

It has been known that M1 macrophages pro-
duce pro-inflammatory cytokines such as IL-12 and
exert anti-tumor effect, while M2 macrophages pro-
duce IL-10 cells and promote tumor progression [22].
To determine whether NCTD treatment elicited a shift
of macrophage phenotype from M2 to M1 within
HCC environment, we detected the expression of
Nos2 (the marker of M1 macrophages), and Arg-1 (the
marker of M2 macrophages) in TAMs from hepato-
ma-bearing mice injected with saline buffer or NCTD.
As shown in Figure 3A, TAMs from hepato-
ma-bearing mice injected with NCTD had an M1
phenotype, in terms of much higher expression of
Nos2 but much lower expression of Arg-1. Further-

more, the shift in macrophages was also elicited using
ELISA analysis. TAMs from NCTD-treated HCC tis-
sue had a significantly higher IL-12 level but lower
IL-10 level than those from saline buffer-treated HCC
tissue (Figure 3B), which supported the possibility
that NCTD treatment induces a shift from M2 to M1
polarization in the HCC tissues.

It has been reported that inhibition of STAT3 ac-
tivation in TAMs could suppress the growth and me-
tastasis of tumor cells. [23]. To explore whether
STAT3 pathway was implicated in the effect of TAMs
on HCC cells, we measured phosphorylation of
STAT3 and total STAT3 levels in TAMs from hepa-
toma-bearing mice injected with saline buffer or
NCTD. As shown in Figure 3C, TAMs from hepato-
ma-bearing mice injected with NCTD exhibited
down-regulation of STAT3 phosphorylation, while
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total STAT3 protein levels remained constant. An-
other effect of TAMs on tumor cells is induction of
immunosuppressive state. TAMs triggered a rise of
the intratumoral Foxp3+Treg population, which in
turn promoted HCC progression [24]. To determine
whether NCTD treatment decreased the presence of
Tregs at the tumor site, we detected the populations of
CD4+/CD25+Foxp3 T cells in TILs from hepato-

ma-bearing mice injected with saline buffer or NCTD.
As shown in Figure 3D, the prevalence of
CD4+/CD25+Foxp3 T cells in TILs from hepato-
ma-bearing mice injected with NCTD was signifi-
cantly lower than that injected with saline buffer.
However, the molecular mechanisms needed to be
further investigated.
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Figure 3. Administration of NCTD associated a shift from M2 to M| polarization in HCC environment. (A) The expression of Nos2 and Arg-1 was
measured in TAMs from hepatoma-bearing mice injected with different concentration of NCTD. (B) The concentration of IL-12 and IL-10 in TAMs from
hepatoma-bearing mice injected with different concentration of NCTD. (C) The expression of P-STAT3 and STAT3 was measured in TAMs from he-
patoma-bearing mice injected with different concentration of NCTD. (D) The population of CD4+/CD25+Foxp3 T cells in TILs from hepatoma-bearing
mice injected with different concentration of NCTD. *P < 0.05, indicate significant differences from TAMs isolated from hepatoma-bearing mice treated

with 0 mg/kg NCTD.
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miR-214 was implicated in macrophage
polarization modulated by NCTD

To further explore the mechanism of NCTD in-
ducing a shift from M2 to M1 polarization in the HCC
tissues, we measured the expression of many miRNAs
including miR-214, miR-147, miR-155 and miR-455,
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which may be involved in polarization of macro-
phages [25]. Real-time PCR assays showed that,
among these miRNAs, miR-214 was significantly
up-regulated in TAMs from hepatoma-bearing mice
injected with NCTD (Figure 4A).
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Figure 4. The modulation effect of miR-214 in macrophage polarization by NCTD. (A) The expression of many miRNAs including miR-214, miR-147,
miR-155 and miR-455 was detected in TAMs from hepatoma-bearing mice injected with NCTD. *P < 0.05, indicate significant differences from TAMs
isolated from hepatoma-bearing mice treated with 0 mg/kg NCTD. (B) The expression of miR-214 in BMDMs or RAW 264.7 macrophages treated with
different concentration of NCTD was measured. *P < 0.05, indicate significant differences from 0 mol/L NCTD treatment. (C) After transfected with
anti-miR-214 for 24 h, BMDMs or RAW 264.7 macrophages were treated with NCTD (10 pmol/L). Then, the relative mRNA level of Nos2 was deter-
mined. (D) After transfected with anti-miR-214 for 24 h, BMDMs or RAW 264.7 macrophages were treated with NCTD (10 pmol/L). Then, the protein
level of B-catenin was determined. *P < 0.05, indicate significant differences from the respective control groups.
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We also determined the miR-214 expression in
BMDMs or RAW 264.7 macrophages treated with
different concentration of NCTD. As shown in Figure
4B, NCTD significantly increase miR-214 expression
in dose-dependent manner. Besides, BMDMs or RAW
264.7 macrophages stimulated with NCTD had an M1
phenotype, in terms of much higher expression of
Nos2. Next, the role of miR-214 in macrophage po-
larization induced by NCTD was further explored.
Through depleting miR-214 in macrophages using a
miR-214 inhibitor, the M1 polarization induced by
NCTD was inhibited (Fig. 4C), suggesting that the
promotion of macrophage M1 polarization by NCTD
might act through the up-regulation of the miR-214
level.

Recent studies revealed that -catenin, a direct
target of miR-214, was involved in cell growth and
cell invasion of HCC [26]. The effect of NCTD on
[-catenin expression in BMDMs or RAW 264.7 mac-
rophages was investigated. As shown in Fig. 4D,
NCTD significantly inhibited p-catenin expression,
which could be reversed by miR-214 inhibitor. In ad-
dition, miR-214 inhibitor increased [-catenin protein
levels, which is similar to previous reports [27]. These
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data suggest that NCTD could decrease [-catenin
protein levels by regulating miR-214 expression.

miR-214-modified TAMs exerted anti-tumor
activity

To determine whether the TAMs that are
up-regulated miR-214 expression have the tu-
mor-killing function possessed by M1 macrophages,
we first transfected TAMs isolated from hepato-
ma-bearing mice injected with NCID with
pre-miR-214 or pre-NC. The result of real-time PCR
revealed that pre-miR-214 can significantly increase
the expression of miR-214 in TAMs (Fig. 5A), sug-
gesting that pre-miR-214 is efficiently introduced into
the cells and acts to up-regulate miR-214 expression.
TAMs transfected pre-miR-214 had an M1 phenotype
with higher expression of Nos2 and lower expression
of Arg-1 (Fig. 5B). Then, H22 cells were co-cultured
1:1 with these ‘modified” TAMs and determined tu-
mor cell survival and tumor cell invasion. Compared
with TAMs transfected with a control oligonucleotide,
TAMs overexpressing miR-214 significantly de-
creased H22 cells survival and inhibited H22 cells
invasion (Figure 5C and D).
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Figure 5. Antitumor effects of TAMs modified by miR-214. (A) The expression of miR-214 was detected in TAMs transfected with pre-miR-214. (B) The
expression of Nos2 and Arg-| was measured in TAMs transfected with pre-miR-214. (C) H22 cell survival after 24 h co-culture with TAMs transfected with
pre-miR-214 (D) H22 cell were co-cultured with TAMs transfected with pre-miR-214. The invasion of H22 cells was assessed by counting the cells in the
basolateral side of the transwell filters under a light microscope. *P < 0.05, indicate significant differences from pre-NC.
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miR-214 inhibited tumor growth in vivo

To explore the role of miR-214 in the effect of
NCTD on inhibition of tumor growth in hepato-
ma-bearing mice, we treated mice with the cholester-
ol-conjugated miR-214 inhibitor. After intratumoral
administration of miR-214 inhibitor, a slight increase
in tumor size was observed in hepatoma-bearing
mice. However, miR-214 inhibitor significantly re-
versed the effect of NCTD on tumor growth (Figure
6). Besides, the expression of miR-214 was signifi-
cantly decreased in TAMs from hepatoma-bearing
mice injected with NCTD and miR-214 inhibitor.
These results indicate that NCTD can effectively sup-
press HCC tumor growth, which was involved in
miR-214 expression.
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Figure 6. Antitumor effects of miR-214 in vivo. The hepatoma-bearing
mice were treated with negative control oligonucleotide (group 5),
miR-214 inhibitor (group 6), NCTD + negative control (group 7) and
NCTD + miR-214 inhibitor (group 8). (A) Tumor sizes on each mouse
were monitored 2 times per week and (B) tumor weights were measured.
*P < 0.05, indicate significant differences from group 5. #P < 0.05, indicate
significant differences from group 7. (C) The expression of miR-214 was
detected in TAMs from group 7 and group 8. *P < 0.05, indicate significant
differences from group 7.

The effect of NCTD on H22 cells viability

It has been reported that NCTD is involved in
inhibiting the proliferation of HCC cells [28]. There-
fore, the potential effects of NCTD on H22 cell viabil-
ity were evaluated using MTT assays. Notably, as
shown in Fig. 7, NCTD did not significantly inhibit
H22 cell viability at 1-10 pM, although NCTD was
capable of decreasing cell viability in a
dose-dependent manner at higher concentrations (>
10 uM). However, 10 pM NCTD significantly induced
macrophage M1 polarization (Fig. 4C), which indi-
cated that NCID could exert anti-tumor activity
through modulating macrophage polarization at low

dosage.
*
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Figure 7. The effect of NCTD on H22 cell viability. H22 cells were
incubated with the indicated concentration of NCTD for 24 h, and the cell
viability was measured using a MTT assay. *p < 0.05, versus vehicle
alone-treated cells.
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Discussion

Cantharidin, the active constituent of Chinese
blister beetle, has antitumor activity against various
cancers cells [29]. In clinics, NCTD, a demethylated
form of cantharidin, has been used in the treatment of
hepatoma with little toxic effect [30]. The present
study focuses on the mechanism of NCTD on an-
ti-HCC in vivo and in vitro. We found that NCTD
could inhibite tumor growth in hepatoma-bearing
mice associated with a shift from M2 macrophages to
M1 macrophages polarization. Besides, TAMs from
NCTD-treated HCC tissue could inhibit HCC surviv-
al and invasion. Our data also showed that miR-214
was implicated in macrophage polarization modu-
lated by NCTD. More importantly, inhibition of
miR-214 expression could attenuate the effect of
NCTD on anti-HCC. It should be mentioned that
there was no difference of the weight among mice in
each group (data not shown), which indicated that
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NCTD could play the role in anti- HCC with low cy-
totoxicity.

Macrophages take part in the tumor microenvi-
ronment and play a dual role on tumor development
and progression [31]. Classically activated M1 mac-
rophages exert anti-tumor effect through the release
of pro-inflammatory cytokines. On the contrary, al-
ternatively activated M2 macrophages facilitate the
progression of tumors through the release of an-
ti-inflammatory cytokines [22]. As a result, tu-
mor-associated macrophages have been the target for
cancer treatment. Our results showed that Argl, the
M2 TAMs marker, was clearly reduced in hepato-
ma-bearing mice treated with NCTD. In contrast,
Nos2, the M1 TAMs markers, was higher in tumors
from mice treated with NCTD, which displayed an
enhanced M2:M1 ratio. Likewise, BMDMs or RAW
264.7 macrophages stimulated with cantharidin had
an M1 phenotype, in terms of much higher expression
of Nos2.

It has been reported that inhibition of STAT3 ac-
tivation in TAMs could result in a shift from M2 to M1
polarization to suppress the growth and metastasis of
tumor cells [23]. The present study also showed that
TAMs from hepatoma-bearing mice injected with
NCTD exhibited down-regulation of STAT3 phos-
phorylation, which indicated that STAT3 pathway
was implicated in the effect of TAMs on HCC cells.
Another effect of TAMs on tumor cells is induction of
immunosuppressive state. TAMs triggered a rise of
the intratumoral Foxp3+Treg population, which in
turn promoted HCC progression [24]. The prevalence
of CD4+/CD25+Foxp3 T cells in TILs from hepato-
ma-bearing mice injected with NCTD was signifi-
cantly lower than that injected with saline buffer. It
has been reported that NCTD induced apoptosis of
hepatocellular carcinoma cells [32]. Notably, NCTD
did not significantly inhibit H22 cell viability at 1-10
M, although NCTD was capable of decreasing cell
viability in a dose-dependent manner at higher con-
centrations (> 10 pM). However, 10 pM NCTD signif-
icantly induced macrophage M1 polarization, which
indicated that NCTD could exert anti-tumor activity
through modulating macrophage polarization at low
dosage. The results obtained here suggest that, at least
in part, NCTD exerts its anti-tumor effect in an indi-
rect way via M1 macrophages.

Increasing evidences showed that miR-214 was
significantly down-regulated in hepatocellular carci-
noma tissues and overexpression of miR-214 could
inhibit HCC cell growth and invasion [33]. As a tu-
mor-suppressor, miR-214 downregulation was asso-
ciated with the low clinical progression and poor

prognosis of HCC [34]. In this study, we found that
miR-214 was involved in re-polarization of

pro-tumorial M2 TAMs into antitumor M1 phenotype
macrophages (Figure 5B). When miR-214 was over-
expressed in TAMs, they re-polarized toward the M1
phenotype, in which TNF-a was significantly
up-regulated and Argl was down-regulated. Of par-
ticular interest was a finding that TAMs
over-expressed by miR-214 could decrease tumor cell
survival and invasion. As a result, miR-214 exerted
anti-tumor effect by regulating macrophages polari-
zation.

Our data also demonstrate that miR-214 is a
target of NCTD modulating macrophage polarization
in hepatocellular carcinoma environment. There are
several lines of evidence to support this. First,
miR-214 was significantly up-regulated in TAMs from
NCTD-treated hepatocellular carcinoma tissue. Se-
cond, miR-214 expression was significantly increased
in BMDMs or RAW 264.7 macrophages treated with
NCTD. Third, p-catenin, a direct target of miR-214,
could be down-regulated by NCTD. In this study, we
have demonstrated that down-regulation of miR-214
expression could not only enhance [-catenin expres-
sion but also attenuate NCTD-induced decrease of
B-catenin level. These data strongly suggest that the
effect of NCTD on regulation of macrophage polari-
zation is probably due to the up-regulation of miR-214
expression. To further reveal the functions of miR-214
in the effect of NCTD, we found that inhibition of
miR-214 could reverse the effect of NCTD on tumor
growth by M1 polarization. These results suggest that
the effect of NCTD on macrophage polarization is
partly mediated by stimulation of miR-214 overex-
pression.

In summary, we demonstrated that NCTD ef-
fectively inhibited tumor growth in hepatoma-bearing
mice. Our results also suggested that the effect of
macrophage polarization associated with NCTD
treatment was due to increase of miR-214 expression,
which result in inhibition of {-catenin signaling
pathway. Inactivation of STAT3 in TAMs and de-
crease of regulatory T cells population were involved
in NCTD-treated TAMs exerting anti-HCC effects.
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